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Nanocrystalline CeO, with a regular size of 9.5 nm was prepared by a freeze-drying method, and subse-
quent impregnated with a Cu(Il) acetate solution, varying the loading of Cu (3, 6, 12 wt.%). The resulting
Cu0/Ce0, materials were characterized by N, physisorption at —196 °C, HRTEM, H,-TPR, X-ray diffrac-
tion, Raman spectroscopy and XPS and tested as catalysts in the preferential CO oxidation in a H,-rich
stream (CO-PROX) in the temperature range 40-190 °C. In spite of their low specific surface areas the cat-
alysts exhibited a good catalytic performance, resulting active and selective in the CO-PROX reaction at
low temperatures. The inhibiting effect of the simultaneous presence of CO, (15 vol.%) and H,0 (10 vol.%)
in the reaction mixture on the performance of CuO-Ce0O, catalysts was also investigated. The addition
of CO, and water in the gas stream depressed CO oxidation up to 160°C, its effect being negligible at
higher temperatures. Nevertheless, despite these expected deactivation phenomena, a CO conversion
value higher than 90% and a CO, selectivity of about 90% was achieved for all the samples at 160°C. The
excellent performance, especially shown by the catalyst with 6 wt%. of copper, has been related to the
wide dispersion of the copper active sites associated with the high amount of Ce#* species before reaction.
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1. Introduction

In the new energy scenario, fuel cells have emerged as one of the
most important power generation systems. Among the different
types of fuel cells, particularly, the Polymer Exchange Membrane
Fuel Cells (PEMFCs) have been intensively studied during the last
few years as a result of the increasing interest on the development
of more efficient, and environmentally friendly, ways of energy
generation [1,2].

Hydrogen-rich gas streams production mainly uses steam
reforming of hydrocarbons followed by the water gas shift reac-
tion. The resulting gas mixtures contain about 1% CO, but the CO
concentration has to be reduced below 10 ppm, if the stream is
used to feed a PEMFC, because the Pt anode is highly sensitive to
CO poisoning [3]. One of the most straightforward and cost effective
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methods for the elimination of CO is the preferential catalytic oxi-
dation (CO-PROX) [4-6]. The catalysts for CO-PROX must be highly
selective in a wide temperature range, tolerant to CO, and H5O,
and stable for long time. One of the most investigated alternatives
to noble metal catalytic systems for CO-PROX is CuO supported on
Ce0,. Cu0-Ce0, based systems appear to be selective, thermally
stable and cheaper than other classes of catalysts [7-11].

Their performances are mainly attributed to the synergistic
redox properties of the copper-ceria interfacial sites [ 12-18].In the
preferential oxidation of carbon monoxide, the presence of oxygen
vacancy defects (OVDs) and other lattice defects can play a very
important role in the surface reactivity [18]. The high performance
of copper-ceria catalysts can be, in this sense, ascribed to the strong
interaction between the active phase and the support, favored by
the elevated concentration of structural defects in cerium oxide
[19-21]. Zheng et al. confirmed that the catalytic activity was gov-
erned both by the Cu*/Cu2* and Ce3*/Ce*" redox couples [22]. In
addition, several authors [23-26] concluded that the CuO species
inboth fully oxidized and partially reduced states were significantly
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affected by the interaction with underlying CeO, support and the
degree of promotion of such reduction could be also affected by
modifying the nature of the support, because the catalytic proper-
ties can be strongly affected by the synthethic methodology used
[7,27].

A new promising synthesis method used to prepare ceria-based
systems containing gadolinium and samarium [28,29], was applied
to prepare a pure ceria solid by a freeze-drying method able to yield
nanocrystalline materials [30], allowing to achieve much higher
dense pellets.

As known, freeze-dryingis a process which consists on removing
water from a frozen sample by sublimation and desorption under
vacuum. Nevertheless, this process generates various stresses dur-
ing freezing and drying steps. So, protectants are usually added
to the formulation to protect the nanoparticles from freezing and
desiccation stresses. This methodology has been exploited for
preparing various porous materials, including organic [31], inor-
ganic [32,33] and composite materials [34].

In this paper, we describe the preparation of a nanocrystalline
CeO, by a simple freeze-drying method and its subsequent impreg-
nation with a copper(ll) acetate solution, by varying the loading
of Cu (3, 6, 12wt.%). The obtained materials were fully character-
ized and studied as catalysts to selectively oxide CO to CO5 in the
presence of excess hydrogen in the temperature range 40-190°C.

