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The Structure of Adsorbed Sulfur and Carbon 
on Molybdenum and Rhenium Single Crystal Surfaces, 

and Their Influence on Carbon Monoxide and 
Hydrocarbon Chemisorption 

David Goodro Kelly 

ABSTRACT 

A surface science study in ultra-high vacuum (10-10  Torr) has been per-

formed on the chemisorption and structures of sulfur and carbon adsorbates on 

Mo(100), Re(0001), and Re(1010) single crystal surfaces. This was done in order 

to determine the effects these adsorbates have on the reactivity of the metal sur-

faces towards CO and hydrocarbon (acetylene, ethylene, butenes, 1,3-butadiene, 

thiophene, and butane) chemisorption. 

Both sulfur and carbon adsorb strongly on Mo(100), Re(0001), and Re(1010), 

with adsorption energies greater than 70 	for coverages less than saturation. 

Sulfur was proposed to adsorb in the highest symmetry sites on all surfaces except 

for 0 > 0.75 on Mo(100), where studies suggest two different adsorption sites. 

Carbon adsorbs in a "carbidic" or active phase on Mo(100), where it is also pro-

posed to adsorb in the highest symmetry sites. However, carbon adsorbs in a "gra-

phitic" or inactive phase on Re(0001) and Re(1010). 

- 	 CO chemisorption on the sulfur and carbon overlayers was found to be 

blocked (except for carbon on Mo(100)), with sulfur blocking adsorption more 

efficiently than carbon. Changes in adsorption energy were determined to be 

caused by local crowding of CO molecules by the sulfur or carbon, rather than a 

long range electronic interaction. 
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Unsaturated hydrocarbons decomposed completely on Mo(100), Re(0001) 1  

and Re(1010). Similar to the results for CO chemisorption, strong adsorption of 

unsaturated hydrocarbons (leading to decomposition) was blocked by'pre-

adsorbed sulfur, allowing only physisorption to occur (adsorption energies < ii 

!L). The effect of pre-adsorbed "graphitic" carbon on Re(0001) and Re(1010) on 

unsaturated hydrocarbon chemisorption was the same; strong adsorption (leading 

to decomposition) was blocked allowing only physisorption. However, Mo(100) 

with pre-adsorbed "carbidic" carbon blocks only decomposition while allowing 

strong reversible molecular chemisorption (12 - 23 

Differences in inhibition efficiency of sulfur and carbon are proposed to be 

caused by differences in bond distances of the adsorbates to the surface. Greater 

distance from the metal surface causes more interaction with neighboring metal 

atoms. These differences also suggest explanations for results obtained elsewhere 

for catalytic hydrodesulfurization of thiophene on these single crystals. 



When we run over libraries, persuaded of these principles, what havoc 
must we make? If we take in our hand any volume; of divinity or 
school metaphysics, for instance; let us ask, Does it contain any abstract 
reasoning concerning quantity or number? No. Does it contain any 
experimental reasoning concerning matter of fact and existence? No. 
Commit it then to the flames: for it can contain nothing but sophistry 
and iIlision. 

David Hume, An Enquiry Concerning Human Understanding. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Introduction 

Study of the interfacial region is important for the understanding of many 

basic chemical processes which are used In an industrial society. These areas 

include, but are not limited to, catalysis, semiconductor devices, lubrication, cor-

rosion, and electrochemistry. Basic research on the structure and chemistry of 

the interfacial region in the context of materials and processes of interest to 

catalysis are the focus of the work reported within this dissertation. 

Catalysis specifically dealt with here involves a chemical reaction which 

occurs at a faster rate in the presence of a species (catalyst) which participates in 

the reaction, but is neither reactant nor product. In most catalytic reactions of 

interest to the chemical and oil industries the catalyst is typically a transition 

metal (although not always) dispersed on an oxide support (e.g. A1 203 , Sb 9 , 

etc.) to obtain high surface areas. These catalytic reactions are thought to occur 

on the surface of the catalyst. In addition, other compounds or elements (e.g. 

1(90, Co, 0 2  ) may be added to tailor the process to yield desired products (e.g. 

olefins, highly isomerized products, aromatics). Although some of these com-

pounds may be added to the catalyst before the reactants are admitted, others are 

added by the reactants themselves. Sometimes this is beneficial as in the case of 

carbonaceous overlayers on platinum and rhodium based olefin hydrogenation 

catalysts. In other cases, the additives act to inhibit or poison the reaction (e.g. 

sulfur on platinum reforming catalysts). 

1 
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1.2 Hydrodesulfurization 

The catalytic process which motivates this research is hydrodesulfurization 

(HDS). This process involves the removal of sulfur from crude oil. Sulfur, usu-

ally in the form of organic sulfur, Is removed as H 
2  S (in the presence of H 2 ) leav-

ing desulfurized hydrocarbons. 1  This process is important for two reasons: 1) the 

burning of sulfur containing fuel oil produces sulfur oxides which are harmful to 

the environment, and 2) sulfur is typically a poison for most other catalysts. 2  So, 

the removal of sulfur from the crude oIl feedstock is highly desired. Many types 

of organosulfur compounds are present in the feedstock (e.g. thiols, sulfides, 

thiophenes, etc.), and the activity of 1-IDS decreases as the aromatic character of 

the molecule increases. 1  

The catalyst which is generally used in this process is a molybdenum or 

tungsten based catalyst to which cobalt or nickel are added to act as promotors. 

The mixture is then dispersed on an Al 203  support and sulfided. Typical Indus-

trial reaction conditions are 10 - 200 atm (mostly H 2 ), and 573 - 608 K)- The 

most commonly studied reaction used for modeling this process is the HDS of 

thiophene over a Mo-based catalyst. 1 ' 3 ' 4 ' 5 ' 6 ' 7 ' 8 ' 9  

C 4H4S + nH2 -+ C 4H5  + H,S n=2 	 (1.1) 

C 4H8  n=3 (all isomers) 	
S 

CH10  n=4 

From these studies a few features of thiophene FIDS can be stated. Mechanistic 

work 1  has shown that the reaction proceeds through either a hydrogenated inter-

mediate which is then desulfurized, or vice versa (Figure 1.1). Structural work 

has revealed that the basal plane (exposIng only sulfur) of MoS 9  is inactive for 



THIOPHENE HYDRODESULFURIZATION 
REACTION PATHWAY 

/ 

/ 
\V/\\ 

XBL 862-480 

Figure 1.1: Proposed thiophene hydrodesulfurization pathway 
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this reaction. Instead, the edges of MoS 2  crystallites, where Mo atoms as well as 

S atoms are exposed, are suggested to be the active site for HDS. 3  Although it is 

not known why Co promotes this process, it has been suggested that Co decorates 

the edges of these crystallites. 8 ' 10  However, the exact site for HDS and Its compo-

sition have not been conclusively determined. Consistent with this work on real 

catalysts the active sites could contain carbon (from hydrocarbon decomposition) 

in addition to metal atoms and sulfur. The influence of each of these components 

on the reaction is unknown, and it would be desirable to determine their effects. 

While the Co-Mo-S system is used for IHDS most frequently, sulfided 

rhenium appears to exhibit similar or superior activity. 4 ' 7  However, rhenIum is 

used usually with platinum to form a bimetallic catalyst which is used for hydro-  
- 

carbon reforming. 11  Addition of small amounts of sulfur increases the life of this 

catalyst. 12  

1.3 The Surface Science Approach 

In order to gain a more complete understanding of hydrodesulfurization 

catalysIs Somorjai et a1. 13 ' 14 ' 15 ' 16"7 ' 8  have investigated the catalytic behavior of 

molybdenum and rhenium single crystal surfaces. Using single crystals enables 

one to work with a known surface structure and initial composition. These stu-

dies have shown that Mo and Re single crystals are active catalysts for thiophene 

HDS without pre-adsorption of sulfur or carbon. Pre-adsorption of sulfur on both 

metals resulted in poisoning of the HDS activity. 14 ' 8  In fact, after several hours 

of I-lIDS on Mo(100) the basal plane of MoS 2  is produced which is known to be 

inactive. 3, However, carbon pre-adsorption on Mo(100) does not poison the 



activity of this surface. In fact, high surface area catalysts of Mo 2 C have been 

found to be active for HDS. 9  Yet, carbon pre-adsorption has the oppostive effect 

on Re(0001) and Re(1010); strong Inhibition of HDS was seen when carbon was 

pre-adsorbed on Re(0001) and Re(1010). 

In order to gain a more complete understanding of the basic surface chemis-

try involved in 1-IDS, surface science studies in ultra-high vacuum (IJHY, 10 -10  

Torr) were performed. LJH\T allows one to study a well characterized surface for 

two reasons. First, at the 10- 10 
 Torr pressure range the surface can be kept free 

of contaminants (< 10% contamination in 15 m1). 19  Second, the electron spec-

troscopies, which are surface sensitive, work best in this pressure range where the 

long mean-free-path allows more electrons to reach the detector. One major 

drawback is that UHV conditions are not those of the catalytic process. However, 

study of surface chemistry in UH\T under well characterized conditions provides 

examples of chemistry which may occur under catalytic conditions. This study 

concentrated on determining changes in bonding and structure that occur when 

sulfur or carbon are pre-adsorbed on Mo and Re single crystal surfaces. Mo was 

chosen because it is the base metal used for industrial catalysis of HDS. In addi-

tion, Re was studied to determine what effects sulfur and carbon have on chem-

isorption as one moves across the periodic table. Single crystals of both metals 

have been studied because of known structure of the surfaces. 

We have taken a three tiered approach to this problem. First, we have 

determined the structure and adsorption energies of the sulfur or carbon over-

layers using low energy electron diffraction (LEED), and thermal desorption spec-

troscopy (TDS) (Chapter 3). To probe the effect these additives have on other 

5 



adsorbates, the alteration in chemical bonding to the surface with carbon monox 

ide chemisorption has been studied with TDS (Chapter 4). Finally, the effects of 

additive concentration were also determined with respect to surface reactions and 

bonding of hydrocarbons of interest in thiophene I-]DS (Chapter 5). These experi-

mental techniques will be discussed in the next chapter. 

We have found that sulfur or carbon additives are usually adsorbed strongly 

(> 70--) in the highest symmetry sites on the surfaces of interest, and block CO 

dissociation and hydrocarbon decomposition. In addition, the extent of the block-

ing by sulfur and carbon depends upon the size of the adsorbate. Sulfur blocks 

adsorption over a greater area than carbon because of its greater size, thus mak-

ing the surface more inert. Carbon also blocks adsorption, but over a smaller 

area, thus moderating the surface reactivity. 

4 

6 
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CHAPTER TWO 

EXPERiMENTAL 

11.1 Introduction 

In order to study the chemistry of metal surfaces the techniques of ultra-high 

vacuum (UHV) technology are used. As stated in Chapter 1, UHV (1010  Torr) is 

used so that the surface under study can be kept free of background contamina-

tion during the course of an experiment. 1  In this chapter we. shall discuss each of 

the techniques used. First, basic IJHV technology, the apparatus design and gas 

handling will be discussed. Then sample cleaning procedures along with the tech-

niques used for adsorption of compounds of intersest will be discussed. This is 

followed by a discussion of the three major techniques and their uses: Auger elec-

tron spectroscopy (AES) for analyzing surface composition, thermal desorption 

spectroscopy (TDS) for determining coverages and adsorption energies, and low 

energy electron diffraction (LEED) for determining surface coverage and struc- 

ture. 

11.2 Apparatus 

Figure 11.1 is a schematic diagram of the chamber used in most of these stu-

dies. The chamber used for some of the LEED work will be described later. 

The apparatus used is of the standard TJI-W design. 2  The chamber is pumped 

by both a 200 Varian Ion Pump, used in the 10 - 10 	Torr range, and a six- 

inch NRC Oil Diffusion Pump used in the same pressure range. This pump was 

equiped with a liquid nitrogen (N 9(1) ) cooled trap, and used Dow Corning 705 

9 
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Figure 11.1: Schematic of ultra-high vacuum chamber used for most experiments. View is from 
the top. 
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pump fluid. The dIffusion pump is backed by a Sargent-Welch Duo-Seal model 

1402 vacuum pump. The gas handling manifold is backed by a Sargent-Welch 

Duo-Seal model 1400 vacuum pump. In addition, two sorption pumps, cooled 

with N2(1)  were also used for evacuating the gas handling manifold. 

The manipulator design is that of an off-axis type, with x, y, and z motions. 

The single crystal transition metal sample, which is 0.5 - 0.8 cm in diameter (0.2 - 

0.5 cm 2  area), is spot-welded on the back face using 0.030 inch (Mo(100) and 

Re(1010)) or 0.040 inch (Re(0001)) diameter tantalum wire. These wires are then 

spot-welded to 0.120 inch Ta bars, which are each held in a copper block. To 

each copper block copper braids are attached to two copper feed-throughs. On 

the atmospheric side of the manipulator, cables are attached to each copper feed-

through to put a current through the sample (a Harrison Laboratories 0-100 Amp 

model 6456B power supply), allowing resistive heating of the sample to 2100K. 

Into the cold-fingers N2(1)  is sucked through to provide sample cooling to 110K. 

The temperature of the sample is monitored using a W-5%Re/W-269 7o'Re thermo-

couple spot-welded to the edge. This thermocouple has been calibrated froth 2551C 

to 2315K, 3  and further calibration from 77K to 300K has been made by com-

parison with a chromel-alumel thermocouple (Figure 11.2). 

Pressure measurements were made with a Bayard-Alpert type ion gauge 

which has been operated by a Varian Associates model 971-0003 ionization gauge 

control or a Perkin-Elmer Ultek digital gauge control. 
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H. 3 Sample Cleaning Procedures 

Clean Mo and Re surfaces (as determined by AES) were obtained by heating 

in 0
2  followed by flashing the crystals to approximately 2000 K. Details for each 

face are discussed below. 4  

The Mo(100) face was cleaned by heating (to 900 K) in 5 X 10 Torr 0
2  for 

approximately 30 s, and, after evacuation, flashed to 2000 K to remove the oxide. 

This technique was very efficient, and a monolayer of carbon could by removed 

with only two treatments. Any other contaminants were removed by heating to 

2000 K (such as sulfur). 

Re(0001) and Re(1010) faces required more drastic procedures. Both samples 

were heated to 1000 K in 2 x 10 8  Torr of 02  for 1 min to remove carbon. While 

only three or four treatment cycles were required to clean a monolayer of carbon 

from Re(1010), ten cycles were required to clean a monolayer of carbon from 

Re(000i). 

11.4 Compound Adsorption Techniques 

Sections of the gas manifold can be sealed just before the sapphire leak 

valves to provide reservoirs of gases or vapors of interest (CO, D 9 , and hydrocar-

bons), which can be allowed into the chamber. The gases can be leaked onto the 

sample (usually at less than 150 K) in two ways. One way involves simply back-

filling the chamber to 10 - 10 8  Torr range allowing the sample to adsorb the 

ambient gases. The other way involves placing the sample within one inch of the 

leak tube to obtain a high local pressure of the gas to be adsorbed, and this was 

the method used here. This allows one to adsorb large amounts of gas while 
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minimizing contributions from the background gases, and minimizing the amount 

of gas adsorbed on the chamber walls during exposure. 5  A measure of the amount 

of gas to which the sample is exposed is the Langmuir (1 L = 10 Torr s); it is 

the amount of time the sample is exposed to a given pressure.' For all the expo-

sures quote4 here, no corrections were included. These corrections would include 

such things as differences in ionization gauge sensitivity for different gases, or 

increases in the actual pressure near the surface due to directional dosing (the 

doser used here increased the effective pressure by about a factor of 10). 

Saturation coverage of adsorbed gases was determined when the amount of 

compound adsorbed remained constant when exposure was increased (CO and 

D 2). Hydrocarbons usually condensed at the adsorption temperatures used here 

(< 150 K), so multilayers of hydrocarbons were adsorbed if the surface was 

exposed long enough. Saturation was determined when molecular desorption (< 

200 K) was observed from the multilayer. 

Sulfur is usually adsorbed on metal surfaces in two different ways. One 

involves the adsorption of H 2S with subsequent annealing to desorb H 9  and order 

the sulfur atoms. 6  Another way involves the use of an electrochemical cell 

PtAgIg9S across which an electrical potential is applied, and S (of varying clus-

ter sizes, predominantly 59 ) is evolved and adsorbed on the surface. 7 ' 8  Usually, 

annealing is required to obtain sharp diffraction patterns. We have used the 

latter method in our study. 

Carbon overlayers were deposited by adsorbing an unsaturated hydrocarbon 

(usually a butene or butadiene) on the metal surface, and heating the rrietal to 
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800 - 1000 K to crack the hydrocarbon and desorb H 2 . 

Now a brief description of each technique AES, TDS, and LEED will be 

given. 

11.5 Auger Electron Spectroscopy 

11.5.1 Theory 

Auger electron spectroscopy is a technique used for analyzing surface compo-

sition. 9  The Auger process involves the ionization of a core electron in an atom 

using either high energy electrons (2 - 5 keV) or an X-ray source. The atom can 

then relax to the ground state through two processes: emmission of an X-ray as a 

valence shell electron falls to the core, or radiationless relaxation (Auger process). 

In the radiationless process the atom relaxes by having a valence shell electron fall 

to the core, and then emitting another valence shell electron with a well defined 

kinetic energy. The kinetic energy of the process can be approximately given by: 

Ek fl  =E 1  —E9  —E3  

where EkI  is the kinetic energy of the emitted electron, E 1  is the binding energy 

of the core electron in the neutral atom, E2 is the binding energy of the electron 

in the valence shell which falls to the core, and E 3  is the binding energy of the 

electron in the valence shell which is emitted. More exact treatments include 

refinements such as coupling between the levels, and the change in electronic 

shielding of the atom after ionization has occurred. The well defined kinetic 

energy of the Auger electron permits one determine which elements exists on the 

surface based on the measured kinetic energy of the Auger electrons. 

Is 
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Because Ek 1fl  is dependent upon the binding energy of the valence shell elec-

tron, information about changes in the valence shell chemical environment can be 

obtained similar to X-ray photoelectron spectroscopy. Usually shifts of 5 - 10 eV 

have been seen in Auger transitions due to oxidation on various surfaces including 

Al and Si. 10 ' 11  

Of special relevance here are the differences in the low energy fine structure 

of the carbon (272eV) Auger emission, which depends on the "graphitic" or "car-

bidic" nature of the adsorbed carbon. 12  This topic will be addressed more fully in 

Chapter 3. 

The kinetic energy of the electrons allows one to determine the type of ele-

ment on the surface. However, the number of Auger electrons emitted is small in 

comparison to the secondary electron emission, 9  making the emitted Auger elec-

trons difficult to observe. Fortunately, the secondary electrons are emitted con-

tinuously over the range of energies found for Auger electrons. To determine the 

energy of Auger electrons, which are emitted on the continuously varying back-

ground, the derivative of the number of electrons emitted as a function of energy 

is taken. In addition, by obtaining the peak-to-peak height of the derivative 

Auger emision a relative measure of surface concentration can be obtained for 

that element. 13  This measurement monotonically increases with coverage, but is 

linear with coverage only under special circumstances. So, the ratio of adsorbate 

peak-to-peak heights to those of the substrate are used only to determine whether 

the surface concentration is larger or smaller. In order to determine actual sur-

face coverage other techniques such as LEED and TDS need to be used to provide 
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additional reference points for a coverage calibration. 

11.5.2 Experimental 

Is 	 The Auger system used for Auger electron spectroscopy In the UHV chamber 

mentioned previously was manufactured by Physical Electronics Industries, Inc. 

It includes an Electron Gun Control model 11-010, an Auger System Control 

model 11-500A, and a Cylindrical-Auger Electron Optics model 10-155 (cylindri-

cal mirror analyzer). 9  A PAR model J8-5 lock-in amplifier was used for producing 

the modulation voltage and for decoupling the modulated signal from the electron 

multiplIer. The frequency of modulation was 4800 Hz. The following settings 

were used unless otherwise stated: 2000V beam energy, 1A current to crystal (at 

ground), 4eV peak-to-peak modulation amplitude for Mo work and 2eV for Re, 

and an electron multiplier potential which varied from 800 - 2400 V. The surface 

concetrations of sulfur and carbon on Mo and Re were monitored using the fol-

lowing Auger emissions: S(152eV), C(272eV), Mo(221eV), and Re(167eV + 177eV) 

11.6 Thermal Desorption Spectroscopy 

11.8.1 Theory 

Thermal desorption spectroscopy is a technique which can give information 

about surface coverage and bonding energies for adsorbates. This technique is 

known by other names such as thermal desorption mass spectrometry, tempera-

ture programmed desorption, and temperature programmed reaction spectros-

copy. The original formulation of the technique by Redhetd 14  is as follows. A 

compound or mixture of interest are adsorbed on the surface under study. Then 



under conditions of high pumping speed (of the vacuum pumps), where no read-

sorption is expected to occur, the surface is heated at a constant rate, and the 

desorption products are monitored observing the change in pressure as a function 

of temperature. The resulting pressure versus temperature profile is proportional 

to the desorption rate from the surface at the corresponding temperature. In 

most cases a mass spectrometer is now used to monitor each desorbing product 

instead of the total pressure using an ionization gauge. This enables one to deter-

mine the identity of the products which desorb. 

Before the experimental details for this experiment are presented, a discus-

sion will be presented on the refinements and limitations of the technique. 

Usually, discussions of TDS start with a simple one-dImensional potential for 

molecular and atomic interaction with an attractive surface. 15  A more complete 

discussion of the adsorption processes and energy distributions are given else-

where. 15 ' 16  For purposes of thermal desorption the molecule or atom of interest 

will be assumed to reside in the deep chemisorption well (if there is one available). 

In this simple one-dimensional model the input of thermal energy gives the 

adsorbed species enough energy to desorb into the gas phase. Following 

Arrhenius, the temperature dependence of the desorption rate is expressed as: 

I  
= v 	

Ed
exp {-J 	(11.2) 

dt 	 RT 

where n is the order of the reaction, 0 is the surface coverage (molecules)  v is the 
cm 2  

pre-exponential or frequency factor, Ed  is the activation energy for desorption, 

and T is temperature (K). With a constant heating rate, 3, (1.)  the rate can be 

expressed as a function of temperature. 
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da 	Vn 	I Ed 

J 
) 

_-- = j-oexr 1 	 (11.3) 

During heating, the rate of desorption increases from a low rate to a very high 

rate thus increasing the amount of species desorbing from the surface. However, 

as the rate increases the amount of species present on the surface, o, decreases. 

At some point the amount of species on the surface decreases to such an extent 

that it counteracts the exponential increase with temperature decreasing the 

desorption rate. Thus, a peaked structure to TDS is seen. Assuming v1 , and Ed 

to be coverage independent (and independent of temperature) the temperature of 

the desorption maximum, Tp,  can be used to obtain Ed  from Eq. 11.3. For first 

(n=1) and second (n=2) order desorption, the following transcendental equations 

were derived relating T and Ed. 

Ed I 	Ed 

RT = RT2 n=1 
	 (11.4) 

0ot'2) 	Ed 	Ed 

jex - RT = RT2 n=2 
	 (11.5) 

In the second order case 	2o. If adsorption is unactiviated then Ed  is the 

energy of adsorption, Q. So, T is independent of inital surface coverage for 

first-order desorption, but dependent (and decreases) with increasing initial cover-

age for second-order desorption. 

In this simple case, Ed  can be determined by obtaining T as a function of 3 

(and o for second-order desorption). Because of the exponential nature of the 

equation, 3 needs to be varied over a couple orders of magnitude in order to 

obtain a good statistical fit for Ed.  This is difficult to do experimentally, and 
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requires heating rates ranging from 1 to 100 j•17  Instead, u1  is usually assumed 

to be 10 13  s, and V2  is usually assumed to be 0.01 cm2 These are valid assump- 
molecules S 

tions, because v is a frequency factor and the time scale for molecular vibrations 

is 10 13  - 	s. Admitedly, there are many assumptions which are probably 

invalid. However, the uncertainties which accompany other methods (discussed 

later) to extract information from a TDS are as great in sum as those encountered 

In this simple analysis. 18  

In the work quoted here, we have used TDS to obtain information about 

changes that occur in surface reactions when carbon or sulfur are pre-adsorbed. 

So, shifts in peak position have been monitored to see if the bonding energy to 

the surface of the desorbed species has changed. In addition, some adsorbed 

species may react on the surface to give desorption products different from those 

adsorbed. In this case, the composition of desorbing species is monitored. 

Finally, in some isolated cases the Redhead equations (Eq. 11.4 and 11.5) are used 

to give adsorptIon energies which are meant to be used for comparison. However, 

they are not meant to be used as an absolute adsorption energy measurement due 

to the limitations discussed above. 

Next a discussion of corrections to the Redhead equations, and other 

methods for obtaining adsorption energy information from TDS will be given. 

However, first a theoretical treatment of the rate equations using Eyring's transi-

tion state theory will be given. 10  In an elementary step between two reacting 

species A and B, 

A+B — C 	 (11.6) 
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the reaction coordinate takes the reacting species through a configuration known 

as the activated complex. 

A+BAB 	 (11.7) 

ABC  

The elementary step is divided into two parts; the reaction of A and B to produce 

ABS, which is assumed to be in thermal equilibrium, and the reaction of AB to 

produce C, which has no back reaction. The rate constant of the reaction of AB 

to C is w, which is on the order of a molecular vibratIon. So, the reaction rate, R, 

is expressed below. 

R = w[AB]  

Under the equilibrium assumption the rate equation becomes 

R = wK[A][B1 	 (11.10) 

where 

Kt = [A][B] 
 

Now dealing just with the rate constant. 

R = krate[A][B] 	 (11.12) 

krate  = w1 	 (11.13) 

Using statistical mechanics for determination of I( leads one to 

WQt  
krate = 

QAQB 	
(11.14) 

where 	
A' and Q are the partition functions for the transition state, and 

reactants A and B respectively. The electronic partition functions can be 

separated out of Q giving us the familiar Boltzmann factor exp 	In addi- 

tion, one vibrational degree freedom degenerates into a translation along the 
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reaction coordinate, KTL. Substitution yields the following results, 

kT 	1-E11 
exp krate  = 	

QAQB 	 J 	
(11.15) 

kra = kT qt 	1E1 1 
h QAQB exp ( kT 

 

where qt contains the translation, rotational, and vibrational partition functions 

only (without the partition functions of motion leading to the products). Now 

substituting for first-order desorption from surfaces we obtain the following equa-

tions. 

kra = qt kT 	(—E1 1 
QA 

---exp [ 
kT  J 	

(11.17) 

qt kT 
11= 	- 

A 
(11.18) 

Assumming the transition state is immobile, then --- = 1, so - = iü' at 300 
QA34  

K. 

Several authors have attempted to calculate q and QA  based on surface 

spectroscopic data and compare it to TDS determinations of V 1  or v2 . 20  This has 

been performed to determine if assumptions concerning surface mobilIty or immo- 

bility are càrrect. However, reliable v or 112  data are required for the use of 	 - 

transition state theory in TDS. This Is the reason it was not used here. 

Now let us examine methods which act to correct for the original simplicity 

of Redhead's method. 

One method where V and Ed  can be determined without use of large varia- 
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tIons in heating rates has been proposed by Chan, Aris, and Weinberg. 17  In their 

method the rate equations are expanded in a Taylor Series about the thermal 

desorption peak maximum. This enabled them to obtain expressions relating the 

peak widths and peak temperatures to Ed  and ii. Excellent agreement has been 

obtained with small molecules (CO, Xe). However, multiple overlapping peaks 

and slow pumping speeds (which widen the desorption peak) cannot be treated 

using this method. 21  As will be shown later the spectra observed here have several 

overlapping peaks, making them unsuitable for analysis by this method. Both of 

these methods assume that ii and Ed  are constant with either coverage or tem-

perature. As has been found using adsorption isotherm techniques for determin-

ing the heat of adsorption Ed  is a function of coverage. 22 ' 23  In addition, based on 

transition state theory, v is a function of temperature (see Eq. 11.18). Some effort 

has been made towards determining the effect of these variations on TDS. 24  Cen-

erally, desorption peaks can broaden, and multiple desorption peaks can be 

observed from an adsorbate with only one type of sIte. 18  To cite just one exam-

ple, hydrogen chemisorption on a molybdenum single crystal is observed to have 

three desorption peaks. 25  However, recent work using high resolution electron 

energy loss spectroscopy (HREELS) has shown that H atoms reside only in one 

type of site at the coverage where three desorption peaks are observed. 26  

Based upon these limitations, it is reasonable that the simple Redhead 

method should be used to analyze thermal desorption spectra within the limita-

tions stated. Therefore, TDS has been used in three different ways for the studies 

within this dissertation. The first way involves looking for sliirfq in the TDS 

which occur after pre-adsorption of sulfur or carbon. Thi' uells us whether the 
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adsorbates increase or decrease interaction with the surface. 

The second way involves the study of surface reactions other simple adsorp-

tIon and desorption. 

	

case 1 A 	Ag  desorption 	 (11.19) 

	

case 2 AB a 	A + Ba  (1) decomposition 	 (11.20) 

	

Aa 	Ag  (2) desorption 	 (11.21) 

	

Ba 	Bg  (3) desorption 	 (11.22) 

In case 2 a surface reaction (decompositIon) occurs in addition to desorption. 

Depending upon the relative reaction rates of steps (1), (2), and (3) the TDS may 

contain activation energy information on the decomposItion. If the activation 

energy for decomposition is less than the desorption energies of A or B then the 

TDS will appear the same as that when either A or B is initially adsorbed. In this 

case the TDS is rate-limited by desorption. On the other hand, if the energy for 

decomposition is greater than desorption the desorption maxima will appear at 

higher temperatures (when the heating rate is constant) than that seen for 

adsorption of A or B separately. In this case the TDS is rate-limited by decompo-

sition. As will be shown later, case 2 is what typically happens for hydrocarbon 

adsorption. So, one can possibly determine activation energies for decomposition. 

Another surface reaction involves two surface steps. 

	

case 3 AB a 	Aa  + Ba  (1) decomposition 	 (11.23) 

	

ABa  + Ba 	ABBa  (2) reaction 	 (11.24) 

	

ABBa 	ABBg  (3) desorption 	 (11.25) 

Aa 3 Ag  (4) desorption 	 (11.26) 

	

Ba 	8g (5) desorption 	 (11.27) 

If the reaction energy of (2) is greater than decomposition (1) and desorption (3) 
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then information can be obtained about the reaction energy of (2). 

The third use for thermal desorption is in determining relative surface coy-

erage before desorption. The integration of Eq. 11.2 should give the initial cover-

age, c,. One can then determine changes in product distribution as the initial 

surface composition is changed. 

Below are summarized the three ways in which TDS has been used here. 

Determining heats of adsorption in simple cases, and observing bonding 

energy shifts with additive coverage. 

Determining the relative energies of surface reactions. 

Deterrhining surface coverage. 

11.6.2 Experimental 

Experimentally, these measurements have been performed using a col-

limated UTi model 100 quadrupole mass spectrometer. Collimation was achieved 

(Figure 11.3) by placing a tantalum disk with a 0.5 cm diameter hole in front of 

the mass spectral ionizer. Spot-welded onto this hole was a 0.5 cm diameter by 1 

cm long tube. Outside this disk, and around the quadrupole probe copper foil 

was wrapped. A typical TDS experiment was performed by placing the crystal 

within 0.2 cm of the end of the tube with the plane of the crystal normal to the 

tube axis. Unless otherwise stated, the following settings were used for mass spec-

tal data acquisition: electron multiplier +2700V, resolution 5.0, +70V electron 

energy, 2rnA emission current from the filament, and io - io Amps sensitivity 

setting. 
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The mass spectrometer was controlled using a Commodore PET 2001 series 

computer. Analog to digital and digital to analog signal conversion was accom- 

plished using a Commodore MASS SPEC/ESCA to PET INTERFACE 	 - 

DWG1119A1. Because of the low emf produced by the W-5%Re/W-26%Re ther-

mocouple, the signal was multiplied by 100. An offset of 0.590V was used to 

obtain a signal which was always positive. This was necessary since the interface 

was only able to read 0 - 10 V. 

