Surface Science 601 (2007) 30–43
www.elsevier.com/locate/susc

In situ XPS investigation of Pt(Sn)/Mg(Al)O catalysts during
ethane dehydrogenation experiments
Anastasia Virnovskaia a, Sissel Jørgensen a, Jasmina Haﬁzovic a, Øystein Prytz a,
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Abstract
Calcined hydrotalcite with or without added metal (Mg(Al)O, Pt/Mg(Al)O and Pt,Sn/Mg(Al)O) have been investigated with in situ Xray photoelectron spectroscopy (XPS) during ethane dehydrogenation experiments. The temperature in the analysis chamber was 450 C
and the gas pressure was in the range 0.3–1 mbar. Depth proﬁling of calcined hydrotalcite and platinum catalysts under reaction, oxidation and in hydrogen–water mixture was performed by varying the photon energy, covering an analysis depth of 10–21 Å. It was
observed that the Mg/Al ratio in the Mg(Al)O crystallites does not vary signiﬁcantly in the analysis depth range studied. This result indicates that Mg and Al are homogeneously distributed in the Mg(Al)O crystallites. Catalytic tests have shown that the initial activity of a
Pt,Sn/Mg(Al)O catalyst increases during an activation period consisting of several cycles of reduction–dehydrogenation–oxidation. The
Sn/Mg ratio in a Pt,Sn/Mg(Al)O catalyst was followed during several such cycles, and was found to increase during the activation period, probably due to a process where tin spreads over the carrier material and covers an increasing fraction of the Mg(Al)O surface. The
results further indicate that spreading of tin occurs under reduction conditions.
A PtSn2 alloy was studied separately. The surface of the alloy was enriched in Sn during reduction and reaction conditions at 450 C.
Binding energies were determined and indicated that Sn on the particle surface is predominantly in an oxidised state under reaction conditions, while Pt and a fraction of Sn is present as a reduced Pt–Sn alloy.
 2006 Elsevier B.V. All rights reserved.
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1. Introduction
Light alkenes are important base chemicals for the
chemical industry. Catalytic dehydrogenation of light alkanes is believed to be a potentially important route to selective production of high purity alkenes. Two classes of
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catalysts are used in commercial dehydrogenation processes, supported platinum–tin catalysts and chromium
oxide supported on alumina [1]. The alkane dehydrogenation reaction is strongly endothermic. In Cr-based processes, heat is supplied by burning oﬀ coke deposits from
the catalyst in either a ﬁxed bed rector with alternate feed
(Catoﬁn) or in a continuously regenerated ﬂuid bed reactor
(FBD-4). In Pt-based processes, heat is supplied by external heating of either a tubular ﬁxed bed (STAR) or an adiabatic moving-bed reactor (Oleﬂex) [1]. Pt-based catalysts
have several advantages compared to Cr-based catalysts:
First, they may be used in steam-containing atmospheres,
such as under autothermal dehydrogenation conditions
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[2,3]. Second, they are fairly stable even at temperatures
P600 C, which are necessary to overcome the unfavourable Gibbs free energy of the ethane dehydrogenation reaction [3,4]. In this paper we study Pt(Sn)/Mg(Al)O ethane
dehydrogenation catalysts.
Hydrotalcites and hydrotalcite-like materials, generally
denoted

2
3þ
M2þ
x M2 ðOH Þ2ðxþ2Þ ðCO3 Þ  yH2 O;

