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Au-Ag bimetallic catalysts supported on TiO, were prepared by sequential deposition—precipitation
method, silver first and then gold. Au-Ag catalysts with different Au/Ag atomic ratios were synthesized.
XANES and H; TPR results show that gold is more easily reduced in bimetallic catalysts than in Au/TiO,.
The difference in gold reducibility might result from interaction between Au and Ag species. The Au-Ag/
TiO, catalysts present better temporal stability than monometallic gold catalysts at 20 °C in the reaction
of CO oxidation. Compared to monometallic catalysts, the better catalytic results indicate a synergetic
effect between gold and silver in the reaction of CO oxidation. The highest catalytic activity was obtained
for the catalyst with an Au/Ag ratio of 1:0.37. Temperature of activation under H, has also an important
consequence on the catalytic activity since conversion increases as temperature increases and reached a
maximum for the activation temperature of 550 °C. This optimum results from a compromise between
metal particle size, which increases with the activation temperature between 350 and 650 °C, and the
bimetallic character of the particles determined by UV-visible and micro-EDS, which improves with
the activation temperature. The use of a reducible support such as titania does not lead to much more
active catalysts than those supported on nonreducible supports such as silica, probably indicating that

the whole reaction takes place mainly on the bimetallic particles.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Since the discovery in the late eighties that gold is catalytically
active when it is dispersed as small particles on an oxide support,
the preparation of gold-based catalysts has been widely studied
[1-5]. They are active in many reactions of both industrial and
environmental importance. The most remarkable catalytic proper-
ties of supported gold have been obtained for CO oxidation at
ambient temperature [3-6]. The catalytic activity strongly depends
on the particle size and is highest in the range of 1-3 nm [7-10].
However, it decreases during the catalytic run. Deactivation has
been proposed to be due to nanoparticles sintering [11-14] or to
the formation of carbonates adsorbed onto the reactive sites of
the catalysts [15,16]. Hence, in spite of their good initial catalytic
activity, these catalysts still have very few commercial applications
[17].

A way to overcome the deactivation process is to prepare bime-
tallic catalysts. The physical and chemical properties of bimetallic
particles are usually different from those of their single metal
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counterparts, and they vary significantly as a function of composi-
tion and particle size. The enhanced properties of bimetallic metal
catalysts are generally attributed to either ensemble or ligand ef-
fects, although other factors, related to particle size effects and ma-
trix effects, have been invoked [18].

On the other hand, still in the case of CO oxidation, the Au nano-
particles are known to adsorb CO molecules onto their low-coordi-
nation sites. If molecular oxygen is known to interact with Au
nanoparticles to some extent, the question of oxygen activation
is still a matter of discussion, and oxide supports, such as titania,
are known to favor oxygen activation. A way to improve the ability
of Au to activate oxygen is to alloy it with a second metal having a
stronger affinity for O,.

Indeed, bimetallic combinations such as Au-Ag exhibit signifi-
cantly improved activity and stability and synergetic effects, for
several reasons. Silver can chemisorb O, [19]; silver is also know
as a catalyst for CO oxidation, but at higher temperatures than gold
[20,21]. Compared with gold, which is the most electronegative
metal, Ag has a greater electron-donating ability and could modify
the electronic properties of gold. Moreover, the presence of a sec-
ond metal can induce geometric modifications of the surface of
the gold particles.
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Some studies have indeed shown the potentiality of Au-Ag cat-
alysts for CO oxidation. For instance, lizuka et al. [22,23] found that
silver impurities in unsupported gold nanoparticles enhance their
catalytic activity in CO oxidation. Wang et al. [24-26] reported that
Au-Ag alloy catalyst supported on mesoporous aluminosilicate
was active and stable for low-temperature CO oxidation.

Gold and silver are miscible in all proportions, due to very close
lattice constants [27-29], so the Au/Ag ratio can be varied within a
wide range. Only a few methods have been used to prepare sup-
ported Au-Ag catalysts. Two of them were developed by Wang
et al.: a one-pot method involving preformed Au-Ag colloids in a
hydrothermal treatment to synthesize MCM-41 mesoporous sup-
ports [25,26], yielding metal particles larger than 15 nm, and a
two-pot method involving successive ion adsorption of gold and
then silver on MCM-41 [30] and on commercial silica and alumina
[31], leading to smaller bimetallic particles (3-4 nm). A third
method consists in the co-impregnation of SiO,-Al,03 with gold
and silver precursors followed by bioreduction, which leads to
bimetallic particles of 5 nm [32].

The goal of this work was to prepare Au-Ag catalysts on a
reducible TiO, support by a new method based on deposition-pre-
cipitation and to obtain small metal particles. Deposition—precipi-
tation with urea and with NaOH has been used extensively to
prepare monometallic gold catalysts supported on oxide supports
[3,33,34] and bimetallic catalysts such as Au-Ir [35,36] and Au-
Pd [37] catalysts. To the best of our knowledge, this method has
never been used to prepare Au-Ag bimetallic catalysts, and Au-
Ag catalysts supported on titania have never been tested in CO oxi-
dation. Such Au-Ag samples have been prepared by this method,
characterized, and tested in CO oxidation. Preliminary results have
shown that better catalysts in terms of catalytic performance were
obtained by sequential deposition-precipitation, silver first and
then gold rather than gold first and then silver, or by co-deposi-
tion-precipitation. So, this method is presented in this paper.

