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VSurface Science and High Pressure Reaction Studies of

Thiophene Hydrodesulfurization over Mo Single Crystal Catalysts

Andrew John Gellman

Abstract

Surface science experiments cohbined with high pressure reaction
studies have bee& used to investigate the hydrodesulfurization (HDS)
of thiophene over Mo single crystal catalysts. Characterization of the
sulfided Mo(100) surface and gh? sufface chemistry of thiophene on Mo
have been performed under UHV céngitions whi]é HDS reaction were
performed at pressures of 1 atm.

At low coverages (6g<0.5) sulfur atoms are adsorbed on the Mo(100)
surface in the fourfold hollow site. As the sulfur coverage is increased
past 65=0.67 a second binding site becomes occupied. The simﬁltaneous
occupation of two binding sites is,inducedvby répulsive interactions
between adsorbed atoms. The heat of adsorption at low coverages is 110
kcal/mole and drops to 75-90 kcal/mole at high coverages.

At high coverages thiophene adsorbs on the Mo(100) surface in both
a reversibly bound étate that desorbs upon heating and an irreversibly
bound state that decomposes. The irreversibly bound molecule decomposes
via a Tow temperature.mechanism (175K - 350K) and a second, high temper-
ature process in the range 600K - 680K. The adsorbed molecule is
n-bonded to the surface with its sulfur atom bound in a chemical
envirohment similar to that in gas phase thiophene. The o-CH bbnds are

weakened to a greater extent by their interaction with the surface than
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the B-CH bonds. During the low temperature decomposition process o-CH
bond scission occurs prior to B-CH bond scission. This adsorbed |
species is stable on the surface to temperatures >600K (the temperature
_at which high pressure HDS reactions are performed).

The high pressure HDS reaction mechanism proceeds via initial
‘desulfurization to yield butadiene. The subsequent hydrogenation
reactions producing butenes and butane proceed via a hydrocarbon inter-
mediate that saturates its available binding sites on the surface.
Sulfiding of the surface selectively b]ocks these binding sites énd
thus selectively blocks butene and butane production.

The iﬁitia] desd]furization step of the thiophene HDS reaction
occurs via a mechanism that does not deposit sulfur onto the metal
surface i.e. not via the Lipsch-Schuft mechanism. A mechanism involving
direct hydrogenation‘of CS bonds td produce H2S is consistent with
these results. An intramolecular dehydrodesulfurizatior mechanism, as

proposed by Kolboe, cannot be ruled out.

W
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Chapter 1. Introduction

Catalytic protesses are vital components of the chemicé1, energy
and petroleum industries. They.form the basis for the syntheses of many
economically important compounds and materia]s including polymers,
fgrti]izeré from ammonia synthesis, and synthesis of light hygrocarbons
"~ from coal. Cata]&sts are used throughout the petroleum refining
industry for cleaning of crude stocks, cracking of heavy crudes and
reforming and upgrading processes. The heterogeneous catalysts used
for many of these are extrémely complex and very poorly understood,
often consisting of mixtures of metals in various oxidation states or
chemical envirénments dispersed on high surface area support materials.
The lack of undefstanding of these catalysts is due in part to their
complexity and in part to a lack of analytical tools for their study.

There now exist, however, a large number of techniques for the
study of the surfaées of small (~lcm2) samples and of adsorbates on
these surfaces (1,2). It is possible to obtain information about
surface composition, étructure, electronic structure, the local
chemical environments of surface atoms, and various other physical and
chemical characteristics of material surfaces and adsorbates. These
techniques have been applied to the study of a number of‘cata1ytical1y
interesting systems (1,3). The approach has been to study well defined |
surfaces, usually of catalytically important metals, under ultra-high
vacuum (UHV) conditions in which they can be kept clean for fairly
long periods of time (hrs.)..The study of these surfaces and of
adsorbates on these surfaces has been coupled with the use of an isol-

ation cell in which high pressure reactions can be performed over
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these well characterized catalysts (4). The work presented in this
thesis represents the first attempt to study such a system in which
_the catalyst is not a metal but, in this case, a sulfide.
| Hydrotreating or hydroprocessing catalysis is used to remove
contaminants from crude stocks. This process has become increasingly
important as sources of clean petroleum are being consumed and the
industry is forced to rely on crudes with higher concentrations of
undesirable compounds. The contamihanf compositions of a number of
crudes are listed in Table 1.1 and, as can be seen, many are high in
sulfur, nitrogen and oxygen content (5). Not listed is the metals
content which can be in 100 ppm range. The four processes included
under the heading of hydrotreating catalysis are hydrodesulfurization
(HDS), hydrodenitrogenation (HDN), hydrodeoxygenation (HDO), and hydro-
demetallation (HDM). The need to remove sulfur from crude petroleum
arises from the fart that maoy of the Pt hydroforming catalysts used
to upgrade petroleum octane number are extremely sensitive to poisoning
by small amounts of sulfur. Furthermore, the burning of sulfur contain-
ing compounds produces SOz which is a highly undesirable pollutant.
Similarly, many of the nitrogen containing compounds are poisons for
the acidic hydrogenation catalysts used in petroleum refining and must
be removed early on in the process. Metal contaminants must be removed
because they are often irreversibly deposited on the catalyst, plug-
ging pores and thus inhibiting the transport of feactants and products 4
in and out of catalyst pellets (6,7).

The most common forms of sulfur present in crude petroleum are
thiols, sulfides, disulfides and thiophenes. These are progressively

more difficult to desulfurize in that same order, with the thiophenes
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Table 1.1 Compositions of Several Crude Stocks (wt.%) (5)

74.8

C H N S 0

Arab Light
Atmospheric 84.8 11.8 0.2 3.6 0.1
Resid
Utah Coal 011 83.3 8.8 1.0 0.3 6.6
Athabasca 83.3 10.4 0.4 4.6 1.3
Bitumen

_ Sha]e 011 86,3 11.4 2.0 0.9 -
Utah A Coal 5.5 1.4 0.5 6.1
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being much Tess active than the others. As a result thiophene and its
derivatives are the most commonly used models for the study of hydro-
desulfurization with thiophene, benzothiophene and dibenzothiophene
(Fig. 1.1) being the most common among these (é). In most cases these

1 are, again, progressively more difficult to desulfurize in the order in
‘which they are listed. The conditions typically used for.the process

are temperatures of 300° - 450°C and pressures as high as 200 atm.

of hydrogen. Reactors are of the trickle-bed type in which the feed is
introduced at the top and flows downward thrdugh a bed of céta]yst
particles. |

HDS catalysts are usually mixed metal catalysts using either Mo
or W as the base metal and Co or Nivas a promoter, Metal loadings can
be as high as 20% with a ratio of base metal to promoter of about 3:1.
They are produced by impregnation of the support material, usually
vy-A1903, with solutions of molybdates and Co nitrates followed by
calcining in oxygen. Sulfiding is accomplished either by treatment in
an Hp/H2S mixture or by allowing the catalyst to become sulfided in
the petroleum feed. Catalyst lifetimes are from 1 yr. for those used
with heavy petroleum fractions to 10 yrs. for those used with light
fractions (6), fhe primary causes of deactivation being the buildup
of coke deposits and the plugging of catalyst particle pores by metals
(9. _ .

Although the Mo and W catalysts are by far the most common there
are a number of metals that are more active. A study of the activity of
a series of transition metal sulfides showed that the first row
sulfides were relatively poor catalysts for the HDS of dibenzo-

thiophene. In the second and third rows activity peaked for the



Fig. 1.1 Three compounds used as models in studies of HDS

catalysis. A) Dibenzothiophene, B) Benzothiophene, C) Thiophene
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sulfides of Ru and Os (10,22). A correlation was drawe between -
activity and the heat of formation of the sulfide showing that the
optimum occurred at AHf = 40—kca1/mole. This was extended to the
m{%ed metal catalysts to show that those that had the highest activity
Héd average heéts of formation of.the two metal sulfides that were
about 40 kcal/mole. From this it was inferred fhat an optimum metal- . ¥
sulfur bond strength is needed to induce C-S bond breaking and yet
allow facile removal of sulfur from the surface (23). |

The active form of the HDS catalyst has been the subject ofna
great deal of controversy. The orfgina] models proposed that the
oxidized form of the catalyst (prior to sulfiding) consists of a MoO3
monolayer on the Al,03 substrate (11-13). Sulfiding resu]ted in the
substitution of sulfur for oxygen in the topmost layer of the catalyst
(14,15). More recent work using X-ray photoe]ectrgn (16,17) and X-ray
absorption spectroscopy (18) suggests that, although there is always
some Mo present in its oxidized form, the active component of the
catalyst is MoSp. MoSp is certainly known to be an actiVe HDS catalyst
~and exhibits the same Co promotion effects as the supported catalyst.
The structure of MoSy is shown in Fig. 1.2. It is a laminar compound
formed of layers of Mo atoms sendwiched between two layers ofvsulfer.
These are then stacked over each other with very weak bonding between
layers. The basal planes of these MoS; sheets are completely sulfided
and expose no metal atoms. It has been éuggested that these are
inactive in catalysis and that it is the edges or defects in this
material, at which Mo atoms are exposed, that are the catalytically
active sites. Studies of the adsorption of organic molecules on the

basal plane of MoS2 have shown that it is indeed, relatively inert



Fig. 1.2 MoSp- the active component of HDS catalysts.
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and that it will only physisorb molecules at very low temperaturesi
(19). / |

‘The reaction that has been studied in this work is the HDS of
th{dphene, depicted in Fig. 1.3. The thermodynamic parameters of the
reaction are listed in Table 1.2 and it is clear that the most favoured
product is butane. While this product is favoured thermodynamically its ”
production consumes the greatest amount of hydrogen, and thus is
economically undesirable. The appearance of butadiene in the product
mixture has lead to the proposal that the reaction proceeds via initial
production of butadiene followed by its hydrogenation to butene'and
butane (20). The kinetics of the reaction have been studied sévera]
times over supported catlysts and have been reviewed recently (8).
These have been interpreted in terms of Langmuir-Hinshelwood mechan-
isms to show that thiophene and H2S compete for binding'sites° The
reaction rates have a first order dependence on the hydrogen pressure
and there is some queétion as to whether hydrogen is dissociated on
the catalyst. Certain]y hydrogen adsorption on metallic Mo is dissoci-
ative (21) and the work presented here suggests thét this is true
under catalytic conditions. Finally, it is fairly widely held tﬁat the
desulfurization and hydrogenatibn reactidns occur at different sites
on the catalyst.v This is based on the observation that desulfurization
is subject to inhibition by the presence of H2S while hydrogenation
is not (6,7). | !

The aim of the work described in this thesis is to study the HDS .
of thiophene over well characterized catalytic surfaces. The approach
has been from two directiqns and the work is divided into four distinct

sections. Although single crystal samples of MoSp are available, they
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Fig. 1.3 The thiophene HDS reaction.
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Table 1.2 Thermodynamic Parameters for Thiophene HDS

4G

:{:Eeact1on (kc§?§3§1e) (ca1/$§1e/K) (kca]?%g1g)
Th + 2Hp + Butadiene + H2S -5.9 . =13.3 -1.9
Th + 3Hp + 1-Butene + HjS -32.2 -37.6 -21.
Th + 3Hp + t2-Butene + HpS -35.0 -40.2 -22.9
Th + 3Hy » c2-Bﬁtene + HoS ;34,0 -39.2 -22.2
Th + 4Hp +» Butane + HpS -62.4 -68.2 - -41.9
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are extremely thin samples on which the sulfided basal plane is the

predominantly exposed_Surface.'This being the inactive plane it is not

“of direct interest. The weak interaction between the layers of MoS;

causes the crystals to be very fragile and it is not possible to cut
the single crystals at an angle to the basal plane to produce a well
ordered surface composed of edges and defects. As a result this work
has used meta] single cfysta] samples as catalysts. The first section
of this thesis describes the characterization'of sulfur overlayers on
the Mo(100) surface and the second is a study of the adsorption of
thiophéne on these surfaces. The kinetics of the high pressure reaction
and the effects of surface modification on the reaction rates are _
described in the third section. Finally, the last chapter is devoted‘

to a study using labelled sulfur on the surface to examine the nature

of the initial step in the HDS reaction mechanism.
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Chapter 2. Experimental Techniques and Agparatus.

This work has benefitted from the application of a fairly wide
ff?éfﬁety of techiques both for surface analysis and the study of cata-
Eijtic reactions. Most of the techniques applied, with the possibie
Iéxception of the 3°S radiotracer experiments, are fairly "standard"
in the sense that they have been used by many researchers in the study
of surface related phenomenon. This work has used each as an analyt-
ical tool and is focussed on the problem of hydrodesulfurization rather
than the study of a particular surface analysis technique or spectro-
scopy. Each of these tools has been deécribed in great depth in a
number of reviews and in many cases the detailed description of each
spectroscopy goes far beyond the scope of this discussion. Hence, this
section will be limited to describing each technique only to the depth
necessary to understand its .basic application to the prob]ems studied

in this work.

2.1 Apparatus

The experiments described here were performed in three stainless
steel ultra-high vacuum (UHV) chambers. Each such chamber has various

characteristics making it suitable for particular types of work.

2.1.1 Thermal Desorption Chamber

The chamber used for performing Thermal Desorption Spectroscopy

(TDS) is shown schematically in Fig. 2.1. The belljar is a commercia]]y’

available model ( Varian ) pumped by both an oil diffusion pump and an

ion pump to base pressures of 1-2x10"10 torr. The chamber is equipped

K]
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THERMAL DESORPTION CHAMBER
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Leak Valve

Ar?* Gun :
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\\ //

- Locus of T

Sulfur Source
Sample Positions :

Viewport

Fig. 2.1 Schematic diagram of the chamber used for therma]
desorption experiments.



with

w]6=

the following:

A crystal manipulator allowing x,y,z motion and rotation of the

sample. The crystal can be heated resistively to 2000K and

~ cooled to 150K through copper braids attached to two liquid

. nitrogen reservoirs.

A single pass cylindrical mirror ana]yzer (PHI 10-155) with an

internal electron gun for performing Auger Electron Spectro-
scopy . _

A four-grid optics (PHI 15-120) for performing Low Energy
Electron Diffraction (LEED). |

An Art* ion sputtering gun (PHI 04-161) for cleaning of the
surface.

A quadrupole mass spectrometer (UTI 100C) for analysis of back-
ground gases and performing desorption spectroscopy. This was
interfaced to a Commodore PET computer to allow simultaneous
monitoring of up to eight masses during desorption experiments.

An electrolytic sulfur source for controlled sulfur deposition.

- (see Sec. 2.3)

Two leak valves for controlled leak.ng of gases into the UHV

. chamber.

2.1.2 Photoemission Chamber

The UHV chamber used for all the photoemission experiments is

depicted in Fig. 2.2, It is pumbed solely by a liquid nitrogen trapped

0il diffusion pump and attains base pressures of 1-2x10"1!0 torr. The

chamber equipped with the following:
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PHOTOEMISSION CHAMBER

LEED Optics
) X-ray Source

UV Source

Leak
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- Spec. Pass CMA
i Sulfur
Ar* Gun Source:

Circle of Viewport

Sample Positions

Fig. 2.2 Schematic diagram of the chamber used for UV and X-ray
photoemission spectroscopy.
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An off-axis crystal manipulator providing x,y,z and rotational
motion and in addition rotational motion of the crysta]vabout a
vertical axis through thevplane of its surface. The crystal can
be resistively heated to iQOOK and cooled to 125K,

- A double pass cylindrical mirror analyzer (PHI 15-25G) for
efégiron energy analysis during AES, XPS and UPS measurments.
AnCX-rgy source (PHI 04-151) fitted with a Mg anode providing

- 1235,6 eV K, radiation for XPS measurments.

An UV lamp (GCA/McPherson 630) providing He I radiation for UPS
measurments.

A mass- spectrometer (see'Sec° 2.1.1).

‘A LEED optics assembly (see Sec. 2.1.1).

A sputter ion gun (see Sec. 2.l1.1).

A leak valve (see Sec. 2.1.1).

An electrlytic sulfur source (see Sec 2.3).

A Commodore PET computer for data aquisition during AES, XPS,

and UPS experiments.

2.1.3 High Pressure / UHV Chamber

The high pressure reactions and the 335 experiments were performed

in a specially designed chamber equipped with a high pressure isolation

cell (Fig. 2.3) (1). This chamber is puniped by an ion pump and a

titanium sublimation pump reaching ultimate vacuum of 6-8x10-10 torr.

The chamber is equipped with the following:

- An on-axis crystal manipulator modified for compatibility with

the high pressure cell (Fig. 2.4). This manipulator allows
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HIGH PRESSURE REACTION CHAMBER
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®
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®

Fig. 2.3 Schematic diagram of the chamber used for high pfessure
reaction studies and 35 radiotracer experiments.
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X,¥,2 and rotational motion and. heating of the sample.to 1900K.
No cooling was necessafy.

- A high pressure isolation cell (Fig. 2.4) that, when enclosed
over the sample, can be pressurized to 1 atm. with no degrad- -
ation of vacuum in the UHV chamber.

-iéifeaction loop attached to the high pressure cell (Fig. 2.5,

“see Sec. 2.10).

- A gas chromatograph (Perkin-Elmer 3920B) for analysis of the
.contents of the reaction loop.

- A solid state g~ detector installed for the radiotracer
expériments (see Sec 2.9). |

- A LEEDVoptics assembly (see Sec 2.1.1).This was also used as a
retarding fie]d.analyzer for AES.

- An ion sputter gun (see Sec 2.1.1).

- Three leak valves (see Sec. 2.1.1).

- An electrolytic sulfur source (see Sec. 2.3).

The ultimate base pressure of such chambers, equipped with high
pressure isolation cells, is limited by the presence of the cell whose
walls are continuously contaminated with hydrocarbons and water from
- high pressure reactions. It seems that a future design in which the
cell is completely retracted from the UHV chamber, when not in use,
wou]d greatly improve the vacuum. Such a modification would be

extremely worthwhile.
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HIGH PRESSURE CELL
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L .
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]
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Fig. 2.4 The high pressure cell and adapted manipulator with crystal
mounted in the typical manner. '
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HIGH PRESSURE REACTION LOOP

to GC Column Mechanical pump

;-‘4\‘. Sample valve

Leak valve

| Bypass valve
& =P Y | to chamber

Hydrocarbon  vial

$
High pressure
v gauge
A | Circulation pump
Diff. pump
+ | ___®— Gas manifold
> -@—

® @

Low pressure gauge

HP cell

Fig. 2.5 Schematic of the high pressure c]oséd Toop -batch reactor
attached to the high pressure cell.
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2.2 Materials / Materials Preparation

2.2.1 Mo Single Crystals

The mo]ybdenum»sing1e'crysta].rods were obtained from the
Materials Research Corp. They were oriented using Laue back-diffraction
and cut by spark erosion in thin slices of 1. - 0.5 mm thitkness. A
mirror finish was achieved using standard meta]]urgica] po]ﬁshing
techniques. Crystals were mounted by spotwelding them between two Ta
.posts as illustrated in Fig 2.4. This configuration allowed rapid
resistivé heating and subsequent cooling. This configuration allows
optimal heating of the crystal without simuTtangous heating of the
support rods to exceséive temperatures,iThfs is necessary during cata- -
lytic reactions to ensure minimal coﬁﬁf%butioh of the supports to
catalytic activity'(Z). With this;é@ﬁfighration it is possible to heat
the crystal to 1900K while the té@ﬂérature of the suppbrt rods does
not exceed 800K. ‘

The choice of materials for mounting the crystals is critical. For
work purely under UHV conditions the materials must have the following

characteristics:

1) They must be easily spotwelded to the Mo sample which limits
the choice drastically.
2) They must be able to withstand heating to high temperatures

(>1900K).

For this work Ta is the ideal choice. Studies involving high pressure

hydrogen treatments place the following restriction:
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3) Materials must not embrittle in hydrogen at high temperatures

(<700K).

Althoqgh"much of the high pressure reaction workvwas performed using | -
Ta supports the best combination was fina]]j found to be the use of Mo
for the main support rods and Re for the .020" spacers.

The major surface contaminant of the Mo samp]es;was.carbon. Thfs
was cleaned from the surface by repeated treatments in oxygen (1x10-8 -
1x10-7 torr) at temperatures of 1100K - 1500K. Carbon was completely
removed from the bulk of the crystal by a]ternately treating with
oxygen and heating to 1900K t0-segre§ate-furtherrcarbon.. The initial
proceedure required from hours to days after which the crystals
remained relatively free of carbon. Oxygén was removed. from the surface
either by heating the crystal to 2100K or by dosing with small amounts
of ethy]ehe (< 107® torresec) at temperatures of about 1100K. Su]fuf

was removed by heating to 1900K at which it desorbs into vacuum.
2.2.2 Reagents

A number of hydrocarbon reagents were used to mode] the hydro-
treating reactions. These are listed in Table 2.1 with suppliers and

specifications. Each is a liquid at room temperature with a high

LY

enough vapour pressure to allow use as reactants without necessitating
heating of the entire reaction loop. The reagents -were cleaned of all
high vapour pressure contaminants by repeated freeze-thaw treatments
during which the sample was frozen in liquid nitrogen, evacuated and

then allowed to thaw.



Table 2.1 Reagents

Compound

1. Thiophene

2. Tetrahydro-
thiophene

3. 1,3, Butadiene
4. Hy

Supplier

Aldrich
Aldrich

Matheson
Matheson

Matheson

Purity

99+%
99%

 99%

-25-

(Rm.T.)

Vap. Press.

80 torr

20 tofr

gas
gas

gas

4
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2.2.3 C3%,

The radiotracer sulfur was obtained by custom synthesis of CSp,
at great expense ( $100/mg ) and after undue frustration, froh New
England Nuclear (Lot No. 1800-281). The sample was shipped in two
breakseal tubés at a total radio-concentration of 100 mC/mmole. Radio-
chemical purity was stated to be in excess of 99%. The material was

burified by the freeze-thaw tethnique described above.

