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Catalysts of copper oxide supported on CeO, and Ce;_,Tb,0,_, have been studied by temperature-pro-
grammed reduction employing CO as a reductant (CO-TPR) using a diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) cell as well as conventional tubular reactors in order to get insights into
redox changes occurring in the course of interaction of the systems with CO. CO-TPR results collected in
the classical way, i.e. starting the temperature ramp after reactant gas equilibration at room temperature,
suggest that the reduction of the copper species occurs at temperatures which decrease with the terbium

Keywords: content of the support. However, such result contrasts with CO oxidation activity of the systems under
CuO catalysts e . . . .

Ce0, CO-PROX condition which follows just the opposite trend. DRIFTS results and analysis of low temperature
Ce-Tb mixed oxides redox processes, typically disregarded during recording of classical TPR tests, show that catalytic activity
CO-TPR can be correlated to the magnitude of reduction achieved already at room temperature, which is related
DRIFTS to reduction of interfacial copper oxide species.

XPS © 2009 Elsevier Inc. All rights reserved.
CO-PROX

1. Introduction

CO abatement reactions such as water gas shift (WGS), prefer-
ential oxidation of CO in H,-rich streams (CO-PROX) or its simple
oxidation either with O, or NO have been paid much attention
since CO is an atmospheric pollutant and a poison for fuel cells
[1-9]. In particular, for processes involving CO oxidation, catalysts
based on closely interacting CuO and CeO, have shown outstand-
ing performances, comparable to those exhibited by less econom-
ically interesting precious metal catalysts [7,9,10]. The ability of
copper oxide-ceria catalysts for such reaction has been related to
the promotion of redox properties which is achieved upon combi-
nation of both oxides, taking into account that they apparently
operate under a redox-type catalytic mechanism [7,11]. The redox
promotion has been mainly based on intensive investigation done
with different spectroscopic techniques as well as temperature-
programmed reduction (TPR) studies in which it has generally
been shown that the CO oxidation rate can be correlated with
the ceria-promoted reducibility attained on the disperse copper
oxide entities [7,9,12-16]. In turn, the degree of promotion of such
reduction can be also affected by modifying the nature of the sup-
port within structurally related doped ceria materials [8,17].
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Recent work by Luo et al. provides an important rationalization
of redox/catalytic correlations in catalysts combining copper and
cerium oxides on the basis of CO-TPR results [18]. Thus, they differ-
entiate between the reducibilities of the three types of oxidized
copper entities generically proposed to be present in this type of
catalysts, in agreement also with previous investigation [12,13]:
in decreasing order of reducibility, finely dispersed CuO, bulk-like
CuO and Cu?" incorporated, likely substitutionally [19], to the ceria
lattice. Furthermore, they propose the possibility to estimate quan-
titatively the relative contribution of each of these oxidized copper
entities to the overall CO oxidation activity [18]. Nevertheless, such
investigation has been done on a series of catalysts combining in
all cases copper oxide (as supported component) and ceria (as
support) while, as mentioned, changes in the support nature can
modify such redox or catalytic properties [8,17]. This can be
attributed to differences in the respective copper oxide-support
interfacial properties, whose specific characteristics have recently
been shown to be most relevant to explain CO oxidation catalytic
properties [7].

Within this context, in the present contribution we propose a
study of a series of CuO/Ce;_,Tb,0,_, catalysts with the same cop-
per loading but differing in the support composition (x between 0
and 0.5) mainly by employing CO-TPR tests with mass spectrome-
try detection. In order to get information for redox changes taking
place during the course of such tests, parallel experiments have
been performed for which a DRIFTS cell has been used as a reactor
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and the corresponding spectra have been simultaneously recorded.
For the sake of completeness, the corresponding supports em-
ployed as references have also been explored by the same tech-
niques. As a complementary basis, results of characterization at
structural and electronic levels of the catalysts employed as well
as catalytic properties for the CO-PROX process are available in
previous works of the group [8,9], while additional XPS experi-
ments are presented in order to complement the redox analysis.
The present work will show that correlation between redox and
catalytic properties in reactions involving CO in this type of cata-
lysts requires, in agreement with recent work [7], a detailed anal-
ysis of interfacial redox properties, not necessarily directly
provided by classical TPR profiles (i.e., starting after equilibration
of the reactant gases at the lowest possible temperature, in our
case as in most studies, room temperature).

