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Abstract

Unsupported PtSn powder was prepared by direct reduction of a solution containing both H,PtCls and SnCl, using hydrazine as the reducing
agent. The dark gray powder was characterized with Scanning Electron microscopy (SEM), EDX analysis, Mdssbauer spectroscopy, X-ray dif-
fraction, XPS depth profiling after different treatments: pre-sintering, O, and H, treatments. SEM showed a conglomerate of small spherical
particles (0.2 — 1.5 um). They contained Pt, various PtSn alloy phases and tin oxide(s). EDX showed 70-75% Pt and 25-30% Sn on various
grains. The mixture of Pt;Sn and SnO; represented the final stabilized state obtained upon repeated heating in air and, finally, H,. This mixed Pt—
Sn was catalytically inactive in “structure-sensitive” reactions, such as methylcyclopentane ring opening or cyclohexane dehydrogenation, but
was active in “structure-insensitive” hydrogenation and also in the dehydrogenation of cyclohexene. The relative importance of the latter two
reactions depended strongly on the previous treatments of the catalyst — i.e., on its composition, the final stage (PtsSn and SnO,) being most ac-
tive, with cyclohexane as the main product.

Keywords: PtSn, bimetallic catalyst, X-Ray diffraction, Mdssbauer spectroscopy, XPS, Electron microscopy, hydro-

genation and dehydrogenation of cyclohexene,

1. Introduction

Addition of tin to Pt catalysts plays an important role
in controlling the activity and selectivity in several different
catalytic reactions [1-3]. From the late 1970s Sn-Pt/Al,O3
catalysts have been applied in the naphtha reforming indus-
try, in order to improve stability and selectivity towards
dehydrogenation, isomerization and aromatization [1-5]. In
the last 30 years Sn-Pt system was studied extensively in
model hydrocarbon reforming reactions, for example in
transformations of cyclohexane [6-8], methylcyclopentane
[9], heptane [7] and also hexane [5,10-12]. The Sn-Pt cata-
Iytic system could be successfully applied in many different
reactions: dehydrogenation of light alkanes [13-15], hydro-
genation of 1,3-butadiene [16], selective hydrogenation of

a,B-unsaturated aldehydes [17,18] and nitriles [19], selec-
tive catalytic reduction of NO, with hydrocarbons [20],
hydrogen-assisted dechlorination reactions [21-23], low-
temperature CO oxidation [21,24-28], CO oxidation in the
presence of hydrogen (PROX) [29-31], electrocatalytic
total oxidation of methanol [32,33] and ethanol [34,35] for
direct fuel cell application, and in electrocatalysis for prep-
aration of CO resistant PEMFC anodes [36,37].

To explain the advantageous effect of tin on the
properties of Pt catalysts two mechanisms were suggested
[1]. The first type of interpretation is the so-called “ensem-
ble” or “geometric” effect. According to this concept, the
primary role of tin is the separation and stabilization of
platinum ensembles and retaining them in high “disper-
sion” (i.e., Pt accessibility) [38-40]. Sn is preferentially
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deposited on larger Pt ensembles active in hydrogenolysis
[6]. This mechanism could explain the increased stability of
Sn-Pt catalysts in the refinery. The second interpretation is
the so-called “electronic” effect. It emphasizes the modifi-
cation of electronic density of platinum due to a partial
positive charge transfer from Sn™ species and/or different
electronic structure in Pt-Sn alloys [29,41-43]. Several
characterization techniques, such as electrochemical me-
thods [44], XPS [13,39,44], EXAFS [13], !°Sn Méssbauer
spectroscopy [11,21-23,26], suggested strong electronic
interaction between Sn and Pt. In different reactions ob-
viously alternative explanations were given account for the
catalytic properties of Sn-Pt materials. However, most of
the studies agree that the ensemble and electronic effect
(including alloy formation) cannot be separated.

