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Abstract

A catalyst composed of copper oxide supported on cerium—zirconium mixed @Xid®, /CeZrQy) has been studied with respect to its
activity for CO oxidation under stoichiometric conditions employing either oxygen or oxygen with a small amount of NO as oxidant. The
nature of copper oxide entities, as well as the redox properties of the catalyst following interactions with C&-ai@] Gas been studied
by XPS, EPR, and static NO adsorption infrared spectroscopy while in situ DRIFTS has been employed to follow processes occurring at
the catalyst surface under reaction conditions. Characterization of the copper oxide species in both fully oxidized and partially reduced
states reveals that they are significantly affected by interactions with the underlying support. On the basis of catalytic activity results and in
combination with analysis of the evolution of particularCearbonyls, comparing the CO oxidation reaction in the presence and absence of
NO, itis proposed that the two basic factors affecting the catalytic performance of this type of system are the facility for achieving a partially
reduced state for the copper oxide phase at the interfacial zone and the redox properties of tHeeZuQ, interface.
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1. Introduction cluding structural, redox states, and bifunctional promotions
have been proposed to account for the synergetic effects ob-

Catalysts based on ceria or cerium—zirconium mixed ox- Served [1].
ides present a wide range of applications, such as three-way One ofthe reactions in which the promoting effect is most
catalysts for automobile exhaust gas emission control, re-significant is carbon monoxide oxidation. For this reaction,
moval of SQ—-NO, from fluid catalytic cracking flue gases, itis interesting that ceria-related oxides promote the activity
electrocatalysts over fuel cell electrodes, and catalysts forof both noble metals (for instance, Rh, Pt, and/or Pd, typi-
various oxidation and hydrogenation reactions [1-4]. For cally presentin TWC) and nonnoble metals or metal oxides
most of these applications, ceria—related compounds are[1,2,5-16]. Among the latter, outstanding activities, compa-
thought to operate mainly as promoters of the active metal rable to those exhibited by noble metal catalysts, are shown
(or metal oxides) with which they are in contact [1]. De- by copper catalysts [5—17]. Different hypotheses have been
pending on the type of reaction and the experimental condi- made to account for the synergetic effects on CO oxidation
tions involved in each case, different promoting effects in- observed upon establishment of interactions between copper
oxide and ceria—-related oxides [5—-17]. Concerning the na-
—_— , ture of the active copper species, it is generally accepted that
(E:?;gfggggs :#]t:rc;rn e2@icp.csic.es (A Martinez-Arias). these are related to well-dispersed states of copper (having
1 present address: Departamento de Quimica-Fisica, Facultad de@ SMall nuclearity and probably in the form of copper oxide
Quimica, Universidad Complutense, 28040 Madrid, Spain. clusters [16]) in contact with the ceria-based support [5-7,
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9,11,14-17]. Correlation between the reducibility of highly phases prepared by dissolving similar molar amounts of
dispersed copper oxide species and their catalytic activity cerium (Ill) nitrate hexahydrate and zirconyl nitrate for the
appears to be well established [9,11,14-20]. Recent resultsfirst and tetramethylammonium hydroxide pentahydrate for
have shown that these sites display a facile redox interplaythe second, dispersed in an organic solverrhéptane),
with the reactants, suggesting that the reaction follows a re-using Triton X-100 (Aldrich) as surfactant and hexanol
dox mechanism [16]. Furthermore, the redox states of bothas co-surfactant. Following centrifugation, decanting, and
catalyst components (copper and ceria-related oxides) ap+insing of the resulting solid with methanol, it was dried
pear to undergo concomitant changes, strongly suggestingat 383 K for 24 h and finally calcined in air at 773 K for
that the active sites are located at the interfacial region [16], 2 h. Further details on the preparation and characteristics
in agreement with previous postulations [5,7,14,17,19]. Dif- of this support can be found elsewhere [27]. Thorough
ferences between the activities of copper oxide catalysts suprecipitation of both cerium and zirconium components was
ported on different ceria-based oxides have been related toachieved for this support (on the basis of ICP-AES analysis
the different redox activities of the?0/V 4 (where \j de- of the final product); it consisted of ca. 5-nm crystallites
notes a doubly ionized oxygen vacancy, using the Kroger— (based on TEM results; XRD estimation of the particle
Vink notation) interface sites in each case [16]. A somewhat size showed good agreement with the TEM observation)
different mechanistic proposal has been recently put forward presenting the fluorite-related pseudocubic phédden the
by Wang et al. [21]. In their approach, the reaction is pro- basis of XRD and Raman analyses) and showing reasonably
posed to take place in two general sets of processes coveringgood compositional homogeneity at the atomic scale [27].
an induction and a light-off period. Although a role for inter- A sample of copper catalyst supported on the CeZrO
face vacancies at the support is recognized, this role appearsnixed oxide (referred to hereafter as CuzZC) was prepared
to be mainly restricted to facilitating oxygen activation dur- by incipient wetness impregnation of the above support
ing the induction steps prior to light-off, while sites respon- using an aqueous solution of QNO3)2 - 3H2O (to give a
sible for light-off behavior are proposed to be related to oxy- final copper loading of 1 wt%, representing ca. 157 pmol
gen vacancies at the copper oxide [21]. On the other hand,of Cu per gram of catalyst). The resulting material was
an important role of the surface structure of the ceria-related dried overnight at 383 K and subsequently calcined in air
oxide in the copper oxide activity for the reaction has been at 773 K for 2 h. XRD and Raman analyses of the CuzC
proposed by Skarman et al. in a report showing significant sample showed only features similar to those observed for
differences between the activities of copper oxide thin films the copper-free support.
supported on Ceg)111} and CeQ{001]} surfaces [22]. All the gases employed were of commercial purity (CO:
The present work aims to provide further insight into 99.9%; Q: 99.99%; NO: 98.5%, with 1% N&®and 0.5%

