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This study reports on the preparation and characterization of porous clay heterostructures (PCH) as a
high-surface-area support for CuO-CeO; based catalysts for the preferential oxidation of CO in excess of
H, (CO-PROX). After pillaring the montmorillonite clay with silica (Si-PCH) and silica-zirconia (SiZr-PCH),
the Cu-Ce active phase was loaded by incipient wet impregnation setting the cerium amount constant
(20 wt%) and investigating three different copper loadings (3, 6 and 12 wt%). The use of pillars of silica or
silica-zirconia inserted in the interlayer space of a natural clay provides a high surface area support that
can favor the dispersion of both CuO and CeO, active phases, leading to the formation of a high amount
of copper-ceria interfacial sites, responsible for a very high catalytic activity in the CO-PROX reaction.
The results obtained from characterization of the materials by XRD, N, physisorption, H,-TPR, XPS and
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Si02-ZrO,
Cu0-CeO, CO,-TPD suggest that this synthesis method gives rise to catalysts with copper species highly active and
CO-PROX selective for the CO-PROX reaction.

The catalysts exhibit high CO conversion values and the sample with 6 wt% of copper on Si-PCH dis-
plays very good performances, comparable to those based on precious metal catalysts, even at low
temperatures.

The system reducibility was found modified by the incorporation of zirconium in the support, with a
slight decrement of the CO conversion value, compared to the same material without Zr. The influence
of the presence of CO, and H;O in the gas feed was also studied in order to simulate the real operating
conditions of a PEMFC feed stream. Correlations between catalytic performances and physicochemical
properties of the materials have been made.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The low-temperature proton exchange membrane fuel cells
(PEMEFCs) have been largely studied and developed during the last
two decades especially due to their low temperature of operation
(about 80°C), high power density, high efficiency and the environ-
mentally benign nature. PEMFC technology promises to be a clean
and efficient alternative to combustion of fuels for power genera-
tion in stationary and mobile applications [ 1]. Hydrogen, as PEMFC
fuel, can be generated by steam reforming, partial oxidation, or
auto-thermal reforming of liquid fuels [2] or natural gas in com-
bination with the water gas shift reaction. However, the anode
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catalysts of the cell have demonstrated to be easily poisoned by
traces of CO (even around 1 ppm). Therefore it is necessary to elim-
inate the traces of CO in the hydrogen stream with minimum hydro-
gen consumption. For this purpose, several methods for CO removal
from the hydrogen stream have been reported in the literature [3]
and, among them, the preferential oxidation of carbon monoxide
(CO-PROX) seems to be the most straightforward and cost-effective
method to achieve acceptable CO concentrations [4-6].

The challenges involved in the design of successful CO-PROX
catalysts are related with the increase of the activity at low tem-
peratures and the selectivity towards the oxidation of CO against
the undesired H, oxidation that decreases the overall process effi-
ciency and finally a good resistance to deactivation, caused by the
presence of H,O and CO, in the feed.

Catalysts reported for CO-PROX reaction are mainly precious
metal catalysts, such as Pt [7,8], Pd [9], Au[10,11],Ru[12,13] or Rh
[14,15], which exhibit a high conversion values at low temperature.
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However, due to the high cost and limited availability the develop-
ment of new catalytic systems more abundant and less expensive
is necessary. In this sense, non-precious metal based catalysts are
considered as promising alternatives and catalysts based on the
closely interacting CuO-CeO, have been purposed as promising
for the CO-PROX reaction for their high activity, selectivity and
relatively low cost [16-29]. For copper-ceria system, the establish-
ment of an intimate contact between both components produces a
promoting effect for ceria with fluorite-type structure, responsible
of the high oxygen mobility [30,31] leading to both change in
redox state capacity and bifunctional promotion. This behavior
generates a synergistic effect between copper oxide clusters and
ceria, where Cu* species are stabilized providing surface sites for
CO adsorption, while cerium oxide provides oxygen vacancies.
Thereafter, the redox process for the CO oxidation produces the
reduction and oxidation of both the copper and ceria phases [32].
The redox behavior of CuO-CeO, systems can be enhanced by the
incorporation of heteroatoms as zirconium, which can improve the
oxygen storage capacity by the increase of defects in the framework
[27,33,34]. Moreover ceria and ceria/zirconia finely dispersed on
Al,03 as support were described. This support was found to favor
an intimate contact between Al,03 and the highly dispersed CeO,
particles, facilitating the interaction between them [35].

Commonly, copper-ceria oxide systems described for CO-PROX
have been classified into three kinds, i.e., CuO/CeO,, inverse
Ce0,/CuO and supported CuO-CeO,, being Cu0/CeO, the more
studied system. With regards to the supported ones, mesoporous
silicas have been extensively investigated in the catalysis field
because of its well-ordered porosity and large surface area, how-
ever, the use of supported CuO-CeO, have been only limited to a
few mesoporous silicas as HMS, SBA-15, SBA-16 and MCM-41 as
supports for CO-PROX reaction [12,36-38].

The modification of the interlayer space of the smectite by
the insertion of the polyoxocations species (PILC), for the obten-
tion of materials with interesting textural properties, has found
a wide range of applications in catalysis, adsorption and separa-
tion processes. Al-PILC has been employed as support for CuO-CeO,
catalysts showing a good performance in CO-PROX [39].

