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SiO2-supported monometallic and bimetallic platinum–gold catalysts are prepared by deposition of
metal nanoparticles stabilized by mercaptopropyltriethoxysilane (MPTES) after different aging time of
the solution containing metal ions and MPTES. The materials are tested in the hydrodesulfurization
(HDS) reaction of thiophene and compared with corresponding catalysts prepared by the conventional
deposition–precipitation (DP) method. The monometallic Pt and the bimetallic Au–Pt prepared by DP
have comparable activity. With respect to the platinum catalyst prepared by DP, the corresponding plat-
inum catalyst prepared by MPTES particle stabilization exhibits a substantial enhancement of the activity
regardless the solution aging time. On the contrary, the MPTES-assisted Au–Pt catalysts have different
activities, depending on the solution aging time, with the most active being the one obtained with the
5-day-aged solution. In accord with XRD, XPS, and FTIR, the aging time of the solution, through the dif-
ferent interaction of Pt or Au precursors with the mercapto groups, has a crucial effect on the structure
and on the surface of the catalysts. The observed differences in the catalytic activity are related to the
structural and compositional changes of the bimetallic particles.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Supported noble metals have been used as HDS catalysts in
alternative to the traditional CoMo systems [1–3]. Due to their ele-
vated hydrogenation activity, the Pd- and Pt-based catalysts are
particularly suitable for deep HDS involving hydrogenation of the
aromatic hydrocarbon as a preliminary step to the C–S cleavage
[4]. At variance with the traditional CoMo or NiMo catalysts which
are active as sulfides, Pd and Pt catalysts are active in the metallic
state, and they allow to work at milder conditions in terms of tem-
perature and pressure. Nevertheless, a major drawback in their use
is their limited lifetime due to the easy poisoning of the active sites
by sulfur [5–7]. Appropriate choice of the support and/or alloying
with another metal is possible ways for increasing the sulfur toler-
ance [8–10]. Bimetallic systems such as Au–Pd, Au–Pt, and Pd–Pt
catalysts, used in hydrodesulfurization and hydrogenation reac-
tions, exhibit enhanced activity and longer lifetime as compared
to the monometallic palladium and platinum catalysts [11–13].
Bulky metallic gold has limited ability to dissociate H2 molecules
[14]; however, as supported nanostructured particles, it has been
used successfully in different hydrogenation reactions, such as
hydrogenation of nitroaromatic compounds or hydrodesulfuriza-
ll rights reserved.
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tion of benzothiophene [15–17]. In the case of the hydrodesulfuri-
zation of dibenzothiophene, gold particles supported over silica are
able to activate the C–S bond rupture allowing, under high hydro-
gen pressure, the direct sulfur extrusion pathway of the HDS reac-
tion [16]. Most of the reported studies confirm that gold acts as a
structural and/or as an electronic promoter of the Pd or Pt noble
metals providing synergistic catalytic effect [12,17,18]. Moreover,
inhibition of coke formation and enhancement of the hydrogena-
tion activity with Au–Pt and Au–Pd systems have been reported
and attributed to the geometric effect resulting from the dilution
of the Pd or Pt ensemble in the binary Au–Pd and Au–Pt systems
[12,18]. The extent of the alloy formation and its composition is
strongly dependent on the supports and also on the preparation
method [12]. To this respect, we have recently shown how differ-
ences in the metal–carrier interaction, induced by support func-
tionalization with mercapto groups, affected the Au–Pd
dispersion, the formation and the composition of alloyed phases
and therefore the HDS activity [19]. Unlike the Au–Pd system
which in the macroscopic state form a continuous range of solid
solutions and allows the attainment of truly bimetallic nanoparti-
cles, the Au–Pt-phase diagram exhibits a considerable miscibility
gap (i.e., between 18 and 97 wt%) [20]. Phase segregation of the
two metals and inhomogeneous composition of the resulting
bimetallic Au–Pt particles are quite common. However, sufficiently
small particles, obtained through a variety of chemical methods,
can form true solid solution [21]. As for Au–Pd systems described
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before [19], the possibility of modifying the structure of supported
Au–Pt particles by the use of mercapto groups is here exploited.

To this aim, a new procedure for the preparation of silica-sup-
ported monometallic and bimetallic Au–Pt catalysts is described.
Au, Pt, and Au–Pt particles are first synthesized by using merca-
ptopropyltriethoxysilane (MPTES) as stabilizing agent and as car-
rier for the particle deposition over amorphous silica. In order to
discriminate the effect of the ligand–metal interaction, different
aging time of the metal–MPTES solution before adding silica is con-
sidered. The obtained solids are characterized by X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), and Fourier trans-
form infrared spectroscopy (FTIR) techniques, and they are preli-
minary tested in the thiophene hydrodesulfurization (HDS)
reaction.

