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Abstract 

Thiophene Hydrodesulfurization (H~S) has been studied over transition metal 

single crystal (Mo, Re) and poly crystalline foil (Co, Mo, Re) surfaces using a 

combined ultrahigh vacuum/ catalytic reactor apparatus. The metal surfaces were 

cleaned, modified and characterized in ultrahigh vacuum ( 1 x 10-9 Torr) prior to 

high pressure ( 1 atm) catalytic reactions carried out in an in-situ isolation cell. 

The influence of catalyst surface structure on thiophene HDS was investigated by 

carrying out reactions over surfaces of different crystallographic orientation and 

the role of adsorbates examined using radiotracer 14 C and 35S isotopes. 

Thiophene HDS is a structure insensitive reaction over molybdenum surfaces, 

but a structure sensitive reaction over rhenium surfaces. The HDS reaction over 



2 

molybdenum occurs on a. strongly bound adsorbate overla.yer composed primarily 

of carbidic carbon. In contrast, HDS of thiophene over rhenium surfaces occurs 

directly on the metal surface. The ability of the rhenium surlaces to remain free 

of strongly bound deposits of carbon a.nd/ or sulfur makes them more active (by 

a. factor of 1-6 times) than the molybdenum surfaces studied. For both metals, 

deactivation a.t high conversions is caused by product inhibition (H2S). 

Thiophene· HDS studies over Co, Mo a.nd Re foils reveal a. trend in catalytic 

activity similar to that found in the literature for the sulfides of these metals. This 

suggests that metal single crystals a.nd polycrystalline foils a.re suitable catalysts 

for model studies of HDS. 
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Chapter 1 

Introduction 

1.1 General Introduction 

1 

The concept of catalysis was first considered by Berzelius in 1836 when he ob

served that certain substances accelerate chemical reactions without undergoing 

a visible chemical change [1]. In the mid 1870's, heterogeneous catalysis was first 

introduced into industrial practice with the use of platinum metal as a catalyst for 

the oxidation of sulfur dioxide (S02) to sulfur trioxide (S03), a precursor to sulfu

ric acid [2]. Since that time, heterogeneous catalysis has played an integral role in 

the chemical and petroleum industries, yet the development of catalysts has been 

largely empirical. The advent of ultrahigh vacuum technology over the last twenty 

years has made available a wealth of techniques for examining catalyst surfaces 

at the atomic level. Using these techniques, many advances have been made on 

understanding the role of surface structure and composition in determining the 

properties of catalysts [3]. The focus of this thesis project has been to investigate 

an industrially important process, hydrodesulfurization, which employs complex 

heterogenous catalysts. In this work, the techniques of surface science and catal

ysis have been used together to study the molecular level surface chemistry of the 

thiophene hydrodesulfurization reaction. 
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1.2 The Hydrodesulfurization Process 

Hydrodesulfurization (HDS) is a catalytic process in which sulfur containing com

pounds in crude oil are treated with hydrogen to produce hydrocarbons and hy

drogen sulfide (H2S). 

sulfur compound + x H2 ._ hydrocarbon 

Hydrogen Sulfide is readily removed from the product stream and converted to 

elemental sulfur via the Claus process. In this process, a fraction of the H2 S is 

oxidized by reaction with air, and then reacted with the remaining H2 S to give 

elemental sulfur and water. 

Sulfur must be removed from crude oil for a number of reasons. l'vlost importantly, 

sulfur poisons noble metal catalysts used to convert crude oil to gasoline and there

fore sulfur levels must be reduced to one part per million or less(~ 1 ppm) before 

the oil is passed over the sulfur-sensitive catalysts. In addition, high sulfur con

tents in motor fuels deleteriously affect the stability, color, odor and corrosion 

properties of the fuels. Finally, it has become increasingly important to lower 

emissions of sulfur dioxide (S02 ) into the atmosphere. This sulfur dioxide orig

inates from the combustion of hydrocarbon fuels and the regeneration of sulfur 

contaminated catalysts by the burning of coke deposits and has been implicated 

as a precursor to "acid rain". In the last few years, the harmful effects of acid 

rain on the environment have increased at an alarming rate resulting in severely 

damaged forests, lakes and soil. 

' 

.f 



, .. , 

CHAPTER 1. INTRODUCTION 3 

The decline of petroleum feedstock~ has necessitated processing crude oils con

taining greater amounts of sulfur and other impurities (S, N, metals). Typical 

sulfur contents of crude oils currently available are shown in Table 1.1 [2]. Sulfur 

Table 1.1: Sulfur Content of Various Crude Oils 

Crude Oil Sulfur Content (wt %) 

Light Arabian crude 1.5 
Kuwait Crude 2.5-4. 
Mid-continent U. S. crude 0.2-2.5 
Venezuelan crude 2-4 

is present in crude oil primarily in the form of thiols (R-SH), sulfides (R-S-R'), 

disulfides (R-S-S-R'), thiophenes and thiophene derivatives. Thiophene is the sim

plest aromatic compound containing sulfur and is shown in Figure 1.1 along with 

dibenzothiophene. Thiophene and its derivatives are the most difficult sulfur com-

0 s 

(a.) (b) 

Figure 1.1: Chemical structures of (a) thiophene and (b) dibenzothiophene. 

pounds to desulfurize and are therefore used most often in catalytic studies of 

HDS. 

Concentrating on thiophene, the test molecule used in this work, it is seen 

in Figure 1.2 that hydrodesulfurization involves the selective cleavage of the C-S 

bonds and hydrogenation to produce H2S and C4 hydrocarbons. 
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' 

+HS 2 

Figure 1.2: Hydrodesulfurization reaction for thiophene. 
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As indicated by the thermodynamic data listed in Table 1.2, the hydrodesulfu

rization of thiophene is a thermodynamically favorable reaction and almost com

plete reaction can be achieved over a wide range of temperatures. The ther-

modynamic driving force does, however, decrease as the reaction temperature is 

increased. The primary difficulty with the hydrodesulfurization process is that 

Table 1.2: Thermodynamic Data for Thiophene HDS 

~H'298 ~s ~G2gs 
Reaction (kcaljmole) ( cal/mole-K) (kcaljmole) 

C4H4S + 2 H2 - butadiene + H2S -5.9 -13.3 -1.9 
C4H4S + 3 H2 - 1-butene + H2S -32.2 -37.6 -21.0 
C4H4S + 3 H2 - t-2-butene + H2S -35.0 -40.2 -22.9 
C4H4S + 3 H2 - c-2-butene + H2S -34.0 -39.2 -22.2 
C4H4S + 4 H2 - butane + H2S -62.4 -68.2 -41.9 

the rate of reaction is impractically slow. To overcome this limitation, hetero-

geneous catalysts are employed and have been used with considerable success 

for over fifty years. The catalysts used in the HDS process have their origin in 

catalysts developed by German scientists for the liquefaction of coal. The HDS 

catalysts used currently in the petroleum industry are comprised of molybdenum 

or tungsten dispersed on 1-alumina and promoted with cobalt or nickel. A typical 

Co-Mo/ Al20 3 catalyst is prepared by pore volume impregnation of 1-Al203 with 

aqueous solutions of ammonium heptamolybdate ((NH4)6 Mo7024) and cobalt ni

trate ( Co(N03)2). The catalyst is dried and calcined which converts the aqueous 

metal complexes to Mo03 and CoO. To produce the actual working catalyst, the 

oxide precursor is heated in a mixture of H2S and H2 or in a liquid feed of sulfur 

containing molecules and H2 [2]. The ratio of Mo/Co is always greater than one 

and a representative metal loading in an industrial catalyst is 3 wt % CoO and 12 
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wt % Mo03 [4]. Normal operating conditions for the HDS process are 10-200 atm 

of hydrogen and tempe~atures between 570-700 K, but conditions vary depending 

on the boiling range and sulfur content of the crude oil feed [5]. 

1.3 Catalytic and Bulk Structure Studies of Hy
drodesulfurization 

The study of hydrodesulfurizaton and HDS catalysts has been an active area of 

research for many years, yet there remains considerable controversy with respect to 

both the structure of the catalyst as well as the interaction between the two metals 

in the sulfided catalysts. There is general agreement, however, that molybdenum 

is fully sulfided to form molybdenum disulfide on the surface of the support. MoS2 

has a layer lattice as depicted schematically in Figure 1.3 with successive MoS2 

sandwich planes bound weakly together by van der 'Waals interactions between 

adjacent sulfur layers. Crystals of MoS2 grow in the form of dimensions parallel 

to the sulfur planes and a small dimension in the perpendicular direction. Recent 

work by Hayden and Dumesic has shown that crystallites of MoS2 can be oriented 

in both a parallel and perpendicular manner on an alumina support as shown in 

Figure 1.4 [6]. At a sulfiding temperature of 770 K, in the range of temperatures 

used industrially, the majority of MoS2 platelets were bonded to the support via 

~vlo-0-Al linkages along the edge planes of MoS2 , causing the crystallites to be 

oriented with the sulfur planes perpendicular to the surface of the support. Upon 

sulfiding at higher temperatures, the size of the crystallites increased and they 

became oriented parallel to the plane of the alumina surface. In an unrelated 

study, Topsoe et al. determined with EXAFS that the average size of the MoS2 

crystallites is about 10 A on both Mo/Ah03 and Co-Mo/Al203 catalysts which 

had been sulfided at 675 K [7]. Infrared spectroscopy studies indicate that the 

~I 
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/ s 
~~~Mo 

s 
s 

~~~Mo 
s 

3.14/.. 

3.09/.. 

Figure 1.3: Structure of molybdenum disulfide. 

. 7 
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(a) 

1).311-

(b) 

Figure 1.4: (a) Molybdenum disulfide platelets on alumina, (b) Structure of molyb
denum disulfide edge planes (Mo: small atoms, S: large atoms). 

~J 
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0 MoS2-Iike domains 

Cos sa 

Co-Mo-5 Qs 
• Co(Ni) 
® Mo 

Figure 1.5: A schematic representation of the phases present in a Co-Mo/ Ah03 

catalyst. 

MoS2 crystallites are present on the surface of the support as single slabs (i.e. one 

MoS2 sandwich thick) [8]. 

Cobalt can exist in a number of different forms in a Co-Mo/ Ah03 catalyst, only 

one of which appears to promote the catalyst. Topsoe and coworkers have investi

gated cobalt promotion of HDS catalysts using Mossbauer emission spectroscopy 

(MES) and determined that as many as three different cobalt phases exist in a sul

fided Co-Mo/ Ah03 catalyst [9J. They have identified the three phases to be C~S8 , 

the thermodynamically predicted Co species under reaction conditions, Co atoms 

located in the lattice of the alumina support (Co:Ah03 ), and a mixed Co-Mo-S 

phase whose Mossbauer spectrum does not correspond to any bulk compound. 

The three cobalt containing species are shown schematically in Figure 1.5. C~Ss 
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is catalytically active for HDS but not at a level which would explain the promo

tional effect of cobalt. Instead, the increased activity of the Co promoted catalysts 

is associated with the mixed Co-Mo-S species whose structure is not well under

stood. The phase appears to be similar to MoS2 in structure as it can be prepared 

by doping bulk MoS2, thus indicating that the Ah03 support is unnecessary [10]. 

Using scanning Auger microscopy (SAM), Chianelli et al. showed that Co is prefer

entially located at the edge planes of MoS2 crystallites [11]. Furthermore, infrared 

absorption studies of NO adsorbed on a Co-Mo/ Al20 3 catalyst showed that the 

Co atoms occupy surface sites on the edge planes of MoS2 [12]. In" summary, the 

structural studies of Co-Mo/ Ah03 catalysts indicate that MoS2 crystallites are 

oriented on 'the alumina support in both a parallel and perpendicular manner and 

that the cobalt atoms responsible for the promotion effect are located at the edge 

planes of the MoS2 . The local structure of this Co-Mo-S phase, however, remains 

largely unknown. 

As sources of crude oil become increasingly scarce, it will be necessary to pro

cess lower quality crude oils and coal derived liquids containing higher levels of 

sulfur and other impurities. To meet these requirements, a significant amount of 

research has been performed to develop a new generation of HDS catalysts which 

are more active and less susceptible to poisoning. Chianelli and coworkers have 

carried out pioneering work in this area through the investigation of the catalytic 

properties of the transition metal sulfides [13]. Pecoraro and Chianelli measured 

the activities of unsupported sulfides of the transition metals for HDS of diben

zothiophene [14]. The first row sulfides were found to be relatively inactive, while 

the second and third row transition metal sulfides showed variations in activities 

of three orders of magnitude. Similar trends were observed by Ledoux et al. for 

the HDS of thiophene over transition metal sulfides supported on activated car-
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bon [15]. Chianelli found the maximum activities for ruthenium and osmium while 

Ledoux observed the highest activities for rhodium and iridium; in both cases the 

most active sulfides were between one to two orders of magnitude more active 

than MoS2 and WS2 , the sulfides used in the industrial catalysts. If the activity 

of the second and third row transition metal sulfides is plotted as a function of the 

heat of formation (~Hi) of the sulfide, a volcano plot results with a maximum at 

~Hi ~ 40 kcal/mole [14]. Chianelli et al. conclude that transition metal sulfides 

with metal-sulfur bonds of intermediate strength are the most active as they are 

capable of inducing C-S bond cleavage but do not bind the sulfur so strongly that 

it cannot be removed from the active site. In addition, the authors conclude that 

these results are consistent with the model in which the active HDS sites of the 

different sulfides are sulfur vacancies. Chianelli and coworkers extended their work 

to include binary sulfides composed of MoS2 or WS2 with each of the first row tran

sition metal sulfides. As with the individual sulfides, a volcano type dependence 

was observed for HDS activity as a function of the average heat of formation of the 

binary sulfides [16]. Once again, the maximum in the volcano plot corresponded 

to heat of formation of approximately 40 kcal/mole, where in this case the heat of 

formation is the average of the heats of formation of the two sulfides in the cata

lyst. Theoretical calculations by Harris and Chianelli indicate that the variation 

in HDS activity is due to electronic differences in the sulfides [17]. Their calcula

tions show that the HDS activity of the sulfides correlates with a parameter which 

takes into account the number of d electrons in the highest occupied molecular 

orbital (HOMO) of the sulfide as well as the strength and degree of covalency of 

the metal-sulfur bond. 

To complement the structural and compositional studies of HDS described 

above, other researchers have investigated the kinetics and mechanism of thio-
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phene HDS. Numerous mechanisms have been proposed in the literature including 

the one-point mechanism suggested by Lipsch and Schuit which is shown in Fig

ure 1.6. The main features of this mechanism are one-point adsorption of thiophene 

at a sulfur vacancy through the sulfur atom, desulfurization to produce butadi-

ene, and hydrogenation of the sulfur atom to H2S which regenerates the active 

site [18]. Butenes and butane are produced by subsequent hydrogenation of buta

diene. The proposal of butadiene as an intermediate has been supported by the 

work of Amberg and coworkers in which butadiene appeared in the product stream 

at low hydrogen pressures [19]. An alternative mechanism has been proposed by 

Kolboe and is also shown in Figure 1.6 [20]. It involves an intramolecular dehy

drosulfurization step to produce diacetylene and H2S on the catalyst surface. The 

primary difference between this mechanism and the Lipsch and Schuit mechanism 

is that sulfur is removed from thiophene by ,8-elimination and is never present 

on the catalyst surface as atomic sulfur. The Kolboe mechanism is supported by 

two unrelated studies which showed that HDS of deuterated thiophene (C4 D4 S) 

in.pure H2 produced only D2S and that HDS of normal thiophene (C4H.1S) in D2 

produced only H2S [21,22]. Satterfield and Roberts carried out an extensive study 

of the kinetics of thiophene HDS and found that the disappearance of thiophene 

could be represented by the following Langmuir-Hinshelwood rate equation [23]. 

r = k. KrPrKHPH 
(1 + KrPr + KsPs) 2 

In this equation k is a rate constant, K is an equilbrium constant, and T, H and 

S represent thiophene, hydrogen and H2S respectively. The form of this kinetic 

expression and others in the literature indicate that H2S competes with thiophene 

for adsorption sites and that H2 adsorbs on different sites. Butenes do not compete 

with thiophene for adsorption sites, indicating that desulfurization and hydrogena-

" t.. ", 
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Figure 1.6: (a) Lipsch and Schuit mechanism for thiophene HDS, and (b) Kolboe 
mechanism for thiophene HDS. 
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tion occur on different sites. 

1.4 Surface Science Studies of Hydrodesulfuriza
tion on Single Crystal Surfaces 

The development of ultrahigh vacuum technology and surface analytical techniques 

in recent years has opened the door to molecular level investigation of the surface 

chemistry of catalytic processes. Study of the HDS of thiophene was initiated 

in this laboratory with the investigation of the adsorption and bonding of thio

phene and its desulfurization products on a single crystal of MoS2 in ultrahigh 

vacuum (UHV) [24]. As discussed earlier, MoS2 crystals have large dimensions 

parallel to the sulfur plane and a small dimension in the perpendicular direc-

tion. Therefore, the adsorption experiments were carried out on the basal plane 

of MoS2 which consists of a close packed layer of sulfur atoms. The basal plane 

was found to be chemically inert toward chemisorption of thiophene, butadiene 

and H2S in agreement with the catalytic results described above (Section 1.3) in 

which the basal plane was found to be inactive for HDS. The adsorption of 0 2 

was also investigated on this surface (25]. The annealed MoS2 surface was inert to 

0 2 but the introduction of defects into the basal plane by Ar+ sputtering resulted 

in a marked uptake of 0 2. This result verified the conclusions of Tauster et al. 

that HDS activity can be correlated with the uptake of 02 by the MoS2 catalysts 

because it selectively chemisorbs on defect sites in the sulfide, the active sites for 

HDS [26]. Unfortunately, it is very difficult to prepare MoS2 single crystals which 

expose a significant area of the edge planes which contain the active sites, so this 

material is inappropriate for single crystal studies of thiophene HDS. As a result, 

surface science studies have focussed on the use of transition metal single crystals 

for model studies of thiophene HDS. 

( .... 

.. _ 
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The chemisorption of thiophene on metal surfaces has been investigated with a 

variety of surface science techniques, yielding information on the adsorption geome-

try and reaction pathways of thiophene on these surfaces [25,27,28,29,30,31,32,33,34,35,36]. 

Of particular interest to the work described in this thesis has been the study of 

thiophene on molybdenum and rhenium single crystals. The adsorption of thio-

phene on the Mo(100) surface has been studied in detail using temperature pro

grammed desorption (TPD), X-ray photoelectron spectroscopy (XPS), ultraviolet 

photoelectron spectroscopy (UPS), and high resolution electron energy loss spec

troscopy (HREELS) [25,27,28,29]. An HREELS study by Zaera et al. indicates 

that some carbon-sulfur bond breaking occurs at temperatures as low as 90 K on 

Mo(100) [29]. Heating of the crystal to higher temperatures results in complete 

thiophene decomposition leaving the metal surface covered with strongly bound 

deposits of carbon and sulfur. TPD experiments indicate that at thiophene cover-

ages below the saturation value (0.3 thiophene molecules/surface Mo atom), only 

H2 desorbs from the surface during thiophene decomposition. The mechanism 

of thiophene decomposition on Mo(100) has been found to be a coverage depen-

dent process. Zaera et al. have proposed two decomposition pathways based upon 

their HREELS and TPD results; the mechanisms are shown schematically in Fig-

ure 1. 7 [29]. At low coverages, thiophene is proposed to be adsorbed parallel to 

the metal surface. Cleavage of the C-S bonds begins at 90 K and is followed by 

stepwise dehydrogenation of the parallel bound ring, leaving only adsorbed carbon 

and sulfur on the surface at 450 K. At higher coverages, thiophene is believed to 

be bound perpendicular to the surface through the sulfur atom, and a new de

composition route is observed. The perpendicularly bound thiophene undergoes 

dehydrogenation at the a-position at 230 K, leaving the thiophene ring bound to 

the surface through both sulfur and an a-carbon. Upon further heating to 400-
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Figure 1.7: Proposed thiophene decomposition pathways on the Mo(lOO) surface. 
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550 K, this species undergoes further dehydrogenation at the ,8-position to give a 

complex bound to the surface at the a- and ,8-positions. Total hydrogenation is 

achieved in two steps by annealling to 610 K and 690 K. 

Gellman et al. have proposed a slightly different mechanism for thiophene de

composition at high coverages [28]. They propose formation of an a-thiophenyl 

species following the initial dehydrogenation at the a-position upon heating to 

235 K instead of the doubly coordinated species of Zaera et al. at 230 K. Both 

mechanistic pathways are supported by TPD studies of 2,5-dideuterothiophene at 

high coverages on Mo(100) by Kelly et al. in which dehydrogenation was observed 

in the sequence D2, H2, H2 and D2 at temperatures of 270, 360, 610 and 690 K 

respectively [27). These results indicate that bond breaking is regiospecific, occur

ring first at the a-position and then at the ,8-position. At low thiophene coverages, 

H2 and D2 desorb in a single peak at 340 K indicating that thiophene is bound 

parallel to the metal surface and therefore undergoes indiscriminate C-Hand C-D 

bond breaking. Roberts and Friend studied 2,5-dideuterothiophene decompsition 

on the Mo(llO) surface using TPD and observed similar regiospecific bond break

ing at high thiophene coverages. They also proposed formation of an a-thiophenyl 

species which then undergoes further decomposition. 

