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Abstract

Bifunctional monometallic Pt/H[Al]ZSM5, Sn/H[Al]ZSM5 and bimetallic PtSn/H[Al]ZSM5 catalysts were prepared and characterized by
means of XPS, TEM and toluene hydrogenation. For the bimetallic samples, co-impregnation of both metals and sequential impregnation
(where Sn was added to monometallic Pt catalysts) were used with two tin atomic fractions,XSn= 0.46 and 0.28. Based on XPS data, it was
found that the surface composition of the Pt–Sn bimetallic catalysts depends on the impregnation method employed: in the co-impregnated
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amples alloys form between both metals, while in the sequentially impregnated catalysts no alloy formation occurs but both Pt
asily reduced. Also, TEM analysis showed that the co-impregnated samples have similar particle sizes as the monometallic Pt c

hat the particles in the sequentially impregnated samples are of larger sizes, closer to those seen in monometallic Sn catalysts. It
ere that while in the former case the particle size is not affected by the formation of Pt–Sn alloys, in the latter the tin covers the Pt s

herefore increases the overall particle size. Finally, it was found that some hydrogenating activity could be detected with the co-im
atalysts but not with the sequentially impregnated samples, even though the latter had only a small fraction of atomic tin. In g
esults obtained in this study show a significant variation in catalytic properties with the method of preparation used for these b
tSn/H[Al]ZSM5 catalysts.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Heterogeneous catalysis is a field with immense techno-
ogical importance, being the backbone of a variety of large-
cale processes in the petroleum and chemical industries[1].
he success of catalysis relies on the ability of the catalysts to
odify the kinetics of the chemical system being catalyzed

2]. To improve their efficiency, the active phase of hetero-
eneous catalysts are generally dispersed onto high surface-
rea materials. This is typically the case with metals, which
re often supported on highly porous silico-alumina oxides.
hose catalysts are commonly prepared by impregnation, in
hich the oxide carrier is contacted with a solution of a salt
r other soluble compound of the desired metal[1]. Nev-
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ertheless, other synthetic methods have been advance
the years, and it has been shown that the performance
catalyst depends in great part on the way it is made. In th
port, we explore the effect of varying preparation method
the physical properties of zeolite-supported Pt–Sn bime
catalysts. A great interest has been developed over th
decades on the possible specificity associated with bim
lic catalysts. Indeed, the incorporation of a second met
catalysts has proven to often provide additional catalytic
bility, selectivity and/or activity[3,4]. The effects of a secon
metallic component can be very specific, and depend, am
other factors, on the nature of the metals dispersed ove
support surface, the method employed to prepare the
lyst, the atomic ratio between the two metals, and the
of reaction catalyzed[5]. In the case of catalytic reformin
where saturated hydrocarbons from crude oil are conv
to higher octane-number isomers[6], particular attention ha
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been placed on the use of Pt–Re[7] and Pt–Sn[8] bimetallic
systems. The improvement of the properties of the platinum
phase in these catalysts can be traced back to the forma-
tion of alloys, which can lead to a reduction in size of the
Pt-supported particles (although, as it will be shown here,
this depends on the method used to prepare such catalysts),
and with that to lower coke formation and higher selectivity
towards the desirable products[9]. Pt–Sn alloys formation
has been reported on Al2O3 [10–13], SiO2 [9,14,15], carbon
black [16,17] and H-mordenite[18] supports, to mention a
few.

Another interesting application for these Pt–Sn bimetallic
catalysts is in the synthesis of fine chemicals. For instance,
we in a previous work have found that PtSn/H[Al]ZSM5 cat-
alysts prepared by co-impregnation of both metals show sig-
nificant improvements in selectivity towards methyl isobutyl
ketone (MIBK) synthesis from acetone[19]. However, a sys-
tematic design of better bimetallic catalysts for the manu-
facturing of specific chemicals is still difficult, in great part
because the exact nature of these systems is still unknown
[14]. For one, platinum and tin are known to form several
intermetallic compounds with different stoichiometries[18],
and tin can also exist in three oxidation states: Sn(0), Sn(II)
and Sn (IV)[20]. It has been found that the methodology fol-
lowed in the preparation of Pt–Sn catalysts may lead to differ-
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behavior, and, in this way, complement our previous results
on the reactivity of the PtSn/H[Al]ZSM5 co-impregnated
system[19,25]. Different characterization techniques were
used here, namely, X-ray photoelectron spectroscopy (XPS),
transmission electron microscopy (TEM), and toluene hy-
drogenation reactivity studies. Interesting correlations were
found between the preparation method used and both the na-
ture of the resulting metal particles and their catalytic activity.
These are discussed below.