with M2+ and M3+ representing bi- and trivalent metal cations, respectively, and x is typically 6–10, are basic materials with many known applications [5]. After calcination at
400 C or higher, the layered hydrotalcite structure collapses and a metastable mixed oxide phase, M2+(M3+)O,
is formed. After prolonged use or calcination at higher
temperatures, segregation into the thermodynamically sta2+
ble oxide phases, M2þ M3þ
2 O4 and M O, occurs [6].
Mg(Al)O, prepared via the corresponding hydrotalcite
phase, possesses excellent properties as support material
for metal-based catalysts [5,7–10]. The support material is
particularly suited for applications in an intermediate temperature range (6600 C), where it has been shown to
maintain a high surface area (above 100 m2/g) even after
14 days in a steam-rich atmosphere [11]. Propane dehydrogenation to propene is one reaction for which the intermediate temperature range is particularly suited, and Pt,Sn/
Mg(Al)O has been shown to possess superior activity and
stability for this reaction compared to conventional
Pt,Sn/Al2O3 catalysts [7].
The aim of the present study is to characterise Pt,Sn/
Mg(Al)O during use as an ethane dehydrogenation catalyst, in order to improve the fundamental understanding
of this complex catalytic system. In situ X-ray photoelectron spectroscopy (XPS) was chosen as the main characterisation method. Two features were chosen for further
elucidation:
1. Several literature reports have concluded that the
surface of the Mg(Al)O mixed oxide phase is enriched
in aluminium [12–14]. Such enrichment is intuitively
appealing, and has great impact on e.g. modelling of catalytic reaction cycles which involve the support surface.
One example is dry reforming of propane to synthesis
gas, where the Mg(Al)O surface has been shown to activate CO2 [10]. The unique possibility of tuning the photon energy in synchrotron-based XPS makes it suitable
for depth proﬁling of irregular powder surfaces such
as the Mg(Al)O multicrystallites under reaction conditions [15]. In this work, photon energy variation was
used to obtain unprecedented insight into the distribution of Mg and Al in Mg(Al)O.
2. Pt–Sn catalysts are subject of numerous articles in the
open literature. Most studies report advantageous eﬀects
of promoting Pt catalysts with Sn: Tin promotion
improves catalytic activity, dehydrogenation selectivity,
prevents Pt sintering, and decreases deactivation due
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to coke formation (see e.g. [4,16–23] and references
therein). There is controversy in literature about the oxidation state of Sn, and an eﬀect of the support material,
Pt-to-Sn ratio and preparation method is suggested
[17,19,21,24].
Only a few reports in the open literature have been
devoted to the system under study; Pt,Sn/Mg(Al)O
[4,7,15,16,25,26]. The activity pattern of a proprietary
0.25wt%Pt,0.5wt%Sn/Mg(Al)O catalyst is quite peculiar,
in that the initial activity increases during repeated dehydrogenation–regeneration cycles [15]. This activity increase
makes the system particularly suited for elucidating information on the active state of the catalyst, using in situ
methods. Previous studies using ex situ TEM indicated that
the metal particles are enriched in Pt during reduction,
most particles containing 60–90 wt% Pt [4,16]. CO adsorption measurements suggested an electronic interaction
between the support material and the metal particles,
leading to less CO adsorption on Pt,Sn/Mg(Al)O than expected from activity measurements of Pt,Sn/Mg(Al)O and
Pt,Sn/Al2O3 [15,16]. In the present study, in situ XPS was
used to obtain real-time information about the distribution
of Sn in the catalyst, by following the Sn/Mg ratio with
time on stream during repeated dehydrogenation–regeneration cycles. In order to enhance the detectability of Sn,
a catalyst enriched in Pt and Sn (compared to the proprietary catalyst) was used for these measurements. Catalytic
testing conﬁrmed that the model catalyst follows the same
activation pattern as the proprietary catalyst (vide ultra).
The present study is complementary to the previous TEM
work: While metallic Sn is almost indistinguishable from
the Mg(Al)O support in TEM, no overlap between Sn
peaks and the peaks of the support material exist for the
XPS technique. On the other hand, while Pt is easily detected by TEM, in XPS there is an overlap between the
main Pt peak (4f) and Al 2p, rendering it diﬃcult to study
Pt on Mg(Al)O supports by XPS. In order to overcome the
problem with overlap of Pt 4f and Al 2p peaks in XPS, supplementary information about Pt,Sn surface ratios and
Pt,Sn oxidation states during a reduction–dehydrogenation
cycle was obtained by performing in situ XPS studies of a
pure PtSn2 alloy.
To our knowledge, this is the ﬁrst report where a supported Pt,Sn catalyst has been followed by in situ methods
throughout several test-regeneration cycles.
2. Experimental
2.1. Sample preparation and characterisation
The carrier material Mg(Al)O with a Mg/Al ratio of 4.8
was synthesised via the corresponding hydrotalcite phase,
using a standard co-precipitation method as described in
Ref. [15]. After drying, the obtained Mg9.6Al2(OH)19.2CO3 Æ xH2O phase was calcined at 600 C in air for approximately 15 h to yield the ﬁnal Mg(Al)O phase.
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Pt/Mg(Al)O catalysts were prepared by impregnation of
Pt onto the uncalcined carrier material from an excess solution of hexachloroplatinic acid (H2PtCl6 Æ 4H2O) in water
(sample Pt-1) or ethanol (sample Pt-2) under a He atmosphere. H2PtCl6 Æ 4H2O (0.0776 g) was dissolved in ion exchanged water or 96% ethanol (30 mL). The hydrotalcite
(1.00 g) was added to the salt solution under stirring. After
30 min, the slurry was ﬁltered and the solid material
washed with the solvent three times (approximately
30 mL), dried at 100 C and ﬁnally calcined in air at
600 C for approximately 15 h. The Pt content of the Pt/
Mg(Al)O catalysts was determined by ICP analysis. The
numbers given in the text refer to the calcined sample.
The active metals in Pt,Sn/Mg(Al)O were deposited
onto the uncalcined hydrotalcite (HTC) by impregnation
from aqueous solution as described in Ref. [15]. The sample was calcined at 800 C in air for 5 h. Impregnation of
an uncalcined HTC was chosen because previous work
has indicated that this method yields a more stable dehydrogenation catalyst than impregnation of a precalcined
HTC [15]. Previous studies further showed that by this
preparation method, Pt(Sn) complexes are deposited by
physisorption at protonated sites on the carrier material.
After calcination, CO2 adsorption, followed by temperature-programmed desorption (TPD) experiments, showed
that the ﬁnal metal clusters cover the most basic sites of
the support material, i.e., steps and corners [16,27]. The
Pt(Sn) clusters are likely to be distributed at step and corner sites at the outer surface as well as in the catalyst pores.
However, since the XPS analysis depth is typically below
20 Å, i.e., less than one support crystallite diameter (vide
infra), while the XPS signal is collected from a surface of
100 · 800 lm, the XPS results reported below are clearly
dominated by metal clusters at the outer surface.
PtSn2 alloy was prepared by weighing in the appropriate
amounts of pure Pt and Sn metal, transferring the materials
to a quartz vessel under inert atmosphere, then sealing and
heating to 730 C, maintaining this temperature for one
week. The quartz vessel was then opened under an inert
atmosphere, and the Pt–Sn material was crushed and returned to the vessel, which was sealed and left for one more
week at 730 C. The alloy was stored in the sealed quartz
vessel until opening it for the XPS analysis. The phase purity of the alloy was conﬁrmed by XRD analysis.
The calcined hydrotalcite-based samples were characterised by using transmission electron microscopy (TEM) and
Brunauer, Emmett and Teller (BET) surface area measurements. A partially reconstructed (due to prolonged storage
in air) sample was characterised by temperature resolved
X-ray diﬀraction (XRD). All characterisation was performed on powdered samples.
The temperature-programmed X-ray diﬀraction analyses were recorded with a Siemens D500 diﬀractometer
using Cu Ka radiation. The instrument was equipped with
b-ﬁlter and Scintallator counter. The sample was heated
from 25 to 450 C in 25 C steps in air using a Bühler furnace. The BET surface areas of the samples were deter-

mined by N2 adsorption using a Monosorb instrument
from Quantachrome. Samples for transmission electron
microscopy were prepared by crushing in ethanol in an
agate mortar, and subsequently deposited on a carbon ﬁlm
suspended on a copper mesh. The samples were then studied in a ﬁeld emission JEOL 2010F TEM operated at
200 kV.
2.2. In situ X-ray photoelectron spectroscopy
In situ X-ray photoelectron spectroscopy was conducted
in a constant gas ﬂow, at temperatures up to 450 C and at
total pressures in the sample cell up to 1 mbar. A detailed
description of the experimental conditions is given in Table
1. Before switching the gas atmosphere during in situ XPS
measurements, the sample chamber was evacuated to the
base pressure of 2 · 108 mbar before a diﬀerent gas
mixture was let in. The gas eﬄuent was monitored by an
on-line Mass Spectrometer (Pfeiﬀer Prisma). The powder
samples were crushed in a mortar and mounted from
suspension in ethanol on a stainless steel sample holder.
This mounting procedure was chosen in order to reduce
charging of the powder during the XPS measurements.
The PtSn2 alloy was mounted in one piece between two
parts of a stainless steel sample holder.
The experiments were performed at beamline UE56/2PGM2 at the synchrotron source BESSY-II in Berlin
[28]. The in situ XPS system is a modiﬁed standard XPS
spectrometer [29] which operates analogously to the setup
described in [30]. The Al 2p, Mg 2p, Sn 3d, Sn 4d, Pt 4f,
C 1s and Fermi edge (FE) regions were recorded in our
experiments. The incident photon energy was varied in
the range 340–1040 eV, and full range of kinetic energy
was used for survey scans. Detailed scans covering narrower regions were used to obtain detailed information
about e.g. the Fermi level and the oxidation state of each
element. During depth proﬁling analysis, the photon
energy was varied in a way that provided similar kinetic
energy of the photoelectrons for each element at each
depth. In addition to a uniform information depth, equal
kinetic energy of the photoelectrons provided a constant
analyzer transmission function contribution and a constant
gas phase scattering contribution. The inelastic mean free
path (IMFP) was calculated using the NIST software [31]
based on Ref. [32] for the supported samples, and based
on a predictive formula (TPP-2M) from Ref. [33] for the
Table 1
Temperatures, gases and pressures in the reaction chamber
Conditions
label