2.3 E]ectrochemica],Su]fuf Source

Sulfur deposition Qnder UHV conditions was achieved by a rathef
novel method using a solid state electrochemical cell. Most surface
science investigations of adsorbed sulfur layers have deposited sulfur
on metal surfaces by exposure to H2S followed by heating of the sample
to dissociate the_mo1ecu]e and desorb hydrogen as Hp. This procedure
results in the exposure of the entire chamber to HS which, because of
its relatively low pumping speed, is highly undesirable. The electro-"
chemical cell used here was first developed by Wagner (7) and is
depicted in Fig. 2.6.

The cell is made by compressing a Pt gauze (anode), a pellet of
AgoS, a pellet of Agl (ionic conductor), and a silver disc (cathode)
in a glass tube. The AgZS can be prepared by dipping Ag into molten
sulfur and the Agl is precipitated from a AgNO3 / KI solution and
pressed into a pellet. The éssemb]y can be heated by passing current
through a foil wrapped about the glass tube assembly.

Operation of the cell is achieved by applying a potentia1‘across

the cell using the circuit in Fig. 2.7. At a potential of 0.2V the



-27-

SULFUR SOURCE SCHEMATIC

glass piston

heating coil

Pt mesh

e
thermocouple

Fig. 2.6 Electrolytic source used for sulfur deposition.
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SULFUR SOURCE CIRCUIT

cell

5.1n 0-100n

n

Fig. 2.7 Circuit used to bias the sulfur source.
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electrolytic decomposition of the AgpS begins, prbducing su]fﬁr at

the anode.
AgyS + 2e” » 2Ag + S%° -0.705V (21)
52 > 2" +S +0.508V
AgpS + 2Ag + S | -0.197V

The sulfur desorbs.from the anode primarily as Sp, as determined by
mass spectroscopy. Under optimal conditions it was possible to obtain
fluxes of Sp high enough toAdeposit sulfur on the surfacé at rates of
about one monolayer/ min. with no apparent increase in the backgroUnd
pressure of the chamber. In order to pass sufficient current through
the ;e]] it was normally necessary to heat the assembly to temperatures
between 125°C ahd 175°C, thereby increasing the ionic conductivity of
the Agl. If over-heated it is impossible to maintain a 0.2V potential
across the cell using the simple circuit shown in Fig. 2.7 and the

decomposition of the AgpS does not occur.

2.4 Auger Electron Spectroscopy (AES)

Auger spectroscopy is used in this work primarily as a tool for
‘the determination of the elemental composition of the near surface
region of the sample. The technfque is inherently surface sensitive
due to the fact that Auger electrons, in most cases and certainly in
ours, have energies that fall into the range in which they have very
.shbrt_mea'n free paths through metals (3) (Fig. 2.8). Because of this
property most of the work done to date in the field of surface analysis

has used either ion or electron spectroscopies of one form or another
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to achieve adequate surface sensitivity.

The theory of the Auger process has been described invdetai1 in a
number of articles and books (4,5). It is depicted schematically in
Fig. 2.9. The exper%ment is performed by having a beam of high energy
electrons incident on the surface ionizing atoms to create core holes.
The excited state ion can then decay either by X-ray emission or by an
| auto-ionization process in which an electron from a higher lying level
decays into the core hole simultaneously ionizing a second electron
into the continuum. The kinetic energy of the detected electron is
determined by the various energy levels involved in the process and is
chafacteristic of the atom from which it originated. This energy can

be given roughly as

Ekin = (Exk=- EL1) - (ELIII - e<¢sp).

The first term in parentheses is the amount of energy liberated by the
decay of tﬁe electron at orbital energy level E| 1 into the core hole
(EK). The second term is that amount of energy necessary to take

the electron from the orbital at energy level E 111 to the vacuum
level of the spectrometer-(¢sp‘is the work function of the spectro-
meter and the energy levels are all referred to the Fermi level).

| Altypical energy distribution curve of electrons scattered from a
surface by the incident beam is shown in Fig. 2.10. The broad feature
at low kinetic energies is the secondary electron yield arising from
the emission of electrons by multiple scattering processes. This
portion of the distribution contains little information and super-

imposes a large background on the Auger electron distribution. As a
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De-excitation

XBL707-3377

Fig; 2.9 Schematic of the Auger and X-ray florescence processes.
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' SCATTERED ELECTRON YIELD UNDER
ELECTRON IMPACT
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Fig. 2.10 Energy distribution of electrons scattered from a metal
surface during high energy electron impact.
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result it has become conventional to-enhante the Auger signal by
displaying the electron distribution in derivative mode. Auger spectré
from the clean Mo(100) surface and the Mo surfage with adsorbed S,C,
and 0 are illustrated in Fig. 2.11. If the Auger peak shape is

independent of coverage
N(E,8) = 8 x f(E)

then the derivative at some energy E, will be proportional to the
coverage. If the maxima and minima of f'(E) occur at Epay and Epip
respectively then the peak to peak height in the N'(E) spectrum will be

proportional to the coverage(6).

N'(Emax) = N'(Emin) = & x [f'(Epax) - f'(Epin)]

8 x constant

Although it is experimentally difficult to reproduce absolute peak
heights it is fairly easy to reproduce the ratio of adsorbate to sub-
strate Auger.peaks at a given coverage. This ratio can then be cali-
brated against coverage to allow quick determination of surface compos-
itions.

In the case of submonolayer amounts of sulfur on the Mo(100)
surface the sulfur AES peak height is directly proportional to the

coverage

I5(8) = 8eIg(1).

The substrate signal is assumed to vary linearly between the clean

surface signal and a screened signal from that portion of the surface
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Fig. 2.11 Auger spectra in dN/dE mode of the clean Mo(100) surface
and the Mo(100) surface contaminated with sulfur (150 eV), carbon
(272 eV) and oxygen (515 eV).
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that is covered with sulfur.

fherefore:

IS _ 9'15(1)

r = em—

Mo IMo(0) + 8°[Ino(1) - Iyg(0)]

Finally:

I5(1)/Imo(0)

<
1]
-
o]
]

™
H

= IMo(1)/Ipng(0)

In practice this simple calibration method has to be modified slightly
due to the presence of a small Mo peak that overlaps the sulfur peak at
150 eV. The final calibration expression becomes:

r-x

B CEarv e e

A typical curve is shown in Fig. 2.12.

2.5 Low Energy Electron Diffraction (LEED)

LEED is one of the most important structural tools of the surface
science community. The schematic representation of the experiment is
“shown in Fig. 2.13 depicting a low energy electron beam (50-250eV),
incident on the surface, back diffracting from the surface lattice and

being imaged 6n a phosphorus screen. This work has used LEED primarily
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Fig. 2.12 Calibration curve of sulfur coverage (6s) vs. S150:M0221
AES peak height ratio. _
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to examiﬁeﬁthe periodicity of the ordered stfﬁctures'produced by sulfur
overlayers on the Mo(100) surface. A relatively simpie analysis of the
diffraction patterns allows the determination of the unit cell para-
meters of the ordered overlayers. Examination of the diffracted inten-
sity as a fuhction of the electron energy can, in principle, yield
detailed structural information but requires extensive analysis. The‘.
ﬁheory of such dynamical LEED analysis has been described elsewhere
(4,8) and has not yet been applied to the sysfems studied in this

work.

The kinematic théory of LEED used in this work assumes single scat-
tering events. Starting with the formalism presented by Ertl (4) we
think of scattering from a two dimensidnal lattice as depicted in Fig..
‘2.14. The scattering amplitude at a point that is far from the surface

{r>>|R]) is given by

i B k) k) o

The first term is the spherically scattered wave, R is a vector from

an arbitrary lattice point serving as the origin to any point on the
k-kg)

~ ~

surface. F(&’&’EQ) is the scattering factor at point &, and-ei(
is the phase lag between a wave scattered at the origin and one scat-
tered at point &. The integral is taken over the whole surface. The
periodicity of the lattice manifests itsé]f in the periodicity of the

scattering factor

F(RK,ko) = FL(n#x)a + (miy)b, K, ko]

~

Flxa + yb, k, kq]



. .40-

LEED SCATTERING PROCESS

Fig. 2.14 Schematic depiction of electron scattering from a
2D-lattice.
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and so, the amplitude can be rewritten as -

v T wo(lethen) I eTak(namb) [f F(xgryh) el k(xawyb) an

where the integral is over the unit cell and a and b are the unit cell

-~

vectors. The intensity of the diffracted wave into a given direction is

giVen by
I = |¥|2 = |F|2.]G)|2

where F is the structure factor and G is the lattice factor. The lat-

tice factor is given by
G = ;eimi'ni orge'iNi'mE

_This factor only has non-zero values when

3

asak -

-~ ~ -~

and

"
N
S

b e 8k

These are the Laue conditions for surface diffraction which determine
the directions or values of Ni into which diffraction will occur.
These are

sk = 2n(ha-l + kp-l)

-~

where the reciprocal lattice vectors are given by
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aoa“’l = 1] asb"l =0
bea=l =0 bl =1 ,

The Ewald construction (4) demonstrates that the LEED pattern is in
fact a direct representation of the 1attice'ih reciprocal space.

The LEED work performed in this research has primarily been con-
cerned with the overlayer lattice produced by the adsorption of an
adsorbate on an ordered substrate. If the relationship_betweén the over-

layer lattice and the substrate can be given by the following matrix

= Mlal
®lb

where a' and b' are the over layer lattice vectors and a and b are

equation

a
bl

the substrate lattice vectors, then the relation ship between the

reciprocal lattices is given by

a-l

b-1

a"1
b'-1

t‘l

In general the matrix Q}nl is determined directly from tﬁe LEED
patterns and can be inverted and transposed to obtain the real space
lattice matrix Q. The overlayer structures are then identified by the
matrix m.

The structure factor F contains the detailed scattering inform-
ation at each point in the unit cell used to calculate the diffaction
spot intensities. There is a speéia] case in which the surface unit
ce]1 has glide plane symmetry that results in the structure factor

being zero for some values of (h,k) and thus systematic abscences in
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the LEED pattern. For a-given k, kg, and unit cell the scattering

factor is given by

F(xa + yb,k,kg) = f(x,y)

A glide plane along the a axis of the unit cell implies that

f(X,_Y) = f(X+1/291‘y)

The structure factor, assuming normal lattice vectors, becomes

E = J3 fLf(x,y) exp[ik+(xa+yb)] dx dy ab
and for values of & allowed by the Laue conditions is
F= fé fé f(x,y) exp(i2whx) exp(i2nky) dx dy ab .

If we split the integral over dx and substitute x = x'+1/2 and y =

1-y', keeping in mind the symmetry of f(x,y) we get

F = f% j%/z f(x,y) exp(i2nhx) exp(i2mky) dx dy
+ exp(ihm) jé ]%/2 f(x,y) exp(i2nhx) exp(-i2nky) dx dy .

For k=0 it is clear that F will be identically zero for values of h =
1,3,5..... and thus thus that the corresponding diffraction beams will
be absent. The presence or lack of such systematic absences can be an
important c1ue to the arrangement of atoms within the lattice unit

cell.

2.6 Thermal Desorption Spectroscopy (TDS)

Thermal Desorption Spectroscopy has been used in this work primar-

ily to determine metal-adsorbate bond strengths and to study decompos-
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ition kinetics. The experiment is performed by first exposing the
sample to a gas phase adsorbate (P < 1078), The sample is then heated
 vat a constant rate and the desorption of specfes from the sﬁrface is
;mohitored with a mass spectrometer. Desorbing species can be the
result of a simple desorption process, the reaction of two or more
adsorbed molecules or the fragments of a decomposition process. The
simple desorption spectrum of deuterium from a Mo(100) surface is:
shown in Fig. 2.15. |

The rate of desorption at a given temperature is given by
= n nl - '
R=A©#8 v exp( Ed/RT)

where A is the area of the sample, 8 is the adsorbate coverage, n is
the order of the desorption process in coverage, v, is the pre-
exponential factor and E4 is the barrier to desorbtion..During the
~desorption cycle the expression for the rate of change of the number

of gas phase molecules in the chamber is given by (9)

Kv 4P = R(t) - KSP

dt
P - pressure
K - molecules/volume/pressure
S - pumping speed (volume/time) "
V - chamber volume

which can be reduced to

e

aR(t) = &P + P
dt T

a = 1/Kv

Tt = characteristic pumping time



s

ng. 2.15 Thermal Desorption Spectra
surface after varying exposures to Dj.

D, /S/Mo(100)
T=20KS™
1L—D2
>
=
%)
4
=
e.=
= S 25
N /,.5
o .75
~ .85
< X0
¢ Yse
=2 | _/\ 7
— 7
] | | ] |
200 300 400 500 600
TEMPERATURE (K) ‘

XBL 837-10688

(TDS) of D from the Mo(100)




-46-

For high pumping speeds ( t+ 0)

"*f”‘At a constant heating rate T = Ty + B¢ t the expression relating
the desorption rate parameters to the temperature of maximum desorption

rate is given by (9)

Bd 2 YL axp(-Eq/RT) 1

=72 = == expi-tq/Rlp n=

RT2 ~ B |

£ v

ﬁ%z = Eg 8y exp(-Eq/RTqp) n=2
m _

for first and second order desorption respectively. It is possible to

obtain both E4 and v, from spectra taken over a wide range of heating
rates. Alternately, it is often assumed fur first order processes that
the pre-exponential factor is w = 1013 sec-l,

Other analyses of the desorption equations use both the peak width
and tﬁe temperature of maximum desorption to estimate w, and E4 (10,11,
12). The disadvantages of such schemes are that peak widths can be
very sensitive to experimental conditions, in particular, slow pumping
speeds and uneven heating of the crystal. In addition, peak widths are
very sensitive to coverage dependent desorption energies (13). Such
phenomenon are the result of adsorbate-adsorbate interactions and can
be significant. Modelling étudies of the desorption experiment have

in fact concluded that the simple assumption stated above can give

results that are better than approaches relying upon peak widths (13).
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2.7 Ultra-violet Photoelectron Spectroscopy (UPS)

Ultra-violet photoelectron spectroscopy serves as a probe of the
valence electron energy levels of adsorbates and of the valence bands
of clean metals. UV photons (He I, 21.2 eV) impinging on the sample
excite electrons from valence 1e9els into the vacuum continuum. The
energy of the electron upon arrival at the analyzer is given by the

expression
Exin = hv - Ep - eésp

- where Ep is the binding energy of the initial state orbital and ¢p is -
the wérk function of the spectrometer. Tﬁe energy distribution of the;%
electrons reflects the density;of states of the orbitals from which |
fhey originate.

The theory of the photoemission process has been discussed in a
number of works (4,14). In practice the number of electrons excited to
some energy Ej>EF from an occupied level at Ej<Efp is proportional to
the prdduct of the densities of states at both energies and the trans-
ition probability between the two. These factors combine to make the
comp]ete.understanding of the bhotoemission spectra of clean metal
surfaces extremely difficult, requiring detailed theoretical analysis.
This being fhe case it might seem that the addition of adsorbates to
the surface should only complicate the situation. In fact, examination
of adsorbate energy levels for relatively large molecules reveals that
orbitals not participating in bonding are unperturbed from their gas
phase values with the exception of a constant shift in value dﬁe to

the ‘screening by the metal(15,22). Those orbitals participating in
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bonding are shifted with respect to the non-bonding orbitals and can
be identified as such. Thus it is possible td make some qualitative

arguments about the bonding of adsorbates. Although the inherent lack
of resolution of surface electron spectroscopy results in broad fea-

tures'and hinders the identification of orbitals.

2.8 X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectrbscopy serves as a probe of the energies
of the core levels of surface atoms. The experiment fs,identica] to the
UPS experiment with the exception that the exciting photon is an X=ray,
in this case the Ka line of a Mg source (1253.6 eV). The much higher
energies of x-rays as compared to UV photons allows a much greater
range of binding energies to be sampled.

A given element has core level energies that are characteristic of‘
that element and as such can bg used to determine surface composition
in much the same way as Auger electrons. In addition, the x-ray photo-
electron yield from a givén atom is proportional to its concentration
at the surface and can be used to determine coverages. The limitations
of XPS as a surface analysis tool in this respect are its low total
yields and the fact that the high electron energies limit its surface
sensitivity.

The power of XPS 1ies in the fact that the core level binding
energieé are sensitive to the valence electron distribution or chemical
state of the atom. Detailed diécussions of such binding energy shifté |
can be found in several texts (5,16). A simple picture of the core-
valence interaction is one in which the core electron lies within a

sphere of charge (qy) having a radius ry. The core electron potential
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then becomes

(e
1]
30
<
[1+]

where e is the electron charge. In a situation in which the valence
orbitals are perturbed by bonding interactions the expected shift in
the core level bindihg energy between the molecular atom and the free

atom is

qye q,€
£y - - W
v v

In the case of oxidation, or the bonding of an atom to a more electro- ‘°
~ negative species one expects q? to decrease and r? to increase.
The resulting value of AEp is negative, i.e. a shift of the core level

energy to lower values.

2.9 355 Radiotracer Experiments

The use of radioactive labelled sulfur has proven to be extremely
useful in this work. The general technique has been applied before
using 14¢ 1abelled ethylene on Pt surfaces (17) and is applicable to
'any problem in which it is necessary to discriminate between a species
that is adsorbed on a surface under well controlled UHV conditions from
one tﬁat is deposited during a high pressure reaction. In this partic-
ular work the technique has been used to study the hydrogenation of
surface sulfur under hydrodesulfurization reaction conditioné.

Overlayers labelled with 355 were produced on the Mo(100) surface

by the room temperature deposition of labelled CS, via a gas leak
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valve fitted with a doser. Heating of the crystal to ~1100K was
sufficient to dissociate the CSp and, at high coverages (>0.5 mono-
1@}ér5), cause the carbon to dissolve into the bulk of the crystal.
Tbis process leaves a sulfur overlayer that is identical to one that
could otherwise be produced by simple sulfur deposition. Two such
exposures totalling, 30-45x10-8 torresec, were usua11y sufficient to
produce a sulfur coverage of 0.75 monolayers ordered into a c(4x2)
1attice, Additional exposure and heating sequences do not deposit
additional sulfur on the surface. Apparently the su]fﬁr overlayer
at 85=0.75 b1ocks CS2 decomposition.

"~ Carbon wii], in general, segregate from the bulk of a Mo crystal
to the clean metal surface and is the major contaminant in unused
samples. Using Auger spectroscopy it has been noticed in this work
that in the presence{of surface sulfur the reyerse is true and that
surface carbon will in fact dissolve into the bulk of the crystal at
high temperatures. A similar phenomenon has been noted in the case of
Ni and discussed in.terms of a change in the heat of segregation of _
carbon with sulfur soverage. In the case of Mo this fortuitous state of
affairs allows ti.e preparation of well characterized 355 1abelled
overlayers that are free of carbon.

Detection of g~ radiation is accomp]ished using the surface bar-
rier detector (Ortec TA-23-25-300) depicted in Fig. 2.16. Signal is
collected and amplified using the scheme illustrated schematically in
Fig. 2.17. The detector is a piece of N-type silicon with a depletion
layer serving as the detection region. Front and back faces are coated

with gold and a bias is applied across the  detector. Free charge car-
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rier§ cheatéd in the depletion region are seperated in by the electric

~ field and aicurrent pulse is detected at the gold contacts that is
proportional to the energy of the impinging 8~ particles (19). The
detection system is- very sensitive to external noise and a number of
precautions had to be taken to minimfzé.these problems. A1l ionizers
and filaments within the vacuum chamber had to be turned offvduring'
operation and the viewport was covered to exclude any 1ight..1n order
to avoid contamination of the detector with 35S during dosing it was
turned away from the crystal. When in use the detector was positioned
’as.c1ose1y to thé crystal as possible and was cooled to -35°C to reduceb

dark current.

2,10 High Pressure Reaction Experiments

High pressure c§ta1ytic reactions were performed over single
'. crystal surfaces usigé the high pressure isolation cell. Affer prepar-
ation and characterization ofvthe sample under UHV conditions the cell
 was‘enc1osed over the crystal bringing it into contact with the reac-
tion loop (?ig. 2.5). The organic ccmponent of the reaction mixture
was leaked into the loop first to pressures of 0.1-10 torr followed by
hydrogen (100 - 800 torr). Both gases were circulated about the Toop by
~a micropump (Micropump 120-000-100) for approximately 30 minutes to
ensure complete mixing. Circulation times were found to be on the order
‘of 2-3 minutes and mixing was completed in 10-15 minutes as determined
by monitoring with a gas chromatograph.

Once mixing was complete the reaction was initiated by heating the

sample resistively. Crystal temperature was maintained at a set value
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to within %l1K by a temperature controller. The reaction mixture was

sampled periodically (15520 min.) and analyzed using a gas chromato-
graph. The products were seperated on a 19% picric acid on Carbowax
coTﬁmn and detected using a flame ionization detector. The following

temperature program was used:

To = 50°C 4 min.
Ramp 32°C/min.
T¢ = 110°C 4 min,

and gave product separations similar to thaf shown in Fig. 2.18.
Integration of peak areas was performéd by an electronic integrator
(Spectra Physics Minigrator). Calibration of product retention times
was performed using known standards and the flame ionization detector
was calibrated with a standard CHg /N2 mixture.

After completion of the reaction the crystal was cooled to room
temperature and the loop evacuated to ~100-500u using a mechanical
pump. The high pressure cell was then isolated from the remainder of
the loop and evacuated for ~2hrs. to a pressure of <lyu using a liquid
nitrogen trapped o0il diffusion pump. At this point it was possible to
open the cell and, after an initiaivburst in the chamber pressufe to-
~5x10-8 torr, achieve a vacuum of 2x10"9 torr within ~30 seccc. It
should be noted that when dea]ing>with such organics as thiophene that
have low vapour pressures and extremely low pumping speeds a 2 hr.
evacuation of the cell is necessary. High pressure exposures to gases

such as Hz and CO require much shorter pump down times of 5-15 min.
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Fig. 2.18 Typical gas chromatogram of thiophene HDS products.
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2.11 High Resolution Electron Energy Loss Spectroscopy

. Low energy e]ectrons incident on a metal surface exhibit small
energy losses due to inelastic interactions with the vibrational modes
of ad§6ﬁ$§tes. The spectrometer used for HREELS,»depicted in Fig. 2.19,
consisté;of two 127° electrostatic sectors. A monochromator sector prod-
~uces low energy electrons (2-6 eV) while the analyzer sector collects
electrons scattered from‘the crystal surface.