2. Experimental

Four bifunctional catalysts were prepared in these
studies using a zeolite of the Mobil Five (MFI)
type (Si/Al = 15) as support, two monometallic catalysts
(0.5%Pt/H[Al]ZSM5 and 1.0%Sn/H[Al]ZSM5) by using
an exchange-impregnation and excess volume method, a
bimetallic PtSn/H[Al]ZSM5 catalyst (XSn= 0.46) by using a
simultaneous exchange-impregnation (co-impregnationCI)
method, and another bimetallic PtSn/H[Al]ZSM5 catalyst
(XSn= 0.28) by using a sequential exchange-impregnation
method (SI), where the desired quantity of Sn was added
to a previously reduced Pt/H[Al]ZSM5. The metallic precur-
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nt metallic phases, and, therefore such methodology
n important role in determining the nature of the solid

ts catalytic performance[12,15,16,21]. In one study, Colom
t al. contrasted the properties of several catalysts supp
ver carbon black, prepared by both co- and sequentia
regnations, and found the presence of tin in both metallic
xidized states in the reduced catalysts with different rel
mounts depending on the preparation method[16]. In a sec
nd report, Chantaravitoon et al. found that co-impregna
f the Al2O3 support with small amounts of tin facilitates hi
t dispersions, while sequential impregnation of the sup
ith Sn first followed by Pt leads to much lower Pt dispers

12]. The use of anchoring-type controlled surface reac
echniques to prepare PtSn/SiO2 catalysts can also ensure
ntimate contact of the base metal with the second meta

As the few examples mentioned above indicate, ex
ive work has already been carried out on the characte
ion of Pt–Sn bimetallic catalysts supported on amorph
igh-surface area materials. However, much less res
as been performed on Pt–Sn catalysts based on ze

18,22]. The use of zeolites such as the well-known ZS
amily may be highly desirable for the production of c
lysts to be used in the fine chemical synthesis, bec

heir well-defined porous sizes can be used to obtain
ional shape selectivity[23,24]. Giving the uncertainties st
utstanding with respect to the nature and performan
t–Sn catalysts supported over such crystalline alumin

cates, we in this work set to characterize several bif
ional PtSn/H[Al]ZSM5 catalysts prepared by two differ
ethods, co-impregnation and sequential impregnatio
rder to compare their surface characteristics and cat
ors used to prepare the catalysts were [Pt(NH3)4]Cl2 and
nCl2·2H2O.
These catalysts, once calcinated under a flow of dr

or 6 h (Pt/H[Al]ZSM5 at 300◦C [26], Sn/H[Al]ZSM5 and
tSn/H[Al]ZSM5 at 500◦C [27]) and reduced under hydr
en atmosphere for another 6 h (all at 500◦C), were charac

erized by means of XPS and TEM. The XPS analysis
arried out in a VG Scientific X-ray photoelectron spectro
er (ESCALAB 220i-XL) equipped with a dual anode Al/M
-ray source. The reduction treatment was carried out in
y heating the fresh samples under a hydrogen flow at 50◦C

or 2 h to avoid any contact with air. The spectra of the
uced catalysts were taken immediately afterwards by t

er to a vacuum (10−8 to 10−11 mbar) environment withou
xposure to air. The binding energy values of the XPS
als were calibrated by using the Si 2p peak at 102.9 e
eference[28]. The TEM pictures of the external surface
he catalysts were acquired in a JEOL electron micros
JEM-1220), operated at 120 kV. The samples for this an
is were first prepared in a suspension with 30% of eth
nd the mixture then ultrasonicated for 5 min until the sus
ion was homogeneous. Afterwards, one drop of this mix
as placed over a copper grid previously covered with c
ion and coal for use in the TEM. Finally, the catalytic ac

ty for the hydrogenation of toluene of all the bifunctio
onometallic and bimetallic samples made in this s
as estimated at 110◦C and under atmosphere pressure

ng a P(H2)/P(toluene) = 4 and a weight-hour-space-velo
WHSV) = 21.5 h−1. The reactor effluents were injected
ine into a HP-5890 chromatograph equipped with a 2
V-101 column and a flame ionization detector (FID).
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3. Results and discussion

3.1. Toluene hydrogenation

Taken advantage of the fact that the catalytic hydrogena-
tion of toluene is sensitive to both the density of metallic
centers and the nature of the supported phase[29], a cor-
relation was obtained here between the hydrogenating ac-
tivity of our four different catalysts, normalized per gram
of platinum extrapolated at zero time (AH0), and the popu-
lation of metallic centers present in the solid samples. The
comparative reactivity studies were also aimed to evidence
possible changes in activity due to either electronic or ge-
ometric effects in these catalysts caused by the addition of
the second metal and by the type of preparation method
employed.

