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A Fast XPS study of propene decomposition over clean and
sulphated Pt{111}
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The thermal decomposition of propene over clean and sulphate precovered Pt{111} has been followed by Fast XPS. The saturation
propene coverage over the clean surface is 0.21 mL at 90 K. Propene is stable up to 200K, above which molecular desorption and
dehydrogenation result in the formation of a stable propylidyne intermediate adlayer at 300 K. Propylidyne decomposes above 400 K
eventually forming graphitic carbon above 800K. Preadsorbed surface sulphate promotes room temperature propene combustion
associated with the decomposition of a thermally unstable alkyl-sulphate complex. Propylidyne also forms as on clean Pt{111}, but is
less reactive, its decomposition above 450 K triggering partial oxidation with residual surface oxygen to liberate gas phase CO.
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1. Introduction

The importance of hydrocarbon chemistry over
catalytically active transition metal surfaces can hardly
be overestimated, with contributions ranging from
pollution control to fine chemicals synthesis. Conse-
quently the chemisorption of hydrocarbons [1], and in
particular of alkenes [2], on model single-crystal surfaces
has been extensively investigated. In the case of ethylene
on Pt{111}, both the initial adsorption geometry and
formation of an ethylidyne dehydrogenation intermediate
have been identified [3—5]. Higher (C;—Cs) alkenes are
also postulated to decompose via corresponding alkyli-
dyne intermediates [6—7]; however such interconversions
have never been directly monitored. The rational design
of improved catalysts requires new in situ analytical tech-
niques that can quantify coexisting hydrocarbon surface
species. We have recently shown it is possible to obtain
time-resolved information about the thermal evolution
of a reacting alkyne adlayer using Fast XPS [§8]. This
technique is complementary to vibrational spectroscopy
in following the dynamics of the principal carbon
environments [9].

Here Fast XPS is extended to the decomposition and
oxidation of propene on Pt{l111}. The nature and
stability of the resulting intermediates are extremely
important for Pt/Al,O; automotive emission control
systems, wherein propene is a major component of the
exhaust gases. We have recently shown that surface
sulphoxy species can profoundly influence hydrocarbon
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oxidation over platinum surfaces [10—12]. Sulphate
enhances low temperature C—H bond activation, reducing
the light-off temperature for propane and propene com-
bustion over both single-crystal [10] and dispersed Pt
[13]. However, little is known about the kinetics and
efficiency of propene decomposition over clean platinum,
or the nature of the sulphate—alkene interaction. This
paper reports the thermal decomposition and oxidation
of propene over clean and sulphate-promoted Pt{111}.
We identify a new alkyl-sulphate complex responsible
for low temperature CO, formation. The kinetics and
efficiency of propene dehydrogenation via a stable
propylidyne intermediate are also determined.

2. Experimental

Measurements were carried out at the SuperESCA
beamline of the ELETTRA synchrotron radiation
source using a Pt{l111} single-crystal sample prepared
by standard procedures and maintained under ultra
high vacuum (~1 x 107 Torr). Quoted exposures are
given in Langmuirs (1L =1 x 107®Torrs™') and are
uncorrected for ion-gauge sensitivity. The crystal was
held at 90 K during dosing. Temperature programmed
reaction data were acquired by application of a linear
heating ramp (~0.4Ks’1) to the exposed sample. Pro-
pene (Air Liquide 99%), oxygen (MG 99%) and sulphur
dioxide (Aldrich 98%) were used without purification.
Sample dosing was performed by backfilling the
vacuum chamber.

Carbon 1s and sulphur 2p XP spectra, referenced to
the Fermi level, were acquired at a photon energy of
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400eV and energy resolution of ~100meV. Individual
spectra were acquired approximately every 30s during
fast XP measurements. The background-subtracted
spectra were fitted using a Doniach—Sunjic function
convoluted with a Gaussian. Fitting parameters for
molecular propene were determined from the low tem-
perature uptake, while a common lineshape derived
from graphitic carbon was adopted for the decomposi-
tion products. Sulphur peak assignments are taken
from ref. [14]. Photoelectron spectra were measured
using a 96-channel double-pass hemispherical analyser.
Absolute carbon and sulphate coverages were deter-
mined by calibration with CO and H,S.