2. Experimental
2.1. Catalyst preparation

2.1.1. Preparation of monometallic samples

Titania Degussa P25 was used as support (45 m? g~!, nonpo-
rous, 70% anatase and 30% rutile, purity >99.5%). Commercial
HAuCl,-3H,0 and AgNOs, both from Aldrich, were used as gold
and silver precursors. Before preparation, TiO, was dried in air at
100 °C for at least 24 h. The nominal metal loadings in the mono-
metallic catalysts were 4 wt.% for Au and 2.2 wt.% for Ag, which
corresponds to 0.56 at.% for both samples.

The preparation of a Au/TiO, sample with 4 wt.% Au as theoret-
ical loading was performed by deposition-precipitation with urea
(DPU) in the absence of light following the previously reported
procedure [33,38,39]. Briefly, the gold precursor, HAuCly
(4.2 x 1073 M), and the urea (0.42 M) were dissolved in 50 ml of
distilled water; the initial pH of the solution was 2.4. Then, 1 g of
titania was added to this solution; thereafter, the suspension tem-
perature was increased to 80 °C and kept constant for 16 h under
stirring.

The preparation of Ag/TiO, with 2.2 wt.% Ag as theoretical load-
ing was performed by deposition-precipitation with NaOH
(DPNaOH). For some reasons, not yet elucidated, Ag could not be
deposited on the support by DPU. Ag/TiO, was prepared as follows:
1 g of TiO, was added to 54 ml of an aqueous solution containing
AgNOs (4.2 x 1073 M). The solution was heated to 80 °C. The initial
pH was ~3; then, the pH was adjusted to 9 by dropwise addition of
NaOH (0.5 M), promoting AgOH precipitation on TiO,. The suspen-
sion was vigorously stirred for 2 h at 80 °C.

After the deposition-precipitation procedure, all samples were
centrifuged, washed with water four times, centrifuged again,
and dried under vacuum for 2 h at 80 °C. After drying, the samples
were stored at room temperature in a desiccator under vacuum,
away from light, in order to prevent any alteration [39].

2.1.2. Preparation of bimetallic samples

The gold amount in the solutions corresponded to a nominal
loading of 4 wt.% on the support, while that of silver was chosen
to synthesize Au-Ag catalysts with different nominal Au/Ag atomic
ratios: 1:0.25, 1:0.5, 1:0.75, 1:1, and 1:1.5, i.e., 0.6, 1.2, 1.7, 2.2, and
3.3 wt.% Ag. A sequential deposition method was used to prepare
the bimetallic catalysts. Silver was first deposited on TiO, accord-
ing to the DPNaOH method described above; only the silver con-
centration was changed to get the chosen nominal Ag loading.
After drying at 80 °C for 2 h, gold was deposited by the DPU meth-
od. Then, these samples were washed, dried, and stored as de-
scribed above. The samples are identified as Au-Ag followed by
the Au/Ag atomic ratio, e.g., Au-Ag 1:0.5.

2.2. Catalytic activity

The CO oxidation reaction was studied in a flow reactor at
atmospheric pressure and increasing temperature range from —5
to 500 °C (light-off test). A sample of 0.04 g of dried catalyst was
first activated in situ in a flow of 40 ml/min of hydrogen with a
heating rate of 2 °C/min up to the final activation temperatures,
followed by a temperature plateau of 2 h. After this treatment,
the sample was cooled to —5 °C under the same gas. The reactant
gas mixture (1 vol.% CO and 1 vol.% O, balance N,) was introduced
with a total flow rate of 100 ml/min, and the heating rate was 2 °C/
min. The gases were analyzed with an Agilent Technologies 6890 N
online gas chromatograph equipped with a FID detector and an HP
Plot Q column.

Stability of the catalysts vs. time on stream was examined at
20 °C during a 24-h run after activation in situ, using 30 mg of cat-
alyst activated in situ in hydrogen at the same heating rate and
temperature plateau as described above.

2.3. Characterization techniques

Chemical analysis of Au and Ag in the dried samples was per-
formed by ICP in a Perkin Elmer Optima 4300 DV optical emission
spectrometer. The Au and Ag weight loadings were expressed in
grams of each metal per gram of sample.

Thermal treatments for UV-visible and electron microscopy
characterization were performed under the same conditions as
for CO oxidation reaction: in a U reactor with a fritted plate of
diameter 1.5 cm under a flow of H, (1ml min™ mg_! ) with a
heating rate of 2 °C/min up to a final temperature between 200
and 650 °C and a temperature plateau of 2 h.

Diffuse reflectance UV-visible spectra of the catalysts were ob-
tained using an Ocean Optics USB2000 miniature fiber optic spec-
trometer (ex situ reduction, according to the conditions given).

