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1.1 wt% Cu and 1 wt% Au/CeO, catalysts were prepared by impregnation of a high-surface area ceria
(>200m? g-1) with copper nitrate and dimethyl(acetylacetonate) gold(Ill), respectively. They were dried
and calcined in air at 300 °C. They were denoted Au/CeO, and CuOy/CeO,. The same procedure was used
to prepare a composite catalyst by impregnation of gold on the CuO/CeO, catalyst (Au-CuOx/CeO; ). XRD
reveals that ceria is poorly crystallized (crystallite particle size of 11.4 nm) while Au and CuOx cannot
be detected. Redox properties were evaluated by temperature-programmed reduction (TPR) and oxygen
storage capacity (OSC) measurements. While gold is easily reduced below 100 °C, copper oxide reduces
to Cu® at 266 °C. Copper and gold promote the surface reduction of ceria. OSC measurements confirm
that about one monolayer of ceria can be reduced at 400 °C. The performances of the catalysts in PROX
reaction (2%CO+2%0, +70%H, in He) were measured between room temperature and 300°C. At low
temperature (below 120°C), there is an increase in CO conversion up to 100%. Au/CeO, is about 9 times
more active than CuO/Ce0O, but it is much less selective (50-60% of selectivity for Au instead of 100% for
CuOx). Au-CuOy/CeO, exhibits an intermediary behavior with both good activity and good selectivity. A
decrease in CO conversion is observed above 120°C for all the catalysts. It is due to the reverse water
gas shift reaction (RWGS) tending to reform CO from CO, and H,. This behavior is more marked for Au
than for CuOx and Au-CuOy catalysts, which shows that gold is very active in RWGS. The three catalysts
are deactivated by CO, while only copper is very sensitive to steam. An interesting cooperative effect
is shown for the Au-CuOy/CeO; catalyst: (i) moderate and totally reversible inhibition by CO, and (ii)
absence of inhibition by steam.
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1. Introduction be provided in the fuel processor for PEMFCs [3]. In this case, hydro-

gen can be produced from liquid fuels or hydrocarbons through

In recent times, the concern for environment protection and
for the efficient use of energy has increased the interest for new
technologies, especially for fuel cell, the most promising source
of energy generation in this century. Hydrogen, a clean fuel that
emits no pollutant when burned, is considered as the main source
of energy for the future and the most suitable for fuel cells [1].
Proton exchange membrane fuel cell (PEMFC) is by far the most
advanced type for various applications, both mobile and stationary,
especially for electronic devices, due to their special characteristics
of high energy conversion efficiency at low operating temperature
(<100°C), rapid start-up and fast response to load variations [2].
For practical purposes, hydrogen has to be produced on board and
then a reformer and units for removal of carbon monoxide should
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steam reforming, partial oxidation or autothermal reforming, fol-
lowed by water gas shift reaction (WGSR) [4]. However, the small
amount of carbon monoxide remaining in the stream (about 1%
by volume) can poison the anodic platinum-electrocatalyst thus
requiring its removal [5]. Among the different techniques used for
hydrogen purification, the preferential oxidation of carbon monox-
ide (PROX) is the most simple, efficient and economical way to
reduce the concentration of carbon monoxide to a level of 10 ppm
[4].

The preferential oxidation of carbon monoxide (Eq. (1)) involves
the oxidation of carbon monoxide, in a reformate stream, to car-
bon dioxide on a suitable catalyst using molecular oxygen [6,7].
Other reactions (Egs. (2-5)) can occur, due to the high concentra-
tion of hydrogen in the feed gas and should be avoided because of
hydrogen consumption.

CO + 140, — CO, 1)
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Hy + 10, — H,0 (2)
H, +C0, = H,0 + CO 3)
3H, +CO = Hy0 + CHy (4)
4H, + CO, = CHy +2H,0 (5)
2C0 = C + CO, (6)

Several studies have been addressed to find a suitable catalyst
for this system. The main challenges are related to high activ-
ity at low temperatures and high selectivity for carbon monoxide
oxidation, avoiding the undesirable oxidation of hydrogen which
would decrease the overall efficiency of the process. In addition, it
should be able to operate in a relatively wide temperature range
to achieve conversions of carbon monoxide above 99%, since the
PROX unit is disposed between the reactor of WGSR at low tem-
perature (200°C) and the PEMFC (about 80°C). Also, the catalyst
should be stable and highly resistant against deactivation by water
and carbon dioxide from the feed [8,9]. Moreover, a careful con-
trol of oxygen to carbon dioxide ratio as well as of temperature
is needed, since the excess oxygen can also oxidize the hydrogen
in the feed. Overall, the performance of PROX catalysts depends on
the kind of the catalyst, O, /CO ratio, contact time and reactor design
[9].

