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The Effect of Additives on the React iv i ty  of Palladium 
Surfaces for the Chemisorption and Hydrogenation of 

Carbon Monoxide: A Surface Science and Catalytic Study. 

T h o m a s  George R.ucker 

Abstract 

This thesis research has studied the role of surface additives on the catalytic 

activity and chemisorptive properties of palladium single crystals mad foils. The 

effect of sodium, potassium, silicon, phosphorus, sulfur and chlorine on the bonding 

of carbon monoxide and hydrogen and on the eyclotrimerization of acetylene on 

the (111), (100) and (110) faces o£ palladium has been investigated in addition 

to the role of Ti02 and Si02 overlayers deposited on palladium foils in the CO 

hydrogenation reaction. 

The surface characterization and catalytic reactions were performed in a com- 

bined ultra-high vacuum/high pressure chamber equipped with the standard sur- 

face a.ualytical techniques. The chamber included a. new high pressure isolation 

cell mounted inside the chamber capable of attaining pressures of 1800 psi. 

On p~lladium, only in the presence of oxide overlayers (TiO=, SiO=), are 

methane or methanol formed from CO and H2. The maximum rate of methane for- 

mation is attained on palladium foil where 30% of the surface is covered with tita- 

nia. Methanol formation can be achieved only if the TiO=/Pd surface is pretreated 

in 50 psi of oxygen at 550°C prior to the reaction. Temperature Programmed Des- 

orption and X-ray Photoelectron Spectroscopy results and kinetic studies suggest 

that methane forms on a stable mixed TiO=/Pd catalytic site whereas methanol, 

which is produced only during the first few minutes of the reaction, forms on an 

unstable heavily oxidized TiO~/Pd surface. 

The additives (Na, K," Si, P, S, & CI) affect the bonding of CO and hydrogen 



and the cyclotrimerization of acetylene to benzene by structural and electronic 

interactions. The structural interaction induced by the additives are evidenced 

by surface reconstruction, changes in palladium ensemble size, site blocking and 

changes in the CO bonding configuration on palladium. The electronic interaction 

involves the donation or withdrawal of electron density from the additives based 

on their electronegativites relative to palladium. In general, the electron donat- 

ing additives increase the desorption temperature of CO and increase the rate of 

acetylene cyclotrimerization and the electron withdrawing additives decrease the 

desorption temperature of CO and decrease the rate of benzene formation from 

acetylene. 
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Chapter I 

INTRODUCTION 

In the early decades of catalysis research, little was known about the interaction 

of multicomponent catalysts, and hence, many industrial catalysts were developed 

with an ad hoc approach. Advances in physical chemistry, solid-state physics, 

instrumental analysis and computer applications spurred by the growth of the 

electronics and aerospace industries led to the development of numerous tech- 

niques with which we can probe the small concentrations of molecules and atoms 

on catalyst surfaces (,-, 10 is molecules/cm 2 compared to a solid block of ,-, 102~ 

molecules/cm 3, 10, 000,000 times less). 

In a heterogeneous catalytic reaction, the following sequence of steps are typi- 

cally involved. 

1. Adsorption of reactant molecules on the catalyst. 

2. Surface Diffusion. 

3. Formation of intermediates and products. 

4. Product desorption. 

All of these steps depend strongly on the structural and electronic nature of the 

catalyst surface. Historically, catalysts have been doped with additives, dispersed 

on various ~inert' supports and subjected to pretreatment conditions to increase 
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activity, selectivity and stability. How and why these steps alter the basic catalytic 

steps has only in the past few years started to be understood. 

This research uses a wide variety of surface sensitive techniques to study cat- 

alytic systems and the interaction between the metals, supports and additives. In 

particular, the influence of oxide overlayers (TiO=, SiO~) deposited on palladium 

on the CO hydrogenation reaction and the influence of surface additives (sodium, 

potassium, silicon, phosphorus, sulfur, chlorine) on the chemisorption (CO, H2) 

and catalytic (C2H2 -+ CsHs) behavior of palladium single crystals are investi- 

gated. By understanding how adsorbates modify chemical (binding, composition, 

oxidation state) and structural features of catalysts, and which steps in the cat- 

alytic react'on sequence they perturb, one would be able to selectively deposit 

adlayers on a surface and accurately control not only the catalytic behavior, but 

also the electronic and mechanical properties. 

Practical catalysts consist of millions of small particles dispersed on high sur- 

face area (100 m2/gram) supports (usually oxides)[1]. Many techniques have been 

developed to study these systems including (Fourier Transform) Infrared Absorp- 

tion, Mossbauer and Extended X-ray Absorption Fine Structure, and these have 

all yielded much information [1]. An inherent difficulty in studying the structure, 

composition and oxidation states of dispersed catalysts is their anisotropy. With 

a large number of binding sites it is difficult to determine which sites are c~talyti- 

cally active. This complexity has led scientists to model the working catalyst with 

simpler systems to answer these fundamental questions. 

In this research, the model system is a 1 cm 2 palladium single crystal or foil 

which has been doped with a surface additive. Through a systematic comp~ison 

of the effects of each additive on the activity of clean palladium, the catalyst can 

be characterized. 
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1.1 The Catalytic Hydrogenation of Carbon 
Monoxide 

Since the first report of the catalytic hydrogenation of carbon monoxide to methane 

over ~. nickel catalyst in 1902 by Sabatier and Senderens, this reaction has been 

extensively studied[2]. In 1913 a patent was issued to Badische Analin und Soda 

Fabrik (BASF) for a process to form hydrocarbons and oxygenates from CO and 

H2 using alkali doped oxides of cobalt and osmium (Pressures > 100 atm, T= 

350°C)[3]. Ten years later, another patent was issued to BASF for methanol for- 

mation using a zinc oxide and chromium oxide catalyst. In 1926, Fischer and Trop- 

sch formed higher hydrocarbons at atmospheric pressures and lower temperatures 

over a catalyst of iron and cobalt containing potassium carbonate and copper 

promoters[4,5,6,7]. Germany during World War II produced I00,000 barrels of syn- 

thetic fuels per day using a modified version of this catalyst (cobalt, thoria, mag- 

nesium oxide and kieselguhr (diatomaceous earth), I - 10 atm)[8,9,10,11,12,13]. 

After the war, research continued~ but was virtually halted a few years later in the 

presence of inexpensive foreign oil. Presently, only in South Africa (SASOL) is the 

syn gas reaction commercially active. In the early seventies, with the increasing 

cost of crude oil, the applications and feasibility were again discussed and research 

was restarted in developing selective and active catalysts. 

1 .1 .1  T h e r m o d y n a m i c s  

Hydrocarbons are thermodynamically favored over CO and H2 at lower tempera- 

tures. Figure 1.1 shows the standard free energies of formation of hydrocarbons 

and alcohols from CO and H~ with water as a by-produc.t. The reactions of primary 

interest in this research are: 

CO + 3H2 ~ CH4 + H.,O 

CO + 2H2 ~ Clf30H 
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Since a~ low temperatures the reactions become kinetically limited, reaction rates 

are maximized in the temperature range between 500 -700K for methane and 400 - 

550K for methanol. By Le Chatelier's principle, higher pressures enhance product 

formation in associative reactions. Figure 1.2 show the pressure dependence for 

methanol synthesis. To increase the yield of me~.hanol and methane pressures of 

20 arm or higher are desirable. 

1.1.2 M e t a l -  Oxide Systems 

Numerous catalysts for methane arid methanol formation exist. Nickel is an excel- 

lent methanation catalyst [14] and zinc chromate - copper chromate an excellent 

ca~.alyst for methanol synthesis. Palladium has been reported to form methane 

[15] or methanol [16] selectively or to be .inactive [17]. The major difference in 

these reports is the support on which the palladium is impregnated. This system 

is one example where the support is acting as a promoter or co-catalyst. 

Previously, the oxlde supports used in catalysis were considered inert substrates 

with high surface area. By dispersing the metal on these supports a high surface 

to volume ratio could be achieved, thereby exposing a high percentage of the ex- 

pensive metal atoms to the reactants. In the late 1950% numerous research groups 

discovered that the catalytic activity of metals is strongly influenced by the sup- 

port. Schwab e~ ~l. found that the activation energy of decomposition of formic 

acid on nickel was dependent on the type of oxide present[18,19]. They found that 

addition of n-type additives to nickel on alumina increased the activation energy 

while p-type dopants decreased the activation energy. Another influence of the 

oxide supports was to change the chemisorptive properties of metals. Tauster and 

co-workers found suppression of CO and H2 chemisorption after high tempera- 

ture reduction (773 K) of various oxide supports[20,21,22]. Ti02, Nb205, V~.O~, 

Ta20s showed a large suppression whereas Si02, A1203, Sc20a, HfO2, MgO, Zr02 
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and Y203 had very little effect. Tauster found that more easily reducible oxides 

interacted more with ~.he metal to reduce CO and H~ chemisorption. Numerous 

research groups have found a strong correlation between the oxide supports and 

catalytic activity and selectivity. Bell et al. studied the activity of palladium in 

the CO hydrogenation reaction and found the following order in methanol activity: 

La20s >> Zr02 > ZnO ~ MgO > TiO~ > A1203 ~ Si02 >> carbon black, and 

the following order for methane activity: Ti02 ~ ZrO~ > La203 > A1203 > Si0~ 

carbon black > MgO > Zn0[23]. The rate enhancement has been attributed 

to numerous factors, including the formation of mixed metal - me~al oxides sites 

[24,25] and the formation of metal ions [26]. 

1.2 M e t a l -  A d d i t i v e s  

Small concentrations of surface additives drasticklly modify the e~;tivity and se- 

lectivity of metals in catalytic reactions. In some instances (K on Fe/A1203 in 

ammonia synthesis) the additives enhance the rate of product formation, whereas 

in other systems (S on Fe and Pd in CO hydrogenation) the additives poison the 

reaction or change the product distribution (S on Pt-R.e in hydrocarbon reform- 

ing). Even though it has been known for close to 150 years that dopants are 

catalytically importan~ the nature of the interaction between ~.he additive and 

metal is not well understood [27]. 