processes involved in the mechanism of CO oxidation in N2O as the main impurities) and, for experiments using the
this kind of system by extending previous results obtained vacuum line (static IR and EPR experiments), were further
for the same reaction over a CyCeZrQ, catalyst [16]. In purified by vacuum distillation before storage.
this case, a small amount of NO (within a stoichiometric
CO-O—-NO mixture) has been included in the reactant 2.2. Techniques
stream in order to introduce a certain distortion into the
CO oxidation processes. It should be noted that NO is  Light-off catalytic activity tests were carried out using
able to compete with CO for oxidized copper sites and a glass flow reactor system loaded with ca. 3 g of sample.
with oxygen for interfacial vacancies [23-25] and could Catalyst particles in the range 0.125-0.250 mm were se-
therefore potentially affect the redox properties of both lected after pelleting, grinding, and sieving in order to min-
catalyst components and, as a consequence, the overalimize the pressure drop and internal diffusion effects, while
catalytic activity of the system. Preliminary catalytic activity the reactor geometry was optimized to avoid significant ex-
results, for bimetallic Pd—Cu catalysts, have shown that ternal diffusion effects [28]. Analysis of the feed and out-
NO has little influence on CO oxidation activity over the let gas streams was performed using a Perkin—Elmer FTIR
CuO/CeZrQ, catalyst [26]. A more detailed study of the spectrometer model 1725X, coupled to a multiple reflection
reasons underlying this behavior is presented here. transmission cell (Infrared Analysis Inc. long path gas mini-

cell, path length 2.4 m, internal volume ca. 1303%nthe

O2 concentration in the gas stream was determined with a

2. Experimental paramagnetic analyzer (Servomex 540 A). Prior to catalytic
testing, the catalysts were subjected to a standard calcina-
2.1. Materials tion pretreatment using 3% N, flow at 773 K for 1 h,

cooled to room temperature (RT) in the same flow, and fi-
A high-surface-are&Sget = 96 n?g—1) Zr—Ce (atomic nally briefly purged in N. The catalytic tests were per-
ratio 1: 1) mixed oxide was used as the support. It was formed under stoichiometric conditions in 1% CO and 0.5%
prepared by a microemulsion—coprecipitation method by O, or 1% CO, 0.45% @, and 0.1% NO, using Nas car-
mixing two reverse microemulsions containing aqueous rier gas at atmospheric pressure, a fixed space velocity of
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3 x 10* h~1 (roughly corresponding to.08 gscnt?), and and introduced into the pretreatment chamber where it was
temperature ramps of 5 K min; it must be noted that analy-  outgassed at 473 K for 2—3 h, until a pressure of less than 2
sis of the bypass flow shows that around 45 ppm of, NO 108 Torr was achieved, the sample then being reoxidized
present at RT in the latter gas mixture under these exper-under 1 Torr of @ at the same temperature. Subsequently, it
imental conditions, due to partial homogeneous/NO, was reduced under 1 Torr CO at 373 K and then contacted
equilibration. In all cases, the runs were commenced afterwith increasing doses of 16, 102, and 1 Torr of either
an initial equilibration period of ca. 5 min in the reactant O, or NO. Following each treatment, the sample was moved
flow at RT. into the ion-pumped analysis chamber, where it was further
Diffuse reflectance infrared Fourier transform spectra gytgassed until a pressure less tharx 20~° Torr was
(DRIFTS) under reaction conditions were recorded using attained (2—3 h). This low pressure was maintained during
a Perkin—Elmer 1750 FTIR spectrometer equipped with an 5| the data acquisition by ion pumping of the chamber. After
MCT detector. The spectra were taken at resolution 4Cm  gach treatment, XP spectra in the relevant energy windows
and 10 scans were accumulated for every spectrum. Theare collected for 20 to 90 min, depending on the peak
DRIFTS cell (Harrick) was fitted with CaFwindows and intensities, at a pass energy of 44 eV (1 eV1.602 x
a heating cartridge which allowed samples to be heated 04519 J) ;/vhich is typical of high-resolution conditions.
773 K. Sa}m.ples of ca. 80 mg were 'Calcm'e'd in situ (in a The intensities were estimated by calculating the integral
manner similar to that of the catalytic activity tests) and of each peak after subtraction of an S-shaped Shirley-
then cooled to RT before introducing the reaction mixture type background with the help of UNIFIT for Windows
(passing through the catalyst bed) consisting of 1% CO (Version 3.2) software [29]; atomic ratios were then derived
0, 0 0, 0, i ) !
and 0'5.@ @ or 1% CO, 0.45% ©, an.d_(i.lA) NOin I, using the appropriate experimental sensitivity factors. All
and using a total flow of ca. 80 émin~! and ramps of bindi ies (BE f d 1o the adventiti
5 Kmin~t. A PC-controlled gas blender was used to monitor inding energles (BE) were reterenced fo e adventitious
s : C 1s line at 284.6 eV. This reference gave BE values with an
the composition of the inlet gases. ” -
accuracy oft0.1 eV: the peak’” characteristic of C&" was

Transmission infrared spectra under static conditions .
thus obtained at 910+ 0.1 eV. In the case of Ced3spectra,

were recorded at RT with a Nicolet 5ZDX FTIR spectrom- ) N
eter with a resolution of 4 cm, 128 scans per spectrum, [@ctor analysis (FA) was used to calculate the' Geet

subtracting the gas phase contribution in all cases. Thin atios in each set of spectra recorded, using the methodology
self-supporting disks (ca. 20 mgcR) were prepared by ~ developed in a previous work [30].
pressing the powders at 2500 Ntfand were handled in
standard greaseless cells, where they could be subjected to
thermal or adsorption treatments. The reduction treatmentss Reqilts
under CO were carried out under conditions similar to those
indicated below for the EPR experiments.
Electron paramagnetic resonance (EPR) spectra were3.1. Catalytic activity tests
recorded at 77 K with a Bruker ER 200 D spectrometer
operating in the X-band and calibrated with a DPPH stan- The results obtained for the CO2Gnd CO—GQ—NO

dard {g = 2.0036). Portions of sample of about 30 mg were reactions are shown in Fig. 1. Mass balance analysis of

laced inside a quartz probe cell with greaseless stopcocks . .
pia a P th g bCo the evolution of the different gas reactants and products
using a conventional high-vacuum line (capable of maintain-

ing a dynamic vacuum of ca.5610-3 N m-2) for the differ- present during the CO-BNO reaction indicates that the

ent treatments. In all cases, the sample was pretreated in 30(5\lo conversion profile is affected by adsorptlon'—desor.ptmn
Torr (1 Torr= 133 N n72) of pure oxygen at 773 K for 2 h. effects forT < 450 K; therefore, only conversion points

CO reduction treatments at a specific reduction temperature20Vve that temperature can be considered as representative