A more detailed explanation to this system has been given previously. 27  

Modifications to the orIginal data analysIs programs have been made for this 

work. These include subroutines for determining temperature directly from input 

thermocouple potential, and for integration of the TDS as a function of time. 

This program allowed one to monitor up to eight masses simultaneously. In 

order to avoid the signal mixing due to slow RC time constants, the delay count 

(time Interval between masses), and the dwell time (time on a single mass before a 

data point is acquired) were set (150 and 75 respectively) so as to minimize this 

effect, when the UTI mass spectrometer damper is set to 1/4  turn. Contributions 

were estimated to be less than 1% of the original value. 

Various masses can then be observed simultaneously enabling one to iden-

tify various desorption products. In most cases the parent peak mass has been 

used to identify the product in TDS. However, there are various butene isomers 

which make the use of only one mass for product indentification impossible. A 

method was developed to determine the identity of the isomers, and resulted in 

the ability to distinguish 1- and 2- butenes. However, no method was developed 



to determine the difference between cis- and trans- 2-butenes. 

This method involves lowering the electron energy to 27V, and increasing 

the resolution to 3.0, thus altering the mass spectral fragmentation pattern. At 

70V (the ndrmal operating potential), there is very little difference in the mass 

spectra between 1- and 2- butenes. However, at 27V a difference in the intensity 

ratios of mass 41 to mass 56 (.iL)  occurs between 1- and 2- butenes (Table 11.1). 

The ratios in the first column represent data determined by backfilling the UHV 

chamber to 2 X 10 Torr with the isomer of interest. The ratios in the second 

column are determined during TDS after adsorption at 130K. Because of the 

weak adsorption energy (discussed in Chapter 5), which gives rise to the 150K 

desorption temperature, no chemical changes (i. e. isomerization) are expected to 

occur. Note that the ratios recorded at ambient temperature by backfilling, and 

from desorption at low temperature are within uncertainty for a given product. 

It has been determined that for some, if not all, alkanes the intensity of the 

mass spectral fragmentation pattern is dependent upon the hydrocarbon tempera-

ture. 28  This suggests some uncertainty in the previously mentioned method for 

isomer determination. However, closer examination reveals that under the stated 

conditions little temperature variation should occur. The studies of Amorebieta 

and Co!ussi show that even at 70V there is some temperature variation, albiet 

slight, in the relative intenisties of the mass spectral fragmetation patterns of 

hydrocarbons. At 15V, near the ionization potential of most hydrocarbons, the 

temperature variation is great.. However, the temperature variation decreases by 

a factor of two when the electron energy is increased to 18V. This may imply 
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Table 11.1: Mass spectra peak intensity ratios for mass 41 and mass 56 (.±) for various butene 

isomers, and under various conditions at 27V mass spectrometer electron energy. 

compound measurement conditions and 

141  ratios ± 95% confidence 

backfihling chamber at from thermal desorption at 150K 

ambient temperature on clean or sulfur covered Mo(100) 

1-butene 1.78±0.04 1.7±0.1 (clean) 

1.8 (sulfur) 

trans-2-butene 1.21±0.03 1.23±0.08 (clean) 

1.23 (sulfur) 

cis-2-butene - 1.19±0.07 (clean) 

1.1 (sulfur) 
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that the temperature variation is a threshold effect, and at 27V the variation is 

expected to be more similar to that observed at 70V than at iSV. In addition, 

the constancy of the mass spectral intensity ratios reported here, both at ambient 

temperature and at 150K show that no temperature induced relative intensity 

	

variation is observed for the temperature range of 150 - 300 K within uncertainty. 	
14 

11.7 Low Energy Electron Diffraction 

11.7.1 The Diffraction Pattern 

The third technique used in this study is low energy electron diffraction 

(LEED). 9  The wave property of electrons combined with their high scattering 

cross-section are used to obtain structural information about the near surface 

region (2 - 5 atomic layers) 9  similar to X-ray diffraction for three-dimensional 

solids. 29  In this experiment a monoenergetic beam of eletrons (20 - 300 eV usu-

ally) is directed towards an ordered surface. The electrons are diffracted by the 

periodicity of the surface back onto a phosphor screen where the diffracted beams 

appear as spots (examples are in Chapter 3). The relationship between reciprocal 

lattice vectors derived from the diffraction spots and the real space lattice vectors 

is similar to that in X-ray diffraction. 1  

	

a 1  = 
aa0X 
	 (11.28) 

* 	x 1  
- 

a 1 a2 X 

and T2  are the real space lattice vectors, 	and a2  are reciprocal lattice vec- 

tors, and 7is a real space unit vector normal to the surface. In most cases, the 

termination of the bulk lattice gives the surface structure. However, in some 
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cases the surface structure is different from what would be expected for bulk ter-

mination (i.e. it reconstructs). In this case extra spots may appear in the 

diffraction pattern if the periodicity of the surface is diiferent from that of the 

bulk termination. In the course of this study no evidence for reconstruction was 

found, therefore, the clean surface will be treated as bulk terminated. 

If an adsorbate also forms an ordered structure on top of the substrate the 

relationship between overlayer reciprocal space unit vectors M11  and 2*)  is given 

below, 

* 	*__** 
= m 11  a 1  + m 12  52 	 (11.30) 

* 	*_* 
= m21  a1  + m22  a2 	 (11.31) 

* 	* 	* 	* 
where in 11  , m 12  , m2  , and m22  are coeficients for a matrix relating the sub- 

strate unit vectors to the overlayer unit vectors. 

M*A* = B * 
	

(11.32) 

The relationship between the real space unIt vectors of the substrate and the 

overlayer can be determined simply from M*. 

Therefore observation of the overlayer diffraction pattern allows one to 

determine the size of the overlayer unit cell relative to the substrate. Coupling 

this with other coverage sensitive techniques such as AES and TDS allows one to 

determine overlayer coverages accurately. This is done (as will be shown later), 

by assuming that there is an integral number of adsorbate species in the overlayer 
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unit cell. 

Up until now, the structure determining ability of LEED has not been dis-

cussed. This is because, unlike X-ray diffraction, a simple single scattering 

analysis of the arrangement of the diffraction spots does not give the structure of 

the overlayer or the substrate. Only the relative unit cell size and shape is deter-

mined. In X-ray diffraction, the three dimensions allow only one angle of 

incidence and wavelength to give a diffraction beam for a certain set of diffracting 

planes. However, electron diffractIon in two dimensions has no restrictions on 

wavelength. Thus, a set of rows in two dimensions will diffract regardless of the 

wavelength. The adsorption site, bond angles, and bond lengths cannot be deter-

mined from the LEED diffraction pattern alone. Only possible real space struc-

tures based on general principles of bond lengths and other techniques can be pro-

posed. A more detailed analysis of the diffraction pattern (which involves deter-

mining the intensity of the diffraction spot as a function of the incident electron 

kinetic energy) can give one this informatIon, and will be discussed in the next 

section. 

11.7.2 LEED Experiment 

In most cases, LEED is used to characterize the surface for coverage and 

degree of order. The following instrumentation was used in this simple LEED 	 * 

analysis. A Physical Electronis model 15-120 LEED-AUGER Electron Optics 

were used with an LBL built Electron Optics Control 8S5834. This system Is a 

four-grid LEED optics with the outer two grids at ground potential, and the inner 

two grids are at a negative potential which is a percentage of the beam potential 
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so as to deflect inelastically scattered electrons (suppressor). 9  A Kepco power sup-

ply was also used to bias V1  (the focus potential) at 15V higher potential than the 

beam potential. This chamber is where most diffraction photos presented were 

obtained. 

11.7.3 LEED Diffraction Beam Intensity Analysis 

As mentioned earlIer, determination of adsorption site, bond lengths and 

bond angles requires the analysis of the intensity of the diffraction spots as the 

kinetic energy of the electrons vary (so called LEED 1(V) curves). At normal 

incidence, the angle of a diffraction spot with respect to the normal to the surface 

varies with the wavelength of the electron. Since this wavelength is directly 

related to the velocity of the electron by the de Brogue equation, it is directly 

related to the electron kinetic energy. Substituting these conditions into the 

Bragg equation at nomal incidence y1elds: 9  

sine = .\i/ 
	

(11.35) 

This relationship shows how the angle of dIffraction will vary as the kinetic 

energy of the electron is changed. However, no change in the intensity of the spot 

should be seen. Intensity variations are induced by the third dimension (normal 

to the surface), and multiple scattering of electrons. Assuming single scattering 

only maxima in intensity occur where the effective wavelength of the electron (as 

given by the energy) allows a Bragg condition to be fulfilled in the z-direction 

(into the surface). These maxima are known as Bragg peaks. 

Briefly, the pertinent equations for electron scattering from a periodic 
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potential will be given in the kinematic approximation (single scattering only). 30  

The amplitude of the diffracted beam is given by 

	

A = 	V I 	 (11.36) 	 p. 

where the incident wave is 

'i =AexP(r1) 
	

(11.37) 

and the scattered wave is 

Of  = A [rf,(aZ)exp (iAZ-rn)jxp ( 	 (11.38) 

where 	- , f(), is the atomic scattering factor, T, is the lattice posi- 

tion of the n th 
 scattered atom, and the sum, being the structure factor. 

Periodicity perpendicular to the surface introduces another term into the 

structure factor which gives Bragg conditions at certain incident beam energies, 

thus modulating the diffracted beam intensity. For a square lattice at normal 

incidence the energies (in atomic units) at which Bragg conditIons are fulfilled are: 

	

2(EB +V0) = [[
h2±k2J[ 	

(n —(ah +bk))]2  (11.39) 

where V is the inner potential, d is the interlayer spacing, n is the order, h and k 

were defined previously, and a and b are the registry of the next layer. At these 

energies maxima should be observed in the diffracted beam intensity. 

The scattering of the electron-waves within the atomic potential causes a 

phase shift (5) to occur. This arises from the fact that as an electron moves into a 

potential hole it gains energy, thus increasing its frequency. As the electron is 

scattered back into the constant potential region it looses this energy and ends up 

with the same frequency It had before scattering. However, because of the change 
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in frequency the phase of incoming and outgoing waves will not be matched. 

These phase shifts have been determined for each element, and are tabulated and 

used in the LEED calculations. 	- 

The single scattering kinematic approximation usually does not give a good 

fit to experimental data, so multiple electron scattering needs to be included in 

the calculations. The effects of including multiple scattering in the calculations 

are many. Multiple reflections act to broaden the 1(V) curves which are maxim-

ized in the band gaps (where complete reflection occurs) of the solid. Shifts in 

peak position are produced by scattering or transmission through the potential 

core of the atom. Additional effects such as resonances within the atomic poten-

tial can shift the maxima even further. 

As can be seen there is no simple accurate treatment to obtain detailed 

structural information from LEED intensity analysis. In fact, experimentally the 

1(V) are obtained for the surface of interest, and then scattering amplitudes are 

calculated based upon a given structure. If the calculated curve does not agree 

with the experimental one, a new structure is assumed and the calculation is 

repeated. This is done until the closest match been calculated and experimental 

curves are obtained. 

11.7.4 LEED 1(V) Curve Measurement 

The experimental LEED 1(V) curves presented in this dissertation were 

obtained using another U1-I\T chamber pumped by two ion pumps at 200 1  and 40 

1 •  In addition a titanium sublimation pump was also used. The details of this 

apparatus are reported elsewhere.31'32 
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The important part, is the ability to measure the intensity of the diffracted 

beams as a function of the electron kinetic energy. This is done by placing a 

video camera (Panasonic) in front of the phosphor screen. The video camera is 

controlled by an Digital Equipment Corporation LSI-11. The diffraction image is 

recored on video tape as the incident electron energy is changed. The data is 

stored as a video image on tape. Using other routines the intensity of the 

diffracted beams in the video images are digitized, the background is subtracted 

and the relative intensity stored. The stored intensity data can then be 

smoothed, normalIzed to a constant incident beam current,and then averaged 

with other symmetry equivalent beams. 32  Theoretical calculations of 1(V) curves 

of trial structures for comparison with the experimental 1(V) curves will be per-

formed by Dr. M. A. Van Hove. 

11.8 Summary 

The use of these techniques allowed us to gain information about bonding 

energy, structure, and reactions that occur on metal surfaces in a clean (UT-TV) 

environment. First, the structure of the clean metal surface was confirmed using 

AES and LEED. Then the structure and coverage of sulfur and carbon overlayers 

was determined using AES and LEED. Finally, a compound or set of compounds 

are adsorbed using the doser on the surface of interest, then the bonding energy, 

and surface reactions are determined using TDS, with the amount of residual 

species remining on the surface monitored by AES. The information gained 

using this approach is detailed in the following chapters. 



37 

References 

G. A. Somorjai, Chemistry in Two Dimensions. Surfaces, Cornell University 

Press, Ithaca, 1981. 

J. F. O'Hanlon, A User's Guide to Vacuum Technology, John Wiley & Sons, 

New York, 1980. 

1985 Temperature Measurement Handbook and Encyclopedia, Omega 

Engineering Inc., Stamford, CT, 1984. p. T-70 

R. G. Musket, W. McLean, C. A. Colmenares, D. M. Makowiecki, and W. J. 

Siekhaus, AppI. Surface Sd., 10 (1082) 143. 

C. T. Campbell and S. M. Valone, J. Vacuum Sci. Technol., A3 (1985) 408. 

S. R. Kelemen and T. E. Fischer, Surface Sci., 87 (1979) 53. 

W. Heegemann, K. H. Meister, E. Bechtold, and K. Hayek, Surface Sci., 49 

(1975) 161. 

A. J. Geliman, PhD Dissertation, University of California, Berkeley, CA, 

1985. 

C. Erti and J. Kuppers, Low Energy Electrons and Surface Chemistry, Ver- 

lag Chemie, Weinheim, 1974. 

H. H. Madden, J. Vacuum Sd. Technol., 18(1981) 677. 

F. P. Larkins, Appi. Surface Sci., 13(1982) 4. 

G. Panzer and W. Diekmann, Surface Sci., 160 (1985) 253. 

P. B. Needham, T. J. Driscoll, and N. G. Rao, AppI. Phys. Letters, 21 (1972) 

502. 



P. A. Redhead, Vacuum, 12 (1962) 203. 

M. W. Roberts and C. S. McKee, Chemistry of the Metal-Gas Interface, 

Clarendon Press, Oxford, 1978. p. 19 

M. Asscher and G. A. Somorjai, Energy Redistribution in Diatomic 
4* 

Molecules on Surfaces, presented at the 17 th Jerusalem Symposium on 

Quantum Chemistry and Biochemistry: Dynamics of Molecule - Surface 

Interaction. Jerusalem, Israel, 1984 

C. -M. Chan, R. Aris, and W. H. Weinberg, AppI. Surface Sd., 1 (1978) 360. 

J. M. Soler and N. Garcia, Surface Sci., 124 (1983) 563. 

S. Glasstone, K. J. Laidler, and H. Eyring, The Theory of Rate Processes, 

McGraw-Hill Book Company, Inc., New York, 1941. p. 339 

J. Fair and R. J. Madix, J. Chem. Phys., 78(1980) 3480. 

C. -M. Chan and W. H. Weinberg, Appi. Surface Sci., 1 (1978) 377. 

H. Conrad, G. Erti, J. Koch, and E. E. Latta, Surface Sci., 48 (1974) 462. 

23, K. Christmann, 0. Schober, G. Erti, and M. Neumann, J. Chem. Phys., 60 

(1974) 4528. 

A. Cassuto and D. A. King, Surface Sd., 102 (1981) 388. 

H. R. Han and L. D. Schmidt, J. Phys. Chem., 75 (1971) 221. 

F. Zaera, E. B. Kollin, and J. L. Gland, Surface Sci., 166 (1986) L149. 

E. Garfunkel, PhD Dissertation, University of California, Berkeley, 1983. 

V. T. Amorebieta and A. J. Colussi, Chem. Phys. Letters, 89 (1982) 193. 



C. Kittel, Introduction to Solid State Physics, 5 ed., John Wiley & Sons, 

New York, 1976. p.  31 

M. A. Van Hove, W. H. Weinberg, and C. -M. Chan, Low Energy Electron 

Diffraction: Experiment, Theory, and Surface Structure Determination, 

Springer-Verlag, Heidelberg , 1986. 

D. F. Ogletree, G. A. Somorjai, and J. E. Katz, Rev. Sci. Inst., 57 (1986) 

3012. 

39 

32. D. F. Ogletree, PhD Dissertation, University of California, Berekely, 1986. 



CHAPTER THREE 

STRUCTURE AND CHEMISORPTION OF 

SULFUR AND CARBON OVERLAYERS 

ON MOLYBDENUM AND RHENIUM 

ffl.1 Introduction 

The study of the structure and chemisorption of the sulfur and carbon over-

layers will be treated as follows. First, a brief introduction will be given to the 

clean molybdenum and rhenium metal surfaces used and their crystallographic 

orientation. Then a discussion will be presented on sulfur and carbon chemisorp-

tion on various metal surfaces, while comparisons are made with chemisorption 

on the surfaces of interest here. Finally, the structure and information about the 

chemical nature of sulfur and carbon overlayers on Mo(100), Re(0001), and 

Re(1010) will be presented. 

ffl.1.1 Clean Surface Structure 

Before discussing the structure of clean metal surfaces, a brief discussion of 

the thermodynamics of clean (one-component) surfaces will be given. 

Gibbs originally derived the thermodyanmic treatment of interfaces. The 

free energy of the surface, Gs, 

aG  = Gs  

is related to other thermodynamic state functions in the Lamilar way:' 

as = Ii8 - TS5 	 (111.2) 

where quantities with the s superscript are of the surface region. One of the most 

40 
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important quantities with respect to the clean surface is the energy required to 

increase the surface area, 'y,  the surface tension. There are two ways in which the 

surface area can be increased. One way involves adding bulk atoms to the surface 

so that the surface atom concentration remains constant, and the other way 

involves no addition of bulk atoms thereby decreasing the surface atom concen-

tration and inducing strain. In the first process, where strain is relieved by 

annealing (heating to allow diffusion) 

-y = Gs 	 (111.3) 

If the second process is involved, surface strain will be present, 

(111.4) 

where A is the surface area. This shows that in a strained system the free energy 

of the surface can be different than the surface tension. However, under most 

conditions strains will have been annealed out of the system so Eq. 111.2 applies. 

Using relations derived for bulk quantities, the temperture dependence of the sur-

face free energy is based upon the surface entropy. 

aGs  —=—Ss 
aT 	 (111.5) 

Since Ss > 0 the surface free energy decreases with increasing temperature. 

Returning to Eq. 111.1, it is seen that the surface tension or surface free 

energy is dependent upon the surface enthalpy (or energy if no volume change 

occurs) and surface entropy. In most cases, the factor most controlling surface 

tension is the surface enthalpy. As the number of bonds to the surfa'e atoms 

increases, minimizing the number of dangling bonds, surface tension decreases. 

Therefore, the most stable surface structure is close-packed. More open surfaces 
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may also be stable because of the orientation with which the crystal is cut, 

representing termination of the bulk structure. However, a significant strain may 

be introduced on some open surfaces, which is sometimes relieved by reconstruct-

ing the surface from the bulk terminated structure. More about this will be dis-

cussed later. However, first the techniques for determining the surface structure 

will be discussed. 

The development of X-ray diffraction for determining three-dimensional 

structure has produced ways for defining diffracting planes based upon the 

reciprocal lattice. The beam, caused by the diffraction of a specific set of planes, 

is specified by integers h, k, and 1, which are part of a specific reciprocal lattice 

translation vector. 2  

= ha + k2*  + I_ 	 (111.6) 

In real space, the plane of atoms defined by (h k I) (known as Miller indices) are 

perpendicular to the real space vector. 

h 1  +k+t 3 	 (111.7) 

In order to determine the real space orientation of the (h k 1) plane and its struc-

ture, the plane formed by intersection of the Irl , , and a3  axes at - , -, and 

respectively is the (h k 1) plane. For a cubic crystal, the (100) plane is perpendic-

ular to 1  and intersects this axis every unit basis vector. The axes of the bcc cry-

stal are not those of the primitive cell, but of the cubic lattice. In addition, hcp 

crystal planes can be defined by four integers (h k m 1). The third vector 

specified by the index m, is in the same plane as the first two, but directed 120 

away from both. Since these three vectors are dependent in two dimensions the 

first three indices always sum to zero. 
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The crystal planes shown in Figure 111.1, are an ideal not always observed in 

experimental measurements. Recent scanning tunnelling microscopy measure-

ments have shown that most single crystal surfaces are not completely flat (within 

one atomic layer) across macroscopic areas (j- 1 cm), but are composed of 

10,00oA2  terraces of the specified face. 3  The number of defects (steps, disloca-

tions, etc.) has been estimated to be approximately 10 12  cm 2 . Comparing this 

with the atomic surface density of the three surfaces under study (Table Iii.i)' 

the defect density is about 0.1% of the surface atoms. In catalytic reactions at 

high pressure, where a large number of species can adsorb and desorb on the sur-

face, this may be important. However, for the surface science studies in UT-TV 

where stoichiometric reactions occur it probably is not. 

Because of the lack of bonds on one side of the surface atoms, the bonding of 

these atoms to those in the bulk increases in energy. Thus, causing the bond dis-

tances between atoms in the first and second layer to decrease (i.e. contract). The 

more open a surface the more contraction is observed. Although no dynamical 

LEED analysis has been performed on the clean Re(0001) surface, comparison 

with Ru(0001) 6  shows very little contraction of the first and second layer distance 

(2%). The (1010) indices for an hcp metal specify two different bulk termina-

tions, which are a half step apart. 5  This is caused by the two atom basis required 

to describe an hcp metal crystal structure. This half-step separation could yield a 

surface with only one termination, or a surface with terraces of different termina-

tions. The surface with the least corrugation would be expected to be the most 

thermodynamically favored structure due to surface tension considerations. In 

fact, this surface is found to be the predominant structure for clean Re(1010) H 
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Figure 111.1: Ideal structures of Mo(100) (a), Re(0001) (b), and Re(1010) (c) surfaces. 
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Table ffl.1: Atomic surface densities of different crystal faces of different transition metals assum-
ing bulk termination. 

face atomic surface density atoms 

Mo(iOO) 1.01 x 10
15 

 

Re(0001) 1.52 X 10 

Re(1010) 0.81 x 10's 
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UHV, with a 17% contraction between the first and second layer (this structure is 

shown in Figure III.1c, 5  and the other termination is shown in the side view of 

Re(0001), Figure III.lb). 

On Mo(100), which is unreconstructed at room temperature, the first and 

second layer distance contracts by 9•5%•4  However, reconstruction at low tern-

peratures (< 240 K) has been suggested for Mo(100). 7  A possible explanation for 

this is that H2  chemisorption may be Inducing the reconstruction at these low 

temperatures. It is known that this will occur near room temperature in the pres-

ence of adsorbed H 2 . 8  Although the diffraction patterns observed upon H 2  chem-

isorption are not the same as those observed by Felter, Barker and Estrup, 7  it 

seems reasonable to suggest that small amounts of H 2  contamination may induce 

this observed reconstruction. More recently it has been found that the extra 

diffraction features were not visible at temperatures above 220 K. 9  

Before the studies on adsorption of sulfur and carbon on these surface are 

presented a brief review on adsorption of these elements on other transition metal 

surfaces will be presented. 

ffl.1.2 Surface Additives 

Under equilibrium conditions a two-component mixture can have enrichment 

of the surface in one component relative to the concentration in the bulk. Ther-

modynamically, the chemical potential, p1,  influences the free energy of the sur-

face: 1  

-y = GS 	 (111.8) 

where cS. is the surface concentration of component i. It is the value of GS  which 
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determines whether the adsorbed molecule or atom will concentrate in the bulk or 

on the surface. However, it is the surface tension which is most readily measur-

able, so the following equation was derived by Gibbs to represent the relationship 

between surface concentration cS  and 'y 

d'y = —S5dT - 	 (111.9) 

Assuming the substrate and adsorbate form an ideal solution the distribution 

between the surface and the bulk can be expressed as: 

XXb2 	I al 
- --exp 	- 	 (111.10) 

The mole fraction ratio of the adsorbate to substrate on the surface 	is related 
x'1  

to that of the bulk EIR by an exponential term containing the difference in pure 

adsorbate and substrate surface tensions 	and 	respectively). The molar sur- 

face area is a. Therefore the quantity determining surface enrichment is the 

difference between 	and 	If the substrate surface tension is larger the adsor- 

bate will concentrate on the surface, with a small concetration in the bulk. On 

the other hand, if the adsorbate surface tension is larger the adsorbate will con-

centrate in the bulk at equilibrium. 

Sulfur or carbon mixtures with metals do not represent ideal solutions, but 

at low concentrations the trends of the Eq. 111.10 may be expected to be observed. 

In general, the low surface tension of sulfur (= 60 .th..)  with respect to metals 
CM 

(1500 - 3000 --.) allows us to suggest that sulfur concentrates on the surface with 

small amounts. in the bulk. 10  However, the bonding strength of sulfur on these 

surfaces is very high, so the pure sulfur surface tension is too low for sulfur 



adsorbed on metals. It will be shown later that the strength of the M-S bond is 

less than that of M-M indicating a lower surface tension for adsorbed sulfur on 

metals than for the clean metal surface. So, the conclusions determined previ 

ously, in the pure sulfur case are still valid. The high surface tension of carbon 

(some calculations have predicted values of 5000 - 10,000 	suggests that cm 

carbon will concentrate in the bulk metal upon annealing. 

111.1.2.1 Sulfur Chemisorption on Transition Metal Surfaces 

Sulfur adsorbs strongly ( > 30. near saturation coverage) on all transition 

metal surfaces studied to date for the reaction: 12  

MS —+M +Sg 	 (111.11) 

In addition, the heat of adsorption correlates well with H f  of the transition 

metal sulfides. So, the larger AH f  for a certain transition metal sulfide implies a 

stronger heat of adsorption for sulfur on polycrystalline or single crystal surfaces. 

The stability of the M-S bond helps explain the inertness of sulfur covered sur-

faces, thus explaining the poisoning ability of sulfur in catalytic reactions. 12  

Oudar has compiled most of the known saturation densities of adsorbed sul-

fur on transition metal surfaces. In most of these cases sulfur saturates between 

0.68 - 1.0 x 1015 S atoms This is true for (lii), (100), and (110) faces of fcc 
cm 2  

metals, and polycrystalline materials. A strong S-S interaction is indicated by 

this result. Simple calculatIons based on the van der Waals radius of sulfur 

(1.85A), 13  and assuming hexagonal two-dimensional packing, give a density of 1.2 

x 10' 5 	The same calculation performed using the covalent radius for sul- 
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fur (1.04A) 14  gives 2.7 X 1015 S 	Based on this calculation the radius which 

more closely represents the average S-S distance on metal surfaces is the sum of 

the van der Waals radii. 

Interactions through the metal surface give rise to ordered sulfur structures, 

which are detected using low energy electron diffraction (LEED). Ordered sulfur 

structures have been observed on many transition metal surfaces. 12 ' 15  Of particu-

lar interest here are the sulfur structures occuring on bcc (100), hcp (0001) and 

(1010), and fcc (111) surfaces. Focusing on the close-packed face of hcp (0001) 

and fcc (111) metals, sulfur structures have been seen on the following metals: 

Ru, 16  Jr, 17  Pt, 181920  Rh,2 ' Pd,22  and N1.23 ' 24 ' 25 ' 26  All of these sulfur-metal sys-

tems have a (V3XV'3)R30 0 
 overlayer structure at approximately 1/3 monolayers 

= 0.33). A few (Ni, Ru, Pt) have a lower coverage (8 = 0.25) p(2X2) struc- 

ture, and on all of these metals, the surface is saturated with sulfur between I - - 

monolayers. This is consistent with results on other surfaces, since this gives a sul-

fur surface concentration of 0.75 - 1.00 X 10 15  S :"• Several metals exhibit 

other structures at these higher coverages (Ni, Ru, Rh, Pd, Pt). 

Dynamical LEED has been used to determine the bond lengths and adsorp-

tion sites for some of these sulfur structures. On all of these surfaces sulfur has 

been observed to adsorb in three-fold hollow sites, i.e. the site with the highest 

symmetry. 27  The M-S bonding distance on the close-packed faces has usually 

been found to be 10% less than the sum of the metal radi1 2  and the sulfur 

covalent radius. 14 ' 28  While dynamical LEED calculations have been performed on 

sulfur structures at low coverage, little data is available on the bonding of sulfur 
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at higher coverages. StudIes by Capehart et al. 25  suggest that near saturation 

coverage sulfur may reside in sites of lower symmetry, such as the bridge site. 

The sulfur structures that have been considered up to this point have been 

commensurate; i.e. the lattice of the overlayer is in registry with the substrate. 

However, at high coverages sulfur structures which are incommensurate have been 

seen on Pt(i11). 18 ' 29  These have been interpreted as a hexagonal sulfur lattice 

incommensurate with the Pt(111) substrate. The formation of these types of 

structures suggests compound formation, or a stronger interaction between sulfur 

atoms than to the metal substrate. At high pressures of H 2S compound forma-

tion has been seen on metal surfaces. 30  

Close-packed faces are not the only ones on which sulfur orders. More open 

four-fold symmetric surfaces such as fcc (100) and bcc (100), and two-fold sym-

metric surfaces such as fcc (110) exhibit many ordered structures (W(100), 31  

Fe(100), 32  Ni(100) and (110),24  Rh(100), 33  Rh(110), 34  and Pd(100)35 ). On those 

surfaces for which dynamical LEED has been performed, it is found that the M-S 

bond length increases as the surface becomes more open. 28  For instance, the Ni-S 

bond lengths on (iii), (100), and (110) faces are 2.02A, 2.20A, and 2.30A respec-

tively (sum of Ni metallic and S covalent radii is 2.28A). 2  The lengthening of 

these bonds is expected to correlate with a decrease in adsorption energy. For 

some surfaces this has been shown to be true. 12  However, the differences in energy 

are so small (approximately 	that some metals exhibit no change in adsorp- 
M01 

 energy with different faces (W(100) and W(110) are good examples). 36  

To summarize then, the chemisorption and structural analyses of sulfur on 
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transition metal surfaces show several things. First, sulfur. is very strongly bound 

on these surfaces with adsorption energies varying from 30Js 2  at high coverage 12  

to 113JS. at low coverage. 36  In addition, the adsorption energies correlate well 

with AHf  of the transition metal sulfides. 12  Second, saturation sulfur coverage 

occurs at approximately 0.7 - 1.0 X 1015  atoms cm 2  on all metal surfaces regard-

less of the substrate atomic arrangement. 12  Finally, sulfur forms many ordered 

overlayers as observed by LEED. Using dynamical LEED it has been determined 

that sulfur usually resides in the highest symmetry site on the metal surfaces at 

low coverage (Pt(111), 20  Ir(111), 17  Pd(111) 22  and (100), N1(111), (100), and 

(110),24 Rh(111) 1 2 ' (100), and (110), Fe(110) 37  and (100)32).  The M-S bond 

lengths are usually equal to the sum of the metallic and the sulfur covalent radii 

on open surfaces, and less (10%) on close-packed faces. Sulfur usually does not 

induce surface reconstructions except in one case. 37  

All of these results suggest that sulfur adsorbs in a well behaved manner, and 

that adsorption of sulfur will create a chemically inert surface. 

ffl.1.2.2 Carbon Chemisorption on Transition Metal Surfaces 

Carbon is bound very strongly to most transition metal surfaces. Although 

little experimental data is available, adsorption energies on Ru 38  and Ni 39  have 

been determined under catalytic conditions and are quite high: 157--- for Ru and 

4 	14-1-. for Ni. 
mol 

MC 	M + Cg 	 (111.12) 

Theoretical calculations have shown that these high energies are also to be found 

for carbon adsorption on other metals as well. 40  These high bonding energies are 
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too high to allow TDS to be used to determine the bonding energy. In addition, 

carbon dissolves into most metals when heated above 1000K, as expected based 

on the thermodynamic considerations given earlier. Therefore, there is no desorp-

tion to measure. 