Kelly et al. have also investigated thiophene chemisorption on sulfided and 

car bided Mo( 100) surfaces [27]. As discussed in Section 1.3, industrial HDS cat a-

lysts are sulfided prior to use so it is of obvious interest to investigate thiophene 

adsorption on sulfided surfaces. Carbided surfaces are of interest because it is 

likely that some decomposition of hydrocarbons occurs on the surface of indus-

trial HDS catalysts, leading to formation of carbonaceous overlayers. Adsorbed 

sulfur on the Mo(100) surface strongly decreases its reactivity toward thiophene; 

as the coverage of sulfur is increased, the fraction of adsorbed thiophene that 
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decomposes decreases. TPD of a saturation coverage layer of thiophene from a 

clean Mo(100) surface results in desorption of a small amount of reversibly ad

sorbed thiophene in the temperature range 190-250 K. The amount of reversibly 

bound thiophene increases dramatically as the sulfur coverage is increased and 

decomposition is completely blocked at sulfur coverages of 0.5 monolayer (ML) 

and higher. Instead, thiophene interacts very weakly with the sulfided surface and 

desorbs below 200 K, indicative of physisorption. Once again, similar results were 

observed by Roberts and Friend for sulfided Mo(llO) surfaces. Clearly, the addi-

tion of sulfur to the Mo surfaces weakens their interaction with thiophene in the 

UHV environment to the extent that thiophene desorption is favored over bond 

cleavage. 

Adsorbed carbon on the Mo(100) surface blocks thiophene decomposition as 

well, but the carbided surfaces also have new molecular chemisorption sites for 

thiophene. Thiophene desorbs from a car bided Mo(100) surface (Be = 0.84 ML) 

at temperatures of 300 K and 360 K, well above the temperature of"' 170 K as 

observed from the sulfided Mo(100) surface. The differences in the influence of 

the adsorbates were explained in terms of physical blocking of metal sites at the 

surface. Sulfur is a larger adsorbate than carbon and therefore is more effective 

at blocking decomposition sites on the metal, leading to its passivation. 

The chemistry of thiophene on the clean and sulfided Re( 0001) surface is similar 

to that of thiophene on the Mo(lOO) surface, but differences are observed for 

thiophene on the carbon cover~d surfaces [37]. Thiophene adsorbs irreversibly on 

the clean Re(OOOI) surface to produce adsorbed C, S and H2 which desorbs from 

the surface. Adsorbed sulfur blocks the decomposition pathway and thiophene 

desorbs from the surface in a peak of maximum desorption at 180 K, similar to 

the temperature of 170 K on ~Io(100). In contrast to these similarities, the carbon 

.... 
! " 
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covered Re( 0001) and Mo( 100) surfaces show differences in their interactions with 

thiophene. Adsorbed carbon blocks thiophene decomposition on Re(OOOl) and 

thiophene desorbs at 180 K and 230 K, well below the temperatures of 310 K and 

360 K on the carbon covered Mo(100) surface. These differences in the binding of 

thiophene were attributed to the carbon overlayer being graphite-like on rhenium 

while carbon on Mo(100) is carbidic in nature. 

1.5 Combined Surface Science and Catalytic Stud
ies of Hydrodesulfurization 

If a molecular level description of thiophene HDS is to be developed, it is necessary 

to relate information gained from surface science investigation of thiophene on 

well characterized surfaces to catalytic studies of HDS at high pressures. UHV 

chemisorption experiments yield insight on the bonding and elementary reaction 

steps of thiophene on metal surfaces, but these experiments are conducted at 

pressures 1012-1014 orders of magnitude lower than those typical of HDS reactors. 

As a result, the primary reaction pathway for thiophene in UHV is C-S bond 

cleavage and dehydrogenation while C-S bond cleavage and hydrogenation are 

favored in a catalytic reactor. High pressure catalytic studies of HDS, however, 

also have disadvantages; the major one being that the studies are carried out 

over catalysts whose surfaces are poorly characterized due to the lack of surface 

sensitive techniques which can be used in environments other than UHV. 

To facilitate correlations between data obtained from high pressure catalytic 

reactions and UHV surface science studies, Somorjai and coworkers developed a 

combined UHV surface analysis/high pressure catalytic reactor system [38]. Using 

such a system, the surface of a small area catalyst (1 cm2
) can be characterized 

and modified in UHV before and after high pressure reactions. carried out in an 
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in-situ isolation cell. 

This thesis project has involved the use of a combined UHV /high pressure 

system to investigate the role of catalyst surface structure and composition in 

the thiophene hydrodesulfurization reaction. Thiophene HDS has been carried 

out over molybdenum and rhenium single crystals of different crystallographic 

orientation and the effects of carbon and sulfur overlayers determined on these 

surfaces. The remainder of this thesis is devoted to describing this work and has 

been organized into five chapters. Chapter 2 describes the experimental apparatus 

and techniques employed in this study, while Chapter 3 concentrates on the surface 

structure of the Mo and Re single crystals, both clean and when modified by 

adsorbate overlayers. Chapters 4 and 5 discuss thiophene HDS over the Mo andRe 

single crystals, and lastly, Chapter 6 discusses thiophene HDS over polycrystalline 

Mo, Re and Co foils. 
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Chapter 2 

Experimental Methods 

2.1 Introduction 

In order to learn about the chemistry of clean metal surfaces and to modify them 

in a controlled fashion, it is necessary to study them in ultrahigh vacuum (UHV). 

At ambient pressure, metal surfaces are contaminated by layers of oxide, hydro-

carbons and adsorbed gases which alter their surface chemistry. At a pressure 

of 1 x 10-9 Torr, however , a metal surface can be kept free of contaminants for a 

sufficient period of time ( < 1 monolayer in 15 minutes) to carry out experiments 

on the clean surface. For this reason, the use of an ultrahigh vacuum chamber, 

in combination with a high pressure catalytic reactor, has been of fundamental 

importance to this research project. 

2.2 Ultrahigh Vacuum Surface Analysis/Catalytic 
Reactor System 

All of the experiments described in this thesis were conducted in a combined 

UHV surface analysis/catalytic reactor system which was designed and built at the 

Lawrence Berkeley Laboratory. A photograph of the system is shown in Figure 2.1 

and a schematic drawing in Figure 2.2. The system is composed of an ultrahigh 
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Figure 2.1: Photograph of the UHV surface analysis/catalytic reactor system. 
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vacuum chamber outfitted with the following pieces of equipment: 

• sample manipulator 

• high pressure isolation cell 

• three stainless steel leak valves 

• electrochemical sulfur source 

• Bayard-Alpert type ionization gauge 

• argon ion (Ar+) sputtering gun 

• grazing angle electron gun for AES 

• four-grid LEED optics assembly 

• quadrupole mass spectrometer 

• solid state beta particle detector 

The most important pieces of equipment will be described in greater detail in the 

following sections. 

2.2.1 Ultrahigh Vacuum Chamber 

The ultrahigh vacuum chamber used in this study was constructed of stainless steel 

and its normal operating pressure was 1 x 10-9 Torr. The system was pumped with 

a 500 liter/second triode ion pump (Varian), a liquid nitrogen trapped, six inch oil 

diffusion pump (Varian) and a water cooled titanium sublimation pump. Following 

exposure of the interior of the chamber to the ambient atmosphere it was "baked-

out" at a temperature of 120-140° C for 12-48 hours to restore the vacuum to 

its normal operating pressure. Chamber pressures in the 10-4 -10- 10 torr range 
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were measured using a Bayard-Alpert type ionization gauge and the composition 

of the gas phase was monitored with a quadrupole mass spectrometer (UTI). The 

chamber was equipped with three stainless steel leak valves for controlled dosing 

of gases into the system. One of the leak valves was outfitted with a length of 

one-eighth inch stainless steel tubing which extended to within two inches of the 

single crystal or foil sample to maximize exposure of the sample to the dosing gas 

while minimizing the exposure of the rest of the chamber. 

2.2.2 Sample Manipulator and High Pressure Isolation Cell 

The single crystals and polycrystalline foils employed in this work were spot-welded 

to a sample manipulator which was modified for use with a high pressure cell. 

Figure 2.3 is a close-up photograph of the sample manipulator and high pressure 

cell while Figure 2.4 shows the two pieces schematically. The manipulator allowed 

free rotation of the sample through an angle of 270° around its axis and limited 

motion in the x, y and z directions. As shown in Figure 2.4, samples were mounted 

to the manipulator feed-throughs via twenty mil (0.020 inch) tantalum or rhenium 

wires spot-welded to one-eighth inch tantalum rods. The temperature of the single 

crystals and polycrystalline foils was measured using a platinum-platinum 10 % 

rhodium the-rmocouple spot-welded to the edge of the samples. The single crystals 

and foils were heated resistively over the temperature range of 300-1900 K. The 

mounting geometry shown in Figure 2.4 was found to be the best for minimizing 

heating of the support rods during both UHV experiments and catalytic reactions. 

The high pressure isolation cell was mounted on a linear motion feedthrough 

and could be raised until a UHV-tight seal was made between the Viton 0-ring of 

the high pressure cell and the knife edge of the manipulator. The high pressure 

cell had an internal volume of ,....., 35 cm3 and was attached via a gas inlet and 
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Figure 2.3: Photograph of the manipulator and high pressure cell. 
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Figure 2.4: Schematic drawing of the manipulator and high pressure cell. 
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outlet to a reaction loop described in the next section. 

2.2.3 Catalytic Reactor System 

The batch reactor used to carry out catalytic reactions is shown in Figure 2.5. The 

reactor is comprised of a closed loop constructed out of one-quarter inch stainless 

steel tubing and the high pressure cell, and has a total volume of 130 cm3 . The 

high pressure cell could be isolated from the reaction loop by ultrahigh vacuum 

compatible valves (N upro) located at the gas inlet and outlet of the cell. The 

reactor is equipped with a small pump (Micropump) for circulating gases and 

a sampling valve for injecting gas samples into a gas chromatograph (Perkin

Elmer 3920 B). The gas pressure in the reactor system was monitored over the 

range 1-800 Torr with a differential pressure gauge (Wallace & Tiernan) operated 

in the absolute mode and over the range 10-3-1 Torr with a thermocouple pressure 

gauge (Granville-Phillips). Gases were evacuated from the system to pressures 

~ 100 mTorr with a liquid nitrogen trapped, rotary mechanical pump (Sargent

·welch) and to pressures ~ 10-3 Torr with a liquid nitrogen trapped, 2 in. oil 

diffusion pump (Varian). 

2.2.4 Electrochemical Sulfur Source 

Deposition of sulfur overlayers onto sample surfaces in UHV was carried out using 

an electrochemical sulfur source which has been described previously in the litera

ture [1]. This method of sulfur deposition was chosen over the more commonly used 

procedure of exposing the surface of interest to hydrogen sulfide (H2S) because it 

minimizes contamination of the UHV chamber with sulfur. The electrochemical 

source produces a collimated beam of S2 molecules which can be dosed onto sam

ple surfaces at a rate of "' 1 monolayer/ minute without producing a notic~able 
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increase in the chamber pressure ( 1 X 1 o-9 Torr). 

The electrochemical sulfur source is depicted in Figure 2.6 and the half cell 

reactions are shown below. 

+ anode 

cathode 

The two half cell reactions add to give the overall cell reaction to produce silver 

metal and S2 from Ag2S. 

+ Eo= -0.197 V 

The source is operated by warming the cell to a temperature of "' 150°C by 

passing a current (0-4 A) through the heating coil, and applying a voltage greater 

than 0.2 V across the cell electrodes. Heating of the cell is necessary to increase the 

conductivity of the solid Agi electrolyte, while application of the voltage causes 

electrolytic decomposition of Ag2S. 

2.3 Surface Analytical Techniques 

There exist numerous experimental techniques for investigating the structure and 

composition of surfaces in ultrahigh vacuum [2,3]. The surface sensitivity of many 

of these techniques can be traced to the fact that the mean free path of low energy 

electrons in solids is of the order of a few atomic layers. The mean free path of 

electrons in metallic solids as a function of their kinetic energy is shown in Fig

ure 2. 7. The curve clearly indicates that electrons with kinetic energies in the 

range of 10-1000 eV have mean free paths of less than 20 A. Both Auger electron 

.... 
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Figure 2. 7: The universal curve of electron mean free paths in metallic solids as a 
function of their kinetic energy. 
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spectroscopy (AES) and low energy electron diffraction (LEED), two techniques 

used extensively in this work, involve collection and analysis of electrons emitted 

from a solid into vacuum with energies in the range of 10-1000 eV, and therefore 

yield information about the topmost 2-3 atomic layers of the material. LEED 

and AES are complimentary techniques; LEED gives information on the two di-

mensional order of the surface and AES provides information on the elemental 

composition of the surface. 

When a monoenergetic beam of electrons impinges onto a solid surface, sev

eral different processes occur as suggested by Figure 2.8. A small fraction of the 

electrons (::S 5%) are elastically back-scattered from the surface. If the scatte~ing 

· surface is a single crystal, diffraction of the elastically scattered electrons can oc

cur and this process is the basis for low energy electron diffraction. Alternately, 

the primary beam electrons can undergo inelastic scattering due to collisions in 

which energy is transferred to electrons bound in the solid. These inelastic colli

sions create secondary electrons which originate from within the solid (as opposed 

to primary beam electrons) and are emitted from its surface. The dashed curve 

in Figure 2.8 is the yield of secondary electrons while the solid curve is the total 

number of electrons scattered from the solid. As shown in the figure, one of the 

processes which produces secondary electrons is the Auger process, and these are 

the electrons detected in Auger electron spectroscopy. 

2.3.1 Auger Electron Spectroscopy 

Auger electron spectroscopy (AES) is a widely used technique in surface science 

for the determination of the elemental composition of the near surface region of 

materials. Both the theoretical and practical aspects of AES have been discussed 

in detail in the literature and the AES spectra of the different elements have been 
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tabulated [3,4,5]. In this thesis work, Auger electron spectroscopy has been used 

to determine the cleanliness of metal surfaces, to calibrate the surface coverage 

of sulfur and carbon adlayers on metals, and also to investigate the structure of 

adsorbed carbon overlayers. 

Auger electrons are produced by the relaxation of an ionized atom that has 

an electron vacancy in a core energy level. Electron holes can be produced in 

the core energy levels of an atom by bombardment with a high energy electron 

beam (Ep = 1-5 kV) or by a suitable X-ray source. As depicted in Figure 2.9, 

there are two de-excitation pathways available for an ion which has a core hole: 

1) demotion of a higher level electron accompanied with emission of a photon; 

and 2) demotion of a higher shell electron accompanied by ejection of a second 

electron from a bound state into the continuum. This latter mode of relaxation is 

the Auger process and analysis of the kinetic energy of the ejected electrons can 

be used to identify all of the elements with the exception of hydrogen and helium. 

These latter two elements do not have enough electrons for the Auger process to 

occur. The kinetic energy of an Auger electron depends upon the energy levels 

of the atom (and its ionized states) from which the electron is ejected and is 

independent of the type and energy of the ionizing source. In the case of a solid 

material, the kinetic energy of an Auger electron is described by the expression 

below. 

In this equation, E1 is the binding energy of the core level electron, E 2 is the 

binding energy of the higher level electron demoted to the core hole, E3 is the 

binding energy of the Auger electron in its bound state, <P~P is the work function 

of the spectrometer and e is the electron charge [3]. Clearly, the energy levels 

E 1 , E2 and E3 will be different for each element of the periodic table so that the 
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Figure 2.9: The de-excitation pathways for ionized atoms with a core vacancy. 
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kinetic energies of emitted Auger electrons will be distinct for each element which 

undergoes this relaxation process. 

In this work, ionization of atoms m the single crystal and foil samples was 

accomplished with a grazing incidence electron gun (70° off the sample normal). 

The scattered electrons produced by electron bombardment were collected using 

the LEED optics assembly as a retarding field analyzer (RFA) as depicted in Fig

ure 2.10 along with the signal amplification electronics. AES spectra were obtained 

using a primary beam voltage VP = 2000 V, a beam currrent ib = 7-10 J..LA, are- · 

tarding voltage ramped over the range 90-550 volts and a modultation voltage of 

15 volts. The retarding voltage is a negative voltage applied to the second and 

third grids to limit the number of electrons which reach the collecter. The mod

ulation voltage is superimposed on the retarding voltage so that phase sensitive 

detection can be used to increase the signal-to-noise ratio. Auger peaks appear as 

small steps on a slowly decreasing background and to improve the sensitivity, the 

spectra are normally plotted in the derivative mode. The AES spectra of clean and 

contaminated Mo and Re single crystals shown in Figures 2.11 and 2.12 exhibit 

the characteristic first derivative peakshape. 

In addition to being a useful technique for identifying what elements are present 

at the surface of a material, Auger spectroscopy can be used to determine the 

relative coverage of an adsorbate on a surface. If the undifferentiated (N(E)) 

Auger peak of an element is of any constant shape, then the peak-to-peak height 

in the derivative mode ( dN(E)/dE) is proportional to the quantity of the element 

at the surface. The amount of adsorbate is quantified in terms of the relative 

surface coverage, 8. In this thesis work, the adsorbate coverage ( 8) is defined to 

be the ratio of the density of adatoms in the overlayer (no. of atoms/cm2
) to the 

density of substrate atoms in the top layer of the substrate. 
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Figure 2.10: A schematic diagram of the retarding field analyzer and signal am
plification circuit. 
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Figure 2.11: AES spectra of the clean and contaminated Mo(100) surface. 
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To calibrate the coverage of an adsorbate on a substrate, the ratio of the AES 

peak heights of the adsorbate to the substrate is related to the coverage of the 

adsorbate. The peak height of the adsorbate AES peak is assumed to increase 

linearly with coverage while the peak height of the substrate decreases linearly 

with coverage. In general, this is true for two-dimensional growth of an overlayer 

on a substrate. 

Therefore 

where Ia( B) and I~( B) are th~ AES peak heights for the adsorbate and substrate 

respectively at any particular adsorbate coverage, Ia(1) and I,(1) are the peak 

heights at an adsorbate coverage of 1 monolayer (ML), and I~(O) is the substrate 

AES peak height for the clean surface. 

Then 

r - = 

I~(O) + B · [I~(l) - ls(O)] 

and 

r 

B(r) = 1 + Ia(1)/ I~(O) - I~(l)/ I~(O) 

where (I~(1)/I~(O)) is called the AES attenuation factor for the adsorbate on the 

substrate. In practice, all that is necessary to generate an AES calibration curve 

for the coverage of an adsorbate is the absolute AES peak heights for the clean 
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substrate and for the adsorbate and substrate at a known adsorbate coverage. 

Normally, an additional sur:face science technique (e. g. LEED) is employed to 

accurately determine an adsorbate coverage for the AES calibration. 

Finally, Auger spectroscopy can be used to investigate the chemical form of 

an adsorbate on a surface. The core and valence energy levels of an atom can 

shift depending on its chemical environment and the loss mechanisms can change 

as well [3]. All of these can affect the line shape of the A.ES transition of an 

element. Despite the fact that the dependence of AES line shapes upon the chem

ical environment of an atom is not well understood, numerous cases of changes·in 

peak shape have been documented [6]. Figure 2.13 shows the AES line shapes for 

carbon in the form of graphite and tungsten carbide (\V2C) to be distinctly differ

ent [6]. In this thesis research, the lineshape of the carbon AES transition has been 

used to characterize adsorbed carbon overlayers as carbidic-like or graphitic-like in 

their chemical form. In general, it is very difficult to distinguish between the two 

types of adsorbed carbon overlayers with AES alone, so the distinction between 

carbide-like and graphite-like overlayers has been made with great caution and 

when possible with the aid of other pieces of evidence. 

2.3.2 Low Energy Electron Diffraction 

Low energy electron diffraction (LEED) is perhaps the most widely recognized 

surface science technique due to its origin in the famous work of Davisson and 

Germer [7]. In 1927, they demonstrated the wave-like behavior of electrons by 

observing the diffraction of low energy electrons from the surface of a nickel sub

strate. This result provided experimental evidence to support the theoretical work 

of de Broglie which predicted the wave-like properties of particles. The de Broglie 
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Figure 2.13: AES lineshapes for carbon in the form of graphite and tungsten 
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equation for the wavelength of electrons is shown below . 

.\(A) = (T50A 
v~ 

46 

Using this equation, it is easily calculated that for electron energies between 30 eV 

and 500 eV, the wavelength of electrons is comparable to the lattice spacings of 

most crystals. In addition, the mean path length of electrons in solids over this 

energy range is limited to a few atomic layers so backscattered electrons interact 

only with the outermost layers of the surface. 

The theory and practice of LEED has been well described in books by Ertl and 

Clarke, so only general considerations are addressed here [3,8]. Diffraction of a 

beam of electrons from a surface results from the interaction of the periodic oscil-

lations of the electron waves with a periodic array of scattering centers. Therefore, 

if a monoenergetic and parallel beam of electrons is scattered from a single crystal 

surface, constructive and destructive interference of elastically back-scattered elec

trons will occur and diffraction is observed. The diffraction condition for LEED 

studies with a normal incidence beam is given by the Bragg Law: 

sin¢ = n.\ = ~ 
d d 

150.4 

E(e'V') 

where n is an integer, d is the separation between rows of surface atoms in 

Angstroms (A) and E is the electron energy in electron volts (eV). ·Figure 2.14 

is a schematic diagram of the LEED experiment. A normal incidence electron 

gun is located at the center of the LEED optics assembly and the single crystal 

surface is positioned at the center of curvature of the phosphor screen. A negative 

voltage a few volts less negative than the beam voltage is applied to the second 

and third grids of the LEED optics in order that only elastically backscattered 

electrons reach the phosphor screen. The elastically scattered electrons are post

accelerated into the screen by a positive bias of"" 5 kV placed on the phosphor 
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Figure 2.14: A schematic diagram of a LEED experiment. 
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screen. At angles satisfying the Bragg condition, bright spots appear on the screen 

which can be observed directly or photographed with a camera. A photograph of a 

p(2 x 1) LEED pattern observed from a Mo(100) single crystal covered with 1 ML 

of sulfur is shown in Figure 2.15 along with a possible real space structure of the 

surface. 

