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Abstract Oxidation of volatile organic compounds
(VOC) and preferential oxidation of CO in the excess of H,
(CO-PROX) were investigated over mono and bimetallic
Au-Ag/CeO, and Au—Cu/CeO, catalysts. For the oxidation
of VOC (2-propanol, ethanol and toluene) Au/CeO, was
the most active catalyst for the combustion of alcohols to
CO,, Ag/CeO, gave the best performance in the toluene
total oxidation, Au—Ag/CeO, and Au—Cu/CeO, showed the
highest selectivity to partial oxidation products. For CO-
PROX Au-Ag/CeO, and Au—-Cu/CeO, samples exhibited
higher CO, yield at low temperature than monometallic
ones. The improved performance of bimetallic catalysts
were accounted for an enhancement of surface ceria oxy-
gens mobility caused by the addition of Ag or Cu to Au/
CeO, and involved in both investigated reactions. This
effect was more evident on Au—Ag/CeO, where a strong
Au-Ag interaction occurred with formation of Au-Ag
alloy or linked monometallic nanoparticles.
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1 Introduction

Since pioneering works of Haruta [1, 2], research and
industrial interest in catalysis by gold extraordinarily
increased with an exponential growth in the number of
published articles dealing with the use of gold in homo-
geneous or heterogeneous catalysis. Some of these papers
showed that gold properties are much superior to those of
the platinum group metals for several reactions such as
hydrogenation, selective oxidation of hydrocarbons, alke-
nes epoxidation, NO, reduction, water—gas shift reaction,
oxidation of volatile organic compounds (VOC) [3-5 and
refs. therein].
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Among the above investigated reactions the oxidation of
VOC is a hot environmental topic, VOC being recognized
as major responsible for the increase in global air pollution
due to their contribution to photochemical smog [6-8].
Catalytic combustion is one of the most efficient technol-
ogy for the abatement of VOC, which are oxidized over a
catalyst at temperatures much lower than those of the
thermal process [9-13]. Among noble metal catalysts gold
has been reported as one of the most active for this reaction
[5]. The performances of Au catalysts for VOC oxidation
were dependent on many factors, namely the nature and the
properties of the support, the loading, the size, the shape
and the electronic state of gold nanoparticles, the prepa-
ration method and the pretreatment conditions of catalysts,
the nature and the concentration of the organic molecule to
be combusted [3-5]. Among catalysts reported in the lit-
erature Au/CeQO, exhibited the highest activity in the oxi-
dation of oxygenated VOC (alcohols, aldehydes, ketones
and esters) [5]. This high activity was ascribed to the high
surface oxygen mobility of the gold/ceria system, the ceria
lattice oxygens being involved in the reaction pathway
through a Mars—Van Krevelen (MVK) mechanism [14, 15].
In this contest small gold nanoparticles have been reported
to enhance the reactivity of ceria lattice oxygens by
weakening the surface Ce—O bonds adjacent to Au atom
[16].

Gold supported nanoparticles were also found highly
active for the preferential oxidation of CO (CO-PROX)
[17, 18], which is aimed at the removal of CO in the excess
of hydrogen to obtain pure H, for PEM fuel cells
(PEMFC). The presence of carbon monoxide in reforming
H, (1000-10,000 ppm) poisons, in fact, the platinum
electrodes of fuel cells. Hence, it is important from a
practical point of view to reduce by means of PROX the
CO content to less than 10 ppm, without oxidizing H,,
possibly working at the operating temperatures of PEMFC
(60-100 °C). Although promising performance can be
achieved with monometallic gold catalysts, they suffer
from some intrinsic defects that sometimes limit the
application of gold systems at high temperature, as strong
decrease in the selectivity at temperature higher that
60-80 °C, tendency to aggregation upon heat treatment
[19], high sensitivity to moisture [20].

One of the most promising approaches to overcome
these problems is the addition of a second metal to gold
[21]. Alloying gold with Pd or Pt has proved for instance as
an effective method to increase the activity of
monometallic systems in selective oxidation reactions [22].
Au—Cu was one of the most investigated bimetallic system
with several examples of excellent performance reported
both for selective oxidation of 5-hydroxymethylfurfural to
2,5-furandicarboxylicacid [23], for CO oxidation [24] and
CO-PROX [25]. Au-Ag catalysts also received

@ Springer

considerable attention in the literature for glucose oxida-
tion [26], CO oxidation [27] and CO-PROX [28].

Following these considerations in this paper we inves-
tigated the effects of addition of Cu and Ag, with the aim to
enlighten the role played by the second metal in affecting
the chemico-physical properties and therefore the perfor-
mance of the monometallic system in the CO-PROX
reaction and in the oxidation of some representative VOC
(ethanol, 2-propanol and toluene).