The present paper is concerned with the possibility of using
porous clay heterostructures (PCH) as support for CuO-CeO,
based catalysts. The synthetic methodology for the PCH materials,
described by Galarneau et al. [40], allows obtaining porous solids
based on cationic layered clays by the formation of silica pillars
intercalated between clay layers. Control of the pillaring process is
a very promising means to obtain solids with high surface area and
a broad spectrum of structural, chemical and catalytic properties.
Moreover these materials exhibit a higher thermal stability than
PILC [41]. The chemical properties of PCHs can be modified by the
incorporation of heteroatoms such as Al [42] or Zr [43,44] into the
siliceous framework of the PCHs. The use of PCHs as support for
copper-ceria oxides based catalysts can increase the dispersion of
the active phase due to the high surface area of support that can
offer a high activity in CO-PROX reaction. For this purpose, a PCH
with silica pillars and a PCH with silica-zirconia pillars were syn-
thesized as supports to study the catalytic behavior of CuO-CeO,
systems in the CO-PROX reaction.

2. Materials and methods
2.1. Materials

The raw material used for the synthesis of PCHs was a bentonite
from “Serrata de Nijar”, southeast Spain, which was supplied by

Minas de Gador S.A. Chemicals employed to prepare the PCHs were
cetyltrimethylammonium bromide (CTMBr, Aldrich), anhydrous

n-propanol (99.9%, VWR), hexadecylamine (Aldrich), tetraethy-
lorthosilicate (98% Aldrich) and zirconium(IV) propoxide (70%
solution n-propanol) (Aldrich). The reagents used to prepare the
catalytic precursors were copper(ll) acetate monohydrate (>99%
Aldrich) and cerium(III) acetate hydrate (99.9% Aldrich). The gases
evolved in the characterization and catalytic tests were He (Air Liq-
uide 99.99%), N, (Air Liquide 99.9999%), H, (Air Liquide 99.999%),
CO; (Air Liquid 99.999%), 0,/N, (20/80, % vol.) (Aldrich 99.999%),
H,/Ar, 10%. vol. (Air Liquide 99.99%) O,/He, 5% vol. (Air Liquide
99.9%) and CO/He, 10% vol. (Linde 99.9%).

2.2. Preparation of catalysts

The raw bentonite, used for the synthesis of PCH, was previously
characterized [45,46]. The largest (> 90 wt%) mineralogical compo-
nent of this bentonite is montmorillonite. In order to purify the raw
material, the montmorillonite fraction of bentonite was collected
by conventional sedimentation and stirred in a 1 M NaCl solution,
during 1 day, to obtain Na-montmorillonite. This clay, used as a
starting material, had a BET surface area of 99 m2 g1,

Both Si-PCH and SiZr-PCH samples, with Si/Zr molar ratio of 5,
were prepared according to the method proposed by Cecilia et al.
[44]. The active phase was incorporated into the support by incipi-
ent wetness impregnation using an aqueous solution of copper(Il)
and cerium(IIl) acetates. All catalysts were prepared with a loading
of 20 wt% of cerium and a loading ranging from 3 to 12 wt% of cop-
per. All samples were dried for 12 h at 60°C and then calcined at
400°C for 4 h with a heating ramp of 1 °C min~!. The catalysts were
denoted as Si-xCuyCe and SiZr-xCuyCe, where x and y represent the
percentage by weight of copper and cerium in the sample, respec-
tively. After CO-PROX catalytic tests, the samples were denoted as
Si-xCuyCe-U and SiZr-xCuyCe-U, where U means “used”.

2.3. Characterization methods

The purified bentonite was examined by scanning electron
microscope (SEM) using a JEOL SM-6490 LV combined with X-ray
energy dispersive spectroscopy (EDX). The samples were gold-
sputtered in order to avoid charging of the surface. Elemental
composition of the bentonite was achieved by the average of EDX
chemical analyses of 40 grains.

X-ray powder patterns for the samples were collected on
a X'Pert Pro MPD automated diffractometer (PANalytical B.V.)
equipped with a Ge(111) primary monochromator (strictly
monochromatic CuKa; radiation) and an X’Celerator detector with
a step size of 0.017°. The powder patterns were recorded between
10° and 70° in 26 with a total measuring time of 30 min. Low
angle measurements were obtained with the same configuration
maintaining the divergence and anti-divergence aperture at 1/16°
and with Soller of 0.02 rad. Measurements were carried out from
0.5-10° in 260 with a step size of 0.017°.

In order to determine the carbon content present after the cal-
cinations of the template, after the combustion of the samples at
1100°C in pure oxygen to form CO,, elemental chemical analysis
was performed using a LECO CHN 932 analyzer.

The textural parameters were evaluated from nitrogen
adsorption-desorption isotherms at —196 °C as determined by an
automatic ASAP 2020 system from Micromeritics. Prior to the
measurements, samples were outgassed at 200°C and 10~4 mbar
overnight. Specific surface areas (Sggr) were determined by
using the Brunauer-Emmett-Teller (BET) equation and a nitrogen
molecule cross section of 16.2A2 [47]. The pore size distribu-
tion was calculated by applying the Barret-Joyner-Halenda (BJH)
method to the desorption branch of the N, isotherm [48]. The total
pore volume (Vp) was calculated from the adsorption isotherm at
P[Py =0.98.



128 J.A. Cecilia et al. / Catalysis Today 253 (2015) 126-136

Hydrogen temperature-programmed reduction (H,-TPR)
experiments were carried out to 0.080g of catalyst precursor,
previously treated with a He flow (35mlmin~') at 100°C for
30 min. After cooling to room temperature, the H, consumption
was studied between this temperature and 800°C, by using an
Ar/H, flow (48 mlmin—1, 10 vol% of H,) and under a heating rate of
10°Cmin~!. Water formed in the reduction reaction was removed
by means of an isopropanol-liquid nitrogen trap and a cold finger
(—80°C). The H, consumption was measured with an on-line gas
chromatograph (Shimadzu GC-14A) provided with a TCD. The
hydrogen consumption was quantified by calibration with pure
CuO as reference compound (Aldrich).