It has been reported that these additives have numerous effects including act- 

ing as active components or co-catalysts, limiting co'king and structurally changing 

the catalyst. However, the majority of the studies have only looked at the macro- 

scopic changes induced by the ad~fives, and have not probed their fundamental 

relationship on the atomic scale. 1 In this thesis LEED, A~, AES, reaction stud- 

ies and the chemisorption of H2, CO and C2H2, are used to study on the atomic 

1A comprehensive survey of metal-additive systems is presented in the references[28,29,30,31]. 
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scale how the additives, potassium, sodium, silicon, phosphorus, sulfur and chlo- 

rine deposited on palladium single crystals ((111),(100) 8z (110)), alter the metal's 

catalytic, structural and electronic properties. 

1.3 P e r o v s k i t e s  

Numerous studies have shown that oxidized metals are catalytically active in the 

CO hydrogenation reaction [32,33,34]. Instead of depositing additives on a metal 

surface, it is possible to alter a metal's catalytic activity and stability by ex-posing 

it to a dii~erent chemical environment. One example is to bond the metal in an 

oxide matrix which can stabilize the metal in a higher oxidation state. Perovskite 

compounds (ABOa] are one such class of compounds where in the bulk the metal 

cation (B) is surrounded by 6 oxygen and 8 metal cations (A). 

In this thesis a survey of the activity of perovsldte compounds (LaMn03, 

LaCrO~, LaFeO3, LaRh03) in the CO hydrogenation reaction is presented. The 

metal is enclosed in an oxide matrix which can modify the activity and prod- 

uct distribution relative to an undoped foil. XPS and kinetic studies are used to 

understand the catalytic behavior of the perovskite compounds. 
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Chapter 2 

EXPERIMENTAL 

2.1 I n t r o d u c t i o n  

This research project has centered on studying catalytic reactions on well 

characterized low surface area (1 cm 2) transition metal single crystal and poly- 

Crystalline surfaces to correlate surface composition and structure (determined in 

UHV) to catalytic behavior (high pressure conditions), and to determine the ef- 

fect of surface additives on chemical bonding. Tiffs chapter describes in de~ail the 

experimental apparatus, techniques and procedure. 

By analyzing the samples in UHV the surface remained clean from background 

gas contamination. Using the kinetic gas law it can be determined that at 1 x 

10 -s torr the surface would become saturated with background gases in 1 second, 

assuming a sticking coet~cient of unity. By performing the surface analysis at 

1 x 10 -l° tort, the surface remained relatively free (less than 10% of the surface 

covered) of adsorbates for ,,-1000 seconds. Also, for the electron spectroscopy 

techniques UHV is necessary. 

To mimic the high pressure - high temperature conditions used in industrial 

reactions, the sample, after surface characterization, is enclosed in an isolation cell. 

This small volume -~128 cmz cell is pressurized with the reactant gases, the sample 

12 
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is heated and the product distribution monitored with a gas chromatograph. The 

reaction can be stopped, and the reaction cell evacuated and opened to UtIV 

without exposing the sample to the ambient atmosphere [1,2]. 

2.2 E x p e r i m e n t a l  E q u i p m e n t  

2.2.1 Combined High Pressure/Low Pressure Chamber 

This section describes the design of a new high pressure isolation cell mounted in- 

side an ultra-high vacuum (UHV) chamber capable o£ attair~ng pressures of 1800 

psi (122 a~m). This pressure range allows modeling of many industrially impor- 

tant reactions, including CO hydrogenation, aramonia synthesis and hydrocarbon 

reforn~ng. Many commercial reactions are operated at pressures over 500 psi. 

Thermodynamics dictates that product formation for some reactions is enhanced 
. .  

at higher pressures. Also, at t~gher pressures, difl~erent mechanisms may e~st 

which lead to different product distributions than at lower press .ures because of 

larger surface concentrations of weakly adsorbed molecules. In ammonia synthesis 

higher conversions are obtained by performing the reaction at higher pressures 

(>1500 psi). In the Fischer-Tropsch (Syn Gas) reactiou, recent studies in our lab- 

oratory found a significant increase (from 65% to 90%) in the alcohol selectivity of 

K2CO3 promoted MoS~ in a pressure range of 500 to 1500 psi H2 with a constant 

CO pressure of 500 psi [3]. A schematic of the high pressure/UHV system is shown 

in Figure 2.1 and photographs of the front and back are shown in Figure 2.2 and 

Figure 2.3. The primary components are the manipulator (to which the sample is 

attached), the high pressure cell mounted inside the UHV chamb, er, a gas circula- 

tion pump and gas chromatograph £or reaction product analysis. The components 

of the high pressure system (manipulator and cell) are described in detail below. 

(see Appendix A) 

Various constraints are imposed on the design of the high pressure cell and 
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Figure 2.2: Photograph of Front of High Pressure - Low Pressure Chamber 
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the manipulator. The cell should have a seal capable of maintaining UHV in the 

chamber during reactions with l0 s torr of reactants. After a reaction, the cell 

should pump down rapidly (within minutes) to UHV. The total unit has to fit 

comfortably inside a 10 liter UHV chamber and also allow use of all of the surface 

science equipment (x-ray and electron sources, electron energy analyzer and mass 

spectrometer). The volume of the cell has to be minimized for two reasons. First, 

since the catalyst surface area is ,,,1 cm 2, the ratio of sample surface area to cell 

volume must be maximized to enhance detectability of reaction products. Second, 

during reactions, products and reactants adsorb on the walls of the ceil and slowly 

outgas wher~ the cell is opened to UHV, increasing the chamber base pressure. 

The sample should be easily mountable on the manipulator to facilitate sample 

changes. The cell and sample support must be catalytically inactive at the reaction 

. temperatures to which ~.hey are exposed. 
. 

The major limitation in reaching high pressures (> 850 psi) in the previous 

isolation cells was the manipulator-to-cell sealing surface. The copper gasket- 

knife edge seal fails above 350 psi of reactant gas. This new apparatus uses a 

sealing surface with differentially pumped o-rings, which is tight to over 1800 psi 

of reactant gas. Other improvements in design include smaller cell volume, easier 

manipulator-cell alignment, and a simplified sealing mechanism. 

a) M A N I P U L A T O R  

The manipulator, shown in Figure 2.4, is composed of two sections: a solid 

stainless steel bulkhead with thermoc0uple and electrical feedthroughs to which 

the sample is attached and a l m  long stainless steel transfer probe. This unit has 

both vertical and 360 ° rotational motion with the sample mounted on the-central 

chamber axis. 

The manipulator is raised and lowered by a vertical translator mounted on the 

chamber. To prevent exposure of the chamber to the atmosphere during sample 
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changes a load lock is mounted on the chamber (Figure 2.1). The seal between the 

manipulator and chamber, located above the load lock gate vaL:,e, consists of two 

differentially pumped piston seals which are very lightly lubricated with diffusion 

pump oil to allow the manipulatdr to slide easily. 

The bulkhead has two 150 amp copper feedthroughs and two thermocouple 

feedthroughs welded in with the ceramic insulator inside the cell The sample 

is spotwelded to 20 rail gold wire which in turn is spotwelded to the copper 

feedthroughs. Sample temperature was monitored by either a platinum/platinum- 

10% rhodium or a chromel/alumel thermocouple. Thermocouple accuracy was 

checked by visually observing the minimum temperature o£ optical emission (,,, 

785K). On the topside o£ the electrical feedthroughs copper tubes were soldered 

on which carry in liquid nitrogen for cooling and current for sample heating. The 

sample could be cooled to -,, 80K and heated to 1000K without heating the copper 

supports. Air was passed through these tubes during normal use to keep the bulk- 

head and copper feedthroughs from heating during sample heating and reactions. 

The tubes and thermocouple wires run the length of the 2.5' diameter polished 

transfer probe welded to the bulkhead. The other end of the probe is capped to 

allow e~cuation of the transfer probe to cool samples without condensation on 

the outside of the probe. The copper tubes and thermocouple have vacuum tight 

connections ~.hrough this cap. 

i,) CELr., 

The manipulator is lowered and inserted into the high pressure cell (Figure 0..5) 

to complete a micro-batch reactor. This cell (18 em x 7.5 cm), mounted inside 

the chamber on the bottom center, has a piston-actuated seal which grasps the 

manipulator in a bayonet mount. The sealing surface of the cell consists of two dif- 

ferentially pumped viton o-rings seated in dove-tail grooves on the top flat surface. 

Pressurizing the piston through the air-in line pulis down the outer housing which 
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in turn pulls the manipulator's flat sealing surface tightly against the o-rings. A 

nitrogen sealing pressure of at least one-half the reaction gas pressure is needed for 

a tight seal. When the nitrogen pressure is released, the spring forces the piston 

and outer housing up. 

The inner cell is mounted on a 1 cm diameter pedestal which holds the cell 

firmly while still allowing 1-2 mm lateral flexibility for manipul;~tor-cell align- 

ment.The cell has cavities for the sample (9 cm x 2.5 cm) and piston (6 cm x 5 

cm). This cell has connections for reactant gas in and out, nitrogen for pressur- 

izing the piston, and for diF_erential pumping 5etween the o-rings and the volume 

below the piston. The volume under the piston is pumped as an extra precaution 

to eliminate the possibility of nitrogen leaking into the chamber during a reaction. 

The vacuum system in which this high pressure cell was mounted consisted of 

a stainless steel 5elljar (-,, 40 liter internal volume) 5uilt at the L;~wrence Berkeley 

Laboratory. The chamber which had a base pressure of 1 x 10 .9 tort (after 24 hr 

bakeout, 150 ° C) was pumped by an 6 liter liquid nitrogen trapped (Torr Vacuum 

Products LNB-62) oil di~usion pump (Varian VHS-6). This chamber was also 

equipped with: 

• A double pass cylindrical mirror analyzer (CRIA) for electron energy analysis 

(AES, XPS, A@) mounted on bellows (Buil~ by K. Franck). 

• A dual filament 15 kV x-ra.v source mounted on 5ellows [4]. 

• Two CRT-electron guns for AES (one glancing incidence and one inside the 

CMA). 

• A quadrupole mass spectrometer (EAI Quad 240) for residual ga.~ analysis 

and T P D .  

• An ion sputtering gun (Varian 981-2043) for Ar + sputter cleaning the sample 

surface. 
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, Three variable rate leak valves (Varian 951-5106) for controlled addition of 

gases into the chamber. 

• A nude ion gauge (Varian 971-5008) for measuring chamber pressure. 