LEED was used in this thesis research primarily as a technique to verify the long 

range order of clean and adsorbate covered single crystal surfaces, to determine 

adsorbate coverages in combination with AES, and to determine the dimensions 

and symmetry of the adsorbate unit cell. LEED experiments in which the diffrac

tion pattern is viewed and recorded at a single energy allow determination of the 

symmetry and dimensions of the adsorbate unit cell, but do not yield the registry 

of the adsorbate overlayer with the underlying substrate. More complicated and 

time-consuming LEED studies can be performed which yield the adsorption sites 

and coordinates of adsorbates as well as the unit cell information. These studies 

entail recording the intensity of the LEED di_ffraction spots as a function of the 

incident beam energy and then modeling the diffraction experiment with sophisti

cated computer calculations until the experimental and theoretical intensity versus 

voltage curves match. 

The diffraction pattern observed in a LEED experiment is a direct representa

tion of the reciprocal lattice of the surface. The symmetry of the surface is readily 

obtained from the diffraction pattern while determination of the dimensions of 

the surface unit cell requires transformation of the reciprocal lattice vectors into 

real space lattice vectors. In the case of an ordered adsorbate on a single crystal 

surface, it is often possible to express the lattice vectors of the overlayer lattice 

( b~, b~) as a linear combination of the substrate lattice vectors (a!, a2) as shown 

1". 
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Figure 2.15: A p(2x1) LEED pattern for 1 ML sulfur covered Mo(100) surface. 
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below in matrix notation. 

or 

;; M·a 

If the above is true, then a corresponding relationship exists in reciprocal space . 

..... b* M* -= ·a 

Therefore, using the reciprocal matrix and the relation M · M* = 1 the real space 

matrix, M, can be determined. Once M is known, the dimensions of the overlayer 

unit cell can be calculated. 

2.4 Detection of Radiotracer 14C and 35S Over
layers 

Radiotracer 14C and 358 were employed in this research to determine rates of hy-

drogenation and exchange of adsorbed carbon and sulfur overlayers under high 

pressure reaction conditions. Radiotracers are particularly useful in studies of 

heterogeneous catalysis because labelled isotopes on catalyst surfaces can be dis-

tinguished from surface species containing normal isotopes which are produced 

by adsorption and reaction of gas phase molecules. 14C and 35 8 are low energy 

beta ((3-) emitters and their half-lives and maximum energies of beta emission are 

shown in Table 2.1 [9]. A UHV compatible (3- detection system has been developed 

in this laboratory which permits radiotracer labelling studies to be carried out in 

conjunction with high pressure reactions and/or surface science experiments [10]. 

The detection system consists of a silicon surface barrier detector (Ortec TA-

23-25-300) recessed in a liquid nitrogen cooled copper jacket and connected to a 
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Table 2.1: Beta Emission Data for 14C and 35S 

!Jotope Half-life (year3) Emax (keV) 

14C 5.7x 103 158 
3ss 2.4x 10-1 167 

rotatable feedthrough. A schematic diagram of the 13- detector and counting sys-

tern is shown in Figure 2.16. The surface barrier detector is composed of a slice of 

ultrapure ?-type silicon whose surface region has been depleted of free charge car

riers. The detector is mounted in an insulating ring and its front and back surfaces 

are metallized with gold and aluminum respectively so that a voltage bias can be 

applied across the detector. The thicknesses of the gold window ( 40 p.g Au/ cm-2 ) 

and of the silicon which has been depleted of charge carriers (300 p.m) were chosen 

to optimize the detector efficiency for low energy beta radiation ( ,..,_. 150 keV). The 

front side of the detector is grounded while a positive bias of 50-100 volts is applied 

to the backside. Free charge carriers produced in the depletion region by ionizing 

radiation are separated by the electric field and detected as a current pulse at the 

detector electrodes. Integration of the current pulse yields a signal proportional 

to the energy of the ionizing radiation and it is amplified and collected by a multi

channel, pulse height analyzer (Tracor TN 1705). Integration of the timed spectra 

recorded by the pulse height analyzer yields a count rate (counts/minute) which 

is proportional to the amount of radioactively labelled material in the detection 

area. 

The detector unit is located at the end of a rotatable feedthrough mounted on 

a six inch conflat flange. The flange is equipped with feedthroughs for a chromel-

alumel thermocouple and water or liquid nitrogen cooling as shown in Figure 2.17. 
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The temperature of the detector must be maintained between -30° C and 30° C 

during the time in which the voltage bias is applied to the detector. The best 

13- measurement conditions were found to be a detector temperature of -30° C 

to minimize the detector dark current, all filaments in the chamber off ~nd the 

chamber sealed from all sources of light. 

Beta emission from 14C and 35S overlayers on the Mo(100) surface was measured 

by rotating the detector in front of the single crystal and positioning the single 

crystal at the center of the detector at a distance of"' 0.2 em. A typical 13- emission 

spectrum from an adsorbed 14G overlayer on the Mo(100) surface is shown in 

Figure 2.18. The detecting surface of the silicon detector has a diameter of 0.8 em 

which is about the same size or smaller than the diameter of the single crystals 

used in the radiotracer studies. Furthermore, the detecting surface is recessed 

approximately 0.2 em into the detector unit which helps screen all surfaces other 

than the single crystal surface from contributing to the 13- emission measurements. 

The background 13- emission was determined by measuring the count rate of the 

clean sample surface before and after a radiotracer experiment. For both the 

14C and 35S experiments, the background contribution to the count rate was found 

to be :5 20 %. 

2.5 Materials 

2.5.1 Single Crystals and Polycrystalline Foils 

The molybdenum and rhenium single crystals used in this research were cut by 

spark erosion from single crystal rods obtained from the Materials Research Cor

poration. The single crystals, which were on average 1 cm2 in area and < 0.1 em 

thick, were oriented to within 1° using Laue back-diffraction and polished using 
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Figure 2.18: A (3- emission spectrum from adsorbed 14C on the Mo(lOO) surface. 
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Table 2.2: Reagents Used in this Research 

Reagent Source Purity(%) 

Thiophene Aldrich 99+ 
Butadiene Matheson 99.0 
cis-2-Butene Matheson 95.0 
Ethylene Matheson 99.5 
Hydrogen sulfide Matheson 99.5+ 
Hydrogen Matheson 99.95 
Oxygen Matheson 99.9 
Argon Matheson 99.9 

successively finer grades of diamond paste until mirror finish was achieved. One 

should make the single crystals as thin as is practically possible to minimize the 

contribution of the edge area to the total surface area. The single crystals were 

spot-welded to short pieces of 0.020 inch Ta or Re wire which were in turn spot

welded to the sample manipulator as described in Section 2.2.2. 

Molybdenum, rhenium and cobalt foils were cut from high purity sheets of the 

metals and inserted into the UHV chamber without further treatment. The foils· 

had thicknesses in the range 2-5 mil (0.005-0.013 em) and areas of 1-2 cm2
• The Mo 

foil was of unknown origin while the Re and Co foils were purchased from Alpha 

Products and the Materials Research Corporation respectively. The metal foils 

were mounted onto the manipulator via 0.020 inch wires of the respective metals 

spot-welded along the length of the foils and attached to the heating feedthroughs 

by spot-welds. 

2.5.2 Reagents 

The reagents used in this research (except the radioactive compounds) are listed in 

Table 2.2 along with their sources and purities. All of the reagents with the excep-
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tion of thiophene were used without further purification. The "gold label" quality 

thiophene purchased from Aldrich contained amounts of an impurity, believed to 

be carbon disulfide (CS2 ), sufficient to interfere with the thiophene HDS reaction. 

The impurity strongly deactivated both Mo andRe catalysts and its presence led 

to abnormally high production of methane under reaction conditions. To remove 

the impurity, thiophene was fractionally distilled over metallic sodium in an in

ert atmosphere of dry nitrogen. The distilled thiophene was further purified by 

repeated freeze-pump-thaw cycles before use in the catalytic reactor system. 

2.5.3 Radioactively Labelled Reagents 

14C labelled overiayers were formed on the Mo(lOO) surface by decomposition of 

14 C2 H4 • Twenty millicuries (mCi) of 14C-ethylene was obtained from the Amer

sham Corporation and had a radiochemical purity of 98.7 % and a specific activity 

of 100 mCi/mmole. The labelled ethylene was divided between two break-seal 

pyrex tubes and was further purified before use by freeze-pump-thaw cycles. The 

Lawrence Berkeley Laboratory glass shop outfitted the tubes with teflon stopcocks 

and pyrex-to-1/4 inch Kevlar adapters which allowed vacuum tight connection of 

the tubes to the UHV system using Gyro-lok fittings.· 

35S labelled overlayers were produced on the Mo(lOO) surface by the decom

position of C35S2 • The labelled CS2 was custom synthesized by the New England 

Nuclear Corporation and had a radiochemical purity.> 99% and a specific activity 

of 100 mCi/mmole. The C35S2 was stored in two breakseal tubes, each containing 

"' 37 mCi of the radioactive material, and the tubes were outfitted in the same 

manner as for the labelled ethylene for use in the UHV system. 
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2.6 Procedures 

2.6.1 Sample Cleaning 

58 

Molybdenum and rhenium are refractory metals which can be cleaned using similar 

methods. The major impurities in single crystals and foils of the two metals were 

found to be carbon, sulfur and oxygen. Sulfur was easily removed from the metal 

surfaces by heating the samples to 1900 K which resulted in desorption of sulfur 

into the vacuum. Surface oxygen can also be desorbed from molybdenum and 

rhenium by heating, but it is necessary to reach a temperature of 2000 K for 

complete oxygen removal. The platinum-platinum 10 % rhodium thermocouple 

used in this work melts at "' 1925 K so sample heating was limited to a maximum 

of 1900 K. Higher temperature thermocouples exist (e. g. tungsten-rhenium), but 

they are not suitable for use in high pressures of hydrogen. Residual oxygen left 

on the molybdenum and rhenium surfaces was removed by reaction with C2H4 to 

produce CO in UHV or by reaction during thiophene HDS to form products which 

have not been characterized. 

Carbon was found to be the most tenacious impurity in the molybdenum and 

rhenium samples. Carbon was removed by reaction with oxygen (Po
2 

= 1 x 10-8 -

1 x 10-5 Torr) at high temperatures (T = 1100-1575 K) to produce CO and C02• 

New single crystals required repeated oxygen treatments for many days under the 

most severe conditions to clean the near surface region of the samples of carbon. 

Removal of carbon with oxygen was closely monitored to avoid dissolving oxygen 

into the bulk of the samples. 

The major impurities in cobalt foil samples were also found to be carbon, sulfur 

and oxygen. Argon ion sputtering must be employed to clean cobalt samples as 

they cannot be heated to temperatures sufficient to desorb sulfur and oxygen. 



CHAPTER 2. EXPERilviENTAL METHODS 59 

The sputtering conditions used were an accelerating voltage of 1000 volts, a gas 

mixture of 0.1 % oxygen in argon (total pressure = 5 x lo-s Torr) and a sample 

temperature of 875 K. After 10-30 minutes at these conditions, the sample was 

sputtered at room temperature for an additional five minutes and then annealed 

at 800 K. 

2.6.2 Preparation of Carbon and Sulfur Overlayers 

Adsorbed sulfur overlayers were prepared on the Mo(lOO), Re(OOOl), Re(lOIO) sur

faces by deposition of sulfur with the electrochemical sulfur source described ear

lier. In all cases, sulfur was deposited with the surfaces at room temperature and 

saturation coverages of 1.0 ML,"' 0.7 ML, and 1.0 ML on the Mo(lOO), Re(OOOl), 

Re(lOIO) surfaces respectively could be prepared in this manner. Lower coverages 

were produced by annealing the sulfur saturated surfaces to desorb a fraction of 

the adsorbed sulfur. Coverages were determined using AES calibration curves 

generated using the equations described in Section 2.3.1. 

The AES attenuation factors for sulfur on the Re(OOOl) and Re(lOIO) sur

faces were determined with the aid of LEED. A (2v'3x2v'3) LEED pattern and 

a p(2x2) LEED pattern are observed from the Re(OOOl) and Re(lOIO) surfaces 

respectively at a sulfur coverage of 0.5 ML (11]. AES peak heights were measured 

for the S( 148e V) and Re( 177 e V) Auger transitions for the sulfur covered and clean 

rhenium surfaces and the AES attenuation factors calculated assumming a linear 

decrease of the Re(177eV) AES peak height with coverage up to 1.0 ML. An AES 

calibration curve for sulfur on the Mo(lOO) surface has been prev·iously determined 

in the UHV chamber used in this research [12]. 

Adsorbed carbon overlayers were formed by decomposition of ethylene (C2H4 ) 

on the molybdenum and rhenium single crystal surfaces. Carbon coverages up 
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to 0.85 ML, 0.25 ML, and 0.6 ML could be formed on the Mo(lOO), Re(OOOl), 

Re(lOIO) surfaces respectively by dosing C2H4 on to the surfaces at room temper

ature followed by annealing to temperatures of 700-800 K to desorb H2. To obtain 

higher coverages, it was necessary to thermally decompose C2H4 on the surfaces 

and this was achieved by heating the single crystal surfaces to 800-1100 K dur

ing dosing. Calibration curves for carbon on the Mo(lOO) and Re(OOOl) surfaces 

were determined in a similar manner as described above. For the Mo(lOO) sur

face, c(2x2), lrfl and p(2x2) LEED patterns at respective coverages of 0.50 ML, 

0.67 ML and 1.0 ML were used to generate an AES calibration curve while 

the c(4x2) LEED pattern at a carbon coverage of 0.25 ML was used for the 

Re(OOOl) surface (13,14]. On the Re(10IO) surface, the AES attenuation factor 

for carbon was determined in a different manner. The surface was dosed with 

thiophene at room temperature followed by annealing to 700 K. Using the AES 

calibration curve for sulfur on the Re(10IO) surface, the sulfur coverage was deter

mined to be 0.1 ML. Thiophene decomposes completely on the clean Re(lOIO) sur

face with desorption of H2 only, indicating that the carbon coverage is 0.4 ML. 

The C(272eV) and Re(l77eV) AES peak heights were measured for this surface 

and the clean surface and were used to calculate the AES attenuation factor for 

carbon. This procedure does not take into account attenuation of the Re(l i7eV) 

peak by the coadsorbed sulfur from thiophene, but carbon coverages using this 

calibration are believed to be accurate within 15 % [15]. 

2.6.3 Preparation of 35S and 14 C Labelled Overlayers 

35S and 14C overlayers were prepared on the Mo(100) surface by decomposi

tion of C35S2 and 14C2H4 • In both cases, the compounds were dosed on to 

the metal surface at room temperature followed by heating to decompose the 
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molecules. The maximum sulfur coverage which could be achieved by decomposi

tion of C35S2 was 0.75 ML and this was accomplished by two doses of C35 S2 to

talling 30-45x 10-9 Torr·sec using a leak valve equipped with a dosing tube. The 

Mo(100) crystal was heated to 1100 K after each dose to dissociate the C35 S2 and 

to allow diffusion of carbon into the bulk. At sulfur coverages, 83 2: 0.5 ML, 

coadsorbed carbon diffuses into the bulk of a Mo(100) single crystal upon heating 

to "' 1100 K. 

14C overlayers were prepared in a similar manner as for the unlabelled carbon 

overlayers except that dosing was always done at room temperature. Following 

dosing with 14 C2H4 , the single crystal was heated to 700 K to decompose· the 

adsorbed ethylene and to desorb hydrogen. The 14C covered Mo(100) surface was 

never annealed above 700 K to avoid diffusion of 14 C into the bulk of the crystal. 

2.6.4 High Pressure Reactions 

Atmospheric pressure reactions on single crystal and polycrystalline foil samples 

were carried out using the high pressure isolation cell and catalytic reactor sys

tem described in Sections 2.2.2 and 2.2.3. The single crystal and foil samples 

were prepared and characterized in UHV prior to closing the high pressure iso-

lation cell. The valves isolating the cell from the reaction loop were opened and 

the system pressurized with reactant gases. The minor components (thiophene, 

butadiene, cis-2-butene, H2 S) were leaked into the reactor first at pressures in 

the range 0.1-5.0 Torr, followed by hydrogen and/or argon to a total pressure 

of 780 Torr. The gases were circulated in the system with a small circulation 

pump (flow rate :::::: 50 cm3 /minute) for 15-30 minutes prior to heating the sam-

ple to the reaction temperature to ensure complete mixing as determined by gas 

chromatography. The temperature of the sample was maintained at the reaction 

;(j 

.·.~, . ., 
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Table 2.3: Retention Times of Thiophene and its HDS Products 

Compound Retention Time (seconds) 

Thiophene 460 
1-Butene 124 
Butane 151 
cis-2-butene 170 
trans-2-butene 201 
Butadiene 211 

temperature using a temperature controller built in the Lawrence Berkeley Lab-

oratory electronics shop. Gas samples were injected into a gas chromatograph at 

15 minute intervals and components separated on a 6 foot long, 19 % picric acid 

on carbowax column. The temperature program of the gas chromatograph was 

set for a cycle of 4 minutes at 30°C followed by heating at a rate of 32° /minute to 

110°C, at which temperature the column was maintained for an additional 4 min

utes. C4 hydrocarbon products were separated with the column at 30°C while the 

higher temperature was necessary to achieve elution of thiophene .. The retention 

times for thiophene and its HDS products are shown in Table 2.3. The products 

were detected with a flame ionization detector and the peak areas determined 

electronically using a Spectra Physics 1-'linigrator. The flame ionization detector 

was calibrated over the range of hydrocarbon pressures produced in HDS reactions 

using a standard CH4 /N2 gas mixture. 

Upon completion of a high pressure reaction, the single crystal or polycrys-

talline foil was cooled to room temperature in the flowing gas mixture followed 

by evacuation of the reactor using a mechanical pump. "When the pressure of the 

reaction cell was S 50,0 mTorr, it was isolated from the reaction loop and pumped 

with a liquid nitrogen trapped, 2 inch diffusion pump for 15-120 minutes to a 
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pressure < 10-3 Torr. The high pressure cell was then opened and the crystal 

characterized and prepared for further experiments. 

High pressure reactions involving radioactively labelled overlayers were carried 

out in the following manner. An overlayer of 14C or 35S of the desired coverage 

was formed on the Mo(100) surface and the 13- activity measured. The single 

crystal was then enclosed in the isolation cell and exposed to reactant gases as 

described above for normal high pressure reactions. After circulation of the gases 

to ensure mixing, the single crystal was heated to the desired reaction temperature 

for a time interval of 5-30 minutes. The crystal was then cooled, the isolation cell 

evacuated and opened to expose the single crystal to UHV. The 13- activity was .· 

then determined and the process repeated with the existing surface or a newly, 

prepared surface. 
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Chapter 3 

Structure of Clean and Adsorbate 
(C, S) covered Molybdenum and 
Rhenium Single Crystal Surfaces 

3.1 Introduction 

The hydrodesulfurization reaction has been the basis for one of the most important 

catalytic processes employed in the petroleum industry for over fifty years, yet the 

fundamental surface chemistry of the reaction is poorly understood. As discussed 

in the introductory chapter, fundamental research studies of HDS have concen

trated on the use of unsupported and supported metal sulfide catalysts. The failure 

to develop a molecular level description of the active HDS site and of the reaction 

mechanism is in part due to the complex and heterogeneous nature of the catalysts 

employed in these studies. The approach used in this thesis research and related 

studies in our laboratory has been to use structurally less complex, metal single 

crystals as model catalysts for the HDS reaction [1,2]. The well-ordered structure 

of single crystals permits determination of their surface structure at the atomic 

level and chararcterization of the interaction of adsorbate atoms and molecules 

with their surfaces. In this chapter, the surface structure of the single crystals 

used as model HDS catalysts is discussed. First, the structure of the clean metal 
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surfaces will be addressed, followed by a discussion of the structure of carbon and 

sulfur adlayers on these same surfaces. 

3.2 Structure of Clean Mo and Re Surfaces 

Surface science and high pressure reaction studies of thiophene hydrodesulfuriza

tion have been carried out over single crystal surfaces of molybdenum and rhenium. 

HDS studies over molybdenum were carried out over the (100) face; perspective 

and top view drawings of this surface and the (110) and (111) faces of molybde

num are shown in Figures 3.1 and 3.2. The drawings of the (110) and (111) faces 

have been included because results of thiophene HDS studies over these surfaces, 

obtained previously in this laboratory, will be compared with the results of this 

work over the Mo(100) surface [2]. For rhenium, thiophene HDS has been studied 

over four different crystallographic planes ((0001), (1010), (1120), (1121)) and per

spective and top view drawings of these surfaces are shown in Figures 3.3 and 3.4 

respectively. The surfaces depicted in Figures 3.1-3.4 are idealized representa

tions and were drawn assuming that the surfaces are perfect truncations of the 

bulk metal structure. In reality, the structure of most metal surfaces deviates from 

what would be predicted by the bulk structure because of the absence of metal 

atoms for bonding on the vacuum side of the surfaces. To compensate for the 

anisotropic bonding environment, the top layer atoms relax from their predicted 

positions and contract into the bulk of the metal. This contraction is reflected in 

a decrease of the atom layer spacing normal to the surface. The top layer contrac

tions have been experimentally determined for some of the Mo and Re surfaces of 

interest and they are listed in Table 3.1 along with other pertinent data [3,4,5,6]. 