X-ray absorption near-edge structure (XANES) measurements
on Au/TiO,, Ag/TiO,, and Au-Ag/TiO, were performed at the Au
Ly-edge and at the Ag K-edge at the SAMBA beam line of the SOL-
EIL synchrotron radiation facility (France) using a channel-cut Si
[111] monochromator. The catalysts were measured in the fluores-
cence mode, with 0.5-eV steps from 11,700 to 12,020 eV for the Au
Ly-edge and from 25,400 to 25,600 for the Ag K-edge. The samples
were placed in the sample holder of a Harrick Scientific Products
high-temperature cell for in situ experiments [40]. Each dried sam-
ple was first measured in the initial state (dried) under helium flow
(50 ml/min) at room temperature (RT), then helium flow was re-
placed by pure hydrogen flow (50 ml/min), and the sample was
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heated at a rate close to 2 °C/min, i.e., under the same conditions as
those of activation before the catalytic reaction up to complete
reduction. The XANES scan time was 7 min at the Au edge and
17 min at the Ag edge. The Au-Ag/TiO, sample was studied twice,
each time with a new dried sample, at both the Au and Ag edges.
Reference samples were measured in air at RT in transmission
mode using two argon-filled ionization chambers. Energy calibra-
tion of the monochromator was done using Au and Ag foil. For
Ag® and for Au°, silver foil and gold foil with thickness adjusted
to get a jump of about 1 at the edge were measured. Pellets of
Ag,0 for Ag", of AgO for Ag?", and of Au,05 for Au>* were prepared
from the respective powders mixed with cellulose in proportions
calculated to get a jump of about 1 at the edge. After background
subtraction, the XANES spectra were normalized at E=11,981 for
Au and E = 25,536 for Ag. To follow the evolution of the gold oxida-
tion state of the samples at the Au Lj-edge, the intensity of the
white line was extracted by subtraction of a baseline fitted with
a sigmoid function passing through 11, 900-11,917 and 11,928-
11,930 eV, followed by the integration of the white line.

Hydrogen temperature-programmed reduction (H, TPR) of the
dried catalysts was performed in a RIG-150 unit under a flow of
10% H,/Ar gas mixture (30 ml min~!) and a heating rate of 10 °C/
min from room temperature to 300 °C. H,O produced during the
reduction process was trapped before the TCD detector.

After ex situ reduction (2 °C/min under 40 ml/min of hydrogen
up to a chosen temperature, and then a plateau for 2 h), the sam-
ples were examined by transmission electron microscopy in a
Jeol-2010 FasTem analytical microscope equipped with a Z-con-
trast annular detector and an EDS detector. The average size of gold
particles and the histograms of particle sizes were established from
the measurement of 800-1000 particles. The size limit for the
detection of gold particles on TiO, was about 0.6 nm. The average
particle diameter ds was calculated using the formula ds = > n;d;/
>"n;, where n; is the number of particles of diameter d;. The stan-
dard deviation was calculated with the formula o = [3(d; — d,)?/
S°n;]"2. The micro-EDS measurements were performed on an
Au-Ag catalyst activated at different temperatures under the same
conditions as for the CO oxidation reaction. In every case, about 40
individual particles randomly selected in a unique zone of the cat-
alyst were analyzed.

3. Results
3.1. Elemental analysis

Let us recall that the nominal metal loadings of the monometal-
lic catalysts were 4 wt.% for Au and 2.2 wt.% for Ag, which corre-
sponds to 0.56 at.% for both samples. Table 1 compares the
nominal and the measured gold and silver loadings in wt.% and
the Au/Ag atomic ratios for the Au-Ag samples. As expected for
Au/TiO,, practically all the gold present in solution was deposited
on TiO,. In the case of Ag/TiO,, about 90% of the silver present in

Table 1
Theoretical and actual Au and Ag loadings in the studied catalysts.
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solution was deposited on TiO,. In the case of bimetallic samples,
the actual gold loadings are also very close to the theoretical value
(4 wt.%), whereas for silver, the actual loading is always lower than
the nominal loading. Since silver was first deposited on TiO,, leach-
ing of silver may have occurred during Au deposition. In the fol-
lowing, the Au-Ag samples are designated by their actual loadings.

3.2. Influence of the Au/Ag atomic ratio and the pretreatment
temperature on CO oxidation activity and temporal stability

Fig. 1a shows the conversion of CO as a function of the reaction
temperature for Au-Ag/TiO, catalysts prepared with different Au/
Ag atomic ratios after activation under H, at 550 °C. The catalytic
activity of the monometallic catalysts is also reported for compar-
ison. The Au/TiO, sample is already active at —5 °C (CO conversion
~49%). whereas at temperatures lower than 60 °C, Ag/TiO, is com-
pletely inactive. The Au-Ag samples with atomic ratios 1:0.15,
1:0.37, 1:0.66, 1:0.76, and 1:0.9 show a higher conversion than
Au/TiO,.