(T;) were made under static conditions using 100 Torr of CO, of NO reduction with CO. Analy;is of the various reac_tivity
heating for 1 h at the correspondifigand subsequently out- ~ Profiles shows that decomposition of adsorbed;MPecies

gassing at the same temperature for 0.5 h. Quantitative eval{Pelow ca. 430 K) produces m;unly NO and 'conc.om|tantly
uation of the amount of species present in the spectra was? Very small amount of pO, while NO reduction with CO
performed by double integration of the corresponding EPR (taking place afl' 2 450 K) is essentially 100% selective
spectra and comparison with a copper sulfate standard.  t0 Nz. Interestingly, CO oxidation with ©(responsible for
X-ray photoelectron spectra (XPS) were recorded with CO conversional’ < 450 K) is very slightly affected by the
a Leybold—Heraeus spectrometer equipped with an EA-200presence of NO in the reactant mixture. This contrasts with
hemispherical electron multichannel analyzer (from Specs) the behavior observed for noble metal catalysts promoted by
and a 120-W, 30-mA Mg-K X-ray source. A PC was ceria-related oxides for which, under conditions similar to
used to control the instrument and recording of the spectra.those employed here, the activity of CO oxidation with O
The CuzC sample (0.2 g) was lightly pressed into a small is decreased by the presence of NO in the reactant mixture
(4 x 4 mn?) pellet and then mounted on a sample rod [26,31].
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Fig. 1. Top: Conversion profiles obtained during the CG—RO and
CO-O, reactions over CuZC. Bottom: Outleb® and NG concentrations
observed during the course of the CGQ-DIO reaction.

3.2. Infrared results

DRIFT spectra recorded at increasing temperatures under
CO-0O—-NO reaction conditions are shown in Fig. 2. A rea-
sonable correlation is apparent between the evolution of gas
phase CO and Cf(appearing as relatively broad bands at
2200-2050 and 2400-2300 th respectively) and the cat-
alytic activity results (Fig. 1). Unfortunately, the smaller ex-
tinction coefficient and concentration of NO(g) prevent its
detection in the spectra under the conditions employed. Only
one band in the range 2111-2105chappears under the
reaction conditions in the carbonyl-stretching region of the
spectra. This band is characteristic of carbonyl species ad-
sorbed on copper sites in contact with ceria-related oxides
and, although its frequency would appear somewhat low for
a cationic copper site, it has been attributed td €arbonyls
on the basis of its relatively high thermal stability during out-
gassing [16,18,19]. The evolution of its intensity as a func-
tion of the reaction temperature in the presence and absence
of NO in the reactant mixture is displayed in Fig. 3. Notably,
significant differences are observed between the two exper-
iments in the evolution of the band intensity, in spite of the
close similarities observed for the COs-@ctivity profiles
(Fig. 1), and as confirmed by the simultaneous monitoring
of the CQ gas phase bands during the in situ DRIFTS ex-
periments (Fig. 3). A better degree of correlation is observed
when catalytic activity and theCO of the Cd carbonyl
are compared as functions of increasing reaction tempera-
ture (Fig. 3, bottom). In this respect, it is significant that the
profiles in the presence of NO show a rough degree of cor-
relation between the onset of CO oxidation and a small in-
crease in the Cl carbonyl intensity along with a sharper
wavenumber decrease for that band. It is also clear that no

€O, (9)

K-M

INIT

Wavenumber (cm'1)

I e e e S T
2400 2300 2200 2100 2000 1900 1800 1800 1700 1600 1500 1400 1300 1200 1100 1000

Wavenumber (cm'1)

Fig. 2. In situ DRIFTS spectra observed during the course of the GONO reaction at the indicated temperatures. The label INIT refers to the spectrum
recorded prior to introduction of the reaction mixture.



A. Martinez-Arias et al. / Journal of Catalysis 214 (2003) 261272 265

1.754
1.50
125+
2 1 9)
5 1,00 ©
= Q
¥
= Q
0.75 3
2 8
g 0
£ 050- c
0.25-
0.00]
} } } F——t f } }
2111
n
1 N
"
2110 -
~ 2109 \
o—© ]
5 o
3 2108 \
€ °
2 \m
2 21071 °
S —n
2 Ny_n— <
2106 - °
e
\._.\l—l
2105 -
T T T T T T T T T T T T T T T

300 325 350 375 400 425 450 475 500
Reaction T (K)

Fig. 3. Top: Intensities observed by DRIFTS for the *Cearbonyl at
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Fig. 4. Static infrared results observed for the CuZC sample reduced under
CO atTy = 373 K (the spectrum obtained after this treatment is taken as
the reference for the difference spectra shown in the figure): (a) following
exposure to 10 Torr of NO at RT; (b) subsequent exposure to 100 Torr
of NO at RT; (c) subsequent outgassing at RT; (d) exposure to 10 Torr of
NO + 45 Torr of O, at RT.

for T > 393 K. Other changes in the spectral range 1800—
1000 cnt! which occurred during the course of the reac-
tion are shown in Fig. 2, although complete resolution of the
bands involved in these changes is difficult due to overlap-
ping with bands already present for the initial sample, most
likely due to bulk carbonate-type species, difficult to elim-
inate due to the relatively strong basic character of ceria-
related materials [1]. It appears in any case that a band at
1461 cn! evolves from 393 K while species giving rise to

a set of bands and unresolved features at 1575, 1545, 1522,

correlation exists between CO coverage (assuming it is pro-and 1266 cm? are formed at intermediate temperatures (be-

portional to band intensity) and the €wcarbonyl stretch-

ing frequency (Fig. 3). This is further confirmed by exam-

tween 393 and 453 K).
Transmission infrared spectra following NO or NGO

ining the postreaction catalyst. For this purpose, the catalystadsorption at RT on CuZC reduced under CO at 373 K are

was cooled under Nat the end of the CO—-NO reac-

shown in Fig. 4. Exposure to 10 Torr of NO mainly generates

tion, and 1% CO was flowed over the catalyst at RT before species giving bands at 1870, 1788, and 1104 grwhile
flushing the cell with N at RT and recording a spectrum weaker bands or shoulders are also apparent at 1613, 1569,
under this inert atmosphere. Under these conditions (result1510, 1471, 1429, 1286, 1104, and 826 ¢n{Fig. 4a).