Table 1summarizes both the basic physico-chemical char-
acteristics of the catalysts and their hydrogenation activity.
According to these results, a remarkable difference in AH0 is
seen between the monometallic Pt/H[Al]ZSM5 and bimetal-
lic PtSn/H[Al]ZSM5 samples. In addition, observable differ-
ences are also detected between the two bimetallic catalysts
depending on the type of impregnation strategy employed.
In particular, the PtSn/H[Al]ZSM5CI (XSn= 0.46) catalyst
shows a decrease in activity of about a factor of seven com-
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Fig. 1. TEM micrograph of the PtSn/H[Al]ZSM5CI catalyst.

Fig. 2. TEM micrograph of the PtSn/H[Al]ZSM5SIcatalyst.

3.2. TEM analysis

Figs. 1 and 2show the micrographs of the external
surface of the Pt–SnCI and SI bimetallic catalysts, re-
spectively. An approximate dispersion value was calculated

T
P ion for Pt–Sn-supported catalysts studied in this work

C n (%) exp. XSn SSAa (m2/g) AH0
b (mmol/h gPt)

H – 380 –
0 0.00 375 3600
0 26 0.46 373 670
0 10 0.28 370 0
1 .80 1.00 375 0
ared to that of the monometallic sample (XSn= 0.00), bu
he PtSn/H[Al]ZSM5SI (XSn= 0.28) catalyst does not sho
ny activity at all. These observations may be expla
s due to one or more of the following reasons: (a

mportant decrease in Pt dispersion; (b) an electronic
rgy between Pt and Sn; and/or (c) a geometric effec
hich Pt particles are covered by Sn species. In ord

esolve this question, the reactivity studies were com
ented with characterization effort using XPS and TE
s discussed below. It is worth mentioning that these

ysts were also tested for the synthesis of methyl isob
etone (MIBK) from acetone. A decrease in the hydroge
ng activity and a corresponding improvement in select
owards MIBK was found with the PtSn/H[Al]ZSM5CI sam-
le compared to that of Pt/H[Al]ZSM5[18]. For the case o

he Pt–SnSI bimetallic catalysts, a good selectivity towa
IBK was observed, superior to the one measured with
t–SnCI catalysts. However, the former sample showed
tability.

able 1
hysico-chemical properties and activity towards toluene hydrogenat

atalyst Pt (%) exp. S

[Al]ZSM5 – –
.50% Pt/H[Al]ZSM5 0.47 –
.50% Pt-0.30% Sn/H[Al]ZSM5 (CI) 0.49 0.
.50% Pt-0.20% Sn/H[Al]ZSM5 (SI) 0.42 0.
.0% Sn/H[Al]ZSM5 – 0

a Specific surface area.
b Hydrogenation activity per gram of Pt, extrapolated at zero time.
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Table 2
Metal dispersion (D) in the catalysts studied in this work, as determined by
TEM

Catalyst D (%)

0.50% Pt/H[Al]ZSM5 13.5
0.50% Pt-0.30% Sn/H[Al]ZSM5 (CI) 13.0
0.50% Pt-0.20% Sn/H[Al]ZSM5 (SI) 8.40
1.0% Sn/H[Al]ZSM5 7.90

from these figures following a procedure described else-
where [30,31]; the results obtained for the monometal-
lic Pt/H[Al]ZSM5 and Sn/H[Al]ZSM5 and bimetallic
PtSn/H[Al]ZSM5 catalysts are reported inTable 2. It was
found that while the monometallic Pt/H[Al]ZSM5 and
bimetallic PtSn/H[Al]ZSM5CI catalysts have similar dis-
persion values (ca. 14%), the PtSn/H[Al]ZSM5SI catalyst
displays a significantly lower dispersion (ca. 8%), compara-
ble to that of the Sn/H[Al]ZSM5 catalyst. Clearly, the method
employed for the impregnation of the metals on the support
affects the final dispersion in the bimetallic samples.