The theory of HREELS is discussed in detail elsewhere (20).
Briefly, low energy electrons can.interact inelastically with the vib-
rational modes of adsorbates via two mechanisms. The first is a long
range interaction with the dynamic dipole mbment of the mode and the
second is a short'range interaction termed impact scattering. In either
case most such electrons appear to the loss side of the elastically
‘scattered electrons and yield a spectrum such as that shown in Fﬁgo
2.20,

The analysis of such a vibrational spectrumvbegins with a compar-
ison of adsorbate modes with the modes of the gas phase species. Identi;
fication of modes involving hydrogen atoms can bé made using select-
ively dueterated molecules. Unfortunately, the poor resolution (50
cm'l) limits isotopic iabe]ling techniques to the identification of
these modes on]y{ Finally, the presence of a dipole image in the
metal introduces a surface selection rule. Modes with dipole deriv-
atives purely parallel to the surface will be inactive in dipole scat-
tering. The absence of expected modes can thus be used to_determine

adsorbate orientation on the surface.
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Chapter 3. Characterization of the Sulfided Mo(100) Surface

3.1 Introduction

‘Theiinvestigation of the catalytic activity of the Mo-S system was
initiated by a study of the adsorption of sulfur on the sipg]e crystal
metal surface. The aim of this study has been the determination of the
sulfur adsorption site, the structure of the overlayers formed.at var-
~ious coverages and the examination of the.nature.of.the sulfur-metal
bond and the interactions between adsorbed sulfur atoms. Although some
characterization of the Mo(110) (1) and Mo(111) (2,3) surfaces has
been performed, the Mo(100) plane has been the focus of this work.
This is due, fn part, to its high symmetry and in part to the fact
that there have been several prior studies of sulfur adsorption on
this surface. Given that the active component of the industrial HDS
catalysts is MoSp, whose basal plane has hexaéona] symmetry it might
have beén desirable to choose a single crystal plane having the same
symmetry. Molybdenum, however, having a body centered cubic (bcc)
structure has no hexagonally close packed surface. The (111) plane
has the ccrrect symmetry but also a very rough morphology and as a
result presents a very complicated adsorption system (3). Following a
similar line of argument, that it is the edge sites in the MoS2 that
are thought to be the active sites, it would seem that a stepped surf-
ace would be interesting. Although some study has been made of such a
surface it is not significantly different in catalytic activity from
the Mo(100) surface. |

The work to date studying the adsorption of sulfur on the Mo(100)

surface has primarily made use of LEED and AES (4-8). At this point in
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time there is a fairly wide consensus concerning the LEED patterns
produced by these overlayers and the coverages at which they occur. The .
mosp#rgcent work includes a very thorough discussion of the LEED pat-
tefﬁ?{?hd is in complete agreement with this investigation (8). The
aCC6m5anyiﬁg discussion of the structure of the corresponding sulfur
overlayers, however, leaves in question the exact positions'of the
sulfur atoms within the 1atti£e unit cells at high coverages. It is
clear that at coverages < 0.5 mdnolayers the sulfur atoms sit in the
fourfold hollow site while at coverages of one monolayer some
additional site is occupied. The distribution of atoms between bind-
ing sites in the intermediate coverage regime is still in question but
will be addressed in this chapter. |

By comparison with the LEED studies, much less work has been done
to stﬁdy the nature of the Mo-S bond and has been lTimited to the use
of electron energy loss spectroscopy (ELS) (9) and some work function
measurements (8,10). The work presented here has added to these the use
of UV and X-ray photoelectron spectroscopies which have contributed not
only to the understahdingvof the bonding.but also to the question of
adsorption site. Finally, the adsorption of Sp and desorption of atomic
sulfur have been studied and can be understood in terms of the proposed

overlayer structures.

3.2 Calibration of the Sulfur Coverage

The calibration of the AES signal from sulfur overlayers on the
Mo(100) surface has been discussed in Sec. 2.4. The approach used has

been to define a function relating 6 tor = 13150 / IM0221 in terms



-63-

of three parameters.

6 ==Y
S Tatay-y) * (I-8)r a = Ig(1) / Iy,(0)
B = IMg(l) / 1Mo(0)
Y = If10150(0) / IMO(O)

IMOISO(O) is the amplitude of the Mo Auger peak at 150 eV from the
clean surface while Ig and Iy, refer to the sulfur and Mo peaks at

150 eV and 221 eV respectively. In general, these paramenters depend
upon the configuration of the spectrometer and can be obtained either
from measurements of the relative AES peak heights (AES ratio) at three
known coverages or absolute measurements of the spectral peak heights
at two known coverages. Given that one of these points can be the

» clean surface, one must at least be able to obtain an AES spectrum of

a surface at a well determined coverage. In general, this is one of the
hardest problems in surface science. In this case, however, there are
three seperate approaches to calibrating the coverage and there is
complete concensus on this point in the literature.

Table 3.1 lists the four LEED patterns (discussed in Sec. 3.3)
produced by the sulfur overlayer on the Mo(100) surface, the corres-
ponding.ranges of AES ratios at which they occur and the corresponding
surface lattice unit cell sizes. The sizes of the unit cells are given
.in multiples of the substrate unit cell size and must contain integral
numbers of sulfur atoms. Quick comparison of the AES ratios and.unit

% %l, c(4x2), and p(2x1) unit

cell sizes suggests that the c(2x2),
cells should contain integral multiples of 1,2,3, and 2 sulfur atoms

respectively. These yield coverages of 1/2, 2/3, 3/4 and 1, or integra1'
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Table. 3.1 S:Mo AES ratios, Coverage ranges and Temperature of -

Formation of LEED patterns for Sulfur on Mo(100)

Unit AES D Sulfur
Cell Ratio Coverage Temperature
Structure Sized Ig:Tyo Range Range (K) €
p(2x1) 2 2,15 - 2.3 0.99 - 1.05 400 - 850
c(4x2) 4 1.6 - 2.0 0.75 - 0.9 1100 - 1320
2 1 |
71 3 1.3 - 1.45  0.65 - 0.7 1360 - 1410

c(2x2) 2 0.25 - 1.1 0.15 - 0.55 1450 - 1800

a. Overlayer lattice cell size relative to substrate lattice.
b. Measured using single-pass CMA.
c. Temperature rahge in which the structure is formed from starting with

an adsorbed sulfur multilayer.
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multiples of these. Given that the atomic diameter of sulfur is 2.1R
(11) and the unit ce]f parameters of the p(2xl) lattice are 3.15 X
6.28 it seems unlikely that four or more sulfur atoms could occuby
this unit cell and thus that this lattice occurs at one monolayer
coverage. These arguments have, so far, ignored the possibility of
gross reconstruction of the Mo(100) surface during sulfur adsorption
| and the possibility_of overlayers of greater than one atomic thickness.
The work of Clarke (5) studying these sulfur overlayers has

included an analysis of the diffraction spot intensities vs. electron
energy for the c(2x2) étructure. The analysis shows close agreement
between these intensity profiles and those predicted for a model in
which the unit cell contains one sulfur atom adsorbed in the foﬁrfold
hollow position. Such an analysis should be fairly sensitive to the
possible reconstruction_ mentioned above and thus serves as a good
calibration of the c(2x2) ]attipé as the half monolayer coverage struc-
ture.

Finally, absolute sulfur coverage measurements have been'made
using 355 on the Mo(110) surface (1). This calibration has recently
. been carried over to the Mo(100) surface (8) and agrees with the calib-
ration obtained from the initial examination of the LEED patterns.
Using this calibration for each of the LEED pafterns it has been pos-
sible to obtain AES spectra of the surface at well defined sulfur cover-
coverages and thus to deterhine the parameters a,8 and y. The resulting

calibration curve has been shown in Fig. 2.12,
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3.3 Sulfur Overlayer Structures

3.3.1 The Ciean Mo(100) Surface

Fig. 3.1 shows the LEED pattern of the clean Mo(100) surface.
-Molybdenum has a bcc structure and hence the termination of the bulk
structure along the (100) plane has a square surface lattice and prod-
uces a square diffraction pattern. The real space structure of the
surface is also shown in Fig. 3;1 and, as can be seen, has a relatively
exposed second layer. Although this lattice is the correct surface
structure for T>300K the clean surfacé has been shown to undergo a
complex reconstruction at lower temperatures to a lattice that has

what is c]ose‘fo c(2*2) periodicity with respect to the unreconstructed
surface lattice (12,13). Analysis of fhe diffraction intensity VS.
electron energy profiles has shown that the lattice parameters of the
unreconstructed surface are 3.14% x 3.14K, identical to those of

the bulk termination plane (14,15). In the directfon normal to the
surface, however, there is a'contraction of the first and second layer

spacings by ~10% and ~1% respectively.

3.3.2 The c(2x2) Structure

In the coverage range 0.15<84<0.55 the surface LEED pattern cor-
responds to a c(2x2) lattice. The diffraction pattern is displayed in
Fig. 3.2 with the real space lattice and the real space structure.
Analysis of the I-V profiles has shown that the sulfur atom is in fact
adsorbed in the fourfold hollow site at a distance of 1.04k above the

surface plane with a Mo-S bond length of 2.458 (5). The appearance
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Fig. 3.1 LEED pattern and corresponding structure of the clean-

Mo(100) surface.
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Fig. 3.2' LEED patfernidf the c(2x2) sulfur sthucturévoh the Mo(100)
sufface. Tﬁe pattérn is drawn to the right_of the picture with the
'open'circ1es (o) representihg-substrate diffrattion spots and the.
solid cirp]és (®) the extra spots due to overlayer diffraction. The
real'space structure is depicted at bottom (A) with the_over]ayer

lattice (B).
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c(2x2) -LEED Pattern
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of the c(2x2) battern at su]fur'coverages‘muéh less than the stoichio-
metric half mono]éyer implies that at low coverages the sulfur atoms
coalesce into islands. Apparently the interaction potential between

sulfur atoms on the surface at low coverages is attractive, at least

to nearest neighbour distances.

3.3.3  The '% %l Structure

In the coverage region 0.65<85<0.70 the LEED pattern correspond

to an overlayer lattice described by the matrix ﬁ = I% % . This pat-
tern is shown in Fig. 3.3 with the real space lattice and two possible
overlayer structures. It ﬁs not possible to describe this lattice in
the simplified notation proposed by Wood (16) due to the fact that the
angle subtended by the unit cell vectors differs from that of the sub-
strate lattice vectors. As shown the LEED pattern is complicated by

the fact that the overlayer lattice can have two equivalent orient-

ations with respect to the substrate.

There have been no analyses of the I/V profiles for the % % over-

layer and so the exact structure is not known. The lattice contains three
- Mo atoms per unit cell aﬁ% corresponds to a stiochiometric coverage of
2/3. Thus the unit cell can contain two sulfur atoms in any positions.
The structures proposed have been restricted to models inlwhich the
atoms sit in sites of high symmetry i.e. the fourfold hollow or a
bridging position.

At coverages intermediate between 65=0.5 and 64=0.67 the LEED pat-
terns display streaks of diffraction intensity between the (1/2,1/2)

spots of the c¢(2x2) pattern and the (1/3,2/3) and (2/3,1/3) spots of
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Fig. 3.3 LEED pattern of the (2,-1,1,1) sulfur overlayer lattice.
Two possible structures are presented (A,B). The open circles (o)
represent Mo atoms and the solid circles (e) sulfur atoms. The

over]ayer'lattice is depicted in C.
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discussed by Maurice et. al. (8) in terms of a continuous increase in

the pattern. These features are shown in Fig. 3.4 and have been

the density of anti-phase domains in the c(2x2) lattice as the coverage'
exceeds 85 = 1/2. Such anti-phase domains are depicted in Fig. 3.4

and it should be noted that such a growth mechanism should 1ead'smooth1y
to overlayer structure A in Fig. 3.3 composed purely of atoms in the

fourfold hollow sites.

3.3.4 The c(2x4) Structure

In the coverage range 0.70<85<0.85 the LEED pattern corresponds
to a c(4x2) overlayer lattice. This pattern-is shown in Fig. 3.5 and
again has contributions from two equivalent domains of the overlayer.
The overlayer lattice contains four Mo atoms and, since it corresponds
to a stoichiométric coverage of 65=0.75, three.sulfur atoms. Three pos-
sible overlayer structures are shown in which atoms have been restricted
to sit in either hollow or bridging positions. . |

The transition between the 2/3 monolayer to the 3/4 monolayer

coverages is accompanied by LEED patterns formed of the c(4x2) pattern
superimposed on the '1 1| pattern. This suggests a nucleated growth of
the c(4x2) structure and a surface composed of islands of each structure
rather than the smooth transition that occurs between the 1/2 and 2/3

monolayer coverages.

3.3.5 The p(2x1) Structure

The LEED pattern of the surface covered by one monolayer of sulfur

is from a p(2x1) 1attice present in two domains (Fig. 3.6). Note that
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Fig. 3.4 The streaked LEED pattern observed during the transition
from the c(2x2) structure to the (2,-1,1,1) structure. The real |
space strucfure shows c(2x2) domains separated by anti-phase

boundaries.
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Fig.'3.5 LEED pattern of the c(4x2) sulfur overlayer 1atticea
Three possible structures are presénted (A,B,C). The overlayer

lattice is depicted in D,
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this ovef]ayeb has two su]fur atoms and two molybdenum atoms per unit
cell in a lattice that is primitive) In order for the lattice to bé
primitive the atoms must occupy two inequivalent binding sites, as sug-
Agested by structure A, in which one atom is found in a fourfold hollow
and the other in a bridging position. It is clear thaf such a configur-
ation serves to increase the average sulfur-sulfur distance over that |
of a structure in which all atoms dré in hollow sites. This configur-
ation is, in fact, psuedo-hexagonal.

The structure depicted in Fig. 3.6 B has been proposed as a pos-
-siblé p(2x1) lattice in which the sulfur atoms occupy identical but
inequivalent sites; although not ones of high symmetry (5). Examination
.df this structure, however, reveals the presence of a glide p]ané |
’para]]e] to the a lattice vector. Such a symmetry element should result
in systematic absences of the (0,n+l/2) spots (see Sec. 2.5) anﬂ the
LEED pattern depicted in Fig. 3.7,fThese spots are, however, present
in the observed pattern and thus we can eliminate the cofresponding
struCture.

The p(2x1) structure at the monolayer coverage implies the co-
adsorption of sulfur in ﬁwo distincf binding sites. While at the half
monolayer it is clear that there is only one binding site, the fourfold
hollow, the structures at intermediate coverages can be composed of
sulfur atoms in either one or two sites. This problem will be addressed

at a later point in the chapter.
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Fig. 3.6 LEED pattern of the p(2xl) sulfur overlayer lattice.
Two possfb1e structures are presented (A,B). The overlayer lattice

1' 5 depicted in C.
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| LEED Pattern - p(2x1) Lattice with Glide Plane

° ° . °
(0,0)
o o o o o

Fig. 3.7 The LEED pattern expected from a p(2rl) overlayer having
glide plane symmetry, as in Fig. 3.6B.
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3.3.6 Other LEED Patterns

In addition to the LEED patterns that héve been discussed above,
patterns corresponding to c(4x4) and (v5xv5)R26° lattices have been
réported (5,7)5 but not observed consistently. The c(4x4) pattern only
occurs at very low coverages of 85=0.12. The (v/5xv5)R26° pattern
occurs at coveréges of 65=0.6 and is often observed in the presence
of oxygen which is known itself to form the same overlayer lattice
(17). It is possible that the adsorbed bxygen in some manner nucleates
this structure and that on the occasions when there is only sulfur
apbarent on the surface, oxygen is still present, but at levels below
its detection limit (=10%). In any case it is seems that these two
'stfuctures are oh]y weakly stable and they certainly do not appear in
a rebfoducible fashion.

w-

3.4 Adsorption and Desorption of Sulfur

.The adsorption of sulfur on the Mo(100) surface has been studied
using sulfur in the form of Sy from the e]ectrochemfcal source. Fig.
- 3.8a shows the S1g5g and Mop21 AES‘signals as a function of time during
exposure to Sglat foom temperature. It is é]ear that the sulfur uptake
occurs at a constant rate until near-saturation coverage is reached at
about one monolayer. At this pofnt the sticking coefficient drops and
the sulfur uptake.decreases markedly. This type of behaviour suggests
adsorption bf Sz into a weakly bound, precursor state, and subsequent
adsorption to the metal surface, resufting in an apparent]yvconstant
sticking'coefficient over a wide range of coverages (34).‘Fig.s 3.8b

&c compare the S uptake curve with typical curves expected for cases



-84-

Sulfur Uptake on Mo(100)
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Fig. 3.8 Sulfur coverage vs. time of the Mo(100) surface under
exposure to a constant flux of S» (A). Calculated uptake curves for
first order Langmuir growth (B) and second order Langmuir growth (C)
using a flux of 0.05 monolayers/min. Uptake curve observed on start-
ing with a surface having a half monolayer c(2x2) sulfur coverage.
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of Langmuir type growth, in which the only atoms tﬁat will adsofb‘to
.the surface ére those that are incident difect]y upon exposed metal
atoms (34). Continued exbosure of our sample results in the slow

uptake of sulfur to produce multilayer growth. The fact that such mufti-
Tayers can be grown indicates that there is a significant adsorption
energy for sulfur upon sulfur and that a pfecursor state can exist.
Adsorption at’temperdtures of ~150K allowed facile growth of thick
sulfur overlayers.

LEED experiments performed on surfaces produced by S2 adsorption
on clean surfaces at room temperature or belbw reveal no ordering of
the adsorbate layer. Annealing to temperatures of ~450K is necessary to
desorb any mu]tiléyer sulfur and induce ordering (Fig. 3.9). Adsorp-
tion on'partially sulfided surfaces, however, yields different results.
Starting with a surface sulfur coverage of 8s=0.5, in a c(2x2) struc-

ture, and exposing the crystal to S; at room temperature resu]tslin the

_adsofption of sulfur and the spontaneous formation of the'l% % struc-
ture followed by the c(4x2) overTayerfstructure. At this point, however;
no further adsorption of sulfur is possible, as shown in Fig. 3.8d. In
ordef to reach a one monolayer coverage ordered into a p(2X1) lattice
it is necessary to adsorb sulfur on an initially clean surface and
Subsequently anneal the crystal to induce order. It is apparent that
the adsorption of sulfur on an ordered matrix of sulfur differs from
adsorption on a clean surface.

Fig. 3.9 shows the decrease in the S:Mo AES ratio as a surface
initially covered with multilayers of adsorbed sulfur is annealled to

increasing temperatures. In addition, the corresponding LEED patterns

varevlisted; The sharp drop at low temperatures. results from the desorp-
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SULFUR TO MOLYBDENUM AUGER AMPLITUDE
RATIO VS ANNEALING TEMPERATURE
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Fig. 3.9 S:Mo AES ratio vs. temperature during annealing of a
surface initially covered with multilayer sulfur. AES measurements
- were all made at room temperature after annealing at elevated
temperatures for ~20 sec.
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tion of multi]éyer sulfur followed by the formation ofvthe monolayer
p(2x1) structure. This lattice is stable up to temperatures of ~1100K
at which further desorption begins and the submonolayer structures
appear. |
| The thermal desorption spectra (TDS) of sulfur from the Mo(100)
surface are shown in Fig. 3.10 for several different initial sulfur
coverages. The four features observed.are similar to those observed
during sulfur desorption from the W(100) surféce'(18). At low coverages
there is one desorption peak of atomic sulfur at 1800K that does not
shift with coverage and appears to be the resulf of a first order
process. Assuming a pre-exponential factor of 1013 sec™1, which is
probably valid for an atomic desorption process (19), we calculate a
Mo?S bond strength of ~110 kcal/mole. At higher coverages 8520.67 a
second feature appéars as a shoulder to the low temperature side of

the low coverage peak. This feature is somewhat poorly resolved and
appears to have a maximum in the temperature range 1300K - 1500K'and a
"desorption energy in the range 75 - 90 kcal/mole. These two features
arise from atomic desorption ét monolayer and submonolayer coverages in
which the sulfur is bound directly to the metal surface.

The other features appear only for initial coverages in excess of
one monolayer. The sharp desorption feature at ~1150K is accompanied by
S2 desorption and has a shape feminiscent of a zero-order desorption
process. Zero-order desorptibn is characteristic of bulk compound
vapourization. Thi§ feature is not highly reproducible, as can be seen
from the experiment depicted in Fig. 3.9 in which the su]fur'COverage
drops to one monolayer after heating to on]y‘400K. It is possible that

this feature arises from the decompostion of MoSz which might be



-88-

'S/ Mo(100)

- | -
D ‘[J\\\QS:=L8-
&
Wt 116
Zz

76 _
e 66
ol 56
o)
<C
=2

A
N

I

Fig. 3.10 TDS of sulfur from the Mo(100) surface at several initial
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_véxpected to occur at this temperature. The equi]ibfium vapdur pressure
ofISz over MoSZIat this temperature can be calculated at 1078 torr.

At the lowest temperatures (300K - 400K) Sz.desorbs from the multi-
layer condensed sulfur phase. The fact that sulfur will desorb from the
: over]ayers'in this temperature range supports the previous suggestion

that sulfur adsorption at room temperatures can occur through an inter-

mediate, precursor state i.e. sulfur adsorbed on sulfur.

3.5 Bonding of Sulfur to the Surface

X-ray‘and‘UV photoelectron spectroscopies have been used to study
the bonding of sulfur on the Mo(100) surface in each of the four over-
layer structures. Fig 3.11 shows the UV photoemission spectrum of the
clean metal surface. This is identical to angle integrated spectra
reported elsewhere (20). There are a number of studies of this and of
angle resolved spectra which have been interpreted using calculations
~of the density of electronic states at the surface (21-23). There does :
not seem to be complete concensus on its interpretation, however, some
calculations suggest that the two peaks at -0.3 eV and -2.6 eV below
the Fermi level arise from surface localized states (21); The adsorp-
tion of sulfur results in a sharp drop in intensity of the -0.3 eV
peak suggesting that this might in fact be the case.