Metallic gold and copper oxides are known to be active cata-
lysts for CO oxidation, most studies showing that Au is more active
than CuOy [10]. This ranking of activity is generally observed on
ceria-supported catalysts for reactions at moderate temperatures
[11]. The reverse order has been reported for CO oxidation at 300°C
probably because CuOy catalysts are more stable than gold ones
[12,13]. Ceria is a remarkable support both for Au and CuOyx as well
as for many other oxides because it is able to maintain a high dis-
persion of metal and oxides [14-16] and to favor oxygen transfer
from metal to support and vice versa [17].

Activity of gold and copper for H, oxidation in gas phase is
less documented. While oxygen titration of chemisorbed hydro-
gen is currently carried out at room temperature to characterize
noble metal catalysts (Pt, Rh,...) [18-21], this technique cannot
be applied to gold and copper because hydrogen cannot gener-
ally chemisorb on these metals [22] even though some possibilities
might exist on very small clusters of gold [23]. This is due to the
very low heat of adsorption of H, on Au and Cu, below 40 k] mol~!
[24]. However, much information is available on the reduction of
oxygen by hydrogen in liquid phase (PEM fuel cells) [25]. Oxy-
gen evolution in the course of the reaction may lead to different
mechanisms of Hy oxidation. On some metals, O, dissociation pre-
vails (Ni, Cu,...) while, on other metals, associative mechanisms
leading to peroxyl or peroxide intermediates can be observed (Pt,
Pd, Ag,...). H, oxidation over gold could produce large amounts
of hydrogen peroxide, which means that a two-electron process is
favored on this metal. This particular behavior of gold (alone or
in association with palladium) explains why it may be used for
direct H,0, synthesis from H,-0, mixtures [26]. In these previ-
ous papers, only the behavior of gold and copper in the metallic
form are taken into consideration. Activity of CuOx for H, oxida-
tion is rarely reported. Nevertheless, Potemkin et al. reported that
CuOx-Ce0, catalysts in which some Cu® species could be detected
were significantly less selective in PROX reaction [27]. This tends
to prove that metallic copper is much more active for H, oxidation
than copper oxides.

Noble metal-based catalysts have been the most studied ones
for PROX reaction, especially those based on platinum and ruthe-
nium [6,28,29]. They have shown high intrinsic activity but low
availability of surface oxygen [30], which is overcome by the
use of reducible supports, which provide oxygen for the reaction
and significantly increase the performance of these systems [28].

Nevertheless, the strong adsorption of carbon monoxide on the
metal limits the access of other molecules, including oxygen,
decreasing the rate of re-oxidation by molecular oxygen on the
surface and thus reducing the overall rate of carbon monoxide oxi-
dation [31]. Moreover, the overall selectivity of PROX is decreased
due to insufficient coverage of the catalyst surface and the conse-
quent occurrence of hydrogen oxidation [32]. On the other hand,
catalysts based on gold supported on reducible oxides such as
cerium oxide [33], iron oxide [34] or titanium oxide [35] have
shown higher activity than those based on platinum, but were not
tolerant to water or carbon dioxide [34]. A completely different
mechanism occurs over these catalysts as compared to platinum-
based systems due to high activity of gold for carbon monoxide
oxidation, even at room temperature [36]. In fact, the adsorption
of carbon monoxide on gold is weaker than for platinum [30], but
gold activates carbon monoxide oxidation at lower temperatures at
higher rates than hydrogen oxidation. Thus, gold can be considered
as anintrinsic catalyst for this reaction, since it activates the desired
species of oxygen, increasing more the rate of carbon monoxide
oxidation than hydrogen oxidation. Moreover, oxygen has a low
adsorption coefficient on gold and then the use of active supports,
such as iron oxide, titanium oxide or cerium oxide, increases the
rate of carbon monoxide oxidation by providing adsorption sites
for oxygen, thus supplying it during the reaction [32]. Despite some
advantages, the high cost and limited availability of noble metals,
as well as their sensitivity to poisoning by sulfur, water and car-
bon dioxide, have motivated research into other alternatives such
as non-noble metal oxides [5,31].

Currently, the most studied catalysts for PROX reaction, as alter-
native to noble metals, are those based on metal oxides, particularly
copper oxide due to its high activity and selectivity in carbon
monoxide oxidation [37]. In particular, the catalysts based on cop-
per and cerium (CuO-Ce0O;) have been proposed as candidates for
the PROX reaction [38,39]. They are more active and remarkably
more selective than the noble metals and are active at significantly
lower temperatures (100-200 °C) than the platinum catalysts. They
are also very stable under the reaction conditions and can tolerate
high concentrations of carbon dioxide and water, besides the low
cost. Moreover, they do not promote the reverse water gas shift
reaction in the temperature range of PROX reaction. Compared to
the catalysts of platinum group, they present higher activity and
selectivity and compared to gold catalysts, they are less active but
more selective and more stable [40].

