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XAFS, XRD, and TEM measurements on dispersed Pt/Al2O3

catalysts have elucidated the promotional effect of SO2 in propane
oxidation over these systems. At low loadings (0.05 wt%), Pt/Al2O3

catalysts initially contain small (<20 Å) stoichiometric β-PtO2 par-
ticles. Catalyst sulphation is accompanied by reduction and con-
comitant sintering of these oxidic particles, resulting in metallic
Pt clusters exhibiting similar structural and reactive properties to
their counterparts formed at higher loading (9 wt%). The formation
of stable SO4 species on both alumina support and on the Pt sur-
face facilitates the dissociative chemisorption of propane onto both
support and metal. Evidence is presented for the role of interfacial
sulphate in the activation and subsequent oxidation of propane via
a bifunctional mechanism. c© 1999 Academic Press
INTRODUCTION

By virtue of its application in a number of important fields
including automotive pollution control and hydrocarbon
reformation, Pt/Al2O3 is amongst the most widespread of
catalytic systems in commercial use today (1). However,
despite years of intensive study, aspects of the complex
interdependent interactions between Pt–alumina and poi-
son/promoter species remain contentious. In particular the
role of S-containing molecules in modifiying the catalytic
oxidation activity of Pt/Al2O3 catalysts is unclear. As early
as 1979 Sadowski and Treibmann first reported that expo-
sure to SO2 irreversibly enhanced the catalytic oxidation
of n-alkanes by Pt (2). Subsequent studies by Gandhi et al.
found that inclusion of trace SO2 in simulated car exhaust
feedstreams poisoned the Pt/Al2O3 catalysed oxidation of
propene and carbon monoxide but promoted the oxida-
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tion of propane (3). Similar rate enhancements are ob-
served following sulphation by 1.1 N H2SO4 or exposure
to SO2/O2 mixtures (4), and SO2-promoted propane com-
bustion is also reported over the modern three-way catalyst
(5). These reactions are directly relevant to the control of
unburnt hydrocarbon emissions from automotive sources,
which legislation dictates must be fully combusted to CO2

(6). Recent research and development efforts focused at
emissions control for both lean-burn gasoline and diesel
vehicles have refocused attention on the role of SO2 in reac-
tions of both hydrocarbons and nitrogen oxides (7). Under
lean-burn conditions vehicles can run for extended peri-
ods at low temperatures with consequent accumulation of
high sulphate levels. This is especially true of advanced NOx

trapping systems wherein Pt/Al2O3 oxidises NO to NO2 for
subsequent nitrate storage.

Our previous research on model Al2O3/Pt(111) single-
crystal systems under ultra-high vacuum (UHV) conditions
revealed the importance of both active phase (8) and alu-
mina sulphation in facilitating propane chemisorption and
subsequent combustion (9).

Here we investigate the extent to which our single-crystal
findings are pertinent to practical highly dispersed Pt/Al2O3

catalysts. We show that while the principal promotional
phenomena identified with model catalyst systems do in-
deed transfer across the “structure and pressure gap.” The
key role of SO2 in the case of supported catalysts involves
sulphate-induced simultaneous reduction and sintering of
highly dispersed oxidised Pt particles, present within fresh
catalysts under normal high-pressure operating conditions.
We are thus able to rationalise the original microreactor
study of Gandhi and co-workers.

EXPERIMENTAL METHODS

Model catalyst studies on Pt(111) and Al2O3/Pt(111)
single-crystal surfaces were performed in a UHV system
described previously (10), operated at a base pressure of
1
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1× 10−10 Torr. γ -Al2O3 surfaces were prepared by oxi-
dation and annealing of metallic Al films deposited onto
Pt(111) in an O2 background pressure of 1× 10−6 Torr as
reported previously (9). Temperature-programmed reac-
tion measurements were acquired with a heating rate of
10 K s−1 using a multiplexed quadrupole mass spectrometer
for the detection of desorbing species.