Comparison of the surface atom densities and top layer contractions listed in 

Table 3.1 for the Mo surfaces indicates that the more open a surface, the greater 
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Mo(llO) 

1\!Io( 100) Mo(lll) 

XBL 878-3470 

Figure 3.1: Perspective drawings of three low miller index planes of molybdenum. 
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lVIo(llO) 

Mo(lOO) Mo(lll) 

XBL 878-3472 

Figure 3.2: Top view. drawings of the molybdenum surfaces shown in Figure 3.1. 
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, .. 

Re(OOOl) Re(lOlO) 

Re(1120) Re(1121) 

XBL 878-3563 

Figure 3.3: Perspective drawings of three low miller index planes of rhenium. 
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Re(OOOl) Re(1010) 

Re(1120) Re(1121) 

XBL 878-3471 

Figure 3.4: Top view drawings of the rhenium surfaces shown in Figure 3.3. 
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Table 3.1: Surface Atomic Densities 

Atomic DenJity Relative Top Layer A tom Top Layer 
Surface ( atomJjcm2) Atomic DenJity Coord. Number Contraction (%) 

Mo(llO) 1.434 X 1015 1.00 c6 1.6 
Mo(100) 1.014 X 1015 0.71 c4 9.5 
Mo(111) 0.586 X 1015 0.41 - c4 18 

Re(0001) 1.514 X 1015 1.00 Cg -
Re(10IO) 0.815 X 1015 0.53 Cs 16.2 
Re(1120) 0.470 X 1015 0.31 c1 -
Re(llZl) 0.450 X 1015 0.30 c6 -

is the contraction of the top layer atoms. Surface atoms in open surfaces have 

fewer atoms with which to coordinate, so they contract further into the bulk to 

achieve lower energy states. It follows that the thermodynamically most stable 

surfaces are those in which the surface atoms are the most densely packed. The 

top layer atoms in these surfaces have the fewest number of dangling bonds which 

therefore makes the surfaces the most stable. In some cases, thermodynamically 

unstable surfaces undergo reconstruction to form more stable surfaces which have 

completely different structures from that predicted by the bulk metal structure. 

LEED studies of the single crystals used in this research verified that at room 

temperature none of the surfaces underwent reconstruction in UHV. 
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3.3 Structure of Carbon and Sulfur Overlayers 
on the Mo(lOO) Single Crystal Surface 

3.3.1 Carbon on Mo(lOO) 

The structure and properties of carbon overlayers on the Mo(100) surface have 

been the subject of numerous surface science studies [7,8,9,10]. Three ordered 

structures exist for the adsorbed carbon on Mo(100) system: c(2x2), lifl, and 

p( 1 x 1) at coverages of 0.5 ML, 0.67 ML and 1.0 ML respectively. Ion scat

tering (ISS) studies of the carbon covered Mo(100) surface show carbon atoms 

to be adsorbed in four-fold hollow sites [8]. The ISS work and preliminary dy

namical LEED studies in our group suggest that the carbon overlayer extends 

< 0.6 A above the metal surface [1]. A schematic drawing of the Mo(100) surface 

covered with 0.5 ML of carbon is shown in Figure 3.5. In order to generate these 

drawings, published values of 1.36 A and 0. 77 A were used for the atomic radii 

of molybdenum and carbon while the rela.."<ation value listed in Table 3.1 was used 

for the 1v!o(100) surface [11,12]. It can be seen that the relatively small size of a 

carbon atom permits it to adsorb in a four-fold hollow site and extend very little, 

if not at all, above the plane of the metal surface. 

The AES calibration curve of carbon coverage on Mo(lOO) which was used in 

this thesis work is shown in Figure 3.6 along with experimental points correspond-

ing to ordered carbon overlayers as established using LEED. The experimentally 

determined AES attenuation factor for carbon on the 1-'1o(100) surface was 0.65. 

The chemical form of the carbon has been previously found to be carbidic and 

this result has been corroborated in the present study. Figure 3.7 shows the de-

pendence of the shape of the carbon AES transition on the the crystal annealing 

temperature for a surface saturated with ethylene. The AES peak shape becomes 
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9c=0.50ML 

Carbon 

(a) 

9s=0.50ML 

Sulfur· 

(b) 

XBL 868-2965 

Figure 3.5: A schematic drawing of one-half monolayer of carbon and sulfur ad
sorbed on the .Mo(lOO) surface. 
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Figure 3.6: An AES calibration curve of adsorbed carbon on the Mo(lOO) surface. 
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characteristic of carbidic carbon for annealing temperatures > 500 K. Additional 

evidence that the overlayer is composed of atomic carbon by 500 K is found in 

the TPD work of Madix et al. which showed that hydrogen desorption from ethy

lene decomposition on Mo(100) is complete by 500 K [13]. In related work on 

Mo(111), Overbury found carbon overlayers, derived from ethylene, to be car

bidic for annealing temperatures of 550 K and above [14]. Stair and coworkers 

have investigated adsorbed carbon on Mo(100) using X-ray photoelectron spec

troscopy [10]. It was determined that charge transfer takes place from the metal 

to the carbon overlayer, leaving the surface Mo atoms in the +1 oxidation state. 

These XPS results provide further evidence that carbon on the Mo(100) surface 

is carbidic as no charge transfer is detected by XPS for graphitic carbon on metal 

surfaces [15]. 

3.3.2 Sulfur on Mo(lOO) 

Adsorbed sulfur forms four ordered overlayers on the Mo(100) surface [16,17,18,19,20]. 

The ordered structures are observed by LEED to have c(2x2), Iii!, c(4x2) and 

p(2 x 1) unit cells and occur at respective sulfur coverages of 0.5, 0.67, 0. 75 and 

1.0 l\IL. Clarke has carried out dynamical LEED studies of the c(2x2) sulfur struc

ture and found best agreement between the experimental and theoretical curves 

for adsorbed sulfur atoms bonded in four-fold hollow sites [16]. The real space lat

tice is depicted in Figure 3.5 where an atomic radius of 1.04 A is used for sulfur; 

the molybdenum radius and (100) relaxation value are the same as before [12]. Al

though sulfur and carbon atoms occupy the same adsorption sites on the Mo(100) 

surface at one-half monolayer coverage, there is much less exposed metal surface 

area on the sulfur covered surface. The atomic radius of sulfur is 35 % larger 

than that of carbon so it is expected to cover more of the Mo surface at a given 
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700 K 900 K 

Electron Energy ( e V) 

Figure 3.7: AES peak shapes for carbon on the Mo(lOO) surface as a function of 
the crystal annealing temperature. 
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adsorbate coverage. Carbon can penetrate further into the surface while sulfur 

sits above the metal plane. In fact, the larger size of sulfur is reflected in repulsive 

sulfur-sulfur interactions at high coverages which result in changes in the bonding 

of sulfur to the Mo(100) surface. Carbon atoms adsorb in four-fold hollow sites at 

all coverages (0 < Be ~ 1.0) while evidence suggests that sulfur atoms at high cov

erages (83 > 0.67 ML) occupy new adsorption sites in order to minimize repulsive 

interactions between adjacent sulfur atoms [16,2,19,21]. It has been proposed that 

above two-thirds of a monolayer, sulfur atoms begin to populate two-fold bridge 

. sites. This hypothesis is supported by XPS, UPS and TDS studies which show 

that the Mo-S bond strength decreases for sulfur adsorbed above 0.67 ML [22,19]. 

As will be discussed shortly, recent scanning tunnelling microscopy (STM) studies 

indicate that all sulfur atoms in the p(2x1) structure are adsorbed in equivalent, 

but displaced, sites [23]. 

The bonding of sulfur on the Mo(100) surface has been investigated with nu

merous techniques. Thermal desorption shows sulfur to be strongly bound to the 

rvio( 100) surface with the maximum rate of desorption at 1800 Kanda low temper

ature shoulder at 1300-1500 K [19]. XPS and work function measurements indicate 

that electron transfer from molybdenum to sulfur transpires upon adsorption of 

sulfur on the Mo(100) surface [22,24,20]. Oudar and coworkers observed the work 

function to increase linearly over the coverage range 0.25 < Bs < 1.0 ML and from 

this deduced a charge transfer of 0.044 e- per sulfur atom, indicating that the 

~Io-S bond is predominantly covalent in character [20]. The XPS measurements 

of Gellman and coworkers in this laboratory showed that the binding energy of 

sulfur on the Mo(lOO) surface is similar to that of sulfur in MoS2 [22]. By analogy 

to l\t!oS 2 , they assigned a formal oxidation state of -2 for sulfur on Mo(lOO). 
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3.3.3 STM Study of the p(2xl) Mo(lOO)-S System 

The recently developed technique of scanning tunnelling microscopy (STM) has 

been used to image sulfur atoms on the Mo(100) surface with atomic resolution 

in air [23]. The STM experiments were carried out by Dr. Bruno Marchon and 

Dr. Miquel Salmeron of the Lawrence Berkeley Laboratory on sulfur covered 

Mo(100) surfaces prepared in this laboratory. Atomic resolution images could be 

recorded by the STM in air due to the chemical inertness of the Mo(100) surface 

when covered with one monolayer of sulfur. UHV thermal desorption studies have 

shown that the sulfur passivated surface is chemically inert to the most common 

contaminants (CO, N2 , H20, 0 2 ) at room temperature [19]. To determine whether 

the p(2x1) Mo(100)-S surface was inert to adsorption of gas phase contaminants 

at ambient pressures, the surface was exposed to air (1 atm) for fourteen hours in 

the high pressure cell. Following eva~uation, AES revealed insignificant amounts 

of adsorbed carbon and oxygen on the surface and no loss of adsorbed sulfur. In 

addition, the LEED pattern after air exposure was found to be as sharp as the 

initial pattern. The AES spectra and LEED patterns of the surface from before 

and after air exposure are shown in Figures 3.8 and 3.9. 

The p(2x 1) unit cell of sulfur atoms on the Mo(100) surface is clearly resolved 

m Figure 3.10, an STM image taken in the barrier height mode. The shortest 

sulfur-sulfur distance is 3.4 A which agrees, within uncertainty, with the value of 

3.1 A predicted by Clarke [16]. Topographic imaging of the sulfur covered surface 

reveals all of the sulfur atoms to be at the same distance above the metal surface, 

suggesting that they are adsorbed in equivalent sites. Clarke has proposed two 

models for the real space structure and they are shown in Figure 3.11. Structure (a) 

has sulfur atoms adsorbed in both four-fold hollow and two-fold bridge sites. The 
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Figure 3.8: AES spectra of the p(2xl) sulfur on Mo(lOO) surface before and after 
a1r exposure. 
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Figure 3. 9: LEED pat terns of the p( 2 X 1) sulfur on Mo( 100) surface before and 
after air exposure. 
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Figure 3.10: (a) A barrier height STM image of the p(2x1) Mo(100)-S surface in 
air. (b) A topographic scan of the same surface in the [120] direction. 
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Figure 3.11: Model Structures proposed for the p(2xl) overlayer lattice of sulfur 
on the Mo(lOO) surface. 

two adsorption sites are not equivalent and would result in a difference in the 

height of sulfur atoms in the two sites of - 0.8 A. This was not observed in the 

STM studies. In contrast, structure (b) has all of the sulfur atoms adsorbed in 

equivalent sites in which the sulfur atoms are displaced laterally from the four-fold 

hollow and two-fold hridge sites. The structure is consistent with the STM results 

in that all sulfur atoms extend the same distance above the metal substrate. 

Further ~EED work is in progress in this laboratory to further clarify the ad

sorption sites of sulfur on the Mo(lOO) surface. LEED I-V experiments are being 

performed for the p(2xl) sulfur structure which will permit determination of the 

registry of the sulfur overlayer with the Mo(lOO) surface. In addition, careful ob- • , 

servation of the p(2xl) LEED pattern will be carried out as a function of the 

orientation of the incident electron beam. The structural model (b) in Figure 3.11 

contains a glide plane symmetry element which would cause the systematic extinc-

tion of the (0, n+l/2) diffraction spots from the p(2xl) LEED pattern at normal 
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Figure 3.8: AES spectra of the p(2xl) sulfur on Mo(lOO) surface before and after 
a1r exposure. 
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Figure 3.9: LEED patterns of the p(2xi) sulfur on Mo(lOO) surface before and 
after air exposure. 
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Figure 3.10: (a) A barrier height STM image of the p(2x1) Mo(100)-S surface in 
air. (b) A topographic scan of the same surface in the [120] direction. 
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Figure 3.11: Model Structures proposed for the p(2x1) overlayer lattice of sulfur 
on the Mo(100) surface. 

two adsorption sites are not equivalent and would result in a difference in the 

height of sulfur atoms in the two sites ~f "' 0.8 A. This was not observed in the 

STM studies. In contrast, structure (b) has all of the sulfur atoms adsorbed in 

equivalent sites in which the sulfur atoms are displaced laterally from the four-fold 

hollow and two-fold bridge sites. The structure is consistent with the STM results 

in that all sulfur atoms extend the same distance above the metal substrate. 

Further ~EED work is in progress in this laboratory to further clarify the ad

sorption sites of sulfur on the Mo(100) surface. LEED I-V experiments are being 

performed for the p(2x1) sulfur structure which will permit determination of the 

registry of the sulfur overlayer with the Mo(100) surface. In addition, careful ob

servation of the p(2x1) LEED pattern will be carried out as a function of the 

orientation of the incident electron beam. The structural model (b) in Figure 3.11 

contains a glide plane symmetry element which would cause the systematic extinc-

tion of the (0, n+1/2) diffraction spots from the p(2x1) LEED pattern at normal 
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incidence of the electron beam [25]. This experiment will provide additional ev

idence for determination of the adsorption sites of sulfur on the Mo(lOO) surface 

at high coverages. 

3.4 Structure of Carbon and Sulfur Overlayers 
on the Re(OOOl) and Re(lOIO) Single Crystal 
Surfaces 

In contrast to the large number of papers in the literature which discuss the 

structure of carbon and sulfur overlayers on the Mo(lOO) surface, there are very 

few published accounts of studies of these adsorbates on rhenium surfaces. Ducros 

and coworkers have studied the adsorption and decomposition of acetylene and 

ethylene on the Re(OOOl) and polycrystalline foil surfaces, and Gall et al. have 

studied the interaction of carbon with a rhenium foil (26,27]. Recent work by 

Kelly and coworkers has addressed the structure and chemisorption properties of 

sulfur and carbon covered Re(OOOl) and R~(lOIO) surfaces [1,28,29]. In the present 

work, the structural results of both Kelly and Ducros have been used to calibrate 

sulfur and carbon coverages on the Re(OOOl) and Re(lOIO) surfaces. The AES 

attenuation factors determined for carbon and sulfur on the rhenium surfaces are 

listed in Table 3.2. The following sections of this chapter will discuss the structural 

Table 3.2: AES Attenuation Factors for C and Son Rhenium 

Rhenium AES Attenuation Factors 
Surface a _ IU(IJc :l) 

c- Re(9 0) 
a - H.e(IJ. :1) 

~ - Re(9.c...O) 

Re(OOOl) 0.60 0.50 
Re(lOIO) 0.64 0.54 
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results of the studies described above as well as those of this present work. 

3.4.1 Carbon on Re(OOOl) 

Adsorbed carbon on the Re(0001) surface has been found to form one ordered 

overlayer structure [26]. LEED studies of acetylene and ethylene on Re(0001) re

vealed a c(4x2) pattern at a carbon coverage of0.25 ML. The pattern is observed 

only after annealing the single crystal to 770 K to dissociate the hydrocarbons 

and desorb H2 into the vacuum. The dimensions of the overlayer unit cell suggest 

that scission of the C-C bond of the C2 molecules has occurred by 770 K, as the 

shortest carbon-carbon distance in the overlayer is 4. 78 A , considerably greater 

than the C-C bond length of 1.54 A [30]. Possible adsorption sites for carbon on 

the Re(0001) surface are not discussed by the authors, but comparison with other 

adsorbates and other close-packed surfaces would suggest that carbon is adsorbed 

in three-fold hollow sites. 

The chemical form of adsorbed carbon overlayers has been found to greatly 

influence the catalytic properties of metal surfaces. In general, graphitic carbon 

overlayers strongly deactivate catalysts while surfaces covered with carbidic car

bon deposits often remain active [31,32]. In this thesis research, AES was used 

to study the form of adsorbed carbon overlayers on Re(0001). Figure 3.12 shows 

the evolution of the carbon AES peak shape as a function of the crystal annealing 

temperature for a Re(0001) surface saturated with ethylene. As discussed in Sec

tion 2.3.1, AES can be used to distinguish between carbidic and graphitic carbon 

on metal surfaces. For carbon overlayers on Re(0001) produced by decomposition 

of ethylene, the AES peak shape for annealing temperatures below 900 K most 

closely resembles that of amorphous or graphitic carbon. This suggests that at 

these temperatures, the surface is covered primarily with carbonaceous species 
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Figure 3.12: Carbon AES peak shapes for adsorbed carbon on the Re(OOOl) sur
face. 
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containing C-C bonds. Following heating of the crystal to temperatures above_ 

900 K, the carbon AES peak shape more closely resembles that of carbon in a 

transition metal carbide, implying that the predominant carbon species is atomic 

carbon bonded to rhenium. In addition to this temperature dependence of the 

chemical form of carbon on Re(0001), Kelly and coworkers have also observed a 

coverage dependence. For carbonaceous overlayers annealed to 850 K, the carbon 

AES peak shape was observed to become more graphite-like as the carbon cov

erage was increased from 0.2 ML to above 1.0 ML [1]. Kelly concluded that at 

low coverages, carbon atoms are widely spaced and therefore interact only weakly 

with each other, while at high carbon coverages they are more closely packed and 

interact strongly. 

3.4.2 Carbon on Re(lOIO) 

Adsorbed carbon on Re(10IO) has been reported to form one ordered structure, a 

c(2x4) overlayer lattice in the coverage range of 0.5 <Be< 1.5 ML, but the LEED 

pattern was not observed in this work [1]. Carbon AES peak shapes similar to those 

of carbon on Re(0001)were observed on the Re(10l0) surface. Two representative 

carbon AES spectra for overlayers formed from ethylene decomposition are shown 

in Figure 3.13. 

3.4.3 Sulfur on Re(OOOl) 

The adsorption and bonding of sulfur overlayers on the Re(OOOl) surface have been 

studied using AES, TDS and LEED [1,28]. Sulfur forms four ordered structures on 

the (0001) face of rhenium: p(2x2), (3VJx3VJ)R 30°, !nl and (2VJx2VJ)R 30° 

at respective coverages of 0.25, 0.32-0.37, 0.39-0.44 and 0.5 ML. Three-fold hol

lows have been proposed as adsorption sites for sulfur based on analogy with 
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Figure 3.13: Carbon AES peak shapes for adsorbed carbon on the Re(lOlO) sur
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results of dynamical LEED studies of sulfur on Pt(lll) (Os = 0.33 ML) and 

Ni(lll) (83 = 0.25 ML) [33,34]. These results suggest that, at least for low sulfur 

coverages (8 3 :5 0.33 ML), sulfur atoms on the Re(0001) surface are adsorbed in 

three-fold hollow sites. 

Sulfur is strongly bound to the Re(0001) surface as attested by TDS studies 

which show a maximum rate of sulfur adsorption at 1600 K with low temperature 

shoulders at 1400 K and 900 K. The strong binding of sulfur to Re(OOOl) is also re

flected in the stability of the (2.J3x2v!J)R 30° Re(0001)-S surface (83 = 0.5 ML) to 

exposure to the ambient atmosphere. As was observed with the p(2x 1) Mo(100)-

S surface, the sulfur passivated Resurface retained its ordered overlayer structure 

after exposure to air (1 atm) for thirty minutes and was contaminated with only 

small amounts of carbon and oxygen. The AES spectra and LEED patterns from 

before and after exposure of the single crystal to air are shown in Figures 3.14 

and 3.15. The sharpness of the diffraction spots is lower and the diffuse back

ground intensity considerably higher for the (2v'3x2VJ)R 30° Re(0001)-S surface 

following air exposure than for the p(2x 1) Mo(100)-S surface, despite a shorter 

period of exposure. This may be due to the fact that the (2J3x2v'3)R 30° ordered 

structure occurs at a coverage below the saturation sulfur coverage of ""' 0. 7 ML, 

while the p(2 x 1) sulfur structure on Mo( 100) occurs at the saturation coverage of 

1.0 ML. Apparently, the (2VJx2v!J)R 30° Re(0001)-S surface is not completely 

inert in an atmospheric pressure environment [1 J. 

Scanning tunnelling microscopy study of the sulfur passivated Re surface has 

shown that the single crystal is not perfectly fiat on the atomic scale, but is in

stead composed of large (0001) terraces ~eparated by monoatomic and multiatomic . 
steps [35]. More recent STM studies have achieved atomic resol~tion of sulfur on 

Re( 0001} and preliminary analysis of the images suggest that sulfur forms hexag-
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Figure 3.14: AES spectra before and after air exposure of Re(OOOl) covered with 
0.5 ML of sulfur. 
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Figure 3.15: LEED patterns before and after air exposure of Re(OOOl) covered 
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onal S6 units on the Resurface. [36]. 

3.4.4 Sulfur on Re(lOIO) 

Adsorbed sulfur on the Re(10IO) surface forms two ordered structures at coverages 

of 0.5 and 1.0 ML which have p(2x2) and p(1x2) unit cells respectively [1,28]. 