2. Experimental
2.1. Sample preparation

2.1.1. CeO, preparation

CeO, polycrystalline powders were synthesized by a freeze-
drying method, using Ce(NOs3)3-6H;0 (99.9%, Aldrich) as precursor.
Cerium(Ill) nitrate was dissolved in distilled water and then
ethylenediaminetetraacetic acid (EDTA) (99.7% Aldrich) was added
as complexing agent to prevent precipitation in a 1:1 molar lig-
and:metal ratio. The pH of the solution was initially acid so it was
adjusted at 7-8 by adding aqueous ammonia. The solution was
flash frozen dropwise into liquid nitrogen and then dried in a Heto
Lyolab freeze-dryer equipment for 3 days. The obtained amorphous
precursor was immediately calcined at 300°C for 2h to prevent
rehydration and to eliminate the organic matter by combustion.
Finally, the powder was calcined in an alumina crucible at 600 °C for
5h. Under these synthesis conditions, crystallization of CeO, pow-
ders to a single phase was achieved [30]. The sample was labeled
CEO,.

2.1.2. Cu0-CeO; catalysts preparation

The active phase was added by incipient wetness impregna-
tion of the ceria using a copper(ll) acetate monohydrated (Aldrich)
solution with the adequate concentration to get a nominal copper
loading of 3.0, 6.0 and 12.0 wt.%. After impregnation the materials
were dried overnight at 60 °C and calcined during 4 h at 400 °C. The
catalysts were named xCUCE, with x=3, 6 and 12, referring to the
Cu (wt.%) present in the samples.

2.2. Catalytic tests

Catalytic activity tests were carried out in a laboratory flow
apparatus, with a fixed bed reactor operating at atmospheric
pressure. The catalysts (0.100g), with a defined particle size
(0.050-0.110 mm) were introduced into a tubular Pyrex glass reac-
tor (5 mmi.d.),and placed inside an aluminum heating block. Before
the catalytic experiments, the samples were heated in situ at 400 °C
under flowing air for 30 min, followed by cooling to RT in He
flow. The contact time W/F was 0.18 gscm—3 (GHSV=22,000h~1).
The reaction mixture composition was 1.2% CO, 1.2% 0,, 50% Ha,

balanced with He. The effect of CO, and H,0 was examined in sep-
arate runs with the addition of 15vol.% CO, and 10vol.% H,0. An
ice-cooled cold finger was used to trap the excess of water down-
stream from the reactor. AHP6890CG gas chromatograph equipped
with a thermal conductivity detector (TCD) was used to analyze
the outlet composition. A CP Carboplot P7 column was used, with
helium as carrier. The temperature was varied in the 40-190°C
range, and measurements were carried out till a steady state was
achieved. Both methanation and reverse water-gas-shift reactions
were found to be negligible in our experimental conditions. The
carbon monoxide (the detection limit for CO was 10 ppm) and oxy-
gen conversions were calculated based on the CO (Eq. (1)) and O,
(Eq. (2)) consumption, respectively:

nin _ nout
Xco(%) = % x 100 (1)
co
nin nout
o o (o)
Xo,(%) = —2—2 x 100 (2)
ng,

The selectivity towards CO, was calculated by (Eq. (3)):

selco, (%) = %’% % 100 (3)
2

and the excess of oxygen factor (A) is defined as (Eq. (4)):
A=2x —=% (4)

In all the catalytic tests, A =2 was used, because this value was
previously found optimal for preferential oxidation of CO [10-12].

2.3. Characterization methods

N, adsorption-desorption measurements were performed at
liquid nitrogen temperature (—196 °C) with an ASAP 2020 appara-
tus from Micromeritics. Before each measurement, samples were
outgassed 12 h at 200°C and 1 x 10~2 Pa. The specific surface area
(Sger) was calculated using the BET equation, and the specific pore
volume (V}) was calculated at P/Pp=0.98. The pore size distribu-
tion was calculated following BJH method, taking the data of the
adsorption branch and assuming a cylindrical pore model.

Transmission Electron Microscopy (TEM) images were taken on
a JEOL-JEM 3010 high-resolution microscope (point resolution at
Scherzer defocus 0.17 nm), equipped with a lanthanum hexaboride
(LaB6) gun, using an accelerating voltage of 300kV. The images
were taken with a CCD camera (Gatan, mod. 694). The powder was
suspended in isopropyl alcohol and dropped on a holey carbon film
grid.

Hydrogen temperature-programmed reduction (H,-TPR)
experiments were carried out using 0.08g of freshly calcined
catalyst placed in U shaped quartz reactor inside of a tubular oven.
In order to remove contaminants, the powders were pre-treated
with helium (50 cm3 min—1) at 150 °C for 1 h. After cooling to ambi-
ent temperature, TPR experiments were carried out in 10vol.%
H,/Ar (30cm3min~') increasing the temperature from room
temperature to 600°C with a heating ramp of 10°Cmin~1, by a
temperature programmable controller. The water produced in the
reduction was eliminated using an isopropanol-liquid N, trap. The
hydrogen consumption was calibrated versus CuO and recorded
by using as detector a TCD mounted in a GC Shimazdu14-B.