not shown), the Cti carbonyl band displayed an integrated A subsequent increase in the NO pressure (up to 100 Torr)
intensity roughly four times larger than for the experiment resulted in the disappearance of the band at 1788'and
conducted at 303 K under reaction conditions (Fig. 2) and an increase of the rest of the bands with the maximum at

shows a maximum at 2104 crh

1870 cn1? being shifted to 1883 crt (Fig. 4b). The main

Comparison with similar experiments performed in the modification produced upon subsequent outgassing at RT
absence of NO [16] enables one to determine the formationwas the disappearance of the band at 1883%c(fig. 4c).
of bands derived from NQadsorption or reaction. A band On the other hand, strong bands and other unresolved
at 1870 cm! appeared instantly upon contact with the CO— features appeared upon exposure toNO», forming sets
0O2—NO reactant mixture at 303 K and strongly decreased of overlapping bands in the ranges 1625-1400 and 1290
with increasing reaction temperature and was practically un- 1240 cnt! with two weaker but well-defined bands at 1010
detectable forT > 363 K. This band can be attributed to and 801 crm?.

nitrosyl species adsorbed at exposed Ceations [32]. Ad-

Bands in the range 1900-1700 thappearing upon NO

ditionally, a band at 1184 crt also appeared upon contact adsorption are typical of adsorbed nitrosyl species, the dif-
with the reactant mixture at 303 K, reaching maximum in- ference between them being mainly related to the changes
tensity in spectra with the sample at 333 K and disappearinginduced in the N-O bond resulting from changing the oxi-
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dation state of the adsorption site [32]. Thus, bands at 1870
(or 1883) cntt, which are similar to those observed under
CO-0O—-NO reaction conditions (Fig. 2), are assigned to ni-
trosyl species adsorbed on €ucations, while the band at
1788 cnt is assigned to nitrosyl species adsorbed off Cu
sites [32]. The band at 1184 crh which also appeared un-
der reaction conditions (Fig. 2), is typical of chelating nitrite
species coordinated to cerium cations [25]; its assignment
to a species chemisorbed at sites on the support rather tha

tion on a PdCeZrQ, sample treated under similar condi-
tions [33]. The absorption at 1184 crhcan be assigned to
thevasyr{NO2) mode of the complex and the weaker band at
826 cnt! to thes (NO2) mode [25,32]; the'sym(NO2) mode

of the adsorbed complex, which is expected with a very
weak intensity at ca. 1270 cmh [25], is probably obscured

n
at exposed copper oxide sites is supported by its observa-

A. Martinez-Arias et al. / Journal of Catalysis 214 (2003) 261272
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Fig. 5. Intensities of EPR signals due to <uspecies (solid lines) and
Ceé—0,~ species (dashed lines) as a function of the amount of O

by features corresponding to other species. The shoulder a{circles) or NO (squares) adsorbed at RT on CuZC reduced under CO at

1104 cnt! is assigned tdrans-hyponitrite species coordi-
nated to cerium cations [25]. The series of bands at 1625-
1400, 1290-1240, 1010, and 801 chran be assigned to
different adsorbed nitrate or nitro species [32,34—36].

3.3. EPRresults

A previous report demonstrated in some detail the nature
of CU?* signals in CuZC in its initial calcined state as well as

Tr =373 K.

CuZC sample was prepared by reducing the initial calcined
sample under CO at 373 K (followed by outgassing at the
same temperature). Then, increasing amounts of either O
NO were chemisorbed over that sample at RT, followed by
thorough outgassing at the same temperature. The evolution
of the C#™" signals (identified mainly as Gti species
within small copper oxide clusters) was then monitored

the evolution of the species as a function of treatments underduring the reoxidation treatments. Following each of these

CO at different reduction temperatures [16]. Approximately
38% of the entire copper content was detected for the initial
calcined sample, the spectrum being mainly formed by a fea-
tureless broad signal showing extremeg at 2.21 andg =
2.04, attributed to CfI" cations in small copper oxide clus-
ters, and a minor signal gt = 2.233 andg; = 2.036 show-

ing four-line hyperfine splittings in each of its components
with A =160x 103 cm Y andA; =18 x 1073 cm,
attributed to isolated G cations in a (generally speaking)
tetragonally distorted octahedral symmetry. The portion of
the copper which remained undetectable by EPR for the ini-

treatments, the samples were exposed to (& dose of
70 pmol per g of catalyst) at 77 K (followed by outgassing
at 77 K) and the evolution of £ -Cé*t signals was
monitored. The results obtained are shown in Fig. 5 and
provide evidence that £ochemisorption induces a higher
degree of copper oxidation than NO chemisorption and, in
addition, the former is more effective in the elimination of
centers which might form & —Cé" species at 77 K.

3.4. XPSresults

tial sample was proposed, on the basis of XPS results, to be  No significant changes in the ¢(Ce+ Zr) and C¢ (Zr +

due to magnetically coupled €t species forming part of

Ce atomic ratios were observed (Table 1) during the

less dispersed copper oxide particles. A significant decreasecourse of the treatments following a protocol very similar

in the C#* intensity, affecting both signals present in the to that used for EPR experiments (see above). Values for
spectrum, was produced upon reduction of the sample undetthose ratios were similar to those observed for the initial
CO at RT and 373 K. Thus, ca. 24 and 8% of the entire cop- calcined sample or for the copper-free support, where a

per loading was detected as Tuafter those experiments.
Exposure of the reduced sample to oxygen at 77 K led to the

certain surface Ce enrichment was apparent [16,37]. These
similarities indicate that the incorporation of the active

appearance of superoxide species chemisorbed on ceriuntopper phase does not modify the surface of the Cezr@

cations (formally @~ —Cé" species) giving rise to signals
atg, =2.031-2.029g, = 2.016, andg, = 2.011 [16]. For-
mation of those species provided the principle evidence to
indicate that support reduction had occurred, considering
that paramagnetic G& species are not easily detectable by
EPR due to their short spin—lattice relaxation time [2].

On the basis of those results, a specific experimental
protocol focused on determining the redox properties of
CuZC upon interaction with @or NO. For that purpose, a

that no significant changes in copper dispersion occur during
the series of redox treatments.