T
[C]

Gas mixture

UHV-RT
H2-RT
H2
Rx
O2
H2 + H2O

Ambient
Ambient
450
450
450
450

UHV
H2
H2
H2O:H2:C2H6
O2
H2:H2O

Gas
ratio

1:1.5:7.5
1:1.5

Total pressure
[mbar]
2 · 108
1
1
0.3
0.3
0.25
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alloy. The IMFP in MgO was used to estimate the IMFP in
the Mg(Al)O samples since calcined Mg(Al)O has an MgOlike structure. The diﬀerence in the calculated IMFP values
of MgO and Al2O3 is below 10%, which is assumed to be
within the uncertainty of the calculated IMFP. Also, the
IMFP in the Mg(Al)O could be expected to be somewhat
higher than the IMFP in MgO because of more insulating
nature of Mg(Al)O. Table 2 shows core levels and photon
energies used in the experiments, as well as the calculated
analysis depth (i.e., inelastic mean free path) for each
element.
2.3. Peak analysis
The peak proﬁle of the Sn peaks in the PtSn2 alloy, and
changes in the Sn peak shapes during measurements, suggested the presence of two oxidation states of Sn in the
Table 2
Core levels and photon energies used in the experiments, as well as the
calculated analysis depth (i.e., inelastic mean free path) for each element
Sample scanned

Element

Core level

hm
[eV]

Kinetic
energy
[eV]

Mg(Al)O
Pt/Mg(Al)O-1
Pt/Mg(Al)O-2

Al

2p

Mg

2p

414
644
814
1014
390
620
790
990

340
570
740
940
340
570
740
940

10
14
17
21
10
14
17
21

Sn

3d

Al

2p

Mg

2p

820
1040
414
634
390
610

334
554
340
560
340
560

10
14
10
14
10
14

Sn

3d
4d

820
340
820
390
820
390
820

334
314
794
318
748
<5
<5

8
8
15
8
15
>30a
>30

Pt,Sn/Mg(Al)O

PtSn2 alloy

a

Pt

4f

Pt, Sn

Fermi edge
(valence
electrons)

IMFP
[Å]

According to the universal curve presented in Ref. [62].
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alloy. The Sn 3d5/2 peak and Sn 4d doublet were therefore
deconvoluted by Gaussian–Lorentzian curves to ﬁt two
oxidation states. The ﬁtting parameters are shown in Table
3. The Sn 4d doublet was ﬁtted with four curves, i.e., a
doublet was assigned for each of the two oxidation states.
The theoretical intensity ratio of 1.5 between the 3/2 and
5/2 components of the same chemical state was used. The
full width at half maximum (FWHM) of the Sn 4d3/2 and
4d5/2 components was set to be equal, as observed by Pollak et al. [34], and the separation of 1 eV was used [35,36].
It should be noted that the experimental intensity ratio
of the components in the spin–orbit doublet can deviate
from the theoretical value, and a value of 1.3 has been reported for the Sn 4d doublet [34]. A deviation in intensity
ratio of the peaks in the spin–orbit doublet used in the
deconvolution procedure would mean that the absolute ratio of the chemical states would not be entirely correct, but
the relative changes would be valid. In our case, if the
intensity ratio used in curve ﬁtting is higher than the ratio
present in the measurements, a systematic error towards
higher amounts of the chemical state with lower binding
energy will be present. We chose to use the theoretical
value in this work because the primary goal is to follow
the changes in the oxidation states of the metals, not to
determine absolute ratios.
Since the binding energy and the peak shape of the Pt
peaks (4d and 4f) remained unchanged during measurements, indicating unchanged oxidation state of Pt, no
deconvolution of Pt-peaks was performed.
The Al 2p peak of the support in the Pt-containing catalysts overlapped with the Pt 4f doublet. The spectra were
deconvoluted using peak ﬁtting with three Gaussian curves
of equal FWHM. For each photon energy, the FWHM of
the Al 2p peak in the Pt-containing samples was estimated
from the width of the Al 2p peak in the carrier material.
The theoretical intensity ratio of 1.33, and peak separation
of 3.3 eV [35] was used for the spin–orbit doublet of Pt 4f.
2.4. Catalytic testing
The in situ XPS cell has a large inner volume compared
to the catalytic sample amount, and it is diﬃcult to make
quantitative measurements of reactant conversion. Therefore, additional catalytic tests of the Pt,Sn/Mg(Al)O material were carried out in an ordinary test rig under

Table 3
Fitting parameters of the Sn peaks in PtSn2 alloy
Peak identity

Binding energy of
the ﬁtted peaks [eV]

Fitted peak proﬁle

% Lorentzian

Sn 3d5/2

486.5 ± 0.1
485.35 ± 0.05

Gaussian–Lorentzian product form (GL)
GL

50
90

1.5 ± 0.2
0.8 ± 0.1

1.2 ± 0.1

Sn 4d5/2

25.9 ± 0.1

GL

50

1.4 ± 0.1

24.5 ± 0.2

GL

50

1.35 ± 0.10
1.9 ± 0.1a
0.8 ± 0.2

a

FWHM [eV]

Separation of the
ﬁtted peaks [eV]

Higher FWHM was used for the peaks measured at room temperature because of observed decrease of peak width upon heating. The peak broadening
at room temperature can be due to charging of carbon and other impurities, as well as of the oxide layer on the surface of the alloy.
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conditions as close as possible to those used in the in situ
XPS cell. A tubular ﬁxed bed quartz reactor with inner
diameter 16 mm was heated by a tubular furnace. The temperature in the catalyst bed was measured by a thermocouple contained in a quartz thermocouple well (outer
diameter 3 mm) which was centred axially inside the reactor. Prior to catalytic testing the catalyst was pressed
(5 tons) to tablets, then crushed and sieved. The sieved catalyst particles (0.6 g, 0.125–0.25 mm particle size, diluted
with 2.4 g quartz particles of the same size) was tested at
atmospheric total pressure at 450 C. The activation procedure consisted of cycles of 30 min reduction (3 mL/min H2,
450 C), 2 h ethane dehydrogenation (10.0% C2H6, 1.6%
H2, 6.8% CO2, 5.9% N2 and 75.7% Ar, totally 126 mL/
min) and 4 h regeneration by O2 diluted with inert. The
oxygen content was initially 4 mol% and was increased in
four steps up to 24 mol%. The reactor eﬄuent was analysed
in a HP Quad Micro-GC with 10 m Molsieve-5 Å, PoraPlot-U and AluminaPlot columns and Thermal Conductivity detectors.
3. Results and discussion
3.1. Sample characterisation
Table 4 shows the Mg/Al ratio, Pt and Sn content, and
BET surface areas for the four samples studied. All samples