Ex-situ XAFS (X-ray absorption fine structure) experi-
ments were performed on the Ultra-Dilute Spectroscopy
Station 16.5 of the Daresbury SRS facility, using a Si(311)
double-crystal monochromator with a beam current/energy
of 150 mA/2 GeV. The Pt/Al2O3 samples were prepared by
incipient wetness from a hexachloroplatinic acid precursor,
with Pt loadings of 0.05, 3, and 9 wt% as determined by
ICP-MS. Subsequent catalyst sulfation was performed
at 673 K for 1 hr using a 1 : 1 SO2 : O2 gas mix at 1 bar
(10 ml min−1). Prior to XAFS measurements all catalysts
were reduced at 673 K for 2 hr and then re-oxidised at
773 K for 2 hr to mirror the pretreatments used in earlier
reactivity studies (4). Samples were then pressed into self-
supporting discs. Pt LIII-edge (11.5 keV) XAFS of the 0.05
and 3% catalysts were acquired in fluorescence mode at
300 K in air, using a three-element solid-state multichannel
detector mounted in the horizontal plane. XAFS of the
9% catalyst and an 8µm Pt foil reference were taken in
transmission. Extended X-ray absorption fine structure
(EXAFS) analysis was undertaken using the Daresbury
EXBROOK and EXCURV92 packages for background
subtraction, phaseshift determination, and iterative least-
squares fitting procedures, respectively. Total surface

areas of fresh and sulphated catalysts were determined
by the BET (N2) method using a Micromeritics 2700
analyser. X-ray di

prior to (fresh) and after sulphation. Diffraction data for the
fresh 3% catalyst resembles that of the lower loading sam-

rom the alumina
ffraction (XRD) spectra of fresh and ple, predominantly exhibiting reflections f
FIG. 1. X-ray diffractograms of fresh an
AL.

sulphated catalysts were acquired with a Siemens D500
diffractometer for 2θ = 20–100◦ in increments of 0.2◦, while
particle size distributions were determined using a JEOL
transmission electron microscope (TEM).

RESULTS AND DISCUSSION

The structural and electronic properties of a range of
unsulphated (fresh) and sulphated (exposed to SO2/O2)
Pt/Al2O3 catalysts were examined in order to identify differ-
ences and correlate these with the associated promotion of
propane catalytic oxidation. X-ray absorption spectroscopy
proved invaluable, being the only nondestructive probe
available for characterising the structure and oxidation
state of the very small particles central to this study. CO and
H2 chemisorption are ineffective for such high dispersion
catalysts where the adsorbate : Pt stoichiometry is unknown
and frequently yields dispersions greater than unity (11). It
was also important to avoid chemical reduction of any sur-
face sulphate/oxide species present within the samples.

The presence of crystalline phases within fresh and sul-
phated Pt/Al2O3 catalysts was investigated by XRD. The
diffraction patterns for the 0.05% loading catalysts are dom-
inated by reflections arising from the γ -alumina support
phase in the fresh sample and those from mixed aluminium
sulphate phases in the sulphated sample. Additional weak
diffraction features suggest the presence of trace plat-
inum oxide phases; however, no peaks characteristic of Pt
metal are apparent in either fresh or sulphated samples.
Figure 1 illustrates spectra obtained from the 3% catalyst
d sulphated 3 wt% Pt/Al2O3 catalysts.
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support. Weaker peaks at 30, 38, and 56◦ are attributed to
a PtO2 phase (12), although the presence of other minority
platinum oxide phases cannot be discounted. Sulphation of
the 3% Pt/Al2O3 catalyst results in attenuation of the alu-
mina support phase and the appearance of intense peaks
arising from mixed aluminium sulphate hydrates (princi-
pally Al2(SO4)3 · 16H2O and Al2(SO4)3 · 14H2O (13)). Deng
et al. have also reported bulk alumina sulphation for com-
mercial Pt/Al2O3 catalysts exposed to sulphur under weakly
oxidising atmospheres (14). Reflections attributable to a
metallic fcc Pt phase also emerge at 39.4, 46.4, 67.7, 81.3,
and 85.7◦ following sulphation (15). These metallic features
are clearly resolved in the fresh 9% catalyst, wherein sul-
phation likewise promotes their growth and narrowing.