2. Experimental

The Ce;_,Tb,0,_, supports were prepared by reverse micro-
emulsion method. For this, aqueous solutions of corresponding ni-
trate salt precursors of Ce or Ce and Tb (at nominal atomic ratios of
Ce/Tb=1 and 4) were introduced in a reverse microemulsion
(water in oil) using n-heptane (Scharlau) as the organic phase, Tri-
ton X-100 (Aldrich) as the surfactant and 1-hexanol (Aldrich) as
the co-surfactant. Then this microemulsion was mixed with an-
other one of similar characteristics containing dissolved tetra-
methylammonium hydroxide (TMAH, Aldrich) in its aqueous
phase in order to coprecipitate the cations. The resulting mixture
was stirred for 24 h followed by centrifugation, decanting and rins-
ing of the resulting solid with methanol. Finally, the solid portion
was dried at 110 °C for 24 h and the resulting powders were cal-
cined under air at 500 °C for 2 h. Details of the preparation param-
eters employed during the synthesis of these supports can be
found elsewhere [20,21]. Chemical analysis by ICP-AES showed
Ce/Tb atomic ratios of 1.1 and 3.93, respectively, indicating that
within experimental error quantitative precipitation of both Ce
and Tb cations was achieved. CeO, and CuO references were pre-
pared following the same procedure. The copper oxide catalysts
supported on the corresponding CeO, and Ce-Tb mixed oxides
were prepared by incipient wetness impregnation of the corre-
sponding support using aqueous solutions of Cu(NOs),-3H,0 to
get a final copper loading of 1 wt.% in all cases. The resulting mate-
rial was dried overnight at 110 °C and subsequently calcined under
air at 500 °C for 2 h. The nomenclature used for these catalysts as
well as their main textural or compositional properties is summa-
rized in Table 1.

Temperature-programmed reduction experiments employing
CO as a reductant (CO-TPR) were carried out by employing a Pfeif-
fer Omnistar mass spectrometer (MS) as a detector. Either a simple
quartz tube or a diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) cell (Harrick), fitted with CaF, windows
and a heating cartridge that allowed samples to be heated to
500 °C, was employed as a reactor. Prior to the CO-TPR run, the
samples were calcined in situ at 500 °C under a flow of 20% O,/

Table 1

He for 2 h. Then, after cooling to room temperature under that oxi-
dizing atmosphere and extensively purging under inert gas, the
sample was exposed to 5% CO/He flow at room temperature until
gas equilibration. Then, when the concentrations of all monitored
gases became constant, the sample temperature was raised under
the diluted CO atmosphere using a ramp of 10 °C min~' and a flow
of 500 cm® min~! g~! in any of the two reactors (500 and 100 mg of
catalyst being employed for the tests in the tubular and DRIFTS cell
reactors, respectively). Operando DRIFTS analysis of the samples
was carried out using a Bruker Equinox 55 FTIR spectrometer fitted
with an MCT detector. The spectra (average of 20 scans at 4 cm ™!
resolution) were recorded typically at every 10 °C. For comparison
with the spectra of gaseous CO molecules whose shape changes
with the temperature as a consequence of differences in popula-
tions of rotational levels, blank runs were done under the same
conditions with KBr. All the DRIFTS data presented have accord-
ingly been subtracted from the corresponding CO(g) data at each
temperature in order to get rid of contribution from CO(g). All
the gases employed were supplied by Air Liquide and had purity
higher than 99.95%.

X-ray photoelectron spectra (XPS) were recorded with a Ley-
bold-Heraeus spectrometer equipped with an EA-200 hemispher-
ical electron multichannel analyser (from Specs) and a 120 W,
30 mA Al Ko X-ray source. The sample (ca. 0.2 g) was slightly
pressed into a small (4 x 4 mm) pellet and then mounted on a
sample rod and introduced into the pretreatment chamber where
it was outgassed at 200 °C for 2-3 h, until a pressure of less than
2.0 x 1078 Torr was achieved; thermal treatments under CO or O,
(ca. 1 Torr), followed by outgassing, were carried out in the same
pretreatment chamber as required. The spectrum intensities were
estimated by calculating the integral of each peak after subtraction
of an S-shaped Shirley type background with the help of UNIFIT for
Windows (Version 3.2) software; atomic ratios were then derived
using the appropriate experimental sensitivity factors. All binding
energies (BE) were referenced to the adventitious Cls line at
284.6 eV. This reference gave BE values with an accuracy of
+0.1 eV; the peak v characteristic of Ce** was thus obtained at
917.0 £ 0.1 eV. In the case of the Ce3d or Tb3d spectra, factor anal-
ysis (also known as principal component analysis) was used to cal-
culate the Ce3*/Ce** or Tb3*/Tb*" ratios in each set of spectra
recorded, using the methodology developed in previous works
[22,23].

3. Results and discussion

Characterization: Details about characterization of these cata-
lysts have been reported in our earlier publications [8,21,23]. For
the sake of completeness, a brief account of such results is given
hereafter. Concerning bulk structural characteristics and on the ba-
sis of XRD, HREM and Raman, the catalysts are constituted by
aggregates of variable size in the range of 0.1-1.0 um which are
formed by nanocrystals of ca. 5.5-8.5 nm size with the fluorite
structure (Table 1); no hint of copper-containing phases could be
detected by any of these techniques, thus indicating a relatively

Summary of basic physico-chemical properties for the indicated catalysts; cell parameters and crystal size correspond to the fluorite phase of the support, only one detected by
XRD due to the relatively large copper dispersion and considering also its relatively low loading [8,21].