X-ray diffraction (XRD) patterns were obtained with a Philips
X'pert PRO apparatus using Cu Ka; radiation (A =0.1540 nm) with a
Ge(111)monochromator working at 45 kV and 40 mA. All the mea-
surements were made with a step size of 0.0167° in 30 min. High
resolution patterns were registered in order to apply the Rietveld
method to estimate the average crystallite size, using the same step
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size but with a total acquisition time of 4 h. The X'pert High Score
Plus software was applied for data treatment and calculations, with
the standard inner algorithms using pseudo Voigt type curves.

The Raman spectra were obtained using a BRUKER RAM Il Raman
spectrometer with a Ge detector and the 1064 nm excitation line
of Nd-YAG laser. The data were collected by keeping the power at
30 mW, a standard spectral resolution of 4cm~! and 2000 accumu-
lations for spectrum. The temperature operation was the N liquid
temperature. The sample powders were pressed into a small disc
and then mounted on the analytic chamber. The Raman scatter-
ing measurements were carried out in the 200-800 cm~! spectral
region.

X-ray photoelectron spectra (XPS) were collected using a Phys-
ical Electronics PHI 5700 spectrometer with non-monochromatic
Mg Ko radiation (300W, 15KkV, 1253.6 eV) for the analysis of the
core level signals of C 1s O 1s, Ce 3d and Cu 2p and with a mul-
tichannel detector. Spectra of powdered samples were recorded
with the constant pass energy values at 29.35eV, using a 720 pum
diameter analysis area. During data processing of the XPS spectra,
binding energy values were referenced to the C 1s peak (284.8 eV)
from the adventitious contamination layer. The PHI ACCESS ESCA-
V6.F software package was used for acquisition and data analysis. A
Shirley-type background was subtracted from the signals. Recorded
spectra were always fitted using Gauss-Lorentz curves, in order to
determine the binding energy of the different element core levels
more accurately. The error in BE was estimated to be ca. 0.1eV.
Short acquisition times of 10 min were used to examine Cu 2p and
Ce 3d regions in order to avoid, as much as possible, photoreduc-
tion of Cu2* species. Nevertheless, a Cu?* reduction in high vacuum
during the analysis cannot be excluded [35].

3. Results and discussion
3.1. N, adsorption-desorption

The porous nature of the prepared materials was evaluated by
N, physisorption at —196°C and the textural properties are pre-
sented in Table 1. The bare CeO, support shows an isotherm of type
Il with a thin hysteresis loop of type H3, according to the IUPAC clas-
sification, exhibiting a relatively low BET specific surface area (Sggr)
(19m? g-1). Upon addition of CuO by impregnation and subsequent
calcination, the cumulative pore volume (V) remains almost con-
stant for all the impregnated samples, while the specific surface
area and the pore diameter slightly decrease as a function of the Cu
content, indicating that the pores have been partially plugged.

3.2. HRTEM microscopy

High-Resolution Transmission Electron Microscopy (HRTEM)
images of all the xCUCE catalysts are shown in Fig. 1.

The HRTEM image of Fig. 1A (catalyst 3CUCE) exhibits aggre-
gated monocrystalline nanoparticles of ceria, whose size ranges
from 7 to 14 nm. The micrograph of a CuO crystallite shows that
the particle, of about 7 nm, is superimposed to a CeO, particle, and

Table 1
Textural and structural parameters of the prepared samples.

the lattice fringes of the two particles present the same orientation.
We found this phenomenon widespread on the sample, making us
hypothesize that CuO crystallites grew using ceria nanoparticles as
a lattice substrate.

Also 6CUCE and 12CUCE samples show the presence of aggre-
gated monocrystalline nanoparticles, whose size ranges from 7
to 14 nm. As to the catalysts 6CUCE (Fig. 1B), CuO crystallite size
is about 12nm and some nanoparticle aggregates of ceria seem
to be coated with a nearly uniform amorphous layer (thickness
about 5 nm) of CuO encapsulating the aggregates. Sample 12CUCE
(Fig. 1C) exhibits some big amorphous particles of copper oxide
of 20-30 nm in size, superimposed on some CeO, crystallites and,
similarly to the 6CUCE sample, some ceria particles coated with an
amorphous layer of CuO.