2. Experimental

2.1. Sample preparation

Catalysts were prepared by dissolving metallic precursors
(AuCl3 or PtCl2) in 5 mL of ethanol and adding equimolar amounts
of MPTES with respect to the metal precursors. It is worth to men-
tion that the gold precursor dissolved immediately in ethanol and
upon addition of the MPTES reagent the solution started darkening
until becoming completely black in 4 h. The platinum precursor,
which was not soluble in ethanol, dissolved in the presence of
MPTES giving a clear yellow solution. Adding MPTES to the suspen-
sion containing the gold and the platinum precursors produced a
yellowish clear solution. The obtained mixture was left aging for
0, 1, or 5 days; thereafter, commercial SiO2 (Aldrich; surface area
of 546 m2/g) was added and left 24 h under stirring at room tem-
perature. The samples were then filtered, washed with ethanol,
dried at 80 �C for 3 h, and calcined at 400 �C for 1 h. The metal load-
ing, checked by X-ray fluorescence, was equal to the nominal 1 wt%
for each metal. The silica-supported samples were labeled with the
element symbols, Au, Pt, or AuPt followed by the numbers 0, 1, 5
referring to the aging time of 0 day, 1 day, and 5 days, respectively,
of the metal–MPTES solution before contacting it with the silica
carrier. For comparison reason, a monometallic platinum catalyst
and a bimetallic AuPt catalyst, with the same metal loadings of
the above ones, were prepared by deposition–precipitation meth-
od using urea as precipitating agent [11].

2.2. Samples characterization

X-ray diffraction (XRD) analyses were performed with a Bruker
goniometer using Ni-filtered Cu Ka radiation. A proportional coun-
ter and 0.05� step sizes in 2h were used. The assignment of the
crystalline phases was based on the JPDS powder diffraction file
cards [22].

The X-ray photoelectron spectroscopy (XPS) analyses were car-
ried out with a VGMicrotech ESCA 3000Multilab, equipped with a
dual Mg/Al anode. The unmonochromatized Al Ka source
(1486.6 eV) run at 14 kV and 15 mA was used to excite the spectra.
The analyzer operated in the constant analyzer energy (CAE) mode.
For the individual peak energy regions, a pass energy of 20 eV set
across the hemispheres was used. Survey spectra were measured
at 50 eV pass energy. The samples were analyzed as powders
mounted on a double-sided adhesive tape. The pressure in the
analysis chamber was in the range of 10�8 Torr during data collec-
tion. The constant charging of the samples was removed by refer-
encing all the energies to the C 1s set at 285.1 eV, arising from the
adventitious carbon. The invariance of the peak shapes and widths
at the beginning and at the end of the analyses ensured absence of
differential charging. Analyses of the peaks were performed with
the software provided by VG, based on non-linear least squares fit-
ting program using a weighted sum of Lorentzian and Gaussian
component curves after background subtraction according to Shir-
ley and Sherwood [23,24]. Atomic concentrations were calculated
from peak intensity using the sensitivity factors provided with
the software. The binding energy values are quoted with a preci-
sion of ±0.15 eV and the atomic percentage with a precision of
±10%.

The FT-IR spectra were recorded using a Bomem Hartman &
Braun MB-102 model FT-IR spectrometer with a liquid nitrogen-
cooled MCT detector at a resolution of 4 cm1 (100 scans). The
self-supporting disks (�0.01 g/cm2) were activated in the IR cell
by heating for 1 h in a vacuum at 350 �C and in 100 Torr of oxygen
at the same temperature, followed by evacuation for 1 h at 350 �C.
The adsorption of CO was carried out at room temperature and CO
equilibrium pressure of 50 Torr. The stability of the adsorbed spe-
cies was monitored by evacuation of gaseous CO at room temper-
ature for 30 min to a residual pressure of 5 � 10�4 Torr. The spectra
of adsorbed gases were obtained by subtracting the spectra of the
activated sample from the recorded spectra. The sample spectra
were also gas-phase corrected.

2.3. HDS reaction

The hydrodesulfurization of thiophene was carried out in the
vapor phase using a continuous flow microreactor [12]. An amount
of 200 mg of catalyst (sieved fraction 210–430 mm), diluted with
inert particles of SiC (in a weight ratio of 5:1 with respect to the
catalyst), was used for each test. The samples were reduced
in situ for 2 h in H2 (flow at 50 ml min�1 and at 400 �C at a rate
of 7 �C min�1). After purging with nitrogen, the HDS of thiophene
was carried out at 340 �C with 5.3 vol.% thiophene in H2 and
WHSV = 7500 h�1. The reaction products were analyzed by online
gas chromatography (Carlo Erba GC 8340 gaschromatograph).
Fractional conversions were calculated from the ratio of the peak
area of the C4 products over the sum of the peak areas of the prod-
ucts and thiophene. The reaction rate constants for HDS (kHDS) per
gram of catalyst of the pseudo first-order reaction with respect to
thiophene (hydrogen in large excess) were calculated using the
integral reactor equation

kHDS ¼ �lnð1� xÞF0=W

where x is the fractional conversion at the steady-state conditions,
reached after 10 h on stream, assuming F0 (ml s�1) the volumetric
reagent gas flow and W the weight of the catalysts (g). A percentage
of initial deactivation %d was calculated by the differences between
the conversion at the beginning of the test xi, considered after 2 min
of time on stream, and conversion at the steady-state plateau xf as

%d ¼ 100ðxi � xf Þ=xi

[11]. Measurements of the rate constants at four different temper-
atures (340 �C, 355 �C, 370 �C, and 395 �C) for selected samples al-
lowed the determination of the activation energy.