Kelly and coworkers have proposed three-fold adsorpt"ion sites for sulfur formed 

between one second layer and two top layer Re atoms. Thermal desorption studies 

of the bonding of sulfur on Re(10l0) indicate that it is similar in strength to sulfur 

on the (0001) face. Sulfur desorbs from the Re(10IO) surface with a maximum 

rate of desorption at 1700 K with a low temperature shoulder at 1500-1600 K for 

coverages> 0.5 ML. The higher saturation coverage of sulfur on Re(10IO) than on 

Re(0001) arises from the fact that it is a less densely packed surface (see Table 3.2). 

For transition metal surfaces, it has been found that the maximum surface coverage 

of sulfur atoms falls in the range 0.65-l.Ox1015 atoms/cm2, corresponding to a 

sulfur-sulfur distance of the order of the van der 'Waals radius of sulfur [37]. On 

an open surface like Re(10IO), Re atoms are more widely spaced than on Re(0001), 

so the saturation sulfur coverage (mar.~· st atom.t cm
2

) will be higher. 
no. e a om.t em 

3.5 Discussion 

The structure of clean and adsorbate covered (C, S) molybdenum and rhenium 

single crystal surfaces has been studied with a number of different surface science 

techniques in ultrahigh vacuum. The most important results of these studies 

are the following: 

I. The three Mo surfaces ((110), (100), (111)) and four rhenium surfaces 

((0001), (1010), (1120), (1121)) of interest in this work do not undergo 

reconstruction at room temperature as determined by LEED. 
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II. Adsorbed sulfur 1s strongly bound on the Mo(lOO), Re(OOOl) and 

Re(lOIO) surfaces with desorption energies in the range 98-110 kcal/mole 

for low coverages. At high coverages, low temperature shoulders ap

pear in the sulfur TPD spectra, indicating that sulfur atoms populate 

adsorption sites of lower binding energy. 

III. Adsorbed carbon on the Mo(100) surface is carbidic in nature for an

nealing temperatures 2: 500 K, with carbon atoms bound in four-fold 

hollow sites. Carbon overlayers on the Re(OOOl) and Re(lOIO) surfaces 

appear to be carbidic-like only for annealing temperatures 2: 1100 K. 

For lower annealing temperatures, adsorbed carbon on the rhenium 

surfaces show AES features attributable to graphitic carbon. 

92 

The structural results discussed in this chapter provide information on the atomic

level structure of the clean and adsorbate covered surfaces of molybdenum and 

rhenium shown in Figures 3.1-3.4. The following chapters of this thesis will draw 

upon these studies to both 'help understand the catalytic behavior of thiophene 

HDS over the model single crystal catalysts, and to develop a molecular level 

description of the thiophene HDS reaction. 
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Chapter 4 

Thiophene Hydrodesulfurization 
over Molybdenum Single Crystal 
Surfaces 

4.1 Introduction 

95 

This chapter discusses catalytic studies of thiophene hydrodesulfurization over 

molybdenum single crystal surfaces. The research approach used in this work, 

combining high pressure catalytic reactions with catalyst characterization and 

preparation in UHV, is unique among studies of HDS in the literature. \Vell-

defined single crystal catalysts were characterized and modified at the atomic 

level and their HDS activities measured in-situ, to exclude the possibility of con-

tamination during handling procedures. 

As discussed in the introductory chapter, industrial HDS processes utilize sul-

fided Co-Mo/ Al20 3 catalysts in which molybdenum is considered to be the catalyst 

and cobalt a promoter. Under reaction conditions, molybdenum is present on the 

alumina support as MoS2 and the active sites are believed to be located along the 

edge planes where molybdenum cations are exposed (see Figure 1.4). In our lab

oratory, the active sites of molybdenum-based HDS catalysts have been modelled 

using molybdenum single crystals. By varying the crystallographic orientation of 
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the single crystals, the effects of surface structure on activity can be studied, and, 

by depositing known amounts of sul_fur and carbon onto the surfaces in a controlled 

fashion, the effects of catalyst composition determined. 

4.2 Thiophene HDS over Initially Clean Mo Sur
faces 

Catalytic studies of thiophene HDS were initiated in this laboratory using the sim

plest model catalysts: clean molybdenum single crystals. Gellman and coworkers 

measured the thiophene HDS activities of three low miller index planes of molyb-

denum (see Figure 3.1) and they are compared in Figure 4.1 [1]. The Mo single 

crystals were found to exhibit almost identical activities, indicating that thiophene 

HDS is a structure insensitive reaction over molybdenum [2,3]. The structure in-

sensitivity led us to concentrate on a single crystallographic face and, as a result, 

the remainder of the research described in this chapter was carried out over Mo 

single crystals of (100) orientation. The HDS activities quoted in Figure 4.1 have 

been normalized per unit area ( cm2
) to take into account the different surface atom 

densities of the single crystal catalysts. Catalytic activity can also be expressed 

in terms of a turnover frequency which is the activity per site, defined here to be 

a surface metal atom. 

For the clean Mo(lOO) surface, a turnover frequency of 0.13 ± 0.02 mol./site·sec 

was measured which agrees within experimental uncertainty with the value of 

0.11 ± 0.03 mol./site·sec measured by Gellman and coworkers. Typical product 

accumulation curves for thiophene HDS over the Mo(100) surface are shown in 

Figure 4.2. Only the C4 products are shown as they comprise greater than 95 % 

of the total, C 1-C3 hydrocarbons make up the remainder. The major product is 

1-butene, despite the fact that thermodynamics predicts that the products should 
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Figure 4.2: Product accumulation curves for thiophene HDS over the Mo(lOO) 
surface. 
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consist almost solely of butane. The fact that the butenes and butadiene make up 

over 90 % of the products indicates that the reaction is kinetically controlled. As 

shown in Figure 4.2, the yield of butadiene peaks at"' 2 hours and then decreases, 

indicating that it undergoes secondary reactions to give butenes and butanes. In 

general, deactivation of a Mo(100) single crystal begins "' 90-120 minutes into a 

reaction apd reaches completion after about 12 hours. 

4.3 Thiophene HDS over sulfided Mo(lOO) Sur
faces 

4.3.1 Effect of Adsorbed Sulfur on HDS Activity 

Hydrodesulfurization catalysts are activated by sulfidation of inactive oxides (Mo03 , 

CoO) to produce MoS2 and Co-Mo-S phases on the catalyst support. To deter

mine the effect of adsorbed sulfur on the HDS activity of molybdenum, Gellman 

et al. carried out thiophene HDS reactions over Mo(100) surfaces covered with 

submonolayer amounts of adsorbed sulfur [4,1]. As shown in Figure 4.3, at low 

coverages (B~ < 0.6 ML), sulfur decreases the HDS activity of the Mo(100) surface 

while additional sulfur does not further affect catalyst activity. The lower activity 

of the sulfided ~~Io(100) surface is observed for the duration of an HDS reaction 

(00-120 min.), indicating that the sulfur overlayer is stable on the catalyst surface. 

4.3.2 Radiotracer e5s) Labelling Studies 

In order to investigate the role of adsorbed sulfur in thiophene HDS over the 

Mo( 100) sui-face, high pressure reactions were performed over sulfur covered sur

faces labelled with 35S [4,1]. Removal of 35 S from the Mo(100) surface was studied 

in both pure hydrogen (P H 1 = 100-780 Torr) and in the HDS gas mixture (PTh = 1-

5 Torr, PH
2 

= 100-780 Torr). In pure H2 , 
35S can be removed from the surface only 
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by hydrogenation (equation 4.1), while in the HDS mixture, 358 can be removed 

by hydrogenation and/ or exchange (equation 4.2) reactions. 

355 + C H S ~ 35
SC4H4(g) + S(ads) (ads) 4 4 (ads) ~ 

( 4.1) 

( 4.2) 

Starting with 0. 75 ML of sulfur on the Mo(100) surface, the change in sulfur cov-

erage was measured as a function of reaction time in one atmosphere of hydrogen 

(T = 800 K) and the data is shown in Figure 4.4a. If the hydrogenation of sulfur 

is a first order process, as represented in equation 4.3 below, 

d(}s = k. (} 
dt s 

( 4.3) 

then a linear relationship exists between the natural log of the coverage and the 

time of reaction. In this equation, r8 is the rate of 358 removal, Bs is the coverage of 

358 and k is a first order rate constant which contains the hydrogen partial pressure 

dependence. The close agreement of the data points and the straight line in Fig

ure 4.4b indicates that the assumption of first order kinetics for sulfur hydrogena-

tion on the Mo(100) surface is justified. The slope of the plot is the rate constant, 

which at a temperature of 800 K was determined to be k = 3.0 x 10-4 atom - 1 sec-1 . 

The temperature and hydrogen partial pressure dependencies of sulfur hydrogena-

tion on Mo(100) were determined and the data are plotted in Figures 4.5 and 4.6. 

The Arrhenius plot yields an activation energy of 13.9 kcal/mole over the tem

perature range 675-825 K, while a hydrogen partial pressure dependence of 0.34 

is obtained from Figure 4.6 for hydrogen pressures between 100 and 780 Torr. 

The kinetic studies discussed above were carried out on Mo(100) surfaces with 

initial sulfur coverages of 0.75 ML. The rate of sulfur hydrogenation was found 

to depend strongly on the sulfur coverage, as illustrated in Figure 4. 7. For ini-
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reaction time in hydrogen. (b) Same data as in (a) plotted assuming first order 
kinetics in 35S. 
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tial sulfur coverages :5 0.67 ML, no change in the sulfur coverage could be de

tected after five minutes of reaction at 773 K. The minimum detectable rate con

stant which could be measured was 2x 10-s atom-1sec-1 , well below the values of 

k 2: 3x 10-4 atom- 1sec- 1 measured for initial sulfur coverages greater than 0.67 ML 

at the same temperature. Reaction times were limited to five minutes for the data 

plotted in Figure 4. 7 in order to minimize the build-up of sulfur and carbon on 

the single crystal from contaminant, background gases in the reaction loop. The 

adsorption of these contaminants onto the single crystal over long reaction times 

led to the eventual loss of 35 S from the Mo surface. 

The rate of sulfur removal from the Mo(lOO) surface was also determined in the 

thiophene HDS mixture. The addition of thiophene to the gas phase dramatically 

affected the rate at which 35S was removed from the surface. Under the reaction 

conditions of PTh = 1.0 Torr, PH2 = 780 Torr and T = 618 K, a rate constant of 

6.8x10-4atom- 1sec-1 was determined which is more than 30 times greater than 

that calculated for sulfur removal in pure hydrogen by extrapolation of the Ar

rhenius plot in Figure 4.5. The temperature and partial pressure dependencies 

of sulfur removal from the Mo(lOO) surface in HDS conditions are shown in Fig

ures 4.8 and 4.9. A clear break is exhibited in the Arrhenius plot at "" 653 K, 

giving activation energies of 7.2 kcal/mole for low temperatures (500-653 K) and 

32.2 kcaljmole in the high temperature regime (653-713 K). Interestingly, the rate 

of 35S removal was found to be independent of both the thiophene and hydrogen 

partial pressures. 
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4.4 Thiophene HDS over Carbided Mo(lOO) Sur
faces 

4.4.1 Effect of Adsorbed Carbon on HDS Activity 

Ultrahigh vacuum chemisorption studies of thiophene on the clean Mo(100) surface 

have shown that thiophene decomposes at temperatures :S 690 K to produce mixed 

overlayers of sulfur and carbon on the metal surface [5,6,7]. Therefore, in addition 

to investigating thiophene HDS over clean and sulfided Mo surfaces, it is important 

to study .the catalytic properties of carbided Mo surfaces [8]. An AES spectrum 

of a clean Mo(100) surface exposed to the reaction mixture at 613 K showed the 

surface to be covered with predominantly carbon (Be ::::: 0.8 ML, e. ;:::::: 0.2 ML). 

The fine structure of the C(272) peak indicates that the carbon is carbidic (see 

Sections 2.3.1 and 3.3.1). Afte~ a 90 minute reaction, the carbon coverage is high 

(Be;:::::: 0.7 ML) and the sulfur coverage has increased to B.;:::::: 0.9 ML. This sulfur 

does not block active HDS sites suggesting that it is weakly adsorbed or adsorbs 

after reaction during evacuation of the isolation cell. Figure 4.10 is a plot of 

thiophene HDS activity as a function of initial carbon coverage on the Mo(100) 

surface. As will be discussed shortly, carbon adsorbed on the Mo(100) surface in 

UHV remains on the surface during HDS but does not lower the HDS activity of 

the Mo(100) catalyst. The product distribution for thiophene HDS over carbided 

:\Io(lOO) surfaces is similar to the distribution obtained over an initially clean 

surface (see Table 4.1 ). Deactivation of the car bided catalysts occurred at similar 

conversions as for the initially clean surface as well. The deactivation of Mo(lOO) 

single crystals will be discussed in Section 4.5. 

To determine whether the carbided Mo(100) surf~ce is sensitive to poisoning 

by sulfur, HDS studies were carried out on carbided surfaces covered with sulfur 
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overlayers. Sulfur was deposited onto a p(1x1) Mo(100)-C surface (Be= 1.0 ML) 

at room temperature to a coverage of0.75 ML. No observable change was apparent 

in the LEED pattern. Annealing to 613 K for one minute caused the ( 1 x 1) spots to 

become blurred with faint streaks between spots. An HDS reaction was performed 

over this surface and an activity of 0.076 mol./site·sec measured, well below the 

value of 0.13 mol./site·sec determined for a ca,_rbided Mo(100) surface. As discussed 

in Chapter 3, carbon atoms adsorbed on the Mo(100) surface are bound in four

fold hollow sites. Therefore, sulfur deposited onto the carbon covered surface must 

occupy different binding sites. The decreased HDS activity of this surface indicates 

that sulfur atoms need not be adsorbed in four-fold hollows to block active HDS 

sites. For comparison, the HDS turnover frequencies of a sulfur covered carbide 

surface, a sulfur covered Mo(100) surface, a carbided surface and the initially clean 

Mo(100) surface are shown together in Figure 4.11. 

4.4.2 Radiotracer (14 C) Labelling Studies 

Radiotracer 14 C was used in this work to determine the residence time of adsorbed 

carbon on the Mo(lOO) surface. The removal of 14C was studied in pure hydro

gen as well as in butadiene/hydrogen and thiophene/hydrogen gas mixtures. As 

was the case with 35S, the labelled carbon could be removed from the 1\Io surface 

\·ia hydrogenation and exchange reactions. Isotopic analysis of the products of 

reactions over 14 C. labelled surfaces was not performed, so the identities of the 

1"1C containing product species are unknown. In hydrogen, the only pathway for 

the removal of 14 C from the Mo(lOO) surface i·s hydrogenation. Figure 4.12 shows 

the decrease in 1"'C coverage as a function of reaction time in hydrogen at two tem

peratures~ 14 C hydrogenation reactions were not carried out to times longer than 

fifteen minutes in pure hydrogen due to the gradual adsorption of sulfur and car-
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bon onto the Mo single crystal from the reactor loop. After 15 minutes of reaction 

at 613 K, the carbon coverage was reduced to 65 % of its initial value of 0.85 ML. 

The time scale for carbon hydrogenation is much longer than for thiophene HDS 

over the carbided M(100) surface; over 100 thiophene molecules are desulfurized 

per surface Mo atom in 15 minutes at this temperature. The hydrogenation of 

adsorbed carbon on the Mo(100) surface was found to be independent of hydrogen 

pressure over the range 100-780 Torr as shown in Figure 4.13. 

In Section 4.4.1, it was shown that Mo(100) surfaces initially covered with 

carbon overlayers have the same HDS activity as initially clean surfaces. In order to 

show that adsorbed carbon does not affect the HDS activity of a Mo(100) catalyst 

relative to an initially clean single crystal, it is necessary to show that carbon 

remains on the catalyst surface during reaction. The removal of adsorbed 14 C 

from the Mo(lOO) surface was measured in typical HDS conditions (PTh = 3.0 Torr, 

PH2 = 780 Torr, T = 613 K) as shown in Figure 4.14. Following an initial drop 

in 14 C coverage from 0.80 ML to 0.68 ML, the 14C coverage decreases very slowly 

to 0.63 ML after 90 minutes of reaction. Over a 90 minute reaction period, the 

thiophene turnover number is in excess of 700. Clearly, carbon adsorbed on the 

Mo(100) surface in UHV remains on the surface during reaction, but does not 

block the active thiophene HDS sites. 

Butadiene has been shown to be an intermediate in thiophene HDS over the 

:-.Io( 100) surface [9]. It is of interest to investigate the influence of the hydrocarbons 

produced in thiophene HDS on the removal of adsorbed carbon in the absence of 

sulfur. Figure 4.15 compares the removal of 14C in a butadiene/hydrogen mixture, 

in the HDS gas mixture and also in pure hydrogen at a temperature of 573 K. The 

decre~e in 14C coverage in the butadiene hydrogenation mixture is very similar 

to that observed in pure hydrogen, and greater than in the case of the thiophene 
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HDS mixture. Apparently, butadiene and the hydrogenated products produced 

(butenes, butane) have no effect on the rate or extent of 14 C removal, while thio

phene (and/or the H2S produced) decreases the rate and amount of adsorbed 

carbon which is removed from the Mo(100) catalyst. 

4.5 The Influence of Products (H2S, cis-2-butene) 
on HDS Activity of Mo(lOO) Surfaces 

Figure 4.16 shows the effect of H2S and cis-2-butene on the thiophene HDS ac

tivity of a Mo(100) single crystal. The partial pressures of product used in these 

experiments were chosen to correspond to the pressures of H2S and C4 hydrocar

bon present when catalyst deactivation occurs (5-10 % conversion). Cis-2-butene 

has a very small influence on the HDS activity of the catalyst; we do not be

lieve the increase in activity observed is significant. Hydrogen sulfide strongly 

decreases the activity of the catalyst. At a partial pressure of 300 mTorr of H2S, 

an HDS turnover frequency of 0.053 mol./site·sec was measured, less than one-

half the activity in the absence of H2S. After pumping the reaction loop to a 

pressure :S 10-3 Torr, the reactor loop was repressurized with a fresh mixture 

of thiophene (3.0 Torr) and hydrogen (780 Torr). The activity of the catalyst 

was measured to be 0.12 mol./site·sec showing that the inhibition of HDS on the 

~Io(lOO) surface by H2S is reversible. This indicates that it is molecular H2S which 

blocks active HDS sites instead of a species which decomposes to form strongly 

bound sulfur that cannot be removed by evacuation. 

4.6 Discussion 

There are five primary points which can be made that help to understand the 

surface chemistry of thiophene HDS over the Mo(lOO) surface. 



CHAPTER 4. THIOPHENE HDS OVER lvfo SINGLE CRYSTALS 119 

0.20 

0.16 

HDS 

Activity 

0.12 

(mol./ 
site·sec) 

0.08 

0.04 

PTh = 3.0 Torr, PH
2 
= 780 Torr, T = 613 K 

0 cis-2- butene 

e H2S 

~o-----o-------0 

g 

0.0~----~--~~--~~--~----~---------
0.0 200 400 600 

Partial Pressure (mTorr) 

XBL ~69-3470 

Figure 4.16: HDS activity of an initially clean Mo(100) single crystal as a func
tion of the partial pressure of product (H2S or cis-2-butene) in the gas mixture 
(PTh = 3.0 Torr, PH1 = 780 Torr, T = 613 K). 

r ., 



CHAPTER 4. THIOPHENE HDS OVER lvfo SINGLE CRYSTALS 120 

I. Thiophene hydrodesulfurization is a structure insensitive reaction over 

molybdenum single crystal surfaces.· The HDS _turnover frequencies, 

product distributions and poisoning of Mo single crystal catalysts are 

similar to those observed for sulfide catalysts [10,11,12]. 

II. Carbon adsorbed on_ Mo(100) remains on the surface during HDS but 

does not block the active thiophene HDS sites, while adsorbed sulfur 

decreases the activity of the catalyst. 

III. The active catalytic surface is covered with adsorbed carbon. An ini-

tially clean Mo( 100) single crystal catalyst becomes covered with pre-

dominantly carbon from thiophene decomposition. 

IV. Deposition of atomic sulfur onto either the metal or carbon covered 

surface does not occur during thiophene HDS. Apparently, the thio-

phene desulfurization step is a concerted process in which S-H bonds 

are formed at the same time that C-S bonds are broken. 

V. Deactivation of the Mo(100) catalyst in a batch reactor occurs by re

versible adsorption of H2S onto the active catalytic sites. The hydro-

carbon product cis-2-butene does not significantly alter the activity of 

the catalyst. 

4.6.1 Thiophene Hydrodesulfurization over Clean Molyb
denum Single Crystal Surfaces 

Thiophene hydrodesulfurization has been investigated over three molybdenum sin

gle crystal faces and been found to be a structure insensitive reaction [2,3,1]. The 

1fo single crystals are active catalysts for thiophene hydrodesulfurization as at

tested· by turnover numbers greater than one. In addition, thiophene HDS over 
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Mo metal surfaces exhibits many similarities to thiophene HDS over sulfide cata-

lysts. In Table 4.1, the product distribution from thiophene HDS over a Mo(100) 

single crystal is compared with that obtained over an unsupported MoS2 cata-

lyst [9,11]. The similarity of the product distributions for the Mo(100) surface 

Table 4.1: Thiophene HDS Product Distributions. 