The Au-Ag 1:0.76 catalyst was used to perform a systematic
study of the influence of the temperature of activation in H,.
Fig. 1b shows that the sample pretreated at 550 °C is the most ac-
tive. Activation temperatures lower than 350 °C (300 and 200 °C)
were also tested, but the catalyst presented catalytic activity lower
than that of the sample treated at 350 °C. The dried sample did not
show any activity at room temperature, and the CO conversion re-
mained lower than 10% at 200 °C. Note that the activation of Au-Ag
samples under air systematically produced lower catalytic activity.

To determine the stability of the Au-Ag catalysts, time-on-
stream experiments were performed at 20 °C for 24 h. Fig. 2 shows
the results of Au/TiO,, Au-Ag 1:0.66, and Au-Ag 1:0.15 catalysts
activated in Hy at 550 °C. While Au/TiO, deactivates continuously
during the 24 h on stream, the bimetallic Au-Ag 1:0.66 catalyst be-
comes stable after 2-3 h, during which time it activates. The cata-
lyst with the lower Ag loading (Au-Ag 1:0.15) is less stable than
Au-Ag 1:0.66. It is important to note that the CO conversion was
at maximum 65%. Under the same conditions, CO conversion over
Au-Ag 1:0.76 and Au-Ag 1:0.37 was 100%. Hence, the addition of
even a small proportion of Ag leads to much more stable catalysts
than monometallic gold.

To attempt to explain the catalytic results, characterizations
were performed either on the series of bimetallic samples after
activation at 550 °C, or for the Au-Ag 1:0.76 samples at different
activation temperatures. Comparisons are made with monometal-
lic samples.

3.3. XANES characterization

Fig. 3a and b present the normalized XANES spectra of Au/TiO,
and Au-Ag|TiO, 1:0.76 as a function of the activation temperature
under H, compared with Au,03 and Au as reference. As the spectra
were recorded during heating, the temperatures reported on the

Nominal Metal loading (wt.%) Actual Au/Ag atomic
composition Nominal Au Actual Au Nominal Ag Actual Ag ratio

loading loading loading loading
Au 4 3.8 0 0 -
Ag 0 0 22 2.0 -
Au-Ag 1:0.25 4 3.8 0.6 0.3 Au-Ag 1:0.15
Au-Ag 1:0.5 4 3.9 1.2 0.8 Au-Ag 1:0.37
Au-Ag 1:0.75 4 3.8 1.7 14 Au-Ag 1:0.66
Au-Ag 1:1 4 3.9 22 1.6 Au-Ag 1:0.76
Au-Ag 1:1.5 4 3.9 33 1.9 Au-Ag 1:0.90
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Fig. 1. CO oxidation light-off curves of (a) monometallic Au and Ag and bimetallic
Au-Ag catalysts activated at 550 °C under H,; (b) catalyst Au-Ag 1:0.76 as a
function of the temperature of pretreatment in H,.
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Fig. 2. Evolution of conversion of CO (%) as a function of time on stream at 20 °C for
the Au/TiO,, Au-Ag 1:0.15, and Au-Ag 1:0.66 catalysts reduced in H; at 550 °C.

figures are those that correspond to the middle of the spectra. The
Au' spectrum of the Au,05 reference differs from the Au® spec-
trum of the Au reference in the intensity of the white line at
~11,922 eV. For both catalysts, the Au edge is initially similar to
that of Au', indicating that gold is still mainly present in the oxi-
dized form after drying. Then, it reduces to Au® when temperature
increases, mainly between 50-80 and 120 °C. At 160 °C, the XANES
spectrum of Au/TiO, is very similar to that of metallic gold. In Au-
Ag 1:0.76, reduction begins at a lower temperature (~40 °C) and is
also over at a lower temperature (~100 °C) (Fig. 3b). The variation
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Fig. 3. XANES spectra at the Au Ly;-edge of (a) Au/TiO, catalyst after drying at 80 °C
and during activation in hydrogen at increasing temperatures and Au® and Au™
(Au,03) references; (b) Au-Ag 1:0.76 catalyst after drying at 80°C and during
activation in hydrogen at increasing temperatures. (c) Intensity of the white lines of
Au/TiO, and Au-Ag 1:0.76 at the Au Ly-edge versus activation temperature.

of the white line intensity with temperature plotted in Fig. 3¢ con-
firms that gold in Au-Ag 1:0.76 catalyst is more easily reduced
than that in Au/TiO,. The shape of the two graphs is discussed later.

Fig. 4a and b show the XANES spectra at the Ag K-edges of Ag/
TiO, and Au-Ag 1:0.76 samples in the initial state after drying and
after thermal treatments; they are compared with the Ag® and Ag'
(Ag,0) references. The main difference is seen in the initial state:
Ag in Ag|TiO, is already in the metallic state after drying, whereas
the edge of Ag in Au-Ag/TiO, does not correspond to that of Ag®,
nor to that of Ag,0. Increasing temperature under H, induces the
reduction in Ag in Au-Ag between 60 and 150 °C.
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Fig. 4. XANES spectra at the Ag K-edge of (a) Ag/TiO, catalyst after drying at 80 °C
and after activation in hydrogen at 300 °C and Ag® and Ag' (Ag,0) references; (b)
Au-Ag 1:0.76 catalyst, after drying at 80 °C and during activation in hydrogen at
increasing temperatures. (c) FEFF8 simulations of the XANES spectra at the Ag K-
edge of Ag,0, Ag®, and AgCl.