The high performance of such systems in PROX reaction has been
assigned to the synergistic redox properties, involving reduction
and oxidation of copper and cerium arising from the sites in the
interface copper oxide-cerium oxide [41]. Thus, the active sites are
related to well dispersed states of copper, probably as clusters in
strong interaction with ceria [42]. It was proposed [43] that the well
dispersed copper oxide on cerium oxide, which is more reducible
at lower temperatures than bulk copper oxide, can adsorb carbon
monoxide more efficiently. Moreover, copper increases the redox
properties, the ability of oxygen storage and the thermal stability
of ceria [44,45]. As a result, this catalyst exhibits high activity and
selectivity for carbon monoxide oxidation at low temperatures [46].

Despite the binary CuO-CeO, catalysts present high perfor-
mance in the PROX process, it is known [46,47] that these systems
go on gradual deactivation during the PROX reaction, which lim-
its its use under practical conditions. However, few studies have
focused on the causes of deactivation [48,49]. These studies sug-
gest that the coke deposition is not relevant, but the accumulation
of hydroxy species on the interfacial sites and sintering of copper
are the factors determining the stability of these systems [49].

In the present work, the cooperative effect between copper and
gold on ceria was studied aiming to find efficient catalyst for PROX
reaction, by combining the properties of these two metals.
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2. Experimental
2.1. Catalysts preparation

The CuOx/Ce0, catalyst was prepared by simple impregnation
of the support (CeO,, Rhodia) with the corresponding aqueous
solution of Cu(NOs3),-3H,0 (Prolabo, >99.0%). The aqueous solu-
tion was mixed with the support under stirring for 12 h and the
catalyst was subsequently dried at 60°C, for 6h, and at 120°C,
overnight, and finally calcined for 4 h at 450°C under flowing air
(30mLmin~1).

The gold catalyst Au/CeO,was prepared by impregnation in
organic medium under argon atmosphere. The gold precursor was
dimethyl(acetylacetonate)gold(IIl) [Au(acac)s] supplied by Strem
Chemical. Before the impregnation, 0.5 g of the support was pre-
treated under flowing Ar (60 mLmin~!), at 400°C for 2 h, heating
rate 2°Cmin~!, and cooled down to room temperature. It was
first immersed in 10 ml toluene, then 10 ml toluene solution of
Au(acac)s was added, and kept for 6h at 40°C in bubbling Ar.
The amount of Au(acac)s dissolved in toluene corresponded to
1wt% of gold. Toluene was drained from the sample that was
dried under argon flow during 15 h, at 40 °C. The samples were cal-
cined for 1 hat 300°C, 2°Cmin~!, under flowing air (30 mL min—1).
The same procedure was employed to prepare a bimetallic Au-
CuOy/CeO,, catalyst, using the CuOy/CeO, instead of CeO,, to deposit
gold.

The bulk chemical composition is measured by ICP-OES using a
Perkin Elmer Optima 2000 DV. The samples were mineralized with
a mixture of nitric and chloride acids and the results of this analysis
are showed in Table 1.

2.2. Specific surface measurement

The specific surface area and porosity measurements were car-
ried out by nitrogen adsorption at —196°C, in a Micromeritics
equipment, model TRISTAR 3000. The specific surface areas were
calculated using the BET (Brunauer-Emmett-Teller) model. For the
analysis, about 0.2 g of the sample were heated up to 250 °C under
vacuum in order to eliminate the adsorbed species.

2.3. X-ray diffraction

X-ray diffraction measurements were performed at room tem-
perature in a Bruker AXS D5005 X-ray diffractometer, working with
CuKo radiation (A =1.54184 A), generated at 40 kV and 40 mA. Sig-
nal is recorded for 20 between 20° and 80° with a step of 0.025°
(step time: 1s). Phase identification is made by comparison with
JCPDS database No. 065-2975, for the cerium oxide and No. 078-
0428, for the copper oxide.

2.4. Temperature programmed reduction (TPR)

Prior to the TPR test, the catalyst (100 mg) was first pretreated
in situ under oxygen at 300 °C for 30 min and cooled down to room
temperature. After flushing under argon for 15 min, the reduction
was carried out from room temperature up to 600°C under a 1%
H,/Ar mixture, using a 2°Cmin~! as heating rate. The measure-
ments of the hydrogen consumption were made by a AutoChem
II/Micromeritics apparatus, using a thermal conductivity detec-
tor.

2.5. Oxygen storage capacity (0OSC)
0OSC measurements were carried out in an atmospheric glass

fixed bed reactor placed in an electrical oven connected to a Pora-
pak column and a TCD. The sample (6-8 mg) was placed into the

reactor and heated up to 400 °C under a continuous flow of helium
(30mLmin~!) at atmospheric pressure. At this temperature, 10
pulses (0.265mL) of pure O, were introduced to oxidize com-
pletely the sample and a He flow was passed through the sample
for 10 min to purge it. Then, 10 pure CO pulses were injected before
a new purging step of 10 min with He. The oxygen storage capacity
(0OSC) was calculated from the first CO pulse. Then, the oxygen stor-
age complete capacity (OSCC) value was evaluated from the total
amount of CO consumed at the end of the CO pulse series. The OSCC
value corresponds to the total amount of reactive oxygen.