Concerning changes in the redox state of cerium, the
CuZC sample reduced in CO at 373 K contains ca. 15%
Ce*t, which is almost fully reoxidized4 5% Ce* remain-
ing) immediately upon contact with 18 Torr of either Q
or NO at RT. This provides further evidence for the pres-
ence of C&", as detected by EPR (through the formation
of C&"—0,~ species), after the reduction step. The pres-
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ence of a small amount of &g after the reoxidation ex-  to the Ao = 2AR®@ relationship. This suggests a strong
periments probably results from the effect of the ultra-high- contribution of the CeZr® interface to the relaxation
vacuum environment removing the most labile chemisorbed process, as previously reported by Mejias et al. for ultrathin
oxygen species [16,25]. Certain changes were also observediO; films on different types of supports [40]. On the other
in the Zr 3¢ signals during the course of the treatments. hand, according to its position (Fig. 6), highly dispersed
Thus, the relatively broad doublet observed for the sam- Cu™ ions in Cu-exchanged Y-zeolites would experience a
ple reduced with CO at 373 K was narrowed upon contact much lower core-hole extraatomic relaxation that can be
with small amounts of NO, yielding a situation closer to that related to the smaller polarizability of the oxide ions within
presented by the initial sample calcined at 773 Ks(3 at the zeolitic framework than of oxide ions in bulk &b
1822+ 0.1eV and 33,2 1808+ 0.1eV). However,nosig-  [39,41]. Thus, we may conclude, in agreement with the
nificant modification of these signals was produced upon in- EPR data above, that after reduction with CO at 373 K
teraction with Q. The broadening of the Zrd3peaks can be  the active phase in CuZC is mostly reduced to @u
tentatively interpreted as due to the high relative heterogene-like state, probably forming thin two-dimensional patches
ity in the Zr*t coordination environments for the sample re- or small oxide clusters tightly interacting with the surface of
duced by CO at 373 K rather than to changes in its oxidation the CeZrQsupport, in such a way that the less polarizable
state under such mild reduction conditions. The broader and(in comparison with bulk compounds) oxide ions at this
slightly asymmetric Zr 3 doublet probably corresponds to  interface actively participate in the Cicore-hole relaxation
a deconvolution of spectra and can be reasonably fitted us-process.
ing the same single set of parameters employed for the initial  Table 1 shows data foEg and Ex obtained following
calcined sample, although larger FWHM values must be em- reoxidation of the CO-reduced sample by eitherdd NO,
ployed. following a similar protocol to that employed for the EPR
To examine in detail changes in the active Cu phase afterexperiments. As observed in Fig. 6, increasing doses of
each redox treatment, the energies of the Gu,2 and O2 at RT produce displacements in the Wagner chemical
Cu(L3My4sMys, 1G) peaks in Table 1 were plotted (Fig. 6), state diagram which, after a treatment with 1 Torr of O
together with the modified Auger parametes & Eg + at 473 K, reach a position that fits on the line of slop2
Ek), as Wagner-type chemical state diagrams. According correspondingto CuO. This suggests that @ations in the
to Wagner [38], the shifts in modified Auger parameter Cw,O-like phase are being progressively oxidized t&'Gu
(o’ = Eg + Ek), which can be accurately measured in the a process that is limited to ca. 40-45% after 1 Tow O
presence of static sample charging and shown as lines ofexposure at RT but reaches 100% at 473 K. This is supported
slope—1 in the diagrams, can be related to differencesin the by analysis of theEg and Ex values for the intermediate
extraatomic relaxation energywa’ = 2A R®® for the core oxidation steps, which correspond to deconvoluted spectra
photohole according to a nonlocal screening mechanismthat include Cti/Cw?t components in the appropriate
(final state effects). On the other hand, within Moretti’s ratios. Two points are worthy of note here; first, a further
electrostatic model [39], which assumes a nonlocal core- reduction with CO at 373 K completely restores the original
hole screening relaxation mechanism, the lines of slope Eg andEk values corresponding to @0-like patches with
—3 in these diagrams correspond to species with the samehe same contribution of the support to the core photohole
chemical state (i.e., similar initial state effects). relaxation process; and second, according to fleand
From the Wagner’s plotin Fig. 6, it may be concludedthat Ek values obtained for the sample reoxidized in 1 Torr of
Cu in the initially CO-reduced CuZC catalyst is chemically O; at 473 K, a quite similar effect of the interaction with
similar to Cu™ in bulk CwO. However, the shift toward the support on the relaxation process seems to occur in the
a lower value ofa’ within the dashed line of slope-3 fully oxidized CuO-like state. This suggests that the copper
crossing through the point for bulk @0 indicates a much  dispersion is roughly maintained throughout the series of
smaller extraatomic relaxation of the photohole, according treatments, since copper agglomeration and growth to give

Table 1
XPS data of CuzC reduced under CO at 373 K and subsequently reoxidized mithNiD at RT
Treatment Cy(Ce+ Zr) Ce/(Ce+Zr) O/(Ce+2r) Cu2p Ep Cu (AES) Ek o’ (Cu)
(eV) (eV) (eV)
CO/1 Torr/373 K 0.076 0.59 2.00 932.8 915.3 1848.1
0,/10~% Torr/RT 0.064 0.59 1.98 933.1 915.7 1848.6
0,/1072 Torr/RT 0.077 0.59 2.07 933.1 915.6 1848.7
0O5/1 Torr/RT 0.082 0.59 2.06 933.3 916.0 1849.3
CO/1 Torr/373 K 0.079 0.59 2.00 933.0 915.2 1848.2
NO/10~4 Torr/RT 0.070 0.58 2.08 932.9 915.3 1848.2
NO/10~2 Torr/RT 0.072 0.59 2.02 933.0 915.6 1848.6

NO/1 Torr/RT 0.081 0.59 2.17 933.2 915.6 1848.8
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%20 I o lev duced surface of the CeZgCat RT, as shown by the ob-
served evolution of the Cad3XP spectra during the course
o & of the treatments.
19 _“Cu” (bulk) ]
CuO/(bulk) .-~ & 4. Discussion
918 4~ o . 7 N
PN Sy Our previous report dealing with the CO oxidation reac-
ST N tion (employing Q alone as oxidant) over the CuZC catalyst
3 7 (85 7 Cu,O(bulk) ] " proposed that the reaction follows a redox mechanism (of the
= g TTlw T Mars—van Krevelen type) in which the catalyst oscillates be-
% T &® tween an initial fully oxidized state (that may be represented
G 916 o (e A B as Cdt—0?>—CéH, taking into account the interface char-
w” N acter of the active sites and considering formal charges for
T S dYT & the sake of simplicity) and a partially reduced state {Cu
915 cu’/ e AN V—-Cée™) [16]. This proposal was mainly based on the fol-
Zeolites' i lowing experimental evidence [16].
e ] e () Reduction or oxidation of the catalyst is readily
Y E— o T & achieved upon interaction at low temperature with CO gr O
,v-"'ZeoIite,s,',.--’" respectively. In fact, these redox processes take place in
0. . CuZC even at RT, as indicated by in situ DRIFTS, EPR,
013 i . . i CO-TPD results, and XPS. This contrasts with the greater
936 935 934 933 932 difficulties encountered in trying to carry out similar redox
< BE./eV processes over either pure Cu@r the Cu-free ceria-related

oxide support [9,21,42], thus indicating the involvement
Fig. 6. Wagner diagram showing the evolution of Cy @d AES) XPS i these redox processes of relatively strong synergetic
parameters during reoxidation of CuzC reduced under CD) at 373 K interactions between both catalyst components. Involvement