Catalysts Composition Sger (m? g71) Cell parameter (A) Crystal size (nm)
CuCe 1% Cu/CeO, 107 5.413 8.3
CuCeTb4 1% Cu/CepgTbp 20, _x 105 5.393 7.2
CuCeTb1 1% Cu/CeosTho 505 x 100 5368 6.1
CeO, CeO, 130 5.412 7.7
CeTb4 CepgThg20, « 104 5.401 6.6
CeTb1 CepsThos0s_x 95 5368 55
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high dispersion degree for such entities. Analysis of lattice param-
eters of the nanocrystals reveals, in agreement with XPS and
XANES analysis [23], the presence of variable amounts of Tb**
and Tb*" as a function of the terbium content: ca. 62% and 46% of
the terbium appears as Tb>* in CeTb4 and CeTb1 according to such
estimation (and the same in the corresponding copper-containing
catalysts, according to the absence of important XRD differences,
Table 1); in turn, cerium appears in all cases in a fully oxidized
Ce*" state according to XPS and XANES [8,9,12,23]. Thus, in accor-
dance with these results and despite the stabilization of higher
amounts of Tb*" with increasing the amount of terbium, it can be
noted that the absolute amount of oxygen vacancies increases with
increasing the terbium content, in agreement with Raman investi-
gation [21], as well as with previous results by other authors [24].
Concerning characterization of the copper, XANES or XPS results
(as also described below) have shown that it presents a fully oxi-
dized state (Cu?") in all the initial samples (after calcination under
diluted oxygen) and appears essentially in the form of highly dis-
persed CuO-type species [8,9]. Further details were achieved by
EPR on the CuCe sample although such analysis could not unfortu-
nately be extended to the terbium-containing samples due to the
presence of strong magnetic interactions with Tb>* and/or Tb**,
both being paramagnetic. The presence of ca. 35% of the copper
in the form of small, highly dispersed copper oxide clusters was in-
ferred from such EPR results on CuCe while a residual amount of
isolated Cu?" species was also detected; the rest of the copper
was EPR-silent, which was attributed to antiferromagnetic interac-
tions between the Cu?" cations into less dispersed (even though
still undetectable by XRD) CuO particles [12]. This interpretation
was also in agreement with Ar*-sputtering XPS results [12].
CO-TPR MS analysis with the tubular reactor: The evolution of CO,
during CO-TPR runs performed with the tubular reactor over the
different samples, commencing the recording after a period of
gas equilibration at room temperature, is shown in Fig. 1. The
TPR profile of pure CuO is also included in the same figure for com-
parative purpose. This profile reveals that the CO reduction on pure
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Fig. 1. CO, production during the CO-TPR runs performed with the tubular reactor
over the indicated samples.

CuO starts at ca. 150 °C and displays a broad and asymmetric peak
centred at 295 °C which, considering the conditions employed, can
be assigned to direct reduction to metallic copper, in agreement
with previous studies [25]. It may be noted that the reduction tem-
perature appears somewhat lower than that observed during CO-
TPR or related analyses on other CuO samples by other authors
[25,26], which can be related to the lower size particles, likely
more easily reducible [27], present in our case. It may be also noted
that the CO-TPR profile (as it occurs also for the other copper-con-
taining catalysts) does not return back completely to the baseline
although the maximum reduction level attained appears far from
the final temperature employed. This has been commonly ob-
served for other supported copper catalysts [18,28,29], and appar-
ently contrasts with the behaviour observed during similar runs
when H, was employed as a reductant [30-32]. This can be related
to occurrence of the Boudouard reaction (2CO — C + CO,) which
can be promoted at high temperature in the presence of metallic
copper [33,34]; alternatively, an experimental artefact related to
possible chemisorption and slow desorption of CO, in the MS
detection system has been also pointed out [25]. However, recent
investigation done on the CuCe catalyst by comparing '2CO- and
13CO-TPR experiments, subsequently followed by TPO tests, has al-
lowed to conclude that no carbon deposits are formed in the sam-
ple treated under CO up to 400 °C and that the process responsible
for the residual CO, amount detected at 400 °C in the CO-TPR pro-
file must be mainly related to the remaining WGS processes result-
ing from CO interaction with surface hydroxyl species [35], in
agreement also with recent investigation by Caputo et al. [36].

Concerning the CeO, support, the reduction starts around
250 °C and does not appear to have completed at the end of the
run at 400°C, in good agreement with the literature results
[37,38]. In the presence of 20% Tb (CeTb4) a downward shift of
the reduction onset to 215 °C and a somewhat higher overall level
of reduction appear to be attained within the examined range. In
turn, in the case of CeTb1 support, reduction starts at 200 °C and
a sharp intense peak at 298 °C and a shoulder peak at 225 °C are
apparent while overall reduction level increases appreciably. These
results demonstrate that low temperature reducibility of CeO, un-
der CO is improved in the presence of Tb and that the reducibility
of the mixed oxide increases with the amount of Tb. Results in the
same sense were observed in a study of the reducibility of materi-
als of this type under hydrogen [39].