are prepared from the same support material. The crystallite size of the support material was estimated from the
BET areas, assuming cubic particles, and is also shown in
Table 4. TEM images were obtained for all samples, and
two representative images are shown in Fig. 1. Thorough
investigation of the images indicates a Mg(Al)O crystallite
diameter of 50–150 Å, in good agreement with the particle
sizes estimated from BET areas.
It is well known that during storage in humid air, the
Mg(Al)O phase may be partially reconverted to the corresponding hydrotalcite phase (the so-called ‘‘memory
eﬀect’’) [5,37]. Although the samples used in this study were
calcined at 600 C shortly before the in situ XPS measurements, a possible partial reformation of a hydrotalcite
phase before the measurements could not be completely
ruled out. A calcined Mg(Al)O support material, which
had been stored in air for several month, was investigated
by in situ X-ray diﬀraction during heating to 450 C
(Fig. 2). The material showed the typical XRD pattern of
a hydrotalcite phase together with mixed oxide phase at
room temperature [5], and transition to the Mg(Al)O phase
is concluded at 400 C. This result clearly indicates that
possible hydrotalcite traces in the sample before measurements would be reconverted to Mg(Al)O during heating
to the conditions used during the in situ XPS measurements
at 450 C, i.e., the measurements reported here were performed on a pure Mg(Al)O phase.

Table 4
The Mg/Al ratio, Pt and Sn content, BET surface areas and calculated crystallite sizes for the ﬁve samples studied
Sample label

Sample

Mg/Al [atomic ratio]

wt% Pt

wt% Sn

BET surface area [m2/g]

Crystallite sizea [Å]

HT
Pt-1
Pt-2
Pt,Sn-1
PtSn2

Mg(Al)O
Pt/Mg(Al)O-1
Pt/Mg(Al)O-2
Pt,Sn/Mg(Al)O
PtSn2 alloy

4.8
4.8
4.8
4.8
–

0
2.9
7.9
3.0
45.1

0
0
0
7.2
54.9

143
–b
–
168
–

117
–
–
99
–

a
b

The crystallite size (one side length) was calculated from the measured BET surface area assuming cubic particles.
Not measured.

Fig. 1. TEM pictures of (a) Sample HT and (b) Sample Pt-2.
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400 oC
o
350 C
o
300 C
o
250 C
o
200 C
o
150 C
o
100 C

25 oC
10 15 20 25 30 35 40 45 50 55 60 65
Two theta [degree]
Fig. 2. Temperature resolved XRD-patterns of a Mg(Al)O sample after
storage in air for several months, during heating to 450 C in air. The
reﬂexes at 2h = 39.5 and 46.0 are Pt reﬂexes from the Pt sample holder.

Cycle 2

Cycle 3

Relative intensity [arb. units]

Intensity [arb. units]

Cycle 1

35

1.9

Conversion [%]

1.6
1.3

200

400

1.0

600

800
1000
TOS [min]

1200

1400

Fig. 4. Activation of sample Pt,Sn-1 during in situ XPS measurements
under reaction conditions at 450 C. H2:C2H6:H2O = 1:1.5:7.5, total
pressure 0.3 mbar. Upper curve: [(m/e 28):(m/e 30)], representing ethene
production. Lower curve: [(m/e 44):(m/e 30)], representing CO2
production.

0.7
0.4
0.1
0

90

180

270
360
TOS [min]

450

540

Fig. 3. Activation of sample Pt,Sn-1 in a conventional test reactor at
450 C. Reaction conditions: H2:C2H6:CO2:Inert = 1:6.3:4.3:51, 450 C,
1 atm, WHSV = 1.6 h1.

of ethane (m/e 30). The results in Fig. 4 clearly show that
Pt,Sn-1 was active for ethane dehydrogenation as well as
for oxidation by H2O during the in situ XPS measurements.
Similar results were obtained for PtSn2 alloy and Pt-2,
while no activity was observed over Pt-1.
3.2. XPS data

Catalytic activity data obtained during ethane dehydrogenation experiments over sample Pt,Sn-1 at 450 C in a
conventional reactor are shown in Fig. 3. In the catalytic
tests, steam in the feed was exchanged with CO2 for technical reasons. Earlier tests have shown that the activation
pattern is similar for CO2 and H2O containing feeds. The
results in Fig. 3 clearly show that sample Pt,Sn-1 has the
same activity pattern as the low-metal loading analogue
used in a previous study [15]; the initial dehydrogenation
activity increases from the ﬁrst to the second and third
test-regeneration cycles, even at 450 C (i.e., the in situ
XPS measurement temperature).
MS data obtained for the eﬄuent of the in situ XPS cell
during three test cycles of Pt,Sn-1 are shown in Fig. 4.
Characteristic masses of products ethene (m/e 28) and
CO2 (m/e 44) are shown relative to the molecular ion peak

3.2.1. Depth proﬁling of Mg and Al. Samples HT,
Pt-1 and Pt-2
Fig. 5 shows the Mg/Al or Mg/(Al + Pt) ratios as a
function of the analysis depth (10–21 Å) in Samples HT,
Pt-1 and Pt-2 under diﬀerent atmospheres, all at 450 C.
There is no general trend in the Mg/Al(+Pt) ratios observed with increasing analysis depth, and the results presented in Fig. 5 suggest that Mg and Al are evenly
distributed within the material depths covered by the analyses. The experimental error of the calculated ratio is set to
20% (as indicated by error bars for one data set), estimated
from the background subtraction of the Mg and Al peaks.
The large error in the calculated area ratio arises mostly
from the uncertainty in background subtraction for the
Al peak, due to inelastically scattered Mg-electrons in the
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4.0
Mg 2p

3.0
2.5
2.0
1.5
1.0
0.5
0.0
6

8

10

12

14
16
IMFP [Å]

18

20

22

24

Fig. 5. Mg/Al or Mg/(Al + Pt) atomic ratio in the support material as
function of analysis depth. h Sample HT under reaction conditions, q
Sample Pt-1 under reaction conditions, s Sample Pt-2 under reaction
conditions, n Sample Pt-2 under oxidation conditions,  Sample Pt-2 in
hydrogen–water mixture, all at 450 C (see Table 1 for details).