3. Results and discussion
3.1. Propene decomposition

Figure 1 follows the thermal decomposition of a
saturation propene adlayer (6 =0.21 mL) on a clean
Pt{111} surface during continuous heating. At 100K a
broad C 1s state centred around 283.6 eV is characteristic
of molecular propene [15]; the peak shape reflects contri-
butions from both the three inequivalent C environments
and the vibrational fine structure [16]. A second higher
binding energy state at ~284.6eV corresponds to
multilayer propene. Temperatures above 100 K desorb
multilayer propene leaving the chemisorbed monolayer
intact. This monolayer is stable up to ~200K, above
which ~33% of the propene desorbs molecularly in a
continuous process extending up to ~250K. Leading-
edge analysis gives a desorption activation energy
AEg4e = 58 + 3k mol~". Completion of this desorption
coincides with a progressive sharpening and shifting of the
C 1s spectra towards higher binding energy yielding a
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Figure 1. C 1s Fast XP temperature-programmed reaction spectra for a

saturation C3Hg adlayer on Pt{111}. Inset shows an image map highlighting
peak shifts and transition temperatures.

single, narrow peak at 284.2 eV by 300 K. At this tempera-
ture it is generally accepted from TDS [5,17,18] and vibra-
tional measurements [19,20] that the remaining adsorbed
propene dehydrogenates via the loss of one hydrogen
atom to form surface propylidyne (Pt;=C—CH,—CH3).
This peak shift and narrowing corresponds to the first
direct observation of propene decomposition to propyli-
dyne. This dehydrogenation, which requires free Pt sites,
does not occur until sufficient propene has desorbed mole-
cularly. Peak fitting shows that propylidyne formation is
100% efficient allowing the propylidyne binding energy
to be pinpointed at 284.2eV. The 0.5eV chemical shift
between propene and propylidyne likely reflects changes
to both the terminal aliphatic carbon, during the proposed
1,2-sigmatropic hydrogen shifts in which a z° surface
geometry is adopted [21], and the allowed molecular vibra-
tions. A leading-edge analysis of the fitted propylidyne
intensity in figure 3 yields an apparent activation energy
AEL 4 =75+ 3kImol! with first-order kinetics. This
validates prior indirect estimates from TDS [5] and
SSIMS [22] which range from 73 to 83 kJ mol ™.

Above 400K propylidyne decomposes in a series of
deyhydrogenation steps which liberate a variety of
C,H, fragments. These give rise to a broad but weak C
Is signal spanning 283.5-284.5¢V. The inset to figure 1
shows the peak maximum also moves to lower binding
energy with increasing temperature, presumably reflect-
ing C—C cleavage and the formation of CH" species.
Although initial breakdown is rapid, proceeding with
AE% ;; =113+ 3kJmol™!, significant propylidyne
remains up to ~600K. Higher temperatures result in
the total dehydrogenation of residual CH, species
[5,18], and indeed above 790 K we observe a well-defined
surface carbon moiety with a binding energy ~283.5¢eV.
This new carbon state reflects graphite formation [7].

3.2. Sulphate-mediated propene oxidation

The influence of surface sulphate on the chemistry of
propene over Pt{111} was subsequently investigated. A
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Figure 2. Deconvoluted C 1s components as a function of temperature for a
saturation C3Hg adlayer on Pt{111}. The total integrated C signal is also
shown.
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Figure 3. (a) C 1s XP spectra of 1 L C3Hg on clean and SOy4-precovered

Pt{111} and (b) S 2p XP spectra of SO4-precovered Pt{111} before and
after exposure to 1 L C3Hg. All spectra recorded at 100 K.