3.3. Hp-TPR

Fig. 2 shows the TPR profiles registered for the bare support
and the fresh catalysts. The reduction signal of the nanocrystalline
CeO, sample is formed by two good differentiated peaks. The low
temperature peak with a maximum at ~490°C is assigned to the
reduction of superficial ceria particles, that accounts for a limited
surface shell reduction of cerium atoms from +4 to +3 oxidation
state: this can be related to a surface reaction probably forming
oxygen vacancies [36,37]. The peak at higher temperature corre-
sponding to the reduction of ceria bulk starts at ~600°C, but the
total reduction of the support to Ce,03 cannot occur under the
present operating conditions because it usually requires higher
temperatures [38,39]. According to the literature, CeO, is reduced
by H, at temperatures higher than 350°C. Therefore, peaks in
150-250°C range can be associated to the reduction of oxidized
copper species [40-44]. The TPR profiles of all the catalysts show
three reduction peaks (see inset of Fig. 2) and this multiple-step
reduction profile has been attributed to the existence of different
copper species in the sample. The first maximum (named peak o)
appears centered at ~150°C. This peak can be associated to the
presence of the most easily reducible CuO species, highly dispersed
on the surface of nanocrystalline CeO, and interacting strongly with
ceria. At 160-200 °C (peak [3) larger CuO particles (even though still
in a high dispersion state) become reduced. Finally, the peak cen-
tered at ~220°C (peak ) has been assigned to the reduction of bulk
CuO. Usually, peaks a and {3 are related with highly dispersed CuO
entities strongly interacting with ceria [45-50], often escaping the
XRD detection. The increment of Cu loading seems to cause a certain
shift of the reduction peaks toward higher temperatures, indicating
increasing difficulty of the CeO, supportin promoting the reduction
of copper oxide entities. In any case, copper—cerium interaction is
evidenced by the fact that the three reduction peaks are located at
temperatures lower than the reduction temperature of pure CuO
[12,13] and can be associated to the reduction of oxidized copper
species [41-44,46].

Table 2 resumes the results obtained by the deconvolution of the
H,-TPR curves to estimate the dispersion degree of copper oxide
on the surface of the prepared samples. All the profiles have been

Sample Sper (M2 g~ 1)? Vp (cm®g1)? dp (nm)? Crystalline phases CuO Particle CeO,, Particle CeO, Strain CeO, Lattice
detected” size (nm)® size (nm)® (%)° Parameter
(aA)
Ce0, 19 0.06 17.3 Cerianite - 8.5 0.2 5.412
3CUCE 18 0.04 125 Cerianite tenorite Not Detectable 9.9 0.2 5.412
6CUCE 18 0.04 12.2 Cerianite, tenorite 10.7 99 0.2 5.412
12CUCE 15 0.04 10.1 Cerianite, tenorite 21.9 9.8 0.2 5.412

2 N, adsorption-desorption data.
b Rietveld data.
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Fig. 1. HRTEM micrographs of the xCUCE catalysts. (A) 3CUCE; (B) 6CUCE and (C) 12CUCE.
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Fig. 2. H,-TPR profiles of the bare support and the three CuO-CeO, catalysts. In the
inset the deconvolution of the profiles in the range 100-300°C.

resolved in three overlapping contributions. The sum of area of the
peaks a and 3, related to the presence of highly reducible cop-
per species, decreases (from 86.6% to 80.6%) with increasing the
amount of copper; while the area of peak v, due to the presence of
bulk CuO, increases (from 13.4% to 19.4%), as expected.
Quantitative analysis of H, consumed for reduction of cop-
per oxide-ceria systems in the 100-300 °C temperature range are
shown in Table 2. Total H, consumption, that increases with the
copper amount in the samples, is higher than the stoichiometric
amount required to reduce all the copper of the catalysts from
Cu?* to Cu® and was calculated from the integration of the three
superimposed peaks. The theoretical consumption of H; in func-
tion of wt.% of Cu for total reduction of CuO is also included. There
isalarge discrepancy between theoretical and experimental values.
The molar ratio H,/Cu indicates that the H, consumption of all the
catalysts is higher than the theoretical amount necessary for the
complete reduction of copper oxide present in the samples. Caputo
et al. [46] observed a continuous rise in the global H, consump-
tion related to reduction peaks at low temperature (around 200 °C)
as the copper load increases. However, this exceeded the ideal
H, consumption necessary for the complete Cu?* — Cu® reduction,

Table 2

H,-TPR results.
Sample Peak o (%) Peak 3 (%) Peak vy (%) a+f (a+B)]y H, uptake theoretical (wmolg~!) H, uptake measured (pumolg=1) H,/Cu
3CUCE 26.2 60.4 13.4 86.6 6.5 377 552 1.46
6CUCE 24.6 59.3 16.1 83.9 52 755 907 1.20
12CUCE 17.4 63.2 19.4 80.6 4.2 1510 1720 1.14
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suggesting that some CeO, reduction must occur at low tempera-
tures [51]. On the other hand, the presence of hydrogen spill over
on the support in a wide temperature range cannot be discarded
[38,47].

3.4. CO-PROX catalytic activity

The catalytic activity of the synthesized solids was evaluated in
the CO-PROX and the results of the experiment, carried out in the
40-190°C temperature range with a synthetic reformate gas (1.2%
C0, 1.2% 0,,50.0% Hy, He), are represented in Fig. 3A and B. Itis well
known that hydrogen molecules chemisorbed on copper species
are dissociated and split over to the surface of support, to form
hydroxyl groups which can accelerate the oxidation of CO [48]. For
this reason at lower temperatures, mainly oxidation of CO occurs
due to its high heat of adsorption than hydrogen, and conversion of
CO increases rapidly with the temperature, until it reaches a max-
imum. For the investigated catalysts, the CO conversion increases
with the temperature reaching 100% at 90 °C for the 6CUCE sample