(open circles) with increasing amounts of either @pen squares) or NO + 4 . .
(open triangles). Parameters obtained for the sample reoxidized underlTorrOf the CU*—Cu" redox pair instead of other alternatives

of O, at 473 K are also shown (as a crossed circle point). Dashed lines of (€.9., cé —Cl or cut—CuP [21]) was mainly based on
slope—3 are shown as a reference guide. Values for the reference samplesthe absence of spectroscopic evidence of the formation of
(full circles) can be found elsewhere [39,41]. the C state under reaction conditions, along with the
relative ease with which the initial €ti state was restored
3D particles, either in a reduced or oxidized state, would upon interaction of the reduced catalyst withy, Qvhich
produce a loss of the interaction with the CeZr€urface is confirmed here by the XPS data analysis. Evidence for
and an increase in the contribution of oxide ions from bulk- the presence of Cif states for the initial calcined CuzC
like phases that would lead to displacements toward the catalyst was obtained by XPS and agrees with other XPS
CuwO or CuO reference values shown in the diagram. or EXAFS experiments performed on samples similar to the
A gradual reoxidation from Ctito CU/#* is also pro-  CuZC [15,42].
duced following interaction of the CO-reduced sample with  (ii) Regarding the nature of active sites, and in accor-
increasing amounts of NO at RT. However, a lesser degreedance with proposals by other authors [5,9,17], the inter-
of oxidation (ca. 20-25% of Cif), is achieved, compared face sites between the copper oxide and the support were
with reoxidation under @ upon contact with 1 Torr of NO.  invoked in the reaction mechanism. This follows from the
Furthermore, the degree of oxidation only increases up to fact that the formation of Ctu carbonyl species (as charac-
ca. 50% under heating at 473 K under 1 Torr of NO. Addi- terized by DRIFTS) giving a band at ca. 2110¢hwas ob-
tionally, the concomitant growth of a small, very broadN 1  served under reaction conditions. As mentioned above, as-
signal, centered at 403.5 eV, is observed during the coursesignment of this band to Cucarbonyl species, although at
of these experiments. This indicates the formation of tightly a position typical of Ct carbonyls [43], was based on the
chemisorbed N@species (not necessarily only on the;Cu relatively high stability of those carbonyl species during out-
phase), in agreement with infrared results. In summary, andgassing [16], in contrast to the typical behavior expected for
as previously found by EPR (Fig. 5), XPS data confirm that Cw® carbonyls [19,44]. Indeed, the relatively low wavenum-
Oy is a stronger oxidant than NO, either at RT or 473 K, ber observed for such particular carbonyls, in comparison
for the reduced active Cu-phase in our CuZC catalyst. In with other Ci"—CO species, was attributed to an interaction
addition, the strong interaction between the active copper with the basic support [16,18,19,45], thus indicating that the
component and the support is retained under the mild ex- species were formed on copper sites affected by an interac-
perimental conditionsT{ < 473 K). On the other hand, the tion with the ceria-related support [12,18,19]. Both the oxi-
small doses of both ©and NO are able to oxidize the re- dation state of the copper adsorption centers responsible for
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these carbonyls and its ascription to centers interacting withwork by Harrison et al. [15]. It is interesting to note that
the support are supported by the XPS results here, as indi-n that study an important improvement in the parameter
cated by the analysis performed above. EPR results, on therefinement was reported to be produced when a cerium atom
other hand, showed the formation 0§ G-Cé" complexes at a distance of ca. 4.2 A was included in the EXAFS
upon oxygen chemisorption at 77 K on a mildly reduced analysis for that phase [15]. This suggests that the most
CuzC sampleT, = RT) [16], in contrast to results observed active copper species can be related either to some kind
for the support alone [19,46]. Such complexes were almostof copper—cerium mixed oxide structure at a local level
completely absent in CuzZC after warming to RT. This was (as proposed for other systems of this kind [15,50,51]) or
demonstrated to be due to the particular ease by which oxy-to thin two-dimensional raft-like copper oxide layers (2D
gen reduction occurred over the reduced surface (leading topatches), in which the properties of the®cations would
diamagnetic species such as peroxide or oxide anions, whosdiffer from those in pure CuO as a consequence of their
formation requires the transfer of two or more electrons), interaction with the underlying ceria-related support. This
which can be related to the high density of electrons (in the is supported by XPS analysis (Fig. 6), which indicates that
form of reduced cerium centers of the support) that becomemost of the CuO in the CuZC catalyst is present as a
concentrated at the interface zone following reduction. highly dispersed thin phase in close interaction with the

Furthermore, among the various kinds of‘Clentities CeZr(y surface, so that the local electronic properties of the
present in the catalysts (in the form of isolated cations, Ci?t ions (including the core-hole relaxation process) are
small CuO-type patches or clusters, or less dispersed coppegreatly modified when compared with those of bulk CuO (or
oxide particles), it was proposed, mainly on the basis of Cu0). A similar scenario has been envisaged foy GO,
their higher redox activity, that the active sites for the catalysts on the basis of IR spectroscopic evidence [52].
reaction were those involving contact between small CuO- This modification induced by the support interaction can
type clusters and the ceria-related support [16]. This agreesfacilitate the Cdt/Cu’ redox exchange conditions and
with other proposals in the literature, which suggest that the the stabilization of adsorbed CO on the Cions, which
copper-related active centers are associated with the finelyare readily formed even under stoichiometric ¢QD, or
dispersed states of copper oxide, which are able to maximizeCO + Oz + NO mixtures.