In this work sulfur deposition has been accomplished using a source
of So. Fig. 3.12 shows the UP spectrum of multilayer sulfur deposited
on the Mo(lOO) surface at ~150K. Photoemission from the metal d-bands

is almost completely attenuated and the remaining features correspond

very closely to the four highest'lying features of the gas phase S
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UPS SPECTRUM (hv=212eV)
CLEAN Mo (100) |

16 12 8 4 0
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Fig. 3.11 He I UP spectrum of the clean Mo(100) surface.
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multilayer Sp on the Mo(100) surface



-92-

UP spectrum (24). The UP spectrum of ~1 monolayer of Sp deposited on
the Mo(100) surface at 200K is shown in Fig. 3.13. The features arising
from adsorbed sulfur (4-7 eV) resemble those of sulfur present in an
ordered p(2x1) monolayer (Fig. 3.15). Even at these low temperatﬁres
the Sy is dissociated by the clean metal sufface.

The sulfur 2P XP spectrum of the multilayer Sp and the ordered
monolayer are shown in Fig. 3.14. The S» multilayer exhibits a sharp
photoemission feature at 163.7 eV binding energy, very close to the
reported value of 164.0 eV for bulk sulfur (25).vThe spectrum of the
monolayer exhibits a_c]ear shift to 162.3 eV, very close to that of B
sulfur in its -2 formal oxidation state, as in MoSp reported at 162.2
eV (25).

- The UP spectra of ordered sulfur at monolayer and submonolayer
coverages are shown in Fig.'3.15. The monolayer spectrum has two
distinct photbemissibn feat.res at 6.8 eV and 4.6 eV binding energy
with respect to the Fermi level. These two features are present in the
spectfum of the c(4x2) overlayer but with the low binding energy
feature somewhat attenuated. At still lower coverages the low binding
energy feature dissappears—<ltogether and only the high binding energy
feature remains. This feature remains present throughout the entire
coverage range but can be seen to shift down to 6.2 eV at low coveragés.
Given our previous discussion of the possible existence of two binding
sites for the sulfur atom ét high coverages these spectra can be given
a simple, phenomenological intefpretation. We assign the low binding
energy peak to photoemission from sulfur atoms in the high covefage
binding site and the high binding ehergy peak to those in the fourfold

hollow site. It is not, of course, possible to rule out the argument
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UPS SULFUR (~1 ML) on Mo(100) T~200K
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Fig. 3.13 He I UP spectrum of one monolayer of sulfur adsorbed on
the Mo(100) surface at T = 200K.
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Fig. 3.14 XP spectrum of multilayer S2 on the Mo( 100 surface and
the adsorbed sulfur monolayer in the p%Z structure
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Fig. 3.15 He I UP spectra of sulfur on the Mo(100) surface at
several coverages.
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that the low binding energy feature appears as a result of interactions
between adsorbate atoms. |

The adsorption of S on Ni has been studied using UPS several times.
It is a case of particular interest because it is one in which a change
in binding site Qith coverage has been proposed (26). Atomic adsorption
in either three-fold or four-fold symmetric sites results in the sp]it-.
ting of orbitals into a sing]e orbital of 'a;' symmetry arising from
the p, atomic orbital and a degenerate pair of 'e' symmetry from the -
' Px,y atomic orbitals. These have been identified on the Ni surface
using angle resolving techniques unavailable in thfs work. On the
Ni(111) surface the S p(2x2) structure is formed of atoms in the three-
fold hollow sites (27) and the UPS results position the p, orbital at |
4.0 eV and the bx,y orbitals at 5.7 eV (28). The adsorption site of
sulfur in the (v3xv3)R30° overlayer structure is not known but the sug-
gestion has been made, based on UPS studies, that the S atom bonding
site differs from the p(2x2) site (26) and that the orbital energy i
levels have inverted. The p, orbital is at 3.8 eV and the py , orbital
at 6.6 eV. The shifts aré 2.5 and -1.9 eV respectively and are of the
same magnitude as the the splitting in the two peéks that have been
assigned to S atoms in differing binding sites on the Mo(100) surface.
The work oh the Ni(100) surface has focussed on the p(ZXZ) and c(2x2)
overlayers iﬁ which the sulfur atoms are located in the Fourfold hollows .
(29). In this case again there is a shift of enérgy levels from 4.2 eV
(pz) and 4.9 eV (Px,y) in the p(2x2) structure to 5.6 eV (p;) and 4.4
eV (px,y) in thé c(2x2) structure. These shifts are somewhat smaller
in'magnitude than those observed on the Ni(1ll) surface but are apprec-

iable and are certainly not associated with any change in adsorption
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site. Furthefmore, the 1arge.disper§ion in. the P orbita] energy for

the Ni(lOO)_c(2x2) structure has been associated with S-S interactions,
vwhich are significant at the half monolayer coverage.

~ As mentioned above the magnitudes of the shifts in UPS-peak posi-
tions attributed to changes in binding site are similar to those report-
ed in the case of S on the Ni(1ll) surface. At the same time shifts
induced by changes in overlayer structure and adsorbate-adsorbate inter-
aétions are considerable. In the case of'S on the Mo(100) surface it
would seem that the gbeatest changes in the UPS spectrum due to such
interactions ought to appear in the coverage range immediately in excess
of 0.5 monolayers since it is in this coverége regime that sulfur atoms
havfng two nearest neighbours first appear. In fact, the greatest v
changes occur when the coverage exceeds 0.67 and an overlayer structure
forms that can have atoms in two binding sites.

At the half monolayer coverage it is possible to resolve the
spectrum into two peaks.at 6.7 eV and 5.8 eV below the Fermi level, as
shown in Fig. 3.16. As previously mentioned, sulfur atoms bound in
fourfold hollow sites should give rise to two sets of molecular orbit-
als, one having ‘ay' and the other ‘e symmetry. Without angle resolv-
ing capability it is not possible to assign fhe observed peaks and it
is clear from the above discussion the assignment cannot be based
purely upon their relative positions. The Splitting of 0.9 eV is similar
to those observed on the Ni(100) and Cu(100) surfaces.

The sulfur 2P XP spectra at coverages in the same range as was used
for the UPS measurements are shown in Fig. 3.17. As mentioned above the
shift in binding energy on going from bulk sulfur to the chemisorbed

monolayer is similar to that observed on comparison with MoS2. The most
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Fig. 3.16 He I UP spectra of sulfur on the Mo(100) surface.
8s = 0.5 c(2x2) ‘
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Fig. 3.17 S 2p XP spectra. Sulfur on Mo(100) vs. 6s.
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interesting feature of‘Fig; 3.17 is the monotoni; decrease in binding
;fenergy with increasing coverage. This cannot be an effect of coverage
 dépendent changes in the charge transfer between metal and adsofbate.
The sign of the binding energy shift upon formation of the sulfur over-
layer is indicative of elecpron fransfer from the metal to the sulfur
atoms. This is not unexpected given the relative electronegativities
of sulfur (2.5) and molybdenum (1.8) (30). A simple model of the Surface
as a layer of dipoles suggests that with increasing coverage ohe shou]d.
observe mutual depolarizatidn as a result of either changes in bond
length or decreases in the amount of charge transfer to the adsorbate.
Decreases in charge transfer should resu]t ih a decreése in the core
level binding energy with increasing coverage. The shift that is
observed in this case is in the opposite direction.

One might hope to understand the effect in terms of a shift in
binding site with coverage. If this were the case, however, an inhomo-
geneods broadening of the line would be expected on going from the low
coverage structure to the p(2xl) monolayer structure in which the LEED
results clearly implicate the existence of two binding sites. Such’
broadening i% not observed.

A study of the adsorption of I on Ag has revealed a shift in the
core level binding energy wfth coverage (31,32); This has been discussed
and successfully modelled in terms of a direct, initial state inter-
action between the core electron and the field of surrounding dipoles.
Such an interaction is repulsive and will increase with coverage result-
ing in a lowering of the electron binding energy.

Two studies have measured the work function of the sulfided Mo(100)

surface. Maurice et. al. (8) report measurements in the coverage range
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'70.5-1QO monoTayers-using thé Kelvin method;'The-change'in work function
with respect to the mono]ayefvcovered surface varies ]inear]y up to
Coveragés ofi~0.9-0.95.,This behaviour 1mpf1es a~véry lTow polarizability
(33) of the Mo-S bond. The work of Baidfngervet. al. (10) reports the
Qork function, measured on a field emission tjp, as-a function of
annealing tempefature,.having started with an initially fully sulfided
surface. These are reported relative to the clean surféce. In the
temperature range 500K - 1200K there is little variation with A¢= 0.8~
0.9V. From 1200K - 1300K there is a sharp drop to A¢= 0.2V and this
value decreases slowly to reach zero at a temperature of 1800K. The
very sharp change in work function.imp1ies é very sharp change in the
surface‘dipole. This would be consistent with a change in sulfur aton;i
binding site in this temperature range from one having a large dipole
moment to one having a relatively smaller dipole moment. The results |

of Sec. 3.2 show that the temperature range from 1200K - 1300K is that

in which the overlayer changes from the c(4x2) to the '% %,structure."

3.6 Discussion

The objective of this section is to come to some conclusion with
respect to the structure of the sulfur overlayers. Théqquestion to be
addressed is that of the coverage or structure at which the second bind-
ing site becomes occupied. A simple model considering two separate bind-
ing sites and pair interactions over lengths up to 3/2 the substrate
lattice length can be used to discuss this prqb]em. In addition, §ome

~conclusion must be reached with respect to the nature of the adsorbate-

adsorbate interactions and the binding of sulfur to the metal.
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The LEED results clearly indicate that at coverages <0.5 mono-
]gyers, sulfur is adsorbed in islands of c(2x2) structure in which the
éféms occupy next-nearest neighbour fourfoid hollows. At monolayer
ébVerages the overlayer forms a p(2xl) lattice in which the sulfur
atoms must occupy two distinct binding sites. Although the structure
is not known it seems reasonable to restrict possibilities to high
symmetry -sites which leaves one atom adsorbed in the fourfold hollow
‘and the other in a bridging position. THe TDS work gives an estimate
of 110 kcal/mole for the Mo-S bond strength at low coverages. At higher
coverages 20.67 a second adsorption stafe is clearly identified having
a lower desorption enérgy, in the range 75-90 kcal/mole. This evidence
is insufficient to é]]ow unambiguous identification of two distinct,
simultaneously occupied binding sites, since the change in adsorption
energy could be a result purely of adsorbate-adsorbate repulsion.

At this point it is helpful to present some model of the metal-
sulfur and sulfur-sulfur interactions to facilitate the discussion of .
possibie structures. for the overlayer between cdveragés of 0.5 and 1.0
monolayers. We assume that sulfur atoms come into no.c1oser contact
than nearest neighbour distances, that they adsorb only in the hollow
and/or bridging positions and that thg adsorbate-adsorbate interactions
depend only upon separatidn and not on binding site. With these restric- |
tions in mind we can assign arbitrary values to the heats of adsorption
and adsorbate-adsorbate interaction energies that a sulfur étom might

feel.

Agq - adsorption energy of S in hollow site
~ Ap - adsorption energy of S in bridging site

B - nearest neighbour interaction energy
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C - almost nearest neighbour interaction energy

D - next-nearest'neighbour interaction energy

'The Qa1ués of A4 and A2 will be negative for exothermic heats of adsorp-
tion and the values of the interaction energies B,C, andiD_willvbe
posftive if they are attractive and negative if théy are repulsive.
Each of the pair configurations gfving rise to these interactions are
illustrated in Fig. 3.18. If the total energy for any particular over-
layer configuration is dominated by these terms it is possible to
calculate an average energy per atom for any proposed structure.

At low coverages it is known that the sulfur atoms adsorb in the
fourfold hollows and that they coalesce into islands of c(2x2) struc-

‘ture. Within the terms of the model the energy per atom is given by
E = Ag + 20..

Although each sulfur atom has four next-nearest neighbours the average
interaction energy per atom is given by 2D avoiding double counting of
pair interactions. Since these islands are the favoured structure at
these coverages this configuration energy must be a minimum among
possible configuration energies. Comparison with the energy of a c(2x2)

structure in which the atoms are in bridging positions shows that

Ag + 2D < Ap + 2D
Ag < Ay

the binding energy in the fourfold hollow is greater than that in the

bridging position. The next compafison, between the energy of the very
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BINDING SITE and PAIR INTERACTIONS
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Fig. 3.18 Possible pair configurations of sulfur on the Mo(100)
surface with binding sites restricted to fourfold ho]]ows and
bridging positions.



-105-

Tow cbverage configuration of c(2x2) islands and one in which the atoms

are randomly distributed on the surface in fourfold hollows, shows that

Ag + 2D < Ay
D <0

- the next nearest neighbour interaction is attractive as previously sug-
gested. If at low coverages (65<0.5) the overlayer ordered into a

p(1xl) lattice the configuration energy would be
Ag + 2B + 2D
which, when compared with the c¢(2x2) configuration energy yields
B>0

to show that nearest neighbour interactions are in fact repulsive.

This might be expected given that the Van der Waals diémeter of sulfur
is 3.7 A(1l) while the interatomic separation between two atoms in near-
est neighbour sites is 3.14A,

We must now consider models containing atoms in both hollow and
bridging positions to examine the pair interaction (C) between atoms in
almost nearest neighbour configurations. At the half monolayer one can
envision a p(2x2) lattice having one atom in the fourfold hollow and a
second in a bridging site. This structure must have a higher total

energy than the true structure.

2Ag + 4D < Ag +C +Ap + C
Ag - Ap < 2C - 4D
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Comparison of the monolayer p(2xl) structure with the possible p(1xl)

‘structure having all atoms in the hollow sites yields

Ag + Ap + 2B + 4C < 2A4 + 4B + 4D
=2B + 4C - 4D < Ag - Ag.

Combining the two expressions yields

-2B + 4C - 4D < 2C - 4D
C<8B.

The almost nearest neighbour interactions are less repulsive than the
nearest neighbour interactions.
. ' . ' 21
We can now proceed to discuss possible structures for the |1 1land

c(4x2) overlayer lattices in terms of the model described above. For

the'% % tattice the two possible structures are illustrated in Fig. 3.3
It is possible to construst a model in which all atoms sit in bridging
positions but, since it is possible to translate such a structure by

one half of one substrate lattice length and put all atoms in the
favoured hollow sites while maintaining identi¢a1 adsorbate-adsorbate
interactfons, this cannot be the lowest energy configuration. Of the

two shown in Fig. 3.3 the energy of the structure having both atoms

in hollow sites (a) is given by
2A4 + 38 + 2D
and that of the other structure (b) by

Ag + Ap + 2B + 2C .
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Without some knowledge of the magnitudes of eaéhvterm %t is not possible
to determine which structure will be favourable.

Ih the case 6f the c(4x2) lattice it is possible to eliminate all
structures having either two or three atoms per unit cell in bridging
sites based on the arguments made above. Given this restriction the
three remaining possibilities are those shown in Fig. 3.5.a,b,c; The
configuration energies of the two containing atoms in bridging posi-

tions are

2h4 + Ay + 2B + 4C
and 2Ag + Ap +B +4C+D

- for (b) and (c) respectively. Given that B>0 and D<0 it is clear that -

(c) should be favoured over (b). The total energy for structure (a) is
3A4 + 4B + 4D.
Comparing energies for these two possible remaining structures we get

Mg + 4B + 4D = 2Ag + Ap + B + 4C + 2D
Ag + 3B + 2D = Ap + 4C

Here again, without knowing the magnitudes of the interactions it is
impossible to choose between the two strqctures. I[f, however, the near-
est neighbour repulsion (B) is great enough structure (c) will be
favourable and the c(4x2) structure will contain an atom in the bridg-
ing position. |
From the'discussion above it can be séen that as the sulfur cover-
age exceeds 0.5 monolayers, the surface .overlayer shifts from the c(2x2)

structure in which the adsorbate-adsorbate interactions are attractive
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to structures‘iﬁ which the interactions become repulsive. This effect
manifests itse1f in the appearance of a low temperature shoulder in the
sulfur desorption spectra. At low coverages the metél-su]fur bond
strength is about 110 kcal/mole, whi]é.at the higher coverages the
repulsive interactions reduce this to ~75-90 kcal/mole. At the monolayer
coverage the mutual repulsion between sulfur atoms is so great that the
atomic binding site changes from the fourfold hollow to a mixture of
sites, probably bridged and hollow, a]lowing»the‘atoms to relax into a
psuedo-hexagonal lattice.

The studies of sulfur adsorption showed that it was only possible
to produce the monolayer p(2xl) structure by adsorption on an initially
clean surface followed by annealfng. Room temperature adsorption on a
surface covered with a c(2x2)-dver1ayer resulted in adsorption up to a
coverage of 6¢=0.75, in a c(4x2) structure, after which it was not pos-

sible to deposit sulfur to higher coverages. Examination of the c(2x2)

and % %I structures that contain atoms only in fourfold Ho]lows shows
that they contain next-nearest neighbour fourfold hollows that are
vacant. It is possible that these are the sites.that are necessary for
the diséociatfon of Sp. None of the possible c(4x2) étructures has such
sites available and it may be for this reason that it is not possible
to dissociatively adsorb sulfur on this surface. If such is the case
this is a further argument to suggest that the bridging sites are not
occupied at the 2/3 monolayer coverage since, if they were, they would
block the adjacent next-nearest neighbour hollow sites. |
In the coverage range intermediate between 0.5 and 1.0 monolayers

the adsorbate-adsorbate repulsion is continuously increasing. The LEED

patterns produced during the adsorption of sulfur in the rénge 0.5 -
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0.67 have been interpreted in termslof ah increasing denéity of anti-
phase boundaries between regions having c(2x2)’struc£0re'(8). This
growth model leads to a 2/3 monolayer structure in which all atoms
occupy hollow sites. Thebadsorption studies of S7 on the sulfided
Mo(100) surfaces suggest that an adsorption site consisting of two,
next-nearest neighbour, hollow sites is needed to dissociate So. The
fact that sulfur will adsorb at room temperature on the surface squided
to a coverage of 2/3 monolayer suggests that this type of site is still
present at this coverage and that the bridging.§ites are not occupied
at this coverage. The appearance of a low binding energy peak in the
UP spectrum of the surface at 3/4 monolayer coverage and the low
temperature desorption peak in the sulfur TD specfrum suggest that at
this coverage the high coverage binding site is being populated. Studies
of the hydrogenation of sulfur from the surface (Chapter 6) also show
that there is a drastic change in the nature of the Mo-S bond at the

transition from 6¢=0.67 to 65=0.75.
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Chapter 4 - The Chemistry of Thiophene on the Mo(100) Surface

4ﬁltlntroduction

Thiophene has been chosen as a model compound for.this study of the
hydrodesu]furization process due to the fact that it has been used in
many studies over dispersed catalysts. Many of the sulfur containing
compounds in crude petroleum stocks are derivatives qf thiophene and so
these have been chosen as standards for the determination of tHe activ-
ity of industrial catalysts. The most.commonly used are dibenzothio-
phene, benzothiophene, aﬁd thiophene. In general, dibenzothiophene is
more easily desulfurized than benzothiophene which, in turn, is easier
to desulfurize than thiophene (1). In this work thiophene has been
chosen for a number of reasons. As the smallest of the three, spectro-
scopic studies can be most readily interpreted. Since the resolution
of the electron spectroscopies used in surface analysis is far below
that'of their gas phase counterparts, this is an important consider-
ation. The catalyst used in this work is a Mo(100) single crystal
having a very low total surface area (~1 cm?) and thus, in order to
obtain measurable rates of HDS, the model compound chosen must be
relatively easy to desulfurize. Finally, thiophene is an ideal choice
because it has a relatively high vapour pressure at room temperature -

( ~80 torr) (2), a]]owihg high ﬂressure catalytic reactions to be
performed without requiring heating of the entire reactor loop.

The goal of the work presented in this ;haptér is to understand
the chemistry of thiophene adsorbed on well characteriied, clean and
sulfided Mo(100) single crystal surfaces. Experiments have been per-

formed entirely under UHV conditions and have, in general, involved
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thé adsorption'bf thiophené-on'a prepared surface fo]]oWed'by speéfro_
scopfc ana]jSis,’éither immediately after the adsorption or after heat-
ing to induce some feacfioh. These spectroscopies yield information
abouf the adsorption/desorption kinetics, feaction kinetics, and the
nature of intermediaté species produced during surface reactions. These
‘have been stﬁdied over both the clean metal surface and as a functioﬁ
of:sulfur coverage.

Although there are now a number bf studies in progress of the
chemistry of thiophene on metal surfaces, only five have been completed
to date (3,4,5,17,18). The adsorption and desulfurization of thiophene
on'theth(lll) surface was studied using near-edge x-ray absorption
fine structure (NEXAFS), XP and HREEL spectroscopies (4). This study
suggested that the thiophene molecule adsorbs in a compressed monolayer
at.150K with its ring tilted away from the surf?ce. Heating to 180K
induced some molecular desorption and resulted in a surface cdvéred by
a monolayer of thiophene pi-bonded with its ring'para11e1 to surface.
Further heating induced desulfurization at temperatures of ~290-350K
but left the hydrocarbon chain intact in the form of a Pt metallocycle,
bsligﬁtly tilted from the surface. The.desorption and decomposition
6f thiophene and several substituted thiophenes has also been studied
using TDS over a number of Group VIII metal surfaces (5). Again a
metallocyclic ‘intermediate was suggested for some metals. This was
based purely on the observation of selective dissociation of the o-CH
bonds during the initial stages of decomposition over Ni, Ru, and Os.
Such regiospecific bond breaking was not, however, observed in the case
of the Pt(111) surface in which there is some additional evidence for

the existence of a metallocycle. It is certainly possible that the
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decompostion kinetics of the meta]locyc]evon the Pt(111) surface may
differ from those on other surfaces and that the results are compatible.
bnvthe Cu(111) surface the thiophené monolayer was studied using angle
resb1ved uv photbemission spectroscopy, the conclusion béing that on
this metal surface the molecule is pi-bonded with its ringvparallel to
the surface after adsorption at room temperature (17). Finally, a very
recent study of thiophene adsorption on the Ni(11ll) surface_conc]uded
that, upon heating, the adsorbed thiobhene polymerized (18). This concl-
was based upon the observation of é désorbing species having mass 69
which was assigned to a five carbon olefin. In addition, IR absorption
spectra revealed a feature at 2960 cm'l assigned to a paraffinic C-H
stretching mode. It seems uniike]y that a polymerized species exists
under catalytic conditions since the HDS of thiophene produces only
four carbon atom products and it is difficult to understand why a poly-

meric species should undergo such highly selective hydrogenolysis.

