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Abstract

Hydrogen produced from the conversion of hydrocarbons or alcohols contains variable
amounts of CO that should be removed for some applications such as feeding low-
temperature polymer electrolyte membrane fuel cells (PEMFCs). The CO preferential oxidation
reaction (PROX) is particularly well-suited for hydrogen purification for portable and on-board
applications. In this work, the synthesis and characterization by XRF, BET, XRD, Raman
spectroscopy and H,-TPR of a gold catalyst supported on a copper-cerium mixed oxide
(AuCeCu) for the PROX reaction are presented. The comparison of this catalyst with the
copper-cerium mixed oxide (CeCu) revealed that the experimental procedure used for the
deposition of gold gave rise to the loss of reducible material by copper lixiviation. However,
the AuCeCu solid was more active for CO oxidation at low temperature. A kinetic study has
been carried over the AuCeCu catalyst for the PROX reaction and compared with that of the
CeCu catalyst. The main difference between the models affected the contribution of the CO
adsorption term. This fact may be related to the surface electronic activity produced by the
interaction of the cationic species in the AuCeCu solid, able to create more active sites for the

CO adsorption and activation in the presence of gold.
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1. Introduction

Nowadays, important efforts are being focused on developing renewable energy sources that
can reduce our dependence on fossil fuels [1]. Although hydrogen is not a primary energy
source, it seems a suitable fuel in the long-term since its clean combustion prevents the
emission of carbon-based pollutants and/or greenhouse gases [2]. Hydrogen production by the
reforming of hydrocarbons either from fossil or renewable origin seems to be the best option
in the short-term; however, the produced reformate is not pure H, but a mixture of different
compounds, being H,, H,0 and carbon oxides (CO and CO,) the main ones [3]. If the reformate
is intended to fuel low-temperature PEMFCs, the CO content must be below 10-20 ppm in
order to prevent the poisoning of the Pt-based PEMFC electrodes [4]. This is achieved by the
combination of different clean-up processes, typically by the high and low-temperature Water-
Gas Shift reactions (HT-WGS and LT-WGS, respectively) that allow decreasing the CO levels to
0.5-1 vol. % [5-7]) and a final step to reduce the CO concentration to an acceptable level. The
CO preferential oxidation with air (PROX) of the pre-cleaned reformate is a cheap and effective
final step since it can be performed at atmospheric pressure and the range of working
temperatures matches the one at which PEMFCs [8]. Additionally it is among the preferred
technologies for small-scale fuel processors for portable and on-board applications and

auxiliary power units [9].

Along with the CO oxidation (Eg. 1), the H, oxidation (Eq. 2), the WGS (Eq. 3) and the CO and

CO, hydrogenation (methanation) reactions (Egs. 4 and 5) can affect the final composition of

the system.
CO+10, »CQ, AH® =-283 kJ/mol (Eq. 1)
H,+10, >H,0 AH® =-242 kJ/mol (Eq. 2)
CO+H,05 CO,+ H, AH° = -41.4 kJ/mol (Eq. 3)
CO +3H, 5 CH; +H,0 AH° =-207 ki/mol (Eq. 4)
CO, +4H, 5 CH, + 2H,0 AH° =-165.5 kJ/mol  (Eq. 5)

Among these processes, the H, oxidation and the WGS and its reverse reaction (R-WGS) are
the most influential ones over the selectivity due to the low temperatures at which the PROX
reaction is usually carried out (< 300 °C) [10]. It is clear that the performance of a specific PROX

catalyst should include high conversions and selectivities towards CO oxidation.



Several catalytic systems have been reported for use in the PROX reaction; they can be
classified into three groups [11]: i) Pt, Ru and Rh supported catalysts [12,13]; ii) gold supported
catalysts [14,15] iii) and copper-cerium oxide based catalysts. The last group has been
thoroughly studied [8,16,17] and is well-known for presenting considerably higher selectivity
to CO oxidation than the Pt-based catalysts at comparable conversion levels. As regards the
gold supported catalysts, they are very active, especially at low temperature which is one of
the challenges to be overcome when designing PROX catalysts [14,15]. Combining copper and
gold on several catalytic supports has been considered in some recent studies [18-23]. In these
works, a synergistic effect between gold and copper was found and related to electronic
interactions between both metals. Since gold and copper have the same crystal structure and
similar lattice spacing, they are miscible in all proportions and may form stable intermetallic
alloys with 3:1, 1:1 and 1:3 molar Au:Cu ratios. The enhancement of the catalytic activity by
the interaction of copper and gold strongly depends on the particle size which, at the same
time, depends on the amount of Cu and Au, the Au:Cu ratio and the synthesis procedure. In
general, it is considered that alloying gold with copper produces more stable metallic particles
since copper is segregated on the surface forming copper oxides and hindering gold sintering
under oxidizing conditions. However, in most of these cases, large Au:Cu ratios (above 0.33)
are used. Particularly on ceria support, Fonseca et al. [24] have demonstrated that an Au-
Cu0,/Ce0, solid with similar gold and CuO, contents (around 1 wt. %) presented a
performance in the PROX reaction intermediate between the 1.1 wt. % Cu0,/Ce0O, and the 1
wt. % Au/CeO, catalysts, keeping good CO conversion and selectivity levels. The principal
contributions of gold observed by these authors were a lower inhibiting effect of CO, and
avoiding the deactivation by H,0. However, to our knowledge, the effect of small additions of

gold to very active high-loaded CuO,/CeO, PROX catalysts has not been reported.