The Pt-Sn phase diagram is well established [45] and
the enthalpies of formation are known [46]. Five different
alloy phases were described [45,46]: PtSn, orthorombic,
PtSn, cubic, Pt,Sn; hexagonal, PtSn hexagonal and Pt;Sn
centered cubic phase. Among them special catalytic beha-
vior was assigned to PtsSn and partly to PtSn alloy in dif-
ferent reactions, while alloys with higher Sn content were
regarded as inactive in most catalytic reactions
[11,13,29,30,47]. Modeling by Kappenstein et al. [11]
showed that the Pt3Sn alloy structure has sufficient number
of surface Pt atoms that can be active in hydrocarbon trans-
formation. EXAFS and XPS results indicated that PtSn
alloys are likely, inactive in isobutene dehydrogenation,
they, however, increase the stability of Pt particles without
direct contribution in the catalytic reactions [13].

Building up a precise model of the catalyst structure
under reaction conditions is, unfortunately, not possible in
most of the cases. The Pt loading of supported catalysts is
usually 1-5% (or even lower) and the tin modifier is some-
times added in even smaller amounts. *°Sn Méssbauer
spectroscopy [11,21-23,26] can reveal the “bulk structure”
of metallic particles. Sn°, Sn*" and Sn** were identified in
Pt/Al,0; [48], their concentration depended on the pre-
treatment of the catalyst. Exact identification of phases —
due to the low Sn loading — is not always possible. The
information from XRD studies is rather limited for low
metal loadings and for small particles. Even if the “bulk
structure” of the supported Sn-Pt samples is unambiguously
identified, its surface under reaction conditions might be
different [11,26]. X-ray photoelectron spectroscopy (XPS)
— one of the most widely used techniques for analyzing
catalyst surfaces — has limitations. First, certain difficulties
arise for alumina supported Pt, due to the fact that the Pt 4f
and Al 2p peaks measured in traditional XPS instruments
partially overlap, second, in the case of low metal loading,
the surface of metallic particles might be negligible as
compared to high surface supports. To overcome these
problems, unsupported model catalysts were successfully
applied in our earlier studies [49-54]. Pt black is a well-
dispersed monometallic catalyst, and can be tested in cata-
Iytic reactors, and characterized by bulk techniques, like
XRD, as well as by surface-sensitive XPS.

Conventional XPS operates at UHV pressures. Thus,
the identification of the weakly adsorbed species and sur-
face structure during the catalytic run is difficult (almost
impossible). Evacuation induces desorption and/or can
change the chemical state of surface species [55-57]. To
overcome these limitations, high-pressure XPS chambers
were designed already in the late 1970’s [55]. A number of
high-pressure XPS experiments have been performed since
then [58-62]. The in-situ XPS setup used in this study em-
ploys differentially pumped electrostatic lenses that allow
measurements in a gaseous environment (flow-through
mode) at pressures of up to 5 mbar [63-67].

The present paper reports on the preparation of an
unsupported Pt-Sn catalyst, by simultaneous direct reduc-
tion of both Pt and Sn from a mixed solution (Pt:Sn=3:1)
rather than adding Sn to solid Pt. The catalyst was sub-
jected to different treatments, in order to clarify the way of
formation and the catalytic behavior of different PtSn al-
loys. We determined the bulk structure, its surface state and
attempted to correlate them with the catalytic properties.
Characterization by SEM, EDX, XRD, in-situ, high-
pressure XPS, 9Sn-Mdssbauer spectroscopy and tests in
hydrocarbon reactions are to be reported. Catalytic proper-
ties in other reactions (such as PROX) will be published
separately.