2.6. Catalyst tests

Catalytic tests were carried out in a conventional glass fixed-
bed reactor placed in an electrical oven. Because of the small size
of the catalyst bed, it was assumed that there was no significant
temperature profile in the system. The standard reaction mixture
consisted in 2 vol.% CO, 2 vol.% 05, 70 vol.% H,, and He as a balance
(standard gas mixture), and the total inlet gas flow rate was fixed
at 100mLmin~?. All gases used were analytical grade (Alphagas-
1) and were supplied by Air Liquide. Before each experiment the
catalyst was pre-conditioned in situ under 30 mLmin~! of flowing
20 vol.% 0, /He, heating rate 2°Cmin~!, at 300°C for 30 min and
then 10 min under He flow to purge the sample.

In the experiments carried out by decreasing the temperature,
three analysis of the gas at the reactor outlet were made at the same
temperature, every 20°C, with an interval of 4 min between each
injection. Similar activity and selectivity values were obtained. In
these experiments, the mass of catalyst was fixed at 100 mg.

In the isothermal experiments at 100 °C, catalysts were submit-
ted to the same pretreatment. After purging with He, the standard
gas mixture was passed through the system for 15 min before
starting the cooling down. After 15 min at stabilized temperature
(100°C), the first injection was made. In the first step, reaction was
carried out for 5 h, with the same composition of the standard gas
mixture, and injections were made every 15 min. After this time,
10vol.% CO, was added to the feed and the reaction was performed
for 1 hmore (4injections). Then, the standard gas mixture was again
passed through the catalyst (2 injections) and finally 2 vol.% of H,O
were added to the standard feed, doing 4 injections (1 h). The mass
of catalyst was fixed at 10 mg (for Au/CeO, and Au-CuOx/Ce0O;) and
20 mg (for CuOx/Ce0,). All the catalysts were diluted in a-Al, 05 to
obtain a total mass of 100 mg.

The gases were separated by a gas chromatograph (Varian 3900)
equipped with a Altech® CTR I column capable of separating Hy, O,
CO;,N;, CH4 and CO. Helium was used as the carrier gas. The oxygen
and the carbon monoxide conversions were based on the oxygen
and the carbon monoxide consumption, respectively:

Fin _ Fout

0. O
Xo, = —2_2 4100
Fln
0z
in _ pout
Xco = % % 100
co

where X is percentage of conversion and F is the (inlet or outlet)
molar flow of the indicated gas. The selectivity is calculated by:

in out
FCO — FCO

——C0_0 100
2 x (Fp — F3U)

Sco, =

It represents the percentage of O, having reacted with CO.
Carbon monoxide is exclusively converted to CO,. Methanation
reactions do not occur.
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Table 1

Textural, chemical parameters and H, consumption measured in the temperature-programmed reduction (TPR) of CeO,, CuOx/CeO,, Au/CeO, and Au-CuOy/CeO, catalysts.
Samples Sger (m?g~!) Au content (wt%) Cu content (Wt%) Total H, consumption H, consumption by NP

(pmolg1) support reduction?
(pmolm~—2)

CeO, 222 537 24 0.45
CuOx/Ce0, 212 1.10 1421 6.0 1.10
Au/CeO, 232 0.98 1009 4.0 0.74
Au-CuOy/Ce0, 210 1.00 1.10 903 3.2 0.59

2 Obtained considering the metal completely oxidized at the beginning of the TPR and removing the H, consumed by reduction of CuO — Cu® and Au,;03 — Au®.

b Ni: number of oxygen layers of ceria involved in the TPR when 425 °C is reached.

3. Results
3.1. Characterization

After calcination at 450°C, the specific surface area of ceria
is of 222m?2 g~1. The samples containing copper exhibit slightly
lower surfaces whereas the BET surface of the Au/CeO, sample
surprisingly increased (Table 1). Taking into account the percent-
age of error in the measurement we could consider all the specific
surfaces quite similar. The structural characterization by powder
X-ray diffraction was performed for each sample (Fig. 1). In all the
patterns, only the peaks characteristic of the face-centered cubic
fluorite-type typical of CeO, were observed. No peak correspond-
ing to copper or gold species were discernable in the patterns.
When low contents of metal are added like in the current case,
it becomes always difficult to conclude if the absence of signal is
due either to the size of the crystallites, which are too small, or to
the limit of detection of the instrument. An average ceria crystal-
lite size of 11.4 nm, calculated from the Debye-Scherrer equation
using the peaks corresponding to 111, 200, 220 and 311 planes,
was maintained after addition of copper and/or gold. This crystal-
lite size of ceria is higher than the size calculated from the BET
area supposing spherical particles of a fully crystallized material
(4-5nm). This means that the ceria (222m?2g~1) is partly amor-
phous and/or contains very small crystallites not easily detectable
by XRD.