and at 115 °C for 3CUCE and 12CUCE. At higher temperatures (above
140°C), CO conversion starts decreasing, as hydrogen is being more
easily oxidized. The selectivity to CO, is 100% in the 40-80 °C range
and, considering the reaction stoichiometry, the oxygen excess fac-
tor used and the CO conversion values, the O, consumption can be
exclusively attributable to oxidation of CO to CO,. The effect of the
oxygen excess is an important factor in the CO preferential oxida-
tion. It is known that CO conversion increases as the oxygen partial
pressure in the feed increases and, generally, a parallel decrease in
the CO, selectivity is observed. According to the literature, the oxy-
gen factor A =2 is the most used ratio and this value was selected to
compare the catalytic data registered with the majority of results
described in the literature [49,50].

The 6CUCE sample is the most active catalyst at the lowest stud-
ied temperatures, while 3CUCE and 12CUCE samples are quite less
active in the range 40-115 °C, showing a superimposable reaction
profile. For example, at 90 °C, a quite usual PEM Fuel Cells operating
temperature, the 6CUCE sample shows a total CO conversion, while
that of the 3CUCE and 12CUCE samples is about 75%.
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Fig.3. (A)CO conversion and selectivity toward CO, as function of the temperature over the xCUCE. Operating conditions: GHSV=22,000 h~', A =2, 1.25% CO, 1.25%0,, 50% H,,
He balance (vol.%). (B) CO conversion and selectivity toward CO, as function of the temperature also in the presence of CO, and H,0. Operating conditions: GHSV=22,000h-,
A=2,1.25% CO, 1.25%0,, 50% H;, 15% CO,, 10% H0, He balance (vol.%).
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The effect of time on stream was studied over the sample
6CUCE (not shown), using the following operating conditions:
GHSV=22,000hL-', A =2, feed stream: 1.25% CO, 1.25%0;, 50% Hy,
He balance (%vol). The reaction was monitored for 36 h maintaining
the temperature constant at 115°C. The CO conversion decreased
from 100% to 97.5% within the first 4 h, then it remained stable for
the further 32 h of operation. The selectivity to CO, was 75% during
all the experiment.

High activity and selectivity are decisive for a real CO-PROX
application, but there are other important factors, which have to
be considered as well, e.g. the effects arising from a more realistic
composition of the reaction gas mixture. Since a catalyst of selective
oxidation of CO must be resistant to CO, and H0, all the samples
were tested in Hj-rich feed also in the presence of both 15vol.%
CO, and 10vol.% H,0.

Catalytic tests have demonstrated deactivating effects of both
CO, and H,0 molecules on the CO-PROX performance of the tested
catalysts. Marifio et al. [51] proposed that a decreasing in CO con-
version and CO, selectivity with increasing CO, content in the
stream up to 15% could be related to competitive adsorption of
CO, on the active copper sites and/or inhibition of oxygen mobil-
ity caused by the formation of carbonates on the ceria support.
Gamarra et al. [50] related the diminution of activity to modifica-
tions of interfacial sites upon formation of specific carbonates, due
to the presence of CO; in the reactant stream, and a blocking effect
induced by the presence of adsorbed molecular H,O, limiting the
access of the reactant molecules to the sample surface. When CO,
and H,O were added to the gas stream, the Tsg value (temperature
at which the CO conversion is 50%) of the three catalysts shifted
toward much higher temperatures (Fig. 3) 6CUCE sample exhibits
a shift of the Tso from 50 °C to about 130 °C, while the selectivity to
CO, still remains 100%. Nevertheless, despite these expected deac-
tivation phenomena, a CO conversion value higher than 90% and a
CO, selectivity of about 90% can be achieved for all the samples at
160°C.

These results point out that, for CuO/CeO, systems in the CO-
PROX reaction, a high catalyst specific surface area value seems
to be not a critical factor to achieve a good catalytic performance.
In this sense, most relevant aspects of CO-PROX activity appear
to be related to the competition between CO and H, oxidation
activities, which basically determine the selectivity for the process.
Concerning the former (CO oxidation), there is general consensus
that it can be related to the presence of reduced states of copper
(in the form of Cu*) at copper oxide-ceria interfacial positions. The
interfacial character of such sites basically determines that well dis-
persed CuO entities contribute most to the activity, although active
interfaces could be obtained either in direct (CuO/CeO5) or inverse
(Ce0,/Cu0) configurations, the latter having large size CuO parti-
cles [52,53]. Such interfacial reduced states of copper could either
be present in the initial catalyst [16] or (when starting with fully
oxidized catalysts) are formed during the course of the reaction as a
consequence of redox interaction with the reactant mixture [21]. In
this sense, further than the general specific surface area value, the
interfacial area and/or its physicochemical characteristics appear
to be most relevant to explain CO oxidation activity achieved by
the catalysts. In the latter sense, changes in the type of interacting
oxides surfaces appear also of relevancy, as reported in studies in
which copper/ceria samples with different specific faces exposed in
the CeO, component were prepared [52,53]. More doubts exist with
respect to the selectivity (i.e. basically related to oxygen selectively
reacting with CO during competition with H;) achieved in each
case. It has been proposed that selectivity could originate from the
fact that active sites for CO oxidation could be different than those
for H, oxidation, the latter being related to reduced copper sites
formed on top of the dispersed CuO particles, subjected to a lower
degree of interaction with the underlying CeO, support [21]. This
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Fig.4. XRD patterns of the bare support and the catalysts before and after one cycle
of CO-PROX activity.