2. Experimental
2.1. Catalyst preparation and treatments

The PtSn catalyst was prepared by a traditional re-
duction method [68]. Aqueous hydrazine hydrate solution
was added stepwise to a 35% aqueous solution of H,PtClg
and SnCl, with a nominal atomic ratio of Pt:Sn = 3:1. A
dark gray precipitate was formed. That liquid was then
heated at 353 K for 24 hours to remove residual ammonia,
thereafter it was washed with bidistilled water for several
days until reaching neutral pH. The sample was filtered and
dried overnight in a vacuum-desiccator over CaCl, at ~293
K followed by drying in an oven drier at 393 K for 12
hours. This sample is denoted as “PtSn as prepared”: PtSn-
AP. It was then presintered in flowing gas mixture (10% H,
in He, 30 mL/min at 473 K) for 2 h [49]. According to ear-
lier experiences with unsupported Pt catalysts [52,53,69]
this sample is stable and can be stored in air. This sample is
called “PtSn presintered”: PtSn-PS. A fraction of it was
pretreated in oxygen for 2 hours at T=573 K (PtSn-O,) and
then reduced in H, at T=673 K also for 2 hours (PtSn-H,).
Reduction in the in-situ XPS apparatus took place at 573 K.

Adsorption properties of the sample were measured
after in-situ presintering at 473 K in H,. Adsorption of H,
and CO was carried out at room temperature. The Pt acces-
sibility was calculated estimating 1:1 Pt:H,qs and Pt:COgqs
ratios. Specific surface was determined by N, adsorption
using the BET method.
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Catalytic results were compared with those on an un-
supported Pt black sample prepared by the same method
using hydrazine, as described previously [49,53,69]. This
sample is denoted as Pt and after treatments analogous to
those applied for Pt-Sn samples Pt-PS, Pt-O, and Pt-H.,.

2.2. Scanning Electron Microscopy (SEM) and
Energy Dispersive Analysis (EDX)

Scanning electron microscopy was measured using
FEI Quanta 200F microscope with warm field emission
gun. Secondary Electron images were taken with Everhard
Thornley Detector (EDT). Energy dispersive analysis
(EDX) was measured by EDAX Genesis with Sapphire
Detector with Si(Li) crystal and super ultra thin window
(SUTW). Images and spectra were taken with accelerating
voltages of 10 and 25 kV. Elemental mapping (Sn plus Pt)
was performed in a Philips CM200 FEG electron micro-
scope.

2.3. XRD measurements

X-ray powder diffraction scans were measured on a
Philips PW 1050/PW 3710 diffractometer equipped with
graphite monochromator and proportional counter and us-
ing Cu Ko radiation (A=0.15418 nm). XRD scans were
evaluated for quantitative phase composition and crystallite
size using a full profile fit method.

2.4. Mossbauer spectroscopy

1195n-Meossbauer in situ spectra were recorded at 77
K with a constant acceleration KFKI spectrometer
equipped with Ba'*®Sn0O; source (300 MBg). The cell was
built to allow treatments in various gas atmospheres, with a
pellet supported by a thin Be plate [70]. The pellet was
made from 172 mg PtSn-AP powder diluted with 78 mg
Cab-O-Sil (EH5) and pressed with 100 MPa. The sample
was pretreated in-situ and measured after all treatments in
the PtSn-PS, PtSn-O,, and PtSn-H, states, consecutively.
The recorded spectra were decomposed to Lorentzian
shaped lines. None of the positional parameters were ini-
tially constrained. Successive iterations were applied to
obtain a better fit to the experimental data. The estimated
accuracy of positional parameters is +0.03 mm s The
isomer shift values are referred to SnO,.

2.5. In-situ, high pressure X-ray photoelectron
spectroscopy (XPS)

The in-situ XPS experiments were performed at
beam line U49/2-PGML1 of the synchrotron BESSY (Ber-
lin). A pressed pellet containing approximately 150 mg of

PtSn-PS was placed on a temperature-controlled heater,
and treated in-situ in oxygen or hydrogen (0.5 mbar), ana-
logous to treatments of PtSn-O,, and PtSn-H,. Gas flow
(15 mL/min) into the reaction cell was controlled using
calibrated mass flow controllers.