the number of Cu@-support interface sites [5,11,17]. In Analysis of the evolution of the Cucarbonyls giving the
this respect, it may be noted that isolated’Cispecies band at 21112105 cm under reaction conditions reveals
also show significant redox activity toward CO»>-{16,19], interesting differences depending on the presence/absence

although they were disregarded as being the main sourceof NO in the reaction mixture (Fig. 3). First, it can be
of catalytic activity in CuZC or similar catalysts, as they considered that the intensity of this band is, in principle,
usually represent only a very small portion of the whole a function of three different factors: the availability of
copper content of the catalyst [16]. Cu™ sites at the sample surface (in contact with the ceria-
To the best of our knowledge, little is known about related support, as discussed above); the concentration of
the structural/morphological aspects of the active CuO-type CO in the reactant gas phase, which is a function of the
clusters. The above description of the active phase of copperextent of reaction; and the reaction temperature, which
in terms of such copper oxide aggregates is mainly basedaffects the adsorption/desorption equilibrium. Concerning
on the fact that, in contrast with other supports such as the latter, the significant resistance of those carbonyls to
alumina [47], no specific compounds appear to be formed desorption should be noted, since for CuzC significant
between ceria-type and copper oxides, although some degreintensity is still observed after RT CO adsorption on a (CO—
of solubility of oxidized copper in ceria seems possible in O2) post-reaction sample followed by extensive treatment
view of the changes in the fluorite lattice constant observed from RT to 373 K under an inert gas flow [16]. Thus,
for this type of system [48]. Indeed, previous XPS results taking the above factors into account and assuming that
have revealed that the stabilization of most of the copper in copper appears in a €t state before interaction with
this kind of catalyst is in the form of CuO-type phases [19]. the reaction mixture (as supported by XPS results), it
From the EPR prospective, €l cations within those CuO-  appears reasonable that the initial low-temperature increase
type clusters, in addition to displaying significant redox in band intensity under CO—Qs due to copper reduction
activity (Fig. 5 and [16]), are characterized by a relatively under the stoichiometric reaction atmosphere. Taking into
broad signal without a clearly defined hyperfine structure account that the evolution of the CO concentration must
in any of its components [16]. This is attributed to the be similar for both reactions (considering the similar CO
presence of magnetic interactions between th& @ations oxidation activities), the suppressed formation of the copper
within the clusters, of a magnitude not sufficiently large site giving this band in the presence of NO must, in
to form antiferromagnetic couplings, which dominate in principle, be related to either one of the other two factors or
the case of well-formed CuO crystals [49]. Those spectral both, i.e., an NO-induced suppression of copper reduction
characteristics are also compatible with the presence ofto Cu" or a blocking effect of surface copper cations
amorphous copper oxide layers with a disordered structure,by NO,-derived adsorbed species. Analysis of the NO-
which are considered to be the most active phase in thederived bands for the in situ DRIFTS spectra in Fig. 2
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does not allow a definitive conclusion to be drawn in this degree of oxidation at the copper oxide phase (at least
respect. Only two bands of this kind are clearly observed at low temperatures, before or immediately after C@-O
at reaction temperatures that might be related to speciesreaction onset) is achieved under stoichiometric C&-ND

that might affect the CO oxidation activity or the NO- than under stoichiometric CO-OThis is apparently in
induced suppression of Cucarbonyl formation. In the first  contradiction with EPR and XPS results (Figs. 5 and 6).
place, the Cti™ nitrosyl giving the band at 1870 cmh does While both NO and @ show a large capability to oxidize
not appear to be responsible for the mentioned effects, onthe reduced copper oxide phase (as also inferred from the
the basis of the mismatch between the evolution of the evolution of the copper-related nitrosyls in the static infrared
intensities of the respective bands (Fig. 2), since both the experiments of Fig. 4), the results clearly show the higher
nitrosyl and the carbonyl show maximum intensity at 303 K oxidizing power of @ than NO under the static equilibrium
and decrease at higher reaction temperatures. Second, thgonditions employed. Experiments are under way to try to
chelating nitrite species give the band at 1184 ¢nihis, elucidate this phenomenon and two hypotheses are currently
however, corresponds to a species adsorbed on the SUPPOKeing considered: first, the effects of synergetic NG—O
and could only affect copper sites indirectly. Nevertheless, jnteractions; second, the existence of a prevailing kinetic
as shown in more detail in a previous study [25], those control governing the interactions of the different reactants
species are proposed to be formed by the interaction of ,nqer the dynamic conditions employed for the in situ
NO with Cét sites most likely formed during support DRIFTS or the catalytic tests.

dehydroxylation (observed by in situ DRIFTS). Therefore, The decrease in wavenumber of the*Cearbonyl ob-

their formation would not in principle be affected by served just prior to the onset of the CO-(@action (Fig. 3)
CuGx _>” C(I::ZrQ; eIectLth transfer pro?essgs that c;our:d suggests that the reaction is triggered as soon as a certain
eventually lead to a higher degree of oxidation of the yoqree of reduction is achieved at the copper oxide phase.
copper oxide phase..Those electron transfer processes V\_’OUIdfhis resembles somewhat the processes which are proposed
generate (,:%L_VO sites, a”?' these_ are not mvolved_ In during the so-called “induction period,” which precede cat-
.the f(_)rmanon of the .chelatlng nitrite [?5]’ .thys making alyst light-off, in the reaction model proposed by Wang et

it unlikely that formatpn of these SPecies 1S involved to al. [21]. However, in contrast to that model, the different in-
any extent in the NO-induced suppression of the COPPET o hsities of the Ch carbonyl observed in the presence or

oxide reducno'n process. In any case, 't. may be noted absence of NO just before reaction onset suggests that the
that the evolution of both NO-derived species (Fig. 2), but . . . A
location of the active sites for CO oxidation is largely re-

mainly that of the chelating nitrite species, accounts for _ - . .