4.2 The Adsorption/Desorption of Thiophene on the Mo(100) Surface

The TD spectra of thiophene adsorbed on the Mo(100) surface have
contributions from reversibly adsorbed thiophene, which desorbs molec-
ularly, and Hp which results from the decomposition of é fraction of the
thiophene that is adsorbed irreversibly. Fig. 4.1 shows the mb]ecu]ar
desorption spectra after exposure of the clean surfaée to several
different doses of thiophene in the range 0.1L - 15L. These show two
high temperature peaks at 360K and 230-290K and a low temperature peak
at ~170K. The highest temperature desorption peak has been associated

with very small amounts of carbon contamination that could not be
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Fig. 4.1 Thermal desorption spectra of thiophene from the clean
Mo(100) surface over several different exposures.
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véqmp]ete]y removed from the surface at thebtime of these experiments
(g). The peak at intermediate temperatures,_however, results from
désOrption from the metal surface. As the thiophene exposure is
increased, the area under this peak_increases until it saturate at a
total expﬁsure of ~3L. The temperature of the peak maximum decreases
with exposure from 290K at very low coVerages to 230K at saturétion.
The Towest temperature desdrption peak at T < 180K appears at exposures .
greater than 3L. At the highest exposure, this feature shows a peak at
163K with shoulders at 167K and 174K which appear to grow in sequent-
ially with exposure starting with the 174K peak at 3L. For exposures
in excess of 15L the 163K peak grows indefinitely.

The peak at 230-290K has been assigned to reversible molecular
adsorption of thiophene to the metal surface. A shift of the desorption
peak maximum with coverage cah be attributed either to second order
desorétion kinetics or to a coverage dependent desorption energv (7,19).
Given that thiophene adsorbs molecularly, it seems unlikely that the
desorption is a second order process. It is much more likely that the
desorptionrenergy is coverage dependent due to adsorbate-adsorbate
interactions. Assuming first order desorption kinetics and a pre-
exponential factor of 10!3 sec™!, we find that the desorption energy
is 16 kcal/mole at low coverages and drops to 13 kcal/mole at the mono-
layer coverage. The monolayer coverage is believed to occur for eipos-
ures of 3L at which the peak area saturates and the low temperature |
feature begins to appear.

The desorption feature at 163k grows with- exposure beyond the rénge
investigated and is due to desorption of multilayers of thiophene.

Desorption of the first multilayer (thiophene’oh thiophene) appears at
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174K after:an exposure of-3L. Aftef an 8L exposure the first multilayer
becdmes saturated1and a lower temperature peakvappears af 167K. Fpr
exposures Of.>15L the lowest temperature peék appears at 163K.~The=high
temperature shoulders on this peak arevthe result of first aﬁd sg;dnd

layer desorption that are influenced by the metal substrate.

4.3 Thiophene Decomposition on Mo(100)

As previously mentioned, a large fraction of the thiophene is
irreversibly adsorbed to the Mo(100) surface. Heating of the crystal
results in decomposition yielding Hy desorption into the vacuum and
~ carbon and sulfur deposition on the surface. There is no se]f-hydrogen-é
ation to produce hydrocarbon products that can desorb. In the case of
- the Pd{111) surf&ce,vthiophene decomposition was observed to yield
butadiene under UHV conditions and, when co-adsorbed with-hydrogen,
butenes (8). Apparently, the hydrogeﬁation reactions on Mo are more
difficult than on Pd and high hydrogen préssqres are necessary if these
reactions are to compete with total decomposition.

Fig. 4.2 shows the desorption of hydrogen from the surface during
. the decomposition of irreversibly bound thiophene. At low initial
coverages, there is no molecular desorption and the hydrogen desdrption
occurs at 340K. Comparison of this desorption peak with the desorption
of hydrogen from the clean surface (Fig. 4.3) (9,10) shows that this
process is desorption rate limited and appears to result from hydrogen
bound in the 82 state. It appears that the presence of carboﬁ and sulfur
on the surface blocks the 83 hydrogen adsorption sfate_that would yield

a desorption peak at 450K. At higher thiophene exposures, a lower
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Fig. 4.2 The Hp desorption spectra resulting from the decomposition
of thiophene on the clean Mo(100) surface.



-119-

D, /S /Mo(100)

T=20KS™
1L-Dz

ﬁ3 y
.75

.85
.97

MASS 4 (D,) INTENSITY

— v 4
pu—— el

| | | ] |
200 300 400 500 600

TEMPERATURE (K)

XBL 837-10688

Fig. 4.3 Thermal desorption spectra of Dy from the clean Mo(100)
surface over several different exposures.
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temperature desorption feature appears that is reminiscent of the g;
desorption peak at 290K in Fig. 4.3, but which shifts to temperatures
of 230K with increasing expoéure, far below the that of the g} state
The pfésence of carbon, sulfur and thiophene deposits weakens the metaf—
hydrogen bond to such an extent that desorption is occuring at temper-
atures below those at which hydrogen would désorb from the clean metal
surface. It is known that coverages of between 0.25 and 0.5 monolayers 4
of sulfur will completely block hydrogen adsorption at ~150K (9). v
In addition to the low temperature decomposition and desorption
processes, two high temperature hydrogen desorption peaks appear at 620K
and 680K after high thiophene exposures. These features appear at
temperatures fér higher than those at which hydrogen desorbs from the
clean surface and thus must originate from C-H bond breaking processes.
It is apparent that after starting with high coverages of thiophene,
the decomposition process leads to hydrocarbon species that are stable
on the surface to temperatures much higher than those that can be -
reached after starting with a low thiophene coverage on a clean surface.
Figs. 4.4, 4.5, énd 4,6 show the desorption spectra of Hp, HD.and
D2 from surfaces exposed to cdz-C4DzHgS.ih %ncreasing doses. The
exposures listed are much lower than those of Fig. 1 due differences
in the dosing apparatus. At low coverages, the low temperature peak at
340K shows no selectivity towards either H2 or Dg.'Thig is not surpris-
ing since desorption is the rate limiting step in the decomposition/
desorption process. At high coverages, however, there is clearly some
selective decomposition pathway that favours a-CD bond breaking at low
temperatures. The desorption peak ét 230K is clearly dominated by Dap

while the peak at 340K is dominated by Hp. This selectivity supports



-121-

TDS @dy- C,H2D2S on Mo(100) 2amu

INTENSITY (AU)

T

200 350 500 650
TEMPERATURE  (K)

_ \
Fig. 4.4 The Hp desorption spectra résu1ting from the decomposition
of adp-C4DpH2S on the clean Mo(100) surface.
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Fig. 4.5 The HD desorption spectra resulting from the decomposition
of adp-C4D2H2S on the clean Mo(100) surface.
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| "'Fig. 4.6 The Dy desorption spectra resulting from the decomposition
of adp-C4D2H2S on the clean Mo(100) surface.
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Athe éuggestion made above, that at these high thiophene coverages, the
low temperature hydrogen evolution is rate limited by decomposition
prdcesses. Furthermore, the fact that the o-CD bonds dissociate at
lower temperatures than the B-CH bonds suggests an adsorption configur-
ation in which their interaction with the surface is greater.

The high temperature hydrogen desorption peaks at 620K and 680K
show selectivity opposite to that of the low temperature peaks. The
620K peak is dominated by H2 while the 680K peak is dominated by Do2.
Apparently this second decomposition route, induced by high thiophene
coverages, differs from that at low coverages on the clean surface.
There is some indicatibn that these peaks may be induced by the pres-
ence of carbon as they increase in size with the initial addition of
carbon to the surface (6). It is possible that the deposition of
carbon onto the surface, during the low temperature decomposition
process, at some point blocks this pathway inhibitting further decomp-
osition until higher temperatufes are reached.

To this point it has been assumed that thiophene decomposition in
both temperature regimes is complete and that two different mechanisms
are being followed. Given the sequence of hydrogen desorntion, Dp-Ho-
Hp-Dp, it would seem reasonable to suggest a mechanism of dehydrogen-
ation starting with the o-CD bond at position 2 and proceeding in a
sequential fashion through positions 3,4 and 5. The relative areas
under the peaks argues against such a mechanism since each ought to be
of the same height if this mechanism were correct. Fig. 4.7 shows the
S 2P XP spectrum taken at various temperatures throughout the decompos-
ition process. The spectra clearly exhibit two peaks, a‘high binding

energy feature (164.3 eV) from sulfur bound in the thiophene ring (11)
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Fig. 4.7 S 2P XP spectra taken during the decomposition of thiophene
on the Mo(100) surface,
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and a lower binding energy featufe (162.3 eV) from sulfur bound
directly to the metal surface. It is clear that throughout a wide -
temperature range thiophenic sulfur is present on the surface, even at
430K, well past the molecular desorption temperature. The S 2P binding
energy is strongly dependent upon its Tocal chemical environment,
ranging between 160 eV - 169 eV (11). Fig. 4.8 gives the 2P binding
energies in a number of sulfur containing brgénic compounds. In the
case of sulfur atoms in saturated environments of the form R-5-R the
binding energies range from 162.2 eV - 163.5 eV while in the aromatic
thiophene ring it is. 164.1 eV. The position of the high binding energy
S peak observed during thiophene decomposition on the Mo(lOO)'surface
ranges from 164.3 eV at 150K to 163.9 eV at 430K. This shift may be
partly the result of a changing work function during the decomposition
from 3.9 eV to 4.4 eV. Nevertheless the abso]ute position of the peak
remains characteristic of a sulfur atom bound in the thiophene ring
These data strongly support a mechanism in which some thiophene is
decompoSing throughout the entire temperature range rather than one in
which a single species is present on the surface at any given temper-
ature that is undergoing a stepwise dehydrogenation. There must be
several species present on the surface at any one time since at the
intermediate temperatures there is sulfur, carbon, some sulfur contain-
ing hydrocarbon and possibly some other hydrocarbbn species that are

in some stage of partial dehydrogenation.
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Fig. 4.8 2p binding energies of sulfur atoms in various compounds
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4.4 Bonding and Coordination of Thiophene to the Mo(100) Surface

UPS and HREELS have been used to study the bonding configuration
of the irreversibly adsorbed thiophene molecule. At this point XPS has.’
shown the existence of a thiophene-like molecule present to high temper-
atures ( »430K ) that decomposes in the range 600-680K. The TDS of

adp-C4DoH2S suggesfs a configuration in which low temperature dehydro- -

genation favours the o-CD bond. The dehydrogenation reaction ét high
temperatures is Clearly via a different route. |

Fig. 4.9 shows the UP spectrum of multilayer thiophene adsorbed on:
the surface. The photoemission features are poorly resolved but maﬁch
well with the expected relative positions of the gas phase peaks (12,
20). The work function of this surface is 3.9V. The lap(w) orbital
ionization potential lies-at 4.1 eV below the Fermi edge of the metal,
or 8.0 eV below the vacuum 1.:vel while the gas phase I.P. of this
orbital is 8.9 eV. We attribute the 0.9 eV difference to relaxation
‘effects in the metal. After heating the crystal to 200K to remove the
multilayer the major features of the thiophene photoemission spectrum
are still present (Fié. 4.10) but with additional shifts in position
due to increased screening by the metal (13). The manifold of the CCa,
CSo, lowest lying =, and non-bonding orbital (6b2,9a1,5b2,1b1,8a1)
photoemission features has been drawn into Fig. 4.10 in the 5.5-9.0 eV
binding energy region of the spectrum. It is clear that ih order to
obtain a good fit with the levels of the multilayer spectrum an increase
: of ~0.9 eV in relaxation energy must be assumed. Similar shifts of
0.4, 1.7, and 0.3 eV are reported for benzene, acetylene and ethylene,

respectively, on comparison of the condensed multilayer spectra with
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Fig. 4.9 He I UP spectrum of condensed thiophene. T = 125K.
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UPS THIOPHENE on Mo(100) 200K
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Fig. 4.10 He I UP spectra of chemisorbed thiophene on the Mo(100)
surface after heating to 200K. a) Orbital energy levels of the condensed
multilayer phase. b) Orbital energy levels shifted to lower binding
energy due to increased screening by the metal after desorbing the
multilayer. c¢) Stabilization of the highest lying n-orbitals resulting
from bonding interactions with the metal.
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those of the chemisorbed monolayer on the Ni(1ll) surface (13). In
addition to the relaxation energy shift, the high lying 2bj and la} =
orbitals undergo a stabilizing shift in the opposite direction of

about -0.9 eV due to bonding overlap with the surface. Such bonding

' points to a configuration in which the thiophene ring is nearly paral-
lel to the surface. The fate of the lby = orbital is unclear. If it is
stabilized by bonding with the surface in the same manner as thevhigh
lying m orbitals it must be shifted under the manifold of the o orbital
photoemission features. Since it is at a lower energy than the highest
lying n orbitals it may be that it does not undergo the same interaction
with the metal and is not stabilized by bonding, as is depicted in Fig.
4.9,

There are two region of the spectrum that deserve further discus-
sion. XPS results have shown that even at 200K there is some dissoci-
ation of thiophene and some sulfur deposited on the metal. This sulfur
is eXpected to give rise to some photoemission featurés at about 6 eV
binding energy and thus the low binding energy shoulder on the manifold
of features about 5.5-9.0 eV must be attributed in hart to this sulfur
species. In the high binding energy reg{on of the spectum it appears
that the 4bp and 7aj orbitals are at higher energy than the above
relaxation energy shift would predict. These orbitals are C-H bonding
in nature. The assumption that all orbitals should see the same screen-
ing. effect from the metal is only a simplifying one and not strictly
correcf. It is possible that the C-H bonds are not in as close prox-
imity to the surface as the CC and CS bonds and thus feel a weaker

relaxation shift from the substrate.
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Fig. 4.11 shows the UP spectra of thiophene on the Mo(100) surface,
after heating to several temperatures. Thfoughout the temperature
vrahge 200-430K the spectra show contributions from the thiophene
épecies described above, m=bonded péra]le]ﬁto the surface..In addition
there is an increasing contribution from the Mo-S specieé at ~6 eV and
and from the Mo-C species at ~4.5 eV. The final spectrum taken after

heating to 700K, exhibits features that are due purely to sulfur and
carbon bound directly to the metal (Fig. 4.12). In addition ﬁhere is a
small photoemission feature in the 200K spectrum at ~10.2 eV binding
energy that is clearly present in both the 300K and 430K spectra.
There are two points to note about this feature. First, it'is in the
C-H orbital energy region of the spectrum but must correspond to a
strongly perturbed C-H bond if it originates from thiophene. A compar-
ison with the UP spectrum of butadiene, propylene, ethylene and H2S
du~ing their decomposition yields no similar feature. Second, it is
'worth noting that this feature is persisfent throﬁghout the temperature
range, suggesting that it arises from sdme fairly stable hydrocarbon
species on the surface, possibly the wn-bonded, irreversibly adsorbed
thiophene.

Fig. 4.13 shows the HREELS spectrum of condensed thiophene on the
Mo(100) surface at T < 100K. Fig. 4.14 shows the corresponding spectra
after heating to 200K and 300K while Table 4.1 lists the peak positioné
~and those of gas phase thiophene (14,23). The feature at 1950 cm~!
that is present in the spectrum taken at 200K does not appear in any
| other spectra and is probably an~artifact due to coadsorbed CO. The
most noticeable features in the low frequency range of the spectra is

the appearance of a mode at 300 cm~! in the 200K spectrum and one
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Fig. 4.11 He I UP spectra taken during the decomposition of
thiophene on the Mo(100) surface.
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Fig. 4.12 He I UP spectra of decomposed thiophene, sulfur, and
carbon on the Mo(100) surface.
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Fig. 4.14 HREEL spectra of thiophene during thermal decomposition
on the Mo(100) surface. (Mult. - condensed multilayer)
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Table 4.1 CgHaS Vibrational Mode Frequencies During Chemisorption

and Decomposition on the Mo(100) Surface

Adsorbate Frequencies

Mode| Mode Mode Gas Phase Mult. Mono.| Decomp.
Sym.| No.| Classification [Frequency* <100K 200K | 300K | 450K
ap | 1| CHstretch (M)| 3126 cm™|| 3120 (S)| 3090
by 12 | CH stretch 3125
ai 2 | CH stretch (S) 3098
by 13 | CH stretch (S)| 3086
2980 | 2990 | 3000 |
b1 14 | ip-ring (VW) 1504
. 1440 | 1450
ai 3 | ip-ring (S) 1409 1420 (S)
' 1380 | 1350 | 1380
al 4 | ip-ring (VW) 1360
b1 15 | CH ip-bend = (S) 1256 1260 (S) 1250 | 1250
: 1190 | 1180 | 1190
by | 16 | CH ip-bend 1085
a1 | 5 | CH ip-bend (S) 1083 1090 (S)| 1090
aj 6 | CH ip-bend (S)| 1036 1040 (S) |
- 1020 | 1010
az 9 | CH op-bend (VW) 903
by 17 | ip-ring (M) 872
b2 19 | CH op-bend 867
. | 870
ay 7 | ip-ring (vs)| 839 840 (VS)| 820 840
by | 18 | ip-ring (W)} 751
bp | 20 | CH op-bend (VS) 712 725 (VS) 710 750
a2 | 10 | CH op-bend 688
aj 8 | ip-ring (W) 608
a 11 | op-ring (VW) 567
Mo-C stretch 530 530
b 21 | op-ring (W) 452 460 (S)
Mo-S stretch 300 300 290
I |

‘Gas phase values taken from reference (23).
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at 540 cm~! in the 300K spectrum. These are the Mo-S and Mo-C
stretching modes respectively and have been assigned from spectra bf
surfaces éovered with adsorbed sulfur and carbon only. In the high
frequency region the C-H stretching mode shifts from 3100 cm~?! down
to 2990 cm~! . Such a "softening" of this mode is indicative of strong
interactions with the surface, possibly due to mbonding of the ring
resulting in a Qeakened C-H bond . Benzene adsorption on the Pt(111)
and Ni(11l1) surfaces is via w-bonding ahd results in a down shift of
the C-H strecthing mode by 60 cm~! (21). At 200K there is still
thiophene on the surface that is reversibly adsorbed and weakly per-
turbed by the metal, having a C-H stretch ‘at 3100 cm=1, The changes
in the spectral region from 700 cm™! to 1500 cm~! (the CH bending and
ring deformation modes) are dramatic but poorly resolved. AthOOK
there are modes still preseht that are only weakly perturbed from the
gas phase thiophene modes. After heating to 300K and 450K there is a
drastic reduction in the out-of-plane CH modes and new loss features
appear at 1180 cm~! and 1020 cm~!. There is very little change in the
peak positions over this temperature range, suggesting a stable species
on the surface that decomposes at higher temperatures.

Fig. 4.15 and Table 4.2 depict the vibrational modes and list the
mode frequencies of dueterated thiophene in gas phase and during adsorption
and decomposition on the Md(lOO) surface (23). These show the same

shifts in CD stretching frequency and appearance of Mo-S and Mo-C

modes as in the case of thigpﬁéﬁé}‘
Fig. 4.16 shows the multilayer spectrum of adp-C4D2H2S with mode
assignments (15). Spectra taken after annealing to 180K and 290K show

the same general trends as in the case of CqH4S (Fig.4.17). Table 4.3
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Fig. 4.15 HREEL spectra of C4D4S during thermal decomposition on the
Mo(100) surface.
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Table 4.2 C4D4S Vibrational Mode Frequencies During Chemisorption

and Decomposition on the Mo(100) Surface

Adsorbate Frequencies

Mode| Mode Mode Gas Phase Mult. | Mono. Decomp .
Sym.| No.| Classification |Frequency* <100K 190K | 300K | 470K
ay 1| cD stretch (M)[ 2343 cm~l|| 2340 (S)| 2330
by | 12 | CD stretch 2340 :
by 13 | CD stretch (S) 2305
aj 2 | CD stretch (M) 2290
2250 | 2220 | 2220
2100
by 14 | ip-ring (M) 1459 1460 (M)
al 3 | ip-ring (S) 1376 1380 (S)| 1400 | 1400 | 1420
ai 4 | ip-ring (W) 1248 1260 (M)| 1250 | 1250 | 1280
: 1140 | 1140
by 15 | CD ip-bend (S) 1034 1030 (S)| 1050 | 1040 | 1060
al 5| CD ip-bend (M) 896
b1 16 | CD ip-bend (S) 846 850 (S)| 840 820 810
ai 6 | CD ip-bend (M) 785
as 9-| CD op-bend 752
b1 17 | ip-ring 752 ‘
ay 7 | ip-ring (VS) 731 730 (vS)| 730
b1 18 | ip-ring (W) 712
bp 19 | CD op-bend (VW) 684
al 8 { ip-ring (VW) 585
ap | 10 | CD op-bend 532
bo 20 | CD op-bend (VS) 531 540 (VS)| 550
Mo-C stretch 530 530
a 11 | op-ring 488
b? 21 | op-ring 414
Mo-S 320 310 280 290
I

Gas phase frequencies taken from reference (23).
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Fig. 4.16 HREEL spectrum of condensed adg—C4DzHZS.
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Fig. 4.17 HREEL spéctra of adp-C4DpH2S during thermal decomposition
~on the Mo(100) surface. ' '
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Table 4.3 odp-C4HpDpS Vibrational Mode Frequencies During Chemisorption
and Decomposition on the Mo(100) Surface

Adsorbate Frequencies

Mode| Mode " Mode |Gas Phase Mult. Mono. Decomp.
Sym.| No.| Classification |Frequency* <100K 180K | 290K | 430K
aj | 2| CHstretch (S)] 3101 em™t|| 3090 (s)| 3090
by 12 | CH stretch (S) 3088
. 3000 | 2990 | 2980
b1 13 | CD stretch 2368 2330 (S)| 2330
al 1 | CD stretch (W) 2336
2200 | 2200 | 2200
bj | 14 | ip-ring (W) 1500 1480 (M)| 1480
1440 1420
a1 3 | ip-ring (S) 1398 1400 (S)| 1370
al 4 | ip-ring (S) 1310 1320 (M) .
‘ 1280 | 1290
by { 15 | CH/CD ip-bend(S) 1215 1220 (S)| 1200 | 1190 | 1180
aj 5 | CH/CD ip-bend(M) 1044 1040 (M)| 1030
by 16 | CH/CD ip-bend(M) 918 | 920 (S)
a) 6 | CH/CD ip-bend(M) 884 :
ay 9 | CH/CD op-bend 881
. 870
bs 19 [CH/CD op-bend(VS) 818 830 (VS) 840 850
, 790
by 17 | ip-ring 772
aj | 7| ip-ring (VS) 754 || 780 (VS)| 760
by | 18 | ip-ring 745
ajy - 8 | ip-ring 616
ap 10 | CH/CD op-bend 600 600 (VS)| 590
bp | 20 |CH/CD op-bend(VS) - 584
Mo-C stretch 540 530
a 11 | op-ring 493
b 21 | op-ring 419 410 (M)
Mo-S stretch 290 310 300 290
l

* Gas phase frequencies taken from reference (15).
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3

lists the frequehcies of the modes of gas phase adp-C4DyH2S and its
adsorbed counterpart before and during decomposition. The Mo-S (300
cm~1) mode and Mo-C (540 cm~!) mode appear at 180K and 290K respect-
ively, and at 180K therevis still some weakly bound thfophene with
modes essentially unperturbed from those in the gas phase. It is inter-
esting to note the shifts in the a-CD vs. B-CH stretching frequencies
upon entering the irreversibly chemisorbed state. The a-CD mode shifts
from 2330 cm~! to 2200 cm™?! (Avyp = 130 cm™!) while the g-CH mode
shifts from 3090 cm~! to 2990 cm~! (avey = 100 em~1). Identical
changes in the force cdnstants would be expected to give relative
shifts of AVCH = ¥2 x 8wp and thus élmuch sma]]ér shift in the o-CD
stretch than in the 8-CH stretch. The larger shift in the o-CD mode
frequency implies that it.is more strongly perturbed than the g-CH
mode, suggesting that this bond is in closer contact with the surface.
One can envision a thiophene molecule w-bonded to the metal with the
ring plane close to para11e1 with the surface but having the sulfur
containing end tilted downwards.