• Resistive dosers for potassium (Saes Getters) and Ti. 

The high pressure batch reactor included: 

• Two gas circulation pumps 

1. A teflon rotor micropump (Micropump 120-000-100) for pressures <t00 

psi. 

2. A positive displacement diaphragm pump (Whitey LP10) for pressures 

>100 psi. 

• Two pressure gauges 

1. Pressures < 400 ton: (Wallace i:  Tiernan 61C-1D-0410). 

2. Pressures > 400 tort (Heise H3J~47). 

. A gas chromatograph (HP 5793) and peak integrator (HP 3390) to deter- 

mine product yields and distributions. Columns were 1/8 inch stainless steel 

tubing packed with either Poropak N, Q, QS, Chromosorb 103 or 102. 

• A 6 port GC sampling valve (Nitroaic-60) for pressures up to 7000 psi. 

, A liquid nitrogen trapped (Variaa M2) oil diffusion pump (Varian VHS-2) 

for evacuating the loop down to ,~ 10 -s tort. 
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2.2.2 Low Pressure Chamber 

The second system used ia this research was an ion-pumped chasnber wi~h a base 

pressure between 1 x 10 -le to 5 x 10 -11 tort (Figure 2.6). This lower pressure 

facilitated TPD and LEED experiments. This bell-jar (Varima) was equipped 

with: 

• Five 140 liter/see triode ion pumps (Vaxian 912-7000). 

• A titanium sublimation pump (Varian). 

• A four grid LEED optics for LEED, AES a~d work function measurements. 

A multiplexed quadrupole mass spectrometer (UT1100c) with programmable 

peak selector (UTI) for TPD and residual gas analysis. 

• An offset manipulator to hold the sample. " 

• An ion sputter gun (781-2454) £or Ar + sputter cleaning the sample surface. 

• A glancing angle ClOT electron gun for AES. 

• A single pass cylindrical mirror analyzer for energy analysis (AE$). 

® Two variable rate leak valves for controlled addition of dosing gases into the 

chamber. 

2.3 E x p e r i m e n t a l  T e c h n i q u e s  

To undersi, and the interaction of adsorbates on surfaces and their influence on cat- 

alytic reactions, a wide variety of sul~ace sensitive techniques are available. These 

analytical techniques yield information on chemical composition (Auger Electron 
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Spectroscopy), oxidation s~ates (X-ray Photoelectron Spectroscopy), surface struc- 

ture (Low Energy Electron Diffraction), surface - adsorbate Bond strengths (Tem- 

perature Programmed Desorption) and surface electron density (Work Function). 

Some of these techniques achieve surface sensitivity by using electrons in the 

1 0  - 1000 eV energy range. Figure 2.7 shows the short mean free path in solids for 

electrons in this range. Figure 2.8 shows a schematic of the energy distribution 

of electrons when a surface is Bombarded by a monoenergetic beam of electrons. 

At low energy are the secondary electrons whose position and intensity reflect 

changes in work function, followed By auger electrons, e!ectrons which have lost 

energy to the plasmons and pho,mns and then the elastically scattered electrons 

at the incident beam energy. 

This section Briefly describes each technique used in this research, the type of 

information obtained and the experimental equipment and procedure used. 

2 . 3 . 1  A u g e r  E l e c t r o n  S p e c t r o s c o p y  

Auger Electron Spectroscopy (AES) named after P. Auger is used to obtain de- 

tailed information on the chemical composition of the uppermost (2 - 5) layers of 

the sample surface [5]. In this technique a beam of high energy electrons (2000 

eV) incident on the sample ionizes atoms to form core level holes (Figure 2.9), 

The core holes are filled by outer shell electrons and the energy is tra~usmitted in 

a radiationless process to a secondary electron. This secondary electron or A.uger 

electron is emitted from the atom with an energy 

E(SVV) = - El - (E2 + (2.1) 

where Es is the energy of the core level electron, E, the energy of the outer shell 

electron which fills the core hole, E2 the energy of the auger electron and #sne~ 

the spectrometer work function. From this, it can be seen that the kinetic energy 

of the auger electron is independent of the incident beam energy, and dependent 
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Figure 2.8: The energy distribution of electrons scattered from a surface bom- 
barded with a beam of electrons is shown here. At low ener~r are the secondary 
electrons, followed by the Auger electrons and then the elastically scattered elec- 
trons at the primary beam energy. 
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Figure 2.9: A schematic of the Auger process. 
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only on the element and binding state. Instead of an auger electron emission the 

excited state ion can undergo an x-ray emission, however the probability for this 

process is low for lighter elements and energies below ,,~ 500 eV [8]. 

The energy of the auger electron (or any electron) can be measured readily with 

a wide variety of electron energy analyzers: Retarding Field Grid Analyzer (P~A), 

Cylindrical Mirror Analyzer (CMA), 127 ° Analyzer and Concentric Hemispherical 

Analyzer (CHA). A double pass C~IA (shown ~agrammaticalIy in Figure 2.10) 

was used in this work. Energy analysis is accomplished by three filters arranged 

in series - one hemispherical retarding grid and two cylindrical mirror analyzers. 

There is also an internal aperture, which affects energy resolution and luminosity, 

to achieve maximum sensitivity for either XPS or AES. The second harmonic of 

the modulation voltage was detected as a function of the ramp voltage using a 

phase sensitive lock-in amplifier. The second harmonic corresponds to the first 

derivative of tI~e auger spectrum. 

A typical auger spectrum (phosphorus-doped palladium) is shown in Figure 

2.11. Spectra acquisition time is 2 - 3 minutes. Quantitative data on relative sur- 

face composition can be determined by AES. Since the N(E) curve can be approx- 

imated to be gaussian, the peak-to-l:eak height (I=) of the differentiated auger line 

(in the dN(E)/dE curve) is proportional to the surface concentration. This pe~k 

height is very sensitive to many parameters (beam energy, modulation, etc.) so 

comparison from spectrum to spectrum is not reproducible. However, corhparisons 

or ratios within the same spectrum are valid. Surface coverages of additives in this 

work are determined by taking .the ratio of the peak height for the additive and 

substrate, accounting for the ionization cross-section (0~ = (I=/S~)/(~2= 1 Ii /Si))  

AES can also be used to determine growth mechanisms of overlayers [9]. Elec- 
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Figure 2.11: AES spectrum of a phosphorus-doped pa/laclium single crystal. 
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trons emitted from a surface are attenuated (a) 

= r / ro  = e = v ( - h / A c o s ¢ )  (2.2) 

depending on the mean free path of the electron (A) and the thickness of the 

overlayer (h). For a surface covered by a fraction of monolayer (6)) the intensity 

of the substrate peak wilI be a combination of the uncovered surface and the 

attenuated signal of the covered surface: 

I = + Io(1 - 0 ) .  (2.3) 

For two monolayers the substrate signal is attenuated by ~2 for three layers by 

~B and so forth. Therefore, for a layer by layer growth mechanism there is a 

sharp break in the uptake curves at the completion of each layer whereas for 

three dimensional growth there is an exponential decay in the substrate signal. 

Figure 2.12 shows the three growth mechanism ~vhich can be differentiated by this 

analysis. These three mechanisms are: layer by layer (Frank - Van tier Merwe), 

laver followed by three dimensional (Stranski - Krastinov~ and three dimensional 

(Volmer - Weber). 

2 . 3 . 2  X - r a y  P h o t o e l e c t r o n  S p e c t r o s c o p y  

From the 1905 hypothesis by Einstein [10] that the energy of an ejected electron 

could be calculaied as the energy difference between the incident photon (by) 

and the binding energy of the target electron, has evolved the technique of X-ray 

Plmtoelectron Spectroscopy (XPS) (also called Electron Spectroscopy for Chem- 

ical Analysis (ESCA)). Subsequent work by Siegbahn and coworkers developing 

sensitive photoelectron spectrometers (sources and detectors) opened this field to 

many applications and a tremendous amount of both experimental and theoretical 

work has accumulatcd in the past 30- 40 years [I1,12,13,14,15,16,1T,13,19] 
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Figure 2.12: There are three general mechanisms for overlaver growth: Layer by 
layer, layer f'olllowed by three dimensional and three dimensional. 
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Conceptually, the experimental procedure  for XPS is straightforward. Elec- 

trons from a filament (thoriated tungsten)  impinge on a magnes ium or a luminum 

anode (biased at  15 kV) giving rise to either AI(Ka) (1486.6 eV, .85 eV FWHM) or 

Mg(Ka)(1253.6 eV, .7 eV FWHM) x-rays (Figure 2.13). These x-rays, after pass- 

ing through a 1 # m  A1 window (to eliminate electrons), strike the sample surface, 

causing photoemission of both core and valence level electrons [4]. The  kinetic 

energy dis tr ibut ion of these electrons is measured by the CMA and a plot of the 

detected signal (counts from the channeltron) against kinetic energy is obtained. 

Figure 2.14 shows a schematic repr,~sentation of this technique and a typical spec- 

t rum obtained for t i tania  decorated palladium. The  kinetic energy is converted to 

binding energy using a modified Einstein equation 

EB -- hv - EK -- ~b~ct, (2.4) 
" i  

where ¢,~ct is the work function of the spectrometer.  All the experimentally 

obtained binding spectra were referenced to a standard,  either the  gold fr/2 (84.0 

+ 0.t eV) or the  carbon ls (285.0 eV). From this shift, the spectrometer  work 

function was de termined to be approximately 3.5 eV. 

These full scans gave only qualitative information on surface composition. In 

order to obta in  the exact chemical shifts the region around a specific elemental 

peak was scanned with a hi~her resolution (lower pass energy)[17]. 1 Quanti tat ive 

in.formation can be determined by measur ing peak area and using the elemental 

ZElectrons aFe filtered in the CMA by applying a potential across the inner and outer cyiinders 
( Va , VM). To maintain constant instrumenta[ resolution across the spectrum, the following 
relationship holds: 

~E, ple~o,, = I¢ 

where ,..%E,p is ~he instrumental resolution, K is a constant and eVpo,, Lhe pass (kinetic) energy o[ 
the electrons in the CMA which can be expressed a'.: 

From these two equations ),lle instrumental resolution was determh.',l to be AE)p = .007 x eVp.., 
By decreeing the pass energy the instrumental resolution can be i.creased. 
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Figure 2.13: Schematic representation describing the formation of x-rays. ' 
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Figure 2.14: Schematic representation of the equipment needed to obtain an XPS 
spectrum and a typical spectrum. 
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Figure 2.13: The Pd 3d peaks have different binding energies depending on the 
oxidation state. This figure shows the Pd 3d peaks for a clean and o~dlzed sample. 

scaling factor which is related to the probability of photoemission (ionization cross 

section). 