Sn 3d, O 1s, and Pt 4f spectra were recorded with
photon energies of hv = 620 (& 880), 660 (& 920) and 210
(& 470) eV respectively. The different excitation energies
on the same core level ensure the variation of information
depth, making possible to distinguish between different
chemical states as a function of depth. The binding energies
were calibrated against the Fermi level of the sample. De-
composition of the Sn 3d and O 1s regions were performed
using Gaussian-Lorentzian curves.

2.6. Catalytic tests

Catalytic reactions were carried out in a closed-loop
reactor (volume V=155 ml) described earlier [51,53,54]. It
was filled with a mixture of the hydrocarbon reactant (1.3
kPa) and hydrogen (16 kPa). Cyclohexene transformation
was measured after different treatments in the range of
T=353-573 K. Additionally, samples were tested in me-
thylcyclopentane ring opening and in benzene hydrogena-
tion reactions. The same charge of catalyst was used in all
test runs, 35 mg of PtSn and 23 mg Pt-black, respectively.
Sampling took place after 5-min reaction time in all cases.
Product analysis was performed by gas chromatography,
using a 50-m CP-Sil glass capillary column. The turnover
frequencies [71] were calculated as the number of hexane
molecules reacted per one surface Pt atom, using the length
of the run as the “contact time”. Both samples were pre-
treated in situ using the treatments described above.

3. Results
3.1. Adsorption properties

The specific surface area measured after presintering
was slightly lower for the bimetallic PtSn than for the mo-
nometallic Pt sample, 2.31 vs. 2.64 m? g™, respectively
(Table 1).

The Pt accessibility (“dispersion”) values could only
be measured by adsorption techniques after reductive
treatments, i.e. presintering and high temperature reduction
(Table 1). The values measured were in the range usual for
unsupported black samples [52,53]. Treating the unsup-
ported catalyst in oxygen and hydrogen at elevated temper-
ature hardly affected the dispersion pattern, i.e. no sintering
occurred. Hydrogen adsorption and CO adsorption gave
similar values for monometallic sample, the latter being
slightly, but without doubt, higher (Table 1). This differ-
ence was much larger for the bimetallic sample, especially
after presintering (Table 1). Similar results were obtained
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Table 1: Adsorption properties of PtSn-PS and PtSn-H, com-
pared to a Pt sample after analogous in-situ treatments, noted as
Pt-PS [69] and Pt-H,.

Dispersion (3]

Catalyst BET [mag~")
H; adsorption L0 adsorption
PiSn-PS 231 a7 032
Pi5n-Hz = 049 .56
PtF5 254 0.88 093
Pt-H; - 0.B5 0.89

Fig. 1: SEM images of PtSn-PS: (a) typical overview, (b) needle-
like structures observed on few bigger platelets.

for Pt-Ge [72,73] and Rh-Ge [74,75] — prepared with orga-
nometallic grafting — if the loading of the second metal was
higher than 1 monolayer. The difference was explained by
different site requirements for CO and hydrogen adsorption
[73]. The dissociative chemisorption of hydrogen, requires
two neighboring active surface sites to dissociate the H,
molecule. CO (with its lone electron pair) could chemisorb,
in turn, upon impinging on a single surface site. These cata-
lysts can contain on the surface single Pt atoms surrounded
by the second metal that can apparently adsorb CO in the
linear mode, but fewer active doublets are available for H,
dissociation. We cannot exclude that CO could have been
adsorbed on Sn (or SnO — see later) patches. For calculat-
ing TOF values, dispersions determined from hydrogen
adsorption were used.

Table 2: Phases found by XRD analysis after various treatments

Com ponent Proportion (%]
Fr 0
PeSn-AP Pt&n o
PriSn 10
Pe 40
PrSn-PS Pt&n 40
Prain n
Fe 10
PrSn-Hy FtSn o
Pti3n 0

3.2. Scanning Electron Microscopic (SEM) cha-
racterization

Representative Scanning Electron Microscopic pic-
tures of the PtSn-PS sample are presented in Figure 1.
(TEM analysis of the reference Pt black has been published
earlier [76].) Typically, the sample looked like agglome-
rates of ball-like particles with the size of 50-200 nm (Fig-
ure 1a). Hardly any monometallic particle was observed.