The modes of irreversibly adsorbed CqHgS, odp-C4DpH2S, and C4D4S
at ~300K and ~430K are compared in Fig.s 4.18 and 4.19 respectively.
With the exception of differences in the background intensity, the
spectra of these compounds change little on raising the temperature.
The modes in the region about 1400 em-1 appear in all spectra and
it is possible that they originate from the in-plane ring modes of
the unperturbed thiophene molecule. The ring modes and CH wagging
modes in the region 800-1200 em-l yield complex spectra which,

combined with the lack of resolution, preclude any further assignment.
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Fig. 4.18 HREEL spectra of C4qH4S, adp-CqD2H2S, and C4D4S on the
Mo(100) surface after heating to 300K.
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Fig. 4.19 HREEL spectra of C4qHgS, adp-C4qDpH2S, and C4D4S on the
Mo(100) surface after heating to 430K, M '
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4.5 Thiophene Coadsorption with Sulfur on the Mo(100) Surface

The primary effect of suifur on thiophene adsbrption on the Mo(100)
surface is to reduce tﬁe fraction that is adSorbed irreversibly. Fig.

' 4.20 shows the desorption spectra of thiophene from the sulfided surface
over a range of coverages. The sulfiding of the surface increases the
fraction desorbing at low temperatures from the condensed multilayer
phase. Fig. 4.21 shows the Hp TDS spectrum from surfaces with varying
initial sulfur coverage and a uniform exposure fo 1L of thiophene. The
amount of Hp desorption drops monotonically with sulfur coverage to zero
at coverages of 65 = 0.70. This decrease in Hp desorption is accomp-
anied by 5 simuftaneous drop in the amount of sulfur deposited on the
sdrface during decomposition. It appears that/the decomposition process
may be similar to the dissociative adsorption of Sgldiscussed in

Chapter 3 which requires at least two next-nearest neighbour fourfo]d
hollows.

The decomposition of thiophene on the half monolayer c(2x2) sulfur
structure has.- been followed by UPS and the spectra are shown in Fig.
4,22, The contribution due to pre-adsorbed sulfur is shaded in the
spectrum taken at 175K. The molecular orbital features still appear to
have contributions from the n-drbita]s at 4.5 eV and the g-orbitals
in the 6.0-9 eV energy range. These disappear in the temperature range
250K-375K as decomposition occurs and are accompanied by an increase in
the photoemission signal in at 4.5 eV due to the formation of a surface
carbon deposit. It is interesting to note that, although the bonding to .
the sulfided surface does not appear to be significantly different from

that on the clean surface, there is no photoemission at 10.2 eV binding
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Fig. 4.20 Thermal desorption spectra of thiophene (1L) from the sulfided
Mo (100) surface.
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Fig. 4.21 Desorption spectra of Ho besu1ting from thiophene
decompositi on on the sulfided Mo(100) surface.
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Fig. 4.22 He I UP spectra of thiophene on the sulfided Mo(100) surface
with 8 = 0.5 c¢(2x2), during desorption and decomposition.
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energy. This_feéture that is characteristic of the surface adsorbate

complex on the clean surface is absent on the sulfided surface.

4.6 Discussion

The chemistry of thiophene adsorbedvon the Mo(100) surface is
clearly very complex, but it has been possible to make some progress in
understanding this system. ‘At the simplest level the low temperature
adsorption of thiophene on the clean surface can be divided into two
catagoriés. One fraction is reversibly adsorbed and will desorb at |
femperatures_<290K‘while the remainder enters an irreQersib]y bound
state from which it proceeds to decompose as the temperature is
increased. The HREEL and XP spectra at 200K show that both species
can co-exist on the surface and that even at these low temperatures
some decompésition of the irreversibly bound thiophene has begun.

The reversibly adsorbed thiophene closely resembles molecular, gas
phase thiophene in that it exists on the surface in a condensed phase at
Tow temperatures and has vibrational and UP spectra almost identical to -
those of its gas phase counterpart. Heating to 200K results in the
desorption of the bulk -of this multilayer phase. At this point some
thiophené has entered the irreversibly bound state whi]e some still
remains reversibly ;dsorbed. The interaction of this latter portion
with the surface is fairly weak . Desorption occurs in the temperature' '
range 290K - 23QK, shifting downward with increasing coverage, indicat-
ing a heat of adsorption shifting from 16 kcal/mole to 13 kcal/mole at
the higher'coverages. The decrease is attributed to adsorbate-adsorbate

repulsive interactions.
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Decomposition of the irreversibly bound thiophene fragment occurs

throughout the temperature range 170K - 650K depositing sulfur and

. carbon on the metal surface and resulting in the desorption of Hp into

the vacuum. Some of the irreversibly bound thiophene remains intact on
the surface with the sulfur atom bound in the organic ring up to temper-
atures >430K (XPS Fig. 4.7). The ring is mw-bonded to the surface with
an estimated stabilization of the lay and 2bj orbitals of 0.9 eV (UPS,
Fig. 4.10). Vibrational spectra show an éxpected softening of the CH
stretching modes (HREELS, Fig.'4.17) and, in particular, a greater
weakehing of the a-CH bond than of the g-CH bond. This suggests a
configuration in which the ring is close to parallel to the surface but
with the sulfur containing end closer to the surface than the hydro-
carbon chain, as depicted in Fig. 4.23. As is jmp]ied'in this figure
the ring may no longer be perfectly planar. The decomposition of
adp=-C4DoH2S in this form leads to the desorption of D at lower temper-
atures than Hp (Fig.s 4.4,4.5,4.6) again supporting the existence of a
species in which the a-CH bond is in closer proximity to the surface
~ than the g-CH bond. At low thiophene covefages, however, both Hp and D
desorb simultaneously. In this case the process is rate limited by the
desorption of hydrogen and thus selective bond breaking would not be
observable in a desorption spectrum.

An alternative bonding scheme is one in which the thiophene mole-
cule is 2,5 di-o-bonded to the metal through the carbon atoms in the «
positions with a double bond between the carbon atoms in the 3 & 4
positions. Such a configuration would account for the shift in CH
stretching frequencies from those of an aromatic species (3100 cm‘l)

towards those of an aliphatic hydrocarbon (2990 cm‘l).'The S 2P XP
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THIOPHENE ADSORPTION STRUCTURE
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Fig. 4.23 Schematic depiction of a possible adsorption geometry of
thiophene on a metal surface. The sketch shows the possible deviation
from planarity.
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spectra, however, suggest that the sulfur atom remains in an aromatié
environment, similar to that in thiophene, up to temperatures >430K.
The o-bonded adsorbate might be expected to have its sulfur atom in an
environment similar to thaf of tetrahydrothiophene in which the S 2P
binding energy is 162.7 eV, 1.6 eV less than that observed for adsorbed
thiophene. Furthermore, the UP spectra indicate that the thiophene
m-orbital system remains intact on adsorption. Table 4.4 lists the CH
stretching vibrational frequencies of a‘number of systems related to
the thiophene adsorption complex. In the case of benzene adsorption on
the Pt(111) surface, bonding is through the m-orbitals, parallel to the
surface and results in a downshifting of the CH stretching frequency

by 60\cm‘1.(21). The n—bondiné of thiophene to Cr in»the (C4HgS)Cr(CO) 4
complex results in only very minor shifts in the CH stretching frequen-
cies (25). There is however some decrease in the frequencies of the
in-plane CH nending and ring modes accompanied by an increase of the
out-of-plane CH wagging mode frequenices. Related systems in which
carbon atoms are o-bonded are the case of 2,5 dihydrothiophene and
cyclopentene adsorption on the Pt(111) surface. 2,5 dihydrothiophene
resembles a thiophene molecule di-o~bonded to a metal surface, having
aliphatic CH bonds in the a poéitions and olefinic CH bonds in the g
positions. The splitting in these CH vibrational mode frequencies,
however, {s 150 cm~1 which should be easily resolved in the HREELS
-spectrum if this type of species were to exist on the surface (26). |
Finally, the adsorption of cyclopentene on the Pt(111) surface has

been shown to produce a species that is o-bonded to the surface (24).
In this case a very low frequency CH stretch was observed at 2695 -

2750 cm-1l, It is not clear that this arises from the CH bonds adjacent
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Tab1e'4;4 CH Stretching Frequencies of Various Gas Phase Species

and their Chemisorbed Counterparts

Molecule andl
Surface

Thiophene
on Mo(100)

Benzene
on Pt(111)

HZ-CCSHg
on Pt(111)

(C4HaS)Cr(CO)3

2,5,dihydro-
thiophene

Frequencies (cm™

Gas Phase
1

3126 (23)
3125 -
3098
3086

3068
3062

3066 (olfenic)

2958- 2852 (CHp)

3116 (25)
3116
3090
3080

3065 (olefinic)
2866-2936 (CH»)

Adsorbed Phase
Frequencies (cm'l)

2990

3000 (21)

2970 (24)
2890
2695-2750

(26)
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to the Pt-C bond, however, if this is the case such a low frequency
mode would be expected.if thiophene were 2,5 di-o-bonded to the surface.
| In conc]hsion, it séems that while thiophene adsorbed on the Mo(100)
surface is more strongly perturbed than thiophene w-bonded in the
(Cq4Hg4S)Cr(CO)3 complex it is not perturbed to the point of being o-
bonded to the metal through its carbon atoms.

The exact sequence of steps involved in the decomposition is not
c]ear. Examination of the C4H4S and odp-C4D2H2S HREEL spectra taken
after heating to 200K show the Mo-S mode at 300 cm~! but no Mo-C mode
at 540 cm-! . It seems from this and the XPS study (Fig. 4.7) that some
some sulfur has been extracted from the ring at this temperature but
that there is no simultaneous decomposition of the remaining hydro-
carbon chain, If the remaining hydrocarbon is at all similar to the Pt
metallocycle it must be a minority species on the éurface° The HREEL
spectra of the Mo surface during thiophene decomposition bears no
resemblance to that of the Pt(111) surface (4).

. At high tempefatures (>400K) a second decomposition pathway exists
that is only present for initially high thiophene coverages. This
process leads initially to Hp desorption followed by Dy, the reverse
of the low temperature process. It has been noted that the initial
presence of carbon on the surface leads to an enhancement in the Hp
yield from the high temperature decomposition pathway (6). It is likely
that for high thiopﬁene coverages the deposition of carbon onto the
surface during the low temperature decomposition at some point blocks
further decomposition leading to this high temperature pathway.

Even under UHV conditions, molecular thiophene is stable on the

surface to temperatures as high as 600K which is within the range of
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tembefatureé in which HDS reactions have been performed. Although under
UHV conditions this adsorbed species will decompose it is possible that
in the presence of adsorbed hydrogen this is the precursor td desu]fur-
ization leading to the HDS products. The high lying molecular orbitals

- of thiophene are depicted in Fig. 4.24 (12,16,20). In general, organo-

_ meta]]ic‘complexes containing thiophene are wn-bonded systems in which
the ligand is weakly electron donating. In this case we have observed
m-bonding accompanied by a sma]]rlowering of the work function also
implying electron donation to the metal. A stabilization of the thio-
phene = orbitals through bonding interaction with the surface would
result in a weakening of the CS bonds, especially in the case of the
by~ orbital that is strongly CS bonding. Similarly, any back-donation:g
into the unoccupied 3byn orbital will weaken the CS bond as it is [
CS anti-bonding. If such weakening of the CS bonds is sufficiently

great, and hydrogen is present on the surface hydrogenation of the CS

bonds can occur.
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Fig. 4.24 The highest lying molecular orbitals of thiophene.
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Chapter 5. HDS of Thiophene over Mo Single Crystal Surfaces

5.1 Introduction

The many studies of hydrodesulfurization catalysis can, for the
mosf part, be divided into two catagories. Those aimed at characteriz-
»ing'the nature of the cata]ySt have been reviewed in Chapter 1. The
second category consists of those aimed at studying the reaction
mechanism either through variation of reaction ﬁonditions to measure
kinetic parameters or the variation of the reactants. The work
presented here has used metal single crystal surfaces, primarily the
Mo{(100) surfaﬁe, as catalysts for the HDS of thiophene at high pres-
sures'(l atm.). Variation of both surface structure/composition and
kinetic parameters has been used to determine the nature of the active
catalyst and the reaction mechanism.

_The kinetic studies of HDS over Md catalysts have been recently
reviewed by Vrinat (1). For the most-part these have been performed
over high surface area, Co promoted catalysts supported on y-Al1203.
Variation of the reactant pressures has yielded rates that can be fit-
ted to Langmuir-Hinshelwood type rate expressions while the temperature
dependence of the rates is used to determine the Arrhenius parameters.
This general‘approach to the study of these reactions has not as yet
yielded any consensus as can be'seen from Vrinat's Eeview which tabuT-
ates seven different rate expressions that have been successfully
fitted to experimental data. The reported Arrhenius activation energies .
range froh 3.7 - 26 kcal/mole. The exact source of the discrgpancies is
uncertain but it is clear that when working with such poorly character-

ized and complex catalysts, minor differences in preparative proceed-



-162-

ures can result in different catalytic behaviour. Furthermore, the
extreme complexity of such catalysts makes interpretation of results
very difficult due to the fact that many reacfions can take place on a
variety of active sites within the catalyst. The fact that HpS inhibi;s
desulfurization activity but not hydrogenation activity, for instance,
has been used to suggest that these two réactions occur on two distinct
catalytic sites (2,3). Changes in product distribution with the addi-
tion of a support material also suggest that this further comb]icates
the situation either through reactions occurring on the support or by
modifying the nature of the catalytically active sites (4).

Although it has been noted.that a large number of rate expressions
have been proposed for thiophene HDS there is a general form that
appears most frequently or is at least a limiting case of some more
complex expressions.

- kKTPTKHPH
T = (1 + K{Pp + KgPg) 2

Here k is the rate constant, K; are equilibrium constants, P; are pres-
sure values and the subséripts T,H,S refer to thiophene, hydrogen and
H2S respectively. This expression implies first order adsorption of
both thiophene and hydrogen and adsorption inhibition by both thiophene
and HpS. The product distribution over supported catalysts consists
primarily of the three isomers of butene with some fraction of butane
and in some cases butadiene. A generalized reaction pathway has been
proposed that leads to these products and is depicted in Fig. 5.1 |
(1,5). The fact that small amounts of butadiene have been observed

over some catalysts while no tetrahydrothiophene has been produced has
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Fig. 5.1 Possible reaction pathways for thiophene HDS.
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lead to the conclusion that butadiene is an intermediate in the reac-.
tion and that hydrogenation of C-S bonds occurs prior to hydrogenation
of C-C bonds (3). In addition it has been shown that the HDS of tetra-
hydrqfﬁfaphene yields a different product distribution from that pf
thioﬁﬁéhe (6). Nevertheless this is still a point of contention.

The work described in this chapter has been performed over Mo
single crystals that have been well characterized both in terms of
composition and structure. The first experiments were aimed at determin-
ing whether or not it is possible to catalyze the HDS of thiophene over
a metal surface and what similarities this rgaction may have to that
performed over an industrial catalyst. Following this a number of
kinetic experiments were performed over the Mo(100) surfate.to measure
the effects of vafiations in various reaction parameters. No detailed
fitting of rate expressions has been performed although a model is
proposed that is consistent with the obserQed kinetic parameters. It
should be noted that this reaction is very complicated, ihvo]ving the
scission of two C-S bonds, the dissociation of Hz and the formation
of two S-H bonds and between two and six C-H bonds. The proposal of a
detailed mechanism and the fitting of rates to 6btain kinetic constants
"~ based purely on kinetic observations would be extremely difficult and
of questionable value. It is also worth noting that the kinetic studies
performed to date over supported catalysts have all, to my knowledge,
focussed on the overall reaction rate, as measured by the disappearance
of thiophene or the appearance of C4 hydrocarbon products. In this
study it has been very useful to examine the kinetics of formation of
each of the products individually, as not all are identical. Finally,
the effects of surface modification have been studied by varying both

"~ sulfur coverage and surface structure.
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5.2 The Nature of the HDS Reaction

Fig. 5.2 shows the evolution of HDS products into the closed Toop
batch reactof as a function of time durinQ a reaction in which the feed
was 2.5 torr of thiophene and 1.0 atm of Hp andvthe crysta].témperature
was held at 380°C. In this case the crystal was initial]y'pigan. The
product yields are plotted as turnover numbers ( TN, product molecules
per surface atom) and the fact that these are in excess of 1 indicates
that the reaction is indeed catalytic. Under these conditions the
thermodynamic yield is expected to be almost purely butane, indicating
that the reaction is kinetically limited. It is clear that while a
steady state catalytic reaction takes place over the first one to two
hours there is some modification. of the surface resulting in a decrease
in the rate of butadiene production after this period. Since this
deactivation takes place and is not well understood at this point most
reactions have been limited in length to ~90 min. and all reported
rates are initial rates of reaction measured over the first hour. Total
rates of reaction are calculated by summing the appearance rate of all
C4 hydrocarbon products. Since the total conversion of thiophene was
always very low (<5%) it was difficult to accurately measure rates of
thiophene disappearance. No induction period was observed although the
proceedures used wou]d.not have been sensitive to an induction period
of less than ~5min.

The reaction_product§ are primarily butenes with some butane and
butadiene. This product distribution is compared in Fig. 5.3 with that
observed over a powdered, unsupported MoS; catalyst under.simi1ar

conditions (6,7). The two are almost identical, suggesting that the HDS
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Fig. 5.2 The appearance of thiophene HDS products in reactor with
time. T = 380°C, P(Hp) = 780 torr, P(Th) = 2.5 torr
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Fig. 5.3 Comparison of the product distibutions from thiophene HDS
over the clean Mo(100) surface and powdered MoSj.
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of thiophene over a Mo(100) single crystal proceeds by a mechanism
similar to that over the MoSy catalyst. A comparison of the absolute
reaction rates shows that the single crystal isAmuch more active than
the MoS2 powder. The single crystal gives a turnover frequency of
3.2x1072 molecules/site/sec or 5.3x1077 moles/m?/sec while the MoS,
catalyst, with a BET surface area of 67 m2/gm, had an activity of
2.3x10"? moles/m2/sec. This in itself is not particularly alarming
since it is not clear that the BET measurement is sensitive only to the
active surface and the MoSy powder probably has a large fraction of
inactive surface area composed of the sulfided basal p]anés of MoS»,
crystallites. Furthermore, several studies have shown that there is
very little correlation between the BET surfacé area 5nd HDS activity
for a number of sulfided Mo cata]ysts.(B). A comparison of activity per
unit weight of metal shows a similar discrepancy with the single
crystal having an activity of 3.4x10-% moles/gm/sec as compared with
2.5x10-7 moles/gm/sec for the high surface area catalyst. Apparently
only a small fraction of fhe metal atoms in the MoSp are active. Again
this is not surprising since a 1arge'ffaction of Mo atoms are probably
not exposed to the reactant mixture.