As concerns the kinetics, several models have been proposed for the PROX reaction over CuO,-
Ce0, [25-32]. The formulation of adequate kinetic models is a key step on designing and
scaling up of PROX units [33], thus being fundamental for the practical applications of this H,
cleaning technology. The success of a kinetic model in describing the experimental data
depends, among other aspects, on taking into account all the relevant processes that may
occur during the PROX reaction. Choi et al. [27] pointed out the importance of considering the
contribution of the CO and H, oxidations and the WGS reaction. Both Langmuir-Hinshelwood
(LH) [34,35] and Mars-Van Krevelen type [31] kinetic equations have been found valid for
describing the PROX reaction over CuO,/Ce0,.



Within this general scenario, we present in this work the synthesis, characterization and
testing of a high-loaded (10 wt. %) CuO,/CeO, solid and a gold catalyst (1 wt. %) prepared from
it, in the oxidation of CO (TOX) and preferential oxidation of CO in the presence of H, (PROX)
reactions. It is intended this way comparing the CO oxidation performance of the catalysts
under different O, availability conditions which can be interesting to better understand the
PROX reaction in the presence of these solids and design more efficient catalysts. Additionally,
a kinetic model is formulated for the Au-CuO,/CeO, catalyst in the PROX reaction and

compared to that for the CuO,/Ce0, solid that was reported in a previous study [36].

2. Materials and Methods
2.1.Synthesis of the catalysts
The Cu0,/Ce0; (with 10 CuO wt.% and 90 CeO, wt.%) catalyst was prepared by coprecipitation
method [36,37]. The required amounts of Cu(NO3),:3H,0 (Fluka®) and Ce(NOs)s;:6H,0 (Alfa
Aesar®) were dissolved in distilled water forming a 0.5 M solution. After mixing under vigorous
stirring, a NaOH solution (2 M) was added dropwise until a stable pH of 9. The obtained
precipitate was filtered and washed with distilled water in order to eliminate sodium and
nitrate ions. Then, it was dried overnight at 60 °C and finally calcined at 300 °C (10 °C/min) for
2 h. The resulting solid was named CeCu and a portion of it was used as support for preparing
the gold catalysts through the deposition—precipitation method [14]. The adequate amount of
HAuCl,;-3H,0 (Alfa Aesar) to obtain a loading of 1 wt. % Au, was dissolved in deionized water
(6.0 x 10 M) and the pH of the solution adjusted to 8 by addition of NaOH 0.1 M with an
automatic system of measurement and titration (CRISON® pH-Burette 24). This pH value has
been reported as adequate for a successful deposition of gold on ceria surfaces [38,39]. The
solution was heated to 70 °C and then the support was added and kept under continuous
stirring for 20 min. The solid obtained after filtration was washed with distilled water several
times (until the disappearance of chloride and sodium ions), then dried overnight at 100 °C and

calcined for 2 h at 300 °C. The final catalyst was named AuCeCu.

2.2.Characterization techniques
The elemental composition of the samples was determined by X-ray fluorescence (XRF)
spectrometry in a Panalytical® AXIOS PW4400 sequential spectrophotometer with Rh tube as
source of radiation. The measurements were performed onto pressed pellets containing 6 wt.

% wax.



The textural properties were studied by N, adsorption/desorption measurements at liquid N,
temperature in a Micromeritics® ASAP 2010 apparatus. Before analysis, the samples were

degassed at 150 °C for 2 h under vacuum.

Powder X-ray diffraction (XRD) patterns were recorded on a Siemens® D500 diffractometer,
using Cu K, radiation (40 mA, 40 kV), with 0.017° step size and 275 s of step time, over a 26
range from 10 to 90°. For the crystallite size calculation, the Scherrer equation was applied
over the most intense XRD peak around 28.5 °28, corresponding to the (111) CeO, planes, by
using the software X’pert HighScore 1.0f. For correcting the instrumental effects, a pattern of
Si was used, with a particle size above 2000 A, and a line broadening at half maximum intensity

(FWHM) = 0.1, associated to the XRD line at 28.37 °26 for the (111) crystallographic plane.

Raman spectra were recorded in a dispersive Horiva Jobin Yvon LabRam HR800 Confocal
Raman Microscope with a green laser (532.14 nm) working at 5 mV power and using a 600

grooves/mm grating. The microscope used a 50x objective with a confocal pinhole of 1000 pm.

Temperature Programmed Reduction (TPR) experiments were carried out in a conventional
quartz reactor connected to a thermal conductivity detector (TCD). The reactive gas stream (5
vol. % H, in Ar) was flowed at 50 ml/min over 50 mg of sample and the temperature raised at
10 °C/min from room temperature to 900 °C. A molecular sieve 13X was used to retain the
reduction products, mostly H,0 and CO,. Quantitative analysis was done by integration of the

reduction signal and comparison with hydrogen consumption of a CuO reference.