Carbon is known to adsorb in two different forms depending on the metal 

and the crystal face: "graphitic" carbon, where strong C-C bonds are formed in 

addition to the C-M bonds 41 ' 42 ' 43 ' 44 ' 45 ' 46  giving a catalytically inactive surface, 

and "carbidic" carbon, atomIcally bound to the metal with only long range C-C 

interaction giving a catalytically active surface. 46 ' 47 ' 48 ' 49 ' 50 ' 51 ' 52 ' 53  In general, 

the extent to which a metal will adsorb carbon in the "graphtic" or "carbidic" 

form is dependent upon the ability of the metal to form bulk carbides. 54  How-

ever, it has also been suggested that crystallographic orientation may favor one 

type of carbon over the other. For instance, more open faces where adsorbed car-

bon atoms may be far apart are not able to interact with other adsorbed carbon 

atoms and thus become "carbidic". On close-packed faces C-C interaction will be 

more favored thus giving "graphitic" carbon. Some spectroscopic evidence has 

been found to support this. Rh(111) is known to produce several ordered carbon 

structures upon hydrocarbon decomposition which produces "graphitic" type car-

bon. 42  This type of carbon is formed easily since adsorption of carbon in six 

three-fold sites surrounding each metal atom produces a carbon lattice which is 

very close to the graphite lattice parameters 42  (1.44A for C/N1(111) and 1.42A for 	 * 

graphite C-C distances). 55  On the other hand, HREELS data on Rh(111) show 

vibratIons for atomically bound ("carbidic") carbon.56 
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Few dynamical LEED calculations have been performed on carbon overlayers 

on metal surfaces. Carbon adsorbs in a "carbidic" phase (according to AES as 

will be discussed later) on Fe(100) 57  and Ni(100), 58  and in both cases the carbon 

atoms sit less than 0.5A above the metal plane. However, for carbon adsorbed in 

a "graphitic" phase on Ft(111) 59  a plane of graphite is 3.7A above the metal sur-

face, while carbon atoms closer to the surface are needed to obtain the experimen-

tally determined carbon coverage. A model for the structure of a "graphitic" 

overlayer on Ni(110) has also been proposed where the carbon atoms are 1.25A 

above the surface. 55  A corrugated surface such as this may not be expected to 

adsorb carbon in a "graphitic" form. However, the formation of strong C-C 

bonds reduces the effects of corrugation. 

The designations of "inert" - "graphitic" and "active" - "carbidic" are terms 

derived from catalysis. These studies occur at high pressure and in some cases 

involve bulk material properties. Two different ideas occur on how these different 

phases may effect activity. The first, proposed by Feibelman 46  is based upon 

theoretical calculation on Ru(0001). He proposes that the activity of "carbidic" 

carbon is determined by the availability of dangling C 2p orbitials, which in the 

"graphitic" phase would be bound into a ir-system and unavailable for adsorptive 

bonding. These dangling orbitals are then responsible for the reactivity of the 

surface as opposed to the inert "graphitic" overlayer. 

Another idea proposed by Benziger and Madix 60  and later confirmed by the 

theoretical calculations of MacLaren et al. on Ni(100) 53  is based upon the ability 

of each carbon phase to influence or block metal-adsorbate bonding. A "carbidic" 

phase on Ni(100) has been found to be bound in the same plane as the top layer 

•0 
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Ni atoms. 58  The theoretical calculations of MacLaren et al. have shown that these 

carbon atoms influence the nearest neighbor atoms only. However, they found by 

increasing the C-atom distance from the surface the influence of the C-atom 

extended to next nearest neighbors. In fact, comparisons with the influence of 

sulfur suggested that at the same distance from the surface the effects of sulfur 

and carbon are the same. So, the effect of "carbidic" carbon is to block high sym-

metry metal sites, but leaving some metal sites still free for bonding. On the 

other hand, "graphitic" carbon is expected to have strong C-C interactions, 

preventing bonding into the metal thereby extending the influence of C-atoms on 

neighboring sites. 

For most metals the determinatIon of the type of carbon which is adsorbed is 

based upon AES or X-ray photoelectron spectroscopy (XPS), 6 ' which provide 

information about the local electronic environment. There are no theoretical cal-

culations in the literature which discuss the different types of AES or XPS that 

are obtained, for "carbidic" or "graphitic "  carbon, thus no explanation of the 

dIfferences that are observed. Instead, the different line shapes (AES) or peak 

positions (XPS) are used as fingerprints. 61 ' 62  Thus, mixtures of the two phases or 

local bonding enviroments different than either "carbidic" or "graphtic" are 

difficult to analyze. In fact, recently it has been suggested that phases other than 

to 

carbtdic and graphitic do exist on Ni(110). 63 
 

Focusing first on AES, the typical "carbidic" and "graphitic" emissions are 

almost identical in energy (240, 253, 260, 272 eV), but there are large differences 

in line shape. 61  "Graphitic" carbon exhibits the highest positive point leading into 

the 258eV peak which is just a shoulder on the 264eV peak (e.g. Figure 111.10). 
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The positive deviation for the 277eV peak is not as great. However, "carbidic" 

carbon exhibits three disticnct transitions of increasing intensity up to the most 

intense transition at 277eV (e.g. Figure 111.10). As mentioned earlier the AES of 

C is used to fingerprint the phase on the surface, but there is much uncertainty in 

this technique for cases in between the two extremes. 62  

In X-ray photoelectron spectroscopy, the form of adsorbed carbon can be 

determined from the C is binding energy. Panzer and Diekmann determined the 

C is binding energies of different C-Fe systems (282.6 eV "chemisorbed", 283.5 eV 

"carbidic", and 284.6 eV "graphitic"). 61  However, results in between these values 

produce ambiguity. DeLouise and Winograd 64  have studied NO adsorption on 

carbon pretreated Rh(111) samples and have found the carbon surface to be 

catalytically active. But the XE'S C is binding energy is measured to be 284.1 

eV, which is in between the binding energy for "carbidic" and "graphitic" surfaces. 

Next a discussion will be presented on the different types of carbon over-

layers that have been found to form in the literature. 

First, "graphitic" overlayers will be examined. Usually, this type of carbon is 

found on metals on the right side of the transition series. As stated earlier, car-

bon forms a "graphitic" overlayer on Pt(111). 59  Other measurements on the "gra-

phitic" overlayer of Pt(111) using work function measurements show that as coy-

erage increases the work function 0 decreases, indicating charge transfer to the Pt 

substrate from C. This is expected for a "graphitic" type of carbon which can 

donate electrons from the ir-system. In addition, up until 	no extra 

diffraction features are seen. Above this coverage the typical "graphitic" ring pat- 
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tern is observed using LEED. 65  Carbon in the "graphitic form is also found on 

more open faces such as Pt(110). Upon heating at atmospheric pressure with gra-

phite, carbon is dissolved into Pt(110) single crystals. Then upon heating in 

vacuum the carbon segregates to the surface, 66  and using AES the carbon appears 

to be "graphitic" in form. Similar studies with Pd(100) and Pd(111) exhibit simi-

lar "graphitic" Auger features. At temperatures less than 1600K carbon is also 

adsorbed in a "graphitic" phase on Ir(111) with Auger transitions at 259eV and 

272eV.67  However, above this adsorption temperature a "carbidic" signal is 

observed. In addition, "graphitic" layers also form on Rh(111), where both com-

mensurate and incommensurate overlayers are observed with LEED. 42  On this 

surface the carbon atoms can adsorb in all three-fold hollow sites surrounding a 

surface Rh atom and a slightly larger "graphitic" overlayer is formed. 42  However, 

as mentioned previously, evidence for "carbidic" carbon may exist on Rh(100) 56  

Moving left through the transition series "carbidic" type carbon shows more 

stability, and metals such as Ru and Ni can support carbon in both forms. 

Depending upon the adsorption temperature either "carbidic" (< 600 K) or "gra-

phitic" (> 700 K) carbon can be formed from CO chemisorption on N1(111). 68  

Similar results have also been obtained on Ru. Himpsel et al. have prepared car-

bon overlayers on Ru(0001) by acetylene decomposition in UHV. 41  Ultraviolet 

photoemission spectra were compared with theoretical calculations, and it was 

shown that the overlayer was "graphitic "  Some evidence for "carbidic" carbon 

formation on this surface has been presented as well. 44  However, the preparation 

of the "carbidic" overlayer suggests that CH  fragments may still be on the sur-

face up to the annealing temeprature of 500K. 69 ' 70  Studies on more open faces of 



57 

Ru ((1011),71  and (1120)4 ) show that at CO pressures greater than 10 Torr, 

and crystal temperatures less than 600K 'carbidic" carbon does form. Above this 

temperature "graphitic" carbon is formed. The study by Panzer Diekrnann have 

shown this to be true for Fe(100) as well. 61  

The stability of "carbidic" carbon on W is well established, and ordered 

structures as observed by LEED have been found on three low Miller index planes 

((110), (100), and (111)).4772 

1112 Sulfur and Carbon Chemisorption on Mo and Re 

Next a discussion of sulfur and carbon chemisorption on Mo(100), Re(0001), 

and Re(1010) will be given. 

111.2.1 Sulfur and Carbon Chemisorption on Mo(100) 

Both sulfur and carbon adsorption on Mo surfaces has been extensively stu-

died. The LEED patterns and chemisorption energies on Mo(100) have been 

determined previously. After a brief review of data obtained on the intensity of 

LEED spots as a function of incident electron energy from the clean surface and 

with sulfur or carbon overlayers on Mo(100) will be presented. 

111.2.1.1 Sulfur Chemisorption on Mo(100) 

In addition to knowledge about sulfur adsorption, it is of importance to 

know the solubility of sulfur in bulk Mo under varying temperatures, and the 

bulk structures for comparison. Two stable phases of the Mo-S system are 

known, Mo2S3  and MoS 9 . 73 ' 74 ' 75  The structure of the most commonly known 

phase, MoS 9 , is shown in Figure 111.2. This compound is a sandweh of layers 



S 
Mo 
S 
S 
Mo 
S 

.3.14 A-J 

3.09 A 

i-I 
12.26k 

MoS 2  - 

58 

. 	 S
ILRIVEN S 

Figure 111.2: NIoS 2  crystal structure. 



59 

composed of S bound on either side of Mo, with weak van der Waals interaction 

between sulfur layers. It can be seen that the basal plane is composed entirely of 

sulfur, and has been found to be chemically inert. 76 ' 77  

A phase diagram for Mo-S system shows that the solubility of S in Mo is low. 

Sulfur and Mo form one stable phase at concentrations of less than 3 atom% S 

and temperatures between 920 K and 2770 K. AT lower temperatures, stable one 

phase systems can only be formed at sulfur concentrations of less than 0.5 

atom%. However, according to the discussion in section 111.1.2, sulfur should con-

centrate at the Mo surface. 

Sulfur adsorption on Mo is similar to adsorption on most of the other transi-

tion metals. Ordered overlayers as determined by LEED have been studied on 

the (110),78  (111) 1 79  and most extensively on the (100) face. 8 ' 77 ' 80 ' 81 ' 82 ' 83 ' 84  

Several different overlayer structures have been reported for sulfur on Mo(100). A 

recent study has established the proper progression of equilibrium phases that 

exist as a function of sulfur coverage (Figure III.3).84  Below is a table (Table 111.2) 

summarizing the coverage ranges and structures. Recent results propose that a 

low coverage p(2X2) structure exists for 9<0.25,8  but this has not been observed 

in the present work. 

Thermal desorption measurements of sulfur adsorption on Mo(100) show 

that sulfur is strongly bound. 77  An activation energy for desorption at low sulfur 

coverage was determIned to be iiO-ji. As coverage increases past O=0.66 an 

extra desorption feature appears which is determined to have an iotivation energy 

for desorption of 7OJf near saturation. Based upon structural and AES up-take 
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Figure 111.3: LEED photos of ordered sulfur structures on Mo(100): p(2X1) 129eV (a), c(4X2) 

152eV (b), r J   97eV (c), c(2X2) 91eV (d), and clean Mo(100) 84eV (e). 
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Table 111.2: Sulfur chemisorption on Mo(100); overlaer structures, annealling temperatures, and 
coverage ranges determined from literature 7,84 

coverage range O LEED patterns 

0.0 - 0.3 lxi 

0.3 - 0.5 c(2X2) 

0.65 - 0.7 
[ 	 J 

0.75 - 0.9 c(4X2) 

0.9 - 1.1 p(2x1) 
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curves, saturation was determined to occur at 9=1. This correlates well with 

saturation sulfur concentration found on other metal surfaces ( 1 X 10 15  

S atoms ).12 S was also found to desorb at coverages less than one monolayer at 
cm2 	2 

1300 - 1400 K, and at coverages greater than one monolayer at 1000 - 1100 K. 

Thermal desorption studies of sulfur on W(100) 3 ' show similar S 2  desorption 

spectra. In addition, data which will be presented later show similar features on 

Re single crystal surfaces. 

Proposed structures (Figure 111.4) for the sulfur overlayers observed by 

LEED have considered thermal desorption data in the literature. Clarke 81  has 

obtained 1(V) measurements on the c(2X2) 0=0.5 sulfur structure. The highest 

symmetry site (four-fold hollow) was determined to be the site of adsorption by 

dynamical analysis. Unfortunately, the S-Mo Interlayer spacing could not be 

determined because of the small distance (-iA based on the sum of Mo metallic 

and sulfur covalent radii). However, recent angle resolved photoemission 

extended fine structure (ARPEFS) studies were able to determine the interlayer 

S-Mo spacing, and the S-Mo bond distances. 85  Real space structures have been 

proposed for the higher coverage LEED patterns as well. For coverages below 

0= p(2X1) (where two different adsorption sites are required by the symmetry 

of the cell and the coverage) structures with either bridge or hollow sites have 

been proposed for the [ } and c(4X2) patterns. 81 ' 84 ' 86  Analysis of the LEED pat-

terns which occur at coverages in transition between the c(2X2) and the 

diffraction pattern suggests that the r ) structure also resides in four-fold hol- 

lows, 84  Additional analysis using thermal desorption data 77  and catalytic work87 
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Figure 111.4; Proposed ordered sulfur structures on Mo(100): clean surface (a), c(2X2) (b), r, 1) 
(c), c(4x2) all hollow sites (d), c(4X2) with 4 bridge sites and % hollow sites (e), and 
p(2X1) (1). 
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suggest that sulfur changes adsorption sites between 	and c(4X2) LEED pat- 

terns. In other words, some of the sulfur atoms in the c(4X2) structure may 

occupy bridge sites as well as hollow sites. 

ffl.2.1.2 Carbon Chemisorption on Mo(100) 

Carbon also forms a few ordered structures on Mo, but discussion of the bulk 

Mo-C system will be presented first. 

Several stable phases for Mo-C system exist, most notably the 31Mo 2C and 

MoC.74  The 8Mo2C structure is shown in Figure 111.5, and it can be seen that C 

is very small and sits in the interstitial spaces of the metal superlattice. However, 

over most composItions Mo and C form two phases even at very low carbon con-

centration, near 2500 K, the Mo-C system forms a single phase for carbon con-

centratIons of up to 2 atom%. At less than this temperature the Mo-C system 

forms single phases at carbon concentrations of less than 0.5 atom%. The surface 

tension of carbon is greater than that of Mo, so carbon concentrates in the metal 

in small quantities. However, the metal saturates with carbon quickly, due to the 

low solubility, and the carbon can no longer concentrate in the bulk. 

Several studies of carbon overlayers on Mo have been made. Some reports 

do exist on the (110) and (iii) surfaces, 88 ' 89  but, as with sulfur, the most exten-

sive research has been on carbon adsorption on the (100) face. 90 ' 91 ' 92 ' 93  As 

expected the Auger signature of carbon on Mo is "carbidic'. 88  Although there are 
	 4 

suggestions that a "graphitic" phase can be formed on Mo(110), the low annealing 

temperature used for acetylene decomposition suggests the presence of CH  frag-

ments on the surface. 89  On the open (111) face carbon formed from ethylene 
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decomposition is determined to be "carbidic" above 700 K, and dissolves into the 

subsurface region. 94  Using XPS of Mo, it has been determined that C accepts 

electrons weakly from Mo(100) causing the Mo(100) to be promoted to the +1 oxi-

dation state at 	Three ordered structures are formed by decomposing 

hydrocarbons on Mo(100). These structures are similar to those formed by sulfur, 

and with increasing coverage are c(2X2) 0 C=0.5, fj  1) 	and p(1X1) 

(Figure III 6) 90, 91 

As with sulfur the expected site for adsorption of all structures is the four-

fold hollow site. In addition, the small size of carbon (0.77A covalent radius) 14  

allows the adsorption onto the second-layer Mo atoms. This insures a small inter-

layer distance between C and Mo of 0.56A assuming the bond length to be the 

sum of C covalent and Mo metallic radii. In fact, low energy ion scattering exper-

iments have shown that at 0C=0.73 , and in the p(1X1) structure C is adsorbed in 

the four-fold hollow with a C-Mo interlayer distance of < 0.6A.92  The proposed 

structures are shown In Figure 111.7. These structures are consistent with previ-

ous data for "carbidic" carbon on other surfaces. 57 ' 58  

111.2.1.3 Clean Mo(100) and LEED 1(V) Curves 

Intensity analyses of LEED spots as a function of IncIdent electron energy 

has been performed according to the methods presented in Chapter 2. In addi-

tion, to the clean surface, 1(V) curves were obtained at normal incidence on 

c(2X2), [ } and c(4X2) diffraction patterns for S/Mo(100), and the c(2X2) and 

p(1X1) structures for C/Mo(100). 
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Figure 111.6: LEED photos of ordered carbon structures on Mo(100): clean Mo(100) 90eV (a), 

c(2x2) 93eV 0.3 <° <0.6 (b), and 	91eV 0.6 < 	<0.7 (c). 
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Figure ffl.7: Proposed ordered carbon structures on Mo(100): clean Mo(100) (a), c(2x2) (b), f 
(c), and p(1X1) (d). 
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Intensity vs voltage data obtained on the Mo(100) surface at 230K also show 

that no evidence for the reconstruction observed by others. Even at this tempera-

ture some intensity in the extra spots were seen by Felter et al.. Thus, our inabil-

ity to see it in the dynamical LEED measurements. Although it is also possible 

that background contamination could eliminate the reconstruction. Figure 111.8 

presents the nomalized and averaged 1(V) curves for different diffraction beams on 

the clean Mo(100) surface. In order to obtain an approximate check on the struc-

ture of the clean surface Bragg peaks were calculated in the kinematic approxima-

tion according to Eq. 11.39 for the (10), (ii), and (20) beams. Table 111.3 presents 

a comparison of the calculated Bragg peaks, and the nearest high intensity peaks 

in the experimental data. These calculations were made assuming bulk lattice 

parameters, and the results are fairly close, indicating that the surface is unrecon-

structed. 

ffl.2.1.4 Sulfur Structures on Mo(100) and LEED 1(V) Curves 

Sulfur overlayers were prepared according to the standard techniques, 77  and 

coverages were determined from AES intensities. 86  Figure 111.9 presents the 

nomalized and averaged 1(V) curves for different diffraction beams on the c(2X2)- 

S-Mo(100) surface. Calculations similar to those on the clean surface have been 

made for certain beams of the c(2X2)-S diffraction pattern, and are summarized 

in Table 111.4. Unlike the clean surface extra maxima appear in the non-integral 

order spots which cannot be calculated from the Bragg analysis. Thus, it can be 

seen that a full dynamical calculation needs to be done to calculate the sulfur 

structures. 
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Table 111.3: Comparison of high intensity maxima determined from 1(V) measurements, on clean 
Mo(100), and Bragg peaks calculated in the kinematic approximation according to Eq. 
11.39. Inner potential, V0=lOeV, interlayer distance, d=1.58A, lattice parameter 
a=3.16A, and interlayer registry a=b=0.5. All values are in eV. 

diffraction 1(V) maxima Bragg peaks 

beams 

 105 91 

162 

212 181 

220 

 150 140 

238 245 

(20) 151 157 

262 261 
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Table 111.4: Comparison of high intensity maxima determined from 1(V) measurements, on S-
c(2X2)-Mo(100), and Bragg peaks calculated in the kinematic approximation according 
to Eq. 11.39. Inner potential, V0=lOeV, interlayer distance, d=0.98A, lattice parame-
ter a=4.47A, and interlayer registry a=b=0.5. All values are in eV. 

diffraction 1(V) maxima Bragg peaks 
beams 

(11) 212 181 (clean) 

or (10) 222 215 (sulfur) 

(02) 150 140 (clean) 

or (11) 238 223 (sulfur) 

245 (clean) 

(12) 138 132 (sulfur) 

or(..-.) 190 

280 

(03) 120 

or 
(. ..) 

132 149 (sulfur) 

170 

205 

(22) 150 151 (clean) 

or (20) 240 (sulfur) 

262 261 (clean) 
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Although the dynamical LEED calculations were not available to determine 

the sulfur adsorbate structures, reasonable proposals for structures have been put 

forth based upon estimates of S-Mo bond distances (Figure 111.4) These estimates 

are based upon dynamical calculation on another bcc metal, Fe(100), 32  where sul-

fur at the c(2X2) structure resides in the four-fold hollow site, with a Fe-S bond 

distance equal to the sum of Fe metallic and S covalent radii. Higher coverage 

structures are based upon these estimates and previously proposed structures. 

111.2.1,5 Carbon Structures on Mo(100) and LEED 1(V) Curves 

All of the previously observed diffraction patterns for carbon adsorbed on 

Mo(100) have been observed here from the decomposition of various unsaturated 

04  hydrocarbons. Figure 111.10 shows a progression of high resolution C AES of 

hydrocarbons (butadiene) on Mo(100) as a function of temperature. At 1000K 

AES C peak shape indicative of "carbidic" carbon is observed, and this is the 

annealing temperature which was used to produce the carbon overlayers. 

Carbon coverage was determined made using two techniques: LEED struc-

tures, and the amount of CO that can dissociatively adsorb on the surface. Con-

sistent with previous findings, we have assumed that the c(2X2) structure 

corresponds to 0 = 0.5, and the r-1 ) to = 0.66. Then the amount of CO that 

can adsorb dissociatively is assumed to be linearly related to the carbon coverage, 

as was found by No and Madix. 95  Good correlation was found between these two 

methods. The single-pass cylindrical mirror analyzer mentioned in Chapter 2 was 

used for calibrating the AES c(272)  peak height ratios against the coverage deter- 
Mo(221) 

mined by the previously mentioned methods. The peak-to-peak modulation 
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Figure 111.10: AES of 1,3.-butadiene on Mo(100) as a function of temperature. Focusing on the 
C(272eV) emission. 



76 

amplitude was 4 eV. The use of the C/Mo Auger peak ratio resulted in an 

estimated uncertainty of about 10% in the coverage (Figure 111.11). Fine struc-

ture on the low energy side of the C(272) Auger transition confirmed the "car-

bidic" nature of the overlayer (Figure III.10).61 

In an effort to provide more detail on the carbon structures on Mo(100), the 

intensities of the diffraction beams were determined as a function of the incident 

electron energy for the c(2X2) and p(1X1) overlayers (Figure 111.12). The dynami-

cal calculations needed for structure determination have not been performed yet. 

However, a determination of the position of the most intense peaks can be made 

according to Eq. 11.41 for the c(2X2) structure (Table 111.5). 

As can be seen the Bragg peak analysis accounts for some of the peaks in the 

1(V) curves, indicating the proposed structures and real structures are similar. 

However, many extra peaks in the 1(V) curves cannot not be accounted for, which 

means that multiple scattering needs to be included to accurately fit the experi-

mental curves. 

Although the dynamical calculations are not completed, the proposed struc-

tures are probably correct in light of the ion scattering measurements, 92  and the 

dynamical LEED calculations on other surfaces. 57 ' 58  

Comparing the bonding of sulfur and carbon to Mo(100), the main difference 

that emerges are caused by the relative sizes of the atoms. Both additives are 

strongly bound. However, the larger covalent radius of sulfur causes it to sit 

higher on the surface. The covalent radius of carbon is smaller allowing the car-

bon to be bonded in almost the same plane as the metal atoms. According to cal- 
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Table 111.5: Comparison of high intensity maxima determined from 1(V) measurements, on C-
c(2x2)-Mo(100), and Bragg peaks calculated in the kinematic approximation according 
to1  Eq. 11.39. Inner potential, V0=lOeV, interlayer distance, d=0.55A, lattice parame-
ter a=4.47A, and interlayer registry a=b=0.5. All values are in eV. 

diffraction 1(V) maxima Bragg peaks 

beams 

(11) 100 119 (carbon) 

or (10) 210 181 (clean) 

(02) 128 (carbon) 

or (11) 148 140 (clean) 

240 245 (clean) 

(12) 142 

or(..t) 240 

260 

288 283 (carbon) 

(03) 250 

or (} -.) 266 264 (carbon) 

(22) 143 (carbon) 

or (20) 150 151 (clean) 

252 

262 261 (clean) 
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culations by MacLaren 53  the chemical effects of the additives should be different 

because of the distance to the metal surface (electron donating or withdrawing 

capability being the same, which is true for sulfur and carbon, same electronega-

tivity). The influence of sulfur will be greater because it sits higher. 

ffl.2.2 Sulfur and Carbon Chemisorption on Re 

No previous research on sulfur chemisorption on the (0001) face of Re has 

been reported in the literature. Sulfur chemisorption on Ru(0001) has been stu-

died, and will be used for comparison with results here. 16  On the other hand 

decomposition of ethylene and acetylene on Re(0001) have been observed to pro-

duce diffraction patterns from carbon. 96  

ffl.2.2.1 Sulfur Chemisorption on Re(0001) 

The bulk Re-S system has not been studied as extensively as the Mo-S sys-

tern. Only one intermediate phase has been determined with certainty, ReS 2 . 97  

Other phases such as ReS and ReS 3  have not been proven to be stable. Although 

ReS9  has a layered structure similar to MoS 2, it is in dispute whether the struc-

ture is rhombohedral or hexagonal (like MoS 9). For purposes of establishing 

bond distances the MoS 2  structure In Figure 111.3 will be used since the hexagonal 

parameters are similar (a=3.166A, c=12.192A). The solubility of S in Re has not 

been established, but because of the low surface tension of sulfur as compared to 

Re (2700 dYne) dissolution into the bulk is small. 10 ' 74  

CM 

Our studies of the S/Re(0001) system show that the observed sulfur adsorp- 

tion energy and structure fits in well with the periodic trends at low sulfur cover- 
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age. However, at higher sulfur coverages the sulfur-sulfur interactions change and 

calculations of the diffraction patterns based on a kinematic analysis 98 ' 99"00"0' 

suggest attractive nearest-neighbor interactions, whereas on other surfaces repul-

sive interactions are usually seen. 

Figure 111.13 shows the up-take curves for sulfur on Re(0001) at room tern-

perature. A clean break in the slope of the sulfur AES peak-to-peak intensity 

occurs at a R(177V)  ratio of 6.1. The Re AES peak-to-peak intensity also shows a 

change in slope, but at a smaller coverage 	=5.0. This difference occured 

consistently, and is probably caused by interference of the S peak at high sulfur 

coverage with the Re peak. Therefore, it has been assumed that the true satura-

tion coverage occurs where the slope of the sulfur AES peak-to-peak intensity 

changes. According to standard practice, 102  we have assumed that the sulfur 

.AES peak-to-peak intensity varies linearly with coverage. 

Thermal desorption spectra of sulfur from the Re(0001) surface are shown in 

Figure 111.14. In addition to the observation of the mass 32 (S, 02)  spectra, mass 

16 (oxygen) was also monitored to determine if any contribution to the spectra 

occured indicating the presence of oxygen in addition to sulfur. No contribution 

was seen. It was found that there was no difference in the desorption spectra 

between annealed overlayers (where overlayer structures were formed) and unan-

nealed overlayers (where no ordered structure were seen). At low coverage 

(O<0.25) S desorbs in one peak at about 1600K, which indicates a binding 

energy of about 98L (assuming first-order desorption). 103  As sulfur coverage 

increases, lower temperature shoulders appear at 1400K (5L, 0=0.3), and 
M01 



EP 

(I) 

E 

w 

C,) 
0 
a 
w 

I-. 

—I 

kn 

C') 
0 

 ce 
03 

ed 

V 

V 
- 	V 

0 

V 

C/) 
Cl) 

-I 

-4 

II 

(S!Ufl uqie) 
APsue4uI )jee-o-)jeed S3V 



(0 

rr r ii 

\ 0 
.0 

\ I' )  

(0 
c) 

o N N 0 0 

o d 2 
o A A CD 

0 

4) 
N 
(0 

Cl) d 0 
H •0 

CD 

co 

IN 

'0 

4 
co 
V 

V 
bO 

V 

0 
U 

0 

0 

U 

4, 
h. 

E 
4) 
I- 

V 

0 

'0 

0 
cd 
6. 

U 
V 
0. 
'0 

0 

(spun qie) 1c4!SuewI ssev S 
	

V C 

bC 

0.0 

V 

ok 



900K 	0>0.5). The strong binding energy of S to Re was manifested in 

its strong passivation of the Re(0001) surface towards oxidation; an overlayer 

structure was formed as observed by LEED (a (2V3X2V3)R30 0  structure as will 

be discussed in the next section) at low ambient pressure (10 Torr). Afterwards, 

the crystal was brought up to atmospheric pressure and then brought under 

high-vacuum (io Torr) again. The diffraction pattern observed before the cry-

stal was heated was exactly the same as before atmospheric exposure (Figure 

111.15). When sulfur coverage becomes greater than saturation, peaks appear at 

280K, 300K, and 380K. This is very similar to what has been seen on other 

metals in the early transition series (Mo, 77  W,31'36 ). The appearance of sulfur 

desorption peaks at 900 — 1100 K is very interesting, and has usually been associ-

ated with S 2  desorption. 31 ' 36 ' 77  However, we were unable to perform experiments 

in order to observe S 2. desorption. 

Four different LEED structures were obtained for sulfur on Re(0001): p(2X2), 

r3 (7 2 '(3V3X3V3)R30 ol' f ) (with two other domains, 'J1 2))' and 

(2V3x2V3)R30 ° (Figure 111.16). The second structure (with increasing cover-

age) is put in quotations because some spots are missing (fractional order spots 

with zero intensity) from the true (3\/3X3V3)R30 0  diffraction pattern. Anneal-

ing of the surface to increasingly higher temperatures (as shown in Table 111.6) 

was required to obtain the ordered sulfur overlayers. 

Coverage determination was made, assuming that the p(2X2) structure 

corresponds to 03.25, and that this occurs when the AES peak ratio S(152) =19
Re(177) 

This gives a saturation coverage for sulfur of 0.6 < 0 < 0.7 (0.9 — 1.1 X 10'5 
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Figure 111.15: LEED photos of ordered sulfur structure (2V3x2V'3)R30 0  on Re(0001), before 
and after atmospheric exposure (courtesy of M. E. Bussell). 
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Figure 111.18: LEED photos of clean Re(0001) 72eV (a), and with various sulfur overlayers: 

p(2X2) 69eV (b), "(3V'3x3V3)R30 °" 57eV (c), [ ) 53eV (d), and (2V3x2\/3)R30 

73eV (e). 
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Table 111.8: Sulfur chemisorption on Re(0001); overlayer structures, arinealling temperatures, and 
coverage ranges determined from up-take curves. 

