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APPLICATIONS OF SXPS FOR STUDYING SURFACE STRUCTURE,
REACTION MECHANISMS AND KINETICS
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ABSTRACT

Soft x-ray photoelectron spectroscopy (SXPS) from the S 2p core level has been used to study
adsorbate induced reconstruction, identify reaction intermediates and study reaction kinetics on
the Ni(111) surface. The S 2p binding energy is affected by the nature of the surface adsorption
site. It has been determined from the number of S 2p states and their relative binding energies
that adsorbed S induces a reconstruction of the Ni(111) surface and that the S adsorbs in four-
fold sites on terraces and in troughs. S 2p SXPS has also been used to identify adsorbed species
during the thermal decomposition of methanethiol on Ni(111). CH,SH adsorbs as CH,S- at low
temperatures. Above 200 K, the CH,S- changes adsorption site and the C-S bond begins to
cleave. The relative concentrations of CH,S- in the two different sites and of atomic S have been
monitored as a function of temperature and initial coverage. As a result of the sensitivity and
resolution available in SXPS, reactions rates and kinetic parameters have been obtained for the
decomposition of benzenethiol on Ni(111) by monitoring the changes in the surface composition
continuously as a function of temperature and time.

INTRODUCTION

The study of the surface chemistry of S and S containing molecules is important for
establishing an understanding of materials such as sulfide catalysts, the reactivity of S containing
pollutants and characterizing S based antiwear films. Soft x-ray photoelectron spectroscopy
(SXPS) of the S 2p core level has been developed as a very sensitive tool for studying these
systems. 200 - 300 eV excitation from a synchrotron light source results in at least an order of
magmtude improvement in sensitivity coupled with a 2 -3 times improvement in resolution for
the S 2p signal compared to traditional XPS excited using a laboratory anode source.

It was observed in a study of S on W(001) that despite having the same nominal emitting
species on the surface, 1. e. atomic S, a number of S 2p core level states were observed as a
function of coverage.[1] It was concluded that the S 2p binding energy is influenced by the
nature of the surface adsorption site and, further, that binding energy decreases as the
coordination of the adsorption site decreases. This observation was extended to molecular
adsorbates with the observation that methy!l thiolate, CH,S-, produces a number of S 2p states
on W(001) and Ru(0001) presumably due to adsorption in different sites.[2,3]

In this paper we will summarize recent experiments that were conducted to determine the
structure and reactivity of S and S containing molecules on Ni(111). The S 2p SXPS has
demonstrated that the reconstruction of Ni(111) that occurs at high S coverages results in new
S adsorption sites that have a higher coordination than the three-fold site that is favored at low
coverages. CH,S- changes adsorption site as the sample is heated, moving from a bridge site to
a hollow site as the temperature is raised from 100 - 250 K. Finally, the cleavage of the C - S
bond in phenylthiolate, C,H,S-, was monitored as a function of time at constant temperature.
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Reaction rates were derived from these expeniments that aid in the determination of the reaction
mechanism and the activation energy for the bond cleavage reaction.

STRUCTURE

Numerous experiments have established that adsorbed S produces a reconstruction of the
Ni(111) surface at coverages between 0.3 -0.4 ML (1 ML = 1.86 x 10" cm?). The nature of
this reconstruction has now been firmly established. It was determined by ion scattering [4] and
SEXAFS [5] that the S adatoms adsorb in three-fold hollow sites at low coverage. At higher
coverage it was concluded that the close-packed structure of the first Ni layer was disrupted and
that the coordination of the S adsorption site was increased. STM images indicated a terrace and
trough configuration for the Ni atoms following reconstruction [6] and a terrace structure
composed of rotated Ni tetramers was proposed based on glancing incidence x-ray scattering.[7]