A simple classic electrostatic model shows that as the charge of the atom 

is increased, the electrons are held more tightly (i.e. higher binding energy). 

Figure 2.15 shows the 3d peaks of palladium and palladium oxide. A 1.fi eV 

shift to higher binding energy is seen for the oxide. Comparison of this shift to 

shifts of compounds with known composition enables the assignment of oxidation 

states (Pd *2 in this example). Table 2.1 summarizes the binding energies and 

corresponding oxidation states for the metals used in this work [17]. 

Line shapes and splitting also contain much information on the chemical en- 

vironment of the element. The major factor e~using peak splitting is spin-orbit 
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Metal 

Pc]. 

Ti 

Si 

Rh 

Co 

Fe 

Cr 

Binding Ene rgy  (eV) 
0 

335.1 

453.9 

98.5 

307.0 

777.9 

706.8 

574.0 

+2 

336.2 

454.5 

I +3 

309-311 

779-782 

709-712 

576-580 

I +4 

340.0 

458.4 

103.5 

Table 2.1: Binding energies for the mer.allic and oxidized ~ransi~ion metals used 
in this research 

coupling. When the orbital angular momentum quantum number I is greater than 

zero, the electron spin couples with I to yield two substrates j = l + 1/2 aadj  = l- 

1/2, with the second having lower binding energy. The peak shape (width, asym- 

metry) are influenced by many factors, including spectrometer and x-ray source 

resolution, unresolved sateUltes, many-electron effects and lifetime broadening [13]. 

2.3.3 T e m p e r a t u r e  P r o g r a m m e d  D e s o r p t i o n  

Temperature Programmed Desorption (TPD) yields information on adsorbate - 

surface bond strengths, stoichiometric UHV reaction products and mechanisms 

and also on adsorbate - adsorbate interactions. Additionally, using CO, this tech- 

nique could be used to titrate for surface cleanliness and adsorbate coverages. 

Experimentally, a surface is dosed with ~ gas and then heated at a constant 



CHAPTER 2. EXPERIZVIENTAL 39 

heating rate. A mass spectrometer detects desorbing fragments, and a plot of mass 

intensity as a function of temperature is obtained. Figure 2.16 shows three ~ypical 

TPD traces. In case I, a molecule is adsorbed on the surface, hi, and molecularly 

desorbs at a temperature, T. The temperature is directly proportional to the 

substrate - adsorbate bond strength, and as the surface composition or structure 

is vazied~ the maximum can shift. An example of reversible molecular desorption 

represented by this trace is CO on palladium. Case.II presents the decomposition 

of molecule ABC on the surface. Only fragments A and B desorb, with fragment 

C remaining bound to the surface. From this type of trace mechanistic routes of 

decomposition can be determined as well as molecule-surface bonding geometries. 

An example of adsorption with decomposition is thiophene on palladium, where 

the sulfur remains bound to the surface and H2 and C4 molecules desorb. The 

third type of system for which TPD is useful is for UHV reactions. Molecule AB 

adsorbs on the surface, reacts to form C, and C desorbs from the surface. An 

example is the cyclotrimerization of acetylene to form benzene on palladium. 

As mentioned earlier, TPD is used to determine adsorbate - surface bond 

strength or activation energies of desorption. There have been numerous analytical 

methods proposed in the literature [20,21,22,23], but the one used for this work is 

the Redhead method [24]. In this method, the rate of desorption per ~mit area is 

.Rate = t,,a'~exp(-~T ) (2.5) 

where n = order of the desorption reactions 

a = surface coverage (molecules/ore 2) 

t,, = rate constant 

E = activation energy of desorption (cal/mole) 

Assuming a linear heating rate, T --- T0 4- 19t, this rate equation can be expressed 
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Figure 2.16: Th;s £ ~ r e  shows three temperature programmed spectra. 
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-•p = e x p  n = 1 

= e z p  ~ n = 2 

i%6) 
(2.7) 

With ~r0 as the initial surface coverage and ~rp as the surface coverage at T = Tp. 

The first order rate equation can be simplified to: 

assuming 1013 > va//9 > 108 (°K-l) .  Experimentally, in a first order trace 

the peak position is iavariant with coverage aad in a second order desorptlon 

process, the peak maximum decreases with increasiug coverage. A decreasing peak 

maximum with increasing coverage may also signify a first order process where 

the activation energy is dependent on coverage. Redhead pr~'ents two methods 

to distinguish these cases. The simplest method is to plot log(~r0T~) against 1/Tp 

with a second order fixed activation energy reaction yielding a straight line. 

2.3.4 Work Funct ion  

Electrons are prevented from leaving a surface by a potential energy barrier com- 

monly referred to as the work function (A~). The work function is defined as 

the potential ener~, difference between the Fermi level and the vacuum level. As 

the addition of adsorbates alter the surface composition this energy difference is 

decreased (increased) if the additives donate (withdraw) electron density from the 

surface. Changes in surface electron density affect tile bonding of small molecules 

to the surface, product distributions, and yields in high pressure catalytic reac- 

tions. 
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Common me~hods for work function measurements include the Kelvin probe 

(vibrating capacitor), thermionic emission and photoelectron spectroscopy (UPS). 

With the Kelvin probe, two conductors are brought into contact so that their 

Fermi energies line up, causing an electrostatic potential gradient between the two 

metal.s. If the identity of one metal is known, the size of the potential difference 

allows the work function of the other metal to be determined. In UPS the energy at 

which the valence electrons are first detected is the ~vork func.tipn. These absolute 

values of work functions, however, vary widely. 

Only relative changes in work function were measured in this work. There are 

two very simple methods to accomplish this. In one technique, the onset of the 

secondary electron cascade is measured[25,2G]. The crystal is biased -10 volts and 

in the auger mode the energy range from 0 - 25 eV is scanned. As the surface 

coverage of additives is increased the onset will change up to 2 - 3 eV. The second 

.technique yields information on relative trends. An incident beam of electrons 

(from AES gun) produces a large flux of secondary electrons which can either be 

emitted from the surface or flow to ground through an annneter (Figure 2.17). 

The current to ground varies linearly with the work function. Even though this 

measured current is caused by the electrons which cannot be emitted into vacuum, 

directly relating these values to changes in the work function is very difficult. It 

should be noted tha~ all these work function measurements give an average value 

for the whole sample. 

2 .3 .5  L o w  E n e r g y  E l e c t r o n  D i f f r a c t i o n  

Low Energy Electron Diffraction (LEED) is a surface crystallographic technique 

used to determine the structure of clean solid surfaces and of monol~vers of adsor- 

bates, atomic and molccular. In particular LEED reveals the size and orientation 

of adsorbate unit cells, and with dynamical calculations (I-V anaiysis) LEED can 
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Figure 2.17: Schematic of the two work function measurement techniques used. 
In one method, the onset of the secondary electron cascade is measured, and in 
the second technique the current to ground is measured. 
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help determine bond lengths and adsorbate bonding sites [27,28]. 

In LEED, electrons with a narrow energy bandwidth diffract off single crystals 

and impinge on a phosphorescent screen, yielding a characteristic pattern of bright 

spots. These spots are due to the wave inter£erences from the electrons scattered 

by atom cores, which is expressed in the de Broglie equation A - h/my. From 

the Bragg diffraction law, we knmv if the primary, wave strikes the surface with 

an incident angle ~o, back-scattered waves occur in the directions ~ which satisfy 

the condition 

d(sintp - s in~o)  = nA (2.9) 

where d is the lattice spacing and n is the integer denoting the order of diffraction. 

For normal incidence beams this equation can be simplified to 

2 ,  i/-!°-- "° 
sln~o = dhk V U 

where U is the beam energy and dhk (~), the distance between parallel rows o£ 

scatterers in the [h,k] direction. Electron beams with energies of 15 - 400 eV and 

with de Broglie wavelengths of .5-4 .~ are used in LEED to make the technique 

surface sensitive. 

The sharpness and intensity of.the spots is related to the degree of ordering, 

with less ordered systems producing fainter spots and higher background intensity. 

LEED is only sensitive ordering of domains larger than ,~100.~. 2. 

Figure 2.18 shows a schematic representation of the e.~erimen~al setup, with 

the elastically scattered electrons filtered by an RFA and accelerated onto the 

screen. Also shown is a typical LEED pattern photographed through the viewport. 

The LEED patterns photographed on the phosphor screen represent reciprocal 

space ,'rod must be converted to real space to obtain the structural information. 

The larger the unit cell, the closer the first diffraction maxima will be located to the 

surface normal. A detailed procedure is outlined in numerous publications[5,28]. 
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Figure 2.18: Experimental setup for LEED: A monoenergefic beam of electrons 
diffracts from the surface and is detected on the phosphor screen. The pattern is 
photographed through the viewport. 
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Sample  Source impur i t i e s  C lean ing  P r o c e d u r e  

Pd 

Au 

LalthOs 
LaFe03 
LaCr03 
LaMn03 
LaCu03 

Materials Res. Corp. 
Lawrence Liv. Lab. 

EngeLhard 

Dr. K. Seiber 

C,S 

C, S, Ca 

C 
I 

Oxygen 5 x 10 -6 torr, 5000 C 
Ar + Sputter, 500 ° C, Anneal 

Oxygen 5 x 10 -s torr, 450 ° C 
Ar + Sputter, 500 ° C 

Heat h~ 5 x 10 -6 torr O2 

Table 2.2: Catalyst Samples, Source, Impurities and Cleaning Procedures 

2.4 Exper imenta l  Procedure  

2 . 4 . 1  S u r f a c e  P r e p a r a t i o n  

All smnples used were either single crystals, foils or powders. Palladium single 

crystals were spark erosion cut to a thin disk (,,, 0.3 - 0.9 mm thick) from stock 

single crystal rods. Laue x-ray back diffraction was used to verify orientation 

(:k .5°). The crystals were then polished to a mirror finish using standard metal- 

lurgical procedures. The samples were dipped in add, water, acetone and ethanol 

prior to mounging on the manipulator and insertion into the UHV system. Fig- 

ure 2.19 shows the three low miller index planes of palladium used in this resem- 

((111), (100) ~ (110)). 