2.3. Catalytic activity measurements and kinetic analysis
Chemical reactivity for the total CO oxidation (TOX) has been used as a characterization tool
for surface oxygen mobility. For this purpose the solids (80 mg with 100 um <@g<200 um
particle size) were pre-treated for 1 h at 300 °C in a 30 ml/min activation flow of 21 vol.% O,
balanced in He. The light-off curves (from room temperature to 400 °C, 5 °C/min) were
obtained passing a 42 mL/min feed-stream containing 3.4 vol. % CO and 21 vol. % O, balanced
in He. The reaction was carried out in a conventional continuous flow U-shaped quartz reactor
working at atmospheric pressure placing the catalyst between glass wools. The reaction
products were analysed by mass spectrometry in a Balzers® Thermostar equipped with
software Balzers® QuadstarTM 22 [40]. This software allows quantification of CO, O, and CO,

by continuously monitoring the selected m/z signals (28, 32 and 44, respectively, previously



calibrated) as a function of time and related the observed intensity to that of helium (m/z=4)

used as an internal standard.

Prior to the kinetic study of the analyzed catalysts in the PROX reaction, catalytic tests were
carried in order to confirm the oxidizing ability of the prepared materials after the inclusion of
H, in the feed-stream. For that purpose a tubular stainless steel reactor (9 mm inner diameter)
at atmospheric pressure was employed, using 100 ml/min of a feed-stream containing 2 vol. %
CO, 1 vol. % 0,, 50 vol. % H, and N, as balance [14]. In order to minimize hot spots, fresh
catalyst powders (100 mg) were diluted with crushed inert glass (650 mg) with the same
particle size until obtaining of a bed length of 5 - 8 mm. Before reaction, samples were
activated for 1 h at 300 °C with a 21 vol. % O, in N, flow (30 mL/min). Products and reactants
were separated and quantified by on-line gas chromatography (Varian® CP-4900), equipped

with Porapak® Q and Molecular Sieve 5A columns and a TCD detector.

Concerning the kinetic study for the PROX reaction of the prepared solids, a series of
experiments were performed in the micro packed-bed reactor described above, that was
assumed to be isothermal and plug-flow, which is typically assumed in these cases, considering
an adequate flat velocity profile and negligible axial dispersion effects according to the criteria
described by Rase [41]. The measured CO and O, conversions and selectivity data were fitted
to the kinetic models using the Nelder and Mead [42,43] algorithm of direct search furnished
by the DBCPOL optimization subroutine in the IMSL library. The catalytic experiments were
carried using three series of different feed-stream compositions (see Table 1). In the first group
of experiments (compositions 1-3) only the O, concentration was modified. For the second
series (compositions 4-6) only the CO content was changed. Finally, with compositions 7-10,

the presence of CO, and H,0 was considered.

The CO conversion and the selectivity for CO oxidation were calculated according to equations
6 and 7, respectively, where F¢oi, and Fgyi, are the molar flow rates of CO and O, in the feed

stream and Fcoou: and Foyout are those at the reactor outlet.

F., —F
CO conversion (%) = —C% Ot 100 (Eq. 6)
COp

Fcoin — Fcoout %100

Selectivity to CO oxidation (%) =
2( Fozin o FOZout)

(Eq. 7)



3. Results and discussion

3.1.Physico-chemical characterization
The chemical composition of the prepared solids and their textural properties are presented in
Table 2. Copper content is expressed both as CuO wt. % and Cu at. % in order to facilitate the

comparison with results reported in literature.

The CeCu solid exhibits an excess of 5 wt. % CuO with respect to the intended value (10 CuO
wt. %). This difference may be due to a selective precipitation of some cationic species during
the synthesis procedure because of the differences in the solubility products of Ce(OH); (pK =
21.19 — 24.40) and Cu(OH), (pK = 12.8) [44]. The deposition of gold induces a loss of copper.
Probably, when the CeCu solid was dispersed in the solution of gold, some copper species

were re-dissolved and, later, lost during the washing step.

However, the final gold loading is very similar to the target value confirming the successful
application of the deposition-precipitation method for preparing gold-supported catalysts over

Ce0,-based systems [14]. The final Au/Cu molar ratio is 0.03.

As concerns the textural properties, there are no big differences between both solids, although
a slight increment in the pore volume and the average pore size is observed in the case of the
gold catalyst. This fact has been previously reported in other Au-supported systems and has
been attributed to the introduction of gold particles into the porous structure of the support

[14,45].

The XRD patterns of the studied materials are presented in Figure 1. For the sake of
comparison, the pattern of pure CeO, obtained through a procedure similar to that described
in section 2.1 has been included. The observed reflections correspond to the c-CeO, fluorite
structure (JCPDS 00-034-0394). No signals may be attributed to any crystalline phase
containing Cu or Au and the presence of these metals does not modify the position of the main
reflections, suggesting no solid solution formation. Particularly, the absence of signals due to
copper containing species may be attributed to their amorphous character or to their high
dispersion at the CeO, surface. However the segregation of the copper containing phases

seems clear.