AES peak ratio structure annealling 

temperature (K) R(77V) 

0.0 - 0.16 0.0 - 1.0 lxi 1650 - 1500 

0.16 - 0.29 1.0 - 2.4 p(2X2) 1450 - 1400 

0.29 - 0.32 2.4 - 2.8 lxi 1380 - 1350' 

0.32 - 0.39 2.8 - 4.3 "(3V3x3V3)R30 " 1340 - 1220 

0.39 - 0.44 4.3 - 5.3 1210 - 1100 

0.44 - 0.59 5.3 - 7.1 1 	(2V'3x2V3)R30 1090 - 600 



Satorns), which is consistent with the saturation coverage for sulfur observed on 

other transition metal close-packed surfaces. 12  The coverage ranges and AES 

intensity ratios for each structure are shown in Table 111.6, while the third-oder 

polynomial curve fit between the 1(152eV) AES ratio and 0 
Re(177eV) 	 S 

05=A+B1_S(152)S(152) I +,, 1_S(15I(111.13) Re(1771) J 	Re(177) 	 IRe(177)  
where A=8.4 X 10, B=0.1856, C=-0.0344, D=2.78 X 10, and r 2=O.0999. 

The interpretation of the LEED photos presented in Figure 111.17 has been 

based upon comparison with similar studies on other close-packed surfaces, and 

the calculationaj methods of Huber et al..9899 0QitM,1O4 The schematic recipro-

cal coincidence cells considered for interpretation are shown in Figure 111.18. 

While the p(2X2) structure is straightforward, the higher coverage structures 

require more detailed consideration, especially the "(3V3X3\/3)R30 0"  structure. 

For both the p(2X2) and the (2V3X2V3)R30 0  sulfur structures 

stoichiometric filling of the lattices can be proposed which are consistent with the 

experimentally determined coverage ranges. However, for the "(3V3X3V3)R30 

and 

 [

'I 3 sulfur structures kinematic calculations have been used to aid in propos 

ing reasonable structures within the experimentally determined coverage ranges. 

The classical high symmetry model for the p(2X2) structure, with one atom 

at each lattice point, and with the adsorption site being a three-fold hollow, has 

been assumed (Figure 111.17). This fulfills the periodicity, symmetry, and cover-

age conditions. The 2D point group is p6m. This structure liqz been studied 

using dynamic LEED on Ni(111), 24  and sulfur has been deteiiihird to reside in 



es=o.o 
(a) 

es=0.25 p(2X2) 
(b) 

es=0.35 "(3**q,/3X33)R300" 

(c) 

S/Re(000 1) 
Proposed Structures 

es=o.42 ( ) 
(d) 

0s0.5 (2v'3X2\/3)R30 0  
(e) 

Figure 111.17: Proposed ordered sulfur structures on Re(0001): clean Re(0001) (a), p(2x2) (b), 

"(31,/3x3V3)R30 ' (c) 	(d), and (2V3X2V3)R30 (e). 
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the three-fold hollow site. In addition, dynamic LEED has been performed on the 

(V'3)<'J3)R30 0 
 sulfur structure on Pt(111), and has yielded similar results. 20  

Indicating that sulfur resides in the highest symmetry site at low coverage. 

A simple model for the (2V3X2V3)R30 structure with sulfur adsorbed in 

only three-fold hollow sites is proposed to be a mixing of (V3X\13)R30 0  and 

p(2X2) structures (Figure 111.17). 

As mentioned previously the "(3\/3X3V3)R30 " reciprocal lattice is incom-

plete. The diffraction pattern has been interpreted to be caused by filling modu-

lations along the <110> (three-fold periodicity) <001> (nine-fold periodicity) 

directions in real space. 104  Using these results in a kinematic analysis a coverage 

of 0=:0.44 resulted, which is above the range of the experimental coverage. Ran-

dom removal of atoms allowed the proper coverage range to be attained, and this 

resulted in a proposed structure in Figure 111.17. 

The r ) diffraction pattern is caused by three domains of the same structure 

r 1 	I23 	(i2 equivalent by three fold symmetry, the 	3J+ 12  J+ 2).  We discuss only the ( 

orientation. 

It is not possible to get a high symmetry model with the proper coverage 

since it coresponds to a non-stoichiometric filling of the unit cell. The lower and 

upper stoichiometric coverages are 	and 0.5. Calculations in the 

kinematic approximation 104  similar to those performed for the 

"(3V3X3V3)R30 °" structure were performed here. A high symmetry model of 

low coverage was assumed, and atoms were added gradually to the obtain the 

desired coverage (Figure 111.17). 
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The assumption of three-fold hollow sites for sulfur adsorption is taken from 

the low coverage data presented previously. However, at high coverage this 

assumption may not be correct. 25  As seen in the TDS of sulfur on Re(0001) (Fig-

ure 111.14) peaks appear at 1400K and 900K as temperature increases. These low 

temperature peaks can be caused by either another adsorption site for sulfur 

lower in energy than the one at low coverage, or S-S interactions lowering the sul-

fur binding energy. As regards the 900K desorption, this is probably due to con-

tributions from S 2  desorption. Desorption at this temperature occurs at 

thus, is probably not involved in the (2V3X2V3)R30 ° structure. As regards the 

1400K desorption, increased S-S repulsions are consistent with the previously pro-

posed structures. The placement of sulfur in nearest neighbor hollow sites gives a 

S-S distance of 2.76A. This is much closer than the van der Waals distance of 

3.70A, 13  which seems to determine the packing density of sulfur on transition 

metals. Therefore, a strong repulsion would be expected. However, comparison 

with TDS of sulfur on Mo(100)77  shows that a similar low temperature desorption 

is observed!and interpreted as desorption from the brdige sites on Mo(100). At 

this time no data is available to rule out either possibility. 

111.2.2.2 Carbon Chemisorption on Re(0001) 

The question of stable intermediate phases in the bulk Re-C system is an 

open one. It has been fairly well established that no stable intermediate phase 

forms at temperatures less than 2000K and at atmospheric pressure. 105 ' 106  How-

ever, a stable carbide of the hexagonal 'yMoC structure has been observed at pres-

sures greater than 140 kbar. 107  Again carbon is interstitial in the metal superlat- 
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tice, Carbon is soluble in Re up to 11.7 atom% at 2500 K, but as temperature 

decreases the solubility decreases. No accurate data is available below 2100 K, 

but the solubility of carbon is expected to decrease further. So, despite the high 

surface tension of carbon as discussed with Mo, only small amounts of carbon 

should dissolve into Re before the subsurface region is saturated. 

Carbon overlayers were deposited by thermal decomposition to 900K of 1,3-

butadiene. Other C 4  hydrocarbons were also used for carbon deposition, and 

there were no dIfferences seen in the TDS of species adsorbed over the carbon, 

regardless of which C 4  hydrocarbon was the source of the carbon. LEED patterns 

have been seen by Ducros, et a1 96  from the decomposition of ethylene and ace-

tylene, but we did not see any from C 4  hydrocarbon decomposition for all cover-

ages. In addition, AES peak shapes were analyzed over a range of carbon cover-

ages and were found to compare well with those found for "graphitic" carbon 

(Figure III.19).61 Because of the lack of LEED structures no precise measure of 

carbon surface coverage was obtained. Based on comparisons of AES peak ratios 

of S, C, from thiophene decomposition (discussed in Chapter 5), an approximate 

measuree has been made at low carbon coverage. The amount of sulfur deposited 

can measured by AES (Eq. 111.13), and correlated with carbon coverage by multi-

plying by a factor of four. This method does not consider the attenuation of the 

Re(177eV) peak as sulfur coverage increases. So, at high thiophene coverage this 

will underestimate the carbon coverage for a given R(177V)  AES ratio. However, 

this method also does not consider attenuation of the Re peik by the C(272eV) 

peak, and this would over estaimate the carbon coverage. Therefore, at hIgh car-

bon coverage this method is very uncertain. First, we will assume the 
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ratio of 1.2 is 1 monolayer (further adsorption of butadiene does not result in any 

increase in carbon coverage). Second, using the same AES parameters as for sul-

fur adsorption (section 111.4.2.1) we have found that thiophene decomposition at 

the point where molecular desorption occurs at 170K gives a sulfur coverage of 

0.1 (as will be shown in Chapter 5). This should correspond to 0C=0.4.  The 

C(272eV) measured at the same time is 0.35. Using the C(272eV)  ratio the carbon Re(177eV) 	 Re(177eV) 

coverage is determined by linear interpolation between these values. This method 

is expected to give good accuracy at low carbon coverage (±10%), but at higher 

coverage the determinations are expected to be more uncertain (±20%) (Figure 

111.20). 

As can be seen in Figure 111.19, the Auger transitions observed are the same 

as coverage increases (252eV, 261eV, and 276eV). However, the shape of the spec-

tra are coverage dependent. At low coverage (OO, . 2 ) 
more positive deviation in 

the leading edge of the 276eV peak is observed than at higher coverage (00.3) 

where the major positive deviation on the leading edge of the 261eV peak is 

observed. Considering the previous AES analysis of the C transitions (section 

111.1.1.2), it is concluded that the type on carbon on Re(0001) changes as coverage 

increases. At low coverage, 0c < 02  the carbon AES is more typical of "carbidic" 

carbon, whereas at high coverage the AES becomes more typical of "graphitic" 

carbon. At low coverage carbon atoms are far apart hence less able to interact 

and become "graphitic". However, as coverage increases more carbon is available 

to interact thus become "graphitic". This type of coverage dependence on the 

carbon phase has been seen on Pt(iii) as well.65 
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The change in shape of the carbon AES is not abrupt, indicating that either 

a continuous phase changes between "carbidic" and "graphitic" or that islands of 

each type of carbon exist, and that as coverage increases the graphitic" islands 

predominate. Based on this data the mode cannot be determined. However, we 

propose that the phase change is continuous assuming the existence of intermedi-

ate phases as found by Caputi et al.. 63  

1111.2.2.3 Sulfur Chemisorption on Re(1010) 

Sulfur adsorption on the more open Re(1010) surface is very similar to that 

observed on the basal plane as is expected (section 111.2.2.1). However, because of 

the more open nature of the (1010) face we propose an adsorption site for sulfur, 

which includes second layer Re atoms. 

With an unrelaxed distance between the first and second layer of 0.8A (Davis 

and Zehner determined a 17% contraction between the first and second layer) this 

surface represents a weakly corrugated analog to the basal plane (Figure 111.1). 

On the (1010) surface, the atomic surface density is 0.081 surface atoms AT 2 . If 

the second layer (trough atoms) are included then there are 0.16 surface atoms 

AT 2  which is very close to the basal plane surface density of 0.15 surface atoms 

AT 2  (Table III.1).108 

Up-take curves for sulfur on Re(1010) were determined, and saturation coy-

erage is attained at a R(177v)  ratio of 5.3 (this is where the slope of the S up-take 

curve breaks, Figure 111.21). The S 9  which is adsorbed, dissociates upon heating, 

and the TDS for annealed or unannealed sulfur overlayers are identical (Figure 

111.22). Two high temperature peaks In the sulfur  spectrum appear at saturation 
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Figure 111.22: Thermal desorption spectra of sulfur on Re(1010). Species observed are monoa-
tomic sulfur (mass 32) and diatomic sulfur (mass 64). Heating rate was 2011.. 
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coverage (1500K and 91 -2
1 , 1600K). These peaks fill sequentially, and the second 

peak starts to appear once the coverage goes above S(152eV) =2 5 At coverages of 
Re(177eV) 

S(152eV) < 2 sulfur desorbs at 1700K, which yields a binding energy of 104i.103 
Re(177eV) 	 mci 

These energies are nearly identical with those observed on the (0001) face. The 

multi-layer desorbs (280K, 300K, 350K) once the sulfur coverage is greater than 

S(152eV) =6 The desorption spectra for mass 64, which corresponds to either S 2  or Re(177eV) 

SO2  are also shown. All of the desorption maxima probably correspond to S 2 , 

since similar desorption temperatures have been observed on other surfaces. 36 ' 77  

Upon annealing the surface to the temperatures shown in Table 111.7, two 

sulfur structures are seen using LEED: the p(2X2) at low coverage with comple-

tion at approximately 
R(177V)=2' 

and at higher coverage the p(1X2) structure is ee 

seen (Figure III.23).109 With these structures and up-take curves the relationship 

between the S(1S2eV)  AES ratio and the sulfur coverage can be estimated. Re(177eV) 

According to the LEED patterns the p(1X2) structure could correspond to /2 or 1 

monolayer. Whereas, the p(2X2) corresponds to 14  or ½ monolayer. Although the 

atomic surface density of the top-most layer is different between the (0001) and 

the (1010) surface the weak corrugation of the (1010) surface implies that the 

concentration of atoms in the surface region actually sampled in the Auger pro-

cess will be similar to that on the basal plane. Therefore, a S(152eV)  ratio on the 
Re(177eV) 

(1010) face will represent the same sulfur concentration in the surface region as it 

does on the (0001) face. As previously noted, on the (0001) face S(152eV)  5 3 
Re(177eV) 

corresponds to 9=0.44. Then the surface density of sulfur atoms at this concen-

tration is 0.066 S atoms A 2 . This is similar to the staturation sulfur 



Table 111.7: Annealing temperatures and coverage ranges of sulfur adsorbed on Re(1010). 

overlayer AES peak ratio C annealing 
5 

structure S(152eV) temperatures (K) 
Re(177eV)  

(lxi) 1 	0.0 0.0 1800 

p(2X2) 0.5 	2.2 0.16 - 0.60 1400 - 1550 

p(1X2) 2.5 - 7.0 0.62 - 1.2 800 - 1350 

101 



es=0..5 p(2x2) 
b 

14 

102 

• 	 S/Re(100) 
Possible Real Space 

Diffraction PhOtos 	 Structures 

A 

clean 

91 

es=1..0 p(1x2) 
c 	 XBB8776409 

Figure 111.23: LEED photos and possible real space structures for clean Re(1010) (83eV) (a), 
p(2x2) at 0=0.5 (70eV) (b), and p(1x2) at 0=1.O (78eV) (c). 
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concentratibn found on various metal surfaces (0.07 - 0.10 S atoms A72).12  J 

addition, it is nearly the same surface density of Re atoms on the (1010) surface 

(0.081 atoms A72). Therefore, we will assume that the p(1X2) structure 

corresponds to 1 monolayer, and the p(2X2) structure corresponds to V2 mono-

layer. With these assumptions made the S(152eV)  AES ratio and coverage rela- 
Re(177eV) 

tionship were calculated, and is shown in Table 111.7. A third-order polynomial 

curve fit similar to the one for S/Re(0001) (Eq. 111.10) was also performed and the 

resulting constants are A=1.95 X 10, B=0.346, C=-0.0478, D=3.29 X 10, and 

r2=0.998. 

Figure 111.23 shows a probable real space structure for the p(2X2) (b) and 

p(1X2) (c) patterns. Because of the weakly corrugated nature of this surface the 

middle of the troughs are not deep enough to provide the site of maximum coor-

dination (0.8A separation between first and second layers as mentioned previ-

ously). However, three-fold sites between the surface (ridge) and second layer 

(trough) Re atoms are good candidates for sites of maximum coordination. Based 

on a simple analysis, if sulfur sits in the four-fold hollow site (formed by the ridge 

atoms), the distance to the Re atom directly beneath in the trough is 2.4A; just 

the sum of the Re metallic radius, 2  and the sulfur covalent radius. 14  This then 

gives a dIstance to the four ridge atoms of 3.1A. However, if the sulfur atom is 

placed in tlie three-fold hollow formed by two ridge Re atoms and one trough Re 

atom, the distance to these three atoms is 2.4A, and the distance to the two ridge 

atoms across the trough is 3.OA. Therefore, the greatest electrostatic interaction 

should be in the three-fold sites. Adsorption sites similar to those suggested here 

have been found using dynamical LEED for sulfur adsorption on the (1X2) 
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reconstructed Ir(110) surface. 110  This type of structure contains a glide line sym-

metry through the troughs, this will produce an extinction in the diffraction pat-

tern of the (±½n 0), n=odd spots at normal incidence for a p(2X2) overlayer. 

This was not observed since normal incidence was not attained. In addition, 

other sulfur structures which would place sulfur in all troughs at this coverage 

would give a c(2X2) diffraction pattern and not a p(2X2) pattern as observed. 

111.2.2.4 Carbon Chemisorption on Re(1010) 

Carbon adsorption on the (1010) face of Re gives a distinct LEED pattern if 

the surface is annealed between 800 to 850 K after unsaturated C 4  hydrbcarbon 

adsorption at 150K. The diffraction pattern is a c(2X4) (Figure III.24).109  Similar 

to the (0001) face the carbon coverage was established using the decomposition of 

thiophene. For instance, at c(272)  =0.2, the measured sulfur coverage is 0 =0.13 
Re(177) 	 S 

(previous section), which corresponds to a carbon coverage of 00.52.  As men-

tioned previously, this method is more accurate at low coverages than at high 

coverages. Another method which may be more accurate at higher carbon cover-

ages assumes linearity between the amount of CO chemisorbed, and carbon cover-

age (Figure 111.25). As will be shown in Chapter 4, this is not true for 

C/Re(0001), but is for Re(1010). 

Figure 111.26 show the carbon AES for different annealing temperatures and 

coverages on Re(1010). Similar to the (0001) face both types of carbon show 

more "graphitic" features in the AES as coverage increases. Although, by LEED 

there is a difference between annealing to 850 K and annealing to 1100 K the AES 

of both forms at the same coverage exhibit the same features. Therefore, the 

A 
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C/Re( 1010) 

c(2X4) ec=14 

XBB 877-6410 

Figure 111.24: LEED photos of the c(2X4) carbon structure on Re(1010). Coverage range is 0.5 
< 0 < 1.5. 
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electronic nature of the carbon is identical between both (0001) and (1010) faces 

of Re, and the method of preparation between 850 K to 1100 K. However, the 

effects these overlayers have on CO surface chemistry is quite different as will be 

shown in Chapter 4. 	
* 

ffl.3 Summary 

Proposed structures and bonding energies for sulfur and carbon adsorbed on 

Mo(100), Re(0001), and Re(1010) have been reviewed and presented. 

In general, sulfur chemisorption on all surfaces is very similar; the binding 

energies on Mo and Re vary from 95 	to 105 kell at low coverage, and (in most 

cases) simple ordered overlayer structures are formed upon adsorption. Com-

parison with literature studies, and preliminary results of dynamical LEED calcu-

lations on experimental 1(V) curves, shows that at low coverage sulfur occupies 

the highest symmetry site. At higher coverages, possible population of lower sym-

metry sites, or simple sulfur - sulfur repulsions lower the binding energies to 70 

The limit of interaction between adsorbed sulfur atoms Is determined by the 
rnol 

van der Waals radius. 

Carbon chemisorption on these surfaces is very different. On Mo(100) carbon 

adsorbs in a "carbidic" phase. According to preliminary dynamical LEED calcula-

tions, and comparisons to lIterature studies carbon sits deeply in four-fold hollows 

(0.6A. above the surface). Both Re surfaces, on the other hand, allow carbon to 

adsorb in a "graphitic" phase, except at low coverage where more "carbidic" car-

bon may be present. It is expected based upon comparisons to literature determi-

natIons of "graphItic" structures that the carbon should sit above the surface 



higher than that expected for "carbidic" carbon. 

Next, the effect that these adsorbates have upon the chernisorption of CO 

will be discussed. 
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CHAPTER FOUR 

CARBON MONOXIDE CHEMISORPTION ON 

CARBON AND SULFUR COVERED SURFACES 

IV.1 Introduction 

Presented in Chapter 3 were the proposed structures and bOnding energies 

for sulfur and carbon overlayers on Mo(100), Re(0001), and Re(1010). The 

present chapter will discuss the chemistry of carbon monoxide on these overlayers 

in comparison to the chemistry on the clean metal surfaces. 

CO is used in surface science as a simple probe of surface chemistry. The 

back-bonding model for the CO ilgand in transition metal coordination chemistry 

is equally aplicable to transition metal surfaces. 1 ' 2  The ability of CO to dissoci-

ate on certain transition metals and not on others is useful for determining any 

changes in the electronic properties of the surface upon adsorption of additives 

such as K. 3  In general, the dissociation of CO will occur on the close-packed faces 

of transition metals to the left of Re, Ru, and Co. 1  The variation in dissociation 

ability of the metal is caused by variations in the fermi level (E f). 2  For metals on 

the right side, E f  is low and so very little mixing between the metal d-bands and 

the CO 21r*orbital  occurs, therefore, no dissociation. However, metals on the left 

side of the transition series have higher E r's, thus greater mixing of the metal d 

bands and the CO 21r*orbital.  Electron population of the 27r*orbital  enhances 

the dissociation ability. 

Other valuable information that can be gained from CO chemisorption is 

through vibrational spectroscopy, most typically in UHV, high resolution electron 
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energy loss spectroscopy (HREELS). This technique enables one to determine the 

bonding site and geometry of CO, based upon the value of v(C-0), 4  and may be 

used tentatively with co-adsorbates. However, recent theoretical analyses cast 

doubt on whether vC-O) can be used to determine bonding geometries when 

additives are present. 5  

Both pre-adsorbed sulfur and carbon have been found to inhibit CO chem-

isorption on metal surfaces. In general, two different types of effects of the over-

layers on CO chemisorption are observed. One type is known as an electronic 

effect, where the additive influences chemisorption over an area larger than the 

van der Waals radius of the additive (4 - 10 A diameter) by interactions through 

the metal. This is done by donating electrons to or accepting electrons from the 

metal, thus, altering the ability of the metal d-band to mix with the orbitals of 

coadsorbate molecules. Because of the band nature of the metal, this will have an 

effect beyond the region of the adsorption site. This type of effect will be 

influenced by the electronegativity of the adsorbate. 6  A good example is the effect 

that the pre-adsorption of K on Pt(111) has on enhancing the ability of this sur-

face to dissociate CO. 3  The other type, is a local site blocking effect, where the 

additive influence is only within its van der Waals radius. 7  This can be mani-

fested as either simple site-blocking or adsorbate - adsorbate repulsion which 

lowers the bonding energy. This type of effect should be determined by the size 

Is 	

of the adsorbate and not the electronegativity. 

W.1.1 The Efl'ect of Sulfur Pre-Adsorption on CO Chemisorption 
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In most cases, the type of effect which sulfur has on CO chemisorption 

appears to be local; i.e. within the van der Waals radius of sulfur (1.85A). Con-

cerning close-packed surfaces such as Pt(111), 8  Ni(111),9  and Ru(0001); 10  these 

surfaces show local interactions. Pre-adsorption of sulfur on both Pt(111) and 	
If 

N1(111) surfaces was observed to decrease the amount of CO adsorbed, and the 

adsorption energy. Based upon the discussion in Chapter 111.1.2.1, sulfur is 

expected to adsorb in three-fold hollow sites. In fact, for Pt(111) isothermal 

measurements of adsorption energy revealed that at 0=0.25 the adsorption 

energy is reduced by about i5.k f  at the same CO coverage as on the clean sur- 

face, and by ll -- at saturation coverage of CO on both surfaces. Analysis based 

on the van der Waals radii of S and CO showed that at 9=0.25 - p(2X2) consid-

erable S-CO repulsion would exist and probably be responsible for the lowering of 

the CO binding energy. Therefore, the decrease in binding energy is due to S-CO 

repulsion rather than through metal electronic interactions. This confirms the 

local nature of the sulfur effect on chemisorption on this surface. Results on 

N1(111) suggest the same crowding effect is responsible for lowering the CO bind-

ing energy. At low 	S is observed to block nine sites for CO adsorption in the 

vicinity of the adsorbed sulfur. As 0 increases a new low temperature CO 

desorption state appears which is caused by sulfur atoms close to CO. Results on 

Ru(0001) suggest an even more inert site-blocking role for S. The observed 

decrease in CO binding energy is no less than that observed with increasing CO 

coverage. In addition, a linear dependence of the amount of CO adsorbed as O s  

increases is observed. 
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More open surfaces, such as Pd(100)" and Ni(100), 7"2  again show a local-

ized effect on CO chemisorption by pre-adsorbed sulfur. On both surfaces the 

pre-adsorption of sulfur blocks CO desorption at high temperature first, and then 

blocks desorption states at lower temperature. The conclusion of both studies is 

that S acts as a site-blocker within the van der Waals radius of 1.85A, and up to 

4A away there is an electrostatic perturabation by sulfur on neighboring sites. 

Using HREELS on Ni(100), it has been determined that at low coverage sulfur 

blocks bridge sites for CO, and at higher coverages the top-sites become per-

turbed due to the presence of sulfur, lowering the binding energy slightly. 7  

Similar studies on CO chemisorption on a sulfur pre-adsorhed Fe(100) sur-

face have established a similar site-blocking behavior.' 3 ' 14 ' 15  This surface is more 

open so the adsorption sites are further apart, and is more representative of the 

effect that sulfur pre-adsorption has on surfaces which can dissociate CO. As 

with other surfaces, sulfur bonds in the four-fold hollow-site up to 0=0.5 

(Chapter 3). This blocks CO dissociation which has been found to occur in these 

sites. in addition, two adjacent four-fold hollow-sites are probably required for 

CO dissociation. This implies that in a c(2X2) sulfur structure no sites for CO 

dissociation are available because ther are no adjacent four-fold hollow-sites. 

Unlike Pd(100) and Ni(100), inhibition of CO desorption as sulfur coverage 

increases occurs first from low temperature states a 1 , a2 , and the desorption due 

to recombination of dissociated CO. 9. Then at higher coverage the a 3  desorp-

tion state (which is the precursor to dissociation) is inhibited. Because adsorption 

sites are further apart on a more open surface, less S-CO repulsions are presen, so 

no decrease in the peak desorption peak temperatures for CO are observed. 
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Desorption from top-sites (a 1 ) and bridge-sites (a 2) near four-fold hollow sites 

where sulfur is adsorbed get blocked. Whereas, desorption from four-fold 

hollow-site (a3) also gets blocked, but where no sulfur is adsorbed CO adsorption 

can occur and is too far away from other four-fold hollow sites where sulfur is 

adsorbed to feel the effects. Thus, desorption from this site continues at the same 

temperature up to e5 0.5. Since there is very little perturbation of the CO bond-

ing on this surface by sulfur; only site-blocking, the impression is given that sul-

fur has a more local effect than on the previously mentioned surfaces where shifts 

in bonding energy were observed due to sulfur pre-adsorption. The enhanced 

localization may also be caused by the deeper bonding of sulfur on Fe(100) (1.05A 

interplanar spacing) 16  than on Ni(100) (1.28A interplanar spacing). 17"8  

Based upon these studies, sulfur has a local site-blocking effect on CO chem-

isorption on most transition metal surfaces. Besides site-blocking within the S 

van der Waals radius, a small electrostatic repulsion can influence CO chemisorp-

tion on next-nearest neighbor sites, lowering the bInding energy. However, the 

decrease in binding energy is no different from that encountered at high CO coy-

erages on an initially clean surface. As the substrate becomes more open the 

effect of sulfur on CO chemisorption becomes more local. In CO TDS sulfur is 

simply observed to block desorption states without any shifts in peak tempera-

ture, indicating no shifts in binding energy. In all cases CO is linearly blocked for 

sulfur coverages greater than 0.15 monolayers. 

0 

W.1.2 The Effect of Carbon Pre-Adsorption on CO Chemisorption 
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Depending upon the phase of adsorbed carbon, CO chemisorption will be 

effected differently. Generally, on surfaces with "graphitic" overlayers the adsorp-

tion energy of CO will be shifted slightly with no accompanying change in 

adsorption site. Surfaces with "carbidic" overlayers, on the other hand, block 

adsorption sites without changing the bonding energy of un-blocked sites, similar 

to the effect of sulfur. However, this simple site blocking effect is smaller with 

"carbidic" carbon than with sulfur, because of the smaller size of atomic carbon. 

Most TDS of CO on the "graphitic" overlayers of Pt(111), 19  Pd(111), 20  

Pd(100), 21  N1(110), 22  and Ru(0001) 23  exhibit slight shifts in desorption peak tem-

perature either higher {Pd(111)} or lower {Pt(111), Pd(100), Ni(110), and 

Ru(0001)1 compared to the clean surfaces. In all cases, the spectrum shifted in 

peak temperatures, as opposed to altering the population distribution of desorp-

tion states. HREELS studies on Rt(111) have shown that the 20K decrease in 

peak temperature is not accompanied by a change in CO adsorption site. 19  

Although most of these temperature shifts are small, a large temperature increase 

in CO desorption has been reported on Ir(110). 24  On this surface, the carbon 

overlayer was created by annealing to 000K. Desorption of CO from this surface 

occurred at 1020K compared to 6101C on the clean surface. It is suspected that 

the surface may induce CO dissociation, thus having recombination occur at high 

tern perature. 

Most TDS of CO on the "carbidic" overlayers of Ru(1011), 25  N1(111), (110),2 6  

"7 	13 	 "8 and (100),- Fe(100), and W(i00)- show that the carbon atoms suppress 

desorption from specific states and adsorption sites. 
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The results on Ni, Fe and W will be focused on since most information is 

available for these surfaces. On all of the Ni surfaces studied carbon was chem-

isorbed in the "carbidic" phase as visible by AES. On Ni(111) the vibrational fre-

quency of adsorbed CO on both the clean and carbon covered surface indicates 

bonding in a bridge site. However, CO desorption from the (V39)<V'39)-C-

Ni(111) surface was shifted down to 350 K from 420 K on the clean surface. 26  

However, the shift in desorption energy was not accompanied by a shift in 

adsorption site. It is suggested that on this close-packed surface carbon, although 

atomic in form, does not bond deeply into the metal and therefore influences the 

adsorption energy on nearest neighbor CO adsorption sites to a greater extent. 

Similar results were obtained on Ni(110). According to HREELS experiments, 

CO probably bonds both in bridge sites along the ridges (short) and top sites in 

equal amounts along the ridges at saturatIon coverage on the clean surface. 26  The 

TDS shows a major peak (450K) and a shoulder (360K). The HREELS data sug-

gest that the lower desorption temperature is caused by CO-CO repulsions,since 

both sites are observed even at low coverage using HREELS, while only the 450 K 

desorption is observed. With a p(2X1) carbon overlayer, desorption from the high 

temperature state (450K)is blocked, but desorption from the 365K state is 

allowed. According to HREELS the p(2X1) carbon overlayer blocks adsorption in 

bridge sites, allowing desorption only from top-sites at low temperature. The 

specific site-blocking ability of "carbidic" is observed, but an effect upon CO 

bonding energy is observed similar to that with sulfur. The pre-adsorbed carbon 

acts to crowd the CO, and mimic the high CO coverage adsorb ate- adsorbate 

repulsion, which lowers the bondIng energy. Although the data on Ni(100) is not 



125 

as complete a similar result is observed; the high temperature desorption state (02 

430K) is blocked by pre-adsorbed carbon, while desorption from the low tempera-

ture states is unaffected. 27  Because of the similar bonding characteristics to 

Ni(110) (CO bonds in both bridge and top sites) 26  carbon is also expected to 

block adsorption on bridge sites. In fact, the structure of the p(2X1)-C-N1(100) 

surface29  suggests that many bridge sites are eliminated by the reconstruction 

caused by carbon. 

On the Fe(100) surface hydrocarbons decompose to form a "carbidic 

c(2X2). 13  Again, suppression of the high temperature desorption state occurs. 

The high temperature desorption peak, 0, caused by recombination of dissociated 

C and 0 atoms is diminished partially by c(2X2) (0c=05)• In addition, the al  

(top-sites) and c 3  (four-fold hollow) peaks are also diminished. Since carbon 

probably adsorbs in these sites first, the CO chemisorption would be expected to 

be blocked here first. These trends are expected to similar to those determined 

for sulfur. 15  The effect of carbon pre-adsorption is that of a simple site-blocker. 

However, because of the small size of carbon, it sits more deeply in the surface, 

and blocks less sites than sulfur. 13  Although no studIes are available in the litera- 

ture, it is proposed that CO adsorption on Fe top-sites will not be blocked by car-

bon coverages up to 	similar to what has been found on W(100) as will be 

mentioned next. 