Particle size determination based on the Pt(111) reflec-
tion using the Debye–Scherrer equation yields volume-
averaged Pt crystallite diameters of 100 and 200 Å for the
3 and 9% sulphated catalysts, respectively. The absence of
assignable Pt-derived reflections prohibited similar analy-
sis for the lowest loading samples; however, TEM measure-
ments provide clear evidence for the expected increase in
Pt particle size with metal loading and furthermore demon-
strate sulphate-induced sintering of Pt on alumina. Figure 2
presents the particle size distributions derived from TEM.
As with XRD, particle size analysis of the fresh 0.05%
Pt/Al2O3 catalyst was beyond our instrumental detection
limit; however, following sulphation a narrow distribution
of Pt particles, peaked∼40 Å diameter, was observed. Many
of these particles exhibit regular morphologies, character-
istic of cubeoctahedral and tetragonal metal particles. A
similar trend is apparent for the 3% catalysts, which show
a narrow distribution peaked ∼50 Å in the fresh sample,
broadening after sulphation to a greater mean diameter of
∼100 Å. XRD and TEM data confirm sulphation sinters
the large Pt crystallites present in the fresh 9% Pt/Al2O3

sample, narrowing the size distribution and increasing the
mean Pt particle diameter from ∼150 to 200 Å.

Table 1 shows BET surface areas determined for the fresh
and sulphated catalysts. The surface areas of the fresh sam-
ples are all close to those of the alumina support at∼95 m2

g−1. However, following sulphation, all Pt/Al2O3 samples
display a significant loss of between 20 and 35% of their
fresh surface areas. The loss of catalyst surface area is con-

TABLE 1

BET Surface Areas of Fresh and Sulphated Pt/Al2O3 Catalysts

Pt/Al2O3 sample Surface area/m2 g−1 (±1)

0.05 wt%–calcined 100
0.05 wt%–sulphated 74
3 wt%–calcined 96

3 wt%–sulphated 65
9 wt%–calcined 91
9 wt%–sulphated 58
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FIG. 2. Transmission electron micrographs of fresh and sulphated Pt/
Al2O3 catalysts.

sistent with the crystallisation of amorphous alumina as
aluminium sulphate hydrates and is greatest for the higher
loading samples, which is supportive of Pt-promoted alu-
mina sulphation (14). These changes cannot be accounted
for by simple loss of total metal area of the fresh catalysts (as
determined by H2 titration of reduced samples (4)), which
would only account for a reduction of ∼5 m2 g−1.

In order to elucidate the detailed structural changes as-
sociated with sintering of the Pt particles, XAFS data on
the Pt LIII-edge were acquired ex situ on both fresh and sul-
phated Pt/Al2O3 catalysts. The resulting raw XAFS spectra
are shown in Figs. 3a and b, respectively, together with a ref-
erence Pt foil, normalised with respect to their white-line
intensities (edge-step heights). For the fresh samples, the
white-line relative intensity clearly decreases with increas-
ing Pt loading while the range of EXAFS oscillations simul-
taneously extends, such that the XAFS of the 9% Pt/Al2O3
catalyst closely resembles that of the Pt foil. These trends
coincide with the emergence of new structure in the near-
edge (XANES) region, associated with allowed transitions
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FIG. 3. Normalised, raw Pt LIII-edge XAFS spectra of (a) fresh and
is shown.

from bound Pt 2p3/2 to quasibound vacant states (of princi-
pally d character) above the Fermi level (16). The XANES
region thus reflects the Pt band structure, and in turn the in-
fluence of compound formation on the charge distribution
on Pt atoms within the catalysts (17). In particular, a strong
white-line is indicative of a high probability for bound elec-
tronic transitions between the Pt 2p3/2→ 5d5/2 bands, and
thus significant Pt 5d vacancies. Bulk metallic Pt possesses
only∼0.3 d holes/atom (18) and hence does not exhibit the
strong white-lines characteristic of Pt coordinated to elec-
tronegative moieties.

Catalyst sulphation (Fig. 3b) reduces the Pt loading de-
pendence apparent in the fresh Pt/Al2O3 catalyst XAFS, re-
ducing the white-line intensities of the 0.05 and 3% samples,
and promoting the emergence of XANES features repre-
sentative of their higher loading and bulk Pt counterparts.
The simplest interpretation of these changes is in terms of
sulphate-induced simultaneous reduction and growth of the
supported Pt phase initially present within the fresh 0.05
and 3% catalysts, producing extended metallic Pt particles

with a similar electronic structure to that of bulk Pt metal.