The reduction profile of CuCe is characterized by a low intensity
reduction peak and a somewhat stronger peak at about 170 and
225 °C, respectively, which are referred to as o and B peaks, accord-
ing to the usual nomenclature employed in the literature [18]. In
addition, there is a high intensity peak at 298 °C (y peak). These
peaks below 300 °C have been assigned to the reduction of Cu?*
ions belonging to different types of oxidized copper entities with
differing degrees of interaction with the underlying ceria support
[18]. In this sense, the presence of more than one reduction peak
in CuCe catalyst instead of basically one peak in the case of pure
CuO is consistent with the existence of more than one type of cop-
per oxide species in 1CuCe, in agreement with characterization re-
sults described above. The reduction of copper species responsible
for oo and B peaks occurs at lower temperatures compared to that of
pure CuO while the y peak maximum appears fairly close to that of
bulk CuO. This justifies attribution of the former two peaks to well-
dispersed copper oxide species whose reduction would be appre-
ciably promoted by ceria while the latter accounts for the presence
of less dispersed (even though still diffraction silent) copper oxide
entities. Comparing with literature results, it must be taken into
account that the TPR peak shape and position can strongly depend
on the experimental conditions employed and particular copper
oxide configurations present in each case. Luo and coworkers have
reported three types of CuO species in their CO-TPR analysis of
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copper oxide-ceria catalysts prepared by sol-gel or surfactant-
templated methods [18,31]; such synthesis methods, as it occurs
also for microemulsion-coprecipitation [9,19], may favour intro-
duction of part of the copper into the ceria fluorite structure, in
contrast to impregnation method by which most of the copper ap-
pears surface dispersed [12]. They detect peak o at ca. 125 °C and
attribute it to the reduction of finely dispersed CuO; peak p appear-
ing at ca. 175 °C is attributed to the reduction of Cu?* in the CeO,
lattice while peak 7y at ca. 200 °C is attributed to the reduction of
bulk CuO [18,31]. In similar terms, Papavasiliou et al. regard the
low temperature features between 70 and 200 °C as the reduction
of copper species strongly interacting with CeO, and a high tem-
perature maximum between 240 and 270 °C as the reduction of
larger copper oxide particles less affected by interaction with the
Ce0, support [29]. Similar attributions of reduction peaks have
been reported in the literature on the basis of CO- or H,-TPR results
over catalysts of this type [13,30,40-44].

Apparent downward shifts of the reduction of copper species
are observed in the presence of Tb in the support. Thus, the reduc-
tion profile of CuCeTb4 contains a low temperature peak at 120 °C
whereas two peaks appear at higher temperature (190 and 250 °C).
The presence of multiple peaks must reflect, as in the case of CuCe,
the heterogeneity of copper oxide entities in this sample. In the
case of CuCeTb1, the reduction starts around 50 °C and an intense
peak at 155 °C is observed. There is also a hump at 250 °C in this
case. Results in the same sense can be found in reports by Wang
et al., in which the formation of a low temperature o peak in the
case of CuO on samarium-doped ceria has been attributed to the
effect of the presence of surface oxygen vacancies within the oxy-
gen ion conducting support [26,45,46]. They have inferred that an
interfacial metal oxide-support interaction mechanism is involved
at the inception of the reduction, followed by the induced succes-
sive reduction of bulk copper oxides. Similarly, our CO-TPR results
suggest that the reducibility of finely dispersed CuO on CuCeTb4
and CuCeTb1 can be enhanced in comparison to that on CuCe.

It must be noted that attribution of the CO-TPR features exclu-
sively to reduction of the supported copper oxide entities, as typi-
cally done in the mentioned literature, is ignoring the fact that the
reducible supports can also be involved in the reduction processes.
This has been demonstrated previously on the basis of not only
spectroscopic proof [2,6,12,17], but also quantitative TPR
[30,32,36,47]. Indeed, quantification of the overall CO, produced
during the tests displayed in Fig. 1 for CuCe, CuCeTb4 and CuCeTb1
yields values of ca. 605, 506 and 812 umol g~', respectively, largely
exceeding the CO, production expected for exclusive reduction of
copper oxide entities (such values correspond to between ca. 3.2
and 5.2 CO molecules consumed per copper atom). Involvement
of the supports in the reduction processes is also supported by
XPS, as will be described later. Specific experiments would be how-
ever required to determine the respective contributions of the sup-
ports (and, furthermore, of cerium or terbium components in
them) to the different features present in the CO-TPR profiles while
the analysis is further complicated by the possible existence of dif-
ferent reduction processes involving not only oxide but also hydro-
xyl species [35,36].