In some places larger particles of 1-1.5um covered
by the same ball-like structure was found. In few other
places flat plate-like structure covered by needle-like struc-
ture of ~40 nm was visible (Figure 1b). The elemental
analysis showed homogeneous pattern in this latter case,
too, however with higher (over 90%) Pt content.

3.3. Elemental mapping

Elemental mapping was measured on the sample pre-
sintered in H, at 473 K (PtSn-H,). Figure 2 depicts the
elemental maps of selected PtSn particles. It consists of
rounded grains: 3 larger ones (up to ~200 nm) are seen
together with smaller ones (<50 nm). Sn is situated mainly
on the near-surface layers of larger grains, whereas Pt can
be found everywhere: on the surface and in deeper layers.
Parallel elemental analysis of two grains showed 70-75% Pt
and 25-30% Sn (calculated for the whole particles).

3.4. X-ray diffraction analysis

XRD spectra measured in different states are shown
in Figure 3 and the corresponding compositions in Table 2.
In the AP state, after drying, 90% of Pt crystal structure
was observed by XRD and only about 10% of crystallized
PtsSn was seen (Table 2). The lattice parameter a(0)=3.942
A was higher than that reported for Pt: (3.9231 A), indicat-
ing dissolution of Sn in the Pt phase, with Sn content of
~6%. The Sn content of the sample estimated from XRD is
much lower than the nominal value (Pt:Sn=3:1). Since
XRD and SEM also detected more Sn after further treat-
ments, the only possibility is that in the “as prepared” state
the missing Sn content is present in an amorphous form,
invisible for XRD.
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Fig. 2: EDX elemental maps of an agglomerated particle (Pt and Sn).
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Fig. 3: A section of the X-ray diffractogram of PtSn catalyst in three different states: curve 1: PtSn-AS; curve 2: PtSn-PS; curve 3: PtSn-H,.

Abscissa: diffraction angle, degrees.

After presintering, a PtSn phase appeared with a con-
centration of 40%. At the same time, the metallic Pt phase
decreased to the same value, and a significant Pt;Sn phase
(20%) also observed (Figure 3 and Table 2). After high
temperature O, and H, treatments, 90% Pt;Sn was observed
with ~10% Pt phase.

3.5. "°Sn-Mossbauer spectroscopy

The Mdssbauer spectra are shown in Figure 4 and the
calculated fit parameters are presented in Table 3. In the
spectrum recorded on the PtSn-AP sample, 2/3 of the spec-
tral area belongs to an Sn*" component (with an isomer
shift, IS = 0.03 mm/s). Since the isomer shift is related to
the Sn*" (Ba'*®Sn0O; source was used), this species is un-
ambiguously Sn**. The other component at 1S=1.27 mm/s,
denoted as PtSn (a), can be related to metallic Sn dissolved
in Pt, in a concentration around 4-6% [77,78]. Treatment in
hydrogen at 473 K resulted in the complete disappearance
of the Sn*" state (cf. Section 3.4), with a simultaneous ap-

pearance of two new PtSn states: PtSn (b) at 1.41 mm/s and
PtSn (c) at 2.05 mm/s. The isomer shift reported for Pt;Sn
is at 1.42 mm/s [26,77,78] corresponding perfectly to PtSn
(b). The other compound, PtSn (c) can be regarded as
Pt,Sns, but the presence of PtSn cannot be excluded, either
(Table 3) [26,77,78].

As expected, oxidizing treatment at 573 K increased
the amount of the Sn** component, however, about 74% of
the tin remained in the Pt;Sn form (Table 3). Finally, after
high temperature reduction in H,, only one component,
PtsSn was present in the spectrum of PtSn-H, sample (Fig-
ure 4, Table 3).