3. Results

3.1. Catalytic activity

Thiophene HDS conversion data were collected at 8 min interval
during the first 2 h and then at 60-min interval over a period of
16 h. A typical plot of the rate constant versus time on stream is
shown in Fig. 1 for the AuPt5 sample, with the corresponding
Arrhenius plot given in the inset. For all samples, a plateau of stea-
dy-state conditions was reached after about 10 h. The activation
energies calculated for all the samples were of the order of
45 kJ mol�1, close to the values obtained for supported AuPd



Fig. 1. AuPt5 HDS reaction rate versus time on stream. The Arrhenius plot is given
in the inset.

Table 1
Silica-supported calcined metal catalysts with the corresponding metal phases and
metal particle diameters.

Sample Phases Particle diameter (nm)a

Au0 Metallic Au 39
Au5 Metallic Au 4 (82%) 36 (18%)
Pt0 Amorphous –
Pt5 Amorphous –
AuPt0 Au65Pt35 3 (63%)

Metallic Pt 13 (37%)
AuPt1 Metallic Au 7 (54%)

Metallic Pt 5 (45%)
AuPt5 Metallic Au 30(29%)

Au52Pt48 3 (71%)
AuPt(DP) Metallic Au 15 (56%)

Au15Pt85 8 (44%)

a The percentages of the Sherrer used peak intensities are given in parentheses.
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catalysts [11]. In Fig. 2, the thiophene HDS reaction rate of the
samples as a function of different aging time of the metal–MPTS
solution before adding the support is shown. The activity of the
monometallic gold catalysts, not reported in the diagram, was
negligible in accord with a previous study [11]. As compared to the
deposition–precipitation method, the new synthesis with the use
of the MPTES ligand produces considerably more active monome-
tallic platinum catalysts, regardless the aging time of the solution.
For the bimetallic catalysts, with respect to the DP sample, a large
increase in the catalytic activity, almost comparable with that of
the MPTES-assisted monometallic platinum, is observed for the
AuPt5 sample obtained from the 5-day-aged MPTES solution. Inter-
estingly, there is no evidence of synergy between the two metals,
contrary to earlier results showing distinct synergy between gold
and platinum in the reaction of naphthalene hydrogenation [12].
In any case, the catalysts prepared with the MPTES method are
more active than those prepared by the classical deposition–
precipitation method. The deactivation percentages, indicative of
a certain catalyst instability, follow the same trend of the reaction
rate. Indeed, the deactivation percentage of 20% is observed for
both Pt catalysts, Pt0 and Pt5, whereas a large difference in the
deactivation percentages is observed for the bimetallic catalysts,
with 55% for the AuPt0 and 13% for the AuPt5.
Fig. 2. Thiophene HDS rate of calcined samples as a function of different aging time
of the metal–MPTS solution before adding the support. DP refers to the sample
prepared from classical deposition–precipitation method.
3.2. Structural characterization

In order to correlate the activity with the structural properties,
the modification of the catalysts, both as dried (at 80 �C for 3 h) and
as calcined (at 400 �C for 1 h), with increasing the aging time of the
metal–MPTES solution, was investigated by XRD, XPS, and FTIR
techniques. In Table 1, the structural phases and the sizes of the
crystalline particles as obtained from the Scherrer analysis of the
diffraction peaks are summarized for the monometallic and bime-
tallic samples after being calcined. All the catalysts in the dry state,
according to the XRD analysis, are amorphous. On the contrary, as
shown in Figs. 3–5, the calcined samples are crystalline.

As shown in Fig. 3, the gold samples, Au0 and Au5, calcined at
400 �C and, respectively, obtained with the just prepared solution
and from the 5-day-aged solution exhibit XRD patterns character-
istic of metallic gold. The diffractogram of Au0 sample contains
two sharp peaks at 2h of 38.2� and 44.3� due to metallic Au
(111) and Au (200) reflections, respectively. Through the Scherrer
analysis of these peaks, an average gold particles size of 39 nm is
obtained. The diffractogram of the Au5 sample contains two peaks
in correspondence of the two metal gold reflections. Through the
curve fitting procedure, each reflection is decomposed into two
component peaks of different width. The narrow peak is due to
big particles of 36 nm, the wide peak is due to gold particles with
smaller size around 4 nm. As obtained from the peak intensity
analyses and as reported in Table 1, the small particles are present
in larger amount.
Fig. 3. X ray diffraction of (a) Au0 and (b) Au5.



Fig. 4. X ray diffraction of (a) AuPt0, (b) AuPt1 and (c) AuPt5.