gas phase of the chamber, on top of which the Al peak
resides.
From BET and TEM measurements presented in Fig. 1
and Table 4, the crystallite diameter of Mg(Al)O used in
this study is estimated to 50–150 Å. Thus, the highest photon energy used, corresponding to an inelastic mean free
path of 21 Å, covers half the radius of an average Mg(Al)O
crystallite, and should be representative for the bulk
composition of the crystallites. In conclusion, the results
strongly suggest that Mg and Al are homogeneously distributed throughout the Mg(Al)O crystallites. It has previously been suggested in literature that the Mg(Al)O surface
is enriched in Al [12–14]. It should be noted, however, that
those results were based on a comparison between ICP
analysis and XPS data obtained at constant photon energy,
i.e., Al Ka radiation at 1487 eV [12]. Although XPS is a
surface-sensitive technique, the data obtained in the present study may indicate that the previously reported deviation between XPS and ICP data are related to uncertainties
in the theoretical photoionisation cross section of the XPS
peaks, as previously reported for VPO catalysts [38,39].
Such deviation is observed also in the present study,
where the Mg/Al ratio determined by XPS (1.3–3.2) is signiﬁcantly lower than 4.8 determined by ICP analysis (Fig. 5
vs. Table 4). Samples HT and Pt-1 have signiﬁcantly higher
Mg/Al ratios compared to sample Pt-2. The reason for this
could be the higher Pt content in sample Pt-2, which contributes to the Al-peak area, giving a lower Mg/Al ratio
for this sample. Deconvolution of the Al + Pt peak (see
below) and subtraction of the Pt area gave similar Mg/Al
ratios to the HT sample (not shown).
Fig. 6 shows the Mg 2p peak ﬁtted with a Gaussian
curve as function of analysis depth in sample HT
(Mg(Al)O) under reaction conditions at 450 C. Due to differential charging of the sample during XPS measurements,

Normalised intensity [arb. units]

Mg/Al [atomic ratio]
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Fig. 6. The Mg 2p peak at analysis depth of (a) 10 Å, (b) 14 Å, (c) 17 Å
and (d) 21 Å in calcined hydrotalcite (sample HT) under reaction mixture
at 450 C.

the position of the peak maximum has in each case been
adjusted to an equal value of 50 eV for easier comparison
of the peak shape. The peaks are symmetrical, indicating
a constant binding energy (BE) with analysis depth; however, the FWHM is rather large (approximately 3 eV),
and minor changes in BE would not be detectable. Fig. 7
shows the Mg 2p peak for samples HT, Pt-1 and Pt-2 at
10 Å analysis depth under reaction conditions, as well as
sample Pt-2 under diﬀerent gas atmospheres, all at 10 Å
analysis depth. A Gaussian peak proﬁle shape is also
shown. A comparison of peak shapes shows the appearance of a slight asymmetry in the Pt-containing samples.
Further, it is observed that the asymmetry varies slightly
with gas composition for Pt-2. Pt, Al or O do not have
binding energies in the 46–54 eV range, so the asymmetry
cannot be due to overlap with XPS peaks of other elements. Further, Mg is very stable in the +2 oxidation state,
and a shoulder towards lower binding energy under oxidative conditions is not likely. Another possible explanation
for the peak broadening is overlap with Auger peaks. However, varying the photon energy (not shown) did not lead to
changes in the peak broadening, and this explanation was
therefore ruled out. In conclusion, the irregular Mg 2p peak
shape of Pt-containing samples is probably due to diﬀerential charging of the samples.
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Fig. 7. The Mg 2p peak in samples Pt-2, HT and Pt-1 at 10 Å analysis
depth. (a) Pt-2 in reaction mixture, (b) Pt-2 in oxygen, (c) Pt-2 in
hydrogen-steam mixture, (d) HT in reaction mixture, (e) Pt-1 in reaction
mixture, all at 450 C.

Fig. 8 shows the Al 2p peak observed for sample HT at
diﬀerent analysis depths under reaction conditions. As for
the Mg 2p peak, it is observed that the Al 2p peak is symmetrical and similar at all analysis depths for sample HT.
Figs. 9 and 10 show the Al 2p peak together with the
Pt 4f doublet in sample Pt-2 under reaction conditions at
diﬀerent analysis depths, and in samples Pt-2 and Pt-1 in
diﬀerent gas compositions at 10 Å analysis depth. The
experimental peaks are clearly not symmetrical, and peak
deconvolution was carried out. The results shown are representative of all obtained results: When referenced to the
Al 2p peak at 74.3 eV, a typical binding energy of the
Al3+ state in aluminium oxides [40,41], the binding energy
of Pt 4f7/2 falls in the region 70.8–72.4 eV. These BE values
indicate the presence of large amounts of reduced Pt under
all conditions, in agreement with thermodynamic calculations (using thermodynamic data from Ref. [42]), which
indicated that Pt is fully reduced even under oxidation in
0.3 mbar O2 at 450 C.
3.2.2. Sn/Mg ratio. Sample Pt,Sn-1
Sn/Mg atomic ratios measured during three subsequent
ethane dehydrogenation test-regeneration cycles and at two
analysis depths are shown in Fig. 11. The sample was
moved twice during the measurement sequence, i.e., at

78

76

74
72
Binding Energy [eV]

70

Fig. 8. Al 2p peak at analysis depth of (a) 10 Å, (b) 14 Å, (c) 17 Å and
(d) 21 Å in sample HT under reaction conditions.

7.5 h and 21 h on-stream, because of diﬀerential charging
of the sample. The homogeneity of the sample was tested
at three areas after completing the sequence, and the measurements indicate that some inhomogeneity may occur
(the highest measured Sn/Mg diﬀerence was 25% relative).
This means that caution must be shown when comparing
the Sn/Mg ratios obtained before and after moving the
sample. With this in mind, three distinct features are apparent from Fig. 11: First, the Sn/Mg ratio is highest closer to
the sample surface. This result indicates that tin is mainly
located on the outer surface of the sample, as expected
when using the impregnation technique. Second, the Sn/
Mg ratio on the surface relative to the Sn/Mg ratio deeper
into the sample does not change signiﬁcantly (average
value 1.8 ± 0.3) with time on stream (TOS). This observation indicates that tin does not diﬀuse into the material
with time, but stays on the outer surface. Third, it is interesting to observe that the Sn/Mg ratio measured at each set
of gas compositions increases with increasing TOS.
Together, these observations indicate that tin is initially
located in deﬁned clusters on the sample surface. With time
on stream, tin gradually spreads from the clusters, covering
an increasing fraction of the Mg(Al)O surface. Thorough
investigation of Fig. 11 reveals that for each test-regeneration cycle, an increase in the Sn/Mg ratio is observed from
reduction to reaction conditions, while it is either quite
stable or decreases between the other conditions. Since
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each measurement was performed soon after switching
conditions, this observation suggests that spreading of tin
takes place predominantly under reduction conditions.
Bednarova et al. have reported that the Pt content of
Pt,Sn particles on Pt,Sn/Mg(Al)O and Pt,Sn/Al2O3
catalysts increased during reduction at 600 C, based on
TEM analysis [16]. In addition to conﬁrming their ﬁndings,
our results point to the placement of Sn at the outer surface
of the carrier material after diﬀusion from the Pt,Sn particles, and to the diﬀusion proceeding predominantly during
reduction treatment. It has previously been reported that
tin may be present on the support surface in Pt,Sn/Al2O3
[43,44] and Pt,Sn/ZrO2 catalysts [17].
The Sn 3d doublet scanned at two analysis depths and in
diﬀerent gas mixtures is shown in Fig. 12. There is no sign
of asymmetry of the Sn peaks, and the peaks can be ﬁtted
well with one Gaussian curve. Because of similar chemical
shifts of the Sn2+ and Sn4+ peaks, it is not possible to distinguish between these two oxidation states of tin by examining the shape of the peaks [45]. However, it would be
possible to see changes in the peak shape if the oxidation
state of Sn would change between Sn2+/4+ and Sn0, as
the chemical shift of Sn 3d in tin oxides compared to pure
tin is usually reported to be in the region of 1.5–1.8 eV
[45–47]. An even larger separation between oxidised and
metallic tin has been observed in supported Pt–Sn catalysts. De Miguel et al. [48] observed a separation of approx-