Zhu et al. [46] also studied CuO-CeO, mixed systems prepared by hydrothermal method with
different copper contents (recalculated from the data of that paper as 8, 13, 17 and 23 Cu at.
%). The authors observed by XRD the segregation of CuO only for the highest copper contents
(17 and 23 Cu at. %), which are very close to the Cu content of the AuCeCu solid in this work
(see Table 2). Although Zhu et al. [46] associated the absence of CuO XRD reflections to the
high dispersion of such species in the cases of low copper content, the existence of trace
copper and cerium solid solution formation was not discarded at all because of the broadening
of the CeO, reflections. Similarly, Marifio et al. [47,48] studied a series of CuO,/CeO, catalysts
prepared by the urea thermal decomposition method with copper contents up to 60 at.% and
they also indicated that the solid solution could be present even if it were hardly detectable by
XRD. Moreover, a good CuO-CeO, interdispersion has been achieved with the preparation
method, avoiding the generation of big CuO crystallites for Cu contents up to 40 at. %. These
observations point out the strong influence of the synthesis procedure over the crystallite
domain size of the segregated copper species, as was highlighted by Marifio et al. [48]. In our
case, taking into account the copper loading, the absence of any copper oxide reflections, the
hardly detectable modification of the CeO, diffraction lines, and results reported for other
Cu0,/Ce0, systems, we propose the existence of highly dispersed copper oxide species over
the CeO, surface. Consequently the presence of amorphous copper species is discarded. The
solid solution in the CeCu and AuCeCu solids is hardly observable at least through the

experimental techniques employed in the present work.

Concerning the absence of reflections due to the presence of gold, it may be due to its high
dispersion and/or to the low gold content (0.9 wt. %). This observation agrees with that
reported for a similar gold-loaded (1 wt. %) Au-Ce-Cu system but with a higher Au/Ce ratio
[24]. Although no reflections are detected in the XRD profiles of the catalysts due to the
presence of copper or gold, the probably interaction between both catalysts may result in the
formation of Au-Cu solid solution. Nevertheless additional experimental techniques are

required in order to confirm this assumption.

On the other hand, the crystalline domain size calculated with the Scherrer equation (Figure 1)
points out a slight decrease due to the interaction between Cu and Ce species. This result is in
good agreement with those presented in a previous study on Zr, Zn and Fe-doped ceria [14],
where it was concluded that the presence of heteroatoms, even those forming segregated

phases, retards the nucleation of the CeO, during the calcination stage. The introduction of



gold scarcely modifies the crystallite size, probably because it was deposited after the

stabilization of CeCu by calcination at 300 °C.

As for the Raman spectra of the studied solids, these are presented in Figure 2 including the
spectra of pure CeO,, for the sake of comparison. The CeCu presents the typical signals of CeO,
[14,37,49,50]. The most intense one, centered at 463 cm™, corresponds to the F,¢ band and
the signal at 612 cm™ is due to the presence of oxygen vacancies (Ov). Comparing the mixed
oxide (CeCu) with the bare CeQ,, there is a considerable increase of the oxygen vacancies
signal in the system with copper. The oxygen vacancies are punctual defects of the cubic
structure of CeO, that promote the tetragonalization of a portion of the ceria by the presence
of Ce® cations especially at the surface. The tetragonalization of the cubic structure by the
presence of Ce*" species may be confirmed by the broad and small signal centered at 279 cm™
[51]. The promotion of the oxygen vacancies population by the inclusion of copper species is in
good agreement with that widely established by different authors whose demonstrated that
the doping of the cerium oxide results in the promotion of oxygen vacancies [14,37,40,52].
Such promotion of oxygen vacancies may be produced throughout the solid solution formation
as in the case of Ce-Zr or Ce-Fe systems or by the surface interaction between segregated

oxides as in the case of Ce0,-Zn0 as we recently presented in literature [14].

Concerning the gold catalyst, the most relevant feature of the Raman spectrum is the absence
of the Ov signal, confirming the interaction between gold particles and the oxygen vacancies in
CeO, [14,53]. It has been widely accepted that oxygen vacancies act as preferential sites for
the deposition of gold nanoparticles, increasing their dispersion over the CeO,. In the solids of
the present study, the contact between the copper and cerium species at the surface allows
increasing the concentration of oxygen vacancies (see Figure 2), and a probable Au-Ce-Cu

interaction in the surface of the AuCeCu catalyst should not be dismissed entirely.

Another interesting observation is that the presence of gold promoted a slight red shift and a
narrowing of the F,; Raman signal respect to that of CeCu. Many authors have probed the
incidence of several factors such as the particle size [54], the modification of the cell
parameters or the alteration of the electronic environment of the cubic structure [55] on the
shape and position of the F, signal in ceria-based materials. Although the lower crystallite size
of the gold sample (Figure 1) could explain the observed differences [35], the principal changes

in the Raman signals must be correlated with the promotion of oxygen vacancies over the



CeO, surface by its interaction with the copper species and then, the vanishing of these oxygen
vacancies by the deposition of gold. When oxygen vacancies are produced in the CeO, an
important modification of the nature of f electrons namely from valence to core-like, occurs,
as was discussed by Ganduglia-Pirovano et al. [56]. Therefore, after the deposition of gold
nanoparticles over the CeCu surface, should not be ruled out a new alteration of the electronic
properties of the support by an interaction between the three elements gold, copper and

cerium.