To interpret the XANES spectra at the Ag K-edge of the bimetal-
lic sample before thermal treatment, the XANES spectra of Ag,0,
Ag, and AgCl were calculated using the FEFF 8.0 code [41]
(Fig. 4c). For Ag,0 and Ag, although the edge position is shifted,
due to the difficulty of calculating the self-energy [42], the XANES
shapes are similar to the experimental ones (Fig. 4a and b), which
validates the comparison between calculated and experimental
spectra. So the fact that the calculated XANES of AgCl has a shape
similar to the experimental signal after drying is an indication that
the initially deposited Ag species have reacted, at least partially,

with chlorides introduced during DPU of Au (HAuCl, precursor).
The easy formation of AgCl by reaction of Ag* species and Cl~ is fre-
quently evoked in the literature related to the synthesis of sup-
ported Au-Ag particles [31,32]. However, the formation of AgCl
requires that Ag in the metallic state on titania before gold deposi-
tion be reoxidized. Consider the following redox potentials [43]:

AgOH or Ag,0 + H,0 + 2e~ = 2Ag + 20H™ + 0.342 — 0.345 eV
AuCly +3e” 2 Au+4Cl~ +0.994 — 1.002 eV.

The Au?*/Au redox potential is higher than that of Ag*/Ag; as a con-
sequence, the gold precursor is indeed able to oxidize metallic
silver.

3.4. TPR characterization

The reducibility of the catalysts was also studied by TPR. Fig. 5
displays the TPR profiles of Au/TiO,, Ag/TiO,, and the bimetallic
Au-Ag/TiO, samples. In the case of Ag/TiO,, no reduction peak is
observed, which confirms the XANES result (Fig. 4a) that Ag was al-
ready reduced in the dried sample. In the case of Au/TiO,, the
reduction profile is characterized by a peak with a maximum at
T=120°C. The reduction in the sample begins at 100 °C and ends
at ~165 °C, in agreement with the XANES results, which showed
that Au was still in the oxidized form after drying, and was reduced
between 50-80 and 160 °C.

For the bimetallic samples, the reduction profile is character-
ized by a peak with a maximum at temperatures between 122
and 126 °C, i.e., close to that of Au/TiO,. However, some differences
are observed if one considers the temperatures at which reduction
starts and ends. In Au-Ag/TiO, samples, reduction starts and ends
at lower temperatures (Tseare ~ 75 °C, Tena = 150 °C, respectively)
than in Au/TiO; (Tstare = 100 °C, Tepg = 160 °C), which is consistent
with the XANES results: reduction between 50 and 100 °C for gold
and between 60 and 150 °C for silver (Figs. 3 and 4).

3.5. UV-visible characterization

The UV-visible spectra (Fig. 6a) of the monometallic and bime-
tallic catalysts reduced at 550 °C show a broad absorption band
due to the surface plasmon resonance (SPR) of gold and silver.
The plasmon band is centered at 560 nm for Au/TiO, and 480 nm
for Ag/TiO,, and the absorption band is blue-shifted from 560 to
540 nm as the percentage of silver increases in the bimetallic cat-
alysts; the width of the surface plasmon band increases as well.

50 100 150 200 250
Temperature (°C)

Fig. 5. TPR profiles of monometallic Au/TiO, and Ag/TiO, and bimetallic Au-Ag
catalysts with various Au/Ag ratios.
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Fig. 6. UV-visible spectra of (a) Au/TiO, and Ag/TiO, and bimetallic Au-Ag catalysts
with various Au/Ag ratios after activation in H; at 550 °C; (b) catalyst Au-Ag 1:0.76
after different temperatures of activation in Hj.

Fig. 6b shows the UV-visible spectra of the Au-Ag 1:0.76 sam-
ple activated at various temperatures between 350 and 650 °C. The
maximum of the absorption band shifts from 554 to 540 nm as the
temperature increases, while the bandwidth becomes slightly
narrower.

3.6. Electron microscopy: size and composition of the nanoparticles

Fig. 7 shows typical images of Au-Ag 1:0.76 reduced in hydro-
gen at 350, 450, 550, and 650 °C. The average metal particle size
and the size distribution, reported in Table 2 and Fig. 8, increase
with temperature. Table 3 reports the metal particle size in the
Au-Ag catalysts with different Ag/Au ratios and after activation
at 550 °C. Whatever the Au/Ag ratio, the average particle size is
the same, 3.7-3.9 nm. The particles are much smaller than the Ag
particles in Ag/TiO, (9 nm) and almost the same size as gold parti-
cles in Au/TiO; (4.1 nm).

To determine the homogeneity of the composition of the parti-
cles in bimetallic samples, a systematic study of the Au-Ag 1:0.76
catalyst reduced in H; at 350, 550, and 650 °C was performed by
micro-EDS coupled to transmission electron microscopy. For each
sample, about 40 individual particles randomly selected in a un-
ique zone of the catalyst were analyzed. Table 2 reports the per-
centage of mixed particles (particles that contain both Au and
Ag) and also the percentage of particles that have an Au/Ag atomic
ratio close to the actual Au/Ag ratio, i.e., 1:0.76.