The S 2p SXPS from S adsorbed at different coverages on Ni(111) is shown in Fig. 1. At
coverages below 0.25 ML a single S 2p doublet is observed with a S 2p,, peak position of
161.14 eV. This peak is assigned to S adsorbed in a three-fold hollow site as shown on the
lower right side of the figure. Near the satyration coverage of 0.4 ML two new S 2p states are
readily identified with S 2p,, binding energies of 161.54+ eV and 162.07 eV.
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These spectra establish that: 1) there are three different adsorption states for S on Ni(111) as
a function of coverage, 2) neither of the two states that result at high coverage are from S
adsorbed in a threefold site and 3) there is more S in the 161.54 eV state than in the 162.07 eV
state. The increase in binding energy that occurs following reconstruction indicates that the
coordination of the S adsorption site has increased compared to the three-fold coordination that
occurs at low coverage. This conclusion is supported by vibrational spectra that show a decrease
in the S - Ni stretching frequency at high S coverage.[8] The model proposed on the basis of
glancing incidence x-ray scattering is shown on the upper right of Fig.1.[7] Based on the relative




intensities, the 161.54 eV state is assigned to the S atoms adsorbed in the center of the Ni
tetramers that comprise the terraces, and the 162.07 eV state is assigned to S adsorbed in the
troughs between the terraces. Sulfur is bonded to four Ni atoms in both types of sites, suggesting

that even relatively small structural differences can resuit in significant S 2p binding energy
shifts.

REACTIONS OF S CONTAINING MOLECULES

Identification of Surface Intermediates

Methanethiol, CH,SH, reacts with Ni(111) at 100 K to form methyl thiolate, CH,S-. Methyl
thiolate then reacts at higher temperatures to produce either S and desorbed CH,, or S, C, and
desorbed H,. The S 2p spectrum from 0.25 ML of CH,S- adsorbed on Ni(111) at 100 K is
shown in Fig. 2. A lone doublet is observed at 150 K with a S 2p,, binding energy of 162.20
eV. At 250 K the 162.20 eV state has diminished in intensity and two new states appear at lower
binding energy, 161.55 eV and 161.10 eV, and one state at higher binding energy, 163.30 eV.
The low binding energy states are assigned to atomic S. This assignment is based on a
comparison with the binding energies for atomic S adsorbed on clean Ni(111).(see Fig. 1) The
161.10 eV state 1s the same as S adsorbed in the three-fold hollow site. The intensity of the
161.55 eV state correlates with the amount of atomic C observed in the C Is. It isn't clear
whether this state represents a bonding interaction between C and S or whether the C and S
produce a reconstruction of the Ni(111) surface. The 163.30 eV state is assigned to methyl
thiolate that has shifted from a bridge adsorption site to a hollow adsorption site. This
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Fig. 2 - S 2p photoemission from 0.25
ML of CH,S- adsorbed on Ni(111) at
100 K using 250 eV excitation and
normal emission.
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assignment 1s consistent with HREELS data that indicate no new molecular species appearing
between 150 - 300 K.[9] At 300 K the S 2p intensity from methyl thiolate in the hollow site




decreases as the thiolate begins to decompose. At 400 K all of the molecular species have
disappeared and the spectrum is dominated by the signal from atomic S associated with atomic
C. The amount of unperturbed atomic sulfur at 161.10 eV is greatly diminished at 400 K as the
atomic C builds up on the surface as a result of total decomposition.

Thermal Stability of Intermediates

The cleavage of the C - S bond producing atomic S, and the formation and subsequent
disappearance of methyl thiolate bonded in a hollow site can be seen as a function of
temperature in the temperature programmed SXPS data shown in Fig. 3. These curves were
recorded by monitoring the S 2p,,, intensity of atomic S at 161.55 eV and the S 2p,, intensity
of the hollow site bonded thiolate at 164.50 eV as a function of sample temperature. The initial
decrease in hollow site bonded signal is due to the desorption of multilayer methanethiol whose