X-ray photoelectron spectra were collected using a Physical
Electronics PHI 5700 spectrometer with non-monochromatic Mg
Ka radiation (300W, 15kV, and 1253.6 eV) with a multi-channel
detector. Spectra of pelletized samples were recorded in the con-
stant pass energy mode at 29.35eV, using a 720 um diameter
analysis area. Charge referencing was measured against adventi-
tious carbon (C 1s at 284.8 eV). A PHI ACCESS ESCA-V6.0 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 Gaussian-Lorentzian curves in order to
determine the binding energies of the different element core levels
more accurately. The error in BE was estimated to be ca. 0.1eV. A
short acquisition time of 10 min was used to examine C 1s, Cu 2p
and Cu LMM XPS regions in order to avoid, as much as possible,
photoreduction of CuZ* species. Nevertheless, a Cu?* reduction in
high vacuum during the analysis cannot be excluded [49].

The CO, desorption of the catalysts was studied by temperature-
programmed desorption of CO,. Approximately 100 mg of each
sample was pretreated with a stream of air at 400°C for 30 min
(10°Cmin~! and 60 ml min—1). The reaction temperature was then
decreased to 40°C, and a flow of pure CO, (60 mlmin—!) was sub-
sequently introduced into the reactor for 30 min. The CO,-TPD
reaction was carried out between 40 and 400°C under a He flow
(10°Cmin~!, 30mlmin~!), and the amount of CO, evolved was
analyzed using a quadrupole mass spectrometer (Balzer GSB 300
02) equipped with a Faraday detector (0-200 U), which monitors
the mass of CO; (44 U) during the experiment.

2.4. Catalytic tests

Catalytic tests were carried out in a fixed bed reactor at
atmospheric pressure. The catalysts (0.150 g), with a particle size
(0.050-0.110 mm) were introduced into a tubular stainless steel
reactor (5mm i.d.) controlled by interior place thermocouple in
direct contact with the catalysts. The samples were pre-treated
in-situ under flowing air for 30 min at 400 °C, followed by cool-
ing to room temperature in He flow. The contact time W/F was
0.18gscm™3 (GHSV=22000h-1). The reaction mixture composi-
tion was 1.25% CO, 1.25% 0O,, 50% H,, balanced with He. The effect
of CO, and H,0 was examined with the addition of 15% CO, and
12% H,0. An ice-salt cooled cold finger (—20°C) was used to trap
the water downstream from the reactor. A Shimadzu-GC-2014 gas
chromatograph equipped with TCD, with a CP-Carboplot-P7 col-
umn, was used to analyze the outlet composition. The detector limit
for CO was 10 ppm. The temperature was varied in the 65-190°C
range and measurements were carried out till a steady state was
achieved.

The carbon monoxide (Eq. (1)) and oxygen (Eq. (2)) conversions
were calculated based on the CO and O, consumption, respectively:
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where n represents the inlet (in) and outlet (out) concentrations.
The selectivity towards CO, was calculated by (Eq. (3)):

€O, selectivity(%) = %% « 100 (3)
2

The excess oxygen factor (1) is defined as (Eq. (4)):
in

A=2x —= (4)

The excess oxygen factor (A) used was 2 because this value was
previously found optimal for CO-PROX [29,50].

3. Results and discussion
3.1. Characterization of catalysts

3.1.1. Elemental analysis

On the basis of the elemental analysis of the Na-
Montmorillonite, obtained by the average of EDX chemical
analysis of 40 grains, the resulting structural formula is:

(Nag g)(Alz 3Mgo sFeq2)V!(Si7 7Alg3)"V 020(0H)swhere “VI" and
“IV” indicate the location of the different cations in metal oxide
octahedrons or tetrahedrons, respectively. Aluminum was assigned
to tetrahedral positions to complete an occupancy of eight, then
magnesium and iron were assigned to octahedral sites and com-
pleted an occupancy of four, sodium ions were assigned to the
interlayer.

The resulting formula represents a Wyoming-type montmoril-
lonite, according to the classification by Schultz [51] because of the
layer charge, lower than 0.85 electron charges per unit cell (e~ /u.c.),
and the percentage of tetrahedral substitution.

3.1.2. X-ray diffraction

X-ray diffractogram of raw bentonite shows that the main min-
eralogical component is montmorillonite (>90%) together with
minor amounts of plagioclase, cristobalite, calcite and almost unde-
tectable presence of quartz (Fig. 1). After pillared process, XRD
patterns of both Si-PCH and SiZr-PCH show a broad peak at low
angle (Fig. 2A), corresponding to the dgg; lattice spacing which
suggests the formation of an expanded structure of the original
montmorillonite where the pillars keep separated and strongly
bound the adjacent sheets and delimit a great number of gal-
leries between them [40]. The inclusion of zirconium in the pillars
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Fig. 2. X-Ray diffractograms: (A) at low angle of Si-PCH and SiZr-PCH; (B) at high angle of Si-xCuyCe samples; (C) at high angle of SiZr-xCuyCe catalysts.

produces a shift of the dyg; diffraction line to higher 20 angle,
becoming broader and smaller due to a strong delamination process
that leads to a more disorder structure denoted as “house of card
like” [44].

When the pillars of silica and silica-zirconia are inserted in the
interlayer space of montmorillonite (Fig. 2B-C), the basal reflec-
tions disappear, while the non-basal reflections of montmorillonite
(020, 110, 200, 060) suffer a decrease of its intensity, revealing a
structural change along the c’-ax due to the formation of pillars in
the interlayer space of the smectite [44].