When the sample is treated at 350 °C, three kinds of particles
are observed: monometallic Au and Ag (in low proportion) and
bimetallic Au-Ag (75%). Among the 75% of bimetallic particles,

only 10% have an Au/Ag atomic ratio close to the actual Au/Ag ra-
tio. The particle composition in this sample is therefore not homo-
geneous. When the sample is treated at 550 °C, 90% of the particles
are bimetallic and about 30% of them have an Au/Ag ratio close to
the actual Au/Ag ratio determined by chemical analysis. In the
sample treated at 650 °C, all of the particles analyzed are bimetallic
and about 60% of them have an Au/Ag ratio close to the actual ratio.

4. Discussion
4.1. Oxidation state of gold and silver in the dried samples

According to XANES (Fig. 3a) and TPR (Fig. 5), gold in dried Au/
TiO, is mainly present in the oxidized state III, in agreement with
former work [10,38]; this is also true for gold in Au-Ag/TiO,
(Fig. 3b). In contrast, Ag in dried Ag/TiO, is already reduced after
drying (XANES in Fig. 4a and TPR in Fig. 5), whereas in Au-Ag/
TiO,, it is still in the oxidized state I and in the form of AgCl, as al-
ready discussed (Fig. 4b). The reason for the different oxidation
states of silver may be that AgCl in Au-Ag/TiO, is less reducible
than AgOH in Ag/TiO,, or that interaction with the gold precursor,
i.e., the gold-urea complexes formed during DPU [38], inhibits sil-
ver reduction. On the other hand, it is possible that the silver frac-
tion, which is leached during the washing step after Au DPU, and
leads to lower Ag loading in Au-Ag/TiO, than in Ag/TiO, (Table 1),
is some of the precipitated AgCl not interacting with the support.

4.2. Reducibility of gold and silver

Gold reduction occurs at a lower temperature in Au-Ag/TiO,
1:0.76 (total reduction at 100 °C according to XANES in Fig. 3b)
than in Au/TiO, (total reduction at 160-165°C according to
XANES (Fig. 3a) and to TPR (Fig. 5)). Such low-temperature
reduction has already been observed in Au/TiO, samples [44-
46]. According to Fig. 3c, the reduction in gold occurs in two
steps, first fast reduction in most of the gold and then slow
reduction in the remaining gold; this reduction process is shifted
toward lower temperature in the case of Au-Ag/TiO,. The differ-
ence in gold reducibility might result from interaction between
Au and Ag species.

In contrast, reducibility of silver is delayed in Au-Ag/TiO, 1:0.76
(total reduction at 150 °C according to XANES, Fig. 4b) compared
with Ag/TiO,, in which Ag is already reduced after drying at
80 °C. As mentioned earlier, the reason could be that the silver pre-
cursors are different in the two samples, AgCl and AgOH. As the
reduction in gold occurs at lower temperature than that of silver,
according to XANES, the TPR profile of Au/Ag catalysts can be inter-
preted as a combination of the reduction in both metal precursors,
gold first, at the beginning of the reduction peak, and then silver, in
the latter part of the reduction peak.

4.3. Evolution of the metal particles in the reduced samples

Once reduction in gold and silver is over above 150 °C, and
when higher hydrogen thermal treatments are applied, between
350 and 650 °C, the average size of the metal particles increases.
Meanwhile, the metal particles become more bimetallic (Table 2).
After activation at 350 °C, micro-EDS shows that only 75% of the
particles are bimetallic. This is probably because the two metals
were sequentially deposited on the support (first silver, then
gold) and do not interact with each other until both gold and sil-
ver or gold or silver atoms become mobile when the activation
temperature is high enough. Since gold and silver are miscible
in all proportions, mobility favors the formation of bimetallic
particles. The fact that metal particle size increases and the
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Fig. 7. HAADF images of Au-Ag 1:0.76 catalyst after different temperatures of activation in Hy: (a) 350 °C, (b) 450 °C, (c) 550 °C, (d) 650 °C.

Table 2
Evolution of the average particle size and particle composition (determined by micro-
EDS) in catalyst Au-Ag 1:0.76 as a function of the activation temperature.

Activation Average Standard % of particles % of particles
temperature particle deviation containing both  with Au/Ag ratio
(°C) size (nm)  (nm) Au and Ag of 0.76 + 0.08
350 2.6 0.63 75 10

450 33 0.72 - -

550 39 0.99 90 30

650 5.4 1.80 100 60

particles become more bimetallic as the activation temperature
increases from 350 to 650 °C (Table 2) is in line with this inter-
pretation. In a former study [47], some of us showed that the
size of gold particles in Au/TiO, prepared by DPU barely changed
during reduction under H, between 300 and 500 °C, from 1.7 to
2.1 nm. We can therefore tentatively propose that the increase in
size observed in the Au-Ag samples results from silver mobility
and leads to larger particles, but also to particles more homoge-
neous in composition, as observed by micro-EDS (Table 2).