Au-CuO,/Ce0,

Intensity (a.u.)

Cu0,/Ce0,

20 30 40 50 60 70 80
26(°)

Fig. 1. Powder X-ray diffraction patterns of CeO,, CuOx/CeO,, Au/CeO; and Au-
CuOyx/Ce0; catalysts.
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Au-CuO,/Ce0O,
212°
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Fig. 2. Temperature-programmed reduction profiles of CeO,, CuOx/CeO,, Au/CeO,
and Au-CuOy/CeO, catalysts.

3.1.1. Temperature-programmed reduction

While noble metals significantly enhance the oxygen storage
capacity of ceria [45,50-54], the effect of copper [39,45,55] and gold
[55-57] on the redox properties of ceria are less pronounced. How-
ever, both copper and gold can promote the reduction of Ce** to
Ce3* ions, at least in the vicinity of CuOx or Au species and probably
on a large fraction of the ceria surface.

The profiles of the temperature-programmed reduction (TPR)
performed on each sample are shown in Fig. 2 where the TCD sig-
nal is proportional to the amount of H, consumed. We also reported
in Table 1 the values of H, consumption after integration of the pro-
files between 30 and 425 °C. In the range 30-600 °C, ceria exhibits
one intense peak centered at 363 °C, which matches with the reduc-
tion of the oxide surface. The behavior of the ceria has been largely
studied using H,-TPR[50] and it is clearly established that two main
peaks are generated in such an experiment: the former corresponds
to the reduction of the surface oxygen layer of ceria around 400°C
whereas the latter is due to the reduction of the bulk and occurs
when the temperature reaches 800 °C. Other authors [58] already
reported the beneficial effect of copper on the reduction of the ceria
surface. In Fig 2, we noticed, in the profile of the CuOx/CeO2 sample,
ashift of the peak assigned to the reduction of the ceria surface from
363 to 266 °C. This result is due to a promotion of the ceria surface
by the presence of copper. It is worth noting that only one wide peak
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is present in the range of temperature recorded. We suggest that
the total consumption of Hy characterized by this peak includes
the H, consumed by CuO reduction as well as the H, consump-
tion due to the reduction of the ceria surface. The consumption
of H, started at 125°C and showed that ceria also promoted the
reduction of CuO, which is usually expected for unsupported CuO
around 250°C. Such inter-promotion in CuOx/CeO, mixed oxide
resulting from copper-cerium interaction was already described
[39]. If we consider that CuO is reduced into Cu®, we are able to
remove the contribution of copper from the total amount of H, con-
sumed. The rest should represent the amount of hydrogen involved
in the reduction of the ceria. One can see that the addition of cop-
per enabled the reduction of 2.5 times more oxygen atoms of the
ceria surface (6 umol O m~2 for CuOx/CeO, against 2.4 pumol O m—2
for Ce0,). Using the same argument than in the work detailed by
Madier et al. [59], wereported, in Table 1, the number of oxygen lay-
ers of ceria, N, involved in the TPR. This number is 1 when 5.4 wmol
O m~2 are removed from the surface. This value also represents
the theoretical OSC that will be discussed later. In the case of bare
ceria, less than 50% of the first layer of oxygen is reduced at 425 °C.
The addition of copper allows obtaining the whole reduction of the
surface at the same temperature.

The profile of the gold-promoted ceria (Au/CeO,) catalyst con-
sists in a low temperature peak with a maximum at 96°C and a
second one, broader, centered at 212 °C. As mentioned in other pub-
lications [55,60] the first peak could be assigned to the reduction of
oxygen species on the small gold particles whereas the second one
would be connected with the surface ceria reduction. If the oxida-
tion state of gold species is often a controversial subject when they
are supported on cerium oxide, it is reasonable to suppose them
oxidized after calcination of the solid at 300 °C. However, the inte-
gration of the first peak displays an amount of H, consumed that
cannot be explained only by the reduction of the metal, even assum-
ing a total reduction of Au,05 into Au®. We speculated that a part
of the ceria surface located at the interface with some gold particles
was reduced at very low temperature, the rest being reduced in a
wide range of temperatures (the peak at 212 °Cdisplayed along and
flat tail at higher temperatures). The total amount of H, consumed
at 425°C showed that only 75% of the first layer of oxygen were
removed that was inferior to the value calculated in CuO/CeO5. The
result obtained for the bimetallic Au-CuOx/CeO, was quite surpris-
ing since the reducibility of the ceria in this solid is lower than in
the case of the monometallic samples. It may be explained by a dif-
ferent initial oxidation state of gold and/or copper in the bimetallic
catalyst compared to that in the monometallic ones.