The TPR profiles of the studied solids are presented in Figure 3. In the case of the CeCu sample,
there are two small and broad signals with maxima at 774 °C and 897 °C which can be
associated to the reduction of bulk Ce** species, and an intense signal at 201 °C due principally
to the reduction of the copper species [48,57-59]. However, for this low temperature
reduction process (LTP ~ 201 °C) the experimental H, consumption calculated with the area of
the peak, is higher than the theoretical H, consumption for the complete reduction of the
copper species, assuming that all of them are as Cu®* (see Table 3). From this result it can be
inferred that the simultaneous reduction of copper and some Ce*" cations is produced at low
temperature in the CeCu solid. In previous studies about the reducibility of the CeO, it has
been widely established that the reduction of Ce* at low temperature is occurring at the
surface of the oxide from 400 to 500 °C [14,40], which agrees with the fact that the Ce®'
reduced species are preferentially placed at the surface of the material in order to reduce the
free Gibbs energy, as was discussed by Gellings et al. [60]. However, the CeCu has exhibited
the reduction of Ce*" species at temperatures below 300 °C, which would be confirming that
the interaction between the copper species and the surface of the CeO, results in an easier
reduction and stabilization of Ce*" species at low temperatures. Consequently, the increasing
of the oxygen vacancies population observed in the Raman spectroscopy (Figure 2) can be

directly related with the improvement of the reducibility of this material.

Concerning the narrowness of the LTP of the CeCu, it could be associated to the particle size of
the species containing copper. Sirichaiprasert et al. [61], have studied the reduction of CuO
deposits over the Ce0,, establishing that such CuO deposits may exhibit more than a maximum
when their particle size is high. In that case, the reduction of surface and bulk Cu** species is
clearly differentiated by two low temperature signals [61]. If our CeCu solid presents some
CuO deposits, the narrowness of the LTP would be due to their low particle size. This result
would be in agreement with a high dispersion of the species with copper and may be

confirming the absence of XRD reflexions by copper oxides.

10



On the other hand, the possible H, spillover effects over the reducibility of the CeCu system
must not be discarded. Araujo et al. [62] have prepared catalysts for the PROX reaction and
they proposed that H, might be dissociatively adsorbed on CuO and the hydrogen atoms can
spillover to the CeO, support, enhancing the reducibility of Ce* species. This is in good
agreement with our results and would explain the observed excess of H, consumption in the
LTP compared to the theoretical one for the reduction of all the CuO species (Table 3), and

suggesting the simultaneous reduction of some other species

The AuCeCu solid presents a similar TPR profile, with a high temperature peak at 794 °C,
associated to the reduction of bulk Ce*" species, and a low temperature one at 241 °C. The
observed shift of 40 °C to higher reduction temperatures and the lower area (lower H,
consumption) of the LTP compared to that of CeCu (Figure 3) may be related with the detected
loss of copper species after gold deposition. The lower amount of copper in AuCeCu results in
a decrease of the reducible material content, which can explain the lower area of the peak,
while the loss of cerium and copper interactions reduces the synergy between both metals.
Consequently, although copper is still in a large excess respect to gold species, the decreasing
of the copper loading makes the surface Ce reduction becomes less favoured, requiring a

higher temperature.

Despite this, gold must play a role in the redox behaviour and reducibility of the surface of
AuCeCu sample. Even the presence of gold species with different oxidation states (Au®, Au™*
and Au®") should not be discarded. In fact, there is no complete agreement in the literature
about which is the main gold species (metallic or cationic) that generally improves the
reducibility of Au/ceria based catalysts [63-67]. If produced, gold reduction would occur at low
temperatures, probably overlapped with copper and surface Ce*" events. The experimental H,
consumption of the LTP is higher than the theoretical one necessary to reduce all gold (even
considered as Au**) and copper species, (see Table 3), thus confirming the simultaneous gold,

copper and surface cerium cations reduction processes at such temperature.

The redox behaviour at low temperature of the AuCeCu solid is complex, implying several
reduction events at the same time. Indeed, the analysis of bimetallic Au-Cu systems has
demonstrated the high solubility between both metals at different Au/Cu molar ratios [68],

which supports the possibility of the formation of AuCu alloys, favoured under the reducing
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atmosphere and the increasing of temperature during the TPR analysis, as recently

demonstrated by in situ XRD in H, atmosphere studies [19].

The Au/Cu molar ratio becomes a key factor affecting the reducibility properties of the
systems, as demonstrated Llorca et al. [22] in their work on propene epoxidation by N,O over
TiO,-supported Au-Cu alloys catalysts. The solid with the lowest metal content (1.2 wt. %) and
the lowest Au/Cu molar ratio (1/3) presented the maximum catalytic activity and the highest
selectivity to epoxidation. This agrees with the results previously reported by Chimentdo et al.
[18] for similar catalysts with higher metallic content in the same reaction. They proposed that
the copper content seemed to have a strong influence on dispersion and the catalytic
performances of the metallic particles because, the higher the amount of copper, the lower
the particle size of the metallic particles. However, when the calcination temperature
increases, the surface of the AuCu alloy nanoparticles was progressively decorated with
oxidized Cu species, which were detrimental for the redox behaviour and hence for the

catalytic activity.

According to the last two cited reports, the addition of gold improved the redox behaviour at
low temperature. However, Fonseca et al. [24] recently published a study about the
cooperative effect of Au and Cu on ceria-modified catalysts for the PROX reaction where the
opposite behaviour was exhibited. They observed that the reducibility of CeO, in the Au/CeO,
and Cu0,/CeO, was superior to that of the Au-Cu0,/Ce0,. This was explained in terms of the
modification of the initial reduction state of gold and copper species in the bimetallic system
compared with the monometallic ones. This points out the possible modification of the
electronic environment of the metallic nanoparticles when the Au-Cu interactions are
established, decreasing in this case the reducibility of the system. The TPR profiles show in

Figure 3 for the CeCu and AuCeCu solids agree with this explanation.