On the clean W(100) surface, CO adsorbs dissociatively at low coverage, and 

at high coverage also adsorbs molecularly on a top-site desorbing at 380K 

(a). 28 ' 30  Similar to Fe(100) pre-adsorbed carbon blocks CO dissociation. How- 

ever, the low temperature a-peak is not inhibited by pre-adsorbed carbon, but, in 
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fact, increases in intensity and shifts slightly to 345K at O=i. Again, carbon is 

expected to adsorb in four-fold hollow-sites, which are probably the sites of disso- 

ciation as found on Fe(100). 3 ' Dissociation is blocked, but adsorption on top-sites 	 I. 

is still allowed. 

From this brief review of the literature it can be seen that "graphitic" carbon 

on metals causes the inhibition of CO chernisorption, and shifts the binding 

energy slightly. "Carbidic" carbon on metals also causes inhibition of CO chem-

isorption, but in almost all cases except Ni(111) blocks specific sites for CO chem-

isorption. These sites are usually those of highest symmetry, such as four-fold 

hollow-sites. This removes destructive bond breaking sites from the surface 

allowing only molecular chemisorption to occur. 

The effect of "carbidic" carbon is similar to that of sulfur pre-adsorption, a 

specific local site blocking effect with some changes in CO chemisorption energy. 

These effects are less notjcable with "carbidic" carbon because it sits lower on the 

surface (small size), thus the distance of influence is less. 13 ' 18  

IV.2 CO Chemisorption on Clean Mo and Re Surfaces; and in the Pres-

ence of Pre-Adsorbed Sulfur and Carbon 

IV.2.1 CO Chemisorption on Mo(100) 

CO chemisorption on clean Mo(100) has been the subject of several stu-

dies. 32 ' 33 ' 34 ' 35 ' 36  It was found initially, that at low CO coverages dissociation 

occurs near room temperature, and the dissociated C and 0 form an ordered 

c(2X2) structure. 32 ' 33 ' 35  During thermal desorption the C and 0 atoms recombine 
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and desorb at 1240K 	and 1020K 	(Figure IV.la). Several proposals for 

the source of the two different /9-states have been made ranging from lateral 

interactions33  to the presence of small carbon clusters altering the desorption 

kinetics. 35  Recent studies using HREELS have found only one vibrational mode 

(ii(M-C) = 570 cm 1 ) for all /3-states, indicating only one adsorption site for these 

states. 36  Dissociation was also found to occur above 270K. At CO coverages 

above 0c0=0.5  and temperatures less than 300K, CO is found to adsorb molecu-

larly, and the temperature of this molecular desorption state c has been found to 

vary from 490K33  to 270K.36  ESDIAD experiments initially suggested that os-CO 

bonded in bridge-sites or hollow-sites. However, later work 36  showed that ce-CO 

is bonded to top sites on Mo(100) (v(C-O) = 2100 cm 1 ). At temperatures less 

than 270K CO does not dissociate, and the molecular precursor to dissociation 

resides in four-fold hollow-sites with a very low ii(C-O) = 1085 cm'. So, at 150K 

CO adsorbs molecularly on Mo(100) first in a four-fold hollow-site for 0 < 0.5.co  

Above °co = 0.5, molecular adsorption occurs on top-sites. During thermal 

desorption, the CO in four-fold hollow-sites dissociates into separate C and 0 

atoms near 270K. The CO adsorbed on top-sites desorbs molecularly near 300K, 

then the dissociated C and 0 atoms recombine and desorb in the /3-states at 

higher temperatures. 

Adsorption of CO on Mo(100) as a function of sulfur coverage (Figure 

fV.1a) 37  shows that chemisorption is inhibited. 38  Although CO chemisorption was 

at first found to be completely inhibited by 9 = 0.5,38 subsequent studies have 

shown cheiisorption to be completely inhibited by 9 = i. The /3-CO desorp 

tions exhibit complicated changes as sulfur coverage increases, indicating changes 
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In the adsorbate - adsorbate interactions responsible for the multi-peaked struc-

ture of the 18-states. Desorption from these states is almost completely inhibited 

by 9 = 0.55 (completion of the c(2X2)). As can be seen in Figure 111.4, all adja-

cent four-fold hollow-sites are blocked by sulfur, thus, blocking CO dissociation, 

which probably requires two hollow sites. In addition, the a-CO desorption is 

also inhibited by sulfur. Returning to Figure 111.4, it can be seen that with S in 

the four-fold hollow-site the four adjacent top-sites (a-CO) are also blocked, 

because of the large van der Waals radius of sulfur. Therefore, adsorption on 

top-sites should be inhibited by c(2X2)-S. Most a-CO desorption is inhibited by 

this sulfur coverage, and a new higher temperature desorption arises. It is not 

certain what site this new desorption state arises from, but one possibility could 

be that molecular desorption is occuring from four-fold hollow-sites, where disso-

ciation can no longer occur. This would be similar to results obtained on 

Fe(100). 15  All of these results suggest sulfur effects are similar to those observed 

on other surfaces, simple site-blocking with small perturbations of CO chemisorp- 

tion energy. 

The effect of pre-adsorbed carbon on CO chemisorption on Mo(100) is similar 

to that observed for sulfur. Ko and Madix have studied this system previously, 

and we have reproduced their work. 39  Again, the ,6-desorption exhibits compli-

cated changes as carbon pre-coverage increases (Figure fV.lb). In addition, a-CO 

desorption was found to be inhibited linearly with carbon coverage up to 0 = 

1.39 This is similar to the effects of sulfur, but the smaller size of carbon inhibits 

dissociation less, so dissociation occurs until 0. = 1, whereas on the sulfur covered 

surface CO dissociation was almost completely inhibited by 0 = 0.5. Similar to 
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the sulfur pre-covered surface the desorption temperature of a-CO did not change 

with increasing carbon coverage. Similar to the effect of pre-adsorbed carbon on 

CO chemisorption on W(100) 28  a-CO desorption is not inhibited by pre-adsorbed 

carbon. In fact, the amount of a-CO desorption increases as carbon pre-coverage 

increases paralleling the decreases in 9-CO desorption; the total amount of CO 

desorbed is found to remain constant with changing carbon coverage. So, it is 

proposed that the carbon pre-adsorption just blocks four-fold hollow-sites for dis-

sociation, yet, leaves the top-sites free for molecular bonding. In fact, the results 

of Zaera, Kollin, and Gland support this. 36  The HREELS of a CO overlayer 

heated to 270K shows molecular bonding in top-sites. This surface is similar to 

the carbon pre-adsorbed surface, because some of the CO has dissociated into C 

and 0 atoms by this temperature. Therefore, their data supports the contention 

that a-CO does not change adsorption site or bonding energy as carbon pre-

coverage increases. Studies on other surfaces have suggested that the bonding 

energies of CO may be different on different additive pre-covered surfaces even 

though the desorption temperatures are the same. Thermal desorption studies 

and isotherna1 measurements for CO desorption from clean Mo(110), and with 

carbon or sulfur pre-adsorption show this. 40  The desorption temperature for 

molecular CO desorption from all three surfaces was the same. However, the 

desorption energies were very different (with S 18.9--, with C 8.5- 1-); the pre 
mc! 	 mo1 

exponential factor varied accordingly so that the desorption temperature 

remained the same. Because of the HREELS results we propose that this is not 

the case on Mo(100). 
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We propose that the differences in the effect of sulfur and carbon on CO 

chemisorption are a size effect. Sulfur sits 0.93 A4 ' above the Mo surface, 

- 	 whereas carbon sits less than 0.6 A above the Mo surface. 42  Thus, the influence of 

sulfur (determined by the van der Waals radius) is greater than that of carbon, 

where top-sites are left free for bonding. 

IV.2.2 Co Chemisorption on Re(0001) 

CO chemisorption on clean Re(0001) has been studied previ 

Our results (bottom of Figure IV.2a) are in agreement with 

these previous studies. CO adsorbs molecularly at room temperature. Upon 

heating to 400K (during thermal desorption of the molecular species) a small 

amOunt dissociates, and then recombines to desorb at 780K. No disproportiona-

tion to CO 2  was observed from the lack of carbon deposited after thermal desorp-

tion. This behavior Is consistent with the borderline position of Re in the periodic 

table in regards to CO dissociation. 1  

IV.2.2.1 CO Chemisorption on S/Re(0001) 

As stated previously, sulfur blocks adsorption of CO, and this becomes corn-

plete at 0=3.35 (Figure IV.2b). In addition, the peak due to dissociative recorn-

bination (700K) is blocked completely by the p(2X2) sulfur overlayer (9=0.25) 

and the molecular peaks (400 and 470 K) coalesce near the low temperature 

(410K) desorption as sulfur coverage is increased. 

A comparison with results for CO chernisorption on other sulfur covered 

close-packed surfaces shows some differences and similarities. All of these stu- 
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bInding energy) states first. Also, the shift. of peak temperature is not less than 

the low temperature shoulder at 400K. Suggesting that the peak temperature 

shift is not any less than that which would be observed on the clean surface near 

saturation CO coverage. These similarities combine to suggest that the decrease 

in desorption temperature seen for CO/S/Re(0001) is a coverage effect that is due 

to a repulsive S-CO interaction, similar to that seen for CO/S/Ru(0001). In addi-

tion, the total amount of sulfur and carbon monoxide adsorbed is constant up to 

the point w'here no further CO is observed to adsorb, 8=0.35. This is equal to 

the CO coverage on the clean surface of O co=035 •434548  

111.2.2.2 CO Chemisorption on C/Re(0001) 

Pre-adsorbed carbon also inhibits CO chemisorption on Re(0001), but not as 

effectively as sulfur. In addition, to inhibIting the 9-desorption state when carbon 

coverage is 9c 
 0.4, the highest temperature a-state (470K, a 1 ) is inhibited pre-

ferentiaUy. A new molecular desorption state is also created and desorbs at 320K 

( a*) (Figure IV.3). 

The preferential inhibition of a desorption state a 1  before a9  suggests an 

atomic site-blocking behavior more typical of "carbidic" carbon than of "graphi-

tic" carbon. However, the creation of a new low temperature molecular desorp-

tion state at 320K (a*)  suggests chemistry similar to that on "graphitic" carbon 

covered surfaces. It has been found that CO bonds on top-sites on clean 

Re(0001). 47  Since desorption occurs in two a-states, the cause of the two desorp-

tion maxima is probably lateral interactions. Similar to (V39XV39)-C-N1(111) 9  

we suggest that pre-adsorbed carbon lowers the chemisorption energy of CO due 
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d1es8 ' 9 ' 10  show a decrease in the effective binding energy of CO as sulfur coverage 

increases. This decrease in binding energy has in some cases been found to be 

similar to that seen on the clean surface as CO coverage increases. 10  

The decrease in the temperature of the desorption maximum with increasing 

coverage indicates that co-adsorbed sulfur is causing the adsorption energy of CO 

to decrease. No change in 9 before and after CO thermal desorption was 

observed showing that no species desorbed containing S. As was found for other 

metal surfaces this perturbation is suggested to be caused by local crowding of the 

adsorbed CO, lowering the adsorption energy. On Pt(111), CO was found to have 

a small binding energy shift with coverage on the clean surface. However, once a 

p(2X2) sulfur overlayer was pre-adsorbed intense perturbation by the pre-

adsorbed sulfur dropped the binding energy to I - - of the original value. A less 

intense crowding effect for preadsorbed sulfur was found on Ru(0001); 10  the bind-

ing energy shift is merely an extension of the CO coverage dependent shift 

observed on the clean surface. In this study, the binding energy of CO was 

observed to decrease as CO coverage increases on the clean Ru(0001) surface. 

When sulfur was preadsorbed, a binding energy shift for CO at a certain cover- 

age, 0 	 was observed similar to that observed on the clean surface for a total 

CO coverage of 0 + 	In other words, the sulfur atoms acted similar to CO 

with respect to lateral repulsions. In some important areas the CO thermal 

desorption spectra on clean Re(0001) and Ru(0001) are similar (except for the 

absence of a 3-state on Ru). The a-states desorb at approximately the same tern-

perature (400 and 470 K on Re, and 420 and 480 K on Ru). As sulfur coverage 

increases on Re(0001) it appears that sulfur blocks the hIgh temperature (or high 
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to lateral interactions. Thus, the ce desorption is inhibited while a 2  is not since 

this arises from CO - CO interactions. Because, of the "graphitic" nature of this 

surface the amorphous carbon would probably grow in islands. CO bonding at 

the periphery of these islands would be less strong because the Re substrate is 

bonding to both carbon and CO. This site is probably responsible for the low 

temperature a*  state. At low carbon coverage there are not many carbon islands 

so very little desorption. As carbon coverage increases the amount of periphery 

increases, so, a*  desorption increases. However, at some coverage the carbon 

islands become large and many, and start coalescing, and decreasing the amount 

of periphery. This Is what is seen for a*  desorption from CO chemisorbed on a 

carbon pre-adsorbed Re(0001) surface. 

11V.2.3 Co Chemisorption on Re(1010) 

Figure 1V.4 shows the thermal desorption spectra of CO on Re(1010) with 

increasing coverage. No disproportionation to CO 2  was observed from the lack of 

carbon deposited after thermal desorption. Table [V.1 compares activation ener-

gies for desorption of CO obtained from these spectra and compared with activa-

tion energies determined on various Re surfaces. These energies were determined 

according to the method of Redhead, 49  and in all cases the activation energy has 

been assumed to be constant with coverage and temperature. Although this may 

not be the case, it is useful for comparison. In most cases, the desorption energies 

of CO on Re(1010) are in the same range as those found on the (0001) face. How-

ever, some variations are found, and the desorption energies compare more favor-

ably with surfaces which have steps and kinks such as R eSI6(0001)(1671)I, 50  or are 
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Table IV.1: Activation energies for desorption of CO from various Re surfaces in ultra-high 
vacuum using thermal desorption spectroscopy according to the method of Redhead 

in 
mol 

molecule surface 

desortion Re(0001) 	ReSI 6(0001 )(1671 )I 	Re(1010) 	polycrystalline 

state 

CO 50 58 52 6551  
5250 47 52 51 
4350 42 

27 27 25 31 51 

24 2550 21 28 51 
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polycrystalline. 51  Some of the more interesting differences are discussed below. 

The main difference in CO desorption between the (1010) and the (0001) face 

is that the more open (1010) surface dissociates more CO (approximately 37% on 

the (1010) versus 15% on the (0001) at saturation coverage). This is very similar 

to polycrystalline surfaces 51  and surfaces with steps and kinks. 50  Likely sites for 

increased dissociation are the troughs (Figure 111.1). In addition, the a-peak is 

resolved into three separate peaks which fill sequentially with increasing coverage. 

As stated in the preceding section, it has been found that CO desorptibn 

kinetics are very similar on the (0001) surfaces of Re and Ru. Comparison of our 

work on the (1010) surface of Re with other work on the same face of Ru 52  again 

shows some similarities in CO desorption kinetics, but not nearly as many as on 

the (0001). Ku et al. found that CO desorbed at 510K at low coverage and 400 

and 495K at high coverage on Ru(1010). This is similar in shape to what is seen 

on Re(1010) where desorption occurs in three peaks at 330K, 370K, and 420K. 

On Ru(1010) the desorption energy was found to be nearly the same as that on 

the (0001) face. However, the a-peak desorption energies on Re(1010) (Table 

IV.1) were calculated to be lower than those observed on the (0001) face. 

W.2.3.1 CO Chemisorption on S/Re(1010) 

The effect of pre-adsorbed sulfur appearsto be similar to that on the basal 

plane; mainly site-blockage with some lateral repulsions. Figure W.5b shows that 

the total amount of CO adsorbed is linearly inhibited by pre-adsorbed sulfur. No 

change in 0 before and after CO thermal desorption was observed showing that 

no species desorbed containing S. Desorption from the 13-CO state is almost 
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completely Inhibited by 9=0.5. As suggested previously, the troughs may be 

responsible for the increased CO dissociation compared to the basal plane. This 

is consistent with the sulfur structure proposed in Figure III.23b for O s = 0.5, 

where all troughs are blocked. In addition, the decrease in the a-CO peak inten-

sity with increasing sulfur coverage is similar to the effect seen on the clean 

Re(1010) surface when CO coverage is decreased. First, the low temperature 

peak (330K) is eliminated, then the middle peak looses intensity. However, 

accompanying this decrease is also a slight shift in the desorption maxima to 

lower temperature (420K to 380K). Thus, implying a decrease in CO binding 

energy caused by sulfur induced crowding. 

Based on the proposed sulfur structures, we suggest that CO probably 

adsorbs on a top-site as is found for the basal plane. 47  This is deduced from the 

fact that only of all top-sites are blocked by 9=0.5, and CO chemisorption is 

inhibited by about Y2 (Figure [V.5). 

UnlIke most other surfaces sulfur appears to block desorption from low tern-

perature states a 2  and a3  before the higher temperature a 1-state is blocked (Fig-

ure IV.5a). However, this is similar to the results observed on sulfur covered 

Fe(100), 15  where specific site-blockage was observed for CO chemisorption. 

Although no shifts in bonding energies were observed for CO chemisorption on 

-S/Fe(100), we did observe shifts for S/Re(1010). These shifts in adsorption 

energy are probably caused by crowding of CO adsorption as can be seen form 

the sulfur structures in Figure 111.23. 
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W.2.3.2 CO Chemisorption on C/Re(1010) 

Unlike the effect of pre-adsorbed carbon on CO chemisorption on Re(0001), 

the effect on the (1010) face is similar to that of sulfur when annealed to 850K. 

Figure IV.6 presents the differences in the TDS between the carbon covered sur-

faces prepared by different annealing temperatures. Notice that the CO TDS on 

the surface with carbon annealed to 1100K (high temperature carbon) displays 

shifts in the desorption maxima from 350K (a3 ) on the clean surface to 320K at 

0.95. Contrary to this, CO TDS on the surface with carbon annealed to 

850K (low temperature carbon) displays no peak shifts up to O c  = 0.7, only 

specific site-blocking of the a3  and a2  desorption maxima. However, this 

behavior changes drastically once G c  > 0.8. At these coverages the ce, peak 

becomes much less intense leaving only the a3  peak with a new desorption peak 

appearing at lower temperature (320K) near saturation carbon coverage 

1.7). At lower carbon coverages (8 < 0.9) the effects of different annealing tem-

peratures ok-i CO chemisorption are quite different, but at high carbon coverage 

> 0.9) the desorption temperatures are similar. The amount of CO chem-

isorbed is also quite different on the two surfaces (Figure IV.7). On a Re(1010) 

surface with the high temperature carbon the amount of CO chemisorbed is 

nearly constant up to 	= 0.37 (0c  1). However, on low temperature car- 

bon the amount of CO chemisorbed decreases almost linearly with increasing 

C('72) 	 ________ - 	ratio from c(272) = 0.1 (0 = 0.15). Re(177) 	 Re(177) 	 C 

The difference between these two types of carbon is most apparent in the CO 

TDS at low coverage 0c < 0.9). Previously, AES measurements have shown that 
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the two carbons exhibit the same shaped carbon (272eV) peak at the same cover-

age (Figure 111.26). So, the immediate electronic environment is not changed by 

annealing. Both carbons appear to have gradually more "graphitic" behavior as 

carbon coverage increases; at low coverage there is a phase which is probably 

intermediate between "carbidic" and "graphitic" (Chapter 3).53  However, the CO 

TDS is very different on the two carbon phases, and the LEED patterns are also 

quite different. 

One would expect the shape of the carbon AES to reflect the local bonding 

environments. However, the change in LEED patterns indicates there is a 

difference in the long-range environment. To explain these contradictory results 

it is proposed that the shape of the carbon AES is determined by the electron 

withdrawing ability of the substrate. In the case where the "graphitic" carbon 

overlayer is made, electrons are donated from the carbon to Pt(111), 19  whereas 

with a "carbidic" overlayer electrons are donated to the carbon. 54 ' 55  At submono-

layer coverages of carbon this difference will probably be more determined by the 

indivIdual metal - carbon interactions than that of the bulk phase. Therefore, 

there will be less difference between "carbidic" or "graphitic" carbon AES at sub-

monolayer coverages. However, there may be structural differences between 

different types of carbons not observable in the carbon AES. It is suggested that 

carbons layers formed by different annealing temperatures on Re(1010) are 

bonded differently to the surface. The low temperature carbon phase is bonded 

deeply within the Re surface similar to "carbidIc" carbon. So, the influence of 

these additives is short range, hence, only the site-blocking ability. The high tern-

perature carbon phase, on the other hand, is annealed to a high enough 
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temperature to allow coalescing of the carbon atoms into islands which are 

bonded higher on the surface, similar to "graphitic" carbon. Hence, the effect of 

these overlayers is larger and the bonding energies of CO adsorbed near the 

islands are perturbed. At higher carbon coverage the carbon atoms in the low 
4 

temperature carbon phase start to coalesce and take on more "graphitIc" 

behavior. The more "graphitic" nature of the high temperature carbon on 

Re(1010) Is supported by the fact that the low temperature CO desorption peak 

produced on this surface (320K) is at the same temperature as the low tempera-

ture CO deorption peak observed on a carbon covered Re(0001). 

IV.3 Summary 

Similar to what has been observed on other transition metal surfaces, sulfur 

pre-adsorption acts to block sites for CO chemisorption on Mo(100), Re(0001), 

and Re(1010) with some slight changes in the CO chemisorption energy. The 

blockage of molecular (a) desorption states with little change in peak desorption 

temperature supports this proposition. 

On Mo(100) and Re(1010) (low temperature anneal) carbon pre-adsorbed sur-

faces (with carbon deeply bonded) display a site-blocking nature similar to that of 

pre-adsorbed sulfur. Minor shifts in the peak temperatures of the molecular 

desorption states (a) supports this proposal. The deep bonding of carbon into 	 - 

these surfaces limits the distance of perturbation of the carbon additive relative 

to sulfur. This is observed by the inhibition of CO chemisorption on Mo(100) and 

Re(1010) by 0 = 0.5, and 0 = 1 respectively, whereas inhibition by carbon on 

Mo(100) is not observed, and carbon coverages up to 0 c = 1.7 are needed on 
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Re(1010). Carbon pre-adsorbed on Re(0001) and Re(1010) (high temperature 

anneal) also block CO chemisorption, but bonding energy changes are observed. 

On C/Re(0001) this is so great that a new low temperature desorption state is 

observed. The non-specific CO chemisorption inhibition is due to the bonding of 

the carbon overlayer high from the surface. Thus, giving a non-specific blocking 

ability, and altering the CO chemisorption energies around the periphery of the 

carbon islands. 

The effect these sulfur and carbon overlayers have on hydrocarbon chem-

isorption is to be presented next. Based on CO chemisorption results, pre-

adsorbed sulfur is expected to block chemisorption with only slight changes in the 

chemisorption energies. Carbon adsorbed on Mo(100) and Re(1010) (low tem-

perature anneal) is expected to act similaly, but because of the availability of the 

Mo(100) top-sites, even at 0. = 1, a less efficient site-blocking behavior is 

expected. 
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CHAPTER FWE 

CHEMISORPTION OF D 2  AND HYDROCARBONS ON 

CLEAN Mo AND Re SURFACES; AND 

IN THE PRESENCE OF PRE-ADSORBED 

SULFUR OR CARBON 

V.1 Introduction 

The chemisorption of hydrocarbons on transition metal single crystal sur-

faces in ultra high vacuum allows one to determine possible bonding energies and 

geometries which may exist under conditions encountered in industrial catalysis. 

In this study the chemisorption of reactants (D 2  and thiophene) and products 

(1,3-butadiene, all butene isomers, and butane) of thiophene hydrodesulfurization 

(HDS, Chapter 1) on clean, sulfur covered, carbon covered Mo(100), Re(0001), 

and Re(1010) has been performed using mostly TDS as outlined in Chapter 2. 

Additional,' hydrocarbons such as acetylene and ethylene have also been studied 

briefly to allow comparisons with studies on other metals. First, a brief review of 

H2  chemisorption on transition metal surfaces will be given, then a general review 

of hydrocarbon chemisorption will be given followed by specifics (if there are any) 

for each hydrocarbon of interest here. Finally, results will be presented for 

hydrocarbon chemisorption on Mo and Re. 

V.1.1 Hydrogen Chemisorption 

Hydrogen chemisorption on transition metal surfaces has been studied exten-

sively. 1  Since this subject has been extensively studied the main task here is to 

review chemisorption energies, desorption temperatures, and bonding geometries 

U 
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on various surfaces. The main focus will be on desorption temperatures, since 

comparisons with H2  desorption due to hydrocarbon dehydrogenation need to be 

made. Most specific references to surfaces of interest will be made in the context 

of hydrocarbon dehydrogenation. 

Transition metals to the left of Cu, Ag, and Au adsorb H 2  dissociatively. 

Under these conditions the observed kinetic behavior during thermal desorption 

should be second-order (Chapter 2). At low coverages this has been observed on 

most metals (Ni(111) and (100),2  Pt(111), 3  Rh(111), 4  and W(100)5 ). Desorption 

energies using this technique have been found to be in good agreement with deter- 

minations made from adsorption isotherms. 2  However, as H2  coverage increases 

more desortion peaks appear at lower temperature, which may or may not exhi- 

bit second-order kinetics. 6  These peaks usually do not arise from the population 

of another site, but arise from adsorbate - adsorbate interactions.2' 3,5  At low cov- 

erage the desorption energy increases as one moves left across the periodic table. 

However, at high H2  coverages the desorption temperatures for all metals become 

similar. 

The adsorption sites for H2  depend upon the metal and crystal face on which 

it is adsorbed. 1  It has been found that H 2  is adsorbed in a delocalized "hydrogen 

fog" on Rh(111), and the same type of adsorption has been suggested to occur on 

the close-packed surfaces of other metals on the right side of the transition 

series. 7  In the ,, hydrogen fog i, 	
i there s no specific adsorption site, only regions of 

increased or decreased adsorption probability. Metals on the right side of the 

transition series, or those with more open surfaces, have specific adsorption sItes 

(usually bridge sites).1 

S 
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Pre-adsorbed sulfur has been found to block sites for H 2  chemisorption on 

metal surfaces (Ni, 8  Fe,9  and Ru10 ). In most cases no other effects such as block-

ing of specific sites or decreasing the bonding energy were observed. However, 

some decrease in desorption energy was observed on Ru(0001) 10  and Ni(100). 8  

Similar to the effects of sulfur pre-adsorption, carbon pre-adsorption on tran-

sition metal surfaces inhibited H 2  chemisorption. However, the specific effect of 

"graphitic" of "carbidic" forms of carbon was different. "Carbidic" overlayers on 

NI(100), 11  Fe(100), 9  and W(100) 12  have been shown to block H2  chemisorption. 

In addition, the H 2  TDS broadens with small shifts in the temperature of the 

desorption maxima compared to the clean surface. Pre-adsorption of "graphitic" 

carbon was also observed to inhibit H 2  chemisorption. In addition, H 2  chem-

isorption on C/Ru(0001) showed a boradened TDS similar to "carbidic" carbon, 13  

but studies on Pt(111) showed that the desorption energy decreases as well. 14  

These previous studies on sulfur and carbon pre-adsorbed surface show that 

these additives inhibit H 2  chemisorption. In the case of sulfur pre-adsorption, 

inhibition is accompanied by a decrease in chemisorption energy with TDS peak 

broadening. This is also true for both pre-adsorbed "graphitic" and "carbidic" 

carbon. 

V.1.2 Hydrocarbon Chemisorption on Transition Metal Surfaces 

Many studies on the chemisorption of hydrocarbons have been made on tran-

sition metal surfaces. These studies have been directed towards determining 

stable hydrocarbon species which may exist in UIHV, and their thermal evolution. 

Two techniques have been used in conjunction: TDS to obtain temperatures of 

r. 
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dehydrogenation and desorption of the hydrocarbon species, and HREELS for 

determining the structure of the adsorbed species at various temperatures based 

on the vibrational spectrum. 

On transition metals to the left of Cu, Ag, and Au in the transition series 

hydrocarbons undergo sequential dehydrogenation during thermal desorp-

tion. 15 ' 16 ' 17 ' 18  Dehydrogenation continues until all of the hydrogen is desorbed as 

H2  and the carbon backbone remains on the surface. One of the most extensively 

studied compounds for hydrocarbon chemisorption is ethylene, and we shall focus 

on its surface chemistry as an example of hydrocarbons chemisorption. Ethylene 

chemisorption on Pt(111) was one of the first hydrocarbon systems studied using 

HREELS. It was determined that ethylene chemisorbs at low temperature (< 

270 K) with its ir-bond parallel to the surface, and with substantial rehybridiza-

tion of the ir-bond to a. single bond (di-o bond). 19  Upon heating to 290 K partial 

dehydrogenation occurs to form an ethylidyne species (M 3 C-CH3). 20  This 

species has been observed on other surfaces as well (Rh(111), 2 ' Rh(100), 22  Pd(111) 

and Ru(0001) 13 ). 

In addition to ethylene chemisorption, propylene, butenes and butadiene 

chemisorption have been studied as well as thiophene (we shall mention these in 

more detail later). In general, it has been found that an unsaturated hydrocarbon 

initially bonds to the surface through the it-system at low temperature. Some-

times there is substantial rehybridizatibn of the ir-bond to almost a single-bond, 

indicating strong interaction with the surface as in the case of acetylene on 

Ru(0001). 23  In other cases, such as Ni(100) very little rehybridization is observed, 

and the molecule interacts weakly with the surface. 24  Then as temperature 
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increases sequential dehydrogenation occurs followed sometimes by fomation of a 

stable partially dehydrogenated species. In some cases like Pt(111) specific 

desorption peaks appear at temperatures associated with the formation of certain 

surface species. 17 This is because these H 2  desorption peaks are rate-limited by 

dehydrogenation, However, when the H 2  peaks from dehydrogenation-limited 

reactions become close in temperature to those that are rate-limited by H 2  

desorption no specific species can be associated with each desorption peak. 13  As 

temperature increases further (> 500 K) a broad tail appears in most hydrocar-

bon thermal desorption spectra (H 2 ) due to dehydrogenation of CH species. 25  In 

most cases the hydrocarbon coverage does not effect the sequence of structures 

formed during thermal desorption. However, the TDS does show a coverage 

dependence, because of changes in the temperature for H 2  desorption from hydro-

carbon dehydrogenation (dehydrogenation-limited at high coverage and 

desorption-limited at low coverage). 13  

Based upon the thermal desorption of hydrocarbons (yielding H 2) it is 

difficult to determine if partially dehydrogenated species are associated with cer-

tain H2  desorption features, and what their stoichiometry is. What can be done, 

and what is done here is that shifts in the desoprtion peak temperature of H 9  

(from dehydrogenation) can be monitored to see if sulfur or carbon pre-adsorption 

alters dehydrogenation pathways. 

As yet, no mention of reversible hydrocarbon adsorption has been made. 

This is because, in most cases below saturation coverage, hydrocarbons do not 

desorb molecularly but decompose (one exception is Pt(111)17 ). Near saturation 

coverage, and above, molecular desorption is observed with peak tern prtures 

1 
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between 100 - 200 K, indicating weak bonding. Using Redhead's method 

(Chapter 2)26  these peak temperatures correlate to desorption energies of (first-

order desorption) 5.7 - 11.7which is on the order of the H of most unsa- mol 	 sub 

turated hydrocarbons (5.4 	for propylene and 9.9 kcal  for thiophene). 27  This rnol 	 mol 

suggests that moleulcar desorption is occuring from condensed overlayers, i.e. the 

multilayer. Molecular desorption is observed consistently for saturated hydrocar-

bons though. 28  

The effect of pre-adsorbed sulfur on hydrocarbon chemisorption on transition 

metal surfaces is similar to that found for CO; chemisorption is blocked. A few 

studies on sulfur covered surfaces have been performed on Pt(111) 29  and 

Ni(100). 30 ' 31  In addition to blocking sites for decomposition, reaction pathways 

which were previously inaccessable because of decomposition become available. 