Correlation with catalysis for CO oxidation: In any case, the appar-
ently enhanced reduction of dispersed copper oxide entities de-
tected upon Th-doping of ceria in the CO-TPR profiles of Fig. 1
does not correlate with gradual decrease in CO oxidation activity
under CO-PROX conditions observed by increasing the amount of
Tb for these catalysts [8]. It has to be noted that such type of re-
dox/catalytic correlations appear well established on the basis of
both CO-TPR and H,-TPR experiments [13,18,30,31]. However,
these studies involve systems which differ in the nature (or disper-
sion degree) of the supported copper oxide entities and not in the
nature of the support. The results reported here evidence that such

type of correlation is not fully valid when the nature of the support
changes, at least for Ce-Tb mixed oxides as examined here; note in
this sense that such correlations might still be valid when compar-
ing pure ceria and Ce-Zr mixed oxide supported catalysts [5,47,48].
In any case, what could be the reason for the discrepancies encoun-
tered when using Ce;_xTb,O,_,-supported systems, taking also
into account that correlation between copper oxide reducibility
and CO oxidation activity has been demonstrated not only with
the mentioned TPR experiments but also on the basis of various
spectroscopic techniques [7]? The origin of the discrepancy can
be related to the redox phenomena taking place at relatively low
temperature (even sub-ambient), in this case during the gas
equilibration period carried out at room temperature before start-
ing the TPR test with the heating ramp under diluted CO. Indeed, a
process of CO consumption, with no CO, evolution, is detected dur-
ing such equilibration period, in agreement also with recent results
[35,36]. According to the results presented in Fig. 2, the amounts of
CO consumed at 20 °C prior to launching the ramp are estimated as
230, 210 and 175 pmol g~! for CuCe, CuCeTb4 and CuCeTb1 sam-
ples, respectively. These correspond to about 1.43, 1.30 and 1.08
CO molecules consumed per copper atom, indicating that CO up-
take by the support must also take place. Nevertheless, such sup-
port consumption appears strongly promoted by the presence of
copper, considering that only about 6 pumol g~! is consumed by
the CeO, support under the same conditions, as supported by the
practical absence of the formation of carbonyls or carbonates in
the infrared spectra [35]; similarly, practically no change has been
detected in the infrared spectrum of the CeTb1 support upon inter-
action with CO at 20 °C (not shown), thus confirming the copper-
promoting effect on support CO uptake also for this system. Similar
low temperature redox phenomena in ceria-supported copper
oxide catalysts have been recently reported by Caputo et al. on
the basis of TPR tests [36]. They are also consistent with the appre-
ciable degree of copper and support reduction observed in previous
works by EPR, XPS or Raman upon interaction of the CuCe catalyst
with CO, and also with H,, at room temperature [6,9,12,49,50]. In
any case, the respective level of CO consumption at room temper-
ature correlates well, at least qualitatively, with the mentioned re-
sults of CO oxidation activity. It therefore appears that main redox
phenomena which could correlate with CO oxidation activity in
catalysts based on combinations between copper oxide and ceria
(or isostructural doped ceria systems) can be those taking place
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Fig. 2. CO uptake at room temperature during the gas equilibration period prior to
launching the CO-TPR heating ramp over the indicated catalysts. Subtraction from a
blank experiment employing inert KBr was performed to get the profiles.
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at relatively low temperature (typically room or even sub-ambient
temperature). This agrees well with results from our group show-
ing that sites active for CO oxidation are related to Cu® centres al-
ready formed upon reduction at room temperature, which are
located at the interfaces between the dispersed copper oxide enti-
ties and the support [7]; in the same terms, recent results by other
authors have also confirmed the involvement of such type of sites
on the reaction [51]. Then, features detected in classical TPR pro-
files starting after gas equilibration at room temperature (as in
Fig. 1) must be related not to the first interfacial reduction but to
the propagation of the copper oxide and support reduction to sites
not strictly located at interfacial positions, in agreement with our
model of redox properties for this type of catalysts [12]. Such
extension of the copper oxide reduction to non-interfacial sites
has been proposed to provide centres active for H, oxidation under
CO-PROX conditions [7]. In this sense, the higher facility for such
non-interfacial reduction with increasing the Tb content of the
support (Fig. 1) is also in agreement with the associated decrease
in CO, selectivity observed during CO-PROX over these catalysts
[8].

CO-TPR-DRIFTS-MS and XPS analyses: In order to get hints on the
mentioned low temperature redox phenomena, as well as on those
taking place at higher temperature during the CO-TPR tests, these
have been additionally performed by employing the DRIFTS cell as
a reactor while the corresponding spectra were simultaneously re-
corded during the course of the run. Fig. 3 displays the evolution of
CO, during these runs. Some differences are apparent between
these profiles and those recorded upon employment of the tubular
reactor (Fig. 1). These must be mainly attributed to differences in
reactor configurations, as also pointed out previously for other
reactions [2,9]. Nevertheless, it can be observed that, as it occurs
for runs done with the tubular reactor, the presence of Tb appar-
ently promotes copper oxide reduction also under these conditions
according to the profiles of Fig. 3 (note that these are also taken in
the classical way, i.e. starting the recording just after launching the
heating ramp following achievement of gas equilibration at room
temperature).