The incorporation of copper and cerium species to the PCHs
by impregnation leads to a partial degradation of the porous
framework due to the high loading content of the active phases.
XRD diffractograms (Fig. 2B-C) display broad diffraction lines at
20=28.5,33.4,47.5 and 56.5° which have been attributed to cubic
fluorite CeO, (PDF-ICCD 00-034-0394) indicating that cerianite
phase exhibits a small particle size and a high dispersion in both
Si-PCH and SiZr-PCH samples. As expected, no characteristic peaks
due to crystalline copper oxide phase were observed in the 34-40°
range for the catalysts with 3 wt% of copper loading (Si-3Cu20Ce
and SiZr-3Cu20Ce), indicating the absence of bulk CuO in these two
samples. No signal attributable to copper species were detected
neither in the XRD profiles of the samples with 6 wt% of Cu, sug-
gesting that the active phase is highly dispersed on the pillared
supports. Anyway, owing to the small size of Cu?* ion, the pres-
ence of copper in solid solution or as interstitial punctual defects
in the ceria lattice cannot be ruled out. The presence of copper
species is noticeable in Si-12Cu20Ce and SiZr-12Cu20Ce samples,

which exhibit diffraction lines at 35.5 and 38.6° of 26, assigned to
monoclinic CuO (tenorite phase, PDF-ICCD 00-048-1548).

3.1.3. N physisorption

To disclose the textual characteristic of the prepared catalysts,
N, physisorption measurements at —196 °C were performed. Data
of the bare montmorillonite, Si-PCH and SiZr-PCH catalysts are
reported in Table 1. The incorporation of silica and silica-zirconia
into the montmorillonite clay provoked in every case a change in
the isotherm profiles. According to the IUPAC classification [52]
and refined by Rouquerol et al. [53], bentonite shows an isotherm
of type Il. After pillaring with silica and silica-zirconia both PCHs
exhibit a combination of type I and type IIb isotherms: the former
associated to the presence of microporosity and the latter with
monolayer-multilayer adsorption on an open and stable external
surface of a powder with macroporosity (Fig. 3A). These isotherms
are obtained with aggregates of plate-like particles, which there-
fore possess non-rigid slit-shaped pores. Both PCHs present a
narrow H3 type hysteresis loops with no indication of a plateau at
high P/Pg, which are typically found on solids consisting of aggre-
gates or agglomerates of particles forming slit shaped pores (plates
or edged particles like cubes). The incorporation of zirconium to
form the PCH materials produces a shrinkage of the hysteresis
loop, suggesting the presence of blind cylindrical, cone-shaped and
wedge-shaped pores [52] which is commonly related with the
house of cards packing of extremely delaminated clay minerals
[54]. The addition of zirconium in the synthesis of PCH leads to
a more disordered structure.
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Table 1
Textural parameters of Si-xCuyCe and SiZr-xCuyCe catalysts.
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Sample SBET (mz g71 ) Smlcrop (m2 g71 ) Vp (Cm3 g71 ) Vmicrop (Cm3 gq )
Montmorillonite 99 18 0.19 0.01
Si-PCH 571 392 0.75 0.21
Si-3Cu20Ce 418 268 0.68 0.13
Si-6Cu20Ce 328 209 0.48 0.11
Si-12Cu20Ce 285 187 0.45 0.09
SiZr-PCH 550 372 0.82 0.21
SiZr-3Cu20Ce 484 257 0.72 0.14
SiZr-6Cu20Ce 316 179 0.53 0.09
SiZr-12Cu20Ce 279 171 0.36 0.08

2 Smicrop and Vpicrop Were estimated by t-plot method.

The specific surface area was calculated using the BET method.
Both PCH supports show a rise of the Sggr from 99m2g-! for the
bare montmorillonite to 572m2g-! for Si-PCH and 550mZ2g~!
for SiZr-PCH by the insertion of pillars between the 2:1 layers
of montmorillonite (Table 1). The introduction of ceria-copper
oxide system to the PCHs produces a decrease in surface area and
cumulative pore volume due to a partial blockage, mainly of the
microporous framework (Fig. 3B-Cand Table 1). Despite these text-
ural parameters decrease with the increasing of CuO-CeO, loading,
our catalysts supported on PCHs exhibit a higher surface area than
the bulk CuO-CeO, systems reported in the literature, favoring the
presence of a higher amount of active centers with a noteworthy
dispersion as shown by XRD diffractograms (Fig. 2B-C).

3.1.4. H,-TPR

The H,-Temperature Programmed Reduction (H,-TPR) profiles
of the fresh calcined samples with different copper and cerium
content are displayed in Fig. 4A-B, while the H, consumption val-
ues and the exceeding the stoichiometric ones (H,/Cu molar ratio)
for all the samples are reported in Table 2. The analysed samples

A)

600-. —-T "
. 0] —e— .
22 400 2 )
\5/ _A_, SiZr-PCH V‘O'Oé/
;300_ oooo/o;g!{,

2 200 - 0‘07; e et

2 1 0

100 4 xo""m.m' ..... P/.d?

L - - O .-Q;'.’;E,;D_’
0

T T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 10

Relative Pressure (P/P )

showed quite complex H,-TPR profiles, reflecting the heterogene-
ity of the existing copper species.

Redox behavior of copper-ceria oxide based catalysts and the
correlation between redox and catalytic behavior have been widely
accepted due the interactions between CuO and CeO, in the
interface sites [24]. The reduction of pure CuO powder typically
takes place in the temperature range 320-380 °C, while pure CeO,
undergoes reduction in the range 450-850 °C, generally with two
temperature maxima due to the reduction of surface Ce** followed
by reduction of bulk ceria, respectively [55]. However, for copper-
ceria oxide systems the temperature reduction is shifted at lower
temperature between 150 and 300 °C, which indicates an increas-
ing of the reducibility of the catalytic system by the synergistic
effect in the interface sites of CuO-CeO, system [56].