3.1.2. Oxygen storage capacity

0SC and OSCC were measured at 400 °C on the four catalysts and
the values obtained were reported in Table 2. We expressed the
storage capacities in wmol O per g or per m2, which corresponds to
the amount of oxygen removed by reduction with CO to produce
CO,. We can discuss the data in comparison with the results of TPR
we commented previously. In the case of ceria, both values of OSC
(calculated on the first CO pulse) and OSCC (calculated on the 10
first pulses) were low and showed that the process was limited to
less than 20% of the ceria surface. This percentage, inferior to the
percentage obtained by TPR, indicated that the reduction under
H, in a plug-flow reactor was more efficient than that with a CO
multi-pulse treatment.

The real OSC values Au/Ce0Q,, CuOx/CeO, and Au-CuOy/CeO,,
reported in Table 2, were obtained considering that the metal was
completely oxidized after oxidizing pre-treatment and completely
reduced after the first CO pulse. According to this hypothesis we
subtracted from the total OSC value the amount of oxygen that
could come from the metal (157 wmol O g~ for CuOy, 75 pumol O
g1 for Au,03, and 232 wmol O g~! for the bimetallic catalyst) to

obtain the real OSC and OSCC values due to the ceria. The measure-
ments on these solids showed that the addition of gold and copper
does not change the reducibility of ceria during OSC experiment,
since the real OSCC value, and consequently the number of oxygen
layers of ceria involved in the OSCC process, is similar whatever the
catalyst.

3.2. Activity and selectivity of the ceria-supported catalysts

First of all, the catalysts were evaluated in standard gas mix-
ture conditions, i.e. without CO, and H,O in the gas phase, in a
wide range of temperature, starting from 300 °C and decreasing the
temperature to room temperature by steps of 20 °C. Three measure-
ments were performed at each temperature. Fig. 3(a) and (b) show
the evolution of the CO conversion and selectivity in CO,, respec-
tively, as a function of temperature in the 10-300 °C range for the
3 catalysts. At first, it can be seen from Fig. 3(a) that at low tem-
perature, lower than 100 °C, the monometallic Au/CeO, is the most
active catalyst with 50% of CO converted at 40 °C, whereas to obtain
such a conversion with CuOx/CeO-, a temperature higher than 80°C
is needed. A similar trend was observed by Avgouropoulos et al.
[61] on their Au/Ceria and CuO/Ceria catalysts. The Au-CuOx/CeO,
has an intermediate behavior. The maximum of CO conversion is
reached at 80 °C for the Au/CeO, catalyst, with 98% of CO converted,
a similar conversion being obtained with Au-CuOx/CeO,. A temper-
ature as high as 120°Cis needed to reach a complete conversion of
CO over CuO/Ce0,. When the temperature increases, the conver-
sion of CO decreases progressively in the presence of the Au/Ce0O,
catalyst, whereas it remains stable, at 100% up to 180 °C, for the two
others. This can be explained by a weaker CO binding on Au than
on copper. It has been demonstrated by periodic density functional
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Table 2

Oxygen Storage Capacities of CeO,, CuO,/CeO,, Au/CeO, and Au-CuOy/CeO, catalysts at 400°C.
Samples 0SC and OSCC (nmol 0 g 1) 0SCC (mol O m~2) N €

Total OSC? Real OSCP Total OSCC? Real OSCCP

CeO, 133 133 240 240 1.08 0.19
CuOy/Ce0, 411 254 434 277 1.31 0.23
Au/CeO, 225 149 316 241 1.04 0.18
Au-CuOy/CeO; 459 225 468 236 1.12 0.20

2 Total OSC and OSCC values are based on the amount of CO, produced by the reduction of the catalyst with the first (OSC) and the 10 first (OSCC) pulses of CO.
b Real OSC and OSCC values are obtained in considering the metal completely oxidized (CuO or Au,03) before the first CO pulse and removing from total OSC and OSCC

values the contribution due to the reduction of the metal.
¢ Np: number of oxygen layers of ceria involved in the OSCC process.

theory (DFT) calculations and micro-kinetic modeling [62] that the
ratio 6CO/6H decreases significantly on gold, more than on copper,
as temperature increases. After 180 °C, an important decrease in
the conversion is observed for all the catalysts. As the test is per-
formed by decreasing the temperature, the lower CO conversion
at high temperature cannot be due to the deactivation of the cat-
alyst and is more likely to be linked to the reverse water gas shift
reaction, which is thermodynamically favored. Interestingly, these
results show that, for the conversion of CO, the Au-CuOy/CeO, cat-
alyst benefits from the advantage of each active phase: it is able to
completely convert CO at low temperature as the Au/CeO, catalyst,
whereas, when the temperature increases, his behavior is similar
to that of the CuOx/CeO, catalyst, with a complete conversion in a
wide range of temperature.