hypothesis appears also in agreement with the fact that kinetics
for CO oxidation does not appear much affected by the presence of
H, [49]. However, it has been recently pointed out that the origin
of the selectivity could be related to the strength of the adsorption
of CO (forming chemisorbed carbonyl species), H, oxidation start-
ing when sites on reduced copper become free as a consequence
of CO desorption, therefore both reactions (CO and H, oxidation)
basically sharing the same active sites [54]. In any case, the role
of the support appears to be related to promotion of the reduc-
tion of copper oxide (thus leading to generation of active reduced
copper species), while its specific role during the reaction remains
unknown although most likely active sites require also a certain
level of interfacial support reduction [21].

3.5. X-ray diffraction

Fig. 4 shows the XRD patterns of the three 3CUCE, 6CUCE and
12CUCE catalysts before and after one cycle of CO-PROX catalytic
reaction and the bare CeO, as comparison. All the samples show
the characteristic diffraction peaks of CeO, at 20=28.5, 33.4, 47.5
and 56.5°, that can be assigned to the cerianite cubic phase (ICDS
01-081-0792).

Reflection lines corresponding to copper oxide as tenorite phase
(peaks at 26=35.5 and 38.9°, ICDS 01-089-2529) are found in the
fresh form of two of the three examined catalysts, 6CUCE and
12CUCE, increasing their intensity, as expected, with the increasing
amount of copper. This is typical for samples prepared by impreg-
nation and subsequent calcination, because this procedure can lead
to a partial segregation of copper in the form of CuO [10]. The mean
size of copper oxide particles was calculated from the half-width
of the main peak at 260=35.5°, according to the Rietveld method
and resulted: 10.7 nm for 6CUCE and 21.9 nm for 12CUCE (Table 1).
It must be noted that this does not discard the presence of dis-
persed copper entities escaping detection by XRD technique. As to
the sample 3CUCE, no copper-containing phases are discerned in
the pattern, most probably due to high dispersion of CuO nanoparti-
cles with too small particle sizes to be identified by the conventional
XRD method. The average crystallite size of ceria has been esti-
mated by Rietveld methodology [55,56] and summarized in Table 1.
After the addition of copper oxide, the crystallite size of cerian-
ite slightly increases and its value changes from 9.5 to 9.9 nm for
all the catalysts. On the contrary, the cell parameter of ceria does
not decrease with the increment of the Cu content and remains
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constant at 5.412 A, This suggests that no appreciable fraction of
copper has been incorporated into the ceria lattice and the major-
ity of copper must be present either in the form of large segregated
CuO particles, as detected by XRD measurements, or as dispersed
entities on the surface of ceria nanocrystals, as shown by HRTEM
micrographs. It should be considered in this sense that substi-
tutional Cu?* incorporation into the ceria lattice could lead to a
decrease of the lattice parameter, as a consequence of the lower
ionic radius of CuZ* with respect to that of Ce** although this is
still under debate, as discussed elsewhere [9]. The strain in the
CeO, lattice does not change with the addition of CuO (Table 1),
leading us to believe that the incorporation into the lattice has not
occurred. Raman results described below could determine whether
part of the copper loaded is incorporated into the ceria lattice [9].
After one cycle of CO-PROX reaction, reflection lines associated to
metallic Cu at 260=43.5 and 50.4° appear in the catalysts 6CUCE
and 12CUCE, with intensity increasing with the amount of copper,
indicating the reduction of some of the copper during the reaction
in the presence of excess hydrogen, in agreement with previous
investigation on other Cu-Ce based catalysts [57,58]. On the other
hand, a small shift to lower angles of the diffraction peaks and the
increase in the lattice parameters of the cerianite phase observed
in the used samples suggest a partial reduction of ceria.

3.6. Raman spectroscopy

Information about oxygen vacancies in the catalysts surface or
sub-surface levels can be obtained by Raman spectroscopy. Fig. 5A
shows the Raman spectra of the pure support ceria and catalysts
XCUCE, as well as of pure CuO as a reference. In agreement to the
literature [59] three Raman bands are observed in crystalline pure
CuO sample centred at 296, 345 and 629 cm~.