When combining these results with those obtained above
from activity studies on toluene hydrogenation, it becomes
clear that the changes in AH0 can be ascribed to two different
reasons depending on the strategy used to prepare the bimetal-
lic catalysts. For the PtSn/H[Al]ZSM5CI catalyst, it appears
that it is an electronic effect that induces a decrease in hydro-
genating activity, because the dispersion of the metallic phase
remains unchanged compared to that of the monometallic
platinum. In contrast, the PtSn/H[Al]ZSM5SI catalyst may
be affected by a change in the geometry of the catalytic site,
or at least by a combination of both geometric and electronic
effects, since there is a clear increase in particle size (which
is directly related to the dispersion of the metallic phase). It
can be suggested that the tin deposited sequentially covers
t ase in
d ity.
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Fig. 3. Al2p–Pt4f XPS spectra for the support and for the catalysts used in
this study (a) H[Al]ZSM5, (b) Pt/H[Al]ZSM5, (c) PtSn/H[Al]ZSM5CI, (d)
PtSn/H[Al]ZSM5SI.

catalysts, indicating that the presence of tin in the catalysts
affects the electronic environment of the platinum. Indeed,
three XPS peaks are observed for the PtSn/H[Al]ZSM5CI
sample (Fig. 3c), centered at 70.4, 71.3 and 72.3 eV binding

F . (a)
S

he Pt phase, a phenomena that could explain the decre
ispersion value and, with that, the loss in catalytic activ

.3. XPS analysis

Further characterization of our catalytic samples was
ied out by XPS in order to obtain information about
xidation states of the metal phases (Pt and/or Sn) on th

ace. The Al2p, Pt4f and Sn3d XPS spectra obtained fo
upport and for the monometallic and bimetallic catalystsCI
ndSI) are shown inFigs. 3 and 4, respectively, and the me
ured binding energies of the Al2p, Pt4f7/2 and Sn3d5/2 levels
re reported inTable 3after deconvolution of the spectra.

Fig. 3a, which shows the XPS spectrum of the supp
isplays one signal at 74.5 eV corresponding to the Al2p
al of the zeolite, but additional Pt4f signals are seen fo
etal-supported catalysts, as seen inFig. 3b–d. In the cas
f the monometallic Pt catalyst (Fig. 3b) it was found that, i
pite of the large Al2p peak, two overlapping signals coul
etected at 70.9 and 72.2 eV, corresponding to Pt0 and PtOads
pecies, respectively[32]. Moreover, third signal is ident
ed in the XPS spectra of the bimetallic PtSn/H[Al]ZSM
ig. 4. Sn3d XPS spectra for the catalysts used in this work
n/H[Al]ZSM5, (b) PtSn/H[Al]ZSM5CI, (c) PtSn/H[Al]ZSM5SI.
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Table 3
XPS binding energies for the Si2p, Al2p, Pt4f7/2 and Sn3d5/2 measured for all catalysts studied in this work

Catalyst Si2p Al2p Pt4f7/2 Sn3d5/2

H[Al]ZSM5 102.9 74.5 – –
0.50% Pt/H[Al]ZSM5 102.9 74.5 70.9–72.2 –
0.50% Pt-0.30% Sn/H[Al]ZSM5 (CI) 102.9 74.5 70.4–71.3–72.3 485.7–487.3–488.5
0.50% Pt-0.20% Sn/H[Al]ZSM5 (SI) 102.9 74.5 70.8–72.1–73.1 485.1–486.6–487.7
1.0% Sn/H[Al]ZSM5 102.9 74.5 – 487.6–488.6

All values are reported in eV, and reference to a value of Si2p = 102.9 eV.

energies. The last two can be attributed to Pt0 and PtOads
species, respectively, and were also found in the monometal-
lic catalyst. The first, however, appears at lower binding ener-
gies that what would be expected for platinum metal (Pt0), an
observation that suggests that the platinum in this bimetallic
catalyst may gain some electronic density from tin; a sim-
ilar behavior has been reported previously for PtSn/Al2O3
catalysts[10,11,13]. The opposite effect, i.e., a lost of elec-
tronic density, was found in the tin XPS region of this catalyst
(see discussion below). Rodriguez et al. in their XPS studies
of alloys, have reported similar electronic perturbations in
systems with two metals, one with an almost fully occupied
valence band and another with a valence band more than half
empty. In these cases, the formation of a metal–metal bond
generally leads to a gain in electron density by the element
initially having the larger fraction of empty states in its va-
lence band[3]. In our case, the alloy formation may involve a
net Sn→ Pt charge transfer, since in the Pt–Sn combination
platinum is the metal with the largest electron affinity[20].
Finally, in the spectrum of the PtSn/H[Al]ZSM5SI (Fig. 3d)
catalyst, the Pt4f XPS signals are centered at 70.8, 72.1 and
73.1 eV; the first two correspond to the Pt0 and PtOadsspecies
identified before, while the latter can be assigned to PtO[32].