2 Experimental
2.1 Catalyst Preparation and Testing

The catalysts were prepared by deposition—precipitation
(DP) using KOH as precipitant agent and HAuCl,, AgNO;
and Cu(NOs),-6H,0 as precursors of the IB metal for gold,
silver and copper respectively.

The cerium oxide used as support was prepared by
precipitation from Ce(NO5);-6H,0O and calcination in air at
450 °C for 4 h. For Au, Ag and Cu samples after the pH of
the aqueous solutions of the IB precursor was adjusted to
the value of 8 using an aqueous solution of KOH (0.1 M),
cerium oxide was added under vigorous stirring (500 rpm)
to the solution, keeping the slurry at 70 °C for 3 h. The
obtained slurry was kept digesting for 24 h at room tem-
perature, filtered and washed several times (until disap-
pearance of nitrates and chlorides) then dried at 110 °C and
finally ground before use. The same procedures were used
for the bimetallic systems (Au-Ag/CeO, and Au-Cu/
Ce0,) with the difference that the solution of the second
metal was added 30 min after to the addition of cerium
oxide at the solution of HAuCl,. All systems were prepared
to 1 wt% (for the bimetallic systems 1 wt% Au-1 wt% Ag
or Cu). All samples had similar values of surface area
ranging between 110 and 118 m?g™".

Catalytic tests were carried out in the gas phase at
atmospheric pressure in a continuous-flow reactor filled
with the catalyst (50 mg, 80-140 mesh) diluted with inert
glass powder. For each experiment the reactor temperature
was ramped at the rate of 10 °C min~' up to chosen tem-
perature in a flow of helium. Then the reactant mixture was
passed over the catalyst for 15 min (to reach a steady-state)
before sampling the products for analysis. By using the
above procedure, conversion and selectivities were repro-
ducible within 3-5 %.

Preliminary runs carried out at different flow-rates
showed the absence of external diffusional limitations. The
absence of internal diffusion limitations was verified by
running experiments with different grain size powders. We
excluded the occurrence of heat transfer limitations,
because we found that the temperature of the reactor at
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different heights was substantially the same, reasonably
due to the low concentration of the reactants used in the
catalytic tests.

For VOC oxidations the reactant mixture (0.7 vol%
VOC, 10 vol% O,, balance in helium) was fed to the
reactor by flowing a part of the He stream through a sat-
urator containing the VOC and then mixing with O, and He
before reaching the catalyst. Used VOCs were 2-propanol
(Fluka >99.5 %), ethanol (Fluka >99.8 %) and toluene
(Fluka >99.5 %). A flow rate of the reactant mixture of
45 ml min~' with a resulting space velocity (GHSV) of
7.6 x 1072 molypc h™! g;l: was used. The effluent gases
were analysed on-line by a gas chromatograph, equipped
with a packed column with 10 % FFAP on Chromosorb W
and FID detector, and by a quadrupole mass spectrometer
(VG quadropoles). The carbon balance was always higher
than 95 %. Before VOC oxidation activity tests samples
were calcined in air at 200 °C. It must be underlined that
200 °C was chosen as calcination temperature as we veri-
fied that a higher temperature leads to a sintering of metal
particles with detrimental effect on the activity.

In the case of PROX reaction the gas composition (flow
rate: 80 ml min~') was 1 % CO, 1 % O,, balance in H,. A
space velocity (GHSV) of 3.92 x 1072 molcph™! gc_al, was
used. The effluent gases were analysed on-line by a gas
chromatograph, equipped with a packed column (Carboxen
1000) and TCD detector. Before PROX activity tests
samples were calcined in air at 200 °C and then reduced in
H, at 150 °C.

2.2 Catalyst Characterization

Temperature programmed reduction with hydrogen (H,-
TPR) was carried out in a conventional flow apparatus with
a TCD detector at heating rate of 10 °C min~' using 5
vol% H, in Ar. Before TPR experiments samples were
calcined in air at 200 °C.

X-ray photoelectron spectroscopy (XPS) analysis was
performed at a take-off angle of 45°, relative to the surface
plane, with a PHI 5600 Multi Technique System (base
pressure of the main chamber 2 x 10~'° Torr). The spec-
trometer is equipped with a dual Mg/Al standard X-ray
source and a spherical capacitor analyzer (SCA) with a
mean diameter of 279.4 mm. The samples were excited
with a standard Al Ko radiation. The XPS peak intensities
were obtained after Shirley background removal and the
binding energy scale was calibrated by centering the C 1 s
peak (due to adventitious carbon) at 285.0 eV [29, 30].

X-ray powder diffraction (XRD) analysis was performed
with a BrukerAXSD5005 X-ray diffractometer using a Cu
Ko radiation. Diffraction peaks of crystalline phases were
compared with those of standard compounds reported in
the JCPDS Data File.

Surface area measurements were carried out using the
BET nitrogen adsorption method with a Sorptomatic series
1990 (Thermo Quest). Before tests all samples were out-
gassed (10> Torr) at 120 °C.