Fig. 5. XPS Au 4f region of (a) Au0 and (b) Au5.
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The diffractograms of the dried and calcined monometallic plat-
inum samples, regardless the solution aging time, did not contain
any peak, suggesting the presence of amorphous structure or very
small platinum particles undetectable by the technique. On the
contrary, the XRD pattern of the monometallic Pt catalyst prepared
by DP (not shown for brevity) exhibited distinct reflection peaks at
2h of 39.8� and 46.3� typical of metallic platinum, with particle
sizes of about 9 nm.
According to the XRD patterns of the bimetallic Au–Pt samples,
shown in Fig. 4, the catalyst structure undergoes significant
changes when increasing the aging time of the metal–MPTES solu-
tion from the instant zero to the period of 5 days before adding the
silica support. Curve fitting of the peaks lying in the 2h ranges be-
tween 36� and 42� and between 43� and 48�, typically of Au (111)
and Pt (111) and Au (200) and Pt (200) reflections, respectively,
allows to define two components for each range. One of the com-
ponents is due to metallic Pt or Au, whereas the other component
shifted with respect to the pure metal positions is attributed to
AuxPty alloy. The evaluation of the lattice parameter from the posi-
tion of the peaks provides, through the application of Vegard’s law
[25], the solid solution composition. The derived phases and their
relative percentages along with the corresponding particles sizes
are listed in Table 1. At time zero, large platinum particles of
13 nm are formed along with smaller (3 nm) gold enriched alloyed
particles with average composition Au65Pt35. By letting the solu-
tion rest for 1 day before introducing silica, we observe the segre-
gation of pure gold and pure platinum with average particle sizes
of 7 nm and 5 nm, respectively. The extension of the solution aging
time causes the prevalent formation (71%) of Au52Pt48 alloy parti-
cles of small dimension (3 nm) along with a minority (3%) of pure
gold particles of big dimension (30 nm). It should be pointed out
that the XRD technique does not allow to discriminate the situa-
tion of separate particles from core–shell structures; in other
words, the present XRD data can be also attributed to particles
formed by large core of Pt(Au) surrounded by thinner layer of al-
loyed phases or vice versa. The XRD pattern of the bimetallic cata-
lyst prepared by DP was similar to that of the AuPt5 catalyst, with
bigger gold particles and smaller alloy particles. However, as
shown in Table 1, the alloy particles present in the AuPt(DP) were
bigger and with a more platinum enriched composition as com-
pared to the AuPt5 catalyst.

The selected samples, AuPt0 and AuPt5, are also analyzed by
XRD after the catalytic test. Although the poor quality of the
spectra, not shown in here, did not allow a proper curve fitting,
some qualitative information could still be obtained. Indeed,
with respect to the fresh sample, no appreciable difference was
observed for the AuPt5 pattern, which was still characterized
by a sharper gold peak and by a broad alloy feature. On the con-
trary, the pattern of the AuPt0 exhibited a broad peak in corre-
spondence of the Au (111) position, and quite interestingly, it
did not contain any platinum-related peak previously observed
in the fresh sample, suggesting a profound bulk structural mod-
ification of the platinum and the absence of sintering during
reaction.

X-ray photoelectron spectroscopy was used to determine the
particle composition. In Table 2, the gold and platinum main bind-
ing energies and the metal to silicon XPS-derived atomic ratios
along with the S/Si atomic ratios are summarized. Typical Au 4f
spectra are shown in Fig. 5 for the monometallic gold sample in
the calcined state. The spectral region contains also a broad peak
at �94 eV due to the Si 2p satellite, purposely included for a direct
intensity comparison [19]. The Au 4f7/2 position in all the spectra of
the dried catalysts is at 84.1 ± 0.2 eV typical of metallic gold [11]
and quite below the value reported for Au–thiol bonding (at ca.
85 eV) [26]. Small differences, observed in the calcined samples,
are not significant, being most of them, except for the zero time
aged sample, within the experimental error. No sulfur-related
peaks were present in the monometallic gold samples. The surface
Au/Si atomic ratio of the monometallic sample, in both the dried
and the calcined state, increases with the MPTES solution aging
time and is in accord with the differences in particle sizes derived
from XRD and listed in Table 1. Indeed, the ratio reflects the better
gold dispersion of the monometallic obtained with the 5-day-aged
solution. Opposite behavior is observed for the bimetallic samples



Table 2
Gold (Au 4f7/2) and platinum (Pt 4f7/2) XP binding energies and XPS-derived atomic ratio of gold and platinum with respect to silicon.