3.2.Catalytic performance and kinetic model

The performance of the catalysts for the oxidation of CO has been investigated evaluating the
influence of the O, availability and the oxidizing-reducing conditions of the feed-stream. Thus,
while the TOX reaction was performed in a large excess of O, (0,/C0=6.2), a high
concentration of H, was present under typical PROX conditions using a stoichiometric 0,/CO
ratio (0.5). The CO conversion results for both reactions are depicted as a function of

temperature in Figure 4.
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Both solids achieve complete CO TOX conversion, although the gold catalyst allows reaching it
at lower temperature (89 °C) thus evidencing that the CO oxidation ability of doped-ceria
systems is enhanced by the deposition of small loadings of gold [14,24,69,70]. Since the
AuCeCu sample presents a lower reducibility than the CeCu one (Figure 3), its higher activity
cannot be related with this factor. Generally, the easier reduction of the material, associated
with a higher amount of available reducible species and the lowering of their reduction
temperature, plays an important role in the CO oxidation reaction since determines the ability
of the material to exchange oxygen with the gas phase, which is crucial for the activation of
the reactants over the catalyst surface during the process. In this case, however, the
enhancement of the CO oxidation abilities should be related with the presence of Au itself. The
surface sites associated to gold are very active and allow a more efficient activation of the
reactants. These results are in good agreement with previous reports where ceria-based

catalysts loaded with 1 wt. % gold exhibited good performances in the TOX reaction [40,70].

Concerning the PROX reaction, both catalysts show similar behaviours; the CO conversion
increases with temperature up to very similar maxima at about 98 %. Nevertheless, the
AuCeCu solid reached the highest CO conversion at lower temperature than the CeCu one (120
°C and 140 °C, respectively. The different catalytic performances under TOX and PROX
reactions conditions highlight the relevance of the availability of reactants during the process.
Although the CO oxidation is the common reaction for both processes, the feed-stream
compositions are very different each other. That of PROX not only presented a lower
concentration of O, but also contained H,, which competes with CO for the active sites. This
could be why the catalysts did not achieve 100% CO conversion under PROX conditions.
Additionally both H, oxidation and R-WGS may be responsible for the observed decrease in CO
conversion at temperatures higher than 120-140°C. These reactions are promoted by
temperature and reduce the selectivity for CO oxidation of the global process [36,71].
According to these observations, although the AuCeCu catalyst allowed to achieve the
maximum CO conversion at lower temperature, gold species and/or their interaction with the
support could be improving also the side reactions, and this is why the activity of AuCeCu is

lower than that of CeCu at relatively high temperatures (above 140 °C).

Taking into account the sensitivity of the catalysts to the composition of the reaction mixture,
and in order to establish additional criteria for comparison between both catalysts, different

feed-stream compositions have been tested in the PROX reaction over the AuCeCu solid (Table
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1). These experiments consisted in the variation of the CO, O,, H,0 and CO, concentrations,
and allowed to establish a kinetic model for the gold catalyst based on the principles
previously considered for the development of the kinetic model for the CeCu solid [36]. The
experimental data of CO conversion and selectivity of the AuCeCu catalyst were fitted to the
considered kinetic model according to the methodology presented in the experimental section
[36,56]. Regarding the kinetic expressions for the H, oxidation (Eq. 8) and the R-WGS reactions
(Eq. 9) with the gold catalyst, it was observed that the rate equations developed for the CeCu
solid [36] remained valid. For obtaining a good description of the experimental data the rate
expression for the CO oxidation over AuCeCu must include some adsorption terms (Eq. 10) in a
similar way than for the CeCu catalyst [36]. However, although the catalytic behaviour of these
two materials is similar, the adequate adsorption terms are not the same. In the case of the
CeCu solid, adsorption terms due to CO, CO, and O, are included (Eqg. 11), while that of CO is
absent in the kinetic expression for the gold catalyst (Eq. 10). In the different rate expressions

Kco, kH2 and Kg.wes are kinetic constants, P; (i = CO, O,, H,, CO,, H,0) partial pressures, K; (j =

0,, CO,, CO) adsorption equilibrium constants and Kygs is the equilibrium constant of the
water-gas shift reaction. The estimated parameters are compiled in Table 4. Values of the
kinetic and adsorption equilibrium constants are given at 100 °C. E, stands for apparent
activation energy and (-AH) for heat of adsorption.
. PO.S

02

- R = ky, - Py

H [Aucecu ] 2

(Eq. 8)

- RR7WGS[AuCeCu] = kR*WGS '(PH2 ’ Pco2 - KWGS ’ Pco ) PHzO) (Eq. 9)

kco ’ F>co ’ P(%S

-R =
CO[AuCeCu] 1+ KCO2 : Pcoz + Ko2 ‘ Pooz's)2 (Eg. 10)

kco ) Pco ’ Pc?zj

-R =
CO[CeCu] (1 + KCO . PCO + KCOZ . F’CO2 + Ko2 . P&S)z

(Eq. 11)

The activation energy of the CO oxidation is reduced by about 7 ki/mol in the presence of gold
compared with the CeCu catalyst. This may be one of the reasons for the slightly high catalytic
activity of the gold catalyst at low temperatures. Concerning the H, oxidation there is no
variation of the kinetic parameters. Another positive effect of the incorporation of gold is on
some adsorption parameters. On the one hand, the inhibiting effect of the CO adsorption
disappears. On the other hand, the enthalpy of O, adsorption decreases which contributes to a

significant decrease of the adsorption constant for oxygen. The interaction between gold and
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the support, probably as bimetallic gold-copper species, allows a more efficient CO adsorption
over the catalytic surface resulting in minimizing the contribution of such process to the
reaction rate. On the other hand, the modification of the oxygen adsorption may be enhancing
their availability not only for the CO oxidation but also for the H, consumption and this is why
the AuCeCu is less active than the CeCu solid at higher temperatures when the second reaction
is enhanced. The relevance of the adsorptions terms has been reported in other works on the
PROX reaction. For instance Besser et al. [72] presented a kinetic model that was employed for
comparing through modelling and simulation the effects of heat transfer limitations in

microreactors and packed bed reactors for PROX.