When the CuO-CeO, system is supported on Si-PCH, the reduc-
tion process takes place between 120 and 290°C and the quite
complex profile can be deconvolved in four main peaks in accor-
dance with Ayastuy et al. [20]. The investigated samples exhibit
a four-step reduction, where the first peak (denoted o) at lower
temperature has been ascribed to the reduction of isolated Cu2*
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Fig. 3. N isotherms at —196 °C of: (A) bare montmorillonite and montmorillonite-derived PCHs; (B) Si-xCuyCe and (C) SiZr-xCuyCe samples.
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Table 2
Reducibility degree, obtained by H,-TPR, for Si-xCuyCe and SiZr-xCuyCe catalysts.
Sample o (%) B1 (%) v1 (%) 81 (%) H, uptake (pmolg=1) H;/Cu (mol/mol)
Si-3Cu20Ce 9.6 36.2 39.1 15.1 705 1.87
Si-6Cu20Ce 6.5 39.1 50.3 4.1 1246 1.65
Si-12Cu20Ce 3.7 25.6 23.6 47.2 2159 143
o (%) B2 (%) y2 (%) 32 (%) H; uptake (wmolg™") H;/Cu (mol/mol)
SiZr-3Cu20Ce 8.1 40.7 51.2 - 803 2.13
SiZr-6Cu20Ce 6.7 453 48.0 - 1412 1.87
SiZr-12Cu20Ce 6.4 46.1 47.5 - 2446 1.62

species, which interact strongly with ceria. The second step (f;
peak) has been assigned to the reduction of dispersed Cu?* species
in close contact with CeO, surface. The third step (31 peak) can be
ascribed to the reduction of small clusters of copper oxide without
specific and regular lattice arrangement and CuO in solid solu-
tion in the ceria lattice and finally the fourth peak (§; peak) has
been assigned to the reduction of larger clusters and bulk-like CuO
species that are loosely bound to ceria on the support. H,-TPR pro-
files of the samples Si-PCH supported (Fig.4A and Table 2) show that
Si-3Cu20Ce and Si-6Cu20Ce have the same amount of o1 + 81 peaks,
while the Si-12Cu20Ce catalyst shows a higher amount of §; peak
ascribed to larger clusters and bulk-like CuO species, as revealed
also by XRD data (Fig. 2B). This is mainly based on the fact that,
in CeO,-supported copper samples, the proportion of the highest
temperature peak with respect to the lowest temperature one usu-
ally increases with increasing the copper loading, which is known
to lead to segregation of large copper oxide particles. The catalyst
with the lowest copper loading (Si-3Cu20Ce) shows a higher pro-
portion of &7 peak than both Si-6Cu20Ce and Si-12Cu20Ce and this
fact can be ascribed to the high dispersion of the copper species that
are mainly in the form of isolated Cu2*. Nevertheless, Si-3Cu20Ce
catalyst also shows a higher proportion of §; peak than Si-6Cu20Ce,
attributable to the presence of larger clusters. However the very low
copper amount of this sample suggests that this copper should be
well dispersed on the support, so the §; peak could be ascribed to
the simultaneous reduction of both iron and copper species. Very
small amount of iron are in fact present in the raw clay [20]. This
fact is corroborated by the quantitative H, consumption (Table 2),
where the H,/Cu molar ratio is higher than 1 in all cases, especially
in the two catalysts with the lowest copper content.

In the case of the catalysts supported on SiZr-PCH (Fig. 4B
and Table 2), Hy-TPR profiles only show three overlapped peaks
between 140°C and 290°C. The first one, denoted as &5, has

been attributed to the hydrogen consumption of weakly bonded
oxygen ions of isolated copper species located on the surface oxy-
gen vacancies, the second one, denoted 8, peak, can be related to
the hydrogen consumption of the interfacial oxygen ions of small
copper clusters beside the surface oxygen vacancies [57]. The third
peak, here named y,, can be ascribed to the concomitant reduction
of both copper oxide in solid solution in the ceria lattice in addi-
tion with the reduction of large clusters and bulk-like CuO. Previous
researchers described that the presence of zirconium in the struc-
ture produces an increment of the oxygen vacancies favoring the
redox behavior in the catalytic system [57,58]. In our case it seems
that oy and B, peaks have a reduction temperature at least 20°C
higher than the PCH catalysts without zirconia. Similarly to Si-PCH,
the proportion of o, peak diminishes when the copper increases,
suggesting that the amount of isolated copper species decreases for
higher copper loading. This fact is accompanied by a slight increase
of the proportion of B, peak, while the third peaks, y,, due to the
sum of different reduction sites remain almost constant, as shown
in Table 2.

In the reduction process of CuO-CeO, based catalysts supported
both Si-PCH and SiZr-PCH, it cannot be discarded the presence of
hydrogen spillover on the support and of a limited reduction of the
very small amount of iron present in the clay, whose contribute
cannot be considered negligible in the samples with 3 wt% of
copper.

3.1.5. XPS

Surface chemical information of the fresh catalysts was obtained
from XPS analysis. C 1s,0 2p, Fe 2p, Cu2p and Ce 3d core level spectra
were recorded and decomposed to determine the species present
on the catalyst surface. Short acquisition times were obliged to
avoid photoreduction of Ce and Cu, especially in the case of Cu.
No peaks attributable to the presence of surface iron species were
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Table 3
Redox parameters of fresh and used Si-xCuyCe and SiZr-xCuyCe catalysts.