DRIFTS spectra recorded for the Cu-containing samples during
these tests are shown in Figs. 4-6. Bands are observed to be basi-
cally formed in two spectral zones generally related to the forma-
tion of carbonyl species (stretching region at 2200-2000 cm™!) and
carbonate, carboxylate or formate species (most intense modes in
1700-1100 cm™! region), respectively; smaller changes related to
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Fig. 3. CO, production during the CO-TPR runs performed with the DRIFTS cell
reactor over the indicated samples.

reorganization of hydroxyl groups, basically from isolated to asso-
ciated species by increasing the temperature, during the course of
the TPR run, as well as a general decrease of the bands above ca.
300 °C, are also detected in the 3800-3000 cm~! zone (not shown).
Main spectral characteristics of the species detected are collected
in Table 2. Spectra for the initial calcined samples, prior to contact
with CO, display bands in the 1550-1200 cm™! range attributable
to carbonate species of bidentate or monodentate type or formate
species [52-55]. It must be noted that due to the basic character of
ceria, such carbonate-type species are difficult to be eliminated by
the oxidizing thermal treatment, typically requiring temperatures
above 750 °C, which can induce an important sample sintering
and surface area loss [56]. New carbonate-type species, all of them
formed over the support part of the catalyst in accordance with
previous works of CO or CO, chemisorption over CeO, [53], are
generated upon interaction of the sample with CO. Thus, bi- and
mono- or poly-dentate carbonates, as well as, in the case of CuCe,
hydrogen-carbonate species are created upon first low tempera-
ture contact with CO (Table 2). In turn, formate species are formed
at higher temperature.

Concerning the 2400-1800 cm ™! region of the spectra, in which
carbonyl stretching vibration is expected, two main contributions
(apart from the two rotational branches, centred at «ca.
2350 cm™!, corresponding to CO,(g)) are apparent. First, a band
at ca. 2176-2167 cm™! is attributable to CO adsorbed on unsatu-
rated Ce*" cations (similar carbonyls are the only ones detected
when performing the CO-TPR run over the copper-free supports;
results for the CeO, sample are available elsewhere [35]). Second,
a band at 2123-2109 cm™! is formed already upon first contact
of the copper-containing samples with CO at room temperature
and can be ascribed to Cu®-carbonyl species in accordance with
previous works [9,12,17,49] and as recently confirmed by experi-
ments comparing '2CO vs. >CO chemisorption over CuCe [35]. This
band appears slightly shifted to higher wavenumber in the pres-
ence of Tb in the support, suggesting a certain decrease of support
influence on its red shift; i.e. 7-back-bond component responsible
for the red shift, within the usual ¢ bond-n-back-bond scheme em-
ployed to explain carbonyl bonds in this type of species [57,58],
would be more hindered in the presence of Tb in the support.

Evolution of the intensity of this Cu"-carbonyl with temperature
during the CO-TPR runs is displayed in Fig. 7. The fact that carbon-
yls and carbonate-type species are formed already upon first con-
tact of the samples with CO at room temperature is in good
agreement with the mentioned CO consumption phenomena pro-
duced during gas equilibration prior to starting the heating ramp.
Simple chemisorption on the copper oxide component, giving rise
to Cu®-carbonyl species, would take place if such component is
partially reduced in the starting catalysts since no band attribut-
able to carbonyls adsorbed on Cu?* species, expected to yield bands
of weakly held carbonyls above 2160 cm™!, typically observable
only at low temperatures or high equilibrium pressures [57], is de-
tected. However, the possibility that the catalyst starts from a par-
tially reduced state in the copper oxide component has been
discarded on the basis of previous XPS and XANES characterization
[8,9], as mentioned above and is further examined below. Alterna-
tively, CO can also chemisorb on the ceria component giving rise to
carbonate species (in which case, associated formal ceria reduction
is produced) when it exposes metastable surfaces like the (11 0),
while it would only physisorb over most stable (11 1) faces [59].
However, the amount of carbonate species formed upon room tem-
perature interaction of CO with the copper-free supports is practi-
cally null [35]. On the other hand, the possibility that reduction of
the catalyst can occur upon CO interaction at room temperature
within a process basically involving interfacial copper oxide and
ceria support sites has been evidenced by EPR and XPS in previous
works [9,12,17,49]; indeed, about 70% of the copper has been
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Fig. 5. DRIFTS spectra recorded at the indicated temperatures during the CO-TPR run over CuCeTb4.

estimated to become reduced to Cu* species upon CO interaction at
room temperature with the CuCe catalyst [12]. A similar low tem-
perature reduction process has also been proposed by Caputo et al.
on the basis of CO-TPR experiments performed over catalysts of
this type [36]. In this sense, the simultaneous formation of Cu*-car-
bonyl and carbonate species in the copper-containing samples evi-
dences the existence of a redox process by which CO, can be
formed as a consequence of the copper oxide reduction process
and subsequently chemisorbed in the form of carbonates over
the ceria support (formally speaking: 2Cu®" +20%* +CO —
2Cu* 4 CO3"). Indeed, a correlation between the amounts of Cu*-
carbonyls and carbonate-type species formed at room temperature
among the examined catalysts can be noted which gives further
support to this hypothesis (Figs. 4-6). Furthermore, the magnitude

of this low temperature reduction process also correlates with the
CO oxidation activities observed under CO-PROX conditions over
these samples [7,8]. It appears then that the degree of support pro-
motion of the reduction of dispersed copper oxide entities to Cu*
states during such low-temperature redox process, rather than re-
dox processes occurring at higher temperature, which is the infor-
mation typically provided by classical TPR tests like those shown in
Figs. 1 and 3, is most relevant to explain the CO oxidation activities
in this type of catalysts.

