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Preliminary and objectives

Technical progression in the last few decades brought about the development of a
wealth of surface analytical methods, which gradually became available to researchers involved
in surface science. In the beginning most of these techniques were applied to study nearly
perfect surfaces under excessively clean conditions. In the possession of the knowledge and
experience obtained this way, attention was drawn to problems with more practical aspects.
One of the powerful techniques suitable for studying such problems is X-ray photoelectron
spectroscopy (XPS).

In many cases the information provided by XPS is not available to other methods.
Also, the information obtained may be used to corroborate data acquired by other methods.

The objective of this dissertation is to demonstrate the applicability of XPS in the
study of solid surfaces used as catalysts, and also in the characterization of surface active sites.
The discussion of measurements carried out on the adsorbed layer on surfaces was intended to
display the use of XPS in the study of reactions occurring on these surfaces. These studiess may

help us understand the elementary steps of catalytic reactions.

Experimental

Measurements were carried out with a Kratos XSAM 800 X-ray photoelectron
spectrometer under ultrahigh vacuum (UHV) conditions. The ultimate pressure attainable by
turbomolecular, iongetter and titanium sublimation pums was 2 x 10’ mbar after the bakeout
of the analyzing chamber.

Cooling of the metal single crystal was achieved by cooling with liquid nitrogen the
tantalum wires spotwelded to the edge of the crystal. The samples were heated by electric
current flowing through tantalum and tungsten wires fixed to the side of and below the crystals.

Catalytic reactions and heat-treatments of wafers pressed from supported and
unsupported powder catalysts were performed in the flowing system of the reaction chamber

directly attached to the analyzing chamber via a gate valve.



Novel results
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Characterization of surfaces used as catalysts

On the spectra of MoO; and unsupported alkali metal molybdates the
Mo(3ds;,) binding energy was found the highest (233.0 eV) in MoO;. The binding
energy continuously decreased from Li,MoO, (232.7 eV) to Rb,MoO, and Cs,Mo00,
(231.8 eV). The decrease of the binding energies can be explained by the increase of
bonding lengths, which in turn is the consequence of the growing alkali metal cation
size. There were only minor changes in the Mo(3ds/) binding energies on the spectra
of SiO, supported MoO; and alkali metal molybdates. A possible reason is that the
influence of cation on the anion is negligible on the support. The binding energies of
the Mo(3d) doublets were nearly the same in K;Mo00O./SiO, catalysts prepared in
different ways.

On the spectra of WO; the W(4f;,) binding energy was nearly 1 eV higher
(35.95 eV) than that measured on K,WO, (35.0 eV). The W(4f;,) binding energies
measured in K,WO, on various supports as well as on WO;/SiO, (35.7-36.05 eV) were
closer to that found in WOs; than to the value detected in K,WO,. From this it follows
that the support has only minor effect on the binding energy of electrons in tungsten
atoms. Taking as unit the W(4f) peak area on the XP spectrum of the K,WO,/SiO,
catalyst, we determined the number of tungsten atoms in the different samples. The
number of W atoms decreased in the K+WO05/SiO, > K,WO4/TiO, > WO05/SiO, >
K;WOL/ALO; > K,WOL/Si0, > K,WO./MgO order. The K(2p)/W(4f) peak area ratios
were also calculated for the potassium containing catalysts. The K/W ratio varied
between 1.4-3 with the exception of K+WOs/SiO,; in this latter case its calculated
value was cca. 25. From the W(4f;5,) binding energy measured on this catalyst we
concluded that doping with potassium does not lead to K,WO, formation.

The XP spectra of oxidized (473 K, 30 min) Rh/TiO, revealed that a part of
surface Rh is in the +3 oxidation state. The rest of the metal atoms is less oxidized.
The ratio of the number of atoms in the two states is about 3:1. Following the
reductions at increasing temperatures (473, 573 and 673 K, 1 hour) the binding
energies of the Rh(3ds,) orbitals and full widths at half maximum (FWHM) of the
peak decreased, but they did not reach the values characteristic of metallic Rh even
after the reduction at the highest temperature. There are practically no changes in the

Ti(2p) binding energies and FWHMs of the TiO, support. The decrease of the Rh(3d)
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peak areas with the increasing reduction temperature is the consequence of the
decrease in dispersity.

We studied the substitution of AI** ions for Fe* ions in Keggin ion salts with
XP spectrometry. We demonstrated that in the sample containing only iron, Fe*" ions
are present possibly in FeO(OH) form. On the Fe(2p) spectra of the samples
containing both iron and aluminium, a new shoulder — originating from Fe*" ions —
was detected on the high binding energy side of the photoelectron peak. The intensity
of the shoulder increased with increasing iron content. Based on literature data we
came to the conclusion that the appearance of the shoulder can be explained by the
incorporation of Fe** ions into the octahedral positions of the Keggin ion salt.