70

Fig. 10. Al 2p peak together with Pt 4f doublet in the samples Pt-2 and Pt1 at 10 Å analysis depth. (a) Pt-2 in reaction mixture, (b) Pt-2 in oxygen,
(c) Pt-2 in hydrogen-steam mixture and (d) Pt-1 in reaction mixture, all at
450 C.

Sn/Mg [atomic ratio]

Fig. 9. Al 2p peak together with Pt 4f doublet in the sample Pt-2 under
reaction conditions at analysis depth of (a) 10 Å, (b) 14 Å, (c) 17 Å and
(d) 21 Å.
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Fig. 11. Sn/Mg atomic ratio in sample Pt,Sn-1 at 10 Å (grey bars) and
14 Å (black bars) analysis depth.

imately 3 eV in alumina and K-doped alumina supported
catalysts, and a separation of 2.3 eV in Pt,Sn/MgO.
Several ESCA studies performed on Pt–Sn catalysts supported on alumina have observations similar to ours, that
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Fig. 13. Mg/(Al + Pt) atomic ratio in sample Pt,Sn-1 at 10 Å (h) and
14 Å (s) analysis depth.
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Fig. 12. Sn 3d doublet in sample Pt,Sn-1 at two analysis depths and in
diﬀerent gas mixtures, (a) 10 Å, H2, room temperature, (b) 10 Å, O2,
450 C, (c) 10 Å, H2 450 C, (d) 10 Å, reaction mixture, 450 C and (e)
14 Å, reaction mixture 450 C.

the shape of Sn 3d doublet indicates the presence of one
oxidation state only. Because of easier referencing in ESCA
technique, from the binding energy of the Sn 3d5/2 peak
these studies conclude that the lowest oxidation state of
tin present on alumina is Sn2+ [46,47,49]. Our observations
of Sn supported on mixed oxide correlate well with the
mentioned observations of Sn supported on alumina, as
no change in the oxidation state of Sn is visible. These
observations may suggest that within the spectral resolution, Sn on the catalyst surface is in an oxidised state under
all conditions. This conclusion is further supported by the
measurements performed on the PtSn2 alloy, presented below. It should be noted that, although the Sn 3d doublet of
Pt,Sn/Mg(Al)O is symmetrical and can be ﬁtted with one
Gaussian curve, a second component with low but not zero
intensity could be present, without introducing visual
changes in the shape of the overall peak. With an average
FWHM of the Sn 3d5/2 peak of 2.6 eV and an average separation of 1.7 eV between the peaks of Sn2+/4+ and Sn0
states, we estimate the intensity of a possible second component to be within 15% of the overall peak intensity, as
also estimated by Adkins and Davis in [49].
The Mg/(Al + Pt) ratio of sample Pt,Sn-1 was measured
at two analysis depths during the same activation sequence,
and is shown in Fig. 13. The Mg/(Al + Pt) ratio decreases
slightly with time on stream, suggesting that the Pt distri-

bution is unchanged or increases slightly throughout the sequence. This result is in disagreement with results reported
previously based on TEM analysis, that Pt sinters during
testing of a Pt,Sn/Mg(Al)O catalyst [16]. A possible reason
for the discrepancy is the higher temperature used in their
case (600 vs. 450 C), as well as the low visibility of small Pt
particles in TEM [16].
The uncertainty from the background subtraction is in
this case estimated to be 10%. The reason for the lower
uncertainty compared to the HT and Pt-1 and Pt-2 samples
is better quality of the detail-scans with wider regions in
many cases, which makes it easier to subtract an equal
background.
3.2.3. Pt/Sn ratio and oxidation state. PtSn2 alloy
Fig. 14 shows the Pt/Sn ratio in PtSn2 alloy at two analysis depths as a function of analysis conditions and time on
stream. Two distinct features are apparent: First, the Pt/Sn
ratio decreases upon heating from room temperature to
450 C and upon switching from H2 to reaction mixture
at 450 C. Second, a higher Pt/Sn ratio is observed at greater depth under reduction and reaction conditions. The result is in agreement with previous literature reports,
which concluded that the surface of Pt–Sn alloys and supported Pt–Sn particles is enriched in Sn after reduction at
500–600 C, probably due to the lower surface energy of
Sn compared to Pt [43,50,51]. Bouwman et al. [50] further
reported that the oxidation of the annealed surface of the
PtSn and Pt3Sn alloys caused a further enrichment of the
surface with Sn. This observation indicates that Sn diﬀuses
towards the surface of the alloy under all tested conditions.
For PtSn2 alloy the diﬀerential charging problem was
avoided, and the binding energies of Pt and Sn could be
measured during use. The position of the Sn 3d and 4d
peaks was calibrated from the corresponding Fermi edge
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Fig. 14. Pt/Sn atomic ratio in PtSn2 alloy under diﬀerent conditions (see
Table 1 for details) and at two analysis depths: 8 Å (squared bars) and
15 Å (white bars).

b

spectra. The detailed peak analysis procedure is described
in Section 2.
Area ratios resulting from curve ﬁtting of Sn 3d and
Sn 4d peaks are shown in Table 5. The deconvolution of
the peaks into two oxidation states is shown in Figs. 15–
17. The binding energies of the two Sn 3d components observed are 485.3 and 486.6 eV. The binding energy of the 3d
peak of oxidised tin (Sn2+ and Sn4+) in tin oxides is usually
reported in the region 486–487 eV [40,45,49]. The component with the binding energy of 486.6 eV can therefore be
characterised as tin present as tin oxide. The component
at 485.3 eV has a slightly higher binding energy than
Sn 3d in metallic state, which has a binding energy of
484.9 eV [35,36,52]. In a study of oxidation of ordered
Pt–Sn surface alloys Jerdev and Koel [52] attributed a peak
at a BE of 485.5 eV to ‘‘quasimetallic’’ Sn, a state resembling O–Sn chemisorption state. Bouwman and Biloen
[53] observed a Sn 3d5/2 binding energy of 485.5 eV in reduced PtSn alloy, close to the low binding energy component observed in our work.
The Sn 4d peak was also resolved to two oxidation states
with average binding energies for 4d5/2 of 25.9 and 24.5 eV.

a
491 490 489 488 487 486 485 484 483 482
Binding Energy [eV]
Fig. 15. Deconvolution of Sn 3d peak in PtSn2 alloy at 8 Å analysis depth
under following conditions: (a) in UHV at RT, (b) in H2 at RT, (c) in H2
at 450 C and (d) in reaction mixture at 450 C.