Sample Cu/Ce Cu 2p3; (eV) CUreq/CuO Lsat/Imp Ce3*/Ce**

Si-3Cu20Ce 0.59 932.5(29.33%) 0.29 0.33 0.39
935.1 (70.67%)

Si-6Cu20Ce 0.82 932.8 (15.60%) 0.15 0.40 0.35
934.8 (84.40%)

Si-12Cu20Ce 0.84 932.1 (4.70%) 0.05 0.46 0.52
934.2 (95.30%)

SiZr-3Cu20Ce 0.46 932.4 (14.63%) 0.15 0.39 0.47
934.5 (85.37%)

SiZr-6Cu20Ce 0.98 933.1 (17.27%) 0.17 0.42 0.54
935.1 (82.73%)

SiZr-12Cu20Ce 0.94 934.8 (100.0%) 0.00 0.49 0.52

Si-3Cu20Ce-U 0.35 933.5 (69.31%) 0.69 0.25 0.29
935.8 (60.69%)

Si-6Cu20Ce-U 0.87 933.8 (62.76%) 0.63 0.31 0.39
935.7 (37.24%)

Si-12Cu20Ce-U 0.92 933.6 (67.55%) 0.68 0.32 0.47
935.9 (32.45%)

SiZr-3Cu20Ce-U 0.47 932.5 (26.09%) 0.26 0.33 0.39
934.3 (73.91%)

SiZr6Cu20Ce-U 0.71 933.3 (73.06%) 0.73 0.25 0.40
935.5 (26.94%)

SiZr12Cu20Ce-U 1.23 933.3 (45.38%) 0.66 0.34 0.51
935.4 (54.62%)

detected in the investigated samples. Table 3 shows the Cu 2p3,
binding energy values and redox parameters for all the samples.

Cu 2p core level spectra for fresh catalysts are shown in Fig. 5A.
Cu 2p3), signal involves two contributions. The first one, centered
about 932.8 eV, is attributed to reduced copper species and a sec-
ond one, about 934.8 eV, can be ascribed Cu?* species. Moreover
it is noticeable the presence of a shake-up satellite located about
942.1eV [59]. The presence of reduced copper species can be elu-
cidated by considering the intensity of the satellite contribution at
high binding energy together with the intensity of the main peak
(Isat/Imp), this ratio being 0.55 if only CuO is present. Instead, an
estimation of the proportion of reduced copper species is done
considering the ratio between the area of the main peak and the
area of all the peaks including the satellite.

Data included in Table 3 show that all catalysts show a Isat/Imp
value lower than that normally observed for CuO (0.55), indicating
the presence of partially reduced copper species [60,61] but in the
case of samples with 12 wt% of copper a very low reduction degree
of Cu?* is observed and the found Lsat/Imp values are very close to
that of CuO, corroborating XRD and TPR results.

The complex spectra of Ce 3d are shown in Fig. 5B and have
been deconvolved as proposed by other researchers [62,63]. The
core level of Ce 3d signal of ceria is composed by six contributions
v,u(Ce 3d? 4f2 0 2p*) and v, u” (Ce 3d°4f! 0 2p°); v, u” (final state
of Ce 3d%4f% O 2p°®) assigned to that Ce** 3d final states and four
contributions vy, ug (Ce 3d%4f2 0 2p°) and v/, v’ (Ce 3d%4f! O 2p6)
assigned to Ce3* as a consequence of the hybridization between
the Ce 4 levels and the O 2p states reveling that both Ce3* and Ce**
species are present in all catalysts.

The amount of Ce3* on the surface has been estimated by the
relation:

s(ce3t)
S(Ce3* + ce*™)

S(v) + S(u)

3410\ _
Ce™" (%) = S) +S(u) + S(v) + S(w)

x 100 = x 100

The quantification of Ce3* species is useful to understand the
reaction mechanism of the PROX since it is recognized that Ce3*
and Cu?* species suffer a facile electron transfer by the synergistic
effect of both species, as follows:

Ce3t + Cu?t — Cce*t +Cut

favoring the oxidation of CO to CO,.

The profiles of Ce 3d core level spectra show the coexistence
of the typical bands of both Ce3* and Ce**. The presence of zirco-
nium in the support provokes an increasing of the Ce3*/Ce*"* ratio
on the surface of the catalyst that suggests that zirconium favors
the presence of Ce3* [27].

The Cu/Ce surface ratio increases with the copper content which
indicates loss of the dispersion of CuO particles on the support,
as revealed by XRD data and H,-TPR profiles. Nevertheless, these
materials present a higher dispersion than the bulk mixed oxides
CuO-CeO,.

The O 1s core level spectra show an asymmetric peak that can be
decomposed in two contributions at 529.8 and 532.7 eV assigned to
oxygen lattice of CeO; and to silica, respectively. It is noticeable in
the C 1s core level spectra the presence of a peak located at 288.6 eV
and attributed to carbonate species by the adsorption of the active
phase [20].

3.2. Catalytic activity in the CO-PROX reaction

The catalytic activity of CuO-CeO, catalysts supported on Si-PCH
and SiZr-PCH was evaluated in the CO-PROX reaction under Hy-rich
feed, as relevant for the cleanup of reformate streams for PEMFC
applications, in the temperature range of 65-190 °C. Reverse water
gas shift (rWGS) and methanation reactions were found negligible
in our experimental conditions and only CO and H, oxidations are
the reactions considered in these catalytic tests.