The long term deactivation of the Mo(100) single crystal catalyst
has not been studied in great depth but can be associated with the
formation of a.MoS2 overlayer oﬁ the surface. Fig. 5.4 shows the
typical AES spectrum of the surface after a long reaction time indicat-
ing an extremely high sulfur coverage, some carbon, and a small amount
of oxygen contamination. The oxygen contamination appeared primarily
gfter exposing the crystal to atmosphere and would disappear after

several reactions. It has not been possible to characterize the nature
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Fig. 5.4 Auger spectrum of the Mo(100) surface after a thiophene
HDS reaction. This spectrum is typical of a surface that has become
deactivated.
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of the sulfur in tﬁe sense that it is not known whether the sulfur is.
present in the form of organic sulfur or bound to the metal surface.
Studies using XPS would help answer this point but were not available
on the chamber used for these rgacfion studies. Heating of the sample
resulted in the evolution of enormous amounts of hydrogen, probably
from the Ta support rods that are known to absorb large amounts of
hydrogen. The S1g0:Mo221 AES ratio in Fig. 5.4 approaches the value of
~12:1 observed for a MoS, single crystal (9). In general no LEED pat-
tern can be observed froh the surface unless the duration of the reac-
tion is fairly short, in which case the sulfur coverage was less than a
monolayer and the square lattice due to diffraction frdm the substrate
can be observed. Annea]iing of a heavily sulfided surface to 800-1100K
will produce the LEED pattérn shown in Fig. 5.5 with no significant
change in the AES spectrum. The LEED pattern in Fig. 5.5a has diffrac-
tion spots forming a square lattice, again produced by the substrate,
and a circle of diffraction intensity with twelve maxima about its
perimeter. These are due to diffraction from two domains of a hexagonal
overlayer rotated at 30° with respect to each other. The features in
Fig. 5.5b are_Z"d and 3"d order diffraction features from this over-
layer. The lattice spacing of this hexagonal overlayer is 3.11A#0.054

which is almost identical to that of MoS» (3.15 A) (10). This sulfide

sulfide strutture has been grown on both the Mo(100) and Mo(11l1)
surfaces by exposures to H»S ( ~1 torr)‘at high temperatures (>500°C)
and has been determined to be the basal plane of MoS2. This assessment
has been made based upon the above observations and the comparison of
electron energy 1oss.(ELS) and LEED I/V measurements with those made

on bulk MoS2(11,12,13). The fact that the overlayer diffraction
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Fig. 5.5 LEED pattern of M052 overlayer on the Mo(100) surface’
produced by annealing of the deactivated, heavily sulfided surface
to ~800°C. A) First order diffraction features. B) First, second

and third order diffraction features.
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features aré streaked to form'conceﬁtricvrihgs 1ndiéété§ poor rofa-
tional order. The two preferred orientations of the overlayers are
shown in Fig. 5.6. On occasion this structure has been observed immed-
jately following an HDS reaction without‘the need for annealing. This
suggests that the surface after most reactions is composed of an MoS»2
overlayer having a high Sj59:Mog2p; AES rafio but not sufficiently well
ordered to produce a LEED pattern, and that the effect of annealing

" is merely to induce long range ordering. The fact that these surfaces
are composed primarily of the basal plane of MoS» exp]éins the decrease
in catalytic activity.

In an effort to determfne the route thaﬁ thiophene HDS takes ;
through the propdsed pathway (1,5) illustrated in Fig. 5.1, the HDS of
tetfahydrothiophene (C4HgS) and the hydrogenation of butadiene have
been stuqied over the sulfided single crystal surface. The product
distribution of the HDS of tetrahydrothiophene over an initially cleén_
Mo(100) surface is shown in Fig. 5.7. The total reaction rate was 0.49.
molecules/site/sec, almost five times that of thiophene HDS. In additign
to HDS a simple dehydrogenation reaction produces thiophene at a rate
of 0.02 molecules/site/sec. The most striking feature of the distribu-
tioh is the very large fraction of propylene produced, not apparent in
fhe thiophene HDS product distribution. In all cases of thiophene HDS
the rate of hydrogenolysis of C-C bonds was less than 5% of the total
reaction rate. Clearly, tetrahydrothiophene is not a likely intermed-
iate in the thiophene HDS reaction.

The tetrahydrothiophene HDS reaction is extremely interesting in
its own right, although it has not received a great deal of attention

in this study. The production of propylene implies breaking of C-C
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Fig. 5.6 Preferred orientations of the MoSy overlayer of the

" Mo(100) surface.
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Fig. 5.7 Product distribution of the HDS of tetrahydrothiophene

. over the clean Mo(100) surface.
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bonds but is not accompanied by the simultaneous production of methane.
At this point in time no products other than C3 and C4 hydrocarbons
have been detected. Auger analysis of the surface after tﬁe reaction
shoWS no anomalous buildup of carbon to account for the non-stoichio-
metric reaction, nor is there any apparent contamination of the bulk

of the crystal with dissolved carbon. The flame jonization detector
used in this work is sensitive only to cérbon atoms in a reduéed form
and so, such possible carbon containing products as CS2 would not be
detectable. The fate of the remaining carbon atom is still under
investigation.

One study of the HDS of tetrahydrothiophene over a powdered MoSj;
catalyst reports the production of C3 hydrocarbons, although in this
case the product was allene (C3Hg) (18). The discrepancy here may lie
in the fact that thé hydrogep pressure used was 10 torr vs. the 780
torr used in the present study suggesting that in our case a]]ane_is.
an intermediate that is hydrogenated to propylene. Again, no products
containing only one carbon atom were detected and the remaining atom
was assumed to be 1eft‘adsorbed on the catalyst. Propylene has been
observed as a product of the hydrodeoxygenation (HDO) of furan (14)
and once again the fourth carbon atom from the ring was assumed to be
remaining on the catalyst. Our investigation over Mo foils showed
that during the HDO of both furan.and tetrahydrofuran the production
of propylene'was accompanied by the appearance of CO (15).

Finally, the hydrogenation of butadiene has been studied over a
Sulfided‘Mo(IOO) surface. Fig. 5.8 shows the evolution of products into
the reactor during the course of this reaction. It is clear that the

hydrogenation of terminal double bonds occurs more readily than does
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Fig. 5.8 The disappearance of butadiene and appearance of butenes
and butane in the ractor during the hydrogenation of butadiene
over a sulfided Mo(100) surface.



- -178-

that of the central double bond. Comparison of the initial yields of
butenes and butane with those produced by thiophene HDS shows a strong
similarity (Fig. 5.9). It seems that butadiene is a likely intermediate
during thiophene HDS while tetrahydrothiophene is nof, i.e. that the
hydrogenation reaction are much slower than the hydrogenolysis of C-S

bonds.

5.3 Kinetics of Thiophene HDS

This section presents the results of a number of kinetic measure-
ments of thiophene HDS made over the clean Mo(100) surface. DeScription
of a model consistent with both these and other results will be
reserved for the discussion section of this chapter. An Arrheniu§ plot
of the appearance rates of each of the products is shown in Fig. 5.10.
The rate of butadiene production is the only curve that shows Arrhenius
type temperature dependence with an activation energy of 14.4 +2
kcal/mole. The Arrhenius plots for the butenes have a negative curv-
ature, all having similar temperature dependences. The rate of butane
production has strongly non-Arrhenius type temperature depehdence show-
ing a decrease in rate with increasingvtémperature and a maximum at
about 600K, A comparison of the reaction rates in a Dp atmosphere shows
no significant change in the reaction rates except at the highest
temperature (693K). The isotope effect that might be expected for a
| reaction whose rate limiting step is hydrogenatioh is not apparént. An
Arrhenius plot of the reaction rates in Dy (Fig. 5.11) shows the same
general behaviour as that for the reaction in Hz. The activation

energy for butadiene production is measured as 12.6 * 2 kcal/mole.
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Fig. 5.9 The initial product distribution of the butadiene
hydrogenation reaction over the sulfided Mo(100) surface.
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Fig. 5.10 Arrhenius plot of the rates of product appearance during
thiophene HDS over the clean Mo(100) surface. P(Hp) = 780 torr,
P(Th) = 2.5 torr.
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Fig. 5.11 Arrhenius plot of the rates of product appearance during
thiophene HDS in deuterium over the clean Mo(100) surface. P(D2)
= 780 torr, P(Th) = 2.5 torr. ‘
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Since the butenes are the primary product the total rate of reaction
follows their temperature dependence and shows the same non-Arrhenius
type behaviour.

'Figs. 5.12 and 5.13 are order plots illustrating the dependence of
the reaction rates for butadiene, the butenes and butane on both hydro-
gen and thiophene pressures. The dependence among the three butene
isomers shows very jittle variation. The rate dependence on hydrogen
pressure is roughly 0, 1/2, and 1 for butadiene, the butenes, and butane
respectively with the measured values listed on the figure. The rate of
butadiene production has a first order dependence in thiophene pressure
while the hydrogehated products show only very weak dependence. Again,-

exact values are listed on the figure.

5.4 The Effect of Surface Composition and Structure on Thiophene ''DS

The reactions described to this point have all been performed over
the initially clean Mo(100) surface, and will be discussed in the
following section in terms of a reaction pathway or mechanism yielding
some ihsight into the nature of the reaction intermediates that ares:.
present. As yet, though, little information has been obtained about the'
nature of the catalyst surface composition and struéture other than the
fact that a large amount of sulfur is preéent in some form and that
after long reaction times the surface is converted to MoS2. It is clear
though that for periods of 1-2 hrs. some catalytic surface exists in
steady state, desulfurizing thiophene. The following work attempts to
determine the role of sulfur and the effect of surface structure on

reaction rates by varying each.
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Fig. 5.12 Hydrogen pressure dependence of the product rates of
appearance during thiophene HDS over the clean Mo(100) surface.
P(Th) = 2.5 torr, T = 340 °C.
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Fig. 5.13 Thiophene pressure dependenﬁe of the product rates of
appearance during thiophene HDS over the clean Mo(100) surface.
P(Hp) = 780 torr, T = 340 °C.
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Fig. 5.14 shows the tota1 reaction rate vs. initial su]fﬁr cover-
age. In the 1ow coverage regime there is a decrease in activity with
coverage that continues up to coverages of ~0.6 monolayers, while at
higher coverages there is 1ittle further variation in the rate. The
curve is merely as a visual aid and is not a fit of any function to the
data. At low coverages one might expect a linear dependence on the
coverage based on the fact that the sulfur overlayer forms islands of
c(2x2) structure and thus the rate should be some linear combination of
the rate over a clean surface and that-over the sulfur layer. At higher
éoverages it is not clear what is to be expected since the sulfur atom
becomes more weakly bound to the metal énd beg{ns to populate a second
binding site (16).

Fig. 5.15 shows the dependence of the production rates of buta-
diene, the butenes, and butane individually on the initial sulfur
coverage, with each normalized to its rate on the clean surface. The
rates of production of the three isomers of butene all have a similar

- dependence 6n the sulfur coverage. These and the rate of butane
.production closely mimic the behaviour of the total reaction rate with
initial sulfur coverage. Tﬁe striking point is that the rate of buta-

diene production is independent of sQ]fur coverage. This and the
kinetic data suggest that the desulfurization and hydrogenation steps
are quite distinct.

The histogram in Fig. 5.16 compares the rates of thiophene HDS
over four clean, single crystal Mo surface of different structure.
These have all been normalized to assume 101!3 atoms per cm2, which is
the surface atomic density of the Mo(100) face, and thus aré propor-

tional to the activity per unit area. Schematics of the low Miller



-186-

THIOPHENE HDS on Mo(100) vs. Og
RATE RELATIVE to CLEAN SURFACE
T=340°C Py,=780t Pp=25t

v v -v

10 ' j

0.8¢ ™~

06 i hAT 4
TF(0)

v

0.4

0.2f

0 2 A 5 .6 .8 10
S
XBL 848-3440
Fig. 5.14 Rate of thiophene HDS vs. initial sulfur coverage of the

Mo(100) surface. Rates are given relative.to those on the clean
surface. P(Hp) = 780 torr, P(Th) = 2.5 torr, T = 340°C.
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Fig. 5.15 Product rates of appearance vs. initial sulfur coverage
of the Mo(100) surface. Rates are given relative to those on the
clean surface. P(Hp) = 780 torr, P(Th) = 2.5 torr, T = 340°C.
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Fig. 5.16 Comparison of the rates of thiophene HDS over the
Mo(100), Mo(110), Mo(111) and Mo(910) surfaces. P(Hp) = 780 torr,
P(Th) = 2.5 torr, T = 340°C.
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index faces are included in the figure and the Mo(910) face is depicted
in Fig. 5.17. There are no dramatic variations in activity from one
face to the next, indicating a structure insensitive reaction. Nor are

there any significant variations in product distributions.

5.5 Discussion

The second section of this chapter has éhown that the catalytic
hydrodesulfurization of thiophene in hydrogen can be carried out over
the Mo(100) surface and that this reaction closely mimics that
performed over a bowdered MoS2 cata]yst,'at least with respect to the
product distribution. The reaction over the initially clean surface
proceeds with a turnover frequency of 0.11 * .03 at a temperature of
340°C and reactant pressures of 2.5 torr-thiophene and 780 torr hydro;
gen. The activity of the catalyst is constant over a period of about
one hour after which a deactivation procegs begins to become apparent
that has been associated with the formation of an MoS» overlayer.
Comparison of the product distribution with those of tetrahydrothio-
phene HDS and butadiene hydrogenation suggest that that reaction
proceeds via initial desulfurization yiélding butadiene that is sub-
| sequentTy hydrogenated to the butene and butane products.

The kinetic parameters of the reaction over the clean Mo(100)
surface suggest a fairly complex reaction scheme. The first point.of
interest is the dependence of fhe rgaction rates on the crystal temper-.
ature. The.non-Arrhehius temperature dependence of the butenes and
butane products, and in.particular.the maximum in tﬁe rate of butane

production suggest a depletion of the surface in.one of the reactant
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Mo (910)

I1lustration of the Mo(910) surface.

Fig. 5.17
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species with increasing temperature. Such an effect océurs'because the
observed rate constant in a surface reaction‘can often be composed of
both true rate constants and adsorption equilibrium constants (17).
“Considering the simple case of a unimolecular reaction in which a gas
phase molecule (Ag) is in equilibrium with its adsorbed counterpart

(A;), and Ay + B, with B, desorbing immediately.
a a a a

Ag = Ay Ky = A exp(aHa/RT)
By * Bg kg  (kg>>kp)

The surface coverage of A; will be given by

o = " APA

and thus the reaction rate by

ry = KeKaPa

The Arrhenius plot gives an apparent activation energy of

dn(r) . E, - oy +_AKaPA |

d (-1/RT . 1 + KaPp
At low temperatures 6y will be ~1 and fairly independent of temperature
and the slope of the plot wi]1 give the correct activation energy of
Ea. At high temperatures KaPp will become very small and the apparent

activation energy will be E; - aHp which can be negative if AHp > E,.

In the present case the depletion of the surface in hydrogen
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coverage can explain the observed Arrhenius plots. Since the production

of butadiene is independent of hydrogen pressure it is expected that, -

if this is the case, its rate of appearance will obey Arrhenius type

kinetics. The fact that the butenes all have approximately half order

dependence in hyrogen pressure means that they shoﬁ]d have similar

temperature dependences, having rate expressions of the form
/22

rl = = kl f(T)
T+ kL7212

with k depending upon the butene isomer and f(T) being the hydrogen
adsorption isotherm at a given préssure. The butane production rate,
being first order in hydrogen pressure, is'expected to have a stronger
dependence on hydrogen ﬁoverage and should have a rate expression given
by

1/251/212

ry - ka(Ky/ ZH{ ) - - ky F2(T) .
T 2
(1 + k}/2pk/2)

If this analysis is correct and sufficient to explain the non-Arrhenius

bekaviour of the rates the the ratio r%/rz should have the form

Since ky and k, are simple rate constants the plot 1n(r%/r2) vs. 1/T
should be linear. This plot is shown in Fig; 5.18 and, in fact, is
linear through all but the highest temperatures, having a slope giving
2E1-Ep=21 kcal/mole, where E} and Ep are the activation energies for

- the butene and butane production rate constants respectively. The.
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Fig. 5.18 Plot of (r%/rz) vs. 1/T. ry is the rate of butene
production and rp the rate of butane production during thiophene
HDS. P(Hp) = 780 torr, P(Th) = 2.5 torr.
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hydrogen pressure dependence of the reaction rates was measured at
613K (1/T = 1.63 x 10~3 K=1), The fractional order of the butene prod-
ction suggests_that the hydrogen coverage at this temperature is in
the low coveragé*regime of the equilibrium adsorption isotherm and
that the adsorbfion is indeed dissociative.

In examining the kinetics of the HDS reaction the first product of
interest is butadiene. Its rate of appearance is independent of hydro-
gen coverage in spite of the fact that its formation requires the
creation of at least two C-H bonds. The fact that the rates of butene
and butane production depend on hydrogen pressure, and the arguments
made above, rule out the 1ike1yh06d of a hydrogen saturated surface. It
would only be possible to argue along these lines by ihvoking the
existence of two hyrogen adsorption sites, one saturated in hydrogen
that is responsible for desulfurization, leading to butadiene, and é
second that is podr in hydrogen and produces the hydrogenated products.
The other possible reason for a zero-order hydrogen pressure dependence
is that the surface is saturated in butadiene and that the reaction is
rate limited by its desorption. This can be eliminated based upon the
fact that the rate of butadiene production has a first érder dependence
on the thiophene pressure. |

The butadiene kinetics can be explained by a reaction mechanism in
which the rate limiting step occurs prior to hydrogenation and the

subsequent hydrogenation and butadiene. desorption steps are fast.

k k k k k k
Th N T ﬁz'Tl ﬁB T2 ﬁ44T3 ﬁS Butadienea 56 Butadiene

9 a g

Here Thg represents gas phase thiophene, T; a species resulting from
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thiophene adsorption that has not been hydrogenated by surface hydrogen,
and Ty, T2 and T3 are'partially hydrogenated intermediates in the
reaction pathway leading from T, to adsorbed butadiene. The rate
limiting step could be adsorption of thiophene or some undetermined
step leading to the species T3 that is then hydrbgenated to butadiene.
The point at which sulfur is extracted from the ring and desorbs as

H2S cannot be determined. If thiophene adsorption is thé rate limiting
step it is difficult to understand the origin of the 14 kca]/ho]e
activation energy since this represents an unusually high barrier for

a molecular adsorption process . A possible rate limiting step might
be the breaking of C-S bonds to form a metal-sulfur species and some
hydrocarbon fragment, both of which can be hydrogenated. This mechanism
will be ruled out in Chapter 6 by some independent measurhents of the
rates of hydrogenation of the Mo-S bond. A final alternative, that

has been proposed in the literature, is an intra-molecular desulfuriz-
ation reaction leading to H2S and a diacetylene-like species that

must be hydrogenated at four points to yield butadiene (6,19). At this
poiqt the exact nature of the rate limiting step cannot be defined in‘
any more detail than to reiterate that it occurs prior to any of the
hydrogenation steps.

The rates of appearance of the hydrogenated products are dependent
upon hydrogen pressure and almost independent of thiophene pressure.
These kinetics suggest an intermediate in the hydrogenation pathway
that is safurating‘fts available adsorption sites. If such a species
were present in equilibrium with butadiene, or any of the precursors

to butadiene, the equilibrium expression for its coverage would be
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K78 <6(1-6gy) = egy(l-ey)

where 6p 1S{fhe coverage of butadiene or the precursor to butadiene
that, when:hydrogenated yields the specieé BH. ogy i§ the coverage of
this intermediate that will lead to butene and‘butane production. Note
that the above expression assumes no competition for binding sites |
between butadiene and BH or between hydrogen and hydrocarbons; If
butadiene is weakly bonded to the surface through its m-orbitals it
may be relatively insensitive to the exact site that it occupies. A
singly hydrogenated butadiene molgcu1e, on the other hand might specifi-
cally require a fourfold hollow site with which to form a metal-carbon
ag-bond. The non-competitive coadsorption of hydrogen and hydrocarbons
has also been observed related study of the hydrogenation of butadiene
over Pt(110) surfaces (20). Given that the hydrogen covefage is low

the equlibrium coverage of BH is given by

K7 6B &4

%H = 7 + K, 6 6

~which, for a large value of the equilibrium constant, will be approxim-
ately unity, independent of the pressure of either reactant. A
subsequent hydrogenation step to yield butene would have a rate expres-
sion of - v

k'8 6BH B

r1

which would be independent of thiophene pressure and have a half order

dependence on the hydrogen pressure, as observed.
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The first order dependence of the bufane'production in hydrogen
pressure implies a second equiiibriUm step inQo]ving hydrogen, before
the final hydrogenation steps. If the above mentioned intermediate BH
is in equi11bf1um with a second species BHp that Ultimatg1y leads to

butane production then the equilibrium expressions become

K798 (1-03H-0BH,) = 6pH(1-eH)
and K10%HOH = OgH,(1-0H)

. and the final coverages of each are given by

ACK!

eB'H= 1+ . 2
K-8 6 + KqK;n6 6
78N 7108H
K- Ky 6g 62
o, = 7°10%%
1 + X568 + KK 0
2 7858, * KyKyg 8,87

The denominator is still dominated by the term Kyegey, if Kig is

not large, because eﬁ is small. The coverages are
gy =1
and | %BH, = Kio™

not affecting the butene production kinetics. The hydrogenation of the

BH2 species to butane will have a rate given by

2
ro = k11K108

which will be first order in hydrogen pressure and independent of
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thiophene pressure, as observed. The suggestion that Kjg is not large
is consistent with the fact that butene production is much greater
than butane production.

The hydrogenation reactions following desulfurization are fairly
complex and the kinetic studies described above can do little to deter-
mine the details of the process. More extensive studies of the buta-
diene and butene hydrogenation and isomerization reactions might be of
some interest. Those performed in this'wofk have shown primarily that
the distribution of butenes and butanes produced by the hydrogenation
of butadiene is similar to that produced by thiophene HDS. Examination
of Fig. 5.8 shows that butadiene hydrogenation is much faster than
butene hydrogenation and that it is the terminal double bonds of the
butenes that are hydrogenated preferenfial1y. The isomers of 2-butene,
produced both by butadiene hydrogenation and l-butene isomerization,
hydrogenate at a very slow rate.