TG/DTA measurements were carried out on a Linseis
STA PT 1600 instrument. Samples (20.0 & 0.1 mg) were
heated in a aluminum sample boat up to 500 °C at 20 °C/
min with a stream of nitrogen gas.

3 Results
3.1 Catalytic Activity
3.1.1 VOC Oxidation

Figure 1 shows the conversion of 2-propanol and the yield to
CO, and acetone, as a function of reaction temperature on all
tested catalysts. Acetone is the first product formed at low
temperature with a high selectivity, which decreases down to
zero at higher temperatures with a corresponding increase of
the selectivity to CO,. In agreement with literature data [16],
the observed order of activity for conversion of 2-propanol
for the monometallic samples was Au/CeO, > Ag/
CeO, > Cu/CeO, with light off temperature of 60 °C for
Au/CeO,, 90 °C for Ag/CeO, and 120 °C for Cu/CeO,.
Interestingly both Au—Cu/CeO, and Au—-Ag/CeO, catalysts
showed a higher selectivity to the intermediate oxidation
product, with a higher yield to acetone compared to
monometallic samples. In particular the Au—Ag/CeO, sam-
ple exhibited the best partial oxidation performance reaching
the highest yield to acetone (93 % at 175 °C). It must be
noted that the monometallic Au sample remains the most
active for the total oxidation to CO,. This behaviour is better
pointed out from data of Table 1, where T, Tso, and Toq -
conversion values (i.e the temperature at which 10, 50 and
90 % conversion were reached) are reported.

The same catalysts were tested for the oxidation of
ethanol and the catalytic results are shown in Fig. 2. It can
be noted that the oxidation of ethanol, which is a primary
alcohol, required higher temperatures respect to 2-propa-
nol. In this case acetaldehyde is the intermediate product
formed firstly. The order of activity for the conversion of
ethanol for the monometallic samples was the same than
for 2-propanol, ie. Au/CeO, > Ag/CeO, > Cu/CeO, with
light off temperatures of 95 °C for Au/CeO,, 100 °C for
Ag/CeO, and 155 °C for Cu/CeO,. The performance of the
Au—Cu bimetallic catalyst was almost similar to that of
monometallic Au/CeO, sample, whereas the Au-Ag/
CeO, sample shows slightly better performance in the
selective oxidation to acetaldehyde. For the total oxidation
to CO, both Au and Ag monometallic samples were the
most active (Table 2).
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Table 1 Catalytl'c ac;t1v1ty data Catalysts 2-Propanol conversion Conversion to CO, Conversion to acetone
of 2-propanol oxidation
Tio °C) Tso (°C) Too (°C) Tio °C) Tso (°C) Too (°C) Max. (%)  Tumax (°C)
Au/CeO, 72 126 187 177 207 218 75 180
Ag/CeO, 108 134 218 198 229 242 72 180
Cu/CeO, 141 169 229 224 243 252 80 218
Au-Ag/CeO, 84 105 158 199 227 238 93 173
Au-Cu/CeO, 70 109 183 195 210 220 90 187

In Fig. 3 the results of the catalytic oxidation of toluene
were reported. In this case, CO, and water were the only
products revealed, with no formation of intermediate oxi-
dation products, such as benzaldehyde and/or benzoic acid.
The absence of partial oxidation compounds has been
already reported in the literature under similar experi-
mental conditions over ceria supported catalysts [31] and
was attributed to the strong interaction of the acidic
intermediates with the basic support, promoting the further
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oxidation to CO,. It can be noted that the light-off tem-
perature of toluene over all investigated samples is con-
siderably higher than that observed for 2-propanol and
ethanol oxidation, according to the higher reactivity of
alcohols compared to aromatics [32, 33]. Interestingly, in
this case the monometallic silver catalyst was slightly more
active than the monometallic gold one, probably as a
consequence of the stronger interaction of aromatic mole-
cules over Ag nanoparticles [34, 35]. In accordance with
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Table 2 Catalytic activity data of ethanol oxidation
Catalysts Ethanol conversion Conversion to CO, Conversion to acetaldehyde
Tio O Ts0 (°C) Too (°C) Tio (°O) Tso (°C) Too (°C) Max. (%) Timax (°C)
Au/CeO, 118 178 234 231 246 252 84 230
Ag/CeO, 124 196 235 237 253 261 82 230
Cu/CeO, 190 240 261 243 262 273 53 249
Au-Ag/CeO, 110 171 224 231 253 265 84 228
Au—Cu/CeO, 128 180 228 234 245 252 85 230

data of total oxidation of alcohols, previously reported, we
can suggest that when high temperatures are required for
the combustion reaction the activity of Au catalyst
decreases becoming similar to that of the silver sample.
Both Au-Ag/CeO, and Au-Cu/CeO, catalysts are less
active for the toluene oxidation than monometallic silver
and gold samples, confirming that bimetallic samples are

less active for the combustion to CO,, as previously found
for the oxidation of alcohols.