This corresponds well with the oxidation states found from
the deconvolution of the Sn 3d peak, since Sn 4d of metallic
tin has a binding energy of 23.9 eV [35,36]. In conclusion,
the results obtained in this study indicate that Sn is predominantly in an oxidised state (Sn2+ or Sn4+) at the surface of Pt–Sn particles, while the remainder of Sn in the
outer layers is alloyed with Pt.
In addition to showing that the major part of Sn on the
surface of the PtSn2 alloy is in an oxidised state under all

Table 5
Area ratios of diﬀerent oxidation states of Sn in PtSn2 alloy
Gas mixture

UHV
H2
H2
H2O:H2:C2H6
a

Not measured.

T [C]

Ambient
Ambient
450
450

Area %, Sn 3d, 8 Å

Area %, Sn 4d, 8 Å

Area %, Sn 4d, 15 Å

Oxidised BE
486.6 eV

Alloyed BE
485.3 eV

Oxidised BE
25.8–26.0 eV

Alloyed BE
24.3–24.7 eV

Oxidised BE
25.8–26.0 eV

Alloyed BE
24.3–24.7 eV

72
73
83
93

28
27
17
7

83
84
83
98

17
16
17
2

–a
–
65
93

–
–
35
7
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Fig. 16. Deconvolution of Sn 4d peak in PtSn2 alloy at 8 Å analysis depth
under following conditions: (a) in UHV at RT, (b) in H2 at RT, (c) in H2
at 450 C and (d) in reaction mixture at 450 C.

Fig. 17. Deconvolution of Sn 4d peak in PtSn2 alloy at 15 Å analysis
depth under following conditions: (a) in H2 at 450 C and (b) in reaction
mixture at 450 C.

tested conditions, the data in Table 5 and Figs. 15–17 indicate that under reduction conditions, the amount of
alloyed Sn is higher at 15 Å analysis depth than at 8 Å
analysis depth. When going from reduction to reaction
conditions, the amount of reduced Sn decreases to below
10% at both analysis depths.
The shape and positions of Pt 4f peaks measured at 15 Å
analysis depth did not change when switching from hydrogen to reaction mixture within the experimental error
(which is in this case estimated to ±0.2 eV from the FE
calibration). The BE of the Pt 4f peak at 15 Å is 72.0 eV.
This binding energy is somewhat higher than reported for
Pt 4f7/2 in metallic Pt (71.2 eV) [35]. A Pt 4f7/2 binding energy in reduced PtSn alloy of 72.0 eV is reported in [53],
who further reported a BE of 71.8 eV for Pt 4f7/2 in reduced, metallic Pt. It has been observed previously that
tin induces a shift of the Pt 4f7/2 core level to higher BE
compared to pure Pt [54]. A shift of the Pt 4f peak to higher
BE has also been reported in Co–Pt alloys [55] and upon
addition of Sn to Ni–Nb–Sn–Pt alloys [56]. The shape of
Pt 4f peaks at 8 Å analysis depth is the same as for the

peaks at 15 Å analysis depth. It is also unchanged under
all conditions, except for a decrease in peak width when
heating the sample. Because of a feature rich FE at
390 eV photon energy, the energy calibration was more
uncertain for these peaks, but the same BE as for the
15 Å peaks is indicated (approximately 71.7 ± 0.4 eV). In
conclusion, the results obtained in our study indicate that
Pt close to the sample surface is alloyed with Sn.
The results observed for the PtSn2 alloy are in agreement with thermodynamic calculations (using thermodynamic data from Ref. [42]), which indicated that Pt is
fully reduced even under reaction and oxidation conditions
at 450 C, while Sn is oxidised (preferably as Sn4+) under
reaction conditions, and SnO2 even has a positive Gibbs
energy of reduction in a H2 atmosphere, at 450 C. On
the other hand, the reaction:
SnO2 þ Sn ¼ 2SnO
has a Gibbs free energy of +6 kJ/mol at 450 C, and is not
favourable. This result indicates that Sn which migrates to
the particle surface under reduction conditions at 450 C
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will remain in a reduced state. While PtSn2 alloy has a melting point of 745 C, Sn0 melts already at 232 C; well below
the temperature of reduction and reaction (450 C) [57]. The
presence of highly mobile, melted Sn0 near the particle surface under reduction conditions could explain why Sn in
sample Pt,Sn-1 preferably migrates from the metal particles
to the support surface during reduction (cf. Fig. 11).
The presence of Pt could inﬂuence the red-ox behaviour
of Sn. Safonova et al. recently studied reduction of SnO2
thin ﬁlms with or without metal dopage (M = Pt, Pd, Cu,
Ni) in 1%H2/N2 mixtures. Pt and Pd showed similar eﬀects,
but only the Pd-doped system was studied in detail. Only a
minor shift (<0.15 eV) in the Sn 3d5/2 peak of the XPS spectrum was observed after annealing Pd-doped SnO2 in
1%H2/N2 at 380 C for 4 h compared to the same treatment in O2 [58], in line with our results.
3.3. Inﬂuence on catalytic properties
The catalytic test results in Fig. 3 show two eﬀects of repeated test-regeneration cycles: The initial activity after
regeneration increases, while the stability within one test
cycle decreases. The results in Fig. 11 indicate that Sn migrates to the support surface during reduction between the
test cycles. This result suggests that the initial activity increase observed from cycle 1 to cycle 3 is related to an increased Pt concentration at the metal particle surface, due
to migration of Sn to the support surface. Deactivation
within each test cycle could either be due to coke formation
or to metal particle sintering. The results in Fig. 13 which
indicate that Pt dispersion is stable with time on stream,
strongly suggest that particle sintering is not responsible
for the observed deactivation within test cycles 1–3. The
increasing deactivation rate within each test cycle with
TOS can therefore be correlated to a change in catalyst
selectivity from ethene to carbon deposits. In situ XPS measurements of the C 1s peak performed during activation
treatment did not reveal carbon deposits on the catalyst
surface after ﬁrst oxidation. The only carbon peaks visible
were due to CO2 and ethane/ethene present in the gas
phase under reaction conditions. It is well documented in
literature that Sn promotion of Pt catalysts leads to less
carbon deposition (see e.g. [17,21,24]); however, there is
controversy about the reason for this selectivity change.
Stagg et al. recently suggested that a basic support material, such as ZrO2, may contribute to the stability of Pt,Sn
catalysts by providing oxygen to the metal, thereby promoting oxidation of coke deposits. Migration of Sn from
Pt,Sn metal particles would lead to coverage of the basic
sites on the ZrO2 surface, thereby reducing the stability
of the catalyst [17]. Other groups have suggested that a
change in the electronic properties of the Pt metal
[22,59,60], or in the Pt cluster size [60], or even unmasking
of speciﬁc sites [61], may contribute to a change in the
reaction selectivity of metal catalysts. However, we are
presently not in position to distinguish between these alternative explanations for the catalyst under study.