We recorded the XP spectra of unsupported and ZSM-5 supported Mo-based
catalysts. We established that supported molybdenum-oxide catalysts are reduced
during the induction period that precedes the conversion of methane under non-
oxidative conditions. Comparing the Mo(3d) and C(1s) spectra to those obtained on
Mo,C-containing catalysts prepared in different ways, we concluded that part of the

MoQO; was transformed into Mo,C.

Characterization of catalyst surface changes due to adsorption and
catalytic reactions

In the interaction of SiO, and ZSM-5 supported Mo,C catalysts with carbon
dioxide we established that CO, reacts with Mo,C and as a consequence the latter gets
partially oxidized. The complete oxidation into MoO; was not achieved even after
several hours of interaction at the highest temperature (1073 K) applied. On both
supports the share of the Mo®" oxidation state was the greatest in the 973-1073 K
temperature range. The reaction rate was higher on the SiO, supported catalysts than
on the zeolite supported ones. The Mo(3d) peak areas of the XP spectra obtained on
the SiO, supported samples gradually increased with the increase of reaction time. The
reason of this is very likely the increase of Mo dispersity.

After the introduction of 12.5 % C;Hs + 25 % CO,/Ar gas mixture onto the
Mo,C/SiO; catalyst at 873 K, the Mo(3d) spectra only slightly changed. We explained
the slow rate of changes by the fast reaction of propane and Mo-O groups formed in

the CO,+Mo,C reaction.
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The appearance of the XP peak characteristic of iodine atom (I,)) after the
adsorption and heating of hydrocarbon halogenide layers on Mo,C/Mo(111) or
Mo,C/Mo(100) surfaces was attributed to the dissociation of the molecule.

Methyl iodide adsorbed molecularly on the Mo,C/Mo(111) surface at 90-100
K; the dissociation of the molecule set on around 140 K. The presence of the
molecularly bonded state, characterized by 620.1 eV binding energy, up to 300-350 K
may be related to the fact that a fraction of adsorbed CHjsl is bonded strongly to the
surface.

Methylene iodide adsorbed molecularly on Mo,C/Mo(111) independently of
the exposure. The dissociation of the molecule began at 190 K, after the desorption of
the condensed layer. The dissociation was complete at around 250 K.

Ethyl iodide adsorbed molecularly on the Mo,C/Mo(111) surface at 90 K. The
dissociation of C,HsI — characterized by the development of a peak at 618.9 eV —
became obvious from 190 K. The 620.0 eV peak due to molecularly adsorbed C,Hsl,
could not be detected above 275 K.

Photoelectron spectra taken after the adsorption of propyl iodide on
Mo,C/Mo(100) surface at 100 K refer to molecular adsorption of the compound.
Between 160-260 K the intensity of the peak originating from molecularly adsorbed
C;H/I decreased. At the same time the peak broadened and its binding energy shifted
to lower values. Above 260 K a single peak at 618.6 eV could be detected; this peak is
due to I, species formed in the dissociation of C;H5I.

According to measured binding energies, allyl iodide adsorbs partially
dissociatively at low exposures on Mo,C/Mo(100) surface at 100 K. The shift of the
binding energies at higher surface concentrations is due to the formation of a
molecularly adsorbed layer.

Independently of the exposure phenyl iodide adsorbed molecularly on
Mo,C/Mo(100) at 100 K. The dissociation temperature of the molecule depended on
the coverage. Exposing the surface to 2 L phenyl iodide the XP peak assigned to the
dissociation of the molecule appeared at 120 K, while at 4 L exposure it developed
only at 150 K.

Exposing the K + M0,C/Mo(100) surface to CO, at 100 K led to the increase
of the work function at all K coverages. Heating the co-adsorbed layer to 300 K also
increased the work function. This increase was attributed to the disproportionation of
negatively charged CO, and to the species formed in the decomposition of carbonate

groups. Adsorbed potassium significantly modified the adsorption and reactivity of
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CO;: it bonded weakly and reversibly on clean Mo,C/Mo(100) surface. At low
potassium coverage (@x = 0,1 ML) we could distinguish two kinds of adsorbed CO,
states: COy, )and linearly adsorbed CO,. At higher coverage (@x = 1 ML) the

formation of carbonate species after CO, exposure started already at 115 K.

Methyl and ethyl iodide adsorbed molecularly both on clean and oxygen pre-
covered Rh(111) at 100 K regardless of the exposure. Coadsorbed oxygen had only a
minor effect on the uptake. The surface oxygen layer significantly enhanced the
thermal stability of methyl and ethyl iodide: the dissociation of the molecules took
place at temperatures 50-100 K higher than observed on clean Rh(111) surface. We
think the reason of this phenomenon is the blocking of surface active sites by oxygen

atoms.

Practical aspects

The results obtained are belong primarily to the scope of fundamental research.

However, the knowledge of the elementary composition of catalytic surfaces, and that of the

changes of these surfaces due to catalytic reactions may help us develop more active and

selective catalysts. The exploration of the reactions of molecules adsorbed on metal single

crystal surfaces at low temperature, and that of the behaviour of reaction intermediates may

contribute to the understanding of how catalysts work.
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