A band at approximately 468 cm~! is observed for all the cata-
lysts and the support CeO,. This absorption band is ascribed to the
Raman active F,; mode of CeO, cubic lattice, which can be viewed
as asymmetric breathing mode of the oxygen atoms around cerium
ions [60,61]. This band is higher in the 6CUCE than in both 3CUCE
and 12CUCE catalyst where it becomes broader, while a small red
shift with respect to that of pure ceria is also detected and this can
be related to a small residual addition of Cu in the lattice of ceria
[10], most likely at positions close to the surface. It is known that
the cerianite structure tolerates arelatively high level of atomic dis-
order upon the incorporation of metal cations into the ceria lattice.
The crystal lattice is then forced to compensate the excess of neg-
ative charge upon incorporation of the heterocation with positive
charge lower than that of cerium cations (Cu?* in this case). Intrin-
sic oxygen vacancies are generated by this process upon addition
of Cu?* dopant cations for charge balance [62,63]. After catalysis
(Fig. 5B), the signal at 468 cm~! of the samples 6CUCE and 12CUCE
decreases in intensity, while no variations in the Raman signal are
detected for the sample 3CUCE. The explanation to the change in
the intensity of the signal could be related to the presence of metal-
lic copper, because it usually produces a loss of intensity of the
Raman shift caused by the absorption of the excitation wave. The
diffractograms of the used catalysts, excepting for the sample with
a3 wt.% Cu, show peaks of metallic copper (Fig. 4). Another explana-
tion could be a considerable or total reduction of the ceria support,
but this hypothesis is ruled out by XRD results. Furthermore, the
catalytic reaction takes place at lower temperatures than the onset
reduction of ceria, as explained in the H,-TPR paragraph. The spec-
tra for all catalysts (see Fig. 5A) show the absence of peaks at 296
and 345 cm~! assigned to CuO. The shift to about 629 cm~!, usu-
ally related to the presence of oxygen vacancies is not perceptible.
As previously observed by XRD measurements, this could suggest
that CuO is highly dispersed on the surface of the ceria grains and
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Fig. 5. (A) Raman shifts of the bare ceria support and the catalysts referred to pure
CuO,. In the inset, a magnification in the range 670-570cm~". (B) Comparison of
Raman shifts of catalysts before and after one cycle of CO-PROX activity.

the ceria lattice has not been modified by the addition of copper
oxide.

3.7. XPS spectroscopy

The composition and the oxidation state of the elements at the
surface of the support and catalysts have been studied by XPS. Fig. 6
resumes the spectra registered in O 1s, Cu 2p, CuLMM and Ce 3d
regions and Table 3 resumes the surface chemical composition of
the catalysts determined by XPS.

All the spectra registered were referred to signal C 1s 284.8 eV
corresponding to adventitious carbon. Two overlapped peaks at

Table 3
Chemical composition of the surface (in atomic concentration %) and Cu/Ce and
Cu/(Cu+Ce) ratios for the studied catalysts determined by XPS.

Sample %C %0 %Cu %Ce Cu/Ce Cu/(Cu+Ce)
CeO, 38.8 44.8 - 16.5 - -

3CUCE fresh 28.7 489 2.8 19.5 0.14 0.13

3CUCE used 431 399 2.6 14.4 0.18 0.15
6CUCE fresh 303 48.1 7.8 13.8 0.57 0.36

6CUCE used 34.6 39.2 13.2 129 1.02 0.51
12CUCE fresh 25.1 47.6 14.8 12.6 1.17 0.54
12CUCE used 31.8 431 6.35 18.7 2.95 0.75
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Table 4

Binding energies and redox parameters of the support and the catalysts, before and after catalytic reaction, determined by XPS.
Sample B.E.(eV) Cu 2psp; (eV) CUreg/CuO Isat/Tpp Ce3*/Ce**
Ce0, 529.3 (78.3%)531.4 (21.7%) - - - 0.46
3CUCE fresh 529.2 (80.7%)531.5 (19.3%) 932.5 (81.5%)934.1 (18.5%) 0.82 0.36 0.42
3CUCE used 529.3 (74%) 531.5(26%) 932.7 (69.7%)934.5 (30.2%) 0.93 0.31 0.42
6CUCE fresh 529.3 (72.9%)531.4 (27.1%) 932.8 (81.2%)934.8 (18.1%) 0.82 0.36 0.32
6CUCE used 529.6 (68%) 531.5(32%) 933.1(86.7%)935.4 (13.3%) 0.87 0.31 0.40
12CUCE fresh 529.4 (76.3%)531.4 (23.7%) 932.7 (44.5%)934.9 (55.5%) 0.44 0.47 0.15
12CUCE used 529.6 (56.7%)531.4 (43.3%) 932.8 (60.7%)935.1 (39.3%) 061 0.35 0.39

284.8 eV and at 289 eV are present in all the spectra of C 1s region,
which evidences the presence of carbonates on the surface of the
samples before and after CO-PROX reaction. The O 1s core level sig-
nal shows two contributions, one very intense at ~529 eV assigned
to metallic oxides and other at 531.5eV due to the presence of
hydroxyl or carbonates at the surface of the samples (Fig. 6a). After
reaction, the contribution at 531.5 eV experiments an increase for
all the catalysts, being important for 12CUCE catalyst (Fig. 6b). Nev-
ertheless the contribution of the signal at 531.5eV increases in a
lower percentage amount in the sample 6CUCE. It may suggest the
presence of a lower amount of carbonates at the surface of this
catalyst after one cycle of CO-PROX reaction.