The evolution of the conversion of CO and selectivity towards
CO, of the catalysts as a function of the reaction temperature is
shown in Fig. 6A-B. The CO conversion of all catalysts increases
with the reaction temperature, reaching values close to 95-100%
between 115-140°C and it begins to slightly diminish from this
temperature to 190°C. The catalytic results reveal that the cata-
lyst, Si-6Cu20Ce, supported on Si-PCH and with a copper loading
of 6 wt% exhibits very high CO conversion values even at very low
temperatures: at 65°C the conversion is 49% and it reaches 100%
at 115°C, keeping constant at this value till 190°C, the highest
tested temperature. Also the catalyst SiZr-6Cu20Ce, supported on
SiZr-PCH, displays very good catalytic performances being active in
the CO-PROXreaction similarly to Si-12Cu20Ce. The SiZr-12Cu20Ce
catalyst and those containing the lowest amount of copper (3 wt%),
show a lower CO conversion percentage over all the studied
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Fig. 5. (A) Cu 2p core level spectra of Si-xCuyCe and SiZr-xCuyCe catalysts; (B) Ce 3d core level spectra of Si-xCuyCe and SiZr-xCuyCe samples.

temperature range. The surprising very high conversion values in
a large range of temperature for the sample Si-6Cu20Ce could be
ascribed to the larger amount of CuO-CeO, interfacial sites, which
hasbeenreported in the literature as the active sites in the CO-PROX
reaction, due to the high dispersion and low particle size both CuO
and CeO», as reported in XRD data (Fig. 2B-C), H,-TPR and textural
properties (Table 1).

In general, the catalysts supported on Si-PCH exhibit a higher
conversion values than that of SiZr-PCH ones. This fact can be
ascribed to the fact that the reduction process of Cu species sup-
ported on Si-PCH occurs at a temperature lower than on SiZr-PCH,
as described in Section 3.1.4 (Fig. 4A-B).

Concerning the selectivity to CO,, it depends on the competi-
tion between CO and H, oxidation. The hydrogen oxidation rate
increases faster with increasing temperature than the CO oxidation,
because the activation energy of the H, oxidation is larger than the
energy of CO oxidation. Therefore, the amount of O, consumed by
H, oxidation increases with increasing temperature. In this sense,
active sites for hydrogen oxidation were proposed to be related to
reduced copper sites, which are formed on top of the copper oxide
particles during the course of the interaction of the catalyst with the
reactant mixture at a temperature (typically above 100°C) higher
than that required for the formation of Cu* sites at the interfacial
region [64]. This can be correlated with the reduction capability
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Fig. 6. (A) CO conversion and (B) selectivity toward CO, as a function of
the temperature of Si-xCuyCe and SiZr-xCuyCe catalysts. Operating conditions:
GHSV=22,000h1, 1=2, 1.25% CO, 1.25%02, 50% H,, He balance (%vol).

detected by H,-TPR and typically catalysts that appear more selec-
tive for the process are those in which such reduction occurs at
higher temperatures during the course of the TPR process.

Otherwise with regard to the selectivity to CO,, all catalysts
present a similar trend, with values very close to 100% until
90°C and a gradual diminution at higher temperatures due to the
competitive oxidation of H,, that starts to be thermodynamically
favorable at high temperatures [65].

In order to evaluate the modification of the redox properties of
the active phase during the catalytic test, the sample were inves-
tigated by XRD and XPS techniques after one cycle of catalytic
activity.

X-ray diffractograms of the used catalysts (Fig. 7) reveal that the
catalysts with alower copperloading (3 and 6 wt%) exhibit a diffrac-
tion pattern almost superimposable to that before catalysis. In the
case of catalysts with the highest copper loading (Si-12Cu20Ce and
SiZr-12Cu20Ce), the diffraction lines of CuO phase seem to dis-
appear and new diffraction lines located at 43.5 and 50.4° in 26,
associated to Cu(0) (PDF-ICCD 00-004-0836) arise, suggesting that,
under CO-PROX operating conditions, bulk CuO reduces to metallic
copper in irreversible way [66].

XPS spectra of Cu 2p core level signal for the catalysts after one
cycle of CO-PROX can be decomposed into two peaks (Fig. 8A) with a
general decrease of the shake-up satellite related with Cu?* species,
that leads to an increasing of the Cu,.q/CuO ratio and a decreasing
of the Isat/Imain ratio. This fact is very pronounced for the samples
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Fig. 7. XRD patterns of Si-xCuyCe and SiZr-xCuyCe catalysts after one cycle of CO-
PROX activity.
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Fig. 8. (A) Cu 2p core level spectra and (B) Ce 3d core level spectra of Si-xCuyCe and SiZr-xCuyCe used catalysts.

containing 12 wt% of copper, suggesting that a large amount of CuO
species has been reduced under the H;-rich feed and corroborating
the XRD results of the used catalysts, where the presence of Cu(0)
was clearly detected. On the contrary, neither the Isat/Imp ratio nor
the Cu,eq/Cutor One change significantly after testing the samples
with 3 and 6 wt% of copper. In addition, the Ce 3d region (Fig. 8B)
shows similar reduction degree than that obtained for the fresh
catalysts, which confirms the high stability in the CO-PROX reaction
of these catalysts in respect with the 12 wt% Cu-based samples.

Finally, a durability test was performed on the sample with the
best catalytic performances, Si-6Cu20Ce (not shown). The reaction
was monitored for 72 h maintaining the temperature constant at
115°C, using GHSV =22,000h~1; A =2; 1.25% CO, 1.25% 05, 50% Hy,
He balance (vol.%). The catalyst showed a diminution of CO conver-
sion from 99% to 95% within the first 5 h, remaining stable for the
further operation time.