Sample Au 4f7/2 (eV) Au/Si (0.003)a Pt 4f7/2 (eV) Pt/Si (0.003)a S/Sib Au/Pt

Dried 400 �C Dried 400 �C Dried 400 �C Dried 400 �C Dried 400 �C

Au0 84.1 83.7 0.001 0.001
Au5 84.0 83.9 0.008 0.007
Pt0 71.9 72.2 (73%) 0.014 0.016 0.019

74.0 (23%)
Pt5 71.8 72.3 100%) 0.005 0.006 0.012
AuPt0 84.3 84.1 0.009 0.007 72.0 71.5 (72%)

73.9 (28%)
0.002 0.004 0.011 1.7

83.9c 0.002 c 71.7c 0.002c 1.0 c

AuPt1 84.1 84.0 0.006 0.005 71.8 71.6 (71%) 0.005 0.006 0.014 0.9
73.7 (29%)

AuPt5 83.9 83.9 0.004 0.004 71.8 71.5 (81%)
73.9 (19%)

0.009 0.010 0.015 0.4

83.8c 0.002c 71.4c 0.006c 0.3c

AuPt(DP) 84.1 0.013 71.2 (63%) 0.007 1.4
73.6 (37%)

a In parenthesis, the theoretical ratio is given.
b The sulfur peak disappears completely in the calcined samples.
c The values refer to the aged sample.
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where the Au/Si atomic ratio, in both dried and calcined samples,
decreases with the solution aging time.

The Pt 4f7/2-binding energies and the Pt/Si atomic ratios of the
monometallic platinum samples are given also in Table 2. The
dried samples are characterized by one component at
71.9 ± 0.1 eV, a higher value as compared to the binding energy re-
ported in literature for metallic Pt(0) and quite lower than the
binding energy of PtO [12]. In the S 2p region, not shown for sim-
plicity, a peak at 161.8 eV negatively shifted with respect to a mer-
captopropyl groups bounded to silica was present [27]. The
positive shift of Pt 4f with respect to metallic Pt and the negative
shift of S 2p with respect to the mercapto group are due to a charge
transfer from Pt nanoparticles to sulfur, indicative of a Pt–S chem-
ical interaction [28]. Upon calcination, the sulfur peak disappears
because of the decomposition and removal of the mercaptopropyl
groups. At the same time, the main Pt 4f7/2 peak shifts to high en-
ergy typical of oxidized platinum. In Fig. 6, the Pt 4f spectra of the
calcined monometallic platinum samples after zero and 5 days of
aging are displayed. As listed in Table 2 and also shown in
Fig. 6a, the curve fitting routine allowed to simulate the spectrum
of the calcined sample Pt0 with two Pt 4f components, one at
Fig. 6. XPS Pt 4f region of (a) Pt0 and (b) Pt5.
72.2 eV due to PtO and the other at 74.0 eV due to PtO2 [29,30].
The spectrum of the Pt5 was fitted with only the PtO component,
however, given the broadness of the peak the presence of the other
oxide component may not be completely ruled out. As indicated by
the Pt/Si atomic ratios in Table 2, opposite to the trend observed for
the gold catalysts, the platinum surface atomic concentration, in
both the dried and the calcined samples, decreases with the aging
time of the solution. It is worth noting that the S/Si atomic ratio of
the dried samples follows the same trend as the Pt/Si ratio. The S
2p peak was absent in the calcined samples.

Concerning the bimetallic catalysts, as shown in Table 2, the
corresponding Au 4f7/2-binding energies of the dried samples are
typical of metallic gold, while the Pt 4f7/2 are again typical of plat-
inum bound to sulfur. The S/Si atomic ratios are almost the same in
the three samples after the different aging time, while the metal/Si
atomic ratios change noticeably, with the Au/Si decreasing and the
Pt/Si increasing with the solution aging time. The binding energy
region including both Pt 4f and Au 4f spectra is displayed for the
calcined bimetallic samples in Fig. 7. Again, the Au 4f7/2 position
is typical of metallic gold. The platinum spectra are fitted in all
samples with two contributions: a low energy doublet with Pt
4f7/2 at 71.5 eV, attributed to metallic platinum and a high energy
contribution at 73.8 eV attributed to PtO2. The low-binding energy
component corresponding to more than 70% of the total amount of
platinum, not detected in the calcined monometallic Pt samples, is
attributed to metallic platinum in close contact with gold. The
binding energy is similar to the values reported by Li et al. [31]
and by Xu et al. [32] for the core–shell structure of AuPt particles
supported on carbon. The values here reported for both the Au 4f
and the Pt 4f are about 1 eV lower as those recently reported by
Doherty et al. [33] for PtAu alloy particles. The difference may be
due to the use of different charging compensation procedure. It is
worth to notice from the Au/Pt atomic ratio, given in Table 2 for
the calcined samples, the progressive platinum surface enrichment
with the increase of the aging time. For comparison reason in Ta-
ble 2, the XPS data of the AuPt(DP) sample are given. The results
are similar to those of the MPTES-assisted bimetallic samples ex-
cept for the larger gold surface concentration.

XPS analyses of the used AuPt0 and AuPt5 samples were per-
formed, and the results are summarized in Table 2. The only signif-
icant difference between the XPS results on the fresh and aged
catalysts is the large decrease in the Au/Pt atomic ratio observed
in the AuPt0 sample.