Since slight changes in surface composition and structure markedly affec~ the 

surface chcmistry, it was very important to clean the surface thoroughly before 

cxpcrimcnts. Table 2.2 summarizes the major contaminants and cleaning procc- 

durc for the palladium samplcs. In general, thesc cleaning procedures consisted 

of Ar + sputtering ( I x 10 -'I torr At, 20 mA) ,'rod oxygcn treatment (5 x 10 -G 

, i 
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Figure 2.19: The three Low Miller Index Planes of palladium. 
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to 5 x I0 -z torr, 500-800°C). The most effective cleaning procedure was a com- 

bination of both treatments. For single crystals, the surface was heated at 600 - 

700°C for 3 - 5 minutes until a sharp LEED pattern was visible, to anneal out the 

structural damage from sputtering. The extent of carbon contamination was the 

most d~i~cult to determine since the carbon and a palladium auger peak (270 eV) 

overlap. However, in the presence of small amounts (> 3%) of carbon, this peak 

broadened and the ratio of the three characteristic palladium auger peaks changed 

from the clean ratio of 1:2:10. 

After cleaning, the surfaces were dosed with the desired concentration of addi- 

tives. Coverages were determined by the equation: 

e= = i=/s  
E?=, I,/S  (2.11) 

where I is the intensity and S the sensitivity of the auger peaks. Sensitivity factors 

were obtained from the Phi Auger Manual [7] (Pal=.8, K=.8, Si=.35, P=.55, S=.8, 

C1=1.05, Ti=.45, 0=.5). The peaks measured were the most intense auger peaks 

for each element (Pd=330 eV, K=252 eV, Na=990 eV, Si=90 eV, P=120 eV, 

S=152 eV, CI=181 eV, Ti=387 eV, O=512 eV). This method is accurate at low 

concentration (<30%) and at higher concentrations i¢ E~=, I~/Si is constant. 

Potassium and sodium were dosed from a resistively heated SAES Getter 2 

which consisted of a powdered mixture of potassium chromate or sodium chromate 

and a zirconium - 16% aluminum alloy getter enclosed in a tantalum dispenser. 

Phosphorus was deposited by dosing the surface with phosphine a~ad heating to 

450°C. Elemental silicon was deposited from silane, sulfur from hydrogen sulfide 

and chlorine from chlorine gas. A titanium doser was produced by wrapping 20 rail 

titanium wire around 20-30 rail tungsten wire and resistively heating the tungsten 

to white hot (> 1300°C). A tantalum shield was placed in front of the titanium 

source to inhibit dosing of the sample support wires and manipulator. To form 

~-SAES Getters SpA, Via Gallarate 215, I2015l, Milano, Italy 
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the titania and silica oxide overlayers on the palladium, the treated surfaces were 

heated to 500°C in 5 x 10 -s torr of oxygen. Further oxidation was accomplished 

by heating ~he samples in 50 psi of o:cygen to 500 - 600°C. 

2 . 4 . 2  U H V  E x p e r i m e n t s  

In the UHV experiments the sample was cleaned, dosed with the surface adatoms 

and characterized by Auger Electron Spectroscopy. The sample was then rotated 

to face the gas doser, exposed to the CO, H2 or C2H2 for the desired time and 

pressure, and then rotated to face the mass spectrometer. The mass spectrometer 

was outfitted with a tantalum shield to reduce the signal from gases not desorbing 

from ~he crystal face. The crystal w ~  heated at a linear rate (,~ 25°/sec) and the 

desorblng fragments analyzed with the mass spectrometer. 

2 , 4 . 3  H i g h  P r e s s u r e  E x p e r i m e n t s  

In a typical reaction study, the ,,, 1 cm 2 catalyst sample is cleaned and character- 

ized by AES, LEED and XPS. The manipulator is lowered and then rotated 45 ° 

to la~.ch it into the high pressure cell. After the manipulator and cell axe tightly" 

sealed, by pressurizing the piston (500 psi N2) and thereby activating the clamping 

mechanism, the differential pumping between the o-rlngs is s~axted. At ~his point 

the cell is opened to the loop to complete the micro-batch reactor (total volume 

150 cm3). The unit  is filled with the desired amount of reactant gases ( up to 1800 

psi) which are circulated by a positive displacement circulation pump. The sample 

is then resistively heated and the product yield and distribution monitored with 

~as chromatograph. At reaction pressures over 20 arm, sample heating becomes 

difficult due to heat conduction by the gases. Depending on ~he sample and reac- 

tmlt gases 80 - fl0 amps maybe necessary to heat the I cm ~ sample to 400°C. After 

the reaction, the unit is evacuated with a mechanical pump and oil-diffusion pump 

to ,,- 1 × 10 -s tort (,-~ 30 rain.). The differential pumping is stopped and the cell is 
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Chemical  Suppl ie r  Pur i ty  I m p u r i t i e s  
99.99 H2 

CO 
N2 
02 
Ar 
C2H2 
K 
Na 
Sill4 
PHs 
H2S 
C12 

Matheson 
Matheson 
LBL 
LBL 
LBL 
Matheson 
Sacs Getter [ 
Sacs Getter 'i 
Matheson 
Matheson 
Matheson 
Matheson 

99.95 
99.99 

i 99.99 
99.958 

99.6 

99.99 
99.999 

99.5 
99.96 

CH4,C2 
At, H20 

CO 
CH4, C02 

acetone 

Table 2.3: Supplier, Purity and Impurities of Chemicals used. 

isolated from the rest of the loop. After releasing the piston pressure and rotating 

the mardpulator 45 °, the manipulator is raised to align the sample with the UHV 

surface analytical tools and fully characterized. The chamber pressure increased 

to 5 × 10 -r torr when opening the loop, but then slowly return to N 5 x 10 -9 tort 

after 2 - 3 hours, During periods when many reactions are run, the chamber base 

pressure increases to 9 x 10 -8 torr. 

Reaction rates are determined with the following formula: 

12 rnolec. (# GO Counts)(8 x 10 ; )  (%12) 

2 .5  C h e m i c a l s  

In table 2.3 are listed the materials and chemicals used in these experiments, their 

source, impurities and special purification steps. 

H2 ,'rod CO were passed through a liquid nitrogen cooled molecular sieve trap to 

remove the hydrocarbons and metal carbonyls (in CO). C2H2 w ~  passed through 

a dry ice/acetone bath to remove the acetone stabilizer. For the UHV experiments, 

C2H2 was also purified using freeze - pump - thaw cycles. 
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Chapter 3 

PALLADIUM WITH OXIDE 
OVERLAYERS 

3.1 Introduct ion  

An increasing amount of evidence ia recent years has proven that oxide sup- 

ports, which have hlstorically been believed only to disperse and increase the sur- 

face/volume ratio of metal catalysts, are actively involved in the catalytic process. 

Rather than merely inhibiting metal sintering, supports bond with metal atoms 

thereby forming mixed metal - oxide sites exhibiting catalytic activity which nei- 

ther the metal nor oxide alone show. Numerous studies have probed this metal - 

support interaction [1,2]. 

Parallel studies have been undertaken to develop catalysts active in the synthe- 

sis gas (CO * H2) reaction. Of particular interest is the formation of the simplest 

oxygenate, methanol. Using the Mobil ZSM-5 zeolite catalyst, methanol can be 

re.',dily converted into gasoline-length hydrocarbons (C~ - Cll). Commercially, 

methanol is formed from carbon monoxide and hydrogen on a mixed zinc - copper 

- chromium oxide catalyst [3]. 

Poutsma et aL reported ~hat palladium supported on oxides is also active in 

methanol formation from CO and H= under the correct thermodynamic conditions 

53 
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[4]. This discovery was quite surprising since previous groups had reported only 

methanation activity for palladium and the reported rates were orders of magni- 

tude lower than on nickel, one of the best methanati.on catalysts. Numerous groups 

have studied supported palladium systems and their results are summarized in Ta- 

bles 3.1 and 3.2. In general they found that the rate and yield of methane and 

methanol was critically dependent on the support. This suggests a mixed oxide - 

metal site as the catalytic reaction site. 

Numerous investigators have seen an enhancement of the activity of Group 

VIII metals in the CO hydrogenation reaction when supported on titania rather 

than on silica or alumina. Evidence suggests that this rate increase is due to the 

presence of small islands of the oxide which have migrated onto the metal from the 

support. Recent work has shown comparable hydrocarbon formation rates with 

Ti02 promoted Pt-Black, Pd/SiO~ and Rh/Si02 as with the titania-supported Pt, 

Pd and Rh. 

The palladium - oxide system is excellent for studying not only the mecha- 

nism of methane and methano} formation, but also the role of oxides in catalytic 

processes. Palladium po~vders and foils (this study) show no activity in the CO 

hydrogenation reaction. Only in the presence of an oxide overlayer are methane 

or methanol formed. Palladium also does not dissoclatively adsorb CO, and the 

formation of methanol seems to be the result of the hydrogenation of molecular 

CO. 

Instead of using palladium impregnated on supports as all the previous groups 

have done, we deposited the oxide (titania or silica) onto a palladium foil. With 

this configuration the surface is more homogeneous and easier .to characterize. 

Several other groups have studied the effect of oxides on Pt, Ni and Rh foils and 

single crystals. For example, Demmin e~ al. found a 10 kcal/mol decrease in the 

activation energy for the CO hydrogenation reaction and an enhancement in rate 
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on titania-covered platinum [5]. Chung etal. (for Ni(111)) found a maximum in 

the methanation rate at a titania coverage of 7.5% of a monolayer [6], and Levin e~ 

aL found a minimum in the activation energy mud a maximum in the methanation 

rate at a titania coverage of (gTi ---- .20 [7]. This approach can be useful in studying 

the interaction between metals and oxides. 