As far as the selectivity in CO, (Fig. 3(b)) is concerned, one can
see that at low temperature, the Au/CeO, is by far the less selective
catalyst, whereas, the CuOx/CeO, catalyst is the only catalyst able
to selectively convert all the CO into CO,, i.e. without oxidation of
hydrogen, even at 100% of CO conversion, in accordance with the
results of Avgouropoulos et al. [61]. The presence of gold and cop-
per together, in the Au-CuOy/CeO,, catalyst, allows one to increase
the selectivity compared to Au/CeO,: at 80 °C, the selectivity is of
65% and 50% for Au-CuO/CeO, and Au/CeO,, respectively, for the
same CO conversion (98%). At temperatures higher than 160 °C, the
selectivity of the three catalysts can be considered as similar.

To conclude this part, the Au-CuOx/CeO, catalyst is more active
in CO conversion than the CuOx/CeO, one at low temperature but
presents a similar behavior at temperature higher than 120°C. Its
selectivity into CO, is intermediate between those of Au/CeO, and
CuOx/Ce0O,. At 100°C, the activity in CO conversion decreases in
the following order: Au-CuOx/CeO,>Au/Ce0; > CuOx/CeO, with
CO conversion of 100%, 98% and 85%, respectively.

3.3. Stability of the catalysts

The stability of the three catalysts was evaluated at 100 °C dur-
ing 8 h. CO, and H,0 were alternatively introduced in the gas feed
after 5 and 6h 30 of time on stream, respectively, in order to evalu-
ate the catalytic performances in more realistic reaction conditions.
Results of CO conversion and selectivity in CO, are reported in
Fig. 4 (a) and (b), respectively. Fig. 4(a) shows that, even if the mass
of catalyst is lower than the one used in the previous paragraph,
the activity ranking is similar, the Au-CuOyx/CeO, being the most
active catalyst. When CO, is added, an important deactivation is
observed whatever the catalyst, although the CuOx/CeO, catalyst
seems to be less affected. This deactivation can be explained by
a competitive adsorption of CO, on the gold or copper surface or
at the interface with the support and to an increase formation of
deactivating carbonates [34]. When CO, is removed from the gas
phase, the initial CO conversion is nearly completely recovered,
except for the Au/CeO, sample, which is only partially reactivated.
CO, is likely to be more strongly adsorbed on this type of catalyst.
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Fig.4. Evolution of CO conversion (a) and selectivity in CO; (b) versus time obtained
during the CO-PROX over Au/Ce0O, (10 mg) (M), Cu/CeO, (20 mg) (¢#) and Au-Cu/CeO,
(10mg) (a). Standard experimental conditions: 2% CO, 2% O,, 70% H,, 26% He,
T=100°C, total gas inlet: 100 mLmin~'.

When H,O0 is added, the behavior depends strongly on the catalyst.
On CuOy/Ce0,, the presence of H,0 decreases the CO conversion
similarly to what is observed with CO,, as it was demonstrated
by Ratnasamy et al. [44]. On Au/CeO,, the initial CO conversion is
nearly reached, which can be explained by a cleaning of the surface
and by transformation of carbonates into less stable bicarbonate
species [34]. On Au-Cux/CeO, the addition of water has no signifi-
cant effect.

The selectivity in CO, observed with the Au/Ce0O, catalyst fol-
lows the same trend as the one of CO conversion, with a decrease
in selectivity when CO, is added in the gas feed and a recovery of
the initial selectivity in presence of water. Then it can be inferred
that on this catalyst, the addition of CO, affects only the CO con-
version. For the two other catalysts, Au-CuOx/Ce0O; and CuOy/CeO>,
the addition of CO, or H,0 does not modify significantly the selec-
tivity. This result is surprising, especially for the CuOx/CeO, catalyst
for which the CO conversion is decreased in both cases. This result
could be explained by a decrease of both CO and H, conversion in
the same extent.
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4. Discussion