The corresponding background-subtracted, k3-weighted
EXAFS (χ) data for the fresh and sulphated Pt/Al2O3 cata-
b) sulphated Pt/Al2O3 catalysts. For comparison, 8 µm Pt foil spectrum

lysts are shown in Figs. 4a and b, respectively. Due to the
poorer signal : noise ratio inherent for such a low Pt load-
ing, EXAFS of the 0.05% Pt/Al2O3 catalyst are Fourier-
transformed between 2 and 15 Å−1 and filtered to remove
high-frequency noise by back-transformation of the resul-
tant pseudo-radial distribution function between 1 and 4 Å.
Similarities between the data for the 9% catalyst and bulk Pt
metal (themselves distinct from the 0.05 and 3% EXAFS)
are again evident. This confirms expectations that large sup-
ported Pt particles, obtained using high metal loadings, re-
cover the local structural properties of bulk Pt (19–21). Sul-
phation removes both the metal loading dependence seen in
the EXAFS of the fresh samples and differences between
the catalysts and the Pt foil. This is again indicative of a
sulphate-induced transformation of Pt in the low loading
catalysts into an extended metallic phase.

Figures 5a and b show the associated pseudo-radial dis-
tribution functions for fresh and sulphated Pt/Al2O3 sam-
ples, and the fitted parameters are presented in Table 2.
Fourier filtration was only applied to EXAFS data from the

0.05% samples. Good fits to the 0.05 and 3% fresh catalysts
could only be obtained for a first coordination shell con-
taining oxygen nearest-neighbours, with a Pt–O separation
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FIG. 4. Pt LIII-edge k3-weighted raw EXAFS of (a) fresh and (b) sul
filtered.) For comparison 8 µm Pt foil spectrum is shown.

of ∼2.0 Å, together with a next-nearest neighbour Pt–Pt
scattering pair at 2.75 Å. In contrast, EXAFS of both the
fresh and sulphated 9% catalysts exhibit only Pt–Pt scatter-
ing contributions, extending over four local coordination
shells, akin to the Pt foil. Increased Pt loading therefore cor-
relates with a reduced Pt coordination to oxygen and con-
comitant rise in bulk Pt-like character for the fresh catalysts,
together with a rise in the total Pt local coordination num-
ber. The fitted parameters for the 0.05% fresh catalyst are
consistent with those expected for the PtO2 phase (19, 22)
observed by XRD (Fig. 1), with a first coordination shell
of six O atoms, and a second shell of approximately three

Pt neighbours. Although the Pt–Pt separation of 2.75 Å treatments, low-loading Pt/Al2O3 catalysts comprise small,

is significantly shorter than the 3.0 Å anticipated for bulk
β-PtO2, such contractions are common for small, dispersed

highly dispersed oxidic Pt particles, whereas their higher
metal loading analogues contain large metallic Pt particles.
FIG. 5. Pt LIII-edge pseudo radial distribution functions of (a) fresh an
Fourier-filtered.) For comparison, 8 µm Pt foil spectrum is shown.
hated Pt/Al2O3 catalysts. (The 0.05 wt% sample data have been Fourier-

Pt particles wherein large structural distortions are reported
(23). The propensity for oxidation of highly dispersed Pt
particles on oxide supports, notably alumina and silica, is
well documented (24–26), particularly for particles with di-
ameters <20 Å (20). Accurate estimates of Pt particle size
within the fresh 0.05% Pt/Al2O3 catalyst employed in this
study were not possible due to the very low Pt concentra-
tion. However, in view of our XRD and TEM instrumental
detection limits of ∼15–20 Å, and the previously reported
unity dispersion of this sample (4), we surmise that the PtO2

particles are indeed <20 Å. It is thus clear that following
conventional impregnation and reduction/calcination pre-
d (b) sulphated Pt/Al2O3 catalysts. (The 0.05 wt% sample data have been
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TABLE 2