The research goals addressed in this study are: 

• To Characterize the growth and properties of oxide overlayers (titania,silica) 

on palladium. (Three.dimensional for Ti) 

• To activate palladium foils for methanol and methane formation. (Mazimum 

methane a~ (gTi = .~0, Methanol on ozidized ~i~ania surface only) 

• To determine the active sites in methanol and methane formation and the 

role of the oxides in the CO hydrogenation reaction. (Mized P d.TiO~,SiO= 

si~e for methane, palladium ozide for me~hanoI) 

3.2  R e s u l t s  

In order to characterize and understand the interaction between the oxides (silica, 

titania) and palladium, a wide variety of techniques were used. In this section, 

the catalytic activity of mixed palladium metal - oxide systems will be presented, 

followed by the resul~.s of experiments which help us understand the growth mecha- 

nism of oxide overlayers (AES, Aft), binding sites (CO chemisorption) and surface 

oxidation states (XPS). 

3 . 2 . 1  A u g e r  C h a r a c t e r i z a t i o n  

Figure 3.1 shows the plot of the auger intensities of the palladium (330 eV) and 

titanium (360 eV) peaks as a function of titanium deposition time. The palladium 
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YEAR 

1925 

1937 

1965 

1967 

1974 

1975 

1975 

1978 

1978 

1979 

1980 

1981 

1081 

SUPPORT 

unsupported 

black 

Th02/ 
kieselguhr 

Al=O3 

rl-A!203 

~-Ah03, 
SIO2, black 

SiO2 

Si02 

Al2Os 

variety 

Si02, A1203 
Na-Y zeolite 

C O M M E N T S - C O N C L U S I O N S  

R.anked last in Group VIII in 
me~hanation activity 

In a survey of noble metal catalysts 
found Pd inactive (280-400°C, 100 arm) 

Low Activity, Traces of methane 
(250-300°C, 30-50 arm) 

>98~ Methane 
(500°C, 21 atm CO:I-I2 1:3) 

Modest Methanation Rate 650 °, 1 arm 

Ku>Fe>Ni>Co>Rh>Pd>Pt  >Ir 
(275°C, 1 arm) 

Sizeable support eiTect 
y-AlzO3 > SiO2 > black (80:2:1) 

High selectivity for methanol 
Used PdC12, (260-350°C, 150-15000 psi) 

Studied Mechanism and role of C 

Only a factor of 3 less active than Ni 
Activity of alumina depend. 
on pretreatment 

Support dependent 

Pd ions important for methane 
and methanol 

M2PdC14, M-a l  "lmli 
• High selectivity 

AUTHORS 

Fischer [8] 

Kratel [9] 

Eidus [10] 

Schulz [11] 

Kertamus [12] 

Vannice.[13] 

Poutsma.[4] 

Rabo [15] 

Vannice [16] 

Ichikawa [17] 

Poels (18] 

K]kuzoma [19] 

Table 3.1: Previous studies on Palladium in the CO Hydrogenation Reaction. 
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YEAR SUPP OP~T COMMENTS-CONCLUSIONS AUTHORS 
t [ 

1981 Crysta/lite size important Fajula [20] 

1983 

1983 

1983 

1984 

1984 

~984 

1084' 

1984 

1984 

1985 

1985 

1086 

SiOz 
HY & Na-Y zeolite 

Si02 w/La,  Mg 

A1203 

Ti02, Si02 

Si02, La203 

ZnO 

Al~O3, Ti02 

SiO2, La=03 

SiO~., La=Oa 

La.203, Zr02, 
ZnO, MgO, Ti02, 
A1203, Si02, black 

Pr6On, CeO~., 
La203,Nd20s 

SiO2, LaxO3 

Si02 w/ 
Li,Na,K,Rb,Cs 

Support Effects 

Pd ions activc for MeOH 

Mechanism., kinetic studies 
CO dissociation is rate limiting step 

No SMSI, interface active site 

Support migrates onto metal 
Si no interaction, La203 interaction 

Metal - support interaction 

Oxide migration found 
using electron microscopy 

Used Laser Rama~ Spectros. to 
study Pd-oxide interface 

CO (suppressed) and H2 (no effect) 
chemisorption studies 

Studied specific activity 
for methanol and methane activity 

Prep. and characterization 
of Pd on rare earth oxides 

Methanol mechanism independ, of 
support, methane mechanism 
support depend. 

Studied CO & H2 chemisorption 

Driessen [21] 

Moa [22] 

Bracey [23] 

Fleisch [24] 

Wehner [25] 

Baker [26] 

c a =  [27] 

Hicks [28] 

Hict~s [29] 

Sudhaker [30 

Hicks [31l 

meck [32] 

Table 3.2: Continuation o£ previous studies on Palladium catalysts in the CO 
Hydrogenation reaction. 
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curve shows an exponential decrease in intensity and the ti tanium peak shows a 

logarithmic increase, with neither curve showing sharp breaks in the slope. At a 

deposition time o f  approximately 18 minutes, the palladium peak decreased by a 

factor of two and the ®Ti ---- .4 

Annealing the titania-decorated foil to 650°C caused a sharp decrease in the 

T i / P d  ratio. No ti tanium containing species were detected desorbing from the 

surface by the mass spectrometer, so the t i tania had to diffuse into the bulk (Fig- 

ure 3.2). At this temperature, oxygen did desorb from the surface, indicating 

thermal decomposition of the titania. Continued annealing at this temperature 

resulted in an equilibrium ratio of T i / P d  -- .2 ((grl - .11). Above 850°C the 

remaining ti tanium diffused into the bulk. Since it was ve1:y difficult to deter- 

mine surface ti tania coverage after annealing, al lreactions and UHV studies were 

performed on surfaces which were not heated above 550°C. 

AES was also used to determine the extent of CO decomposition during reac- 

tions. There was no carbon buildup on an undecorated palladium foil after a CO 

H2 reaction. When  either titania or silica was deposited onto the palladium, 

there was extensive carbon buildup during the reaction. This implies that the 

presence of these oxide overlayers provide binding sites where CO dissociates. 

3.2.2 CO Hydrogenation Activity 

To produce either methane or methanol in the CO + H~ reaction on palladium, 

the metal had to be partially covered by an oxide overlayer. Figure 3.3 shows the 

relative amounts of methane formed on various palladium foils. All reactions were 

run at 300°C, using a 300 psi total pressure of a 2:1 - H2:CO mixture. On the 

clean palladium foil and the oxidized foil (50 psi oxygen, 500°C (to oxidize the 

palladium)) negligible amounts of methane and no methanol formed. However, in 

the presence cf silica or titania, methane formation increased 20-fold and 30-fold 
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Figure 3.1: Auger intensities of the palladium (330 eV) and titanium (360 eV) 
peaks as a function of titanium deposition time. No breaks in ~he slope of either 
curve are evident. 
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Figure 3.2: The surface concentration of titania as a function of temperature. At 
approx. 650°C, Ti starts to diffuse rapidly into the bulk and at approximately 
900°C all the titania has disappeared into the bulk. 
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respectively. Annealing the sample to 650°C to diffuse the titania into the near 

surface region and induce Pd-Ti-O compound formation decreased the amount of 

methane formed by a factor of seven. To obtain the highest methane production 

rate, the oxide overlayers should be on the palladium surface. 

None of the surfaces prepared in UHV ( < 5 x 10 -8 tort 02) I showed activity 

for methanol formation. If the titania-decorated surface was pretreated in 50 psi of 

oxygen at 500 - 600°C before the reaction, methanol was detected but only during 

t.he first few minutes of the reaction (Figure 3.4). A second GC sample after 25 

minutes showed no further increase in the amount  of methanol .  Conversely, over 

the three hour  reaction on this surface, there was no decrease in the methanol  

in the reaction loop, implying that  methanol did not decompose. Neither of the 

other two heavily oxidized surfaces, clean or silica showed any trace of methanol  

formation. In Figure 3.5 the rate of methane formation is plotted as a function 

of t i tania coverage. The methane  formation rate is very dependent  on titania 

coverage, showing a max imum at Qri = .18. At higher t i tania coverages the rate 

decreases until  methane formation ceases at titania coverages greater than Or~ = 

.35. 

3 . 2 . 3  C O  C h e m i s o r p t i o n  

CO dosed op~o a clean palladium foil at room temperature desorbs at 210°C. At 

saturation CO coverages (I x I0 -r torr, 50 sec) a low temperature shoulder at 110°C 

forms. In the presence of titania or silica overlayers, the shape and intensity of the 

CO desorption peak changes (Figure 3.6). For both doped surfaces the oxide is 

associated with a poorly resolved shoulder at about 300°C on the .high temperature 

side of the CO m,'uximum. This desorption peak remains even after repeated (8 - 

10} CO TPD "indica~.ing a stable site. 

'Background water vapor in the chamber oxidized the titania and silica. Alter U[IV oxygen 
treatment, both silicon and titanium were completely oxidized. 
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Figure 3.3: The  relative amount  of methane ~ormed on the oxide-covered palladium 
foils in the CO hydrogenat ion reaction show that  the t i tania-decorated surface is 
more active than  the  silica-decorated surface or a titania-covered surface whi'ch has 
been annealed. Clean and oxidized pal ladium form negligible amounts  of methane.  
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Figure 3.4: The relative amount of methanol formed on a heavily oxidized tita- 
nia decorated palladium foil. This is the only surf'ace from which methanol was 
detected. 
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Figure  3.5: The  rate of me thane  formation as a function of t i tania  coverage is 
p lo t t ed  here. At  a t i tania coverage of 6)r~=.18, there is m a x i m u m  in the rate. 
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Figure 3.6: The addition of silica or titania onto palladium produces a new CO 
binding site as seen by the high temperature shoulder on the 200 ° C desorption peak 
of the clean surface. High pressure oxidation produces another high temperature 
(3000C) desorption state i'or CO. 
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After exposing the sample to high oxygen pressures (50 psi oxygen, 500 - 600°C) 

a new high temperature CO desorption ma.'dmum at 410°C was detected. On the 

clean and silica-doped foil, this CO peak is ouly detected for the first TPD~ and 

for all subsequent CO TPD the trace obtained is similar to the UHV pretreated 

surface. Reoxidation at  high pressures will again yield the high temperature bind- 

ing site. On the titania-decorated surface, this high temperature site is stabilized 

relative to the other su~aces. This peak slowly diminishes in intensity after con- 

secutive CO TPD and after 7 - 10 TPD resembles the UHV pretreated surface 

(Figure 3.7). The titania stabilizes the high temperature CO binding site relative 

to ~he clean or sillca-covered surface. The titania-covered surface is also the only 

surface on which methanol forms. 