The above analysis of the kinetics of thiophene HDS have yielded a
mechanistic pathway that conforms to the observed behaviour and is
outlined in Fig. 5.19. Needless to say such a model is not.unique in
explaining the data and the attempt has been made to avoid specific-
ation of any mechanistic details to as great an extent as possible.
Nevertheless, the model does embody three points that it would seem are
difficult to avoid in'any interpretation of the data. First, the hydro-
gen coverage of the catalytic surface varies, under our conditions, in
the temperature range 250°C - 425°C resulting in non-Arrhenius type
temperature dependeﬁces for the rétes of production of butane and
butene. At a temperature of 340°C the coverage is at the low end of

the hydrogen adsorption isotherm and thus varies as the half order
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THIOPHENE HDSAKINE.T'IC PATHWAY
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Fig. 5.19 A mechanistic pathway for thiophene HDS that is
consistent with the observed kinetics.
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power of the hydrogen pressure. Second, the rate determining step in
the production of butadiene occurs prior to any hydrogenation steps,
in spite of the fact that this product requires the formation of at
least two C-H bonds. This results in the observed first order depend-
ence on thiophene pressure and apparent independence of hydrogen pres-
sure. Finally, the hydrogenated products are produced via an inter-
mediate whose coverage saturates its available adsorption sites,
resulting in an independence of thiophene pressure. |

The initial sulfiding of the surface, under UHV conditions, prior
to the HDS reaction resulted in a decrease in the activity at low
coverages which continued to decrease up to a coverage of ~0.6 beyond
which the further addition of sulfur had very little effect. The activ-
ity of the surface at these coverages had dropped to almost half that
of the clean surface. The inhibition of the reaction rate at low cover-
ages is caused by sulfur atoms adsorbed in the fourfold hollw sites,
that must remain adsorbed on the surface during the reaction. Evidence
has been presented in Chapter 3 for the presence of a second su]fur.
adsorption site that is less tightly binding than the hollow site and
is only populated at high coverages. The fact that the additfon of |
sulfur to the surfacé at these high coverages has little additibna]
effect on the reactfon rate sdggests'that the sulfur in this second
binding site is easily reduced and that removal of su]fur from this
site is relatively fast. In other words a reaction that is initiated
on a surface that is initially covered with one monolayer of sulfur
results in an immediate reduction of this coVerage to the point at
which only hollow sites are occupied. Immediate reduction implies a

reaction that is fast on the time scale by which HDS rates are measured
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Since sulfur étoms adsorbed in thevfburfold hollow sites“remain
present on tﬁe surface, reduCing the reaction réte, for periods of |
time that are long on the scale of the reaction rate (>10 sec.)
suggests an interesting reaction mechanfsm for the desulfurization
step. Three possible mechanisms for this step are depicted in Fig.
5.20, It is clear that thiophene HDS cannot proceed via initial
cleavage of the C-5S bonds to deposit sulfur into the fourfold hollows
as in Fig; 5.20a. If such a mechanism were to occur over the initially
clean surface,vthe hollow sites would be saturated within seconds of
startfngvthe reaction and the rate would bebidentical to that observed
over the surface sulfided under UHV conditions. The reaction would be
rate limited by sulfur removal from the surface, a step that appears
to be very sloQ. A second possible mechanism for the desulfurization
étep would be -deposition into the high coverage binding site from
_which it is apparently removed relativeiy quickly (Fig. 5.20c). If
this is the case, however, it would seem necessary to assume that the
_su]fur removal from the high coverage site is faster than diffusion
into theffourfold hollow. It seems more likely that the desulfurization
step proceeds via direct hydrogenation of the C-S bonds to produce H2S
without ever forming a strongly bound metal sulfur intermediate, as
depicted in Fig. 5.20b. This might occur via direct hydrogenolysis of
C-S bonds by surface hydrogen or an intramolecular dehydrodesulfur-
ization, neither of which would deposit sulfur onto the metal. These
ideas can be tested by independent measurements of the rate of reduc-

tion of sulfur adsorbed on the metal surface, discussed in Chapter 6.
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THIOPHENE DESULFURIZATION MECHANISMS
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Fig. 5.20 Possible mechanisms for the initial desulfurization of
thiophene. A) The Lipsch-Schuit mechanism involving deposition of
sulfur onto the catalyst followed by reduction by surface hydrogen.
B) A similar mechanism in which the sulfur atom is in a very weakly
bound intermediate state. C) Direct extrusion of sulfur from the
thiophene ring to form H2S without the intermediate formation of an
Mo-S species.
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The final point ofvinterest'with respect to the effects of sulfur

on the reaction rates is that while the intial adsorption of sulfur on

_the surface does reduce the rate of production of the butenes and

butanes it has no apparent effect on the rate of butadiene production.
This observation is consistent with the arguments made on the basis of
kinetic measurements that the hydrogenated products are formed via some

intermediates that saturate their available adsorption sites. The

adsorbed sulfur atom in the fourfold hollow site directly blocks the

formation of the species referred to as BH and BH. The route to buta-
diene production proceeds without the need to form a strong bond to the
metal and appears to proceed either on or at least in the presence of

the sulfur overlayer.
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Chapter 6. Hydrogenation of Sulfur on the Mo(100) Surface

6;1 Introduction

The previous chapters have presented studies of both the sulfided
Mo(100) surface and the HDS of thiophene over theée surfaces. The over-
all mechanistic pathway is initiated by a desulfurization process
leading to the formation of butadiene. Subsequent hydrogenation of an
adsorbed hydrocarbon intermediate results in butehe and butane produc-
tion. The mechanism of the initial step is fn question and so it is
the aim of this chapter to asceftain the nature of this reaction via
direct measurements of the rates of sulfur hydrogenation from the metal
surface.

The model most frequently proposed for such a reaction is that‘
originally described by Lipsch and Schuit (1). Initial adsorption of
the sulfur containing organic molecule is postulated to be at an cnion
vacancy on the cata]yst surface (in this case an oxygen or sulfur
vacancy). The exact geometry and nature of the bonding is not specified
although a number of discussions have been made on the basis of theor-
etical ca1cu1ations‘(2,3) suggesting that thiophene should bond tlirough
its lone pair electrons on the sulfur atom. The results of this work
and other surface science studies of thiophene adsorption on metal
surfaces point to a n-bonded configuration (Chapter 4). Subsequent
hydrogenation of the C-S bonds leads to butadiene and the deposition
of sulfur onto the catalyst surféce. Final steps involve the reduction
of the adsorbed sulfur to H2S and the further hydrogenation of the
butadiene. It should be noted, however, that there is very little

direct evidence for this mechanism other than a series of experiments
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using a catalyst labelled with 35S in a vein similar to-those reported
in this work (4). These showed that for the HDS reaction of dibenzothio-
vggggg_over a sulfided Mo catalyst there is a labile sulfur sbecies,
present on the catalyst, that is an intermediate in the reaction lead-
ing to HjS. |

It is possible to envision a number of HDS mechanisms that do not
proceed via the formation of an Mo-S species. Direct hydrogenation of
C-S bonds to yield HpS and a surface bound hyd?ocarbon intermediate is
one such possibiiity. Such a mechanism has been suggested leading from
vdibenzothiophene to mercaptobiphenyl which is then hydrogenated to
biphenyl and HpS (5); In the case of thiophene HDS a mechanism has beén?
proposed, similar to that of an alcohol dehydration reaction, in which
the desu]furizatioﬁ occurs by an intra-molecular hydrogenation of the
sulfur atom leaving diacetylene as the hydroéarbon product (6). Invest-
igations of the HDS of thiopheﬁe in D2 showed that the sulfur contain---
ing product was HpS rather than D2S, in direct agreement with this
mechanism (7). Such a reaction does not require the formation of a
metal sulfuf bond but is impossible in the case of dibenzothiophene.

The results of Chapter 5 show that the sulfiding of the Mo(100)
surface under UHV conditions results in a decréése in the rate of
thiophene HDS relative to that over the clean surface. The inhibition
is most noticeable at low sulfur coverages and is associated with the
blocking of active surface area by a sfrongly bound sulfur species that
is stable on the surface under reaction conditions. At higher coverages
(>0.6) the further addition of sulfur to the surface has little effect
oh the reaction rate. Prevfous work has shown that at high coverages

the metal sulfur bond strength is reduced from its low coverage value
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of 110 kcal/mole to a value of 75-90 kcal/mole, and the suggestion has
been made that this weakly bound sulfur species may be readily reduced
from the metal surface and thus have little effect on the HDS aétivity.
Calculations of the equilibrium coverages of sulfur in Hp (1 atm.,
340°C), using 110 kcal/mole and 80 kcal/mole respectively for the bond
strengths of the two Mo-S species respectively, show that the steady
state coverage of the strongly bound species is almost unity while that
of the weakly bound species is ~5 x 1074,

The experiments performed in thislwork have used a 3% isotope
to make direct measurements of the rate of sulfur removal from the
metal surface during exposure to H2 and to the reaction mixture. The
surface has been sulfided under UHV conditions Qith‘35S and then
exposed either to Hp or the reaction mixture. Periodic removal from
the high pressure cell allows determination of the amount of 35§
remaining on the surface by monitoring of its B~ emission. Using
this approach it is possible to discriminate between sulfur that has
been debosited directly on the metal surface vs. sulfur that has been
deposited in the form of adsorbed thiophene or via the decompositioh

of thiophene.

6.2 Mo(100)-S Reduction in Hp

The labelled 335 sulfur overlayer on the Mo(lOO) surface produced
a B~ signal of ~1800 cpm from the crystal at a coverage of es=0.75 on
initial reciept of the labelled material. Exposgre of the surface to Hp
(1 atm.) at 340°C for 5 min. results in no measureable loss of 3% from

the surface. Fig. 6.1 shows the loss of 355 from the surface at a
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Fig. 6.1 A) Decrease in 35 signal with time during reduction in
Ho. Initial coverage was 6 = 0.75, T = 525°C, P(Hp) = 780 torr.
B§ Plot of In(6g/0.75) vs. t shows first order kinetics.
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temperature of 525°C and a corresponding fit to a first order kinetic
equation used to find the rate constant for removal, k=3.0 x 10°%
site~lesec!.

r=48 =g
dt

Note that this rate constant is dependent oh 64, and even at these'
temperatures is less then the measured rates of thiophene HDS at 340°C
of 0.11 site~lsec~!. Kinetic measurements of the rate of sulfur
removal find an activation energy of 13.9 kcal/mole in the tembereture
range 400°C - 550°C and an order in hydrogen pressure of 0.34 over the
pressure range 50 torr to 780 torr (Fig. 6.2 & 6.3). Extrapolation of
the Arrhenius plot to 340°C yields a rate of ~2 x 103 sec™1, about four
orders of magnitude less than the observed HDS rate. The reduction of
S, bound to the metal surface, by hydrogen is not a step that is
involved in the HDS of thiophene as it, necessari}y, would be the rate
limiting step.

The rates of sulfur removal from the surface were measured at
several initial sulfur coverages (Fig. 6.4). Although the rates were
measureable at 500°C for coverages of .75, at coverages of 65<0.67
there was no measureable reduction in the 355 signal after treatment in
Ho for 5 min. Repetitive exposures would result in the buildup of
contaminant sulfur and carbon from the reaction 106p and the displace-.
ment of sulfur. It is interesting to note that that the coverage at
which it becomes possible to remove the sulfur is 85<0.67. It is at
this coverage that the sulfur atoms begin to populate the high coverage

binding site rather than the fourfold hollow site.
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Fig. 6.2 Arrhenius plot of the rate constant for sulfur removal in
hydrogen. P(Hp) = 780 torr
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Fig. 6.3 Order plot of the rate constant for su]fur removal vs.
hydrogen pressure. T = 550°C
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Fig. 6.4 Rate constant for sulfur removal vs. sulfur coverage.
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6.3 Mo(100)-S Reduction under HDS Conditions

In addition to studying the reduction of sulfur overlayers in Hp,
similar measurements have been made in the presence of the HDS-reaction-
mixture. The kinetic measurements show the the reaction is much differn
ent from that in pure Hy (Fig. 6.5-6.7). The most pronounced effect
of the addition of thiophene to the reaction mixture is a marked
inérease in the rate of sulfur removal. Under conditions of T = 345°C,
P(H2) = 780 tofr and P(Th) = 1 torr, very close to those used to study
the HDS reaction, ;he removal rate constant is 6.8 x 10~ sec™ i,
greater than 30 times that observed in pure Hp, but still far lower
than the observed thiophene HDS rate.

An Arrhenius plot of the rate over a temperature range of 225°C -
440°C shows a distinct break at ~380°C with a change of slope from 7.2
kcal/mole in the low temperature regime to 32.2 kcal/mole in the high
temperature regime. Such a change is characteristic of a change of
mechanism rather than a reduction in the surface concentrations of
reactanfs,»as was observed for the thiophene HDS reaction. The sulfur
removal rate has been measured at 325°C, in the low temperature regime, -
over a range of reactant concentrations and been shown to be independ-
ent of either thiophene or hydrogen pressure. This is true even for
very low concentrations of thiophene as it was observed that after
performing reactions with thiophene several reactions in pure hydrogen
were necessary to remove the trace amounts of contaminant thiophene
to a level at which the sulfur removal rates were characteristic of
those in pure Hp.

There was no significant difference in rates between surfaces
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Fig. 6.5 Arrhenius plot of rate constants for sulfur removal in
both thiophene and hydrogen. P{Th) = 1.0 torr, P(Hp) = 780 torr
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Fig. 6.6 Order plot of the rate constant for sulfur removal vs.
hydrogen pressure. P(Th) = 1.0 torr, T = 345°C
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Fig. 6.7 Order plot of the rate constant for sulfur removal vs.
thiophene pressure. P(Hp) = 780 torr, T = 345°C



-218-

starting with 65 = 0.5 and 65 = 0.75 as was observed in the case

of pure Hp. In the cases in which thiophehe was included in the
reactant mixture even sulfur atoms bound in the fourfold hollow sites
could be.displaced, although its residence time on the surface is
still very long, i.e. ~1500 sec. The sulfur deposited on the surface

“before the an HDS reaction remains on the surface for periods much

%

longer than those of either the reactants or the products. :

6.4 Discussion

The two most important results of this work and their implications
on HDS catalysis can be understood in terms of the resu]ts of sulfur
adsorption on the Mo(100) surface and of thiophene HDS over theée
surfaces. The rate of hydrogenation of adsorbed sulfur to H2S is much
slower than the rate of hydrodesulfurization under the same conditions.
This result eliminates the Lipsch-Schuit mechanism depicted in Fig. 6.8
of desulfurization in which the sulfur is first adsorbed onto the metal .
as a result of hydrogenolysis of C-S bonds and is subsequently hydro-
genated. If such were the case the hydrogenation reaction would be
rate limiting and the reaction rates much slower than those observed.

It is not, of course, possible to rule out a mechanism in which the
sulfur atom is deposited oﬁto thé éurface in a very weakly bound state
from which it is easily reduced. The nature of such a state, however,
would be much different from any observed under UHV conditions. Its

heat of adsorption must be sufficiently low that its reduction to H3S is

much faster than any exchange reaction with sulfur bound directly to



-219-

THIOPHENE DESULFURIZATION MECHANISMS
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Fig. 6.8 Possible mechanisms for the initial desulfurization of
thiophene. A) The Lipsch-Schuit mechanism involving deposition of
sulfur onto the catalyst followed by reduction by surface hydrogen.
B) A similar mechanism in which the sulfur atom is in a very weakly
bound intermediate state. C) Direct extrusion of sulfur from the
thiophene ring to form H2S without the intermediate formation of an v
Mo-S species.
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the metal. It is difficult to understand what the driving for@e would
be for the breaking of C-S bonds to form such a species.

The kinetic studies of thiophene HDS have shown that the initial
steps‘to producefbutadiene are independent of hydrogen pressure and
first order in?thibphene pressure. This has been discussed in terms of
a rate determiﬁing step that occurs prior to any hydrogenation steps.
The fact that butene production is of fractional order in hydrogen pres-
sure has suggested that the hydrogen coverage is low and the first
order dependence on thiophene pressure rules out a mechanism in which
‘one of the hydrocarbon intermediates leading to butadiene is saturating
the surface. Finally, the activation energy of the rate determining
step has been found to be ~14 kcal/mole. Two mechanisms for the initial
desulfurization step are consistent with the observations of this
work. A reaction in which hydrogenolysis of C-S bonds by adsorbed
hydrogen, yielding H2S and an adsorbed hydrocarbon intermediate that.
is readily reduced to butadiene, proceeds without the intermediate:
formation of an Mo-S bond. In this case the rate determining step is
one occuring prior to the hyrogenolysis step, either the adsorption of
thiophene or the production of some activated adsorption state in
which the hydrogenolysis can occur. It is unlikely that simple chemi-
sorption'is activated, however, studies of thiophene chemisorption on
the Mo(100) surface.(Chapter 4) showed the existence of an adsorption
state, stable to high temperatures (>450K), that was only produced
upon heating to ~200K. Although no direct correlation to the high
pressure reaction can be made, such a species might be hydrogenated at
high pressures to yield the HDS products. The second mechanism that is

consistent with the current work is that proposed by Kolboe (6), which
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is a dehydrodesu]furizétion reaction. The prodﬁction of H2S occurs
intrémo]écu]ar1y‘1eading tb adsorbed diacetylene. It seems reasonable
to suggest that such an initial step wou]d be activated and might be
rate limiting. Furthermore the hydrogenation of diacetylene to buta-
diene would be expected to be very fast (8). Such a mechanism would
not be possible in the case of dibenzothiophene but labelling studies
of the HDS of this compound have shown that it does proceed via a
Lipsch-Schuit type mechanism. |

The measurements of sulfur hydrogenation in Hp show that the

hydrogenation of the high coverage sulfur species is faster than that

of the 1ow‘coverage species (es<0.67). This was predicted from the
study of the rates of the thiophene HDS reactions at various different
initial sulfur coverages, in which the low coverage sulfur was found
to have a strong inhibiting effect while increases past 65-~0.6

caused little additional change. The coverage at which the sulfur can
be reduced is that at whfch the high cerrage binding site, postulated
to}be a bridging site, becomes populated. The present results provide
further evidence that there is some change in the bonding of sulfur to
21

the surface on going from the ) structure to the c(4x2) structure.

The details of the role that preadsorbed sulfur plays in determin-

ing the reaction rate are unclear. In the presence of thiophene all 335

can be reduced from the metal surface, but on a scale that is much
longer than the reaction rate. The pre-adsorbed sulfur selectively
inhibits the hydrogenation reactions leading to the butenes and butane
production but not the desulfurization reaction leading to butadiene.
Kinetic studies suggest that the hydrogenated products are formed via

a partially hydrogenated intermediate that saturates its available
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binding site on the surface, thus leading to the very weak dependence
of the butenes and butane rates of production on_the’thiophene pressure.
The presence;ﬁf pre-adsorbed sulfur blocks bindingbsites for such an
intermediate. A zeroth order explanation for the shape of the rate
Vs. 6g curve would be that sulfur adsorbed in the fourfold hollow
sites (85<0.67) remains on the surface permanently, blocking adsorp-
tion sites for the intermediate leading to the hydrogenated products.
Sulfur adsorbed on the surface at coverages greater than 0.67 is
present in the high coverage binding site and is reduced from the
surface very quickly, until the concentration of adsorbed sulfur reaches
0.67, and thus has very little effect on the reaction rate. Such an
ideal situation would be expected to result in a linear decrease of
the rate in the coverage regime 0 < 65 < 0.67 and for 65<0.67 a
rate equal to that at 65=0.67. While the results.presented here
approximate such a process the situation is clearly huch more complic-
ated due to the fact that the removal of sulfur from the ﬁigh coverage
sites is not infinitely fast, nor is removal rate of sulfur from ihe
low coverage site, zero. Furthermore, in the presence of thiophene:
there is some deposition of sulfur onto the surface, albeit at a rate
much less than that of the reaction.

The sulfur reduction kinetics in pufe hydrogen can be mode11ed
very well by a simple scheme of hydrogen adsofption followed by a

sequential hyrogenatidn of sulfur atoms and finally, desorption of Hj3S.
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SH + Hy +. SHo
SHo > HZSQ

The fact'that the hydr&gen pressure dependence is zero‘indicates that
the first step of hydrogen_adsorpton is not rate limiting. Unfortun-
ately, it was not possible to cover a great enough range of hydrogen
pressures to allow determination of which step among the remainder is
rate limiting.

The final point of interest in this study is the dramatic
influence of thiophene on the rate of sulfur reduction. Very low pres-
sdres of thiophene resulted in an enhancement of the reduction rateiby
~as much as an order of magnitude. The rate increase may be due either
to a chaﬁge in the metal-sulfur bonding due to the presence of co-
adsorbed thiophene or a chanée in the reaction mechanism.

The reduction of sulfur in pure Ho has been noted to occur at a
faster rate as the Mo-S bond is wéakened on increasing the coverage
past 0.67 monolayers. This bond weakening is due to a change in the
sulfur adsorption site with coverage, induced by repulsive interactions
between adsorbed sulfur atoms. If such an effect were produced by the
presence of thiophene a similar increase in the reaction rate would be
expected. Such an effect, however, would be expected to manifest itself
in terms of a decrease in the reaction activation energy. At temper-
atures of 390°C - 440°C this is clearly not the case as the apparent
activation energy iﬁcreases from 14 kcal/mole to 32 kcal/mole on intro-
ducing thiophene. In the lower temperature range, outside that acces-
sib]é when working just with Hp, the activation energy is lowered by

the presence of thiophene. The pre-exponential factor and the kinetics,
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however, afe also different suggesting a new suifur removal mechanism.
It is interesting to note that the removal rate of sulfur in the
HDS mixture is independent of both thiophene and hydrogen pressures.
The studies of HDS kinetics point to the existence of a hydrocarbon
intermediate thatﬁis saturating the surface and is in equilibrium with
hydrogen on the sufface. Its concentration is independent of both
thiophene and hydrogen pressures. It is possible that such a species
serves as a source of hydrogen for sulfur removal accounting both for
the enhancement in the reactioh rate and the observed kinetic para-
meters. The presence of a carbonaceous deposit serving as a source of
hydrogen during hydrogenation reactions has been discussed elsewhere
(9). In the case of ethy]ene.hydrogenation over Pt(111) and Rh(lll)
surfaces such deposits have been identified as ethylidyne moieties
(10,11). In this case,'however, the néture of such a speties is.unknown,

and should be the subject of further investigation.
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