: ) stricted to a limited region of the catalyst, i.e., to copper
the NQ adsorption/desorption phenomena observed at low oxide—CeZrQ interface positions, and that the reaction is
reaction temperatures<(430 K) in the activity profiles ot i_nifi ntly extend 3 ot ' r oxide sites far bevond
(Fig. 1). Regarding the effects of other NO-derived species tho tsg . caA yle e'bI € Od ?tcoppe 0 tfe sthes a Iteyob
on the Cud -carbonyl formation, this is more difficult to ¢ a rgg'og' _pta(;JSI he mot.e ”0 e.lcclgunYO’rA t'e res_ltJ S 0b-
resolve, due to the overlapping of several different bands balnfa IIIS ep:u; ? dS{C emf';':'|ca yt”:h 'Q-t 'f ¢ '\ée tSI es atrhe
in the corresponding spectral region. Therefore, it is not asically restricted to positions at the intertace between the

thin CuQ, 2D-patches or more or less flat copper oxide lay-

clear whether a blocking of CuOsites by nitrate or ) . .
nitro species is taking place, although bands corresponding_ers (in order to account for the existence of relatively strong

to these species appear at relatively high temperaturednteractions between them and the underlyi@g ZnOx

and would not therefore affect CO oxidation activity or SUPPOrt, according to XPS, infrared, and EPR results). Con-
NO-induced suppression of Gecarbonyl formation to cerning processes occurring on the copper oxide phase, the
any great extent. It would appear that the lowertcu Presence of NO would mainly affect sites on the Gu&yer
carbonyl intensity achieved in the presence of NO must at positions relatively far from the active interface bound-
be mainly related to the maintenance of a higher degree@ries, restricting formation of Cucarbonyls at those sites

of oxidation at the copper oxide surface. This is supported €ither through a blocking effect (by chemisorbed species) or

by the Comparative|y h|gher wavenumber observed for by an oxidative interaction which favors the establishment
the Cu" carbonyl when NO is present in the reaction Of a higher degree of oxidation at these sites. On the basis

mixture (Fig. 3) since, according to infrared studies of Of the absence of NO effects on the CO oxidation catalytic

reduced copper oxide samples [18,44,53], the vibrational activity, it appears that NO does not strongly interact with

frequency of CUi carbonyls decreases by increasing the the active interface sites and that the interactions with CO
degree of reduction around the Tuadsorption center. and oxygen prevail in that zone. It can be assumed that both
This hypothesis is supported by the fact that the lower the copper oxide and the support components of the inter-
wavenumber for that ban®104 cntl) is observed in the  face are involved to some extent in the reaction mechanism
post-reaction experiment where a maximum overall degreeby providing sites for activation of CO and,Oin this way,

of reduction has been achieved on the basis of observatiorthe absence of NO competition with CO at the copper oxide
of the greatest intensity for the band under that condition. component of the interface can be related with the attainment
A question arises as to the reason that a higher overallat a local level of a relatively high degree of reduction in that
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Active region

Inactive region  Active region Inactive region
(partially redu§d)/ B( CuO, <°Xidized)>( >< CuO,
‘ o o 9 o%*co . o009 £ ¢ ¢ go..
(Ce,Zr)O, (Ce,Zr)O,
CO +0, CO +0,+NO

Fig. 7. Schematic model of the proposed active surface for the CuZC catalyst during the course of thea@®Q0—-G—-NO reactions.

zone (in agreement with analysis of the results of Fig. 3), if 5. Conclusions
it is taken into account that CO predominantly interacts with
reduced copper sites (and NO with oxidized sites) during  ne presence of copper oxide entities, most likely form-
CO-NO competition [23]. On the other hand, the prevail- j,q 2D patches or thin raft-like layers and strongly interact-
ing interaction of oxygen, with respect to NO, with the ac- jnq with the CezrQ support, is inferred from analysis of the
tive C& -V, interface sites at the support is demonstrated Wagner diagram of the XPS results, both for the fully oxi-
by the EPR results (Fig. 5). Thus, the largest hindrance to gjzed (Cl?*) and partially reduced (Cy achievable upon
O, —Cé"* formation produced when oxygen, in compari- reduction under CO at 373 K) states of the catalyst, in agree-
son with NO, is preadsorbed at RT reveals that oxygen is a ment with analysis of Ctf” signals by EPR and of Gucar-
more powerful oxidant than NO for the reduced active sup- bonyl infrared bands.
port sites. The behavior of the CuQCeZrQy catalyst reduced
Concerning other mechanistic aspects, the fact that theynder CO at 373 K toward reoxidation by eithes & NO
CO-(;, catalytic activity appears to be restricted to the in- has heen examined by XPS and EPR. Both molecules readily
terface positions of the catalyst along with observation that a gxidize both catalyst components, although oxygen displays
certain reductive preactivation of the copper oxide phase ap-the greater oxidizing power for both sites at the Guid (to
pears to be produced prior to the onset of reaction suggests greater extent) CeZgparts of the catalyst.
that processes involved in the reaction mechanism for this No Signiﬁcant modifications were observed in the cat-
kind of system must essentially depend on the properties of ytic activity for CO oxidation (with oxygen) when NO is
the interface between the partially reduced copper oxide en-introduced (in a relatively small amount) into the stoichio-
tities and the ceria-based support. Two factors stand out asmetric reactant mixture. Analysis of this observation with
being most important in accounting for the catalytic proper- the most important differences observed by in situ DRIFTS
ties for carbon monoxide oxidation in this kind of system. with respect to the intensity of Gucarbonyls (at sites in-
Both essentially depend on the characteristics of the copperteracting with the CeZr@support) in the presence and ab-
oxide—ceria-based support synergetic interactions, althoughsence of NO suggest that the active zones of the catalyst for
some specific properties of the individual components may CO oxidation are largely restricted to the interface region. In
also play a certain role. First, the facility for achieving par- turn, the evolution observed in the wavenumber of thé Cu
tial reduction of the copper oxide entities at the interface carbonyls under reaction conditions suggests that the copper
zone, which, according to previous studies [6,9,21], is fa- oxide component is reductively preactivated prior to the on-
vored by an increase in dispersion of this component may set of CO oxidation. In general terms, the results obtained
be most significant in accounting for the different activities suggest that the two main factors governing the catalytic ac-
as a function of the level of copper oxide dispersion [6,9, tivity of this kind of system are the facility for partial pre-
21]. In the second place, the redox properties of the inter- reduction of the copper oxide component at the interface
face sites between partially reduced copper oxide and thezone (favored upon decreasing copper oxide particle size,
ceria-based support, which probably depends to some extentilthough the role of the support as a redox promoter must
on the individual redox properties of the ceria-based sup- also be considered) and the redox properties of the interface
port (for instance, the degree of unsaturation of the oxygen between that partially reduced copper oxide component and
vacancy defects that can be generated, its surface acid/basthe underlying ceria-based support (specifically related to
properties, its electronic characteristics, etc.), may be thethe characteristics of the CyGsupport contacts and there-
most important factor in explaining differences in the cat- fore strongly dependent on the support nature, i.e., the pres-
alytic activities when the nature of the ceria-based support is ence/absence of zirconium or other dopants in its composi-
varied [16]. tion).
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