4. Conclusion
The results obtained in the present study contribute to a
detailed understanding of the Pt,Sn/Mg(Al)O catalyst system, which has shown excellent properties as a light alkane
dehydrogenation catalyst. We have performed in situ XPS
measurements of Pt(Sn)/Mg(Al)O catalysts under constant
gas ﬂow and at temperatures close to those used in ethane
dehydrogenation. Our measurements indicate that Al and
Mg are evenly distributed in the crystallites of the mixed
oxide used as carrier material. In Pt/Mg(Al)O catalysts, reduced Pt is present under all conditions. A Pt,Sn/Mg(Al)O
catalyst was studied throughout several test-regeneration
cycles. The measurements indicate that tin is initially
located in deﬁned clusters on the sample surface. During
activation treatment (predominantly under reduction conditions), tin gradually spreads from the clusters, covering
an increasing fraction of the Mg(Al)O surface. The majority of Sn is present in an oxidised state under all conditions.
A PtSn2 alloy was studied separately. The PtSn2 alloy
showed surface enrichment in Sn under reduction and reaction conditions. The majority of Sn on the surface of the
PtSn2 alloy is in an oxidised state under all conditions,
while the remainder is alloyed with Pt. Pt is present in
the reduced state alloyed with Sn under all conditions.
Acknowledgements
A.V.’s Ph.D. grant is ﬁnanced by Statoil through the
VISTA programme, contract no. 6446. Travel funding
for A.V.’s stay at BESSY was obtained through the Norwegian-German Project Based Personnel Exchange Programme at the Norwegian Research Council. Ole Bjørn
Karlsen (UiO) and Aud I. Spjelkavik (SINTEF) are gratefully acknowledged for the preparation of catalyst samples
used in this study. The BESSY staﬀ is acknowledged for
technical support during the in situ XPS measurements.
References
[1] J.A. Moulijn, M. Makkee, A. van Diepen, Chemical Process
Technology, John Wiley & Sons, Chichester, 2001.
[2] E. Rytter, U. Olsbye, P. Soraker, R. Torvik, WO Patent 2001055062
A1 20010802, 2001, to Den Norske Stats Oljeselskap AS.
[3] C.L. Thomas, Catalytic Processes and Proven Catalysts, Academic
Press, New York, 1970.
[4] L. Bednarova, Study of supported Pt–Sn catalysts for propane
dehydrogenation, Ph.D. Thesis, Norwegian University of Science and
Technology (NTNU), 2002, p. 47.
[5] F. Cavani, F. Triﬁro, A. Vaccari, Catal. Today 11 (1991) 173.
[6] M. Bellotto, B. Rebours, O. Clause, J. Lynch, J. Phys. Chem. 100
(1996) 8535.
[7] D. Akporiaye, M. Roennekleiv, P. Hasselgaard, NO Patent 308989,
2000, to Den Norske Stats Oljeselskap AS.
[8] D. Tichit, B. Coq, Cattech 7 (2003) 206.
[9] T. Shishido, M. Sukenobu, H. Morioka, R. Furukawa, H. Shirahase,
K. Takehira, Catal. Lett. 73 (2001) 21.
[10] A. Olafsen, A. Slagtern, I.M. Dahl, U. Olsbye, Y. Schuurman, C.
Mirodatos, J. Catal. 221 (2005) 163.

A. Virnovskaia et al. / Surface Science 601 (2007) 30–43
[11] U. Olsbye, D. Akporiaye, E. Rytter, M. Ronnekleiv, E. Tangstad,
Appl. Catal. A 224 (2002) 39.
[12] A.L. McKenzie, C.T. Fishel, R.J. Davis, J. Catal. 138 (1992)
547.
[13] J.I. Di Cosimo, V.K. Diez, M. Xu, E. Iglesia, C.R. Apesteguia, J.
Catal. 178 (1998) 499.
[14] D. Jiang, B. Zhao, Y. Xie, G. Pan, G. Ran, E. Min, Appl. Catal. A
219 (2001) 69.
[15] D. Akporiaye, S.F. Jensen, U. Olsbye, F. Rohr, E. Rytter, M.
Ronnekleiv, A.I. Spjelkavik, Ind. Eng. Chem. Res. 40 (2001) 4741.
[16] L. Bednarova, C.E. Lyman, E. Rytter, A. Holmen, J. Catal. 211
(2002) 335.
[17] S.M. Stagg, E. Romeo, C. Padro, D.E. Resasco, J. Catal. 178 (1998)
137.
[18] R.D. Cortright, J.M. Hill, J.A. Dumesic, Catal. Today 55 (2000) 213.
[19] J. Llorca, N. Homs, J. Leon, J. Sales, J.L.G. Fierro, P. Ramirez de la
Piscina, Appl. Catal. A 189 (1999) 77.
[20] M.M. Schubert, M.J. Kahlich, G. Feldmeyer, M. Huttner, S.
Hackenberg, H.A. Gasteiger, R.J. Behm, PCCP 3 (2001) 1123.
[21] Z. Tian, Y. Xu, L. Lin, Chem. Eng. Sci. 59 (2004) 1745.
[22] J. Jia, L. Lin, J. Shen, Z. Xu, T. Zhang, D. Liang, Y. Chen, Sci. China
B 41 (1998) 606.
[23] G. Aguilar-Rios, M. Valenzuela, P. Salas, H. Armendariz, P. Bosch,
G. Del Toro, R. Silva, V. Bertin, S. Castillo, A. Ramirez-Solis, I.
Schifter, Appl. Catal. A 127 (1995) 65.
[24] O.A. Barias, Transient kinetic investigation of the catalytic dehydrogenation of propane, Ph.D. Thesis, Norwegian University of Science
and Technology (NTH), 1993, p. 104.
[25] H. Armendariz, A. Guzman, J.A. Toledo, M.E. Llanos, A. Vazquez,
G. Aguilar-Rios, Appl. Catal. A 211 (2001) 69.
[26] Z. Li, M.S.J. Tu, J. Jia, Z. Xu, L. Lin, Cuihua Xuebao 19 (1998) 1.
[27] J. Haﬁzovic, Mekanismestudie av platinaavsetning på hydrotalcitt
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