4.1. CO conversion at low (T< 120°C) and high temperatures
(T>120°C)

The kinetic results presented in Fig. 3 show that two domains
of reaction should be considered: the low temperature domain
(below 120°C) and the high temperature domain (above 120°C).
Below 120°C, the behavior of the catalyst depends essentially on
their intrinsic activity in CO oxidation and the ability of CO to block
H, oxidation. Gold-ceria is very active in both CO and H, oxida-
tion and the presence of CO cannot prevent H, oxidation. As a
consequence, a very sharp light-off of CO can be observed with
a poor CO, selectivity (close to 50%) even when CO is not fully
converted. The selectivity of gold can be improved if the reaction
is carried out at very low residence time (ten times less catalyst,
see Fig. 4): this means that CO oxidation occurs mainly in the first
part of the catalyst bed. CuOx/CeO, is less active in CO oxidation
and virtually not in H, oxidation (100% selectivity). This excel-
lent selectivity is very probably due to the fact that CuOy is not
reduced in Cu® in the reaction conditions. An intermediary behavior
between pure gold and pure copper is observed for the Au-CuOx-
ceria. At 60 °C, the CO conversion is: Au/CeO,, 88% > Au-CuOx/CeO,,
57%>CuOy/Ce0,, 11% while the selectivity to CO, is: CuOx/CeO,,
100% > Au-CuOx/Ce0;, 84% > Au/Ce0,, 47%. On this basis, the appar-
ent rate of CO oxidation at 60°C (mmolCOh~1g-1) is: Au/CeO,,
44 > Au-CuOy/Ce0, 28 >CuOx/Ce0;, 5 while the apparent rate of
H, oxidation (mmolH, h-1g=1) is: Au/CeO,, 49> Au-CuOy/CeO,
11> CuOy/Ce0,, 0.

In the high temperature of conversion (>120°C), a gradual
decrease of the conversion of CO can be observed on the three
catalysts but this phenomenon is more marked on Au than on
Cu and Au-CuOy catalysts. Two hypotheses can be put forward to
explain this behavior: (i) an increase of the ratio between the rate
of H, oxidation and the rate of CO oxidation, (ii) the reformation of
CO by the reverse water gas shift reaction (Eq. (3)). Hypothesis 1
can be discarded because the decrease of CO conversion should be
linked to an inhibition of the CO oxidation reaction increasing with
temperature. Such an inhibition by H, itself is quite unlikely and
the respective effects of CO, and H,0 on the CO conversion over
Au/Ce0O,, CuO4/CeO, and Au-CuOy/CeO, cannot explain a strong
inhibition over the Au catalyst. The second hypothesis has been
evaluated by calculating the change with temperature of the equi-
librium conversion of CO by the RWGS reaction. Above 120°C for
Au/Ce0O, and Au-CuOy/Ce0,, and above 160 °C for CuOx/CeO,, (see
Fig. 3), the gas composition following CO and H; oxidation is close
to 2%C0O,, 2%H,0 and 68%H,. If one let the gas reach the RWGS
equilibrium, the apparent CO conversion can be calculated with
temperature. The experimental results (taken from Fig. 3) and the
equilibrium conversion between 120 and 300 °C are shown in Fig. 5.
The actual change of the CO conversion over the Au catalyst is very
close to the equilibrium conversion by RWGS. Those obtained on
the copper catalysts (CuOx and Au-CuOy) are significantly higher
than the equilibrium values. This means that the Au/CeO, cata-
lyst is very active in RWGS while CuOx/CeO, and Au-CuOy/Ce0O,
have not a sufficient activity to reach the RGWS equilibrium, except
at the highest temperatures. The activity of Au/CeO, in the RWGS
reaction has been demonstrated by Fourier Transformed Infra-Red
spectroscopy [63].

4.2. Effect of CO, and H,0

The three catalysts are inhibited by CO,, gold being com-
paratively more sensitive than copper oxide. By contrast,
gold-containing catalysts are relatively less sensitive than copper
oxide to inhibition by steam. Gold and copper show a cooperative
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Fig. 5. Evolution of CO conversion from 120 to 300 °C in the CO-PROX reaction over
Au/CeO, (W), CuOx/CeO, () and Au-CuOy/CeO; (a). The dashed line represents the
equilibrium conversion by reverse water-gas shift reaction.

effect in the Au-CuOy/CeO, system: though this catalyst is inhib-
ited by CO,, the deactivation is totally reversible; moreover, it is
virtually insensitive to the presence of steam. The role of surface
carbonates has been suspected in the inhibition by CO, while the
formation of surface copper hydroxides could explain the inhibi-
tion by steam. FTIR studies are in progress to evaluate the strength
of the surface carbonate species on each catalyst.

5. Conclusions

Gold is essentially reduced in the PROX reaction conditions
while CuOx remains in the oxidized form. In the low temperature
domain (T<120°C) gold appears as more active than copper but
much less selective. The Au-CuOy bimetallic system has an interme-
diary behavior but interestingly, it has a good activity (close to that
of pure gold) and a good selectivity (close to that of pure copper). All
the catalysts present a maximal activity and a gradual decrease of
conversion above 120 °C. This phenomenon affects more gold than
copper and gold-copper catalysts. It is due to the reverse water
gas shift reaction which tends to reform CO from hydrogen and
CO,. Gold is more active for this reaction, which explains the more
pronounced decrease in CO conversion on this catalyst. Copper and
gold-copper remains more active in this domain of temperature. An
interesting cooperative effect between gold and copper is observed
when CO, and H;0 are added to the reactants. The deactivation by
CO, is reversible on Au-CuOy/Ce0O, while this catalyst is virtually
insensitive to the presence steam.
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