The UV-visible spectra of Au-Ag/TiO, 1:0.76 (Fig. 6b) slightly
change with the activation temperature; the maximum of the
absorption band shifts from 555 to 540 nm, and the bandwidth be-
comes slightly narrower as activation temperature increases. This
could be also an indication of the formation of more homogeneous
particles. However, this could be also due to enrichment of the par-
ticles’ surface with silver when the activation temperature is in-
creased. Indeed, Wang et al. [24] in a study with Au-Ag/MCM41
catalysts proposed, based on complementary XPS experiments,
that the blue shift of the SPR band with the higher reduction tem-
perature implied changes in particle surface composition and sur-
face enrichment with Ag. The change in the position of the
maximum SPR could also be related to change of metal particle size

[48], which also occur when the temperature of activation is in-
creased (Table 2).

4.4. Catalytic properties of Au-Ag catalysts pretreated at various
temperatures

Activation temperature has an important consequence for cata-
lytic performance, because conversion increases when activation
temperature increases (Fig. 1b), but it reaches a maximum at an
activation temperature of 550 °C. This optimum may result from
the fact that as the activation temperature increases, on the one
hand, the particle becomes more bimetallic and more homoge-
neous in composition, according to micro-EDS (Table 2), which is
advantageous for activity (synergetic effect), but on the other hand,
the particles increase in size (Table 2), which is detrimental for
activity. The highest activity at 550 °C may therefore result from
a compromise between particle size and particle composition.

Wang et al. [26] previously reported that reduction in Au-Ag/
MCM-41 at 550-600 °C also led to the highest activity in CO oxida-
tion at room temperature. They also provided evidence for a syner-
getic effect between gold and silver in Au-Ag catalysts on various
nonreducible supports such as MCM-41, SiO,, and Al,O3 [24-
26,30,31]. They proposed that Ag plays a key role in the activation
of oxygen and that particle size is not a critical factor, as in the case
of monometallic gold catalysts. In a detailed study on the adsorp-
tion of oxygen on Au-Ag alloy particles of about 100 nm supported
on alumina, Kondarides and Verykios [49] found that molecular
oxygen adsorption on Ag is favored by the presence of Au. Wang
et al. [26] proposed that oxygen could be adsorbed and activated
on the Ag sites of the alloy particle surface, while CO adsorbs on
Au. Note that it has been shown previously that CO adsorption
on gold occurs only on low-coordinated sites [10,50]. Wang et al.
[26] also proposed that molecular oxygen would be more easily
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Fig. 8. Histograms of metal particle size in Au-Ag 1:0.76 catalysts after different temperatures of activation in Hs: (a) 350 °C, (b) 450 °C, (c) 550 °C, (d) 650 °C. The average
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Table 3
Average particle size in catalysts with various Au/Ag atomic
ratios, activated in hydrogen at 550 °C.

Catalyst Average particle Standard
size (nm) deviation (nm)
Au/TiO, 4.1 0.82
Au-Ag 1:0.37 3.8 0.86
Au-Ag 1:0.66 3.7 0.82
Au-Ag 1:0.76 3.9 0.99
Au-Ag 1:0.90 3.8 0.87
Ag|TiO, 9.0 3.40

activated by the Au-Ag ensemble on the surface to form O, species
than on Ag. Moreover, their DFT calculation showed that in CO oxi-
dation, an electron transfer from Ag to the antibonding orbital of
the O, molecule weakens the O-O bonding, thus improving the
oxygen activation. With a neighboring adsorbed CO, the oxygen
transfer reaction then would occur easily, explaining the synergetic
effect between gold and silver.

4.5. Evolution of the catalytic properties with the Au/Ag ratio after
activation at 550°C

Whatever the Au/Ag ratio, the average size of the metal parti-
cles in the Au-Ag/TiO, catalyst is constant (3.7-3.9 nm) and is al-
most the same as that of the monometallic gold particles
(4.1 nm), but is much smaller than that of the silver particles in
Ag/TiO, (9 nm) (Table 3). This suggests that the average particle
size in bimetallic catalysts is driven by the presence of gold, which
also attests to the existence of Au-Ag interactions.

The UV-visible spectra of the Au-Ag/TiO, samples activated at
550 °C (Fig. 6a) show that the SPR band is blue-shifted and the
bandwidth increases, as the proportion of silver in the bimetallic

catalysts increases. In the case of the Au-Ag 1:0.9 sample, a shoul-
der at 480 nm is clearly visible and can be attributed to the pres-
ence of monometallic or poorly bimetallic silver particles. Since
we know from micro-EDS (Table 2) that Au-Ag 1:0.76 contains a
rather low proportion of bimetallic particles, with an Au/Ag ratio
close to the one given by chemical analysis, it can be assumed that
in Au-Ag 1:0.9, this proportion is still lower and the proportion of
monometallic Ag particles still higher. So the blue shift and the
bandwidth increase could result from an increasing proportion of
monometallic silver particles, i.e., from an increase in the inhomo-
geneity of the Au/Ag composition in the particles as the proportion
of silver increases.