3.1.2 CO-PROX Reaction

Figure 4 shows catalytic activity results, in terms of con-
version of CO (Fig. 4a) conversion of O, (Fig. 4b),
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selectivity towards CO oxidation (Fig. 4c) and yield to
CO, (Fig. 4d) over investigated samples. No methane was
formed in all experiments. It must be also reminded that no
significant CO and O, conversion were observed up to
250 °C on the bare support (CeO,). From the figure it can
be observed that, on all samples, CO conversion (Fig. 4a)
increased with increasing reaction temperature reaching a
maximum, which was respectively of 70 % for Au/CeO, at
60 °C, 95 % for Cu/CeO, at 175 °C, 5 % for Ag/CeO, at
120 °C, 85 % for Au—Cu/CeQO, at 80 °C and 95 % for Au—
Ag/CeO, at 85 °C. These results point out that the CO

100

80 1

60 1

40 A

Conversion (%)

20 1

353 T T
200 250 300 350 400
Temperature (°C)

Fig. 3 Conversion of toluene on tested samples: (open square) Au/
CeO,; (filled triangle) Ag/CeOy; (times) Cu/CeOy; (open diamond)
Au-Cu/CeOy; (filled circle) Au—Ag/CeO,

oxidation activity is strongly affected by the catalytic
system, with higher CO conversion values in the PEMFC
temperature range (60-100 °C) for the bimetallic samples,
Au-Ag/CeO, being the most efficient. Noteworthy, the
activity of the bimetallic Au—Ag/CeO, sample was higher
than the sum of the activities of the corresponding mono-
metallics. Over all investigated samples the O, conversion
(Fig. 4b) continuously increased up to 100 % with reaction
temperature then remaining at this value at higher tem-
peratures. Selectivity towards CO oxidation (Fig. 4c),
defined as the ratio of O, consumption for the CO oxida-
tion to the total O, consumption, was always found to
decrease on increasing reaction temperature. This beha-
viour agrees with results reported in the literature and it is
attributed to the fact that activation energy of H, oxidation
was found to be sensibly higher than that of CO oxidation
[36, 37]. This behaviour is also in accordance to the finding
that on gold and copper particles the ratio of surface cov-
erage between CO and H (0co/0y) has been found to
strongly decrease as temperature increases [38]. It must be
also noted that the occurrence of the reverse water gas shift
(RWGS) reaction cannot be fully excluded, chiefly at the
highest temperatures. However, according to the literature,
the RWGS should take place only at reaction temperatures
higher than those employed in our experiments. In fact, no
RWGS reaction was reported to occur on copper supported
on ceria catalysts by Marino et al. at temperatures lower
than 200 °C with a conversion to CO of only 1.1 %
reached at 300 °C [39]. It is also important to remind that,
according to results reported in the literature [35], at the
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same reaction temperature, selectivity was roughly inde-
pendent from the level of conversion. It is noteworthy that
the rate of decrease of selectivity as a function of the
temperature strongly depends on the catalytic system used.
In fact, on Au/CeO, the selectivity (57 % at around 40 °C)
decreases since low temperature (~40 °C), whereas on
Cu/CeO, it remained around 100 % up to 110 °C then
gradually decreasing at higher temperatures. On Ag/CeO,
the selectivity was always very low (<20 %), decreasing in
any case with reaction temperature. The Au—-Cu/CeO,
catalyst exhibited slightly better performance compared to
Au/CeO, sample with a higher selectivity (85 %) at 40 °C
and a similar decreases at high temperatures. The Au—Ag/
CeO, showed 100 % selectivity at low temperature and a
rapid drop for T > 60 °C. Data reported in Fig. 4d clearly
point out that Au—Ag/CeO, was the most active system for
CO oxidation to CO, at low temperature, whereas the Au—
Cu/CeO, showed slightly better performance compared to
Au monometallic sample. The Cu/CeO, sample was the
most effective at higher temperature whereas Ag/CeO, was
always a bad PROX catalyst.

3.2 Catalysts Characterization
3.2.1 H>-TPR Results

Figure 5 reports temperature programmed reduction (H,-
TPR) profiles carried out on ceria based catalysts. In the
examined temperature range (30-550 °C) the CeO, sample
showed one broad reduction peak near 500 °C due to the
reduction of the surface capping oxygens of ceria [40]. The
reduction of bulk oxygens of ceria does not appear in the
TPR profile of Fig. 5, occurring at T > 700 °C [41]. This
reduction peak has been reported to be affected by the
presence of noble or transition metals [31, 42].