Fig. 7. XPS Pt 4f and Au 4f region of (a) AuPt0, (b) AuPt1 and (c) AuPt5.
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More detailed information on the structural properties of the
calcined samples is obtained by FTIR spectroscopy. In Fig. 8, the
FT-IR spectra of the monometallic Au-containing catalysts detected
in the presence of 50 Torr of CO (thick line) and after the evacua-
tion for 30 min at room temperature (thin line) are displayed. In
Fig. 8a and b, the spectra of the calcined gold catalysts prepared
with the 0-day–aged- and the 5-day-aged-solutions are shown,
respectively. The two spectra exhibit both two bands at 2026 and
2002 cm�1, whereas the spectrum of Fig. 8b, referring to the sam-
ple Au5, exhibits an additional high-frequency peak at 2117 cm�1.
Such peak is generally attributed to CO coordinated on neutral Au
nanoparticles [34–37]. On the contrary, the assignment of the low-
frequency bands is quite controversial. Low-frequency shift of the
CO stretching bands has been attributed to the negatively charged
Fig. 8. FTIR spectra of CO (50 Torr) adsorbed at room temperature (thick line) and
after evacuation of CO for 30 min at room temperature (thin line) on (a) Au0 and (b)
Au5.
gold particles supported over reducible oxides [38–40]. Some
authors attributed these low-frequency bands to bridged CO ad-
sorbed on big gold particles [41,42]. In the present case, considered
the inert nature of the silica support, it is reasonable to attribute
the low-frequency bands to bridge-bonded CO. In accord with
XRD and XPS data, the Au5 contains indeed both small nanoparti-
cles (4 nm) responsible for the linearly adsorbed CO band at
2117 cm�1 and big gold particles (36 nm) responsible for the
low-frequency bands at 2026 and 2002 cm�1 due to bridged CO ad-
sorbed on large particles. Therefore, the difference in the spectra of
the two monometallic gold samples reflects the different disper-
sion of the two samples, being higher in the catalyst obtained with
the 5-day-aged solution. As shown in Fig. 8, all the IR signals are
completely removed by the evacuation, confirming the reversible
character of CO adsorption on gold over silica [41].

Fig. 9 displays the FT-IR spectra of the monometallic Pt-contain-
ing catalysts detected in the presence of 50 Torr of CO (thick line)
and after the evacuation for 30 min at room temperature (thin
line). As shown in Fig. 9a, the spectrum of the Pt0 sample, when ex-
posed to CO, contains a strong band at 2090 cm�1 and weaker
bands at 2035 cm�1, 2000 cm�1, and 1850 cm�1. The band at
2090 cm�1 is characteristic of CO adsorbed linearly on metallic Pt
[43–45], and the broad absorption at 1850 cm�1 is due to CO ad-
sorbed on bridge sites of Pt [44,45]. The origin of the weak bands
at 2035 and 2000 cm�1 is not clear, and they are tentatively as-
signed to CO adsorbed in bridging form on positively charged plat-
inum particles (Pt+). A closer inspection of the peak at 2090 cm�1

reveals an asymmetric tailing in the high-frequency region which
can be due to CO adsorbed linearly on positively charged platinum.
The CO evacuation causes the disappearance of the absorptions at
2035 and 2000 cm�1 and an increase in the intensity of the
2090 cm�1 band which is shifted to 2084 cm�1. It can be proposed
that during the removal of CO, a transformation of the bridged car-
bonyls coordinated to the Pt+ sites to linearly Pt+–CO species takes
place resulting in enhancement of the adsorption at 2084 cm�1.
The bridged carbonyls at 1850 cm�1 are stable upon evacuation.
The obvious discrepancy between the FT-IR detection of metallic
platinum and the absence of metallic Pt component in the Pt 4f
photoelectron spectra can be explained with the reduction in plat-
inum occurred during the activation of the samples under vacuum
at 350 �C prior the FT-IR measurements. Such possibility was in-
deed verified by performing XPS analyses of the samples pre-
treated in situ under vacuum and at 350 �C.
Fig. 9. FTIR spectra of CO (50 Torr) adsorbed at room temperature (thick line) and
after evacuation of CO for 30 min at room temperature (thin line) on (a) Pt0 and (b)
Pt5.
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The assignment of the bands detected upon adsorption of CO on
the Pt5 (Fig. 9b) is analogous to that for the Pt0 sample but with
some differences: (i) a clear shoulder at 2115 cm1 in the spectrum
of the former catalyst is assigned to CO adsorbed on PtO [46,47],
and (ii) the intensities of the bands at 2090, 2035, and 2000 cm�1

are lower than those of the Pt0_400 sample in accord with the dif-
ferences of the XPS-derived atomic ratios. Also, in this case, the
evacuation causes the increase in the intensity of the band at
2090 cm�1 (shifted to 2084 cm�1) and the disappearance of two
bands at 2035 and 2000 cm�1. There is no substantial change in
the intensity of the shoulder at 2115 cm�1, which confirms the
assignment of this feature to CO adsorbed on PtO.