3.2.1. CO-PROX reaction: influence of CO; in the feed

Since the reformate H,-rich stream usually contains carbon
dioxide, the effect of the addition of 15vol.%. CO, to the mixture
feed stream was studied in the CO-PROX reaction (Fig. 9A-B). As
expected, the presence of CO, adversely affects the catalytic perfor-
mance of the studied systems. Results reveal that the CO conversion
of all the samples shifts towards higher temperatures (about 20 °C).
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Fig. 9. (A) CO conversion and (B) selectivity toward CO, as function of
the temperature of Si-xCuyCe and SiZr-xCuyCe catalysts. Operating conditions:
GHSV=22,000h1, 1=2, 1.25% CO, 1.25%02, 50% H,, 15% CO,, He balance (%vol).

In this sense, previous researchers have pointed out that the pres-
ence of a high CO, content in the feed produces a competitive
adsorption between CO and CO, by the active sites located on the
interface CuO-CeO, sites. Moreover, CO- interacts with Cu* species
forming Cu*-carbonyl that produces a blockage of the active sites
and/or leads to the inhibition of oxygen mobility upon formation of
carbonates type species (hydrogen carbonate, bidentate carbonate)
[67]. Recently, Di Benedetto et al. [68] have established that CO, is
chemisorbed onto both the ceria and CuO-CeO, catalysts, suggest-
ing that its inhibiting effect is due to the formation of stable surface
species which can be desorbed at higher temperatures, corroborat-
ing the catalytic results. Therefore the CO, desorption seems a key
factor in the catalytic activity.

In order to determine the influence of CO, in H;-rich feed,
temperature programmed desorption of CO, (CO,-TPD) was per-
formed (Fig. 10A-B). All CO,-TPD profiles present a broad peak that
increases with the copper loading in both Si-PCH and SiZr-PCH
supports, with a maximum centered between 105°C and 115°C,
showing similar profiles that have been reported in the literature
[66,68,69], pointing out that the CO, desorption is attributable to
the interaction of this molecule with highly dispersed Cu?* ions
strongly interacting with the ceria, species which are claimed as
active centers for CO-PROX reaction. Moreover CO,-TPD profiles
can explain how the temperature of CO, desorption is related with
the catalytic behavior. The temperature range in which CO, is des-
orbed from the catalysts is 80-130°C and it is coincident with the
range in which the CO-PROX reaction is active. In fact, the activity in
the PROX reaction increases when CO, is desorbed from the active
site, in this case at about 105-115°C, allowing conversion values
close to 95% at 140°C for all the studied catalysts.

3.2.2. CO-PROX reaction: Influence of CO; and H,O0 in the feed
Finally, in order to simulate the real operation conditions of a
PEMFC feeding from water gas shift reaction, both 15 vol.% CO, and
10vol.% H,0 were simultaneously added to the feed stream, since
these species are present in significant amount in the reformate gas
and are also the reaction products (Fig. 11A-B). The catalytic activ-
ity falls down for the catalysts in the whole temperature range,
drastically diminishing the CO conversion. Water has been found
to enhance the CO oxidation activity over Au-based catalysts [70],
while a substantial adverse effect has been observed for CuO-CeO,
catalysts [69]. In this sense, it is assumed that the decrease of the
catalytic activity with H, O in the reactant feed can be ascribed to the
blockage of the adsorbed molecular water of the active sites. How-
ever, the influence of water varies with one support to another. The
catalytic results shown in this study are disaccording with previous
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results reported for CuO-CeO, mixed oxides, which suggests that
the blockage of the active centers by the adsorption of H,O can be
influenced by the physical and chemical properties of the support.
In the case of PCH-based catalysts, the presence of a relatively high
content of hydroxyl and silanol groups in the pillars, mainly in the
layers of montmorillonite, favors the formation of hydrogen bonds
between the clay layers and water. This fact, together with the high
microporosity of the catalysts (Table 1), produces a hindrance for
the access of the CO molecules to the active sites.

4. Conclusions

Two porous clay heterostructures (PCHs) were synthesized as
support for CuO-CeO, active phase and used as catalysts in the pref-
erential oxidation of CO to CO, in excess of hydrogen. The use of
pillars of silica or silica-zirconia inserted in the interlayer space of
a montmorillonite clay provides a high surface area support that
can favor the dispersion of both CuO and CeO, active phases, lead-
ing to the formation of a high amount of copper-ceria interfacial
sites, responsible for a very high catalytic activity in the CO-PROX
reaction, comparable to that based on precious metal catalysts. The
catalytic behavior of these catalysts showed very interesting con-
version values under Hy-rich stream, with a maximum of activity
for the catalyst Si-PCH with 6 wt% of copper. This sample reached

almost 50% of CO conversion already at 65°C and close to 100%
at 115°C. In any case all the catalysts displayed a high selectivity
at low temperatures, which are the most interesting for PEMFCs
technological applications. Moreover, these catalysts exhibited a
high resistance to the addition of CO, in the feed, most probably
for the presence of isolated very small Cu* clusters in close contact
with CeO,, as evidenced by H,-TPR and XPS analysis, species which
are claimed as active centers for CO-PROX and that are known to
weakly interact with CO,. The addition of H,0 in the feed pro-
voked a drastic decrease in the catalytic activity probably due to
the hard interaction between the catalytic supports Si-PCH and
SiZr-PCH and water, hindering the access of CO molecules to the
active centers.

The very good performance shown by this class of catalysts in
the CO-PROX reaction, prompt us to modify the hydrophilicity of
the silica and silica-zirconia pillared clays to achieve higher con-
version and selectivity values also when water is added to the feed
stream and studies are in progress on this topic.
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