Lopez et al. [73] have highlighted the difficulties in finding a common basis of comparison
regarding the performance of copper-based catalysts for the PROX reaction. These authors
performed a comparative study including unsupported, ceria-supported and modified copper
catalysts on the basis of a kinetic equation for CO oxidation over copper-ceria catalysts
developed by Liu and Flytzani-Stephanopoulus [34]. In contrast with this expression, rate
equations 10 and 11 include adsorption terms for CO, and oxygen whereas the power of their
denominators is 2 instead of 1. We can perform a rough comparison of the kinetic constants at
100°C taking into account typical initial values of the CO and O, partial pressures in our work,
0.01 atm and 0.005 atm, respectively, resulting in keo = 0.003 mol/(s-g.t). In view of the very
low dependence on the reactants pressure of the kinetic constants reported by Lépez et al.
[73], it can be concluded on the basis of the value of ke that the catalysts investigated in this
study are among the most active copper-cerium catalysts for PROX reaction reported in the

literature.

The comparison of the experimental data and the model fittings is presented in Figures 5 and
6. In these Figures, the CO conversion (Figures 5a and 6a) is showed along with the selectivity
to the CO oxidation (Figures 5b and 6b) after varying the O, and CO concentrations in the feed-
stream. In general, the model describes reasonably well the experimental data. This success in
the kinetic model formulation is principally due to the consideration of the three reactions (CO

and H, oxidation and R-WGS), as in the case of the CeCu solid [36].

Concerning the experimental results, whatever the O, concentration used, the CO conversion
increases with temperature until reaching a maximum in the 100-200 °C region (Figure 5a). At
high O, concentrations, complete CO conversion is achieved, which is not the case when the O,

concentration (0.5 O, vol. %) is below the stoichiometric one. The selectivity to CO oxidation
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(Figure 5b) decreases with temperature and with the O, concentration in the feed-stream. The
effect of the temperature over the selectivity agrees with the observation of a region of
maximum CO conversion (Figure 5a). At low temperatures the CO oxidation takes place very
selectively, although the rate and the CO conversions, achieved are low. As the temperature
increases, the H, oxidation starts to compete with that of CO. In addition, the R-WGS reaction
is also favoured by the temperature increase, consuming H, and producing CO, and
contributing that way to the observed negative effect on the overall process. As the O,
concentration in the feed-stream increases the CO oxidation is enhanced, but also that of
hydrogen. This fact may be both thermodynamic and kinetically detrimental for the R-WGS

reaction due to the increased concentration of H,0.

These trends of the CO conversion and selectivity results can be interpreted in terms of the
estimated kinetic parameters. Indeed, the estimated activation energy for the H, oxidation is
higher than that for the CO oxidation (110.1 and 30 kJ/mol respectively, Table 4). For that
reason the CO oxidation is principally enhanced at lower temperatures, where the higher
energetic barrier for the H, oxidation inhibits this side reaction. The kinetic model of the
AuCeCu does not present important changes with respect to that of the CeCu solid, suggesting
that the presence of gold does not alter significantly the mechanism of reaction. On the other
hand, the catalytic results obtained after changing the CO concentration in the feed-stream
and keeping constant the O, concentration (Figure 6) are similar to those obtained with the
modification of the O, content (Figure 5), especially taking into account that, in this case, the
O, concentrations are always above the stoichiometric value. When using a lower CO content,
the conversion slightly increases, especially at temperatures below 150 °C. Additionally the
selectivity to CO oxidation also decreases with temperature and the decrease of the CO
content. As was described above, with a lower concentration of CO in the feed-stream, the O,

availability in the reactor increases and consequently, the H, oxidation is enhanced.

The effect of the presence of CO, and H,0 in the feed-stream is shown in Figure 7. This is
important for the development of any catalysts for the PROX reaction because this is a
cleaning process of the H, produced by reforming of organic molecules that also produces CO,
and H,0. Therefore their presence is hardly avoidable under real operating conditions.
Additionally they may be competing for adsorption over the active sites required for the
oxidation reactions and may induce deactivation processes. At temperatures below 150 °C, the
CO conversion decreases as the CO, concentration in the feed-stream increases (Figure 7a);