Concerning the analysis of correlations between evolution of
Cu*-carbonyl intensity and copper oxide reduction during the
CO-TPR tests (Figs. 3 and 7), important differences are apparent
as a function of the presence of terbium in the catalysts. It must
be considered in this sense that Cu*-carbonyls usually show signif-
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Table 2

Spectral characteristics and proposed assignment of main CO-derived bands detected by DRIFTS in the course of CO-TPR tests over CuCe, CuCeTb4 and CuCeTb1 catalysts.

Species assignment®

Frequencies observed (cm~') and mode assignment

Bidentate carbonate

Mono- or poly-dentate carbonate®
Hydrogen-carbonate

Formate

Carboxylate

Ce**-carbonyl

Cu*-carbonyl

Ve—o: 1583-1580; Vo_c_o(asym): 1313-1300
V(COZ Yasym): 1476-1475; v(CO%™ )sym): 1356

Vo-c-o(asym): ~ 1600; Vo_c_ogsym): 1392 (1360); do_p: 1216 (1216); vo_u: 3620 (3620)
VO-C-0(asym) *+ Oc-n: ~ 2940 Ve_p: 2845%. Vo_c_ogasym): 1558-1590, Vo_c_osym) 1330-1370
Vo-c-0(asym): 1510; Vo_c_o(sym): 1390-1380

Veo: 2176-2160

Veo: 2123-2009

2 Assignment based on earlier reports in which further details can be found [52-55], and as also recently confirmed by isotopic shifts detected upon comparison of

experiments of interaction of '>CO and '>CO with the CuCe sample [35].

b Similarities between frequencies do not allow a more definitive attribution; discussion on this can be found elsewhere [52].

¢ Mode assignment as proposed elsewhere [35]; however, Vo_c_o(asym) + Vo-c-o(sym) COmbination, as proposed for formate species chemisorbed on zirconia [35], cannot be
discarded, considering that the position of the vo_c_o(asym) vibration could not be fully resolved.

4 The Vo-c-o(sym) Mode is expected to be the most intense vibration in this zone although the é¢c_y vibration could strongly overlap [35,54].
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Fig. 7. Evolution of the intensity of the Cu*-carbonyl species during the CO-TPR
tests over the indicated samples.

icantly higher thermal stability than Cu® or Cu?* carbonyls [60], the
latter two not being expected to be stable under the employed con-
ditions [35]. Thus, the decrease in Cu’-carbonyl intensity detected

with increasing temperature in CuCe suggests that full reduction of
the dispersed CuO entities to metallic copper could be most fa-
voured in this catalyst. In contrast, observation of a maximum in
the Tb-containing samples (Fig. 7) suggests that a more gradual,
sequential, copper reduction is produced in such cases, as also de-
tected previously for zirconia-supported copper catalysts [61].
Thus, for CuCeTb4, the Cu*-carbonyl intensity displays a maximum
at 150 °C suggesting that reduction of Cu?* to Cu" is favoured up to
that temperature while Cu® reduction to metallic copper would be
favoured at higher temperature. In turn, reduction of Cu®" to Cu*
would be produced up to 210 °C over CuCeTb1 and subsequent
reduction to copper metal would occur above this temperature.
The different behaviour as a function of Tb presence in the support
can be also related to the presence of electron transfer processes
involving copper entities and terbium cations (i.e. Cu®+Tbh*" —
Cu* + Tb®*), which could comparatively be most favoured as a con-
sequence of the higher stability of Tb3* with respect to Ce3* (not
only for the free cations in solution but also within the fluorite
oxide network [62]). However, we cannot discard that carbonyl
evolutions displayed in Fig. 7 could be to some extent affected by
a higher stability of the Cu*-carbonyl in the presence of Tb in the
support (according to the small red shift detected, as mentioned
above). In this sense, XPS results point towards a higher difficulty
for copper reduction in the presence of terbium, suggesting that
the mentioned electron transfer processes could operate for the
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Ce;_xTbx0,_y-supported systems, leading to a favoured stabiliza-
tion of the partially reduced state of copper in the presence of ter-
bium. Thus, as displayed in Fig. 8, the analysis of XPS results by
means of Wagner chemical state plots (combining photoelectron
and X-ray excited Auger lines [63,64]) indicates that copper ap-
pears as a fully oxidized Cu?* in the initial CuCe and CuCeTb1 sam-
ples (in consistency also with the ratio observed between principal
and satellite peaks in the Cu2p zone) although the shift of Cu(2p
and AES) parameters with respect to those of pure CuO indicates
some modifications of its electronic properties which must be re-
lated to the size of the particles and their interaction with the sup-
port [12]. Wagner’s chemical state plot for the initial samples in
Fig. 8 shows that copper parameters of CuCe fit on the dashed line
of slope-3 of bulk CuO, which indicates that this is also the chem-
ical state of the copper in this sample; however, the shift, along this
line, from the bulk CuO parameters towards those found for CuO
overloaded ZSM-5 zeolites [65] indicates a strong interaction of
thin CuO-like small clusters with the ceria [12]. Noteworthy, this
copper is almost completely reduced in CuCe to a Cu,0O-like phase
after 30 min contact with 1 Torr of CO at 100 °C (see the shift to-
wards the slope-3 dashed line of bulk Cu,0 in the diagram); in
turn, about 84.6% of Ce** is inferred from factor analysis of the
Ce3d zone (not shown) in the spectrum of this sample after such
reduction treatment (while the starting sample showed a fully oxi-