J\ Au-Ag/CeQ

. Au-Cu/CeQ,
]
S
_5 Ag/CeQ,
a
1S
>
o
o
-
AulCeQ,
CeO,
T T T T T T T T T T
0 100 200 300 400 500

Temperature (°C)

Fig. 5 TPR profiles of investigated catalysts

On Au/CeO, a quite symmetric peak centred a 105 °C
can be observed. Considering that gold is mainly present in
the metallic state, as confirmed by XPS reported in the next
paragraph, this peak was attributed to the reduction of ceria
surface oxygen species, which in this case occurs at much
lower temperature. This shift reflects the ability of highly
dispersed gold to weaken the Ce—O bond, thus increasing
the mobility of the lattice oxygens [43]. We must remind
that the occurrence of spillover phenomena have been
reported over gold/ceria and gold/ceria-mixed oxides [44,
45]. This could justify the higher hydrogen consumption
observed on Au/CeO, compared to the bare CeO, (see also
Table S1, where a quantitative evaluation of the H, con-
sumption is reported).

On Ag/CeO, TPR profile exhibited a peak with a
maximum at around 150 °C. Taking into account that XPS
data pointed to the presence of metallic silver, this reduc-
tion peak can be assigned to the reduction of surface cap-
ping oxygens of ceria interacting with silver [46]. The
higher temperature of this reduction compared to that of the
Au/CeO, sample indicates a lower interaction of Ag with
the ceria support.

The Cu/CeO, sample shows a peak with a maximum in
the range 190-210 °C and a shoulder at lower temperature
(around 180-190 °C). According to the literature [47, 48]
and taking into account the H, consumption data reported
in Table S1, the two features here observed can be attrib-
uted to the reduction of CuO clusters and of the surface
capping oxygens of ceria that occurs in the same temper-
ature range, making difficult to discriminate between the
two components. It is possible to suggest that a mutual
interaction between ceria and copper oxide takes place,
resulting in an easier reduction of both ceria and copper
oxides. In fact the reduction of bulk CuO has been reported
to occur at higher temperatures [16, 48, 49].

The Au—Cu/CeO, system shows two not well resolved
peaks with maxima at 78 °C and 142 °C, both at much
lower temperature than those of the monometallic Cu one,
suggesting that on the bimetallic system the reduction is
assisted by the presence of Au. It has been reported that Au
promotes the hydrogen adsorption which subsequently
becomes involved in the reduction of both CuO and CeO,
[25]. In the case of Au—Ag/CeO, catalyst, the maximum of
peak was found at significantly lower temperature (85 °C)
than on all other investigated samples, which implies a
stronger interaction of one or both metals (Au and/or Ag)
with the support thus improving the mobility/reducibility
of surface CeO, oxygens.

3.2.2 XPS Results

In order to investigate the oxidation states of involved
species (Ce, Au, Ag and Cu), XPS measurements of mono
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and bimetallic catalysts were carried out, analyzing Ce 3d,
Au 4f, Ag 3d and Cu 2p signals, respectively.

Figure 6 shows the XPS spectra in Ce 3d region for all
samples. According to the literature the satellite peak at
about 917 eV is the fingerprint of Ce*" state [50] and its
high intensity suggests that most part of ceria is in Ce*"
oxidation state. The shoulder at around 885 eV indicates
also the presence of Ce*" ions. Therefore in all sample
both Ce*™ and Ce®" species appear to coexist [51].

The analysis of XPS spectra of gold containing catalysts
in the Au 4f region are plotted in Fig. 7. Two broad bands
are well visible, with maxima at about 84.7 eV (Au 4f;,)
and 88.4 eV (Au 4fs),) respectively for Au/CeO, and Au-—
Cu/CeO, catalysts. Interestingly the signals for the Au—Ag/

Au-Ag/CeO,

Au-Cu/CeO,

Intensity (a.u.)

CulCeO,

920 915 910 905 900 895 890 885 880 875
Binding Energy (eV)

Fig. 6 XPS spectra in the Ce 3d XPS spectra of mono and bimetallic
catalysts

Intensity (a.u.)

92 90 88 86 84 82
Binding Energy (eV)

Fig. 7 XPS spectra in the Cu 2p region for Cu/CeO, and Au—Cu/
CeO, catalysts
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CeO, catalyst are shifted to lower BE respectively at
87.8 eV 4fs), and at 84.1 eV for Au 4f7,,. A shift to lower
BE in XPS is usually associated with an increased electron
density or a reduction to a lower valence state. Therefore
XPS results suggest an electron transfer leading to an
increased electron density around the gold [28]. Moreover
the signals are more intense respect to Au and Au-Cu
samples. In fact, as reported on Table 3, the surface con-
centration of gold on Au—Ag/CeQO, catalyst is about three
times respect to both Au/CeO, and Au—Cu/CeO, catalysts.

It has been generally reported that Au’ species give
transitions at 84.0 eV and 87.7 eV whereas higher BE have
been reported for oxidized Au species (Au®", Aut and
Au3+) [52]. Therefore, on the basis of the position and the
broadness of the bands it can be inferred that gold is mostly
present on the catalytic surface as Au® with some oxidized
Au species (Fig. 7).