this effect is less pronounced at higher temperatures. Such behaviour demonstrates that the
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addition of CO, produces a negative effect on the catalytic activity. This is reflected in the
kinetic model by a large value of the heat of CO, adsorption (79.8 kJ/mol). A similar behaviour
was previously described for the CeCu system [47]. From these results, and since no changes in
selectivity were observed, it could be inferred that CO, is adsorbed competitively with CO, as
reported early for CuO,/CeO, catalysts [26,47], decreasing that way the CO conversion. Also,
we can conclude that the presence of gold does not modify the CO, adsorption properties of
the catalyst. On the other hand, although the kinetic model captures the general tendency of
the experimental data, a significant discrepancy with the measured values in the presence of
CO, is noticeable. This disagreement increases with the increase of the CO, concentration in
the feed-stream and can be related with the stable adsorption of carbonaceous species over
the catalysts surface, which is favoured at high CO, contents. The formation of these species
over the catalyst surface was not considered during the formulation of the kinetic model and
probably, a term to describe it would be needed in order to fully match these experimental
data. However, no additional detriment of the CO conversion was observed after the inclusion
of H,0 along with CO, (see Figure 7b). This tolerance to the presence of H,0O was previously
described for the CeCu system [36] and is in agreement with that described by other authors

for Cu-Ce, Co-Ce and Cu-Zr fluorite oxide composite catalysts [35].

4. Conclusions

The results obtained in this study allow drawing some conclusions regarding the behaviour of

gold catalysts for the CO PROX reaction.

The interaction of gold with the CeCu mixed oxide strongly depends on the oxygen vacancies
population of this material. The interaction of this noble metal with the oxygen vacancies
seems to produce electronic transfers that are enhancing the reduction of the surface at

temperatures lower than for the CeCu solid.

The results of the kinetic study carried out over the AuCeCu catalyst suggest that the presence
of gold mainly influences the CO adsorption process during the PROX reaction. This fact may
be associated to the surface electronic activity produced by the interaction of the cationic

species that would create more active sites for the CO adsorption.
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Finally, the deposition of a small amount of gold (1 wt. %) results beneficial for the CO
oxidation in TOX and PROX, but in the second reaction such effect is counteracted by the low
O, availability and the presence of H,, CO, and H,0 that favour side reactions and compete

with CO for being adsorbed over the active sites of the catalysts.
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TABLES

Table 1. Feed-stream compositions (vol. %) used for the kinetic experiments with the AuCeCu
catalyst during the PROX reaction

Compositions CO O, H, CO, H,0 N,

Com. 1 20 05 500 - - 475
Com. 2 20 15 500 -- - 465
Com. 3 20 3.0 500 -- - 450
Com. 4 03 1.0 500 -- - 487
Com.5 05 1.0 500 - - 485
Com. 6 1.0 1.0 500 -- - 48.0
Com.7 1.0 1.0 500 20 - 46.0
Com. 8 1.0 1.0 500 5.0 - 430
Com. 9 1.0 1.0 500 100 - 380

Com. 10 1.0 1.0 50.0 2.0 10.0 36.0
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Table 2. Chemical composition and textural properties of the studied materials

Solids CuO Cu Au BET surfzace area Pore V?Iume Average pore size
(wt. %) (at. %) (wt. %) (m“/g) (cm’/g) (A)
CeCu 15.0 27.6 - 76 0.136 73.4
AuCeCu 123 234 0.9 68 0.193 102
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Table 3. Theoretical and experimental H, consumption of the LTP in the TPR analysis of the

prepared catalysts

Experimental H, consumption Theoretical H, consumption [LTP] (umol Hy/gcat)
Solids [LTP] Assuming Assuming Assuming
(umol Hy/gcar) (Cu™) (Cu* +Au")  (Cu™ +Au™)
CeCu 2372.6 1960.8 -- --
AuCeCu 1617.6 1557.6 1580.7 1610.7
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CeCu and AuCeCu catalysts

Table 4. Estimated kinetic parameters of the rate equations for the PROX process over the

(a)

Parameter CeCu[36] AuCeCu
k co [mol/(s-gear-atm™?)] 4.15 4.15
Ea, co [ki/mol] 36.9 30.0
K oo [atm™] 8.7 --
(-AH) o [kJ/mol] 11.0 --
Ko, [atm™] 1.12x10* 1.12x10’°
(-BH) o, [k)/mol] 79.8 79.8
Ko, [atm™®’] 219.0 145.1
(-OH) o, [k)/mol] 1.7 0.3
ky, [mol/(s goratm™)]  89x107 2.1x10°
Ea, H, [kJ/mol] 110.0 110.1
k rwas [MmOl/(s'g8r-atm?)]  5x107° 5x 107
Earwas [kJ/mol] 36.9 36.9
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FIGURE CAPTIONS

Figure 1. XRD patterns of the studied catalysts
Figure 2. Raman spectra of the studied catalysts
Figure 3. TPR profiles of the prepared catalysts

Figure 4. CO conversion during the TOX and the PROX reactions over the CeCu and AuCeCu
catalysts

Figure 5. Effect of the O, concentration in the feed-stream during the PROX reaction over the
AuCeCu catalyst: a) CO conversion; b) Selectivity to CO oxidation. (Symbols are the
experimental data and dashed lines the kinetic model fit)

Figure 6. Effect of the CO concentration in the feed-stream during the PROX reaction over the
AuCeCu catalyst: a) CO conversion; b) Selectivity to CO oxidation. (Symbols are the
experimental data and dashed lines the kinetic model fit)

Figure 7. Effects of CO, and H,0 on the CO conversion over the AuCeCu catalyst: a) Modifying
of the CO, concentration; b) Addition of H,O (Symbols are the experimental data and dashed
lines the kinetic model fit)
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