Product aMo(100) bMoS2 

Butadiene 5.6% 6.3% 
1-Butene 52.8 41.7 
trans-2-Butene 19.4 22.8 
cis-2-Butene 13.9 17.8 
Butane 8.1 11.5 

apTh = 2.5 Torr, PH2 = 780 Torr, T=558 K 
bpTh = 20. Torr, PH2 = 780 Torr, T=558 K 

and the MoS2 catalyst suggests that the HDS reaction pathway is the same over 

the two catalysts. Butadiene hydrogenation over the Mo(100) surface produces an 

almost identical distribution of products, indicating that thiophene HDS proceeds 

via butadiene as an intermediate, and its hydrogenation determines the product 

distribution [9]. Comparing their HDS activities, a Mo(100) single crystal (HDS 

activity = 3.2x1013 mol./cm2·sec) is two orders of magnitude more active than 

the powdered ~vloS 2 catalyst (HDS activity= 1.4x1011 mol./cm2·sec). However, it 

should be noted that HDS activities of MoS2 catalysts do not correlate with their 

BET surface areas so this comparison is not valid [13]. The BET method mea-

sures the total surface area of a catalyst instead of the active surface area, so the 

lower activity of the MoS2 catalyst is not surprising. Chianelli and coworkers have 

recently devel~ped an optical absorption ,technique using photothermal deflection 

spectroscopy which can be used to measure the edge area of ~v1oS 2 crystallites [10]. 
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If the edge area, the distribution of edge planes and the density of Mo atoms in 

the edge planes are known, then the number of sites can be calculated. Using this 

method, the authors determined a turnover frequency of 0.079 mol./site·sec for 

dibenzothiophene HDS (623 K) over small MoS2 crystallites, close to the turnover 

frequency measured for Mo(100) at 613 Kin this work. Dibenzothiophene is more 

difficult to desulfurize than thiophene, so the lower turnover frequency of Chi-

anelli and coworkers is expected. The similarity of the product distributions and 

turnover frequencies for an initially clean f..'!o( 100) single crystal and unsupported 

f.IoS 2 suggest that metal single crystals are good model catalysts for the HDS 

process and that further studies of HDS over single crystal surfaces are warranted. 

4.6.2 The Role of Adsorbed Sulfur in Thiophene HDS over 
the Mo(lOO) Surface 

Atomic sulfur adsorbed on the Mo(100) surface in ultrahigh vacuum has been 

found to decrease its thiophene HDS activity under high pressure conditions [1,4]. 

This observation, first recorded by Gellman et al. and reproduced in this work, 

has significant ramifications for the mechanism of thiophene hydrodesulfurization. 

Firstly, this observation suggests that adsorbed sulfur is stable on lVIo(100) un

der reaction- conditions and blocks active sites for thiophene HDS. 35S labelling 

experiments in fact verify that the residence time of adsorbed sulfur on Mo(100) 

is long compared to the turnover time of thiophene to products. Secondly, this 

result implies that the sulfur produced via the desulfurization of thiophene is not 

deposited into strong binding adsorption sites on Mo(100), unlike sulfur adsorbed 

on the Mo(100) surface in UHV which has binding energies~ 75 kcal/mole [14]. 

As shown in Figure 4.3, the thiophene HDS activity decreases in an approxi

mately linear fashion over the coverage range 0 < 1)3 < 0.6 ML, while additional 
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sulfur does not further affect the activity. An initially clean Mo(100) surface main

tains its high HDS activity (about two times higher than a sulfided surface) for the 

duration of an HDS reaction of 90-120 minute length, indicating that the coverage 

of adsorbed sulfur is very low for the entirety of the HDS reaction. For Mo(100) 

surfaces with sulfur coverages ::; 0.6 ML, sulfur atoms adsorbed on the metal sur

face block active sites which is..reflected in a lowered HDS activity. For Mo surfaces 

with sulfur coverages > 0.6 ML, only a fraction of the adsorbed sulfur affects the 

activity of the catalyst. This result can be explained in two ways: 1) sulfur atoms 

adsorbed at coverages > 0.6 ML occupy different adsorption sites not involved in 

HDS; or 2) the high coverage sulfur species are unstable under reaction conditions 

and are rapidly removed from the catalyst surface, leaving the steady state sulfur 

coverage approximately equal to 0.6 ML. Our 35 S studies of sulfur hydrogenation 

on the Mo(100) surface support the latter explanation. As shown in Figure 4.7, 

the hydrogenation of sulfur on rv'Io(100) is coverage dependent. Sulfur at cover

ages > 0.67 ML could be hydrogenated from the Mo(lOO) surface at a measurable 

rate, while for sulfur coverages ::; 0.67 ML, no detectable change in the 35 S cov

erage was measured. The existence of two types of sulfur species on the Mo(lOO) 

surface has also been proposed based upon spectroscopic and TPD measurements. 

As discussed in Chapter 3, TPD and XPS studies of sulfur adsorbed on Mo(lOO) 

indicate that when the coverage exceeds 0.67 ML, sulfur atoms occupy adsorption 

sites of lower binding energy than sulfur at lesser coverages [14,15]. A TPD des

orption energy of 110 kcaljmole was determined for sulfur at coverages< 0.67 ML, 

while sulfur above this coverage was found to have a binding energy in the range 

75-90 kcal/mole. These results suggest that a break in the plot of HDS activity 

versus sulfur coverage plot would come at B~ = 0.67 ML, close to the coverage of 

0.6 ~11 determined from the catalytic studies. 
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The radiotracer labelling experiments using 35 S have shown unambiguously 

that adsorbed sulfur is stable on the Mo(lOO) surface under HDS conditions. Sulfur 

atoms adsorbed in the low and high coverage adsorption sites are removed from 

the surface at rates well below the thiophene HDS turnover frequency. The rate 

of 35 S removal from the Mo(100) surface at initial coverages of 0.75 ML in pure 

hydrogen and in the HDS reaction mixture are compared to the rate of thiophene 

HDS in Figure 4.17. The thiophene HDS turnover frequency is over two orders 

of magnitude greater than the rate of sulfur removal from the Mo(100) surface 

under HDS conditions. In other words, during the time that one sulfur atom is 

removed from an adsorption site on Mo(100), over 100 thiophene molecules are 

desulfurized per surface molybdenum atom. If mechanisms for thiophene HDS are 

considered. those that include desulfurization steps which lead to the production of 

atomic sulfur on the metal surface can be rejected. Figure 4.18 shows two possible 

mechanisms for the desulfurization of thiophene. The top pathway depicts the 

desulfurization step of the thiophene HDS mechanism proposed by Li~sch and 

Schuit (see Figure 1.6a) [16]. Clearly, this cannot be the thiophene desulfurization 

pathway on the :Mo(100) surface since the rate of the second step, removal of 

sulfur from an adsorption site on the metal surface, has been found to be over two 

orders of magnitude lower than the overall HDS rate. Alternatively, the bottom 

pathway is proposed for the desulfurization of thiophene on the ~Io(100) surface. 

In this mechanism, the sulfur removed from thiophene is never adsorbed on the 

molybdenum surface in the atomic state. Two possibilities for the desulfurization 

step are the following: 1) a concerted process in which S-H bonds are formed 

at the same time that the C-S bonds of thiophene are broken, leaving butadiene 

and H2 S on the catalyst surface; and 2) a modified Lipsch-Schuit mechanism in 

which sulfur removed from thiophene is deposited into a weak binding site on the 

• 
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catalyst surface which is not populated during sulfur adsorption on Mo(100) in 

UHV. 

Kolboe has proposed an HDS mechanism in which thiophene desulfurization is 

a concerted process that produces adsorbed H2S and a highly unsaturated species, 

diacetylene, on the catalyst surface (see Figure 1.6b) [11 J. Thiophene is desul

furized in an intramolecular dehydrosulfurization step in which ,8-hydrogens are 

transferred to the thiophenic sulfur as the C-S bonds are broken. Diacetylene 

has not been detected on the catalyst surface, it would probably be immedi

ately hydrogenated to butadiene, but there is other work in the literature which 

supports such a mechanism. Catalytic studies have shown that HDS of deuter

ated thiophene ( C4D4S) in pure H2 produces only D2S and HDS of normal thio

phene (C4H4S) in D2 produces only H2S [17,18]. Both studies implicate thiophene 

as the source of hydrogen for hydrogenation of sulfur. Evidence also exists that 

supports a modified Lipsch-Schuit mechanism in which the sulfur removed from 

thiophene is adsorbed on weak binding sites on the catalyst surface. 35 S labelling 

studies by Gachet and coworkers using an industrial Co-Mo/ Al20 3 catalyst sug

gest that there are labile and fixed sulfur species on the catalyst surface [19]. The 

labile species consists primarily of sulfur removed from thiophene and is rapidly 

turned over on the catalyst surface while the fixed sulfur species does not par

ticipate in the reaction. Unfortunately, the complex nature of the Co-Mo/ Ab03 

catalyst made it impossible to characterize the adsorption sites of the different 

sulfur species on the catalyst surface. 
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4.6.3 Evidence that the Active Surface is Covered with 
Adsorbed Carbon 

To prove that the active Mo(100) surface is carbon covered it is necessary to show 

that adsorbed carbon remains on the Mo(lOO) surface during thiophene HDS and 

that carbided surfaces are active for thiophene HDS. Using the 13- emitter 14C, 

it was found that 80 % of a carbidic overlayer prepared in UHV remained on 

the surface following 90 minutes of thiophene HDS in typical reaction conditions 

(PTh = 3.0 Torr, P H2 = 780 Torr, T = 613 K). As discussed earlier, there are 

two mechanisms by which 14C can be removed from the Mo(100) surface during 

thiophene HDS: 1) exchange with carbon atoms from thiophene and/or hydro

carbon products, and 2) direct hydrogenation (discussed in detail below). The 

former process causes no net change in the carbon coverage while the latter will 

result in a decrease in carbon coverage. The 14C coverages measured represent a 

lower bound for the actual carbon coverage on the Mo(lOO) surface during HDS. 

Our results show that adsorbed carbon remains on the Mo( 100) surface during 

thiophene hydrodesulfurization. 

The HDS activity measured for carbon covered Mo(lOO) surfaces was found to 

be the same as for initially clean Mo(100) single crystals. The identical turnover 

frequencies and product distributions for thiophene HDS over initially clean and 

carbon covered Mo( 100) surfaces suggest that the steady state surface composition 

for the surfaces is similar during reaction. The fact that adsorbed carbon remains 

on the surface in reaction conditions points to the active surface being covered 

with a carbidic overlayer. Decomposition of thiophene on the clean surface could 

produce an adsorbate overlayer on the metal surface which is composed primarily 

of adsorbed carbon. AES of a Mo(lOO) surface following thermal desorption of 

a saturated monolayer of thiophene shows the surface to be covered with sulfur 



'A 

CHAPTER 4. THIOPHENE HDS OVER Jvio SINGLE CRYSTALS 129 

and carbon from thiophene decomposition. Zaera and coworkers have found the 

saturation thiophene coverage in UHV to be 0.3 thiophene molecules per surface 

Mo atom which gave a sulfur coverage of 0.3 ML following thermal decompo

sition of thiophene [7]. No desulfurized hydrocarbon products desorb from the 

thiophene saturated surface upon heating, indicating that carbon coverage must 

be high as each thiophene molecule has four carbon atoms [5,6]. In this work, 

thiophene decomposition on the clean Mo(100) surface at 613 K in the typical 

HDS gas mixture (PTh = 3.0 Torr, PH2 = 780 Torr) gave a surface composition 

of Be :::::::: 0.8 ML of carbidic carbon and :::::::: 0.2 ML of coadsorbed sulfur following 

evacuation of the reactant gases. This indicates that the initially clean Mo(100) 

catalyst is covered with predominantly adsorbed carbon at the beginning of a 

thiophene HDS reaction. After 90 minutes of reaction, the carbon coverage re

mains high (Be:::::::: 0.7 ML), while the amount of coadsorbed sulfur has increased to 

B~ :::::::: 0.9 ML. This coadsorbed sulfur does not block active HDS sites suggesting 

that it is weakly bound to the surface or adsorbs onto the catalyst surface dur

ing evacuation of the isolation cell. Clearly, it is not bound to the surface in the 

strong binding sites populated when sulfur is adsorbed onto the clean or carbided 

r.Jo(100) surface in UHV, as this sulfur decreases the activity of the catalyst. 

4.6.4 Explanation of the Different Effects of C and S on 
Thiophene HDS over the Mo(lOO) Surface 

Both sulfur (B~:::; 0.67 ML) and carbon atoms (Be:::; 1.0 ML) bond to the Mo(100) 

surface in, high coordination four-fold hollow sites. The dissimilar sizes of the 

two adsorbates, however, suggest that the amount of exposed molybdenum on the 

adsorbate covered surfaces is quite different (see Figure 3.5). Carbon's smaller size 

(atomic radius= 0.77 A (20]) makes it possible for it to adsorb in a four-fold hollow 

•,· 
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without extending above the top layer molybdenum atoms, while sulfur (atomic 

radius = 1.04 A [20]), on the other hand, extends above the surface Mo atoms 

when adsorbed in a four-fold hollow. In fact, due to its larger size, a sulfur atom 

experiences repulsive interactions with neighboring sulfur atoms which force some 

sulfur atoms to occupy weaker binding sites at high coverages (B~ ~ 0.67 ML). 

An experimental and theoretical study of CO chemisorption on sulfur, oxygen 

and carbon covered Fe(100) surfaces by Benziger and Madix indicates that sulfur 

attenuates the reactivity of the metal surface more than carbon because of its 

larger size [21]. Carbon and sulfur have similar electronegativities and should cause 

similar shifts in the Fermi level of the metal. The authors' calculations indicate 

that sulfur is a stronger poison for CO chemisorption because sulfur atoms sit high 

above the plane of the metal and therefore interact strongly with CO molecules 

(decreasing CO chemisorption). Carbon, however, sits in the plane of the surface, 

and CO interactions with carbon atoms are much less than with sulfur. 

In an unrelated study, MacLaren and coworkers also found a relationship be

tween the strength of catalyst poisoning by an adsorbate and its height above the 

substrate surface [22]. Using the change in the local density of states (LDOS) 

as a measure of catalyst poisoning, they found that adsorbed sulfur, which sits 

1.3 A above the metal plane, strongly poisons a Ni(100) catalyst while carbon, 

which sits just 0.1 A above the top layer nickel atoms, only weakly affects the 

LDOS. However, if the height of the adsorbed carbon atoms above the nickel sub

strate is artificially increased to 1.3 A, the same height as for sulfur, a dramatic 

increase in poisoning is observed. Both this study and the work of Benziger and 

f...fadix indicate that the tendancy for an adsorbate to poison a catalytic reaction 

is related to its height above the metal substrate on which it is adsorbed. 

The difference in site blocking potential of sulfur and carbon is reflected in the 

.. 
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interactions of sulfur and carbon covered surfaces with thiophene and hydrogen. 

Kelly et al. showed that adsorbed sulfur on the Mo(100) surface blocks thiophene 

decomposition and that no molecular adsorption states other than the physisorbed 

state exist on this surface. Carbon adsorbed on the Mo(100) surface blocks thio-

phene decomposition as well, but this surface also has new molecular chemisorption 

states for thiophene [6]. Thiophene desorbs from the carbided Mo(100) surface at 

temperatures of 300 K and 360 K, well above the temperature of 170 K as observed 

on the sulfided Mo(lOO) surface. 

Zaera and coworkers have investigated hydrogen chemisorption on the clean 

and sulfided Mo(lOO) surface [23]. They suggest that hydrogen adsorbs at bridge 

sites and find that dissociative adsorption of hydrogen is blocked at a sulfur cover-

age of 0.5 ML. At this coverage there are sulfur atoms adjacent to all of the bridge 

sites, suggesting that sulfur in four-fold hollows can block dissociative adsorption 

of hydrogen at bridge sites. Adsorbed carbon also blocks dissociative adsorption 

of hydrogen but total suppression does not occur until the carbon monolayer is 

complete [24]. These results show that the interaction of thiophene and hydrogen 

is greater on the carbided than the sulfided surfaces, suggesting that the carbided 

Mo( 100) surface may be a better HDS catalyst. 

4.6.5 Hydrogenation of Adsorbed Carbon and Sulfur on 
the Mo(lOO) Surface: The Effect of Hydrocarbons 

Hydrogenation of adsorbed carbon on metal surfaces has been the subject of 

surface science investigation in the past. Carbon hydrogenation on the Pt( 111) 

surface was studied by Davis and coworkers in our laboratory and Krebs and 

Donzel investigated carbon hydrogenation on an iron foil [25,26]. For both the Pt 
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and Fe surfaces there are two stages of reaction: an initial stage in which adsorbed 

carbon is hydrogenated rapidly, followed by a second phase in which hydrogena

tion is much slower. This two stage behavior has been attributed to two kinds 

of carbon adsorbed on the surfaces: 1) carbidic carbon and 2) graphitic carbon. 

Both Davis and Krebs concluded that the former type of carbon is reactive and 

rapidly hydrogenated, while graphitic carbon is quite stable under the hydrogena

tion conditions investigated. In the case of the Mo(100) surface, hydrogenation of 

the 14 C overlayer does not show a clear break in the 14C coverage versus reaction 

time curves which would suggest two kinds of carbon on the surface. This result 

is supported by AES studies which showed the adsorbed carbon to be carbidic in 

nature. 

Introduction of butadiene into the hydrogen atmosphere has no effect on the 

rate of 14C hydrogenation on the Mo(100) surface. Apparently, butadiene and the 

hydrogenated products (butenes, butane) do not alter the bonding of adsorbed 

carbon or significantly change the amount of adsorbed hydrogen available for 14C 

hydrogenation. Thiophene, on the other hand, does influence the removal of ad

sorbed carbon from the surface. Including thiophene in the gas mixture decreases 

the rate and extent of 14C removal from the crystal surface. Adsorbed thiophene 

may decrease the hydrogen coverage by blocking hydrogen dissociation sites or 

simply compete with the carbidic overlayer for available hydrogen on the surface. 

Previously published results from our laboratory indicate that the hydrogen cov

erage is low during thiophene HDS while the work reported here suggests that 

hydrogen saturates a carbon covered surface in a pure hydrogen atmosphere [9]. 

In contrast to the inhibitory effect of thiophene on the rate of 14C removal, 

the radiotracer sulfur studies showed that thiophene enhanced 35S removal by a 

factor of approximately 30 compared to a pure hydrogen atmosphere [4]. This 
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may be due to repulsive interactions between adsorbed thiophene molecules and 

35S atoms which decrease the Mo-35S bond strength, making adsorbed sulfur more 

labile to hydrogenation. This effect would be expected for adsorbed sulfur which 

extends well above the metal surface and to a lesser extent for carbon which does 

not extend above the top layer Mo atoms. If weakening of the Mo-35S bond by 

thiophene was responsible for the increased 35S removal rate and the mechanism 

of 35 S removal was the same, then a lower activation energy would be expected 

for sulfur hydrogenation in the presence of thiophene. However, over a similar 

temperature range, the activation energy for sulfur removal was actually found 

to increase when thiophene was included in the gas mixture. The different ki

netic parameters for 35S removal in pure hydrogen and in the HDS gas mixture 

suggest that the mechanism of sulfur hydrogenation changes upon introduction 

of thiophene into the reaction mixture (see Section 4.3.2). The positive hydro

gen partial pressure dependence of 0.34 for sulfur removal indicates that hydrogen 

doe~ not saturate the sulfur covered Mo(lOO) surface for hydrogen pressures less 

than one atmosphere. Thiophene, or hydrocarbon intermediates, may increase 

the rate of 35 S removal by providing an additional source of hydrogen or by acting 

as a hydrogen transfer agent. Kinetic studies by Gellman have shown that the 

catalyst surface is saturated by partially hydrogenated intermediates of C 1K· and 

C4 H9 stoichiometry [9]. If these species provide hydrogen for removal of 35S from 

the molybdenum surface, then the zero order partial ·pressure dependencies of 

35S removal on hydrogen and thiophene can be understood. C4 H1 and C4Hg in

termediates have also been implicated as hydrogen sources for the hydrogenation 

of sulfur on the Pt( 110) surface [2i]. 

' • J 
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4.6.6 Deactivation of the Mo(lOO) Surface at High Con-. 
versions 

Adsorbed sulfur on the clean and carbided Mo(100) surfaces has been shown to 

decrease the thiophene HDS activity of the catalysts by approximately one-half. 

This observation allows the following conclusions to be made. Bonding interac-

tions between sulfur and the carbided surface stabilize the sulfur such that it is 

not hydrogenated from the surface during reaction. Sulfur atoms must occupy 

lower coordination sites on the carbided surface as carbon atoms are adsorbed in 

the four-fold hollows, yet the decreased catalyst activity indicates that the sulfur 

remains on the surface and blocks HDS sites. This excludes the possibility that 

adsorbed carbon keeps the Mo(100) surface active by blocking sulfur deposition 

into strong binding adsorption sites. Adsorption sites for sulfur exist on the carbon 

covered surface from which sulfur is not removed in the reaction conditions used. 

This allows us to conclusively rule out a thiophene desulfurization mechanism in 

which atomic sulfur is deposited into binding sites on the metal or carbide sur-

face. It also allows us to rule out deposition of atomic sulfur onto the catalyst as 

the pathway by which catalyst deactivation occurs as the deactivation process has 

been found to be reversible; atomic sulfur does not desorb from the surface upon 

evacuation. Likewise, carbon deposition from thiophene decomposition is not in-

volved in deactivating the catalyst as adsorbed carbon does not affect catalyst 

activity. 