To avoid photoreduction of Ce and Cu, short irradiation times
have been used [43]. In Cu 2p3); region (Fig. 6¢c and d), the peak with
a maximum at ~933.1eV and the shake-up satellite at ~942.1 eV
indicate the presence of Cu?*. The main peak can be decomposed
in two contributions: one at ~932.8 eV assigned to Cu!* and other
one at higher binding energy, about ~934.8 eV, corresponding to
Cu?* species. Therefore, it is supposed that copper is present on
the catalysts under study as CuO and Cu,0 [64,65]. This assump-
tion was corroborated with the study of le line Auger Cu LMM. In
these spectra (Fig. 6e) it is possible to distinguish between a peak at
916 eV that corresponds to Cu* and anther one at ~918 eV of Cu?*
that is in concordance with the H,-TPR results and suggested the
presence of different copper species. After catalysis, the Cu;eq/CuO
atomic ratio increases from 0.82 to 0.87 for 6CUCE and from 0.82 to
0.93 for 3CUCE. The main peak of Cu 2p3); is centered ~935 eV and
the reduction of the Isat/Ipp ratio is due in to the majority presence
of Cu'* on the surface of the used catalysts.

The Ce 3d spectra of the 6CUCE fresh and after catalytic reaction
are illustrated in Fig. 6f and g.

The complexity of the spectra is a consequence of the hybridiza-
tion between the Ce 4f levels and the O 2p states [66]. The spectra
can be decomposed in ten contributions: v, u (Ce 3d® 4f2 0 2p*)
and v”, u” (Ce 3d° 4f1 02p°); v/, u” (final state of Ce 3d° 4f° O 2p%)
assigned to Ce(IV); vo,ug (Ce 3d® 4f2 0 2p°) and v/, u’ (Ce 3d® 4f! O
2p%) assigned to Ce(Ill) [67,68].

The surface atomicratios Cu/Ce (Table 3)increase proportionally
with the amount of CuO. The Cu/Ce ratio ranges from 0.14 for 3CUCE
to 1.17 for 12CUCE. This is an indication of loss of dispersion of CuO
on the surface of the supports, as previously suggested.

In Table 4 the Ce3*/Ce?* values are included. The support has an
atomic ratio of 0.46. This relation decreases in the fresh catalysts
with the wt.% Cu content, from 0.42 for the sample 3CUCE to 0.15
for 12CUCE. The variation in the Ce3*/Ce** values in function of the
amount of CuO evidences the strong interaction existing between
both metal oxides.

As expected the Ce3*/Ce** atomic ratio increases after catalysis
indicating a partial reduction of Ce** at the sample surfaces.

Studying the redox mechanism for CO oxidation in CuO/CeO,
systems [69-70], it has been suggested the existence of a first
reaction step involving reduction with CO (and concomitant CO,

evolution), initiated by Ce** and Cu?* species and leading to the
generation of mainly Cu* and Ce3* species at the interface between
copper oxide and CeO, support. Sample 6CUCE exhibits a lower
Ce3*/Ce** atomic ratio before catalysis than 3CUCE, thus, despite
the lower percentage area of highly dispersed CuO species exhib-
ited by this catalyst in the H,-TPR analysis, in comparison with the
sample 3CUCE, the presence of an overall higher amount of Ce**
species before reaction seems to provide a higher amount of very
active sites in the CO oxidation.

Considering all the experimental evidences so far exposed, the
highest overall activity displayed by sample 6CUCE can be the con-
sequence of a balance of factors involving not only the dispersion of
the copper species but also the presence of the opportune amount
of Ce** that can generate, during the reaction with CO, catalytically
active copper sites.

4. Conclusions

Nanocrystalline CeO, with a regular size of 9.5 nm was prepared
by a freeze-drying method, and subsequent impregnated with a
Cu(Il) acetate solution, varying the loading of Cu (3, 6, 12 wt.%). The
resulting CuO/CeO, systems seem to be promising candidate cata-
lysts for the selective removal of CO from H;-rich gas streams, above
all the catalyst 6CUCE, that exhibits the highest performance among
the three studied samples, reaching a 100% of CO conversion at 90 °C
and starting to diminish its performance above 140 °C, maintaining
an excellent conversion in the range technologically interesting for
the PEMFCs. According to all the results previously exposed, it can
be suggested that the good CO-PROX catalytic behavior of these
catalysts can be related to the wide dispersion of the copper active
sites associated with the high amount of Ce** species before reac-
tion, notwithstanding the low surface area of the nanocrystalline
ceria.
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