Structural Parameters Derived from Fitted EXAFS Data of Fresh
and Sulphated Pt/Al2O3 Catalysts

Fresh Sulphated

Parameter Pt foil 0.05% 3% 9% 0.05% 3% 9%

CN1
Pt–O — 6 4.2 — — — —

CN1
Pt–Pt 12 3.6 4.4 7.5 7.7 8.7 9.2

CN2
Pt–Pt 6 — — 4.5 5.7 4.9 4.1

r1
Pt–O/Å — 1.98 1.99 — — — —

r1
Pt–Pt/Å 2.77 2.76 2.75 2.76 2.76 2.76 2.77

r2
Pt–Pt/Å 3.92 — — 3.91 3.85 3.89 3.92

σ 1
Pt–O — 0.007 0.008 — — — —

σ 1
Pt–Pt 0.011 0.009 0.017 0.012 0.009 0.013 0.01

σ 2
Pt–Pt 0.013 — — 0.019 0.007 0.019 0.013

After sulphation the Pt–O shell present in the fresh 0.05
and 3% Pt/Al2O3 catalysts is absent, with evidence only of
coordination to Pt neighbours, indicative of particle reduc-
tion. Sulphation also increases the total local coordination
of Pt atoms within all three samples, suggesting the forma-
tion of more extended structures, and thus of Pt particle
growth. Such trends are consistent with both our XRD and
TEM measurements, which demonstrate SO2-promoted Pt
metal crystallisation, and the sintering of pre-existing small
Pt metal particles, respectively (Figs. 1 and 2).

Additional XPS measurements performed in Cambridge
on the dispersed Pt/Al2O3 catalysts proved unhelpful due
to the intense Al 2p XP signal which obscures the prin-
cipal Pt 4f transition (9). Although the weaker Pt 4d tran-
sition could be detected for the highest loading catalysts, the
low signal prohibited any peak analysis. However, in accor-
dance with the XRD data presented in Fig. 1, a strong S 2p
feature was observed on all sulphated catalysts at 167 eV
binding energy (referenced with respect to an Au strip),
characteristic of a surface sulphoxy species (27).

The preceding structural properties, and their impact on
Pt/Al2O3-catalysed propane oxidation, may be rationalised
as follows.

The fresh Pt/Al2O3 catalysts used in this and many other
studies are usually activated by a high-temperature reduc-
tion/oxidation pretreatment, nominally generating clean,
reduced Pt particles on a stoichiometric oxide support.
However, as observed in other work, such pretreatments of-
ten yield oxidic rather than metallic Pt particles on alumina
supports, particularly where low metal loadings, i.e., highly
dispersed particles, are used (20, 25, 26). High-temperature
oxidation (∼500◦C) of chlorine-containing Pt catalysts is
known to promote Pt redispersion, possibly via oxichlo-

ride formation (28, 29). Although the thermodynamic sta-
bility of bulk PtO2 is significantly lower than that of other
bulk platinum group metal oxides, the formation of small
AL.

Pt particles may facilitate their complete oxidation via two
factors. First, such small Pt particles experience a greater
interaction with interfacial oxygen than larger particles.
Second, surface energy considerations favour the forma-
tion of PtOx surfaces over Pt metal (30). Under extreme
conditions, where an entire platinum crystallite is oxidised,
Ruckenstein and Chu proposed the substrate–crystallite in-
terfacial tension may drop sufficiently that pseudo-2D plat-
inum oxide particles are formed that completely wet alu-
mina supports (31).

The origin of the strong structure sensitivity previously
reported for propane oxidation over these unsulphated
catalysts (3) is now clear. High Pt loading (low dispersion)
catalysts, comprising large metallic Pt crystallites, exhibit
the highest activities since they provide active sites for
both oxygen dissociation and heterolytic C–H bond scis-
sion, widely held as the rate-determining step in alkane
activation. [As discussed by Burch et al. (32), dissociative
oxygen chemisorption over Pt metal surfaces results in a
partially oxidised surface exposing both Ptδ+ and compar-
atively weakly bound Oδ−