Figure 3.8 shows the amount of CO that  adsorbs on the palladium surface as 

a function of titania coverage. There is a sharp decrease in chemisorbed CO at 

low titania coverages and at a titania coverage of Ori  = .6 , there is no further 

decrease in CO that  bonds to the surface. CO TPD from a surface covered with 

multilayers of titania ( no palladium peaks detected by AES ) showed the same 

residual amount of CO desorbing as a surface with Or; "-, .6. This residual CO is 

from the supports and back of the crystal, which was not dosed with TiO~ in the 

TPD experiments. 

3 . 2 . 4  X P S  C h a r a c t e r i z a t i o n  

An extensive series of XPS studies were undertaken to understand the electronic 

interactions between the oxides and palladium. These include spectra before and 

,'~ter the various pre~reatments and before and after reactions. 

For all of the surfaces that formed methane, palladium was found to be in 

the metallic state. Figure 3.9 shows the palladium 3d peaks of a dean foil, of a 

surface freshly doped with titania and a surface heated to 400°C in 5 x 10 -6 torr 
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Figure 3.7: Only the presence of titania stabilizes the high temperature CO des- 
orption state induced by oxidation. This figure shows the decrease in intensity 
of the peak in the presence of titania after sequential TPD. On the clean and 
silica-decorated surfaces, this site disappears after the first TPD. 
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Figure 3.8: This figure shows the relative amount of CO desorbing from the surface 
as a function of titar~a coverage. Low titania coverages greatly suppress CO 
chemisorption. 



CHAPTER ~. PALLADIUM WITH OXIDE O VEP~LA YERS 

" I  I I .... I I 

• P d  ( c l e a n )  

+ P d - T i  

- -  P d - T i - 0 ~  

69 

I I , f P ,,I 

342. 340. " 33B. 336. 334. 

Binding  E n e r g y  (eV) 

332.  

Figure 3.9: The XPS spectra of the palladium 3d peaks after titania deposition 
and UHV oxidation and heating are shown here. Under all conditions, the Pd 
remains in the metallic state. 

oxygen. All three spectra are superimposable. For all heating/oxygen treatments 

at tempted on this system there was no change in the shape or position of the 

palladium peaks. Similar results for the palladium were obtained with the silica- 

doped surface. 

The titanium was in the +4 oxidation state under all pretreatment conditions 

and was also in the +4 state after all reactions. This does not preclude the 

possibility of the uresence of" Ti +s species under reaction conditions which reoxidize 

to the +4 state during the high pressure cell evacuation. However, UHV hydrogen 



CHAPTER 3. PALLADIUM WITH OXIDE OVERLAYERS 70 

treatments did not reduce the titania. Ti +3 could be formed only when large Ti 

dosings (> 5 rain) were done. In this cas% metallic titanium deposited from the 

titanium doser~ was covered by the second and third layers of titanium before it 

was completely oxidized. Even after these large doses the titanium oxidized to 

the +4 state within 20 minutes. After high pressure oxidations only Ti +4 was 

detected. 

Silicon XPS showed two forms of silicon on the surface after dosing: elemental 

Si (,-,98.5 eV) and SiO2 (-,,103 eV). Facile oxidation of the silane by the background 

gases formed some Si02 without oxygen treatments. After both UHV and high. 

pressure oxidation, only the SiO2 was detected. This oxide peak was also detected 

after reactions. The low ionization cross section made it dlfth.'cult to determine the 

exact type of SIO2 present on the palladium surface (Figure 3.10). 

Changes in the XPS peak of oxygen are difficult to distinguish since it overlaps 

with the Pd 3p peak. Both t-he clean and titanlum-doped surfaces showed an 

oxygen peak characteristic of a metal oxide, lower binding energy shoulder in 

Figure 3.11. The peak for OH groups falls, underneath the palladium. The SiO2 

decorated surface shows a sharp peak which is a combination of SiO2 and the Pd 

3p peak. After a high pressure oxidation (50 psi oxygen, 500°C) the clean and 

titania covered surface show oxygen peaks corresponding to metal oxides and also 

a small shoulder attributable to Oil groups (Figure 3.12). The silicon surface 

shows formation of SiO2 and ~lso OH groups but no indication of oxygen from a 

palladium oxide. 

As mentioned in the CO hydrogenation section, methanol formed only on the 

heavily oxidized titania-decorated palladium foil. Figure 3.13 shows the Pd 3d 

peaks on the clean, silica- and titania-covered palladium foil aftcr 50 psi oxidation. 

All three surfaces showed formation of the palladium oxide (+2). The temperature 

during the oxidation determined the extent of Pd +° remaining. In general, for a 
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Figure 3.10: The silicon 3p XPS peaks are shown here. The  low ionization cross 
section made it clii:flcult to determine the exact type of SiO= present on the surface. 
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high pressure oxidation (50 psi). Oxygen peaks corresponding -~o metal oxides, 
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given temperature it was more dii~icult to completely oxidize the titania system, 

which involved oxidizing the topmost 4 - 6 atomic layers. The Pd 3d peak on the 

titania covered surface shows some metallic palladium in addition to palladium 

oxide which is the only peak seen on the clean and silica covered surfaces. This 

indicates that the titania blocks complete oxidation o£ the palladium surface region 

(XPS is sensitive to the top 4 - 6 atomic layers). The ti tania possibly limits or 

physically blocks oxygen diffusion into the near surface region or forms a stronger 

bond with the palladium that keeps the metal semi-metallic. 

Figure 3.14 shows the Pd 3d peaks for the metallic and oxidized surface before 

and after reaction. In both cases, the surface is completely reduced to the metallic 

state after a reaction. This complete reduction was seen when the surface was 

examined after thirty minutes of reaction time while it was still actively producing 

methane. 

The major difference between the surfaces that produce methanol and those 

that  did not was the stability of the palladium oxide. To determine this stability 

two experiments  were done, In one~ the three surfaces were oxidized under the 

same high pressure conditions and then returned to UHV. The surfaces were then 

heated in 50 - 80QC increments and the ratio of Pd  +° to Pd  +2 measured. Since the 

peaks overlapped, a curve fitting program was written which assumed a gaussian 

distril:.ution peak shape and separated the two components. 2 Figure 3.15 shows the 

quality of fit obtained using this method. The undoped palladium - oxide sample 

decomposed at the lowest temperature (,-, 420°C) followed by the silica-doped pal- 

ladium (-,- 500"C) and finally the titania-doped surface at -,, 580°C (Figure 3.16). 

The titania stabilized the Pd +2 to higher temperatures relative to the other two 

surfaces, but all three surfaces were stable above reaction temperatures. 

"When the same high pressure oxidation and return to UHV w ~  followed by 

-~Appendix B has the algorithm used and a program listing. 
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palladium. The titanla-decorated surface was the most difficult to oxidize. 



CHAPTER 8. PALLADIUM WITH OXIDE OVERLAYER3 

l t ....... J . . . .  i j 

76 

.---, f . o 

/ - 
t 

: "  ~ ,.~.~" " 

Pd After "o...~ 
Reaction ;:'.. 

dw /-  
@o 

~" "%2", '* mq, 
e*ej . • 

• k 
Pd-O ~'~', 

*% 
% 

," . / 

• . m -  

Pd Clean 
I I ~ 1  l I 

84.'?.. 840. 888.  886.  884. 2 ~ .  

Binding Energy (eV) 

Figure 3.14: The palladium 3d peaks for a c]ean and oxid, ized tita.~ia-covered sur- 
face are shown before arid ~ t e r  reaction. In all eases, the palladium is completely 
reduced to the metallic state after the reaction. 



CHAPTER 3. PALLADIUM WITH OXIDE OVERLAYERS 77 

ii i u u l i iiiii L i 

• I I I I i 

• g I 

O aO 

" ;] " % 
Q 

• • o 

4 .  

+ 

+ •  

+ • 

+ • 

4 .  • 

342. 340. 338. 336.  334. 332. 

Binding Energy (eV) 

Figure 3.15: A sample of the quality of fit for the curve-fitting routine describ,-:d 
in Appendix B is shown here. 



CHAPTER 3. PALLADIUM WITH OXIDE OVERLAYERS 78 

ID 

0 

"0 

. 

. 

. 

. 

O. 

1 I I 

. 

Pd (clean) 

Pd-Ti  

° 

o 

Pd-S i  

I 

1 
1 

! I ! ,, I I 

O. 200. 400. 600. 

Tempera ture  (C) 
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saturation exposures of hydrogen (5 x 10 -6 torr, 200 sec), the stabiligy changed 

dramatically (Figure 317). The undoped surface started to decompose ,-, 200 ° 

lower in the presence of hydrogen, as did the silica covered surface (not pictured). 

The titania doped palladium .~till maintained ghe oxide up to almost 600°C. In the 

presence of hydrogen there was a large difference in oxide stability for the three 

S'LlLr~&ces. 

3 . 2 . 5  W o r k  F u n c t i o n  M e a s u r e m e n t s  

Measurements of werk function changes and changes in crystal current were made 

to determine the average change in the surface electron density as a function of 

oxide coverage. Both oxides decrease the work function, indicating electron dona- 

tion to the surface. Figure 3.18 shows the change in crystal current  as function of 

silica and t i tania deposition time. For silicon, after 9 minutes of silax~e deposition 

(1 x 10 -8 torr) there was no further decrease in the crystal cu-rrent 7 indicating 

that the surface was saturated with silane and no further silane was adsorbing on 

the surface. The addition of titania l ineany decreased the crystal current with- 

out reaching an asymptotic value~ indicating multilayer adsorption. Interestingly, 

when studying the change in work function 3 there was a steep (1.3 eV) drop 

[rom the clean surface to a surface with a titania coverage of Orl = .2 followed 

by a more gradual decline at higher titarda co'#erages (Figure 3.19). A~ a titania 

coverage of Gr~ = .18 there was a maximum in She methanation rate. 

3.3 D i s c u s s i o n  

Tile presence of oxide overlayers are necessary on palladium cat~.lysts in-the CO 

hydrogenation reaction for the formation of methane and methanol. In t ~ s  ~ec~ion 

the interaction of these oxide overlayers with palladium will be discussed ~nd 

aDeLermined by measuring Lhe onset in the secondary electron cascade. "" 
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600. 