3.6. In situ, high pressure XPS

The surface state of PtSn-PS during oxygen treat-
ment as well as in hydrogen treatment was investigated
using high-pressure XPS. Gas pressure under the experi-
ment was set to 0.5 mbar. Figure 5 shows the Sn 3d and the
O 1s core levels in the different environments, while the Pt
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Table 3: Calculated parameters of the Mdssbauer spectra shown in
Figure 4.

Componsnt 15 05 PévHMa Rl
S 003 053 088 &7
L PtSn (a) 127 - 115 13
PtSn [b] 1.41 - 105 b
AHRCES Ptén =] 205 - 1M\ 41
PiSa-0, St 008 a7l 090 26
PtSn (b} 1.45 - 1.18 74
PiSa-H; PtSn (b] 1.48 - 0m 100

a: Components were identified as follows (see text): PtSn (a): 4-
6% Sn dissolved in Pt, PtSn (b): PtsSn, PtSn (c): Pt;Sns.

b: Isomer shift relative to SnO, (mm/s)

c: Quadrupole splitting (mm/s)

d: Full line width at half maximum (mm/s).

e: Normalized relative intensity (spectral area, per cent). Because
the probability of the Mdosshauer effect (recoilless fraction) is
different for the various Sn species [77], the RI values do not
strictly correspond to the actual concentrations of the respective
components.

as synth

-6 -4 -2 0 2 4 6
velocity, mm/s

Fig. 4: Series of in situ 77 K Mossbauer spectra recorded on the
same sample. Top: PtSn-AP, second from top: after treatment in
H, at 473 K, second from bottom: PtSn-O,, bottom: PtSn-H.,.

4f 7/2 peaks are depicted in Figure 6a. The surface of the
PtSn-PS sample after storing it in air was significantly
oxidized. Sn 3d revealed two components slightly overlap-
ping, one at 485.4 and the other at 486.6 eV. As marked on
the figure, elemental tin is typically observed at somewhat
lower binding energies (484.6-485.0 eV) [79,80], while tin
alloyed with Pt would fit the low-BE component [80]. Tin
was, in fact, mainly in the form of SnO, [79,81], although

(a) 3n0, PtSn

in H, (300 °C)

in 0, (300°C)

Intensity (a.u.)

asiis (in O,/RT) PtSn-PS

490 488 486 484 482

Binding Energy (eV)
(b) Lattice O
Gas-phase HO.. OH in Sno,
0, C-species?
S PiSn-H,
\ in H, (300 °C)
5
8
= in 0, (300°C) PiSn-O,
c
9]
£
PtSn-PS
as is (in O,/RT)

540 538 536 534 532 530 528
Binding Energy (eV)

Fig. 5: In situ XP spectra of PtSn in three different states: PtSn-
PS, PtSn-O; and PtSn-H,. (a) Sn 3d spectra; (b): O 1s spectra.

the contribution of SnO cannot be excluded as their binding
energies are similar [79]. By varying the excitation energy
on the same core level, different information depth can be
probed. Figure 6b shows such an experiment on the PtSn-
PS sample after storing it in air. It indicates that SnO, is
closer to the surface, i.e. more oxide is present on top of the
alloyed phase.

The O 1s peak confirmed the presence of 3D tin-
oxide, since a pronounced peak of lattice oxygen was
present at ~530 eV (Figure 5b). The surface was terminated
with hydroxyl groups (531.6 eV) [79,80]. The asymmetry
of the high BE side of OH (represented by the 3™ fit curve)
can be explained by adsorbed water (not unexpected after
sample preparation in aqueous solution and its subsequent
treatments with O, and H,). In the PtSn-PS state (but also
during O, or H, treatment) the Pt 4f 7/2 level (Figure 6a) is
shifted by approximately +0.3 eV as compared to clean Pt
(70.9 eV). The Pt 4f 7/2 peak is much broader initially in
PtSn-PS, which could indicate Pt atoms coordinated with
different numbers of tin atoms. The difference spectrum
between PtSn-PS — PtSn-H, states reveals two additional
components at 70.8 and 71.7 eV. While the first can be
clean, tin-free platinum the latter resembles the observed
core level shift of Cheung [82] for tin—rich samples. Heat
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@ 1:eemme asis ‘
2: 02 (300°C) Y
3: —— H2(300°C)

Intensity (a.u.)

emememememimemrmea e B T Rttt

73 72 7 70
Binding Energy (eV)

PtSn-PS

Surface sensitive ...
Bulk sensitive

Intensity (a.u.)