In the case of Ag and Au—Ag catalysts the XPS spectra
show two signals (Fig. 8), These bands are located at
around 374.0 eV (Ag3ds/;) and 368.2 eV for Ag/CeO,, at
374.0 eV (Ag 3ds,) and 368.1 eV for Au—-Ag/CeO, This
indicate the presence of metallic silver [53].

The Cu 2p core level spectra for Cu and Au—Cu catalysts
are shown in Fig. 9. The most intense feature is the Cu 2p;/,
peak, observable at around 932.5 eV for Cu/CeO, and at
about 932.8 eV for Au—Cu/CeO,. Both Cu™! and Cu® con-
tributed to the Cu 2ps/, peak, but it is difficult to solve the
individual contribution of each of them. The Cu
monometallic sample showed a shoulder at about 943 eV
that can be attributed to the presence of traces of Ccu*t [47].

The surface compositions of investigated catalysts,
calculated on the basis of XPS analysis, are summarized
in Table 3. On the monometallic samples the surface
concentration of the active metal was 0.2, 0.8 and 1.7 wt%
for Au, Ag and Cu, respectively. Considering that the bulk
metal composition of all monometallic samples was 1
wt%, the above values point to a significant surface
copper enrichment in the case of Cu/CeQO,, as already
reported in the literature [25]. On the contrary on Au/
CeO, the concentration of gold is much lower than the
bulk one suggesting that Au is partially buried into the
ceria support [31]. Interestingly, the bimetallic Au—Cu/
CeO, exhibited a surface composition similar to that of
the corresponding monometallic samples, with a resulting
Cu/Au surface ratio of 7.5. This implies a low degree of
Au—Cu interaction, as also pointed out by TPR analysis.
In contrast in the Au—-Ag/CeO, sample the surface com-
position is quite different from that of the corresponding
monometallic samples with a strong enrichment in Au and
a moderate impoverishment in Ag, resulting in a Ag/Au
surface ratio of 1.08, quite near to the bulk one. This is
compatible with the formation of a Au—Ag alloy or linked
monometallic nanoparticles [28, 54].
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Table 3 Surface composition " -
of samples estimated by XPS Catalysts Au (Wt%) Ag (wt%) Cu (wt%) Cu/Au or Ag/Au ratio
Au/CeO, 0.2 - - -
Ag/Ce0, - 0.8 - -
Cu/CeO, - - 1.7 -
Au-Ag/CeO, 0.6 0.65 - 1.08
Au—Cu/CeO, 0.2 - 1.5 7.5
Ag3d5/2 A 100
98 A
= < 961
> Au-Ag/CeO, -E,, CeO,
£ 2 944 —-—- Au/CeO,
< —— Au-Ag/CeO,
- - = Au-Cu/CeO,
92
90 T T T T T T T T T
———rrr 0 100 200 300 400 500
382 380 378 376 374 372 370 368 366 364 362 Temperature (°C)
Binding Energy (eV)
B CeO,
Fig. 8 XPS spectra in the Ag 3d region for Ag/CeO, and Au-Ag/ - - Ag/CeQ,
CeO; catalysts - -+ - CulCeQ,
—-— Au/CeO,
2 -==== Au-Ag/CeO,
o — Au-Cu/CeO,
Cuzp,,
3_ .....
©
5 | N s T TN, T
2]
3 S
3 Au-Cu/CeO, 2
2
‘B
c
E)
E T T T T T T T T T
0 100 200 300 400 500
CuiCeO, Temperature (°C)
Fig. 10 a TG and b DTA profiles of investigated catalysts
T T T T T T T T T T T ) : _
950 045 910 935 930 925 920 the desorption of physisorbed water molecules as con

Binding Energy (eV)

Fig. 9 XPS spectra in the Au 4f region for Au/CeO,, Au-Ag/CeO,
and Au—Cu/CeO, catalysts

3.2.3 TG/DTA Analysis

The TG and DTA curves of all investigated catalysts are
reported in Fig. 10. The samples show small weight losses
(<3 %) in the 100-200 °C range (Fig. 10a) attributed to

firmed by the endothermic peak visible in the DTA profiles
(Fig. 10b). No weight loss was then observed up to 500 °C,
while DTA showed an exothermic peak with a maximum at
200-230 °C, which can be assigned to the crystallization of
amorphous portion of cerium oxide [55, 56]. Interestingly
this conformational transition was observed at 230 °C on
pure ceria shifting to lower temperatures when a metal is
deposited on the support, reasonably due to the introduc-
tion of major defects in the crystalline structure of ceria.
Another exothermic feature can be observed in the
340-390 °C range only in the Au containing samples

@ Springer
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(mono and bimetallic) and it has been attributed to the
decomposition of residual chlorides from the precursor
used (HAuCly) [57].