a sites efficient in polarising C–H
bonds. However fully oxidised PGM surfaces are known to
actually inhibit combustion. Xu and Friend have shown sur-
face oxygen inhibits allylic C–H cleavage in propene com-
bustion over Rh(111) surfaces (33), thus preventing propy-
lidyne formation and subsequent total oxidation pathways.]
Conversely despite their higher surface area, the small plat-
inum oxide particles present in low-loading Pt/Al2O3 cata-
lysts thus exhibit poor alkane oxidation performance. These
conclusions are supported by kinetic studies which reveal
that the rise in propane oxidation rate with Pt loading is not
accompanied by a change in activation energy (4, 11, 25,
35), suggesting that only the active site density and not the
nature of reaction centres varies with Pt dispersion. Hence
we propose that propane oxidation cannot occur on highly
dispersed PtOx particles, and the limited activity observed
for low-loading Pt/Al2O3 catalysts arises from the presence
of a few larger metallic Pt particles, an idea first advanced
by Otto et al. (34). The structure sensitivity observed for
propane oxidation over Pt/Al2O3 therefore appears to be as-
sociated with the phase transformation from PtO2 to Pt and
not with the size of available Pt ensembles.

Our results suggest that sulphation promotes propane ox-
idation over Pt/Al2O3 catalysts in three distinct ways. First,
sulphation modifies the alumina support, generating crys-
talline aluminium sulphate and associated surface sulphoxy
groups. Our earlier work using model γ -Al2O3/Pt(111) sur-
faces demonstrates that sulphated alumina surfaces greatly
enhance the dissociative chemisorption and subsequent
oxidation of propane on neighbouring partially oxidised
Pt sites (8, 9). It has been postulated that heterolytic C–H

bond scission yields an alkyl sulphate intermediate prior
to the chemisorption of alkyl fragments onto Pt (35). Since
the intrinsic sticking probability of alkanes on low-index
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Pt single-crystal surfaces is very low (36), support sul-
phation may act to increase the surface concentration of
hydrocarbon species resulting from H abstraction, and thus
oxidation activity relative to that of the fresh Pt/Al2O3 cata-
lysts. Previous IR data (3, 44) taken with dispersed fresh and
sulphated Pt/Al2O3 catalysts exposed to a propane reaction
mixture supports this prediction. Adsorbed hydrocarbon
species are only observed over the sulphated catalysts.
Second, our UHV studies also show that surface sulphate
enhances dissociative propane chemisorption over Pt sur-
faces in the absence of any alumina (8). Hence although the
stability of surface sulphate on metallic Pt clusters is much
lower than that of the aluminium sulphate support phase
(37), catalyst sulphation may also facilitate a direct, low-
temperature route for propane adsorption onto the surface
of sulphated Pt clusters. We believe both these factors con-
tribute to the small enhancement in oxidation rate (1T50=
−50 K) observed over high-loading (9 wt%) Pt/Al2O3 cata-
lysts. Third, we have demonstrated the sulphate-induced
reduction and sintering of highly dispersed platinum oxide
particles, predominant for low-loading (0.05 and 3 wt%)
Pt/Al2O3 catalysts. The resultant large metallic platinum
particles exhibit higher activities towards propane activa-
tion (1T50=−140 K), for reasons discussed above. Hence
the principal promotional effect of SO2 upon low-loading
Pt/Al2O3 catalysts is to reduce PtO2 to Pt, eliminating
structural differences with their higher loading counter-
parts, thereby lifting the dependence of propane oxidation
activity on Pt concentration found in unsulphated samples.

Irreversible sintering of Pt particles in Pt/Al2O3 (38) and
Pt/BaK-LTL zeolites (39) has been reported following ex-
posure to H2S. The agglomeration of small (∼10 Å) Pt par-
ticles was attributed to preferential H2S adsorption at the
Pt–O–Al/Ba interface, weakening the Pt–O interaction and
promoting the migration and agglomeration of metallic Pt.
We propose that Pt reduction and sintering proceeds by
a similar mechanism over our catalysts. Exposure of pre-
oxidised Pt/Al2O3 catalysts to SO2 results in preferential
reaction of SO2 with weakly bound oxygen at the Pt-O-
Al interface, promoting interfacial sulphate formation and
concomitant reduction of Pt. This reaction may also be facil-
itated by the associated exothermic Pt/Al surface alloying
at the resultant Pt–AlOx interface. Our single-crystal stud-
ies have demonstrated that this is an efficient process even
at 300 K (40). Pt/Al alloying has also been observed for
dispersed Pt/Al2O3 catalysts under reducing environments
(41, 42). Reduction to the metallic state raises the surface
energy of the Pt particles destabilisng highly dispersed clus-
ters, and leading to irreversible sintering and promotion of
catalytic propane activation. Otto et al. have observed simi-
lar reversible H2-induced sintering and catalytic promotion