490 488 486 484 482
Binding Energy (eV)

Fig. 6: (a) In situ Pt4f 7/2 peak of PtSn in three different states:
PtSn-PS, PtSn-O, and PtSn-H,; (b) Sn 3d depth profiling over
PtSn-PS (peak BE identifications, see Fig. 5a).

ing in oxygen resulted in a narrower Pt 4f spectrum (Figure
6a); hardly different from the H, treated sample. The frac-
tion of SnO, also increased (Figure 5a). The onset of the
oxide growth was close to 463 K. The high amount of lat-
tice O and the decrease in the number of OH groups points
to a 3D growth of tin-oxide (tin migrating to the surface
where it gets oxidized) as well as to the lower stability of
hydroxyls.

The ratio Sn/Pt as measured by XPS increased from
4 to more than 10 as a result of heating in oxygen, validat-
ing the above results. During heating some oxygen contain-
ing carbon species (not shown) segregated to the surface
(and was stable at 573 K). These entities could also con-
tribute to the component of the O 1s peak at ~ 531.6 eV,
attributed mainly to OH groups (Figure 5b).

Hydrogen treatment at 573 K reduced the amount of
SnO, and platinum segregated to the surface. The ratio of
Sn/Pt dropped by a factor of almost 6; thus platinum mi-
grated from bulk towards the surface. The narrowest Pt 4f
was observed in this state (Figure 6a), suggesting only one
type of Pt being present, with BE close to that of metallic
Pt [50,53]. This was further confirmed by a depth profiling
experiment (not shown), revealing no emerging new com-
ponent next to the main Pt 4f peak. Sn 3d of the alloy com-
ponent was better resolved in H, and its BE corresponded

to that of Pt3Sn [79]. The amount of tin oxide was remarka-
ble in both Sn 3d and O 1s-core levels (Figure 5). Hydro-
gen induced the formation of hydroxyls and adsorbed wa-
water.

3.7. Catalytic studies

The Pt-Sn samples after any of the treatments were
inactive in methyl-cyclopentane ring opening reaction (in
the range of T=543-603 K) and benzene hydrogenation
(T=353-473 K). The same charge of catalyst was, however,
active in cyclohexene transformation (T=353-573 K), pro-
ducing benzene and cyclohexane:

H _
CgHi1z i-—szEHm ﬂzfe Hi

Pt black (Pt) was active in all reactions. The poor ac-
tivity in the above mentioned reactions indicates (i) that Pt-
Sn phases are inactive in the C-C cleavage and in the satu-
ration of aromatic ring and/or (ii) a strong geometric hin-
drance of the adsorption of Cs — Cq carbocycles.

The conversion values in cyclohexene transformation
measured after different treatments on PtSn are presented in
Figure 7a in comparison with Pt catalyst, subjected also to
analogous pretreatments: O, and O,—H,, respectively.
These latter results corresponded perfectly with those
shown on the presintered sample. Thus, the effect of pre-
treatments on the catalytic behavior of PtSn can only be
correlated with presence of Sn. Among the Sn containing
samples, the activity was the highest on PtSn-H, and low-
est on the presintered sample. The activity pattern after
oxygen treatment resembled that of the latter sample, both
increasing at T>473 K. These samples were treated in H, at
T=473 K after preparation (Pt-PS) as well as after oxida-
tion (Pt-O,) in order to remove residual surface oxygen
from Pt. These catalysts contacted first hydrogen at T >
473K, during the reaction. Hydrogen increased the number
of available surface Pt atoms, as seen from XPS measure-
ments (see Section 3.5), increasing also the activity.