During the thermal desorption of formaldehyde chemisorbed on Pt(111) the for-

mation of methane is enhanced on the sulfur covered surface. 29  Thermal desorp-

tion of ethanol chemisorbed on N(100) shows that decomposition is blocked, 

thereby enhancing the production of formaldehyde. 30  

Several chemisorption studies of hydrocarbons on carbon covered metal sur-

faces have been performed. On Pt(111) 14  and Ni(110)32  hydrocarbon decomposi-

tion on "graphitic" overlayers was blocked, and no other reaction pathways were 

observed. However, metals such as Ni(110) 32  and W(100) 33 ' 34  allowed reaction 

pathways unavailable on the clean metal surface to occur on the surface with 

pre-adsorbed carbon in the "carbidic" form. Complete decomposition of formic 

acid to CO was blocked on a "carbidic" Ni(110) favoring partial decomposition to 
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CO2. Formaldehyde decomposition on the clean W(100) was blocked on the 

(5x1) carbon reconstructed surface leading to formation of methane, 33  similar to 

the effect of sulfur pre-adsorption on Pt(111). 29  On this same surface, decomposi-

tion of chemisorbed cycloheptatriene was blocked by carbon pre-adsorption lead-

ing to a novel reaction to form benzene. 34  

The major effect that sulfur and carbon additives on metal surfaces have on 

hydrocarbon chemisorption is to block sites for decomposition. In most cases, this 

may lead to surface reactions on the additive covered surfaces not found on the 

clean metal surfaces because of decomposition. In other words, the reactions 

occur because specific pathways are blocked by sulfur and carbon pre-adsorption. 

The effect of sulfur and "carbidic" carbon are similar in this respect, but "graphi-

tic" carbon overlayers were not observed to enhance other reaction pathways. 

However, the limited number of studies on "graphitic" carbon overlayers precludes 

any prediction about other systems. 

Next the literature on each hydrocarbon used in this study will be presented. 

All of these studies occur on clean surfaces, so, no mention will he made of the 

effects of sulfur and carbon pre-adsortion. 

V.1.3 Acetylene and Ethylene Chemisorption 

Acetylene ehemisorption on Ru(0001) is similar to that for ethylene. 23  After 

substantial rehybridization to nearly sp 3  with the CEC bond parallel to the sur-

face, acetylene partially disproportionates to ethylidyne and acetylide (CCH) 

upon heating to 230 K. Above 380 K further dehydrogenation to C-H fragments 

occurs, which then decompose above 500 K. On a more reactive metal such as 
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W(100), acetylene was observed to decompose completely to W-C and W-C at low 

coverage and 300 K.35  However, at higher coverages C-H stretches were observed 

(zi(C-H) = 3000 cm 1 ) indicating some intact hydrocarbon fragments on the sur-

face. The resolution of the HREEL spectra in this study was low and no deu-

terated compounds were studied to aid in mode assignment so the nature of the 

fragment could not be conclusively determined. However, with the application of 

dipole selection rules for HREELS the weak intensity of the C-H stretch suggested 

that the fragment was lying parallel to the surface. 36  

As mentioned earlier, the chemisorption of ethylene on transition metal sur-

faces is studied most extensively. Upon chemisorption at low temperature on 

Rh(111) ethylene first bonds to two metal sites through the ir-systen with the 

C=C bond parallel to the surface (di-obond). 22  Then upon heating the ethylene 

partially dehydrogenates and forms ethylidyne at 220 K, with loss of Had  in a 

desorption-limited peak at 270 K. Further heating to 400 K results in more dehy-

drogenation to form CC-H and C-H species, followed by dehydrogenation at high 

temperature (giving rise to an H 2  tail in TDS). Chemisorption on more open sur-

faces such as Rh(100) has also been studied and the reaction pathway is observed 

to be dependent on the coverage of ethylene. At low coverage the more partially 

dehydrogenated acetylide is produced, whereas at higher coverages both ethyli-

dyne and acetylide are produced. Similar results were found when ethykne was 

chemisorbed on Ru(0001). 13  However, no coverage dependent reaction pathway 

was observed. Instead both ethylidyne and acetylide were produced at 280 K, 

and subsequent heating to 350 K caused additional dehydrogenation leading to 

H2  evolution in a desorption-!imited TDS peak. Similar to Rh, H 2  evolution at 
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high temperature was caused by dehydrogenation-limited desorption from C-H 

fragments. On Ni(100) ethylene was observed to form a vinyl fragment, -C=CH 2  

at 170 K, after chemisorption at 100 K produced ir-bonded ethylene. 24  Chem-

isorption on a more reactive metal such as W(iOO) has also been studied using 

HREELS. 35  Although the resolution of the spectra was low, and no deuterated 

compounds were examined to aid in mode assinment, ethylene was suggested to 

partially dehydrogenate to acetylene at 135 K. Some complete decomposition was 

also observed from the appearance of v(C-W) = 550 cm 1 . Annealing to tempera-

tures higher than the first H 2  desoption peak (from ethylene dehydrogenation) 

yielded a v(C-H) indicating that CH species were still present after the first 

dehydrogenation. 37  

It can be seen that all of these hydrocarbons dehydrogenate at about the 

same temperature as desorption-limited H 2  evolution. Therefore, it is difficult to 

make comparisons of TDS peak temperatures on different metals. However, it 

has been noticed that the temperature at which partial dehydrogenation occurs 

decreases, and the extent of ir-bond rehybridization increases as one moves left 

across the transition series. This is seen from the extensive rehybridization of ace-

tylene on Ru(0001), and the existence of acetylide fragments from ethylene dehy-

drogenation on Ru(0001) relative to Rh(111). 

V.1.4 Unsaturated C 4  Hydrocarbon Chemisorption 

The higher molecular weight unsaturated hydrocarbons (except benzene) 

have been less extensively studied. The most extensive studies have been per-

formed by Avery and Sheppard on Pt(111). 38 ' 3940  They determined that the 
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butene Isomers (1-butene, cis-2-butene, and trans-2-butene) all adsorb through 

the ir-bond parallel to the surface, but with different orientations of the aliphatic 

substituents. The initial chemisorption geometry gives rise to different partially 

dehydrogenated species. For 1-butene, initial dehydrogenation at 250 K produces 

a butylidyne species (C-CH 2-CH2-CH3). Whereas cis- and trans- 2-butene par-

tially dehydrogenate to form di-o bound species (CH 3-C=C-CH3). Although the 

exact structure of 1,3-butadiene could not be determined at low temperature all 

the unsaturated C 4  hydrocarbons dehydrogenate to a metallacycle (-C-CH=CH-

C-) at 400 K. At higher temperatures complete decomposition occurs. 

This shows the different type of chemistry which can occur with different iso-

mers. 

V.1.5 Thiophene Chemisorption 

Most thiophene chemisorption studies are directed towards understanding 

the interactions with the surface in the context of high pressure hydrodesulfuriza-

tion of thiophene (Chapter 1). As mentioned earlier, HDS of thiophene Is believed 

to involve first desulfurization followed by hydrogenation throug butadiene as an 

intermediate. In order for desulfurization to occur without the carbon - carbon 

bonds breaking, the surface needs to donate electrons into the lowest antibonding 

orbital of thiophene (which is antibonding between S-C), and so needs to bond 

perpendicularly to the surface. In addition, this configuration would allow the a-

hydrogens to interact more strongly with the surface since they are closer than 

the 3-hydrogens. Therefore, dehydrogenation of the a-position is expected at a 

lower temperature than for the /9-position if the desorption of H 9  is rate-limited 
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by dehydrogenation, Chemisorption and thermal dehydrogenation of thiophene-

2,5-d2  would be expected to exhibit differences in the H 2 , ED, and D 2  desorption 

spectra. 

Thiophene chemisorption has been studied on many metal surfaces. 41  Except 

for Cu (where it does not dehydrogenate during thermal desorption) it forms a 

complex dehydrogenation spectrum (yielding H 2), and molecular desorption 

occurs from a low temperature state. Several studies suggest that the compound 

is adsorbed with the plane of the ring tilted with respect to the surface 

(Ni(100)45 ' 46  and Pt(111) 43 ). However, only on Pt and Pd42  has desulfurization 

followed by hydrogenation to yield butadiene been observed in ultra-high 

vacuum. On some of these surfaces, desuifurizatjon followed by metallacycle for-

mation has been suggested to occur. 43 ' 46  In additIon, c-8 dehydrogenation 

specificity has been observed on Ni(100), 42  but not on Pt(111). 42  In the latter, H 2  

desorption may be rate-limiting. Other surfaces where no structural studIes have 

been performed also show o-0 dehydrogenation specificity in the desorption spec-

tra (Os(0001), Ru(0001), Ir(111), Pd(111), (100) and (110)42 ). In all of these stu-

dies the ü-hydrogens dehydrogenate and desorb at lower temperatures than the 

0-hydrogens. 

V.1.6 Aikane Chemisorption 

Alkanes do not possess a ir-system with which to strongly interact with tran-

sition metal surfaces. Thus, alkanes usually do not dehydrogenate on these sur-

faces. 28 ' 48 ' 49  On surfaces other than the close-packed faces, such as reconstructed 

(1X2)-Pt(110), some alkanes dehydrogenate. 28  In general, as the length of the 
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alkane chain increases the ability of the surface to dehydrogenate the alkanes also 

increase. For instance, propane does not decompose on (1X2)-Pt(110), but butane 

does. In addition, the adsorption energy of the alkanes to the metal surfaces 

increases with increasing carbon chain length. The desorption energies (calcu-

lated from thermal desorption temperatures) are slightly higher than the heat of 

sublimation, H sub 

Unsaturated hydrocarbons dehydrogenate during thermal desorption. The 

H2  TDS from dehydrogenation may give information on the stoichiometry of the 

partially dehydrogenated species. However, interference may cloud this informa-

tion. The most important piece of information can be gained from comparisons 

of H2  TDS from hydrocarbon dehydrogenation amoung various hydrocarbons and 

between various additive covered surfaces. The latter technique is used here. 

V.2 Hydrocarbon Chemisorption on Mo(100), Re(0001), and Re(1010) 

V.2.1 D 2  and Hydrocarbon Chemisorption on Mo(100) 

H9  chemisorption has been studied previously on clean, 50 ' 5 ' sulfur 

covered, 51 ' 52  and carbon covered 53  Mo(100). Initial studies established that three 

desorption peaks 	and $3)  are observed at saturation hydrogen coverage. 50  

Sequential population of the desorption peaks is observed (Figure V.1). The high 

temperature peaks (/99  and 03) exhibit second-order desorption, and desorption 

energies of 27---  ($) and 20 	(/39) have been determined. The sharp peak 
mo! 	3 mol 

low temperature peak which grows in above Y2 saturation coverage 	exhibits 

first order desorption with a desorption energy determined to be 16 
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HREELS studies51  have established that the multiple desorption temperatures 

observed are caused by adsorbate - adsorbate interactions with Had  residing in 

bridge-sites similar to W(100). 54  With Had residing in bridge-sites saturation 

hydrogen coverage occurs at 2 H atoms Pre-adsorbed sulfur acts to block H 
Mo atom 	 2 

desorption without changing the desorption spectrum 52  or adsorption site, 51  and 

adsorption is completely blocked by 0 = 0.5. Carbon pre-adsorption also blocks 

sites for hydrogen chemisorption with broadening of the H 2  TDS similar to the 

effect of "carbidic" carbon on other metals. 53  These results have been reproduced 

here (Figure V.lb). 

Methanol and formaldehyde were found to decompose readily when adsorbed 

on Mo(100). 55  However, as expected pre-adsorbed carbon blocks decomposition 

enhancing methane and formaldehyde production, similar to the effect on (5X1)-

C-W(100). 33  Because of the different proposed structures for (5X1)-C-W(100) and 

p(1X1)-C-Mo(100) Ko and Madix concluded that similar product distributions 

these surfaces imply a compositional effect on surface chemistry not related to 

structure. 12 ' 56  

The results of our studies are in agreement with what would be expected 

from this previous work. All of the unsaturated hydrocarbons decompose on the 

clean Mo(100) surface. In addition, some butane decomposition was observed. In 

the presence of sulfur or carbon on the Mo(100) surface the decomposition of the 

hydrocarbons is inhibited. Although similarities in decomposition inhibition were 

found between adsorbed sulfur and carbon, differences in molecular binding were 

also observed. While sulfur blocks all sites for chemisorption, carbon blocked only 
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decmoposition sites, leaving other sites available for strong hydrocarbon bonding. 

V.2.1.1 Unsaturated Hydrocarbon Chemisorption on Mo(100) 

This section is organized as follows. First, a general summary of the thermal 

decomposition pathways of all the hydrocarbons on the different surfaces (clean, 

co-adsorbed with sulfur, and co-adsorbed with carbon) will be presented. This 

will be followed by a detailed account for the desorption behavior of each com-

pound. A summary of desorption temperatures and products is presented in 

Table V.1. Finally, within each subsection the experimental results will be 

presented first followed by a discussion of the data. 

We have found that sulfur and carbon overlayers inhibit the decomposition 

of hydrocarbons on Mo(100). Specifically, sulfur blocks chemisorption sites with 

little change in the dehydrogenation energies. The enhancement of molecular 

desorption from low temperature physisorbed states (<ii--f)  supports this 

idea. On the other hand, only carbon blocks decomposition sites. The similarity 

in TDS product distributions for reactions on the surfaces pre-adsorbed with sul-

fur and carbon suggest that these differences in influence of the additives on 

hydrocarbon adsorption sites play minor roles in the mechanism of the observed 

surface reactions, and that the availability of metal sites control the surface 

chemistry. 

V.2.1.1.1 Chemisorption on the Clean Mo(100) 

The clean Mo surface is highly reactive, and most hydrocarbons decompose 

on a clean surface, producing C residues on the surface, and H 2  which desorbs 
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Table V.1: Desorption temperatures (K) of D 2  
products from Mo(100) with various 
heating rate of  

and various hydrocarbons and their desorption 
overlayers. Saturation coverage is used sith a 

compound surface 

adsorbed desorbed clean sulfur carbon 

D2  D2  275, 320 290,400 240 

acetylene H2  290, 360, 580 600,660 
acetylene 150 

ethylene H2  260, 370 290, 400 300, 380 
ethylene 200 160, 210 210 
ethane 200 - -- 

1-butene H2  260, 310, 580 380 400 
butene 150 150 245 (0 	< 0.6) 
butane 190 200 (9 	< 0.3) 200(0 	 < 0.4) 

trans-2-butene H2  250, 350, 580 380 400 

butene 150 150 

cis-2-butene H2  250, 290, 580 380 400 
butene 150 150 240 

1,3-butadiene H2  200, 360, 580 380 410,590 

butadiene 150 150 150, 290, 340 

385 	> 0.6) 
butene - 290 (9 	< 0.5) 380 (9 	= 0.7) 

thiophene H2  270, 360, 610 380 400,690 
I 690 

thiophene 180,230 170 300 360 

thiophene_2,5-d 2  H2  270, 360, 610 380 360, 600, 690 
610 

D2  270,360 310,400 350,630  
630,690 690 

butane H2  360 (broad) 380 400 
butane 185 160 180 
butene - 220,390 260,330 

(0 	> 0.7) > 0.5) 
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upon heating. At sub-saturation coverages of hydrocarbon, the H 2  desorbs at 

approximately 350K in one peak for all hydrocarbons (a good example is 1-

butene, Figure V.2). However, as hydrocarbon coverage approaches saturation 

the H2  peak shift to lower temperature, and low temperature peaks (250 - 300K) 

appear. Any molecular desorption occurs at low temperature (150 - 170K) near 

saturation coverage and above. Hydrogenation reactions are also observed with 

some of the hydrocarbons. These reactions produce new hydrocarbon species 

which desorb from the surface upon heating. The conjugated systems (thiophene 

and butadiene) showed the highest reactivity towards decomposition, while the 

aliphatic compound (butane) the least. 

The chemisorption of several unsaturated hydrocarbons (ethylene, propene, 

1-butene, cis-2-butene, trans-2-butene, 1,3-butadiene, and thiophene) resulted in 

similar H2  desoption features (from partial dehydrogenation), but variations in 

intensity (Figure V.3). Three major temperature regions for desorption were 

observed: 250 - 310 K (A), 310 - 500 (B), and > 500 K (C). All of the unsa-

turated hydrocarbons exhibit H 2  desorption maxima (from dehydrogenation) in 

these regions except for ethylene where a continiously decreasing desorption tail is 

observed to 650 K in region C (Figure V.3). This high temperature tail appears 

in many hydrocarbon dehydrogenation spectra (yielding H 
2  ) as mentioned previ-

ously, and has usually been attributed to dehydrogenation of CH  fragments. 

The existence of similar H 2  thermal desorption peaks may suggest similar 

reaction pathways. However, one must be cautious in doing this since H 2  desorp-

tion from H2  chemisorption occurs in the same regions as A and B. 50  In some 

cases, this has worked well. The comparison of thermal desorption spectra of 
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saturated sulfur containing organic compounds on Mo(110) allowed Roberts and 

Friend to suggest a reasonable mechanism for surface reactions during thermal 

desorption.57  

In all cases except ethylene, reversible molecular desorption was observed 

only at high hydrocarbon coverage and low temperature, between 150 - 180 K. 

This indicates multilayer condensation similar to what has been observed previ- 

ously. 

V.2.1.1.2. Sulfur Covered Mo(100) 

Pre-adsorption of sulfur on Mo(100) was observed to decrease dehydrogena-

tion, and increase reversible molecular desorption at low temperature. The 

decrease in the intensity of the H 2  TDS (from hydrocarbon dehydrogenation) was 

accompanied by small changes in desorption peak temperature. In fact, this 

change in desorption peak temperature paralleled that observed for H 2  chem-

isorption. So, as sulfur coverage increases the dehydrogenation spectra (yielding 

H2 ) look more similar to H2  chemisorption, indicating H 2  desorption is rate-

limited by desorption not dehydrogenation. 

Reversible molecular desorption continued to increase in intensity at the 

same desorption temperature as on the clean surface up to 0 = 1. The calculated 

activation energies for desorption are presented in Table V.2. As can be seen the 

desorption temperatures for 0 < 1 give activation energies slightly stronger (1 

kcal than at 0 > 1 or H . This indicates that desorption from this region mol 	 S 	 sub 

usually attributed to the multilayer is slightly stronger than would be expected; 

i.e. there is still a small interaction through the overlayer to the metal surface. 

0 
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Table V.2: Activation energies for molecular desorption on sulfur covered Mo(100). Comparison 
with iH are made. Acetylene, and ethylene were not included since the tempera-
ture of aäsorption could not be lowered sufficiently for condensation. All values are in 
kcal 
moI 

activation energy 

compound for desorption AHSU bI 

0 = 0 . 5 	°> I 

1-butene 8.7 7.8 

1,3-butadiene 8.7 7.8 7.6 

thiophene 11.1 9.9 
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However, for 0 > 1 another molecular desorption peak grows in which we attri-

bute to bonding on multilayers of sulfur (Figure V.4). In this case, the distance 

to the metal underneath is greater, hence, the interaction with the surface is less. 

So, the desorption energy is more closely related to the heat of sublimation, 
U 

- 	Hb. Results similar to those obtained here at 0 > 1 were previously obtained 

for chemisorption on MoS 2 , where the thiophene desorption energy was 	kcal 58 
mol 

V.2.1.1.3 Carbon Covered Mo(100) 

Co-adsorbed carbon was also found to decrease decomposition. In addition, 

all hydrocarbons, except butane, were seen to have new molecular binding states 

on a surface with pre-adsorbed carbon. The product distribution of the surface 

reactions was observed to be affected in a similar way as with sulfur coverage. 

The effect that pre-adsorbed carbon had on the shape of the dehydrogenation 

spectra (yielding H2) varied with the hydrocarbon used, and so will be dealt with 

in detail below. 

V.2.1.2 Chemisorption of Acetylene and Ethylene on Mo(100) 

These compounds were not studied thoroughly and so represent results from 

which to make limited conclusions. Presented previously (Figure V.3) was the 

TDS of acetylene on clean Mo(100). The low temperature desorption states fall 

into the A and B group presented previously. In addition, the amount of carbon 

deposited during thermal dehydrogenation was 9 = 0.72, which corresponds to 

an initial acetylene coverage of °C2H2 = 0.36. unlike the other unsaturated hydro- 

carbons the A peak is much less intense than the B peak. We attribute this to 
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the limited amount of Had  from dehydrogenation 0H = 0.72, and as mentioned 

earlier satuation hydrogen coverage is 0 = 2. The low temperature H 2  chem- 

• 

	

	 isorption state, A, is not completely filled, thus the hydrocarbon dehydrogenation 

state, A, is less intense. 

Carbon pre-adsorption blocked acetylene dehydrogenation at low tempera-

tures enhancing dehydrogenation in the C area at 600 K and 670 K (Figure V.5). 

This is similar to butadiene and thiophene, and will be discussed later. 

Ethylene chemisorbs strongly on Mo(100). Two, well resolved dehydrogena-

tion peaks (yielding H2) are observed on the clean surface. The desorption tem-

peratures are similar to those quoted elsewhere. 59  However, a desorption tail out 

to 600 K was not observed elsewhere. The amount of carbon deposited after 

dehydrogenation to 900 K is Oc  = 0.6. This corresponds to inital ethylene cover-

age of approximately Gc 4  = 0.3, and a hydrogen coverage of 0 	1.2. This is 

still less than saturation hydrogen coverage. The low temperature for H 2  desorp-

tion (lower than for H2  chemisorption) indicates dehydrogenation-limited desorp-

tion. These coverage measurements are an underestimate since some of the 

ethylene desorbs molecularly at 200 K, and some hydrogenates to ethane at 200 K 

(Figure V.6). The observed ethane desorption is probably rate-limited by 

ethylene dehydrogenation or hydrogenation since the desorption temperature is 

about the same as that for butane (section V.2.1.6), and ethane would be 

expected to have a lower molecular desorption temperature. 28  

Both sulfur and carbon pre-adsorption on Mo(100) inhibit ethylene dehy -

drogenation. Sulfur pre-adsorption inhibits all ethylene surface reactions. Car- 
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bon pre-adsorption also inhibited dehydrogenation, but the most remarkable 

result is the sharpening of the ethylene molecular peak at 210 K. This is not the 

same as that observed on Mo(111) where carbon pre-adsorption blocked further 

ethylene up-take. 59  

V.2.1.3 Chemisorption of Butenes on Mo(100) 

All butenes decompose to give H 2  desorption peaks at 260K, 300K, 350K, 

and 580K. However, cis-2-butene decomposition is enhanced at the 300K peak 

relative to both 1-butene and trans-2-butene (bottom of Figure V.7b). 

The H2  TDS of all butenes was found to be identical at sulfur coverages 

greater than 0.3 monolayers. Representative thermal desorption spectra are 

shown in Figure V.7a for 1-butene. 

The 580K H2  peak (from hydrocarbon decomposition) appears only near 

saturation butene coverage on an initially clean surface. However, this peak is 

not stabilized by pre-adsorbed carbon (Figure V.7a). 

1-Butene is active towards hydrogenation on an initially clean Mo surface. 

The butane whIch is produced from the hydrogenation of butene, desorbs at 

lOOK. Thi is the same desorption temperature of butane when It is initially 

adsorbed on the clean surface (Table V.1). However, for the 2-butenes the 

amount of hydrogenation observed was at the limit of detection (< 1%). 

For 1-butene the amount of hydrogenation was found to decrease as either 	 a. 

sulfur or carbon coverage increased above 0.2 monolayers (Figure V.8). However, 

a slight increase In hydrogenation activity was observed at low additive coverage 

(maximum at 0 = 0.1 - 0.2), which is probably due to increased availability of 
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intact 1-butene. 

Deuterium and hydrogen co-adsorption experiments were performed with 

both 1-butene and 2-butene to determine details of the hydrogenation mechan-

ism. These experiments resulted in incorportion of the H (or D) and desorption of 

the hydrogenated product (butane) at 160K. This desorption temperature is 

below that observed when butane alone is initially adsorbed, but coincides with 

that observed when butane is co-adsorbed with hydrogen. 

The molecular desorption spectra of the butenes were not identical on the 

carbided surface (Figure V.9). 1-Butene and cis-2-butene were found to. desorb in 

one peak at 245K and 240K respectively (the uncertainty in peak temperature 

determination is ±7K). However, trans-2-butene desorbs in two peaks at 2001< 

and 250K. Remarkably, the desorption product for 1-butene adsorption is almost 

completely 2-butene (85±3% 2-butene), while the desorption product for both 2-

butenes remains 2-butene. 

A site-blocking model is proposed for butene hydrogenation, which occurred 

at a low temperature (190K). The desorption of the product, butane, is rate lim-

ited by desorption. This can be seen from the same desorption temperatures for 

butane regardless of whether butane or butene was adsorbed initially. Deuterium 

co-adsorption provided a determination as to whether hydrogenation was a one-

step or a two-step process. D 2  was incorporated into the hydrogenated product, 

butane, and the product desorbed in a sharp peak at 160K. This low desorption 

temperature was also seen when butane was co-adsorbed with H 2 . Similar shifts 

in hydrocarbon desorption temperature, when co-adsorbed with H 2  have been 
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observed previously. 17  This provides an upper bound on the activation energy for 

hydrogenation (assuming first-order desorption) 26  of 9 	The 2-butenes did 

not hydrogenate without H 2  co-adsorption, but when H2  was pre-adsorbed, 

butane was produced at 160K (as for 1-butene). This indicates that the 

differences in hydrogenation without H 2  co-adsorption between the butenes is due 

to differences in the activation energy for dehydrogenation, which is responsible 

for the availability of Had  for hydrogenation, The desorption temperature for 

butane from 1-butene hydrogenation (190K) provides an upper bound (because it 

is desorption limited) on the activation energy for this dehydrogenation (assuming 

first-order desorption) 26 	
rnol 

The product distribution as a function of additive coverage, for butene 

hydrogenation, is similar for both sulfur and carbon (Figure V.8). The difference 

in the molecular binding energies on both surfaces (9 -. for a sulfur covered sur- 

face, and 14 	for a carbon covered surface) suggests that kinetic control by the 

metal sites explains the similarity in product distributions. 

isomerization of 1-butene to 2-butenes was found on the Mo(100) pre-

adsorbed with carbon. The desorption temperature represents an upper bound on 

the activation energy for isomerization which is calculated to be 14 k cal  (assuming 

first-order desorption). 26  The similarity of the 1-butene and cis-2-butene molecu-

lar desorption spectra on this surface may lead one to suggest that 1-butene 

isomerizes to cis-2-butene. However, if the activation energy for isomerization is 

near that for desorption at 240 - 250K then the desorption spectra would look 

very similar regardless whether the product was cis-2-butene or trans-2-butene. 
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V.2.1.4 Chemisorption of 1,3-Butadiene on Mo(100) 

At saturation coverage nearly all of the butadiene decomposes to Cad  and 

Had• Any molecular desorption occurs from a physisorbed state at 150K, The 

decomposition spectrum (yielding H 2) for butadiene has three peaks: 290K, 360K, 

and 580K (at the bottom of Figure V.10a). The 580K peak appears only near 

saturation coverage of butadiene. Because of the high temperature for desorp-

tion, this peak corresponds to a reaction limited step (C-H bond breaking). The 

appearance of this peak near saturation coverage indicates that it is probably 

caused by decomposition of butadiene fragments which are stabilized by the car-

bon from the decomposition of other butadiene molecules. 

While carbon coverage blocks decomposition, thus attenuating the H2  peaks, 

the high temperature H2  peak is attenuated only at high carbon coverage (Figure 

V.lob). The stabilization of the 580K peak on the carbon overlayer suggests that 

the similar peak observed on the initially clean surface might again be caused by 

the presence of carbon residues resulting from butadiene decomposition. 

Both C and S were found to block sites for decomposition. With the amount 

of decomposition decreasing, another reaction pathway became significant. We 

found that hydrogenation to form butenes is enhanced for 0 = 0.2 - 0.4 (Figure 

V.11a), and 0. = 0.2 - 0.8 (Figure V.11b). The butenes produced desorb at 290K 

and 340K (Figure V.lOa) on the sulfided surface, and 300 - 380K on the carbided 

surface (Figure V.lOb), preceding closely the H 9  desorption from butadiene 	
Is 

decomposition. On both surfaces a mixture of 1- and 2-butenes was obtained, 

with 70±10% being 2-butene. 
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Deuterium co-adsorption experiments were performed at 0 = 0.3 and 0 = 

0.2 - 0.4. Incorporation of deuterium was observed. The deuterated butene 

showed the same desorption maximum as that for the non-deuterated butene. 

However, on the surface with pre-adsorbed sulfur only, the deuterated butenes 

exhibIted a shoulder in the TDS at 210K not found for the non-deuterated species 

(Figure V.1 12). 

The molecular desorption of butadiene from a surface with pre-adsorbed 

with carbon (Figure V.lOb) was found to be In the same temperature region as 

that observed for thiophene (see below) (290 - 380K). The ratio of mass 39 to 

mass 54 peak height matched that observed of 1,3-butadIene, indicatIng that no 

isomerization occurred. 

Hydrogenation of butadiene to butenes has been studied extensively on 

industrial catalysts, but has not been studied in EJHV. We found that this reac-

tion is enhanced at sub-monolayer coverages of sulfur or carbon. This is because 

on a clean surface there is a large amount of decomposition. However, at sub-

monolayer coverages of sulfur or carbon some of the adsorbed molecules are on 

overlayer patches, and do not decompose. These molecules which would have 

been decomposed on a clean surface are molecularly intact and available for 

hydrogenation, usIng Had  from hydrocarbon decompositIon on clean Mo(100) 

patches. At low additive coverage the amount of hydrogenation is limited by the 

amount of intact hydrocarbon available. However, as additive coverage increases 

further the amount of clean patches decreases, and the extent of decomposition 

decreases. At this stage the reaction is limited by the amount of Had  available 

and the extent of hydrogenation decreases. This simple model provides a basic 
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qualitative description of the TDS product distributions shown in Figure V.11. 

Deuterium co-adsorption experiments were performed in order to determine 

some details about the hydrogenation mechanism. Two different hydrogenation 

mechanisms can be imagined; a two-step mechanism, where butadiene first 

decomposes then Had  hydrogenates the intact butadiene, or a one-step mechan-

ism where direct hydrogen transfer between moleëules occurs. Previously, it was 

stated that the desorption temperature for butenes produced from butadiene 

hydrogenation is higher than observed from desorption of pre-adsorbed butene. 

Therefore desorption of butenes is rate-limited by the hydrogenation or decompo-

sition of butadIene. Co-adsorption of D 2  with butadiene at sub-monolayer cover-

ages of sulfur produced deuterated butenes. This implies that hydrogenation of 

butadiene is a two-step process. In addition, the coincidence of the desorption 

peaks for the deuterated and non-deuterated product shows that hydrogenation 

of butadiene, and not decomposition, is the rate-determining step. However, the 

appearance of the low temperature shoulder for the deuterated products in the 

presence of pre-adsorbed sulfur introduces some uncertainty in this conclusion for 

the case of sulfur on Mo. Assuming second-order desorption kinetics an activa-

tion energy for desorption can be calculated, and this will be the activation 

energy for hydrogenation (16 .k.-  for pre-adsorbed sulfur, and 21 	for pre- 
M01 

 carbon).26 

In addition to these differences in activation energy there are also differences 

in the additive coverage giving the maximum amount of hydrogenation ( 9  s = 0.2 - 

- 

0.4, and OC = 0.5 - 0.6). This reflects a general trend in the abilities of the carbon 
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and sulfur overlayers to block dIssociative adsorption. Sulfur blocks dissociative 

adsorption for H2  at coverages greater than 0 = 0.5 - 0.6.52 However, carbon 

does not block dissociative adsorption until 0. = i. We have found this 

difference to also be true for the decomposition of hydrocarbons as well. Figure 

V.11a shows that decomposition (H 2  production) is essentially stopped by 0 = 0.5 

- 0.6. However, Figure V.11b shows that greater than 0. = 0.9 is required to stop 

decomposition. 