4.6. Evolution of the catalytic properties with the Au/Ag ratio for
catalysts activated at 550°C

It is interesting to note that in the range of temperatures at
which Ag/TiO, is completely inactive (<60 °C), the Au-Ag samples
are more active than gold (Fig. 1a), except Au-Ag 1:0.15, which is
not very different from monometallic gold. This is clear evidence of
a synergetic effect between gold and silver. Although the samples
containing more silver show rather close conversion, it seems that
the most active catalyst is Au-Ag 1:0.37 catalyst (Fig. 1a). This re-
sult is in agreement with the results by Wang et al. [26], who
showed that for a series of Au-Ag catalysts on MCM-41 prepared
with preformed colloids, Au-Ag 3:1 catalyst (equivalent to
1:0.33) gave the highest activity in CO oxidation reaction. How-
ever, these results are different from those obtained by Wang
et al. [51] in another study of CO oxidation over a series of Au-
Ag/SiO, catalysts, also prepared by a colloidal method, which
showed that the Au-Ag 1:1 catalyst was the most active catalyst.

In addition to the synergetic effect due to the addition of silver
to gold and the formation of bimetallic particles, the Au-Ag/TiO,
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Table 4
Comparison of the reaction rates for the CO oxidation of Au-Ag/TiO, catalysts with
those reported in the literature.

Reaction rate  Source
(molmol, s~1)

Catalyst T Average Contact
(°C) particle time

size (nm) (g hmolcy)

Au-Ag 1:0.15 30 - 16 0.070 This work
Au-Ag 1:0.37 30 3.8 16 0.086 This work
Au-Ag 1:0.66 30 3.7 16 0.076 This work
Au-Ag 1:0.76 30 39 16 0.079 This work
Au-Ag 1:0.90 30 3.8 16 0.069 This work
Au-Ag/MCM-41 30 4.1 234 0.060 [31]
1:0.13
Au-Ag/SiO, 1:0.31 20 33 2.2 0.050 [30]
Au-Ag/SiO, 1:0.52 20 34 22 0.028 [30]

catalysts exhibit much better stability than the monometallic gold
catalysts in CO oxidation (Fig. 2). The same observation was made
by Wang et al. in the case of Au-Ag/MCM41 [25,26,30]. It therefore
seems that the stability of the bimetallic Au-Ag catalysts is inde-
pendent of the nature of the support. The initial increase in activity
within the first 2-3 h of reaction, which is not observed with
monometallic gold, could be explained by restructuring of the par-
ticles and surface enrichment by one of the metals in the presence
of the reactant mixture. For example, it has been shown in gold-
based bimetallic systems such as Au-Ag [24], Au-Pd [52], and
Au-Pt [53] that the surface composition and the particle structure
change greatly with temperature. CO oxidation is a highly exother-
mic reaction, which could induce an increase in temperature in the
particles and particle restructuring. It must also be noted that the
catalytic activity of our Au-Ag/TiO, catalysts measured at 30 °C
(Table 4) is very close than those of Au-Ag/MCM41 and Au-Ag/
SiO, catalysts for similar reaction temperatures and particle sizes
[30]. In contrast to the case of CO oxidation over monometallic gold
catalysts, use of a reducible support such as titania does not lead to
Au-Ag catalysts much more active than those supported on nonre-
ducible supports such as silicas. This is a good indication that in the
case of the Au-Ag catalysts, the reaction takes place on the metal
particles, and that because oxygen can be activated on silver sur-
face atoms, the involvement of the support in the reaction mecha-
nism is either null or negligible. This would require confirmation
with a comparative study involving Au-Ag catalysts prepared with
the same method of preparation, containing the same particle size,
and tested under strictly the same conditions.

5. Conclusions

We have developed a new method of preparation of Au-Ag/TiO,
catalysts based on sequential deposition—precipitation of silver
and then gold, which leads to rather small metal particles
(~4 nm). Au-Ag/TiO, catalysts activated in H; at high temperature
(550 °C) exhibit significantly higher activity in CO oxidation at RT
and better temporal stability than monometallic gold catalysts
containing particles of the same size (4 nm); monometallic silver
catalyst is inactive at RT. These results confirm that there is a syn-
ergetic effect between gold and silver. In addition, the catalytic
activities determined with the Au-Ag/TiO, catalysts compared
well with those obtained for Au-Ag on nonreducible supports,
indicating that the support is not involved in the reaction as in
the case of monometallic gold catalysts and that molecular oxygen
can be activated on silver atoms. On the other hand, the results
obtained on the reducibility of the metal precursors in the dried
samples, the metal particle size, and catalytic activity all give
indirect evidence for interaction between Au and Ag in the reduced
Au-Ag/TiO, samples, which was confirmed by micro-EDS analysis

performed on individual particles. Moreover, as the temperature of
activation under H, increases, the Au/Ag atomic ratio measured in
the particles becomes closer to the value given by catalytic chem-
ical analysis, indicating the formation of better-alloyed particles as
the reduction temperature increases.
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