4 Discussion

Data reported in the present paper showed that the addition
of copper or silver strongly affects the catalytic behaviour
of the Au/CeO, system both for VOC oxidation and CO-
PROX reaction.

In the case of VOC oxidation Au—Ag/CeO, and Au—Cu/
CeO, bimetallic samples exhibited higher activity than
monometallic Au/CeO, towards the oxidation of 2-propa-
nol to acetone and, to a less extent, ethanol to acetaldehyde.
A synergistic effect between Au and Cu or Ag, that results
in an improvement of the selective oxidation of alcohols,
has been reported in the literature [58, 59]. The deep oxi-
dation of the alcohols to CO, was instead inhibited by the
presence of the second metal. A negative role of the
addition of Ag or Cu to Au/CeO, was also found in the
oxidation of toluene. This is quite reasonable considering
that over ceria supported gold catalysts toluene oxidation
has been reported to proceed directly to CO,, without
formation of intermediate oxidation products [5]. These
results clearly points out that Au—Ag/CeO, and Au—Cu/
CeO, systems are suitable for the selective oxidation of
alcohols to the corresponding carbonyl compound (ketone
or aldehyde), whereas the monometallic Au/CeO, is the
best catalyst for the combustion of oxygenated VOC.

In the preferential oxidation of CO, which can be
regarded as a selective oxidation reaction where the CO
molecule must be selectively oxidized in the presence of
an excess of hydrogen, the addition of Ag to Au/CeO,
also results in an evident improvement of the catalytic
performance. In fact, Au—Ag/CeO, strongly enhanced the
low temperature (60—-100 °C) CO conversion with respect
to the H, one, thus leading to a much higher yield to CO,
and then to a better efficiency in the low temperature CO
removal from H, rich streams, namely under reaction
conditions adopted in PEMFC applications. A similar, but
less evident, positive effect was observed in the case of
the bimetallic Au—Cu/CeO, sample. Some examples of
synergism between gold and copper or silver, giving
superior performance respect to the corresponding
monometallic gold catalyst have been reported in the
literature [25, 27, 54, 60]. Sandoval et al. stated that the
synergistic effect between Au and Ag supported on TiO,
results in significantly higher activity in CO oxidation and
better stability than the monometallic gold catalyst [27].
Déronzier et al. observed a strong interaction between
gold and silver, that resulted in a higher CO oxidation
selectivity at low temperature, ascribed to a large

@ Springer

segregation of silver inhibiting the H, adsorption [54].
Liao et al. highlighted that the synergistic effect between
Au and Cu over ceria was highly dependent upon the Cu/
Au atomic ratio and the thermal treatment, with the best
performance obtained over reduced catalysts, due to a
decrease in the amount of surface copper species upon
reduction treatments [25]. Finally Liu et al. reported an
enhancement in the catalytic activity of silica supported
Au—Cu bimetallic catalysts for both CO oxidation and
PROX reaction, taking place mainly at high reaction
temperatures (T ~ 200 °C) [60].

In order to explain the better performance of investi-
gated bimetallic Au based catalysts in selective oxidations
it must be taken into account that the oxidation of VOC
over reducible oxides based catalysts has been reported to
strongly depend on the mobility of lattice oxygen of the
oxide, as in this case of ceria [31, 61]. However it has been
suggested that chemisorbed and lattice oxygens are both
involved, with a comparable effect, in the deep oxidation of
VOC to CO,, whereas the selective oxidation is mainly
affected by lattice oxygens of metal oxides [12, 62].
Effectively in our case, H,-TPR profiles (Fig. 5) pointed
out that all IB metals (Au, Ag or Cu) deposited on CeO,
promote the reducibility of ceria lattice oxygen species,
which directly reflects the mobility/reactivity of these
oxygens [12, 14]. This effect was more pronounced for
bimetallic Au—Ag and Au—Cu samples, being the highest
for Au—Ag/CeO,. As reported in the literature [63] the
improvement in low-temperature reducibility should be
beneficial for catalytic activity both of VOC oxidation and
CO-PROX reactions which have been reported to occur
through a MVK redox mechanism [5, 13, 64-66]. Inter-
estingly, as shown in Fig. 11, a good correlation has been
found to exist between the temperature at which the
reduction of the catalyst began to occur (TPR initial

250

2 < - ,v)<
~ t ,l., - .
,, -
1 e X
__,.m__.__.._,._,
‘-“ I
=y
._,.m_-_.._,._,._
0C ’.__"_..__‘ - |
50 ' | | ' ‘ I

TPR initial Temperature (°C)

Fig. 11 Tso ethanol and 2-propanol conversions versus TPR initial
temperature: (filled diamond) Au-Ag/CeO,; (filled circle) Au—Cu/
CeOy; (filled square) Au/CeOy,; (filled triangle) Ag/CeOy,; (times) Cu/
CeOz
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Table 4 Activity of catalysts in the PROX reaction at 60 °C