The adsorption of CO on the bimetallic catalysts is shown in
Fig. 10 for the three bimetallic samples obtained with the different
aged solutions. The spectrum of the AuPt0 sample (Fig. 10a) has a
band at 2126 cm�1, which can be assigned to CO adsorbed on pos-
itively charged gold particles (Au+) [34–37]. The presence of this
band, which was not detected during the CO adsorption on the
monometallic Au0 catalyst, according to literature, is due to forma-
tion of bimetallic AuPt particles [45,48–52]. The band with maxi-
mum at 2090 cm�1 is rather complex with shoulders at 2060,
2034, and 2000 cm�1. Upon evacuation, the unresolved signals at
2034 and 2000 cm�1 disappear. The shoulder at 2060 cm�1 persists
and can be assigned to CO adsorbed on Pt sites, which are incorpo-
rated into gold particles [48–50,52]. The absorption at 2090 cm�1

and the signals at 2034 and 2000 cm�1 observed in CO atmosphere
indicate the coexistence of monometallic Pt sites together with
bimetallic particles giving rise to the large Pt0–CO band at
�2060 cm�1. The dilution of Pt atoms in Au leads to physical sep-
aration of the Pt–CO dipoles resulting in reduced dipole coupling
and consequent red-shift (�30 cm�1) of the Pt0–CO band relative
to that on the pure Pt0_400 catalyst [48]. Mihut et al. [49], based
on the adsorption of 12CO/13CO mixture on cluster-derived AuPt
bimetallic catalysts, concluded that the red-shift is caused by elec-
tronic effect due to enhanced -back donation to the adsorbed CO
molecule. Mott et al. [51] proposed that the electronic effect caus-
ing the red-shift is associated with the d-band shift of Pt in the
bimetallic particles. As for the monometallic platinum samples,
the absorption at 2115 cm�1 is attributed to CO adsorbed on PtO.

The spectrum of the AuPt1_400 sample, shown in Fig. 10b, is
similar to the AuPt0 catalyst. Dilution of Pt in Au is supported by
the presence of shoulder at �2060 cm�1 due to CO adsorbed on
Fig. 10. FTIR spectra of CO (50 Torr) adsorbed at room temperature (thick line) and
after evacuation of CO for 30 min at room temperature (thin line) on (a) AuPt0, (b)
AuPt1 and (c) AuPt5.
Pt0 in the bimetallic phase [48,49,52]. As discussed for the previous
sample, the monometallic Pt phase characterized by CO bands at
2090 cm�1 (Pt–CO) and 2034 and 2000 cm�1 coexists with the
bimetallic Au–Pt phase.

Quite interesting, the spectrum produced during the adsorption
of CO on the AuPt5 catalyst (Fig. 10c) is quite similar to that of the
monometallic Pt5 sample (Fig. 9b) although the overall absorption
is characterized by higher intensity. The dilution of Au atoms in Pt
would result in the formation of smaller Pt particles giving rise to
more intense platinum carbonyl bands because of the increased
number of CO coordination sites. The same behavior of the mono-
metallic is also obtained after the evacuation of the CO.

It is worth noting that the overall intensities of the platinum-re-
lated CO absorption bands in the spectra of AuPt0, AuPt1, and
AuPt5 catalysts increase with the aging time of the solution of me-
tal precursors with the 3-mercaptopropyltriethoxysilane (3-
MPTES) indicating an increase in the platinum dispersion in accord
with the XPS results.
4. Discussion

The above described characterization results along with the cat-
alytic tests point out to a direct control of the bimetallic AuPt par-
ticles in terms of structural and chemical composition. The use of
the ligand MPTES, both as stabilizing agent and as carrier for
the metal particle deposition over silica, drives the formation of
different structures in virtue of the different affinity of gold and
platinum versus sulfur (DHPt–S = 56.27 kcal/mol [53]; DHAu–S =
34 kcal/mol [54]). In the monometallic samples, the aging time
allows a better dispersion of the gold particles due to the increas-
ing interaction between gold and sulfur. In the presence of the sil-
ica support, the hydrolysis and condensation of the alcoholic
function of the MPTES linked to the metal particles determine
the subsequent anchoring of the gold to the silica surface, leading
to the formation of smaller particles. Since the interaction of plat-
inum with sulfur is stronger than the interaction of sulfur with
gold, the dispersion of the monometallic platinum catalysts is
overall higher than the corresponding monometallic gold samples.
At time 0, the strong interaction between Pt and S led to the disper-
sion of all the platinum with the consequent formation of particles
ought to be smaller than 2 nm in accord with the absence of any
platinum-related XRD peaks. According to the decreasing XPS-de-
rived Pt/Si atomic ratio, the aging time of the precursor solution
led to an apparent decrease of the platinum dispersion. However,
the absence of XRD reflections and the simultaneous decrease in
the S/Si atomic ratio observed in the dried samples suggests lower
XPS accessibility of the species in the Pt5 as compared to Pt0,
rather than an actual enlargement of the Pt particles. Indeed, the
MPTES may rearrange itself with time before grafting to the silica
surface, embedding the Pt-S entity. This possibility is corroborated
also by the similar HDS activities shown by the Pt0 and the Pt5
samples.