Deactivation of the Mo(100) surface is caused by reversible adsorption of molec

ular H2 S on the catalyst surface. Catalyst activity begins to fall after about 5 % 

conversion and complete deactivation occurs by a conversion of approximately 10% 

under normal HDS conditions (Pn = 3.0 Torr, P H1 = 780 Torr, T = 613 K). This 

deacti\·ation is reversible as catalvst activitv can be restored to close to its initial . . . 
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value by replacing the gases in the reactor with a fresh mixture of thiophene and 

hydrogen. The C4 hydrocarbons produced during thiophene HDS do not compete 

with thiophene for adsorption sites as indicated by cis-2-butene having no effect 

on catalyst activity. Hydrogenation of butadiene and butenes apparently occurs 

on different sites than the desulfurization sites. The inhibitory effect of H2 S and 

the insignificant effect of butenes on thiophene HDS activity h~ been observed 

previously [12,28]. In both cases the catalysts employed were industrial cobalt 

molybdate catalysts. The similar effect of products on the activity of a Mo(100) 

single crystal and industrial HDS catalysts suggests that the active sites on the 

two catalysts are the same. 

4.6. 7 Nature of the Active Site for Thiophene HDS on · 
Mo(lOO) 

Consideration of the surface structure of the clean, carbided and sulfided Mo(100) 

surface along with the catalytic results described in this thesis allow us to draw 

some conclusions on the nature of the active site for thiophene HDS. Atomic sulfur 

on both the clean and carbon covered Mo(100) surface is strongly bound and 

blocks active HDS sites. However, in the hydrogenated state (H2 S), the bonding 

of sulfur to the catalyst surface is moderated and catalyst activity is maintained 

as H2 S desorbs from the surface following scission of the C-S bonds. The key 

feature to the thiophene HDS mechanism appears to be that the sulfur removed 

from thiophene is not present on the surface as atomic sulfur. These results allow 

us to rule out high symmetry metal sites, four-fold hollows and bridge sites, as 

the active sites for thiophene HDS as these sites dissociate H2S and bind atomic 

sulfur very strongly to the metal surface. The active HDS site is proposed to 

be a mixed molybdenum-carbon site on which decomposition of H2S to atomic 
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sulfur and hydrogen does not occur. The clean Mo(100) surface is too reactive 

to carry out the selective cleavage of only the C-S bonds of thiophene. Instead, 

indiscriminate bond breaking occurs on the clean surface leaving it covered with 

an overlayer composed primarily of adsorbed carbon. In the carbided state, the 

reactivity of the Mo(100) surface is moderated and the more gentle and desirable 

chemistry, C-S bond cleavage, supercedes thiophene decomposition as the major 

reaction pathway. 
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Chapter 5 

Thiophene Hydrodesulfurization 
over Rhenium Surfaces 

5.1 Introduction 

138 

The composition of hydrodesulfurization catalysts has changed little in the fifty 

years since the advent of the industrial HDS process despite the knowledge that 

many transition metal sulfides exhibit superior activity compared to MoS2 and 

\VS 2 • This paradox is a result of the fact that molybdenum and tungsten sulfide 

are relatively inexpensive and have adequate HDS activities, therefore ·removing 

the incentive to develop new catalysts based on more active sulfides. However, the 

prospect of processing crude oil fractions of poorer quality in the coming years has 

recently generated interest in developing more active and resistant HDS catalysts. 

As discussed in the introductory chapter, exploratory work by Chianelli, and 

more recently Ledoux, has shown that the HDS activity of the second and third 

row transition metal sulfides shows a volcano-like dependence upon the position 

of the metal in the periodic table [1,2]. However, in considering the results of 

these studies, it should be pointed out that it is very difficult to measure the 

"active" surface area of sulfi'de catalysts and, therefore, the turnover frequency. 

HDS studies by Tauster over j\JoS2 , for example, indicate that the HDS activity 
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of MoS2 catalysts does not correlate with their BET surface areas but does vary 

linearly with their 0 2 chemisorption capacities (3]. The relationship between 0 2 

chemisorption and the active HDS sites is not well understood, however, and the 0 2 

chemisorption studies have not been extended to other transition metal sulfides. 

In their work, Pecoraro and Chianelli also note that the HDS activities of the 

sulfides do not correlate with the their BET surface areas and instead normalize 

their HDS activities per millimole or gram of metal. It is far from obvious that 

either of these quantities accurately measures the active surface area of a catalyst. 

Ledoux and coworkers assume unit dispersion of the metal on the carbon support 

and that the dispersion remains constant during the presulfidation process. The 

similarity of the volcano type curves obtained in the two studies indicates that 

the relative trends in activity are most likely correct, but it is not clear that 

quantitative comparisons between the activites of different sulfides can be made. 

\Vithout turnover frequencies, comparison of the activities of two catalysts cannot 

be made with confidence. The approach used in this thesis work, using metal 

single crystals as model HDS catalysts, has the distinct advantage of allowing the 

accurate measurement of the active surface area of the catalysts. 

To determine the effect of periodic position on the surface chemistry of the HDS 

reaction, HDS studies parallel to those with molybdenum were undertaken using 

rhenium single crystal catalysts. Chianelli and Pecoraro found rhenium disulfide 

(ReS2) to be about four times more active than MoS2 while Ledoux and coworkers 

found ReS2 supported on carbon to be about two times more active than 1tfoS2 

on the same support [1,2]. Rhenium was chosen for this study because of the 

significantly higher activity of ReS2 and because of the similarity in structure of 

the two sulfides. Both ReS2 and MoS2 have lamellar structures and it is expected 

that differences in their HDS activities are primarily due to electronic differe·nces. 
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To this end, the HDS activities of four initially clean rhenium single crystals of dif

ferent crystallographic orientation ((0001), (1010), (1120), (1121)) were measured 

and the effects of adsorbed overlayers of carbon and sulfur determined for the least 

active (Re(OOOl)) and most active (Re(lOIO)) surfaces. In addition, the kinetics 

and poisoning mechanisms of the thiophene HDS reaction have been investigated 

over a rhenium foil catalyst. 

5.2 Thiophene HDS over Initially Clean Rhe
nium Surfaces 

The thiophene HDS activities of four rhenium single crystals of different crystal

lographic orientation (see Figure 3.3) and a polycrystalline foil are compared in 

Figure 5.1. The HDS of thiophene is a structure sensitive reaction over rhenium 

with a six-fold variation in activity for the single crystal surfaces studied. Typical 

product accumulation curves for thiophene HDS over the Re(OOOl) surface are 

shown in Figure 5.2. The product distribution obtained from thiophene HDS over 

a Re(0001) single crystal is shown in Table 5.1 and is similar to the distributions 

observed for the other rhenium surfaces. Small amounts of C1 to C3 hydrocarbons 

were produced by hydrogenolysis but their contribution to the product distribution 

was always less than 5 %. 

Following a 00 min. reaction and evacuation of the reaction cell, AES showed 

the single crystal catalysts to be covered with substantial quantities of sulfur 

(Re(0001): (J! = 0.5, Re(10l0): 0! = 0.7) but only small amounts of adsorbed 

carbon. However, this sulfur probably adsorbs during evacuation of the high pres-

sure cell as the high activity of the catalysts after 90 min. of reaction indicates 

that they are not covered with irreversibly bound sulfur. The temperature de

pendence of the total thiophene HDS activity was measured for a Re(lOlO) single 
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Figure 5.1: Thiophene HDS activities of four low miller index planes of rhenium 
and a polycrystalline rhenium foil (Pn = 3.0 Torr, P H2 = 780 Torr, T = 613 K). 
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Figure 5.2: Product accumulation curves for thiophene HDS over the Re(0001) sur
face (Pn = 3.0 Torr, PH1 = 780 Torr, T = 613 K). 
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Table 5.1: Product Distributions for Thiophene HDS and Butadiene Hydrogena-: 
tion. 

Fractional Yield (%) 
Product Thiophene HDS Butadiene + H2 

a Re(0001} aMo(lOO) b ReFilm 

Butadiene 4.4 5.6 
1-Butene 49.7 52.8 
trans-2-Butene 23.5 19.4 
cis-2-Butene 13.9 13.9 
Butane 4.4 8.1 

a(PTh = 3.0 Torr, p H2 = 780 Torr, T = 613 K) 
b(PB = 5.0 Torr, PH2 = 10. Torr, T = 423 K) [4] 

-
49 
31 
11 
9 

crystal and a polycrystalline foil over the temperature range from 493-653 K and 

the data is plotted in Figure 5.3. Identical activation energies of 9.4 kcal/mole 

were measured for these two rhenium surfaces. The temperature dependence data 

is plotted for the products individually in Figure 5.4. Cis- and trans-2-butene ex-

hibit similar temperature dependence behavior to 1-butene and are therefore not 

included in the figure. As can be seen from the 1-butene curve, butene production 

shows a negative deviation from Arrhenius behavior for temperatures 2: 673 K. 

The butenes comprise 87 % of the total products, so the overall thiophene HDS 

rate shows concomitant non-linearity for temperatures of 673 K and above. 

AES analysis of the Re foil surface after reactions at temperatures above 673 K 

shows the catalyst surface to be covered with an overlayer of graphitic carbon. The 

dependence of the HDS activity of a Re foil on the partial pressures of thiophene 

and hydrogen was determined and the data is shown in Figures 5.5 and 5.6. The 

HDS rate is one-half order in thiophene and first order in hydrogen over the pres

sure ranges studied. The thiophene and hydrogen partial pressure dependencies 

of the individual products are displayed in Figures 5. 7 and 5.8. 
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5.3 Thiophene HDS over Sulfided Rhenium Sin
gle Crystal Surfaces 

In Figures 5.9 and 5.10, the effects of adsorbed carbon and sulfur on the HDS 

activity of the least active (Re(OOOl)) and most active (Re(lOTO)) of those rhenium 

surfaces studied are shown. Adsorbed sulfur decreases the activity of both single 

crystal surfaces compared to the initially clean single crystals. The activity of 

the (0001) face is markedly decreased at low sulfur coverages (8~ ~ 0.25), while 

additional sulfur is. a much weaker poison of HDS activity. At a sulfur coverage of 

0.5 111 (close to the saturation coverage of 0.6-0. 7 ML), the HDS activity is about 

70 % of that of the initially clean surface. On the more active Re(lOIO) surface, 

adsorbed sulfur is a stronger poison; at a sulfur coverage of 0. 75 ML, the HDS 

activity is about 40 % of the initially clean surface value. As with the Re(OOOl) 

surface, adsorbed sulfur at high coverages ( B~ > 0.6) is a weaker poison of active 

HDS sites. 

5.4 Thiophene HDS over Carbon Covered Rhe
nium Single Crystal Surfaces 

As shown in Figures 5.9 and 5.10, adsorbed carbon on the Re(OOOl) and Re(lOIO) 

single crystal surfaces markedly decreases their HDS activity. Indeed, carbon is a 

stronger poison than sulfur. In contrast to the non-linear decrease in HDS activity 

caused by increasing coverages of adsorbed sulfur on these surfaces, the decrease in 

activity induced by carbon is linear as a function of coverage and the curves tend 

to zero activity at the full monolayer coverage. These results indicate that each 

adsorbed carbon atom blocks an active HDS site on the catalyst~ f.or all coverages, 

while this is true for adsorbed sulfur only at low coverages. As discussed in Chap-
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ter 3, the structure and bonding of adsorbed carbon overlayers on transition metal 

surfaces_ has been shown to change as a function of temperature [5). Figures 3.12 

and 3.13 show the carbon AES peak shapes for different annealing temperatures 

of ethylene overlayers on the Re(0001) and Re(10IO) surfaces. The AES spectra 

indicate that for annealing temperatures below 900 K, the carbonaceous overlayers 

are graphite-like while for annealing temperatures greater than 900 K, adsorbed 

carbon appears to be more carbidic in nature on the two rhenium surfaces. In 

order to determine whether the form of the adsorbed carbon overlayers affects the 

HDS activity of the Re(0001) and Re(10IO) surfaces, reactions were carried out 

over carbon covered surfaces annealed to 800 K and 1100 K in UHV prior to en

closure in the high pressure cell. The HDS activities of the clean Re(0001) surface 

and carbon covered Re(0001) surfaces annealed to the two different temperatures 

are shown in Figure 5.11. For both this and the (lOIO) single crystal surface, the 

annealing temperature of the carbon overlayers had no effect on the HDS activ-

ity of the catalysts. Hence, the initial state of the carbon does not appear to be 

important for the rhenium surfaces studied. 

5.5 The Influence of Products (H2S, cis-2-butene) 
on the HDS Activity of a Rhenium Foil 

The deactivation of the model rhenium HDS catalysts was studied by carrying out 

extended HDS reactions over a rhenium foil. The HDS activity of the polycrys

talline Re foil was found to rema:in constant for the first three hours of reaction 

but then to decline steadily with complete deactivation occurring after 9-12 hours 

(corresponding to 10-15 % total conversion). The role of product poisoning in 

deactivation of the Re foil was examined by including hydrogen sulfide and cis-2-

butene in the initial reaction mixture at partial pressures corresponding to 5-15% 
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thiophene conversion. Cis-2-butene had no effect on the activity of a rhenium 

polycrystalline foil while H2S strongly decreased the activity of the catalyst as 

shown in Figure 5.12. Following the reaction in which 600 mTorr was included in 

the HDS mixture, the reaction loop was evacuated and then repressurized with 

a fresh mixture of thiophene and hydrogen. The HDS activity increased from 

0.021 mol./site·sec to 0.11 mol./site·sec. This latter activity is close to the value 

of 0.13 mol/site·sec measured for an initially clean Re foil. 

5.6 Discussion 

Rhenium single crystals and polycrystalline foils have been found to be active 

catalysts for the hydrodesulfurization of thiophene. The most important results 

of this work are the following: 

I. Rhenium is a more active HDS catalyst than molybdenum, in agree

ment with previous studies using sulfide catalysts [1,2]. 

II. Adsorbed sulfur and carbon overlayers decrease the activity of rhenium 

single crystal catalysts .toward thiophene HDS. 

III. Thiophene HDS is a structure sensitive reaction over rhenium single 

crystals. 

5.6.1 Thiophene HDS over Initially Clean Rhenium Sur
faces 

The lack of reliable techniques for the measurement of catalyst surface areas which 

can distinguish between active and inactive adsorption sites on metal sulfide cata

lysts has hampered the ability of researchers to compare reaction rates of different 
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catalysts with confidence. The use of single crystals as catalysts allows one to mea

sure the turnover frequencies of catalysts per unit area of the active metal, and 

therefore facilitates direct comparison of activities for different transition metal 

catalysts. The results of this study, in conjunction with previous work in our lab

oratory, show that rhenium single crystal catalysts are up to six times more active 

for thiophene HDS than molybdenum single crystals, depending on the crystallo

graphic orientation of the rhenium single crystals (6,7,8]. This difference in HDS 

activities is similar to that measured for unsupported as well as supported molyb

denum and rhenium disulfide catalysts (see Section 5.1). The similarity of these 

results is significant because it indicates that the HDS activities measured in the 

studies described above are suitably normalized to reflect the activity per unit of 

active surface area and most importantly that metal single crystals can indeed be 

used as model catalysts to study the surface chemistry of the hydrodesulfur1zation 

process. 

The product distributi<;m obtained for thiophene HDS over the rhenium cata

lysts, shown in Table 5.1 for Re(OOOl), was found to be independent of the crys

tallographic orientation of the rhenium surface. This indicates that the reaction 

mechanism is the same, despite differences in the surface structure of the catalysts. 

It might have been expected that different adsorption geometries of thiophene on 

surfaces of dissimilar structure would lead to different reaction mechanisms. Based 

upon our results, however, this does not appear to be the case. Similar behavior 

has been observed by Lang and Masel on Pt surfaces (9]. They investigated the 

desulfurization of thiophene in UHV on the Pt(100), Pt(111) and Pt(210) surfaces 

using TPD, EELS and XPS and found the desulfurization of thiophene to heiden

tical on the three surfaces. Thiophene adsorbs in a parallel configuration at 170 K, 

but assumes a tilted geometry at higher temperatures due to the developing Pt-S 
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bond. Desulfurization is complete by 350 K, leaving a tilted butadiene-like species 

on the platinum surfaces. 

The temperature dependence studies of thiophene HDS over the Re(10IO) sur

face and a polycrystalline rhenium foil also support the conclusion that the re

action mechanism is the same over the different Re surfaces (i.e. the mechanism 

is insensitive to the catalyst surface structure). Identical activation energies of 

9.4 kcal/mole were measured for the two surfaces. A Re foil has been shown to 

consist primarily of crystallites of the thermodynamically most stable (0001) face 

following high temperature annealing (10]. The low HDS activity of the rhenium 

foil indicates that this is the case. The similarity of the activation energies over 

a Re(10IO) single crystal and a rhenium foil provides further evidence that the 

reaction mechanism is the same over the different rhenium surfaces. 

5.6.2 Effect of Adsorbed Sulfur on HDS Activity 

Overlayers of sulfur adsorbed on the Re(0001) and Re(10l0) single crystal surfaces 

decrease the thiophene HDS activity of the catalysts. As discussed in Chapter 1, 

Kelly et al. have investigated the UHV chemisorption of thiophene on the clean 

and sulfided Re(0001) and Mo(100) surfaces using temperature programmed des

orption (TPD) [11,12]. On the clean single crystal surfaces, the major reaction 

pathway for adsorbed thiophene is decomposition to yield adsorbed carbon, sul

fur and hydrogen, with the latter desorbing into the vacuum as H2 . Adsorbed 

sulfur on these surfaces was found to decrease their reactivity towards thiophene 

decomposition; as the coverage of sulfur is increased, the fraction of adsorbed 

thiophene that decomposes on the surface decreases. Instead, thiophene interacts 

very weakly with the sulfur covered surfaces and desorbs at temperatures below 

200 K, indicative of physisorption. Clearly, the addition of sulfur to the Re( 0001) 

, 
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and Mo(100) single crystal surfaces weakens their interaction with thiophene in 

the UHV environment to the extent that thiophene desorption is favored over 

bond cleavage. Our catalytic results also indicate that adsorbed sulfur weakens 

the interaction between thiophene and the single crystal surfaces. Adsorbed sulfur 

blocks active HDS sites on the rhenium surfaces and as a result, the HDS activities 

of the sulfur covered surfaces are lower. 

The poisoning effect of sulfur is not transient but instead remains constant for 

the entire reaction, strongly suggesting that the sulfur overlayer is stable under 

reaction conditions. However, sulfur adsorbed at low coverages (Re(0001): a~ :::; 

0.25, Re(10TO): f)~ ::5 0.6) appears to be better able to block active sites than the 

additional sulfur present at higher coverages. This suggests that the high coverage 

sulfur is more readily removed from the catalyst surface under reaction conditions. 

This data can be usefully compared with the effect of pre-adsorbed sulfur on the 

HDS behavior of Mo(100) surfaces. As discussed in the previous Chapter, sul

fur adsorbed on the Mo(100) surface at coverages above 0.67 ML is bound more 

weakly than sulfur at lower coverages. Apparently, the high coverage sulfur does 

not decrease the HDS activity of the Mo(100) surface because it is removed from 

the catalyst surface under reaction conditions. TPD studies of sulfur adsorbed 

on the Re(0001) and Re(10TO) surfaces and our catalytic results indicate similar 

phenomena for these surfaces as for the Mo(100) surface [13]. On the Re(0001) 

surface, adsorbed sulfur at low coverages (a~ ::5 0.25) desorbs in a single peak at 

1600 K. As the coverage is increased, low temperature shoulders appear in the 

TPD spectrum at 1400 K (a~ > 0.3) and 900 K (a~ > 0.5). On the more open 

Re(10IO) surface, sulfur desorbs at 1700 Kat low coverages (a~ ::5 0.5), and a low 

temperature shoulder at 1500-1600 K appears above 0.5 ML. The coverages at 

which sulfur begins to populate the more weakly bonding adsorption sites corre-
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spond approximately to the coverages above which the effectiveness of additional 

adsorbed sulfur in poisoning the HDS reaction on Re surfaces is decreased. As 

mentioned above, this is consistent with previous results on the Mo(100) surface 

for which the coverage at which a low temperature shoulder appeared in the TPD 

spectrum coincided with the coverage above which additional sulfur did not affect 

the HDS activity. 

It is important to note that during HDS reactions over the rhenium single 

crystal catalysts, sulfur is not deposited into the strong binding sites populated 

when sulfur is pre-adsorbed on the single crystals in UHV. Sulfur bonded in these 

adsorption sites lowers the HDS activity of the catalyst, while the initially clean 

single crystals maintain high catalytic activities for up to three hours. ·well over 

1000 thiophene molecules are desulfurized per surface rhenium atom in three hours; 

yet if sulfur was deposited in these strong binding sites during reaction, the surface 

would become covered with sulfur in a few seconds and the HDS activity would 

fall to that of a sulfur covered surface. The high catalyst activities of the initially 

clean single crystals indicate that this is not the case. The results suggest, as was 

the case with the Mo(100) surface, that the thiophene HDS mechanism does not 

include a step in which the C-S bonds are cleaved to give a hydrocarbon and a 

sulfur atom directly bonded to the metal surface [14]. 