While sulfur overlayers suppressed strongly bound adsorption sites for buta-

diene, leading to an enhancement of weak molecular physisorption, carbon over-

layers have a very different effect. This is shown by the appearance of strongly 

bound states on the surface with pre-adsorbed carbon that produce desorption 

peaks of butadiene at 270 - 380K. Despite this difference the reaction pathways 

and product distributions are similar for both surfaces. This indicates that it is 

not the additive patches where the intact molecule sits which controls the reac-

tion, but the bare metal sites where decomposition occurs. 

V.2.1.5 Chemisorption of Thiophene on Mo(100) 

Initial work on thiophene decomposition atributed low temperature H 2  peaks 

to adsorptiQn of H2  from the background and not from thiophene dehydrogena-

tion.60  However, our studies here, and more recent studies 47  have shown the low 

temperature H 2  peak arises from thiophene dehydrogenation (Figure V.13). This 

has been concluded from the dehydrogenation of a partially deuterated thiophene, 

and this exhibits similar D 2  TDS (Figure V.14). In addition, recent HREELS and 

TDS studies on thiophene chemisorption on Mo(100) have confirmed our results.47 
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Therefore, we conclude that these peaks must arise from decomposition of 

thiophene. In addition, our results indicate that the a-position dehydrogenates 

more easily than the 3-position. In aggreement with a recent study of the decom-

position of thiophene-2,5-d 2  on clean Mo(100). 47 

Although the adsorption of thiophene as a function of sulfur coverage on 

Mo(100) has been studied previously, 60  the present results using thiophene-2,5-d 2  

provide more detailed information. We found that both sulfur and carbon elim-

mate the dehydrogenation specificity (this has also been reported for sulfur on 

other metals). 42  Both H2  and D2  peaks were seen to converge towards the same 

desorption spectrum as additive coverage increased (Figure V.14). The difference 

in intensities at 0 = 0.5 is probably caused by adsorption of background H 2  on 

the back face of the crystal. 

The thiophene TDS from a surface pre-adsorbed with carbon has not been 

reported previously. The H2  TDS from the decomposition of thiophene on this 

surface are show-n in Figure V.13 together with the molecular desorption spec-

trum. Thehigh temperature H 2  peaks showed no attenuation until carbon cover-

age was greater than .} monolayers. Then only the 610K peak was attenuated, 

but the 690K peak was not. The lack of attenuation in these fragment peaks sup-

ports the idea that their observation on a clean surface might be due to -the pres-

ence of residual carbon contamination. 

Molecular desorption is observed in the range 190 to 250K on the clean sur-

face. As carbon coverage increases, the molecular peaks increase in intensity and 

shift to higher temperature, as shown in Figure V.13. At 0 = 0.84 the peaks 
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appear at 310 and 360K. The 360K peak is at the same temperature as a peak 

previously attributed to a "clean" Mo(100) surface. 60  Therefore we conclude that 

the previously observed 360K peak was probably caused by carbon contamina-

tion. 

No desulfurization of thiophene leading to butadiene was observed on any of 

the surfaces we have studIed in ultra-high vacuum. Thiophene was found to 

either decompose or desorb molecularly on the clean Mo(100) surface. Our results 

showing that a-hydrogens are removed more easily than 3-hydrogens is consistent 

with thiophene bonding perpendicularly on the clean Mo(100). In addition, recent 

work on Mo(100) using HREELS47  suggests that at low thiophene coverage the 

ring is parallel to the surface and complete decomposition occurs at low tempera-

ture (bonding with the ring parallel to the surface has also been found for 

Cu(111)), 15 ' while at high thiophene coverage, some of the molecules may be 

bound with the thiophene ring tilted with respect to the surface. In the study of 

Zaera, Kollin, and Gland they propose based upon their HREELS measurements 

that at low thiophene coverage the molecule is bound perpendicularly to the 

Mo(100) surface at low (90 K) temperature. As temperature increases above 200 

K complete decomposition occurs to H ad Cad and  Sad  and the hydrogen recom-

bines and desorbs in a desorption limited peak above 350 K. At higher coverages 

the thiophene ring is postulated to still bond perpendicular to the surface, but one 

side of the ring is bonded to the surface as well as S. As temperature increases 

dehydrogenatIon occurs sequentially around the ring. First, one of the - 

hydrogens is abstracted from the ring. As temperature increases IiIitIy the 

nearest 0 C-H bond is broken. Then the partially dehydrogenated species Is very 
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stable up to 600 K where dehydrogenation continues around the ring; first the 3-

hydrogen is removed, then the a-hydrogen. This type of scheme for thermal evo-

lution does not seem reasonable in light of the results reported here on the carbon 

covered surface. The stabIlity of the species responsible for the high temperature 

H2  desorption is enhanced as carbon coverage increases. The enhanced stability 

on a carbon covered surface implies different thermal dehydrogenation pathways 

for the low temperature H 2  desorption peaks and the high temperature H 2  

desorption peaks. However, the mechanism proposed by Zaera, Kollin, and Gland 

assumes they are related. It would be of interest to obtain HREELS of thiophene 

on Mo(100) pre-adsorbed with carbon since we have shown that this high tem-

perature fragment is stabilized on this surface. In addition, a similar high tern-

perature fragment could be obtained from either,  acetylene or butadiene, where 

we have shown that both compounds produce a fragment which is also stabilized 

by a surface pre-adsorbed with carbon. 

V.2.1.6 Chemisorption of Butane on Mo(100) 

As expected butane is the least reactive of the hydrocarbons. Less than 5% 

of the butane adsorbed on an initially clean surface, is decomposed to Cad  and 

Had (broad H2  desorption at about 360K at the bottom of Figure V.lSa). Most of 

the butane desorbs molecularly at 185K. Deuterium co-adsorption experiments 

with butane showed no deuterium exchange. In fact, the molecular desorption 

temperature is decreased to 160K, 

Complete dehydrogenation of butane is blocked on an additive covered sur-

face, but partial dehydrogenation of butane to butene occurs when the additive 
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coverage approaches Y2 monolayers (Figure V.16). Some of the details for the sur-

faces pre-adsorbed with sulfur and carbon will be addressed below. 

A small amount of butene was produced below 0.= 0.5, and desorbed over a 

broad temperature range centered at 220K. As sulfur coverage increases up to -} 

monolayers, two desorption peaks appear at 220K and 390K (Figure V.15a). The 

butene isomeric ratio could not be determined because of interference from 

butane mas spectral fragments. 

Partial dehydrogenation to butene when carbon coverage was greater than 

0.4 monolayers was observed. The desorption peak temperatures (260K, 330K, 

Figure V.15b) are slightly higher than those observed when butenes are adsorbed 

initially on a surface with pre-adsorbed carbon (240 - 250K). 

Butane either completely decomposes or desorbs on clean Mo(100). However, 

as carbon or sulfur coverage increases and blocks sites for total dehydrogenation, 

partial dehydrogenation to butene occurs. The mechanism may be different on 

the carbided surface from the sulfided surface. 

The desorption temperatures for the partially dehydrogenated product 

observed at sulfur coverages of greater than 0.5 monolayers are 220K and 300K. 

The high temperature desorption is above that found for butene adsorption, 

therefore, the desorption is rate-limited by partial dehydrogenation. The activa-

tion energy for this reaction can be calculated to be 23 --- (assuming first-order 

desorption kinetics). 26  The low temperature peak may arise from carbon patches 

on the surface from some decomposed butane, since the desorption temperature is 

close to that for butene from a surface pre-adsorbed with carbon. Support for 
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desorption from a carbon patch is found also in the AES data. This data shows 

that there was some carbon left on the surface after high temperature butene 

desorption. A site-blocking role for sulfur is again invoked to explain the 

observed partial dehydrogenation of butane. On a clean surface, the entire 

molecule can bond directly to the Mo atoms, thus complete dehydrogenation 

occurs. Complete dehydrogenation is blocked on a surface with pre-adsorbed sul-

fur. This can be understood by considering the geometry of the c(2X2) overlayer. 

The sites in the unit cell of this structure can allow only one end of the butane 

molecule to bond directly to the Mo surface (Figures 111.7 and 111.7). Thus ena-

bling only one end of the molecule to be bound to the metal surface where C-H 

bond breaking to occur. 

The desorption temperature of the butene on a surface with pre-adsorbed 

carbon was nearly the same as that when butene is initially adsorbed. Therefore, 

this process is rate-limited by desorption of butenes, and not by partial dehy-

drogenation. The upper bound on the activation energy for partial dehydrogena-

tion on the carbon overlayer is 15 J's.i.  (assuming first-order desorption kinetics). 26  

Also, production of butenes continues to increase for carbon coverages greater 

than 0.6 monolayers. This indicates that this reaction may occur on top of the 

carbon patches. 

V.2.1.7 Summary 

Sulfur has been found to be a more drastic poIson than carbon. 9 ' 61  Theoreti-

cal calculations have suggested 9  that the difference is due to the smaller size of 

the carbon atoms relative to the sulfur atoms. This could effect the bonding to 
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the surface in the following way. Adsorption of the smaller carbon atom in four-

fold sites may block only decomposition, leaving top-sites free for molecular bond- 

lug (as was found for CO chemisorption, Chapter 4). Sulfur is large enough so 	 - 

that on top bonding would be blocked as well. The creation of room temperature 

molecular desorption sites may provide places where Pt-like catalytic reactions 

such as reforming can occur as suggested by Levy and Boudart. 62  These room 

temperature molecular binding states may also be the ones responsible for the 

gentle hydrodesulfurization reaction of thiophene. 

In summary, the main results and conclusions of the work are as follows: 

The clean Mo(100) decomposes most unsaturated hydrocarbons corn-

pletely. 

The addition of sub-monlayer coverages of sulfur or carbon blocks sites for 

decomposition of hydrocarbons. 

The inhibition of decomposition enables other reaction pathways, such as 

hydrogenation to become more probable. These other reaction pathways 

are kinetically controlled by the metal sites. 

Sulfur and carbon overlayers effect the molecular binding in different 

ways. The binding energies were found assuming first-order desorption. 26 
 

Hydrocarbon bonding on sulfur is very weak (0 - 10 -). While on carbon 

it is tronger: 17 - 23 	(thiophene and butadiene), 12 - 15 	(butenes), 
mol 	 mo 

kealand 11 -- (butane). 
mol 

The carbon overlayers provide sites for isomerization of 1-butene to 2-

butene, with an upper bound for the activation energy for isornerization of 
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14 mol 

V.2.2 Hydrocarbon Chemisorption on Re(0001) 

The surface chemistry of rhenium single crystals has not been extensively 

studied using surface science techniqus. Most work has been confined to the 

study of CO and H2  chemisorption on the basal plane (0001).6364  H2  was found 

to desorb in one broad peak at 350K on the basal plane. 65 ' 66  CO adsorbs molecu-

larly at room temperature. Upon heating to 400K (during thermal desorption of 

the molecular species) a small amount dissociates, and then recombInes to desorb 

at 780K. This behavior is consistent with the borderline position of Re in the 

periodic table in regards to CO dissociation. 67  

A few chemisorption65 ' 66  and high resolution electron energy loss spectros-

copy (HREELS) 68  studies of hydrocarbons have been performed on Re(0001). 

Ethylene and acetylene were found to decompose to adsorbed carbon and hydro-

gen during thermal desorption similar to what has been found on most transition 

metal surfaces. In addition, HREELS of acetylene exhibited the most extensive 

rehybridizatIon of the carbon-carbon triple bond on a close-packed surface seen to 

date, decreasing the i'(C-C) from 1974 cm' for gas phase aceytlene 69  to 1095 

cm4 , which is close to the single bond vibrational energy of ethane of 993 cm4 .70 

This indicates strong interaction with the surface. 

All unsaturated hydrocarbons that we studied were found to undergo sequen-

tial dehydrogenation during thermal desorption, which eventually lead to corn-

plete decomposition leaving surface carbon and adsorbed hydrog'n (Had);  which 

recombined and desorbed as H 2. Some similarities in dehydrogt.it ion spectra 
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(yielding H2 ) of the unsaturated hydrocarbons were observed. At low hydrocar-

bon coverage the H 2  spectra are similar to those seen for H 2  chemisorption at low 

coverage. 65 ' 66  As coverage increases individual H 2  desorption peaks are observed 

which are rate limited by C-H bond breaking (dehydrogenation-limited). These 

peaks fall in four regions for all the unsaturated hydrocarbons: 300K, 370-400K, 

420K, and a long tail above 500K. Comparisons with other metals surfaces show 

some similarities, but because of the overlap in desorption peaks no conclusions 

can be made concerning similar dehydrogenation mechanisms. 

As noted previously, we have found that sulfur forms several ordered over-

layer structures on this surface. D 2  chemisorption was found to be blocked by 

pre-adsorbed sulfur. In addition, small shifts of the binding energy of D were 

seen. As with other systems (S/Mo(l00) in particular), submonolayer coverage of 

pre-adsorbed sulfur block sites for hydrocarbon decomposition. This increases the 

amount of veak1y bound species (<ii) which desorb intact. In addition, 

small changes in molecular bonding and changes in the dehydrogenation spectra 

(yielding H2), were found, indicating that sulfur acts as a site-blocker for hdro-

carbon chemisorption and surface reactions, with small binding energy shifts. 

Pre-adsorbed carbon was also found to block hydrocarbon decomposition. 

As mentioned in Chapter 3, carbon was not found to form any ordered overlayers 

on this surface according to LEED, and the C(272eV) AES signal exhibited fine 

structure on the low energy side which is typical of "graphitic" carbon. As 

expected from the nature of the overlayer, deydrogenation inhibition was 

observed. As with sulfur, the molecularly intact species were found to be weakly 
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bound (<ii .iL).  However, this carbon overlayer was found to change the sur- 

face chemistry by lowering the binding energy of D 2. The same C - Re surface 

interaction which gives rise to the decrease in the deuterium bonding energy is 

also believed to be responsible for and observed enhancement in the hydrogena-

tion of butadiene. 

This section is organized as follows. First, a discussion of D 2  thermal desorp-

tion from the clean, sulfur covered, and carbon covered Re(0001) surface will be 

presented. Then a summary of the thermal desorption pathways of all the hydra-

carbons on the different surfaces (clean, pre-adsorbed with sulfur, and pre-

adsorbed with carbon) will be presented. This will be followed by a detailed 

account of the desorption behavior for each compound when it deviated 

significantly from the general behavior outlined above. A summary of desorption 

temperatures and products is presented in Table V.3. Finally, within each sub-

section the experimental results will be presented first followed by a discussion of 

the data. 

V.2.2.1 D2  Chemisorption on Re(0001) 

H2  chemisorption on the clean Re(0001) has been studied previously. 65 ' 66  

Our results using D 2  are in close agreement with these previous studies. An 

analysis of the TDS peak maxima and coverages at low exposures (<0.4L) gives a 

second-order activation energy for desorption of 19 	This is very close to the 

previously found value of 20 iS2L66  The major distinction of our spectra is the 
mol 

130-170K adsorpticin temperature of D 2 . This results in a shoulder in the thermal 

desorption spectrum observed at low temperature (Figure V.17).. Although 15 L 
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Table V.3: Desorption temperatures (K) of various hydrocarbons and their desorption products 
from Re(0001) with various overlayers. Saturation coverage is used sith a heating rate 

of 1O. 
S 

compound surface 

adsorbed desorbed clean sulfur carbon 

O s  =0.25 0 c=0.4 

D2  D2  380 (1.5L) 350 290,450 

200-250 (shldr) 200-250 (shldr) 

315 (>1OL) 

1-butene H2  300, 380,420 380,420 300,360 

420, 680 

butene 150 150 150 

trans-2-butene H2  300, 380,420 380 300, 340, 420 

cis-2-butene H2  300, 370, 420 360,420 300, 350,420 

1,3-butadiene H2  300, 380, 420 370,500 300, 420, 660 

butadiene 150 150 150 

butene - - 250 

thiophene H2  400 (0.3L) 360, 510, 680 300, 480,680 

350, 450 (>0.4L) 

thiophene 180,250 180 180,230 

thiophene-2,5-d 2  H2  450 350,480 300, 450-700 

HD 390 360,500 300, 450, 600 

350 360 300,700 
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served was D 9  (mass 4). 	- 
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of D2  were exposed to the surface, greater exposures would be required, to attain 

saturation coverage, and It was felt that surface contamination would result at 

higher exposures. The coverage dependence of these spectra is similar to those 

seen for Pt(111) 3  at low coverages; a decrease in the temperature of the desorp-

tion maximum accompanied by a shoulder at low temperature. At very high 

exposures (>100L) it is possible that this low temperature state for H 2  on 

Re(0001) will be as intense as the low temperature state found for Pt(111). 

Suppression of both desorption states and a shift to lower temperature for 

the high temperature desorption Is seen when D 2  is co-adsorbed with sulfur (Fig-

ure V.18a). At low sulfur coverage (9=0.06) the peak temperature shifts to 

350K. As sulfur coverage is increased through the p(2X2) phase no further shift 

is observed. A slight shift to higher temperature was observed near the appear-

ance of the "(3V3X3V3)R30 °" structure, but this may be caused by contribu-

tions to the TDS by desorption from the back face of the crystal, which does not 

have any sulfur pre-adsorption. In addition, D 2  adsortpion is almost completely 

blocked by 90.4 (appearance of 	sulfur structure (Figure V.lOa)). 

A comparison of these results with data obtained from H 9  chemisorption on 

S/Ru(0001) 10  suggest that the effects seen above are caused by changes in relative 

D 9  coverage. The same peak temperature decrease as sulfur coverage increases 

was seen for the Ru system. Schwarz was able to show that the peak temperature 

decrease was similar to what would be expected if H 9  adsorption increased. This 

is caused by crowding of Had  on the surface by sulfur atoms sImilar to what was 

found for CO chemisorption on Ru(0001). 72  Therefore, as sulfur coverage 
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increased the H2  concentration increased relative to the available metal area. 

This hypothesis is corroborated by the constant amount of H 2  desorption up to 

9=0.10. Another possibility is that similar to CO chemisorption on S/Re(0001) 

the coverage effect of D 2  is caused by an electronic repulsion between Dad  and 

adsorbed silfur. The latter cause seems to be the most probable. The fact that 

an ordered overlayer of sulfur (p(2X2)) is present on the surface before D 2  adsorp-

tion suggests that D - D interactions should be decreased not increased (which is 

what a coverage effect would imply). Instead, there is an interaction of Dad  with 

Sad which lowers the surface bonding energy of Dad•  Because of the experimen-

tal uncertaInty in the peak areas we are unable to conclusively determine that 

is blocked linearly by sulfur. The surface area blocked by sulfur adsorption is 

different on Re and Ru (0001) faces. Whereas, Schwarz 10  showed that H2  desorp-

tion on S/Ru(0001) stopped at completion of the p(2X2) structure, our data show 

that on Re(0001)-S-p(2x2) there is still I to the amount of D 9  that there is at 
3 	2

saturation on the clean surface. 

Similar to sulfur, pre-adsorbed carbon was seen to block D 2  chemisorption 

and lower the desorption temperature. In fact, two major desorption peaks were 

observed (Figure V.18b) at 290K and 470K, which were not observed on either 

the clean or sulfur covered Re(0001) surfaces. In addition, the amount of D 2  

adsorbed was found to have a highly non-linear dependence on carbon coverage 

ft 	 on Re(0001) (Figure V.lOb). Most (80%) of the adsorption sites are blocked by 

o O.4. c 

Studies on other metals with "carbidic" carbon have shown no peak shifts in 
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the H2  TDS.53  In addition, H2  chemisorption on carbon overlayers on Ru(0001) 

show no peak shift, just blockage of chemisorption. 13  Studies on a carbon covered 

polycrystalline Re ribbon show decreased H 2  chemisorption, and suppression of 

the high temperature state preferentially. However, no extra peak maxima were 

observed at lower temperature. 73  Other studies have shown that adsorption of 

hydrocarbons at room temperature on Re(0001) with subsequent decomposition to 

800K produces "carbidic" carbon. 74  However, as mentioned previously (Chapter 3) 

the carbon overlayer on Re(0001) formed in this study was found to be "graphi-

tic". Re is not known to produce any stable bulk carbides 75  except under extreme 

conditions. 76  The high temperature thermal desorption peak has been interpreted 

to be caused by desorption from the clean patches unaffected by carbon, since its 

desorption temperature is similar to that observed at low coverage on the clean 

surface. The low temperature thermal desorption peak is observed to decrease to 

a temperature lower than that seen on the clean or sulfur covered surface. We 

suggest that D 2  desorption from this peak is caused by regions strongly influenced 

by carbon adsorption (such as the periphery of carbon islands), where the desorp-

tion energy has been lowered with respect to the clean surface. 

V.2.2.2 Unsaturated C 4  Hydrocarbon Chemisorption on Re(0001) 

V.2.2.2.1 The Clean Re(0001) Surface 

On thq clean Re(0001) surface all unsaturated C 4  hydrocarbons (thiophene, 

butadiene, and butenes) undergo thermal dehydrogenation until complete decom-

positIon occurs resulting in desorbed H2  and CadS  Molecular desorption does not 

occur for the unsaturated hydrocarbons until high hydrocarbon coverages are 
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attained, where desorption occurs from weakly bound states (150-180K). The 

hydrocarbons decompose to yield a carbon coverage of approximately 	= 

0.35 which is 9c= 	(Chapter 3). 

The possibility of surface reactions other than dehydrogenation and dèsorp-

tion were also examined. In addition to masses 2, 54, 56, and 84, other masses: 

16, 26, 39, 41, and 58 were observed to determine if any cracking or hydrogena-

tion was occuring which would lead to stable desorption products. Except for 

butadiene hydrogenation, no extra peaks in the mass spectra appeared that were 

not present in the parent peak mass spectra. 

Deuterium and hydrogen were co-adsorbed with all of the unsaturated 0 4  

hydrocarbons on the clean surface, and with some pre-adsorbed amounts of sulfur 

or carbon 
(
90

. 2, 
00.4). This was performed to see if any hydrogenation 

would occur. In all cases, except butadiene on a surface pre-adsorbed with car-

bon, no extra hydrogenation products were observed. 

The dehydrogenation spectra (yielding H 2) of unsaturated 0 4  hydrocarbons 

on Re(0001) has some general features which are common to all (Figure V.20). At 

the C4  hydrocarbon coverage where molecular desorption occurs, at low tempera-

ture these areas are: low temperature desorption at about 300K, an intermediate 

desorption (370-400K) area where the bulk of H 2  is desorbed, a shoulder at about 

420K, and a long tail extending to 750K. 

In order to understand the source of the features better, the dehydrogenation 

spectra (yielding H 2 ) of butadiene as a function of hydrocarbon coverage will be 

examined more closely (Figure V.21). The general features of the TDS as a func- 
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tion of butadiene coverage were found for the other unsaturated hydrocarbons at 

well. 

At low hydrocarbon coverage, H 2  desorbs at about 450-470K for all hydra-

carbons. Then as hydrocarbon coverage increases further, two H 2  desorption 

peaks are observed: first at 370K, then at 300K, near hydrocarbon coverage where 

low temperature molecular desorption appears. Above this hydrocarbon coverage 

a high temperature tail appears between 500K and 700K. 

The H2  desorption peak (from hydrocarbon dehydrogenation) at low hydro-

carbon coverage at 450-470K is also observed for low coverages upon H 2  or 

chemisorptiori (Figure V.17). 65 ' 66  Therefore, these peaks are probably rate-limited 

by H9  desorption and not dehydrogenation. Since these peaks are the only ones 

observed at low coverage, total dehydrogenation has occurred below the desorp-

tion temperature. This is similar to hydrocarbons on Mo(100), 47  as noted previ-

ously. 

The lovest temperature desorption is slightly lower than the temperature at 

which the bulk of desorption is seen for high coverages of chemisorbed D 9  (Figure 

V.17). The relative intensity of the two lowest temperature desorption maxima 

are dependent upon the nature of the hydrocarbon, suggesting different dehy-

drogenation pathways for each hydrocarbon. The answer as to whether these 

peaks are rate-lImited by desorption or dehydrogenation is difficult. The peak in 

the 370-400K region is probably rate-limited by C-H bond breaking for 1-butene, 

cis-2-butene, and thiophene because the desorption temperature is higher than the 

lowest desorption temperature upon D 2  chemisorption (Figure V.17), and this 
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peak is very intense relative to the lowest temperature peak. However, it cannot 

be conclusively determined whether this is also true for butadiene and trans-2-

butene. Partial dehydrogenation below the 300K desorption temperature affects 

the filling of the Had  states on the surface. Partial dehydrogenation below this 

temperature would result in a low temperature H 2  desorption peak similar in 

intensity to that at 370K (butadiene and trans-2-butene), where the next step in 

partial dehydrogenation may occur. This suggests that dehydrogenation for these 

compounds occurs below the first desorption temperature (300K). 

The high temperature tail appears in the hydrocarbon dehydrogenation spec-

tra on many metal surfaces.' 3 ' 17 ' 22 ' 25 ' 38 ' 39 ' 47  Desorption from this area is rate-

limited by C-H bond breaking, because the desorption temperature is higher than 

that observd for H 2  or D 2  chemisorption.65 ' 66  The hydrocarbon fragments 

responsible for the desorption on other metal surfaces have been attributed to a 

CH. species.25 ' 38 ' 39  For hydrocarbon chemisorption on Mo(100), the formation of 

the fragment was shown to be enhanced by a carbon overlayer (section V.2.1.4). 

As will be shown in section V.2.2.2.3, this was also found to be true on Re(0001). 

The dehydrogenation steps during thermal desorption for the butenes and 

butadiene on Pt(iii) have been determined using HREELS by Avery and Shep-

pard. 38 ' 39  In addition, extensive work on the dehydrogenation pathways of 

ethylene and propylene have been performed using HREELS by Bent et a! on 

Rh(111). 25  HREELS of butenes and butadiene on Rh(111) have also been pre-

formed, but analysis was focused on the species which form during thermal dehy-

drogenation above 500K. 22  On the left side of the periodic table, the thiophene 

dehydrogenation pathway on Mo(100) has also been suggested. 47  These studies 

£ 
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have shown that the hydrocarbons chemisorbed on these surfaces go through 

sequential dehydrogenation as temperature increases so that ultimately only "gra-

phitic" (Pt(111), Rh(111)) or "carbidic" (Mo(100)) residues remain on the surface. 

The fact that sequential dehydrogenation is observed for all hydrocarbons on 

metal surfaces studied by HREELS to date supports the hypothesis that the 

separate peaks in the hydrocarbon dehydrogenation spectra on Re(0001) represent 

discrete steps in the process. In fact, the stoichiometries of the resulting frag-

ments have been determined for hydrocarbons on Pt(111). 38 ' 39  However, the 

overlappin desorption peaks have made it impossible here, similar to ethylene on 

Ru(0001). 13  

V.2.2.2.2 The Sulfur Covered Re(0001) Surface 

Sulfur pre-adsorption acts to block unsaturated C 4  hydrocarbon dehydroge-

nation. Figure V.22 shows the effect of sulfur coverage on the hydrogen yield 

from decomposition. Decomposition was found to be completely blocked by 

(near the appearance of the r ) structure). The effect of pre-adsorbed 

sulfur on the shape of the hydrocarbon dehydrogenation spectrum is illustrated 

with butadiene in Figure V.23a. Desorption in the low temperature region 

appears to be blocked first at low sulfur coverages, then the entire dehydrogena-

tion spectrum is inhibited at higher coverages. 

As stated earlier, molecular desorption occurs on the clean Re(0001) surface 

only above saturation coverage, and the low temperature of desorption 150-180I( 

indicates that these reversibly bound species are weakly adsorbed (<ii kcal  --).26  

For sulfur coverage up to 0.3 monolayers (Table V.3), no changes in desorption 



217 

o 	 C 
d o o o 

(a6ei9noo JeAeIqInw) 
eiv )d sci zH 

0, 

C, 
> 
0 

CJ 

. 
Cl) 

bID 

N. 

-J 

U 

- 
Cl) 

0 

C 

F 



Th 

co 

cis 

(SUfl qJe) 'suew sseyy  

zi - 

C C 
C 

I ci 

cc 

cm 

(S!Ufl qe) A4IsUaUI SS*4 

V - 

1 

4) 

0 4)  

.2 
l_ 

I 	Cd 

4)4) 

— 4) 

Cd 

04) 

' - 0 
'- — 

d 
I- 
	

E 	, 

4 



219 

temperature of the reversibly bound molecular species is observed while desorp-

tion from this state has increased (less dehydrogenation, therefore more molecular 

species). However, above this sulfur coverage the molecular desorption tempera-

tures decrease by 20 to 30 K (Figure V.24). This unusual shift in the weakly 

bound molecular state is not easily explained, but it is similar to that observed for 

multilayer Foverages of sulfur on Mo(100) (Figure V.4). 

This inhibition in dehydrogenation observed here is in accord with what is 

seen on all other surfaces studied. 29 ' 30 ' 60  On some surfaces 60  sulfur acts only as a 

site-blocker, and no other chemical effects are seen. However, on Re(0001) sulfur 

induces some chemical effects in addition to being a site-blocker for adsorption 

and dissociation. Inhibition of the 300K H 2  desorption at low sulfur coverages 

indicates that the first dehydrogenation step is blocked preferentially by sulfur. 

At sulfur coverages greater than those required bo block the 300K H 9  desorption 

only desorption at 360 - 380 K is observed. As can be seen in Table V.3, the peak 

desorption for H 2  chemisorption is lower (350K) than that for hydrocarbon chem-

isorption (360 - 380K). This suggests that this desorption is rate-limited by C-H 

bond breaking. The dehydrogenation of 1-butene shows a slightly different effect 

for increasing sulfur coverage, and will be discussed in section V.2.2.3. 

V.2.2.2.3 The Carbon Covered Re(0001) Surface 

Pre-adsorbed carbon also blocks sites for dehydrogenation, but it does not 

show a blocking effect as drastic as that seen for sulfur. Nearly a monolayer is 

required to block decomposition completely. This difference is probably caused 

by the smaller size of the carbon atom. 9  As can be seen in Figure V.23b pre- 
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adsorbed carbon causes an almost uniform decrease in the dehydrogenation spec-

trum (yielding H2) for desorption temperatures < 500K. However, it was deter-

mined thatthe H2  high temperature (500 - 700K) tail (from dehydrogenation) 

increases in intensity as carbon coverage increases. The decrease in the number 

of dehydrogenation sites for the additive covered surfaces causes an increase in 

molecular desorption from these states. No changes in the temperature of the H 9  

desorption is seen for all carbon coverages (except for thiophene as noted in sec-

tion V.2.2.5.1). 

As note in Chapter 3, AES measurements on Re(0001) with pre-adsorbed 

carbon have shown that the carbon is "graphitic" in nature. The graphitic over-

layer is usually considered to be inert. 77  However, the carbon overlayer is 

observed to increase H 2  evolution (from hydrocarbon dehydrogenation) in the 

high temperature tail (Figure V.23b), which indicates that this overlayer enhances 

the formation of the hydrocarbon fragments which are stable to high tempera-

ture. This can be seen from the increased H 2  desorption from this portion of the 

spectrum (Figure V.23b). This type of fragment stabilization has been seen for 

hydrocarbon adsorption on Mo(100) where the type of pre-adsorbed carbon is 

"carbidic" in nature. It is expected that the H 2  observed from decompositIon in 

the high temperature tail or peaks observed on other surfaces 13 ' 17 ' 22 ' 25 ' 38 ' 39  

would also be stabilized by decomposed carbon. 