o
] 1(eV)
919 1851
| ® L |
! cuo (bulk)
! (bulk)
! ! /
% / // /,
= 917 ; / ’
| oy L ey
- L, |/ ! g0
5 ” |—_1| 1 (bulk) i
9, ! 2 ]
/
W< 916 , / n 1848
/ /
I Ins ,
| . / |
! / ,
! /
915 / / 1847
/
. l .
Cub. //
914 ZsM5 |
/ 1846
!
936 935 934 933 932

<— B.Energy/eV

Fig. 8. Wagner diagrams showing the evolution of Cu (2p and AES) XP parameters
during redox treatments performed over CuCe (triangles) and CuCeTb1 (squares).
Treatments are indicated as 1 for the initial sample treated under O, at 200 °C and
outgassed at the same temperature and 2 for the sample treated under CO at 100 °C.
Intermediate treatment 1’ performed for the CuCeTb1 sample was done under
stoichiometric CO-0, mixture at 400 °C.

dized state for cerium). In the case of CuCeTb1, the starting sample
treated only under O, at 200 °C displays Cu(2p and AES) parame-
ters which suggest that copper (even though fully oxidized) could
present a Cu(OH),-CuO mixed state. CuO-type state, similar to the
starting one in CuCe, could however be achieved by thermal treat-
ment under a stoichiometric CO-0, mixture up to 400 °C. When
such sample is subjected to the same reduction treatment as CuCe
(i.e. under 1 Torr of CO at 100 °C for 30 min), an appreciably lower
degree of copper reduction is attained. However, terbium becomes
appreciably reduced after such reduction treatment (from ca. 43%
to ca. 72% of Tb>*) while cerium becomes only residually reduced
by such treatment (ca. 98% of Ce**). These results suggest the exis-
tence of electron transfer phenomena not only, as mentioned
above, between copper and the support but also between cerium
and terbium in the Ce;_,Tb,0,_,-supported systems. In turn, the
significant levels of support reduction achieved in any case after
treatments under CO indicate that joint copper and support redox
changes must be considered for full interpretation of CO-TPR pro-
files in this type of systems.

4. Conclusions

The present work analyses in parallel results of in situ CO-TPR-
DRIFTS-MS and CO-TPR-MS in a classical tubular reactor over cat-
alysts with the same amount of copper oxide supported on pure
ceria and Ce;_,Tb,0,_, mixed oxides. As typically done during
classical TPR tests, the profiles are obtained after a period in which
the reactant gas concentration becomes constant at the reactor
outlet at room temperature after which the heating ramp is
launched. According to the available literature, redox/catalytic cor-
relations can be established on the basis of such TPR tests (done
with either CO or, in most cases, H,) in the sense that most active
(for CO oxidation) well-dispersed copper oxide entities are reduced
first while higher temperature is required for reduction of larger
copper oxide crystals. Even though this general correlation can still
be valid when the nature of the support is not changed, the results
obtained here indicate that it cannot be applied in a general sense.
Indeed, so-obtained CO-TPR results suggest that the reducibility of
the catalyst increases by increasing the terbium content of the sup-
port, just opposite to CO oxidation activity obtained under CO-
PROX conditions. The reason for the discrepancy is that main redox
phenomena of relevancy for that reaction can apparently take
place in the presence of CO already at room temperature, usually
during gas equilibration period prior to launching the TPR heating
ramp. Thus, the catalytic activity can be rather correlated to the le-
vel of CO consumed at room temperature or to the intensity of a
particular Cu*-carbonyl species formed upon such low tempera-
ture reduction process. In turn, significant degree of support reduc-
tion is detected upon interaction with CO in any case, as revealed
also by XPS, which makes a complete interpretation of features ob-
tained in the TPR profiles difficult. In turn, analysis of the evolution
of Cu*-carbonyls during the course of the TPR runs suggests the
existence of electron transfer processes which could stabilize Cu*
in the presence of terbium. This is in agreement with a higher dif-
ficulty for copper reduction in the presence of terbium, according
to XPS investigation which also reveals a higher stability of fully
oxidized state of cerium most likely due to favoured electron trans-
fer phenomena between cerium and terbium in the fluorite lattice.
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