5.6.3 Effect of Adsorbed Carbon on HDS Activity 

Overlayers of adsorbed carbon on the Re(0001) and Re(10l0) surfaces strongly de

crease the HDS activity of the single crystal catalysts. As discussed in Section 3.2, 

the linearity of the plots of HDS activity versus carbon coverage indicate that each 

adsorbed carbon atom blocks an active HDS site on the catalyst surfaces. These 

results are distinctly different from those for t~e the Mo(100) surface; adsorbed 
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carbon had no effect on the HDS activity of this surface [15]. The form ofthe ad

sorbed carbon overlayers on the Mo andRe surfaces was investigated using Auger 

electron spectroscopy. On the Mo(100) surface, carbon overlayers produced by ad

sorption of ethylene and heating to T ;:::: 500 K give AES line shapes characteristic 

of a metal carbide (see Figure 3. 7). Carbon atoms are adsorbed in four-fold hollow 

sites and penetrate into the surface such that they extend less than 0.6 A above the 

metal surface (16,17]. For the Re(0001) and Re(10IO) surfaces, carbon overlayers 

formed in the same manner and annealed at temperatures < 900 K give AES line 

shapes which resemble those of graphite and amorphous carbon (see Figures 3.12 

and 3.13). For a graphitic or amorphous carbon overlayer, the interaction between 

the overlayer and the metal substrate is considerably weaker than for a carbidic 

overlayer, as strong bonds are formed between neighboring carbon atoms and not 

with metal atoms in the substrate. This is reflected in the increased height of 

the carbon overlayer above the metal plane. Using surface extended energy loss 

fine structure spectroscopy (SEELFS), Rosei et al. determined that a graphitic 

overlayer sits 2.8 ± 0.08 A above the Ni(111) surface [18]. The Re(0001) face is 

also a close packed surface and the Re(10IO) has only a weak corrugation, so it is 

expected that a graphitic or amorphous carbon overlayer would extend well above 

these surfaces as well. 

The differences in the structure of the carbon overlayers on the Mo(100) and 

Re( 0001) surfaces are reflected in how they influence thiophene chemisorption. 

As mentioned earlier, adsorbed carbon on the Mo(100) surface blocks thiophene 

decomposition and creates new molecular adsorption states from which thiophene 

desorbs at 310 K and 360 K [11]. On the (0001) face of rhenium, adsorbed carbon 

also blocks thiophene decomposition, but thiophene interacts very weakly with 

this surface giving rise to molecular desorption peaks at 180 K and 230 K [12]. As 
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discussed in Chapter 4, theoretical calculations by MacLaren et al. also suggest 

that the height of an adsorbate above the metal surface influences its poisoning 

effect [19]. Their calculations of the local density of states (LDOS) indicate that as 

the height of an adsorbed carbon atom is increased from 0.4 A to 1.3 A, the LDOS 

at the surface, and therefore the predicted catalytic activity, decreases strongly. 

This provides further evidence that carbon's poisoning effect is dependent upon 

its overlayer structure. In summary, at normal temperatures for thiophene HDS 

reactions (500-700 K), adsorbed carbon is carbidic on the Mo(100) surface and does 

not b'!ock active sites for thiophene HDS. For the Re(0001) and Re(10l0) surfaces 

on the other hand, adsorbed carbon is graphitic-like and strongly poisons their 

HDS activity. 

As shown is Figures 3.12 and 3.13, the AES line shapes for carbon on the 

Re(0001) and Re(10IO) surfaces change with temperature. The line shape evolves 

from one resembling most closely graphitic and amorphous carbon at low anneal

ing temperatures to a peak shape most similar to carbon in a metal carbide after 

annealing above 900 K. These changes suggest that the form of the carbon overlay

ers becomes more carbidic in nature following annealing at high temperatures. On 

the basis of the preceding discussion, this change would be expected to coincide 

with a higher thiophene HDS activity. The results presented in Figure 5.11 show 

that this is not the case as carbon covered surfaces annealed at 800 K and 1100 K 

were found to have similar turnover frequencies for HDS. 

The interaction of carbon with rhenium surfaces has also been investigated by 

other researchers. Ducros et al. studied ethylene decomposition on the Re(0001) 

surface and found that cJ.ehydrogenation of ethylene is complete by 700 K and 

that C-C bond cleavage occurs by 800 K [10]. This latter conclusion is based 

upon observation of a c( 4 x 2) LEED pattern following heating of an ethylene 

••• 
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saturated surface to 770 K. TPD of ethylene indicates that the carbon coverage 

is 0.25 ML, hence the spacing between carbon atoms in the unit cell requires that 

scission of the C-C bonds has occurred. Our AES studies, however, indicate that 

the structure of the carbon overlayers is graphitic-like up to 900 K, above which 

it resembles carbidic-type carbon. Gall and coworkers have also investigated the 

structure of carbon overlayers on rhenium [20]. They used AES and TPD to study 

the interaction of carbon with a polycrystalline rhenium ribbon and report carb<?n 

AES line shapes similar to those shown in Figures 3.12 and 3.13. In addition, 

they observed a stable rhenium carbon surface phase formed at T :;::: 1500 K which 

persisted to T :;::: 2600 K. Although the rhenium-carbon phase diagram shows no 

carbide phases, the authors believe the stable phase observed is a surface carbide. 

The reactivity of the carbon covered rhenium surfaces was probed using the UHV 

dissociation of CsCl as a test reaction. Clean rhenium, the surface carbide and 

carbon covered surfaces annealed between 800-1100 K were found to be active 

towards CsCl dissociation while a graphite covered surface was inactive. 

In this work, AES indicates that carbon overlayers annealed to 800 K are more 

graphitic in nature while overlayers annealed to 1100 K are more carbidic-like. The 

results of Gall et al. indicate that carbon overlayers formed on the Re(0001) and 

Re( 1010) surfaces by adsorption of hydrocarbons and annealed between 800 K and 

1100 K are intermediary between a surface carbide and an overlayer of graphite. 

The most important point, however, is that carbon species produced at the two 

annealing temperatures are both strong poisons of HDS activity. This suggests 

that the carbon overlayers sit well above the rhenium metal plane and therefore 

block active sites for HDS. This is in contrast to the Mo(100) surface for which 

adsorbed carbon sits in the plane of the metal and does not decrease the activity 

of the catalyst. 
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5.6.4 Deactivation of a Rhenium Foil at High Conversions 

As discussed in Chapter 4, hydrogen sulfide was found to poison the Mo(100) 

surface while cis-2-butene had no effect on catalyst activity, both results being 

consistent with HDS studies over industrial Co/Mo catalysts [15]. At H2 S and cis-

2-butene partial pressures corresponding to 5-15 % thiophene conversion, H2S also 

strongly decreases the activity of aRe foil catalyst while the effect of cis-2-butene 

is negligible (see Figure 5.12). The observation that cis-2-butene does not affect 

the HDS rate indicates that it does not compete with thiophene for adsorption 

sites on the catalyst surface and that desulfurization and hydrogenation occur on 

different sites. As in the case of a Mo(100) single crystal catalyst, the poisoning 

of a Re foil is reversible as the activity of the catalyst could be restored to its 

initial clean surface value by removing the H2S from the reactor. This indicates 

that H2 S does not dissociate on the catalyst surface under reaction conditions to 

give strongly bound sulfur similar to that formed by prior deposition in UHV. 

5.6.5 Kinetics and Mechanism of Thiophene HDS over 
Rhenium Surfaces 

The product distributions from thiophene HDS over the Re(0001) and Mo(lOO) 

surfaces as well as from butadiene hydrogenation over a rhenium film are shown 

in Table 5.1 [21,4]. The similarity of the three product distributions leads us to 

conclude that the HDS pathway is essentially the same over Re and Mo surfaces 

and that butadiene is an intermediate in the reaction. This indicates that thio-

phene must be desulfurized on the catalyst surface prior to hydrogenation of its 

ring since tetrahydrothiophene HDS produces a different product distribution over 

~vlo(100) [21]. Apparently, the desulfurization of thiophene on the catalyst sur

face yields adsorbed butadiene and its hydrogenation then determines the product 
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distribution. The reaction is clearly kinetically controlled as thermodynamics pre

dicts that under the conditions used the products should consist almost entirely 

of butane. 

The complexity of the thiophene HDS reaction makes it very difficult to for

mulate a reaction mechanism based upon kinetic studies. The temperature and 

partial pressure dependence data presented in Section 5.2 do, however, permit a 

number of observa.tions to be made about the reaction. The positive dependence 

of the overall HDS rate on the thiophene and hydrogen pressures indicates that 

neither reactant saturates the rhenium surface under the reaction conditions stud

ied. In addition, thiophene and hydrogen do not compete for the same adsorption 

sites as is the case for many hydrogenation reactions for which negative order de

pendence of the rate on hydrocarbon pressure is observed. This is consistent with 

the result that HDS and hydrogenation occur on different sites on the catalyst 

surface as arrived at in Section 5.6.4. 

The non-Arrhenius behavior of thiophene HDS over rhenium forT ~ 673 K can 

be understood if the temperature dependence data of the individual products is 

considered. The products which exhibit large deviation from Arrhenius behavior, 

the butenes and butane, are those whose rates depend strongly on the hydrogen 

pressure. For surface catalyzed reactions, negative deviation from the Arrhenius 

equation is usually caused by depletion of the surface in one of the reactants. The 

kinetic data suggests that the surface becomes depleted in hydrogen at temper

atures of 673 K and. above. The observation with AES of graphite overlayers on 

the rhenium foil surface following high temperature reactions suggests that the low 

coverages of surface hydrogen under these reaction conditions causes dehydrogena

tion of hydrocarbon intermediates to graphite to be favored over hydrogenation 

to products which desorb from the catalyst surface. 
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5.6.6 Explanation of the Structure Sensitivity 

Re(0001) and Re(10IO) surfaces maintain higher HDS activities when they are 

initially clean than when they are covered with predeposited overlayers of sulfur 

or carbon. This indicates that the initially clean rhenium single crystals do not 

become covered with strongly bound overlayers of sulfur or carbon under reaction 

conditions. Instead the single crystal surfaces are apparently covered with only 

reversibly bound species which either desorb into the gas phase or are hydrogenated 

to products. This suggests that HDS of thiophene does indeed occur directly on the 

metal surface and not on an adsorbate overlayer, in contrast to the Mo(100) surface 

for which it was found that thiophene HDS occurred on an overlayer of adsorbed 

carbon [15]. Consequently, thiophene's interaction with the rhenium surfaces is 

not moderated by an adsorbate overlayer and the structure of the different crystal 

faces influences their HDS activity. 

The trend of increasing HDS activity of the rhenium surfaces determined in 

this work (0001)<(1121)<(1120)<(10IO) does not mirror the trend of increas

ing surface openness (0001)<(10I0)<(1120)<(1121) as measured by the surface 

atomic density. This indicates that surface openness is not the determining factor 

in catalyst activity. Another reaction which exhibits structure sensitivity is the 

ammonia synthesis reaction over iron and rhenium single crystal surfaces which 

has been found to be very structure sensitive [22,23]. Again, the activity of the 

different surfaces could not be correlated to their openess but instead could be 

related to the density of highly coordinated atoms (Fe: C1 sites, Re: C10 , C11 

sites) exposed at the surface of the single crystals. Theoretical calculations by 

Falicov and Somorjai suggest that the highly coordinated metal atoms exposed at 

the surface have high catalytic activity because these sites experience the largest 

.• 
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charge fluctuations in the solid [24]. However, steric effects must also be exam

ined when considering the catalytic activity of a site. For a surface atom to be 

catalytically active, it must be accessible for adsorption of the reactant species. It 

is generally accepted that dissociation of molecular nitrogen is the rate limiting 

step in the ammonia synthesis reaction. N 2 is a relatively small molecule (van der 

vVaal's radii = 1.5 A) and is expected to be able to interact with exposed second 

and third layer metal atoms at the surface. These are believed to be the most 

active sites for ammonia synthesis as they are the most highly coordinated surface 

atoms and are still accessible for adsorption of the reactant molecules. 

In the HDS reaction, thiophene's relatively large size (vertical adsorption: 

v.d.vV. radius = 1.85 A, horizontal adsorption: v.d.W. radius = 3.5 A) proba

bly limits its accessibility to metal atoms in only the topmost layer of the surface. 

Using this assumption, examination of the coordination numbers of the top layer 

atoms of the surfaces studied may help explain the observed trend in activity. In 

Figure 5.13, the HDS activity of the rhenium single crystal catalysts is plotted as 

a function of the coordination number of the top layer rhenium atoms (see Figure 

3.3). The "volcano" shaped curve shown in Figure 5.13 is common throughout 

heterogeneous catalysis and can be understood by relating the catalytic activity 

to the chemisorption energy of species involved in the reaction [25]. If we assume 

that the active sites for thiophene HDS on the rhenium surfaces are composed of 

the top layer rhenium atoms, the trend in activity can be explained. On the left 

side of the curve, a C6 surface atom is the most coordinately unsaturated com

pared to the other top layer surface atoms and would be expected to bind species 

involved in the reaction the most strongly. Although the coverage of reactant 

and intermediate species will be high, the species may be so stable that they do 

not decompose into products, therefore causing the Re( 1121) surface to have a 
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Figure 5.13: HDS activity of the rhenium single .crystal surfaces studied as a 
function of the top layer atom coordiantion numbers. 
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relatively low activity. In addition, this surface is the most likely to experience 

product inhibition due to strong binding of product molecules on the active sites. 

At the other extreme, a C9 surface atom is the most coordinately saturated and 

will therefore be expected to interact the weakest with species involved in the re

action. As a result, the coverage of reactant and intermediate species will be lower 

and the surface will be less able to "activate" thiophene molecules. Therefore the 

turnover frequency of the Re(0001) surface would also be expected to be low. In 

addition the close-packed structure of this surface may sterically hinder adsorp

tion of reactant species. The most active surfaces, the Re(10IO) and Re(1020) 

surfaces, are those which have top layer atoms with coordination numbers (C7 , 

C8 ) intermediary between the two extremes described above. Unfortunately, it 

is not possible to directly determine the chemisorption energies of thiophene on 

the different surfaces since thiophene decomposes to carbon, sulfur and hydrogen 

instead of desorbing molecularly. However, desorption energies have been deter

mined for sulfur on the Re(OOOl) and Re(lOIO) surfaces. At low coverages, sulfur 

desorbs from Re(0001) at 1600 K (Ed= 98 kcal/mole) and from Re(10IO) at 1700 

K (Ed = 104 kcal/mole) (13]. Sulfur is believed to be adsorbed on three-fold sites 

formed betweem three C9 atoms on the Re(0001) surface and on three-fold sites 

formed between two top layer C8 atoms and one second layer C10 atom on the 

Re(10IO) surface. Clearly, sulfur chemisorbs more strongly on Re(10IO) which 

may indicate that thiophene and other species in the reaction pathway also bind 

more strongly to this surface. 
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Chapter 6 

Thiophene Hydrodesulfurization 
over Transition Metal Foils 

6.1 Introduction 

172 

The final chapter of this thesis concerns the investigation of thiophene hydrodesul

furization over polycrystalline foils of cobalt, molybdenum and rhenium metals. 

Foils were employed in this work in addition to single crystals for the following 

reasons: 

1. The polycrystalline nature of foils suggests that they more closely model 

the heterogeneous structure of an industrial catalyst than do single crystals 

which are relatively flat on the atomic scale. The density of surface defects is 

much higher for a metal foil than for a well-polished single crystal. Therefore, 

catalytic studies over metal foils allow one to establish the importance of 

structural defects in determining the catalytic activity of a surface. 

2. Cobalt undergoes a phase transition from face centered cubic to hexago-

nal close-packed structure at "' 693 K. If a cobalt single crystal is heated 

above 693 K and then cooled below the transition temperature, the sample 

is usually rendered polycrystalline. Hence, it is impractical to use cobalt sin-

·-· 
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gle crystals as model HDS catalysts as they are extremely difficult to clean 

below 693 K. 

The disadvantage of using polycrystalline foils as model catalysts is that they 

are difficult to characterize structurally with surface science techniques that are 

routinely available. Accordingly, the work described in this thesis has focussed on 

single crystals as model catalysts, and the results obtained over Mo and Re foils 

have been obtained primarily for the purpose of making comparisons with single 

crystals. 

Thiophene HDS has been investigated over a cobalt foil since Co is used as a 

promoter in industrial HDS catalysts. The surface chemistry of hydrqdesulfuriza

tion will not be completely understood until the role of cobalt is fully elucidated. 

As discussed in the first chapter, the addition of cobalt to molybdenum catalysts 

results in an increased activity of the catalyst for the HDS of thiophene and other 

sulfur containing compounds [1]. The ratio of molybdenum to cobalt is always 

greater than one and cobalt is therefore considered to be a promotor. For this rea

son, molybdenum has received more attention than cobalt in this thesis. However, 

it has been proposed in the literature by Prins and De Beer that a sulfided cobalt 

phase actually comprises the active phase of the catalyst and that MoS2 simply 

serves as a secondary support to keep the cobalt dispersed and from diffusing into 

the alumina support [2,3]. The evidence which supports this proposal is based 

upon the observation that sulfided cobalt supported on an inert carbon support 

displays superior activity than sulfided molybdenum on the same support. In 

addition, the so-called Co-Mo-S phase identified by Topsoe and coworkers to be 

the active component of industrial HDS catalysts was also observed to exist in a 

carbon supported coh:~lt ('atalyst [4,3]. In other words, De Beer et al. suggest that 

molybdenum u"' ., luot be present to produce the active component of the catalyst. 
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The catalytic results of Prins and De Beer, however, are not in agreement with 

the work of the groups of Chianelli and Ledoux [5,6]. Chianelli found unsupported 

molybdenum and cobalt sulfides to have similar activities while Ledoux found 

MoS2 to be almost three times more active than cobalt sulfide when the sulfides 

are supported on carbon. To help resolve this disagreement and to initiate a 

surface science and catalytic study of cobalt promotion of molybdenum catalysts, 

thiophene HDS activities were measured for cobalt and molybdenum foils. These 

results are discussed in the remaining sections of this chapter along with HDS over 

a r heni urn foil. 

6.2 Thiophene HDS over Co, Mo and Re Foils 

The thiophene HDS activities of polycrystalline foils of cobalt, molybdenum and 

rhenium metals are shown in Figure 6.1. The reaction conditions were identical to 

those used for HDS activity measurements over single crystal surfaces (PTh = 3.0 

Torr, PH2 = 780 Torr, T = 613 K). The product distributions differ significantly 

for the three metals and are compared in Table 6.1. 

Table 6.1: Product Distributions for Thiophene HDS. 

Metal Foil 
Product Cobalt Molybdenum Rhenium 

Butadiene 11.% 2.5% 7.0% 
!-Butene 44. 55. 47. 
trans-2-Butene 24. 19.5 23.6 
cis-2-Butene 13.5 12. 13.9 
Butane 7.5 11. 8.5 

( 
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Figure 6.1: Thiophene HDS activities of cobalt, molybdenum and rhenium foils 
(Pn = 3.0 Torr, PH1 = 780 Torr, T = 613 K). 
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6.3 Discussion 

6.3.1 Trend of HDS Activities of Co, Mo and Re foils 

The ratio of the HDS activities measured in this work for the three metals are 

compared in Table 6.2 with those for the same metals in sulfides as taken from 

the studies of Ledoux, Chianelli and Prins [5,6,2]. It is clear that the trend of 

Table 6.2: Comparison of HDS activities. 

Study Cobalt Molybdenum Rhenium 

aThis work 1.0 2.8 
bLedoux 1.0 2.2 
cchianelli 1.0 1.0 
dPrins 1.0 0.25 

a Metal foils. 
bMetal sulfides supported on carbon [6]. 
cunsupported metal sulfides [5]. 
dMetal sulfides supported on carbon [2]. 

6.3 
4.3 
4.3 
3.8 

HDS activities measured for Co, Mo and Re foils is in best agreement with that 

observed by Ledoux and coworkers [6]. Close agreement with the trend in activity 

measured by Chianelli is not expected as the only method by which the authors 

measured the surface area of their catalysts was the BET method which does not 

distinguish between active and inactive sites in a metal sulfide [5]. Therefore, 

the similarity in acitivities measured for cobalt sulfide and molybdenum sulfide in 

Chianelli's work could be coincidental. 

The biggest discrepancy among the four studies is the higher activity for cobalt 

than molybdenum measured by Prins and coworkers [2]. This is especially sur

prizing since comparison of the catalyst preparation methods used by Prins and 

Ledoux do not reveal the existence of major differences in the composition or 

..... 
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structure of their catalysts. In any case, the results presented here support the 

observation that molybdenum is more active than cobalt. Therefore, it appears 

that the role of cobalt is to promote molybdenum HDS catalysts instead of cobalt 

itself being the active component. As discussed in Chapter 1, the promotional 

effect of cobalt is not well understood and deserves the attention of a combined 

surface science and catalysis study. The general agreement of the trend in HDS 

activities measured here for metal surfaces with those for metal sulfides in the 

literature suggests that this approach would be well worth undertaking. 

6.3.2 Importance of Surface Defects in Thiophene HDS 
over Metal Surfaces 

Comparison of the HDS activities of Mo and Re foils with those of single crystals 

of the same metals indicates that the orientation of the crystal face exposed at the 

surface is more important than the presence of surface defects. A molybdenum 

foil was found to have an HDS activity of 0.9x 1014 mol./cm2 ·sec compared to ac

tivities of (1.1-1.2)x1014 mol./cm2·sec determined for the low miller index planes 

of molybdenum. If defect sites exhibited a far higher activity than sites found on 

a homogeneous surface than the activity of the foil would be expected to be higher 

than that ofa low miller index single crystal. Clearly, surface defects are not a rna-

jar factor in determining the activity of molybdenum metal surfaces for thiophene 

HDS. Similar results to those over molybdenum were also observed for rhenium. 

An activity of 2.0x 1014 mol./cm2·sec was measured for a rhenium foil, while single 

crystals of rhenium had activities in the range (1.2-7.3)x1014 mol./cm2·sec. The 

fact that the Re foil has an activity between the extremes measured for the single 

crystals indicates that the foil surface is composed of a distribution of crystallite 

faces, with the predominant one being the thermodynamically most stable (0001) 
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face. 
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