The activity measured on Pt-PS decreased conti-
nuously and on PtSn-H, decreased after a maximum at
T=393 K. Cyclohexene formed two products: cyclohexane
and benzene. The reactions include hydrogenation and
dehydrogenation. Dehydrogenation of cyclohexene to ben-
zene was, likely, “structure-sensitive” [83], i.e., just certain
catalytic sites with threefold symmetry were active for this
process. Hydrogenation of cyclohexene, in turn, was found
to be “structure-insensitive” [84] — i.e., its active sites con-
sisting of one or two Pt atoms could be anywhere of the
active surface.

The compositions reported are far from equilibrium:
the real equilibrium mixture containing negligible amount
of cyclohexene. Cyclohexane prevails below ~573 K and
benzene above that temperature [73]. The rates for the pro-
duction of these molecules (expressed as TOF values) are
compared for Pt-PS and PtSn-H, in Figure 7b. Benzene
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Fig. 7: (a) Conversion of cyclohexene on Pt and PtSn catalysts after different pretreatments and (b) turnover frequencies (TOF) for the formation
of benzene and cyclohexane on Pt and on hydrogen treated PtSn.
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Fig. 8: Selectivity pattern of (a) cyclohexane and (b) benzene formation over Pt and PtSn after different pretreatments as a function of tempera-
ture.
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Fig. 9: Schematic model of solid-state transformations after different pretreatments. The approximate area of components agrees qualitatively
with the values of Table 3. The question mark after PtsSn in PtSn-AP means that it is not detected as a phase (Table 3), but its formation may
have started from dissolved Sn in Pt.
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formation was the same on both samples, indicating strong
thermodynamic control of its formation [73]. The activity
difference between the two samples is caused by the higher
reaction rate towards cyclohexane formation from cyclo-
hexene on PtSn. The higher hydrogenation activity of PtSn
samples is also manifested in the selectivity values (Figure
8). The abundance of benzene and cyclohexane as a func-
tion of the temperature were determined first of all, by
thermodynamics. Nevertheless, the amount of cyclohexane
measured after reaction in the gas phase was always some-
what larger, that of benzene smaller that predicted by the
equilibrium which was usually approximated, but never
reached, like reported in our earlier paper [73]. Two factors
may be important; first, the few minutes of reaction were
not sufficient to establish an equilibrium mixture (the trans-
formation of cyclohexene was much less than 100%); sec-
ond, the hydrogen concentration in the surface phase —
where the actual reaction took place — was pronouncedly
different from that observed in the gas phase. It was just the
measured product distribution that allowed calculating the
“effective surface hydrogen pressures” being higher than
the values measured in the gas phase [85].

4. Discussion

The “multiplet theory” of catalysis [86] predicts that
active sites for hydrocarbons with Cg ring comprise of
three-atom Pt sites in hexagonal conformation: (111)
planes, edges, and kinks with such symmetry [87]. Added
inactive components (Sn [5] and/or Ge [72]) could preserve
these active ensembles, and prevent the formation of con-
tiguous carbonaceous overlayer. Too much additive could
deactivate reactions requiring “sextet-type” active ensem-
bles, but “doublets” remained still active. Thus, benzene
could not be hydrogenated on extremely sulfided Pt, but
cyclohexene was readily hydrogenated [88]. Similar activ-
ity loss was observed with much Ge added to Pt/Al,Os;,
transforming small Pt particle into “bulk” PtGe grains of
the same size on the support [72]. The analogy can be valid
in this case of larger grains in the present study.

Solid-state transformations of our binary system as a
consequence of various treatments were followed (Tables 1
and 2). Adding Sn produced some Pt3Sn on the surface, at
the same time, SnO, was also formed. Sn enrichment took
place in near-surface regions after first sintering (PS). In
this state some PtSn was present (Figure 3). A subsequent
O, treatment, in turn, brought about mixed phases and, at
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