Catalysts Yield to CO»(%) CO conversion (%)
Au-Ag/CeO, 81 83

Au—Cu/CeO, 38 74

Au/CeO, 30 70

Ag/CeO,

Cu/Ce0O, 2 2

temperature) and the temperature at which 50 % of alco-
hols conversion was reached (at this temperature the oxi-
dation proceeds almost selectively to intermediate products
as shown in Figs. 1 and 2). Data of Fig. 11 show that Au—
Ag/CeO, and Au—Cu/CeO, are at the same time more
reducible and more active towards the selective oxidation
than monometallic Au/CeO,. The same activity trend was
also found in the CO-PROX as shown in Table 4, where
CO conversion and yield to CO, are summarized. The
above results support the hypothesis that the mobility of
ceria surface oxygens is crucial for the activity in the
selective oxidation reaction [12, 62]. The increase in the
lattice oxygen mobility of ceria observed by addition of Ag
or Cu to Au/CeO, is probably a consequence of a higher
disorder of the ceria lattice induced by metals, as also
suggested by TG-DTA measurements [67]. It must be
underlined that all investigated samples exhibited compa-
rable values of surface area (110118 m?g™"), ruling out
that the higher reducibility can be somehow ascribed to a
higher surface area.

The better performance in the selective oxidation of
alcohols and in the CO-PROX of the Au—Ag/CeQO, cata-
lyst with respect to Au—Cu/CeO, can be accounted for the
different surface metal composition of investigated sam-
ples. In fact, XPS data (Table 3) showed that in the case
of the Au—Cu bimetallic catalyst the surface concentration
of gold and copper was similar to that of the corre-
sponding monometallic Au and Cu samples and then
richer in copper (present as both Cu™' and Cu®) than in
gold (present mostly as Au’). This surface composition
was in accordance with the low Au—Cu interaction sug-
gested by TPR. On the Au—-Ag/CeO, sample, instead, the
surface gold and silver compositions were quite different
from those of the monometallic samples with a Au
enrichment and a Ag impoverishment. It can be reason-
ably suggested that in the Au—Ag/CeO, bimetallic sample
a strong Au—Ag interaction (formation of a stoichiometric
Ag—Au alloy or linked monometallic particles) occurs,
promoting the dispersion of gold and enhancing the cat-
alytic performance [28, 54]. Sasirekha et al. proposed that
the occurrence of this strong interaction between Au—Ag
boosted the performance of the PROX reaction by
increasing the stability of catalysts [28].

Unfortunately in our case it was not possible to verify
the alloy formation by XRD, mono and bimetallic catalysts
showing only the fluorite structure of CeO, without peaks
related to Au or Ag (see Fig. S1 in supplementary infor-
mation), probably due to the fact that either gold and silver
particles were too small or too low in amount and size to be
detected by XRD. In fact, the preparation method
employed (DP with KOH) leads to Au particles smaller
than 5 nm [4, 5, 13]. Moreover the presence of silver or
copper reported to hinder the Au sintering at high tem-
peratures [21, 27, 51]. On the basis of the above consid-
eration we can reasonably suggest that the occurrence of a
strong Au—Ag interaction, with formation of Au—Ag alloy
or bimetallic clusters, is able to promote a major
enhancement of surface ceria oxygens mobility which
positively affects partial oxidation reactions more than
deep combustion ones.

5 Conclusions

On the basis of the results reported in the present paper the
following conclusions can be drawn, providing some new
insights into the field of VOC oxidation and CO-PROX
reactions:

— Au-Ag/CeO, and Au-Cu/CeO, bimetallic samples
showed a higher selectivity to intermediates in the
oxidation of alcohols (in our case acetone from
2-propanol and acetaldehyde from ethanol), making
these systems good candidates for selective oxidation
reactions.

— Au/CeO, was the most active catalyst for the deep
oxidation of alcohols to CO,, confirming the superior
performance of this system for the combustion of
oxygenated VOC.

— Ag/Ce0O, gave better performance than Au/CeQ, in the
deep oxidation of toluene to CO,, making this catalyst
interesting from a practical point of view for the
toluene combustion, also in consideration of the lower
cost of silver compared to gold.

— In the PROX reaction Au-Ag/CeO, and Au—Cu/CeO,
bimetallic samples showed higher CO conversion and
yield to CO, at low temperatures (<100 °C) than the
monometallic Au/CeO, sample, being suitable for
application in the purification of H, for PEMFC.

— The addition of Ag or Cu to Au/CeO, causes an
enhancement of surface ceria oxygens mobility, leading
to higher activity towards preferential oxidation of CO
and selective oxidation of VOC, reported to occur
through a MVK mechanism. This synergistic effect was
more evident on Au—Ag/CeO, where a stronger inter-
action between Au and Ag has been found to occur.
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