The explanation for the bimetallic behavior is more compli-
cated; in this case, the relative strength of the bonds Au–S, Pt–S,
and Au–Pt and the metal reducibility play a fundamental role in
the electronic and morphological properties of the final particles.
According to XRD analyses, at time zero and in the calcined sam-
ples, large platinum particles of 13 nm are formed along with
smaller (3 nm) gold enriched alloyed particles. Such result, which
may appear in contrast with the monometallic sample behavior,
is associated with the rapid formation of the Pt–S interaction and
also with a rapid reduction in the gold precursor to metallic Au
in the alcoholic solution. Upon addition of silica, the platinum-
MPTES complex is rapidly incorporated into the silica surface by
the condensation process, whereas the gold will deposit over the



Fig. 11. Schematic of particle distribution over the silica support in the case of (a) Au, (b) Pt and (c) AuPt systems. In the bimetallic case, the dark colored spheres (gray) refer
to platinum the lighter ones (yellow or reddish) to gold. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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platinum. After calcinations and removal of sulfur, the interaction
between the metallic gold and the anchored platinum would pre-
vail over the interaction between gold and silica, inducing the
reduction of platinum with formation of a stable AuPt structure
[55,56]. A core–shell structure with the inner core made of plati-
num and an external layer of thin but still XRD detectable AuPt al-
loyed phase is formed. Such structural configuration would be in
accord with the large Au/Pt XPS-derived atomic ratio, the low
HDS activity and the FTIR peaks of CO adsorbed on bimetallic par-
ticles. By letting the solution rest for 1 day before adding silica, the
extent of the interaction Au–S affects the final structure of the cal-
cined samples producing small particles of metallic gold and
metallic platinum, as shown by the XRD, possibly covered by a
thinner shell of AuPt alloy as suggested by the FTIR CO absorption
experiments. The further extension of the aging time causes the
inversion of the time zero situation, with formation of a large core
of gold, with a shell of a thin layer of alloy. In this case, the long
reaction time between the metal precursors and the MPTES would
favor capping of both metal ions. Upon addition of the support, the
silica condensation with the MPTES carrying the metal ions would
produce a good dispersion of both metals. During calcination, the
gold strongly anchored to the silica surface would form a reverse
core–shell structure with respect to that predicted by theoretical
and experimental investigation [56,57]. In accord with the XPS
Au/Pt atomic ratio and with the CO adsorption FTIR results, a struc-
tural change from a Ptcore–AuPtshell like structure to a Aucore–
AuPtshell like structure is taking place by simply extending the time
the two metal ions spend in solution with the MPTES ligand. The
increased surface exposure of platinum accounts for the increase
in the HDS activity. The additional XRD and XPS data on the aged
samples confirm the superior structural stability of the AuPt5 as
compared to the AuPt0 catalyst. Moreover, the lowest value of
the deactivation percentage, obtained with the bimetallic AuPt5,
even lower than the value of the monometallic Pt5, proves the ben-
eficial effect of the bimetallic system in inhibiting possible deacti-
vation processes caused by coke or sulfur poisoning [11].

In summary, as obvious from Fig. 2, the adopted method of the
MPTES capping is able to yield a much more active monometallic
platinum catalyst, as compared to the conventional deposition–
precipitation method, regardless the aging time of the Pt precursor
solution. In the case of the bimetallic catalyst, the new method pro-
duces an active catalyst when sufficiently long aging time of the
AuPt precursor solution is allowed. In Fig. 11a schematic represen-
tation of the structural differences of the mono- and bi-metallic
systems obtained with different aged solution is pictured.
5. Conclusion

The MPTES-aided synthesis of Pt, Au, and Au–Pt catalysts sup-
ported on commercial SiO2 enabled us to get insights into the
structural modification of the AuPt system and possible effects rel-
ative to the catalytic behavior in the thiophene hydrodesulfuriza-
tion reaction. As compared to the conventional DP method, the
new approach afforded more active platinum catalysts. The bene-
ficial effect of the particular synthesis is ascribable to the enhanced
metal dispersion caused by the interaction of the platinum precur-
sor with the mercapto groups subsequently condensed over the sil-
ica surface.

The new procedure applied to the synthesis of the bimetallic
AuPt catalysts allows to obtain catalytically active system when
the precursor solution is aged for a long time before coming into
contact with the silica support. The enhanced activity is related
to the structural change of the bimetallic particles, starting with
a core–shell configuration with the platinum core, in the case of
a short contact time between the metal ions and the MPTES ligand,
ending with a core–shell configuration with the gold core, in the
case of a long contact time.

The relevance of the synthesis here described resides in the pos-
sibility of tuning the reactivity of a bimetallic nanostructured cat-
alysts, by enabling the attainment of a desired core–shell structure
which is the reverse of the one predicted on the basis of the bulk
properties.
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