No change in the peak temperature of molecular desorption on a carbon 

covered Re(0001) surface is different from what has been studied on other metal 

surfaces. Chemisorption of these hydrocarbons on a "carbidic" carbon overlayer 

on Mo(100) produced reversibly adsorbed hydrocarbons with activation energies 
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for desorption of 12 - 23 	as shown previously. The carbon overlayer on 

Re(0001) did not have this effect on hydrocarbon chemisorption. Increasing car-

bon coverage merely increased the amount of weakly bound molecular species 

which desorb (150-190K). This is similar to the effect of low coverages of sulfur, 

which is what is expected for inert "graphtitic" carbon. 

V.2.2.3 Butene Chemisorption on Re(0001) 

The dehydrogenation activity of these hydrocarbons depend upon the isomer. 

As seen in Figure V.20, both 1-butene and cis-2-butene have the same H 2  desorp-

tion spectra, while trans-2-butene desorption spectra (yielding H 2) showed 

decreased intensity in the 380K peak relative to cis-2-butene and 1-butene. 

The difference in H2  TDS peak between the different isomers indicates that 

molecular shape has an effect on the dehydrogenation pathway. The butene iso-

mers have been observed to show different dehydrogenation spectra on Mo(100) 

(as noted previously in this chapter) and Pt(111). 38 ' 39  The differences in the dehy-

drogenation spectra on Pt(111) were caused by differences in the hydrocarbon 

fragment formed on this surface. It would be of interest to extend these I-ffiEELS 

studies to Mo(100) and Re(0001) and understand the molecular shape selectivity 

of the dehydrogenation pathways on these different metals. 

The effect of sulfur pre-adsorption on 1-butene dehydrogenation is different 

than that seen for the other C 4  hydrocarbons. Instead of the low temperature 

dehydrogenation (300K) being blocked first, the intermediate dehydrogenation 

pathway is partially blocked at 0 < 0.15 (Figure V.25). Above this coverage the 

behavior of the dehydrogenation spectra (yielding H 2 ) is similar to t.1 	i her C4 
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hydrocarbons; the low temperature desorption is blocked preferentially. This 

implies that the pathway leading to formation of the intermediate dehydrogena-

tion peak is sepatate from the pathway leading to formation of the low tempera-

ture dehydrogenation peak. 

V.2.2.4 1,3-Butadiene Chemisorption on Re(0001) 

Unlike all other unsaturated C 4  hydrocarbons and surfaces studied herein, 

butadiene hydrogenates on a carbon pre-adsorbed Re(0001) surface (Figure 

V.23b) to form butenes (70±20% 1-butene). The amount of hydrogenation is 

very small. The maximum TDS peak area of butene produced at ec0.5  is 

approximately 5% of that of H 2  produced from decomposition. These values are 

corrected for mass spectrometer sensitivity, and so provide an estimate on the 

amount of butene produced. On a surface with pre-adsorbed carbon (0C0.4),  D2 

co-adsorption yielded a deuterated product which desorbed 70K lower than the 

hydrogenated product. Both the clean surface, and the one with pre-adsorbed 

sulfur showed no detectable hydrogenation. 

Two different hydrogenation mechanisms can be imagined; a two-step 

mechanism where butadiene first dehydrogenates then Had  hydrogenates the 

intact butadiene, or a one-step mechanism where direct hydrogen transfer 

between molecules occurs. Previously, it was stated that the desorption tempera-

ture for butenes produced from butadiene hydrogenation is higher than observed 

from desorption of pre-adsorbed butene. Therefore, desorption of butenes from 

butadiene hydrogenation is reaction-limited. Co-adsortpion of D 9  with butadiene 

at sub-monolayer coverages of carbon produced deuterated butenes. This implies 

4 
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that hydrogenation of butadiene is a two-step process. In addition, the difference 

in desorption peak temperatures between the deuterated (180K) and nondeu-

terated (250K) butene shows that dehydrogenation of butadiene, and not 

hydrogenation is the rate-determining step. Assuming first order desorption 

kinetics, the activiation energy for dehydrogenation can be calculated to be 15 

i!L26 For hydrogenation, an activation energy of 10 	was calculated from the 
M01

deuterated butene maximum assuming second-order desorption. 26  This is very 

different from what was found on Mo(100) where hydrogenation was found to be 

the rate-determining step, and it was found to occur on surfaces with either pre-

adsorbed sulfur or carbon. On this surface the metal sites were found to control 

the hydrogenation reaction. So, it is not suprising that hydrogenation on both 

sulfur and carbon covered surfaces was observed. However, consistent with our 

results we J?ostulate  that the carbon covered surface of Re(0001) lowers the activi-

ation energy for hydrogenation. This could be accomplished by altering the bind-

ing state of butadiene. Although strong bonding on top of the carbon overlayer 

has been shown not to occur, bonding along the periphery of the carbon islands 

should be significantly different from that on the clean metal patches. This area 

would be expected to increase the activiation energy for decomposition (due to 

weakening of the metal interaction). Note that the appearance of the high tem-

perature H9  peak from decomposition is enhanced by pre-adsorbed carbon. This 

effect is very different than that observed on Mo(100) where the additive covered 

patches acted only to block dehydrogenation, but they did not alter the activation 

energy for hydrogenation as the carbon covered Re(0001) surface did. It is 

interesting to note that the differences in hydrogenation ability on Mo and Re at 
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low pressure are similar to those observed catalytically. 78  

The hydrogenation mechanism also provides us with data on whether the 

first H2  desorption (from hydrocarbon dehydrogenation) peak is rate-limited by 

C-H bond breaking or by H-M bond breaking for butadiene. Since hydrogen is 

available for hydrogenation by 250K, which is 50K lower than the observed H 2  

desorption temperature, this H 2  peak is probably rate-limited by H-M bond 

breaking rather than C-M bond breaking. 

V.2.2.5 Thiophene Chemisorption on Re(0001) 

Using a-deuterated thiophene (thiophene-2,5-d 2 )

1 

 some details about 

thiophene dehydrogenation have been determined. At low thiophene-2,5-d 2  cov-

erage (0.1L) the desorptions of H 2 , HID, and D 2  are very similar. The peak max-

imum of D 2  is a little lower (420K) than that seen for either HID or H 2  (450K). 

As thiophene coverage increases the effect of this preferential dehydrogenation 

increases as well. Up to 0.28L RD desorption (300K) is in between D 2  (350K) and 

H2  (450K). However, at thiophene coverages above this, the HID desorption spec-

tra become a superposition of D and H 2 . This coincides with broadening of the 

H9  desorption, and the appearance of the high temperature tail. As can be seen 

in Figure V.26, the D 9  spectrum has intensity only at low temperature, while the 

H2  spectrum has intensity only at high temperture. 

These desorption temperature differences at low thiophene exposure 

(<0.28L) can have two possible sources: an isotope effect or a-dehydrogenation 

specificity. An isotope effect seems unlikely since H 2  would be expected to desorb 

at a lower temperture, not D as observed. Similar coverage behavior has been 
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seen on Mo(100).47  It has been interpreted in terms of two adsorption sites, one 

for complete decomposition, the other for partial step-wise dehydrogenatIon. 

However, we still observe an c-0 dehydrogenation specificity even at low 

thiophene coverage, whereas Zaera et al 47  did not. Therefore, we suggest that 

thiophene dehydrogenates along the same thermal pathway at all coverages, but 

at low thiophene coverage H 2  desorption is rate-limiting. 

Pre-ad.sorbed sulfur acts to inhibit the c-0 dehydrogenation specificity. As 

seen in Figure V.27a, the adsorption of thiophene-2,5-d 2  on a sulfur covered sur-

face causes H2  to desorb both at low temperature (350K) and at high temperature 

(480K). On the clean surface, the low temperature H 2  desorption has not been 

observed. D 2, on the other hand, continued to desorb only at 360K, which is 

nearly the same temperature as that for H 2. Thermal desorption of the non-

deuterated thiophene is shown in Figure V.28 for comparison. 

These results show that some of the dehydrogenation specificity for 

thiophene dehydrogenation is inhibited by pre-adsorbed sulfur. The simultaneous 

desorption of H2  and D2  at 350 - 360K shows this. However, the higher tempera-

ture (480K) desorption retains the 0-hydrogen bond-breaking specificity. There-

fore, both a and 3 dehydrogenation occur at low temperature, while only 3-

dehydrogenation occurs at high temperature. We suspect this occurs because the 

low temperature peak is rate-limited by desorption (same desorption temperature 

as chemisorbed D 9 ), while the high temperature peak is rate-limited by dehy-

drogenation. 

Pre-adsorbed carbon was observed to completely eliminate a-0- 
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dehydrogenation specificity for thiophene. Figure V.27b shows that desorption of 

D2  and H2  (from thiophene-2,5-d 2  dehydrogenation) occur at all the same tem- 

1. 	Although D2  desorption predominates at low temperatures. 

Reversible.molecular thiophene desorption was observed at higher tempera-

tures than that on the clean surface. Table V.3 shows that on a clean or sulfur 

covered surface thiophene desorbs molecularly at 180K (except for 0>0.3 as dis-

cussed earlier). When carbon is pre-adsorbed a higher temperature desorption 

occurs at 230K (Figure V.28b). Desorption at this temperature first increases in 

intensity then decreases with increasing amounts of pre-adsorbed carbon, maxim-

izing at 0c0•5 

The inhibition in a-,8- dehydrogenation specificity upon pre-adsorption of 

carbon is similar to what is seen on Mo(100). The H2  or D2  desorption is not 

rate-limited by H 2  desorption, but by dehydrogenation. Comparing Figures 

V.18b and V.27b, it is seen that the H2  and D 2  desorption above 500K is above 

that observed when only D 9  is chemisorbed. Therefore, because the H 2  and D 9  

desorption spectra from thiophene-2,5-d 9  have peaks at the same temperatures 

dehydrogenation specificity is lost. 

V.2.2.6 Chemisorption of Butane on Re(0001) 

Similar to chemisorption on other close-packed metal surfaces, butane 

decomposes very little or not at all. In Figure V.20 are the desorption spectra 

(both H9  from dehydrogenation and molecular desorption). As can be seen very 

little of the adsorbed butane dehydorgenates on the clean Re(0001) surface. 

There is more H9  desoprtion visible upon butane chemisorption relative to 
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adsorption of H2  from the background. However, the amount is so small ( < 

95% of the total amount adsorbed) that we cannot rule out the possibility of 

butane dehydrogenation occuring at the edges of the crystal, or contamination by 

an unsaturated hydrocarbon whose sticking coefficient is greater than that of 

butane and so more of the contaminant adsorbs than its original concentration 

would allow one to believe. Gas chromatography determined that the butane is 

99.5% pure. 22  The molecular desorption temperature of 180 K is similar to that 

for adsorption on Mo(100). Pre-adsorption of both sulfur and carbon shifted the 

molecular desoption peak down in temperature. On a sulfur pre-adsorbed surface 

shifted to 150 K when 0 = 0.38, carbon pre-adsorption shifted the peak to 160 K 

with a small shoulder at 180 K when carbon coverage was 9c = 0.7. Similar to 

the effect of sulfur pre-adsorption on the other hydrocarbons above 0 = 0.35 very 

little butane could be adsorbed at 140 K. However, carbon pre-adsorption did 

not lower the desorption energy as drastically, so chemisorption was observed at 

high carbon coverage. 

V.2.2.7 Summary 

Re(0001) was found to dehydrogenate unsaturated C 4  hydrocarbons into Cad 

and Had  and sulfur or carbon pre-adsorption on this surface blocked sites for 

adsorption and dehydrogenation. Below are summarized the main results and 

conclusions' of adsorption on the clean, sulfur covered and carbon covered 

Re(0001) surface. 

1) D 2  chemisorption on clean Re(0001) showed similarities to Pt(111). A low 

temperature state was observed for D 2  (200 - 250 K) at high coverage. 
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Pre-adsorbed sulfur was observed to block adsorption sites and 

lower the desorption temperature slightly (30K). 

Pre-adsorbed carbon also acts to block sites for adsorption, but it 

also lowers the lowest temperature for desorption to 290K form 

380K (at the same exposure). The periphery of the carbon patches 

is suggested to be the site for the weaker D 2  adsorption. 

Unsaturated hydrocarbons sequentially dehydrogenate during thermal 

desorption. The H2  desorption spectra for these compounds exhibit peaks 

in the same temperature range : 300K, 350-380K, 420K, and a tail from 

500-700K. It is concluded that the similarity in H 2  desorption tempera-

tures is caused by similar dehydrogenation energies for the unsaturated C 4  

hydrocarbons. 

Pre-adsorbed sulfur acts to block sites for dehydrogenation, and enhances 

weak (9 - 11 -- )2 13  reversible molecular adsorption. mo 

Pre-adorbed carbon also blocks sites for dehydrogenation, and enhances 

weak (9 - 11L)26 reversible molecular adsorption. However, pre-adsorbed mol 

carbon also alters bonding to the surface as exemplified by the enhanced 

hydrogenation of butadiene. 

The nature of chemisorbed carbon varies greatly with the position of the 

transition metal in the periodic table. The formation of "carbidic" or "graphitic" 

carbon on these surfaces greatly influences the chemistry of the carbon overlayer, 

and reinforces the concept of "active" versus "inactive" carbon. In general, we 

cannot make a definitive conclusion regarding the nature of the carbon overlayer 
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formed in these studies on Re(0001). The site-blocking ability and the carbon 

AES both are typIcal for 'inert" carbon. However, the lowering of the D 2  binding 

energy and the hydrogenation of butadiene suggest that the carbon overlayer is 

slightly 
I, 
 active

II 
 

V.2.3 D 2  and Hydrocarbon Chemsiorption on Re(1010) 

We have found that the chemisorption energies of D 2  and hydrocarbons, as 

determined by TDS on Re(1010), are close to those observed on the basal (0001) 

plane. In addition, the effect that pre-asorbed sulfur has on chemisorption of D 2  

is similar to the basal plane; sulfur acts to block chemisorption with only small 

effects on the chemisorption energies. However, the details of adsorptiQn sites and 

desorption kinetIcs are different. We propose localized bonding for Dad•  In addi-

tion cursory studies on hydrocarbon chemisorption have also been performed. A 

broadening of the H 2  TDS (from hydrocarbon dehydrogenation) was observed, as 

compared tb the basal plane, and it is thought this is caused by the corrugated 

nature of this surface, producing a continuum of dehydrogenation energies. 

V.2.3.1 D2  Chemisorption on Re(1010) 

Figure V.30 shows the thermal desorption spectra of D 2  on Re(1010) with 

increasing coverage. Activation energies were determined according to the method 

of Redhead (assuming first-order desorption, 28 1 ),26  and in all cases the activa- 
mol 

tion energy has been assumed to be constant with coverage and temperature. 

Although this may not be the case, it is useful for comparison. In most cases, the 

desorption energies of D 2  on Re(1010) are in the same range as those found on 
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the (0001) face (19 .!. section V.2.2.1). 66  However, some variations are found, 

and the desorption energies compare more favorably with surfaces which have 

Is 	 steps and kinks such as ReSI6(0001)(1671)1 (24 kf) 66  or are polycrystalline (67 

and 27.8 .i2L).73  Some of the more interesting differences are dIscussed below. 
mol 

Although the desorption temperature of 465K for D 2  at low coverages is 

similar to that seen at low coverages on Re(0001) the desorption maximum does 

not decrease with increasing coverage as is seen on the basal plane. This is 

unusual, considering that H2  adsorbs dissociatively on all metals except the noble 

metals. Dissociative adsorption usually implies recombination desorption kinetics 

that exhibit a desorption maximum which decreases with increasing coverage 

(Chapter 1114.1). Desorption of H 2  on other surfaces also exhibit desorption max-

ima which remain constant with variable coverage, but are caused by dissociative 

recombination. 5 ' 50 ' 51  In these cases, the desorption maxima are not the highest 

temperature peaks observed, and are probably caused by some adsorbate-

adsorbate interaction. 79  True second-order desorption occurs from a random dis-

tribution of dissociated molecules on the surface. If the dissociated species has 

reduced mobility then desorption would not follow simple second-order kinetics, 

as has been suggested for 3-CO on Re(0001). 80  

The binding energy of D 2  was slightly changed upon sulfur adsorption (465K 

to 400K), and the amount of D 2  blocked by sulfur does not follow a simple linear 

function (Figure V.31b). At low coverage (0<0.25)  the amount of D 9  adsorbed 

is strongly affected by sulfur. However, at higher coverage (0>0.25)  the effects 

of sulfur on D 2  adsorption are less dramatic and follows an approximately linear 
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correlation. At 0 > 0 . 25 , 70% of the adsorption sites have already been blocked. 

Returning to Figure III.23b it can be seen that the Re troughs are blocked by 

p(2X2) structure. It is known that hydrogen (deuterium) does not usually bond 

in the highest symmetry sites. Metals similar to Re(1010) such as W(100) 54  have 

Had bonding on bridge sites. However, if Dad  is assumed to reside in bridge-sites 

along the ridges (short-bridge), then only Y2 of these sites would be expected to be 

blocked at 0=O.5. Therefore, deuterium adsorption sites in the troughs may be a 

more likely adsorption site for Dad  since most of these are blocked by O=0.5. 

V.2.3.2 Unsaturated Hydrocarbon Chemisorption on Re(1010) 

Figure V.32 contains the TDS for butadiene and thiophene from the clean 

Re(1010) surface. Comparison of these spectra reveals that no novel reaction 

pathways are opened on this surface relative to Re(0001). In fact, the one 

remarkable result is that the H 2  TDS broadens considerably at high hydrocarbon 

coverage (at low coverage the H 2  desorption peak is rate-limited by desorption. 

This is probably due to the non-uniform nature of the surface providing a contin-

uum of dehydrogenation energies thus, broadening the spectrum 

The preadsorption of sulfur and carbon from thiophene decomposition 

(which was shown for Mo(100) to give an additive effect on hydrocarbon chem-

isorption) broadened the thiopene spectrum considerably. The effect of pre-

adsorbed carbon on the thermal dehydrogenation of butadiene was the same. 

V.2.3.3 Summary 

So, the most important difference of the Re(1010) face versus the (0001) is 
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the D 2  chemisorption. Because of the diversity of sites on this surface large 

molecules dehydrogenate over a continuum of temperatures making TDS useless. 

V.3 Summary 

The studies of D and hydrocarbon chemisorption on Mo(100), Re(0001), and 

Re(1010) have produced interesting results. As expected, the clean surfaces of all 

surfaces deyhrogenate unsaturated hydrocarbons readily. However, the activity 

of the Mo(100) towards hydrogenation was unexpected. The ability of S and C 

pre-adsorption on Mo(100) to alter the surface reaction pathways is dependent 

only upon the blockage of dehydrogenation sites. In other words, the availability 

of clean metal sites controlled the surface reaction pathways. No extra products 

were observed which could not be explained by this simple site-blocking role for 

the additives on Mo(100). 

Both Re faces exhibit different behavior. Only dehydrogenation or low tern-

perature molecular desorption was observed on the clean Re(0001) and Re(1010) 

surfaces. Both pre-adsorbed sulfur and carbon block sites for dehydrogenation, 

and did not allow any other reaction pathways (except for butadiene hydrogena-

tion on a carbon pre-adsorbed Re(0001) surface). Here again, the metal site con-

trol the available reaction pathways. The simple dehydrogenation ability of the 

clean Re(0001) surface is inhibited by sulfur or carbon, indicating that geometric 

effect of the additive. However, the lowering of the chemisorption energy of D 9  

on the carbon pre-adsorbed Re(0001) surface suggests that carbon is modifying 

the bonding of the surface creating unique bonding sites. Thus, the hydrogena-

tion of butadiene is not controlled by the metal sites as it Is on Mo(100), but by 



the carbon modified Re(0001) surface. 
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CHAPTER SIX 

SUMMARY AND CONCLUSIONS 

VI.1 Summary 

The major results of this work are that sulfur and carbon adsorbates are 

strongly bound, and block chemisorption of hydrocarbons and CO. Differences in 

the extent of chemisorption inhibition by sulfur and carbon have been studied, 

and it has been concluded that these are due to differences in bonding distance 

two the surface of the two atomic adsorbates. This is related to the atomic size of 

sulfur and carbon. The atomic radius of sulfur (1.04A) is larger than that of car-

bon (0.77A) causing sulfur to be bonded more distant from the surface, enlarging 

its area of influence on the surface relative to carbon. However, if carbon is not 

adsorbed in an atomic form (i.e. "carbidic"), but in "graphitic" form the carbon is 

probably bonded more distant from the surface than "carbidic" carbon, 

influencing a larger area, and alterating the surface chemistry. We have proposed 

overlayer structures for sulfur and carbon consistent with the observed chemistry 

on top of the overlayers. 

The adsorption of sulfur in the highest symmetx'y sites (four-fold hollow) of 

Mo(100) blocks chemisorption (top-sites) and dissociation (four-fold hollow) of CO 

and hydrocarbons. Carbon also adsorbs in the highest symmetry sites on this sur-

face, blocking CO dissociation and hydrocarbon decomposition. 1-lowever, the 

smaller size and "carbidic" nature of carbon allows it to bond more deeply in the 

four-fold hollow sites. Thus, the influence of the adsorbed onxbon is limited. 

This allows molecular chemisorption of CO and hydrocarbons to occur. Altera- 

240 



250 

tions in surface reaction pathways are observed to be controlled by the availabil-

ity of metal sites. This is concluded from the similarity in thermal desorption 

product distributions regardless of whether sulfur or carbon is the additive. 

Similar results were obtained with sulfur adsorbed in the highest symmetry 

sites (three-fold hollow) on Re(0001). Again, both chemisorption of CO and 

chemisorption and dissociation of hydrocarbons were blocked, but no other 

desorption products were observed. Carbon was not found to adsorb in a "car-

bidic" phase as on Mo(100), but in a "graphitic" phase as observed by AES. 

Based upon structure determinations of surfaces with "graphitic" carbon we 

suspect that the carbon is bonded above the metal face by > Lk. This increases 

the area of 'influence of the carbon. Thus, increasing the inhibition of CO and 

hydrocarbon chemisorption. Although the site-blocking ability of carbon is not as 

great as that of sulfur (as observed in the extent of CO adsorption at comparable 

sulfur and carbon coverages), it is still greater than that for carbon on Mo(100) 

where only dissociation was blocked. In addition, the possible formation of amor-

phous "graphitic" islands creates low energy bonding sites around the periphery of 

the islands. This is observed in the low desorption temperatures of D 2  and CO, 

and the hydrogenation of butadiene on this surface (which does not occur on 

clean and sulfur covered Re(0001). 

Although the proposed site for sulfur chemisorption on Re(1010) is not the 

highest symmetry site (instead it is the three-fold hollow formed between first and 	 k 

second layer Re atoms), the blockage of CO chemisorption and hydrocarbon 

decomposition is still complete. Similar to Re(0001), carbon is adsorbed in a "gra-

phitic" form on Re(1010), but a commensurate overlayer is formed indicating no 
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amorphous "graphitic" islands. In fact, the specific site-blocking inhibition of CO 

on the carbon covered surface annealed to 850 K shows behavior more typical of 

"carbidic" carbon. However, the effect of this overlayer on hydrocarbon chem-

isorption is similar to C/Re(0001); all strong chemisorption is blocked leaving 

only weak physisorption. 

VI.2 Catalytic Comparisons 

In Chapter 1, the proposed pathways for thiophene BIDS were discussed. 

Refering to Figure 1.1, it is seen that several steps are required during the reac-

tion. We have investigated the bonding of these hydrocarbons andtheir thermal 

desorption and decomposition on Mo and Re surfaces, and with sulfur or carbon 

adsorbates in UI-iV. The effects summarized previously allow us to propose simi-

lar effects observable under catalytic conditions and propose areas of further 

research to allow elucidation of this system. 

First, the large chemisorption energies for sulfur (70 JS2!1  at saturation cover-

age) or carbon (140.k 1i) suggest their stability at high pressure. Recent studies 

on the hydrogenation (at 1 atm H 2) of sulfur 1  and carbon 2  overlayers on Mo(100) 

show that hydrogenation occurs on a much longer time scale than thiophene HDS. 

Under catalytic conditions (the presence of H 2S) 'yMoC should be converted to 

the most thermodynamically stable species, MoS 2. At atmospheric pressure and 

room temperature the free energy change for the reaction is -62 

MaC +2H2S -f  MoS2  ± CH4 	 (VI.1) 

At reaction temperatures of 600 K, zG ° is expected to increase since AS 0 	
<  298 

0. However, a simple calculation assuming changes in heat capacities are similar 
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for reactants and products show that G 0 600  < 0, so the reaction is favorable. 

In fact, it has been reported that HDS over Mo 2C results in enough sulfur deposi-

tion to completely cover the surface. 5  

Because of studies on the HDS activities of clean, sulfur, and carbon pre-

covered Mc(100) surfaces, 1 ' 2 ' 6  we believe that the sulfur from thiophene deposi-

tion is weakly bound. These studies show that pre-adsorbed sulfur inhibits BIDS, 

while pre-adsorbed carbon does not. If the sulfur deposited during thiophene 

HDS is strongly bound one would expect that pre-adsorbed sulfur would not inhi-

bit the reaction. However, as stated previously it does, so the sulfur is bound 

weakly. Consistent with these catalytic results, our results in UHV show that sul-

fur blocks all adsorption to the metal, which suggests adsorbed sulfur inhibits 

EDS. However, this poisoning effect is not as complete as the results in HDS sug-

gest. Previously, we found that all strong bonding to the surface was stopped in 

UHV by O = 0.6. This suggests that HDS should be inhibited completely by this 

coverage. However, at 0 = 1 the HDS activity is only Y2 of the value on the ini-

tially clean surface. Although the details of the effects of sulfur are different 

between high pressure HDS and TiNY chemisorption the basic trends are the 

same; sulfur blocks chemisorption. 

Similar reasoning applIes to the effect of carbon on UIHY chemisorption and 

high pressure 1-IDS. The lack of inhibition of high pressure HDS by pre-adsorbed 

carbon is consistent with the TJH\T results presented earlier. Only destructive dis-

sociation sites are blocked by pre-adsorbed carbon leaving top-sites available for 

strong reversible chemisorption. Thiophene HDS on Mo(lflfl) has not been found 

to break C.!C bonds (dissociation is blocked). Since pre-aclsrrbed carbon does not 
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inhibit BIDS on Mo(100) compared to the initially "clean" surface, these results 

suggest further that the active surface is created on the clean surface during the 

first moments of the reaction (by decomposition of thiophene). As mentioned pre-

viously, UDS on Mo(100) involves no C-C bond breaking, which is unusual for an 

early transition series metal. It has been suggested that early transition series 

metal carbides exhibit catalytic activity similar to that of the platinum metals. 7  

In other words, catalysts usually used for their C-C bond breaking ability, are, in 

their carbided form, active for isomerization reactions. 8 ' 9  The activity of these 

carbides has usually been explained in terms of a narrowing and filling of the 

metal d-bands, an electronic interaction. 10  This is different from the geometric 

site-blocking effect we propose here for carbon. However, HDS does not have the 

highest activity on Pt or Pd (best for isomerization), but on Os and Ru, 11  or Ir 

and Rh. 12  So, the type of reaction is not the same as isomerization, and may not 

be influenced by the same electronic effects. Although we have performed work 

which suggests that carbon may play a major role in the active sites of thiophene 

FIDS further work is needed to determine the structure of possible hydrocarbon 

species on a "carbided" Mo(100) surface. Results from this type of study would 

suggest possible bonding geometries during HDS. 

Much of the preceding discussion has been limited to comparisons of our 

UT-IV surface science work with catalytic work on single crystals. This is where 

the most similarity in conditions occurs. Comparisons with MoS 9  catalysts 

dispersed on A1 903  and promoted with Co, as used in industry, should be made 

with caution. However, we do propose the same effect for carbon on the indus-

trial catalyst; inhibition of destructive dissociation sites while n1lowing strong 
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reversible chemisorption. 

Similar to our UHV chemisorption results on Mo(100) our results on Re(0001) 

and Re(1010) are consistent with results on catalytic HDS on these surfaces. 13  

Sulfur and carbon were found to be strongly bound on Re(0001) and Re(1010). 

The results of hydrocarbon chemisorption in T,JHV suggest that, similar to 

S/Mo(100), pre-adsorbed sulfur on Re(0001) and Re(1010) should inhibit HDS. 

Sulfur blocks all bonding to the surface by 0 = 0.4 in UHV, but at 0 = 1 the 

catalytic activity is 	of the "clean" Re(0001). In UHV, hydrocarbon chem- 

isorption and decomposition was inhibited by Re(0001) and Re(1010) surfaces 

with pre-adsorbed carbon. In addition, catalytic UDS was also inhibited by pre-

adsorbed carbon. In fact, near saturation coverage the HDS reaction is almost 

completely inhibited. This is consistent with our finding that the carbon is 

adsorbed in an inert "graphitic" phase. 

Additional catalytic results showed that the activity of Re(1010) for 

thiophene HDS is greater than that of Re(0001). This is unlike HDS on Mo where 

no structure sensitivity is observed. 14  Consistent with this is the proposition that 

HDS occurs on an overlayer (probably carbon) on Mo, whereas on Re the reaction 

occurs on the metal surface. 

We have endeavored to determine the basic chemisorption properties of sul-

fur and carbon on molybdenum and rhenium single crystals in the context of the 

catalytic hydrodesulfurzation of thiophene. This study found consistency between 

the results at low pressure and the results under catalytic conditions. Further 

work of immediate concern is the determination of the sulfur and carbon struc- 

4 
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tures on both Re(0001) and Re(1010). The sulfur and carbon structures of 

Re(1010) are straightforward, and are probably best solved using LEED 1(V) 

analysis. However, the high coverage ordered sulfur lattices on Re(0001) have 

large unit cells, and many different trial structures would need to be tested. The 

technique of most use here is probably scanning tunnelling microscopy where the 

results of the structure determination are direct. 15  In addition, the elucidation of 

hydrocarbon surface structures on clean, sulfur covered, and carbon covered sur-

faces in UHV using vibrational spectroscopy (HREELS) would be of great 

interest. Finally, more long range research could involve the study of Co adsorp-

tion (since this metal is a promotor of lIDS) similar to the study performed here 

for sulfur and carbon. This would help suggest whether the role of the cobalt 

promotor is strucural (i.e. stabilizes formation of MoS 2  edge sites) 16  or electronic 

(increases donation of electrons Into thiophene antibonding orbital). 
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Appendix 

Although some to the determined 1(V) curves were presented in Chapter 3, 

the rest were not presented, because no theoretical calculations had been per- 

fomed for those sulfur { ri ') and c(4X2) } and carbon { p(1X1) } structures on 

Mo(100). It was felt that in lieu of those calculations the other 1(V) curves should 

be presented in the appendix. So, on the next several pages the 1(V) curves aver-

aged over the symmetry equivalent beams at normal indcidence for the clean 

Mo(100), S-c(2X2), 5- r, } S-c(4X2), C-c(2X2), and C-p(1X1) will be presented. 
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Figure A.1: LEED 1(V) curves for a few beams on the clean Mo(100) surface at normal incidence 

and 230 K. LEED 1(V) curves shown are for the (3,1), (2,-1), (2,2), and (3,0) 
diffraction beams averaged over all symmetry equivalent beams. Other beams are 
shown in Figure 111.9. 
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face at normal incidence and 194 K. LEED 1(V) curves shown are for the (2.5,..0.5), 

(2.5,-1.5), (0,-3), and (3,1) diffraction beams averaged over all symmetry equivalent 
- 	beams. Other beams are shown in Figure ffl.10. 
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Figure A.3: LEED 1(V) curves for a few beams in the c(2X2) st1ucture of carbon on Mo(100) sur-

face at normal incidence and 200 K. LEED 1(V) curves shown are for the (2.2), 
(2.5-0.5), (0.-3), and (3,1) diffraction beams averaged 'over all symmetry equivalent 
beams. Other beams are shown in Figure 111.12. 
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