Hoilow Site Thiotate
Fig. 3 - Temperature
programmed SXPS spectra of
the S 2p core levels from
atomic S and methyl thiolate
adsorbed in a hollow site for
CH,SH adsorbed on Ni(111) at
100 K.
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S 2p;, peak overlaps with the methyl thiolate S 2p,, peak. The signal from the thiolate in the
hollow - site starts to increase and reaches a maximum near 260 K indicating the conversion of
thiolate from the bridge to the hollow site. The atomic S signal starts to increase near 240 K,
levels off around 260 K and then increases again at 290 K. The initial increase in atomic S is
due to the decomposition of methyl thiolate in the bridge site. The second increase in atomic S,
near 290 K, stems from the decomposition of the hollow site thiolate. This further demonstrates
that the thiolate in the hollow site is more stable than the thiolate in the bridge site. The decrease
in the atomic S signal above 450 K can be correlated with the loss of atomic C through diffusion
into the bulk, which results in a shift of the atomic S signal from 161.55 eV to 161.10 eV.

The stability of the methyl thiolate in the bridge site is coverage dependant. Fig. 4 shows
temperature programmed SXPS data from three different coverages of CH,S-. At 0.08 ML the
onset of C - S bond scission is at 150 K. At 0.25 ML the onset is near 240 K, and at 0.15 ML
there are two steps at 150 K and 240 K. The bridge bonded thiolate's S 2p,, binding energy
shifts from 162.60 eV to 162.20 eV between 0.08 and 0.25 ML. At 0.15 ML both states are
evident. The shift in binding energy and the relative stability at low and high coverage are
presumably the result of crowding in the thiolate overlayer.
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showing the decomposition of
bridge bonded thiolate producing
atomic S.
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Reaction Kinetics

The rate of C - S bond scission at different temperatures during the decomposition of
phenylthiolate, C,H,S-, on Ni(111) was determined by recording the increase in the atomic S
signal as a function of time at constant temperature (Fig. 5) The decomposition of phenyithiolate
1s simpler than the decomposition of methyl thiolate because only one form of atomic S is
produced and the phenyl thiolate does not shift to a different adsorption site, therefore there is
only one reaction pathway that needs to be considered. The solid lines in Fig. 5 indicate a fit
to the data using a rate law that is second order in phenyl thiolate concentration. There was
generally better agreement using a second order rate law than a first order rate law. This second

3 T T
z
‘@
[
I}
<
= 250 K
5§ 21
e
. .. . . o
Fig. S - S 2p photoemission intensity from 3
atomic sulfur during 1sothermal anneals of 2 230 K
. o . >
CeH.S- at the indicated temperatures. Fits 3 * 1
using a second order rate law are also 2
shown. & 210K
w
0 1 {
0 200 400 600

Time (Sec)

order dependance can be rationalized through a decomposition mechanism in which adsorbed H
atoms participate in the rate determining step of the C - S bond cleavage reaction.[10] The
reaction is therefore first order in phenyl thiolate and first order in H. It appears to be second
order in phenyl thiolate because the adsorbed H comes from the sulfhydryl H of parent
benzenethiol adsorbate and therefore the thiolate and the H concentrations are the same. The
activation energy for this reaction is 10 kcal / mole based on an Arrhenius plot of the rate




constants. This value is smaller than might be expected for a reaction occurring around 240 K
and may be related to H assistance in the bond cleavage reaction.

SUMMARY

Soft x-ray photoelectron spectroscopy from the S 2p core level has been shown to be an
extremely powerful tool for studying surface structure, adsorbate reactions and reaction kinetics.
In principle, SXPS should also be very useful for studying other core levels. In particular, the
2p levels of P and Cl should behave similarly. The S 2p level has been particularly advantageous
because it has a relatively narrow natural linewidth (ca. 0.15 eV). The Is levels of C, N, and O
have been shown to be much broader and may limit the advantages realized using SXPS to study
these species.[11]
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