Fig. 4 shows the Sn3d XPS region for the monometallic
Sn/H[Al]ZSM5 (Fig. 4a) and bimetallic PtSn/H[Al]ZSM5
( ld
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b 5
C 7.3
a d to
o t-

tributed to Sn0, even though it can be seen that this signal is
shifted toward higher binding energies than those reported by
Coloma et al.[16] and Aksoylu et al.[17]. As stated above,
such displacement suggests that there may be some electron
transfer from tin to platinum. It is apparent that a Pt–Sn al-
loy is formed in this catalyst, an observation that explain the
results obtained before in terms of the effect of changes in
electronic properties on activity and particle size. The forma-
tion of a Pt3Sn alloy in thisCI catalyst was corroborated by
Mössbauer Spectroscopy (results not shown).

The Sn3d XPS data for the bimetallic PtSn/H[Al]ZSM5SI
catalyst are shown inFig. 4c. In this case, three peaks were
obtained (after deconvolution of the main signal) at 485.1,
486.6 and 487.7 eV, attributed to Sn0 and SnO and/or SnO2,
respectively. Note that the value of the Sn0 peak here is quite
close to that reported in the past[16,27]. The combined analy-
sis of the Sn3d and Pt4f XPS data indicates that in this sample
the Sn is reduced and the Pt is oxidized, but that they do not
form any alloys, and that a geometric effect may dominate the
catalytic behavior, as supported by the TEM results. There-
fore, we suggest that in the Pt–SnSIsample the Sn may cover
some of the Pt particles, inhibiting their reduction (the reason
for the identification of oxidized Pt species) and increasing
their overall size. The tin metal, on the other hand, is expected
to be exposed, and therefore easy to reduce.
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4b and 4c forCI andSI, respectively) catalysts. It shou
rst be mentioned that, in all these spectra, the appea
f the signal at high binding energies is caused by the A
ignal of the structural Na in the zeolite. Nevertheless
in signals are still clearly discernible. For the monome
ic sample, two signals can be observed at 487.6 and 4
inding energies, corresponding to SnO and/or SnO2. Unfor-

unately, discrimination between SnO and SnO2 is not pos
ible by means of the XPS studies alone[16]; the only solid
onclusion from these data is that tin exists exclusive
xidized form. This is so even though these samples

reated under hydrogen atmosphere at 500◦C for 6 h before
heir XPS analysis. This means that the reduction of the
n0 is quite difficult over H[Al]ZSM5 supports[19], perhap
ecause of a strong interaction between the aluminum a
toms. This effect is also seen with pure Al2O3, as reported b
alakrishnan and Schwank[13], but not with SiO2 or carbon
lack [16,27]. In the XPS spectra for the PtSn/H[Al]ZSM
I catalyst (Fig. 4b), Sn3d peaks were found at 485.7, 48
nd 488.5 eV binding energies. The last two correspon
xidized tin (SnO and/or SnO2), but the first can now be a
. Conclusions

In this study it was shown that changes in impregna
trategy during the preparation of Pt–Sn bimetallic cata
n zeolites lead to pronounced changes in the propert

he resulting samples. Significant variations in their cata
ehavior were observed toward toluene hydrogenation
icative of a decrease in the number of active centers in

ypes of bimetallic catalyst. Nevertheless, a higher pro
ion of site blocking was obtained by sequential impreg
ion (SI), where no hydrogenating activity was found. TE
nd XPS analysis of these samples provided evidenc

he relative role of electronic and/or geometric effect on
erformance of the catalysts depending on the strateg

owed in their preparation. An electronic effect is obser
n the co-impregnated catalyst (CI) (for aXSn≤ 0.46), with
he formation of an alloy, as evidenced by XPS: there
harge transfer from Sn to Pt. On the other hand, a geom
ffect appears to dominate in the sequentially impregn
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bimetallic catalyst (XSn≤ 0.28). There, it seems that Sn cov-
ers some of the Pt particles, blocking their reduction and
increasing the overall particle size.
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[16] F. Coloma, A. Seṕulveda-Escribano, J.L.G. Fierro, F. Rodrı́guez-

Reinoso, Appl. Catal. A 148 (1996) 63.
[17] A.E. Aksoylu, M. Madalena, A. Freitas, J.L. Figuereido, Appl. Catal.

A. 192 (2000) 29.
[18] J.L. Margitfalvi, I. Borb́ath, Gy. Vanḱo, M. Heged̈us, S. G̈obölös,
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