phenomena (34).

Our UHV measurements show that interfacial sulphate
also plays a role in promoting bifunctional catalytic ox-
ROPANE OXIDATION 497

FIG. 6. Correlation between the interfacial sulphate coverage and
associated catalytic combustion activity for Al2O3/Pt(111) surfaces as a
function of alumina overlayer thickness. (Surfaces sequentially exposed
to 100 L O2+ 24 L SO2+ 6 L C3H8 at 300 K.) Inset shows thermal desorp-
tion spectrum of interfacial SO4 from a 1 ML Al2O3/Pt(111) film.

idation of propane. Figure 6 shows the integrated yield
of combustion products arising from the temperature-
programmed oxidation of propane over sulphated Al2O3/
Pt(111) surfaces as a function of alumina overlayer cov-
erage. The inset shows the associated typical desorption
profile of SO2 (arising from surface SO4 decomposition),
which exhibits two desorption states. The low-temperature
desorption is observed from clean Pt(111) surfaces exposed
to SO2, O2, and propane, and we associate this state with
sulphate decomposition and desorption from bare Pt metal
sites (43). The high-temperature peak is only observed from
alumina-precovered Pt(111) surfaces exposed to SO2, O2

and propane, and the integrated intensity of this state is also
plotted in Fig. 6. The coverage dependence of the strongly
bound surface sulphate displays a volcano dependence on
alumina film thickness, peaking at∼1 ML (monolayer). This
alumina coverage does not correspond to monolayer com-
pletion, due to the formation of three-dimensional Al2O3

crystallites during the oxidation of Al overlayers. However
CO titration demonstrates this coverage does correspond
to a minimum in the density of bare Pt sites, with ∼30%
of Pt remaining uncovered [9]. [Thicker alumina films form
3D crystallites and hence do not further reduce the number
of titratable Pt sites significantly (9)]. We thus assign this
high-temperature desorption state to surface sulphate bound
at the Pt–AlOx interface. [Desorption of chemisorbed SO2

from the alumina surface is discounted as this occurs at sig-
nificantly lower temperatures (37), while bulk aluminium

sulphate is thermally stable to 1043 K.]

The intensity of this strongly bound interfacial sulphate
clearly correlates with the associated combustion activity
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of these sulphated Al2O3/Pt(111) surfaces. We suggest this
interfacial sulphate species is thus more efficient at activat-
ing propane than sulphated Pt metal sites alone. The latter,
however, remain essential for the dissociative chemisorp-
tion of oxygen and subsequent oxidation of alkyl fragments
adsorbed both directly from the gas phase and via spillover
from interfacial sulphate reaction centres. An interaction
between platinum, sulphate, and alumina, producing high-
reactivity interfacial sulphate sites, is also postulated in IR
studies of dispersed Pt/Al2O3 catalysts (44).

CONCLUSIONS

1. At low metal loadings (∼0.05 wt%) unsulphated
Pt/Al2O3 catalysts contain principally particles of PtO2

which are ineffective for propane oxidation.
2. Higher metal loadings correspond to the presence of

metallic Pt particles and significant combustion activity. The
structure sensitivity of propane oxidation is thus under-
standable.

3. Sulphation results in the reduction of small PtO2 parti-
cles to Pt with partial sintering of the latter. The suppression
of structure sensitive behaviour by sulphation is therefore
also understandable.

4. In addition to the chemical and morphological effects
noted above, sulphation acts to promote propane oxidation
by facilitating the dissociative chemisorption of the alkane
on the Pt surface and, especially, at the Pt/alumina interface.
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