sulphated surface was first prepared by adsorbing 12 L of
SO, onto oxygen presaturated Pt{111} at 100K, and
subsequently annealing to room temperature as
described previously [10]. The resulting saturation sul-
phate coverage was 0.1 mL. Propene adsorption was
then followed by XPS at 100 K. Carbon 1s spectra for
1L propene on clean and sulphate precovered Pt are
compared in figure 3(a), which reveals a significant
peak broadening towards higher binding energy
(~0.55¢eV) in the presence of sulphate. Peak deconvolu-
tion (not shown here) shows a major new hydrocarbon
state centred around 287eV and a small amount of
molecular propene in a 2:1 ratio. The corresponding S
2p spectra reveal propene adsorption likewise perturbs
surface sulphate (figure 3(b)), increasing the SO, binding
energy by 0.2e¢V and attenuating the overall S signal.
This mutual perturbation provides evidence for a direct
interaction between the two surface species which
may form an alkyl-sulphate complex. The saturation
propene coverage remains about 0.22mL, confirming
that preadsorbed sulphate does not act as an inert
site-blocker.

The thermal evolution of this hydrocarbon adlayer
was followed by Fast XPS (figure 4). The new high bind-
ing energy hydrocarbon state is relatively unstable, and
~50% undergoes a gradual transformation to molecular
propene on annealing to 180K. Peak deconvolution
(figure 5) shows no desorption occurs over this tempera-
ture range. This direct conversion suggests the perturbed
state must retain a significant propyl character, again
consistent with alkyl—sulphate formation. Above 180 K
this alkyl moiety continues to decompose, now liberating
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Figure 4. C 1s Fast XP temperature-programmed reaction spectra for 1 L
C3H¢ adsorbed on SOy4-precovered Pt{111}.

reactive carbon-containing species which desorb from
the surface. Simultaneously the S 2p spectra (not
shown) show the reduction of SO, to lower sulphoxy
species and atomic sulphur. This breakdown continues
more rapidly above 250K and is accompanied by
the same propene — propylidyne observed over clean
Pt{111}. About 20% of the total surface carbon desorbs
between 220 and 320 K coincident with the appearance
of gas-phase CO, and SO, (figure 6), strong evidence
for decomposition of our postulated alkyl-sulphate
complex. This is clearly illustrated by the correspondence
between the peak minimum in the derivative total C 1s
intensity and the CO, (44 amu) desorption peak maxi-
mum. The initial total surface C:O ratio is ~5:3, this
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Figure 5. Deconvoluted C 1s components as a function of temperature for
1L C3;Hg adsorbed on SOy-precovered Pt{111}. The total integrated C
signal is also shown.
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Figure 6. Temperature-programmed mass spectrometer reaction spectra
for 1L C3Hg¢ adsorbed on SOy-precovered Pt{111}. The corresponding
derivative total C Is XP intensity is shown for comparison.

translates to a maximum CO, yield of 0.2mL and
corresponding 30% decrease in the total carbon signal,
consistent with the 25% drop observed in figure 5.
Higher temperatures result in similar behaviour to that
for the clean surface, with propylidyne decomposing
via CH, intermediates to liberate graphitic carbon. One
notable difference is the small loss of surface carbon
above 450K, corresponding to CO desorption (figure
6), a process utilising the residual surface oxygen from
SO, breakdown.

4. Conclusions

High resolution Fast XPS permits the direct observa-
tion of complex metal-catalysed hydrocarbon intercon-
version reactions. The activation barrier and threshold
temperature for propene dehydrogenation to propyli-
dyne have been determined and the first binding energy
of a pure propylidyne adlayer measured. Propylidyne is
thermally stable over a relatively narrow temperature
regime and decomposes to graphitic carbon above
400 K via multiple intermediate hydrocarbon fragments.
Surface sulphate reacts with propene at low temperatures

to form a metastable complex. This complex decomposes
to liberate CO, and SO, at room temperature. Oxidation
of molecular propene is hindered by the thermal stability
of propylidyne, which decomposes above 450 K resulting
in CO desorption.
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