Figure 3.17: The figure shows the P d / P d  oxide ratio on the clean and tita- 
nia-decorated surfaces after high pressure oxidation followed by UHV hydrogen 
saturation as a function of temperature. The presence of t i tania greatly stabilizes 
the oxide relative to the other surfaces.(On the silica covered surface, the oxide 
starts to decompose around 220°C) 
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their role in the formation of methane and methanol from carbon monoxide and 

hydrogen. 

3.3.1 Oxide  G r o w t h  and Diffusion 

Titania grows in a three-dimensional mechanism on palladium as determined from 

the AES uptake curves where the intensity of the palladium. (330 eV) and titania 

(387 eV) peaks are plotted as a function of deposition time. As mentioned in 

Chapter 2, there are three overlayer growth mechanisms: Layer-by-layer (Frank - 

Van der Merwe), layer followed by three dimensional (Stranski - Kraatanov) and 

three-dimensional (Volmer - ~Veber). The mechanism can be differentiated by the 

varying attenuation of the secondary electrons. 

There is a strong thermodynamic driving force for the interaction of oxides 

(TiO2, V~Os, ZrO2, Si02) with palladium and other Group VIII metals. From the 

transition metal bonding model proposed by Brewer, the partially full d orbi~als 

(or p for si!~con) interact with the almost full d orbitals of the Pt group metals 

to form compounds of exceptional stability [33,34]. Both Pd,.Tiy and Pd~Si~ are 

stable compounds. For Pt3Ti and PtsTi: Mechter and ~Vorrel calculated the Gibbs 

free energy to be '17.8 kcal/g-atom and -8.20 kcal/g-atom at 1150 K [35]. The 

strength of the Pd-Ti bond is further evidenced by the stability of Ti during heating 

at 920 K ((gTi - .10) and the high temperature needed to completely diffuse the 

titania into the bulk (> 1000 E:). However, in these studies, the catalytic activity 

of the sample was highest when the titania was on the surface and not heated 

to temperatures at which a strong Pd-Ti or Pd-Si surface compound would form. 

The active site is most likely a mixed Pd ,  Ti02 or Pd - SiO~ site, where ~he o.,dde 

is decorated on top of the palladium surface. 
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3 . 3 . 2  C a t a l y s i s  a n d  C h e m i s o r p t i o n  

Decorating the palladium foil with silica or titania overlayers produced a very 

selective methanation catalyst, with the titania-covered surface twice as active as 

the silica-covered surface. Since annealing the sample to temperatures at which 

the oxides diffuse into the bulk decreases their catalytic activity, it is necessary 

that these oxides remain dispersed on the catalyst surface. This suggests that 

a 'bulk' Pd-Ti-O is not the active species but rather a mixed Pd-TiO~ site (or 

Si). The lower methanation rates on the silica surface may be due in part to the 

lower activation barrier for bulk diffusion. Some of the silica AES intensity used 

to measure the surface coverage may be attributable to near surface region silicon, 

so that the actual concentration of silicon on the ~urface is lower than measured. 

The CO chemisorption results show that the presence of the oxide overlayers 

produces different CO binding sites on the surface. A new high temperature 

shoulder (250°C) on the CO desorption trace is present on both the silica- and 

titania-covered surfaces, both which produce methane. This site is stable for 

repeated CO TPD. After high (50 psi) pressure oxygen treatments a new high 

temperature peak at 410 ° C is detected which implies a third CO bin.ding site. 

This peak disappears by the second consecutive CO TPD after the oxidation on 

the clean and silica-covered surfaces, but only gradually decreases over 7 - 10 CO 

TPD in the presence of titania. The presence of titania stabilizes this site. It 

shoulcl also be noted that the titania-doped surface is the only surface on which 

methanol is detected. Therefore, this site may be indicative of a site that activates 

CO to form methanol, and the site represented by the shoulder indicative of a site 

at which CO reacts to form methane. 

Or.her metals showed similar changes in catalytic behavior after oxide deposi- 

tion, however their CO TPD results differ from those found in this study. R~upp 

~1 -L [36] and Levis e~ al. [7] reported a 90 K and 60 K decrease in the CO desorp- 
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tion temperature on Ni and Rh respectively, and attributed the decrease to a shift 

in the CO bonding from bridging to an on-top site. The difference of these studies 

could indicate that different CO bindings sites are active in producing methane 

on the different metals. Undecorated rhodium foil is active in forming methane 

from CO and H2, whereas metallic palladium is essentially inactive. The CO on 

palladium is possibly tilted towards the oxide, with some bonding between the CO 

7r bond and the TiO~. This type of bonding configuration, similar to that seen 

for CO on a potassium-covered palladium single crystal ((111) or (100) Chapt. 

4) would facilitate CO dissociation. EELS or Ii~ spectroscopy would answer this 

question. 

The Pd-Ti system shows a sharp decrease in the amount of CO chemisorbed 

as a function of titania coverage. This indicates that each titania molecule blocks 

more than one CO binding site and that the titania is well dispersed on the surface, 

forming only very small islands. Figure 3.20 shows the number of free palladium 

atoms (not adjacent to a titania atom) on a surface as a function of titania cov- 

erage. This Monte Carlo simulation shows that, with high dispersion, one titania 

atom will affect numerous palladium atoms and that even at low coverages the 

majority of the palladium atoms are adjacent to a titania. If the titania formed 

large islands this decrease in CO chemisorption would be more gradual and linear 

(dotted line). Calculations by Feibelman and Hansmann have demonstr~.ted that 

changes in chemisorptive properties due to ionic centers can extend over a few 

metal atoms [37]. Ko and Gorte reported a linear decrease in CO coverage for the 

Pt/TiO2 system and concluded the TiO~ simply blocks adsorption sites [38,39,40]. 

Their titania coverage calibration was not corrected for AES elemental sensitivi- 

ties. If this difference is taken into account their results and results by Levin e~ 

al. on Rh concur with this study, that titania is well dispersed and influences the 

CO bonding capabilities of muttiple Pd atoms. 
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Since the auger uptake curves did not have any sharp discontinuities in their 

slope which would signify completion of one monolayer, CO titration had to be 

used to determine at which point the palladium was completely covered. From 

the CO uptake curves, at Ti coverages higher than O:ri = .60 there is no further 

decrease in the amount of chemisorbed CO 4. At this coverage all palladium is 

covered by titania. 

Comparing the plo~ of the meth-'-.uation rate on the Pd-Ti system to the CO 

c~ernisorptioa plot, it can be seen that if Or.." -- .6 is considered the completion of 

'one monolayer', the maximum in the methanat ion rate occurs when approximately 

one-third of the surface is covered with ti tania (®T~ -- .18). At this coverage, 

assuming well-dispersed titania, there would be a maximum number  of mixed 

Pd-Ti0= si~es. 5 This also supports the proposal that methane forms on a mixed 

Pd-Ti0= or Pd-SiO~ site. 

The XPS spectra of the Pd-TiO~ and Pd-SiO~ samples on which methane 

forms, show no shift in the Pd 3d peaks relative to metallic palladium. For all 

silica and titania coverages and under all UHV oxidation and heating conditions 

there was no variation in the position or shape of the Pd 3d peaks, e XPS of 

the titania peaks showed titanium in the +4 oxidation state. It has been reported 

that titania reduction is facilitated when the t i tania is deposited on metals capable 

of dissociatively adsorbing hydrogen, whereas titania alone is not easily reduced. 

This suggests that  the Pd - Ti interaction (bonding, charge transfer) is rather 

weak compared to Rh-Ti interaction seen by Levin e~ a/.[7]. Also, the diffusion of 

the hydrogen into the bulk may be more energetically favorable than the reduction 

of titani,',.. Titania deposited on gold has also been found not to reduce easily [41]. 

4The residual CO desorbing is from the back of the crystal 
SDetermiaed from Monte Carlo growth simulation program. Similar results were obtained by 

Levin [41]. 
SOne c~veat: It is difficult to discern changes in surface oxidation state when the bulk is the 

same element. The surface features could be 'washed out' by the bulk peak. 



CtIAPTER 3. PALLADIIT"M ~rlTH OXIDE OVE, RLAYERS 88 

Levin e~ =l. found in the P~/Ti02 system tha~ the metal catalyzes the re- 

duction of the titania and that  this interface between the metal  and Ti +3 is the 

active site in methane formation [7]. The enhancement of the metal's catalytic 

and chemlsorptive properties is due to an electronic interaction in which electron 

density is transferred from the Ti ÷s to the metal. They found a correlation be- 

tween the percentage of Ti +3 on the catalyst surface and the expected number of 

periphery (Ti +3 adjacent to Rhodium) sites. 

Work function measurements in our study showed ~ rapid decrease in the 

work function up to a ti tania coverage of (Brl = .:2 followed by a more gradual 

decrease. This rapid decrease can be attributed to an additional metal - t i tanium 

~utera,ction which at 0re = .2 reaches a maximum, the pokut at which the number ot~ 

metal = oxide interface sites could be considered a maximum. No XP$ evidence of 

t i tanium reduction after deposition on the palladium foil was found. Levin found 

~hat t i tania on gold showed similar behavior. It is possible tha~ the electronic 

interaction between the palladium and titania is insu~cient  to keep the titania 

reduced l~uder UHV conditions or in the presence of small quantities of oxidizing 

agents. Under 200 psi of hydrogen (reaction conditions) the titania may well be 

reduced to Ti +3, and reoxid]zed during the loop evacuation. 

Comparing AES from the samples before and after reaction) there was a large 

carbon buildup a~ter reaction on the oxide decorated surfaces whereas the clean 

palladium catalyst had negHglble amounts of carbon. On the oxide doped foils 

the palladium peak was at tenuated to a larger degree than the titania and silica 

peaks, showing that the hydrocarbon species were bound to the palladium and 

that  the reaction products were not formed on the oxide overlayer. 

These results sugges~ that the mixed metal - o~de  interface is the catalytically 
t 

active site in methane formation. Figure 3.21 shows a possible binding configu- 

ration for the CO from which it next could dissociate or be hydrogenated. More 
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studies are necessary to determine accurately the exact CO bonding and elemen- 

tary reaction steps leading to methane. This mixed site scheme on the decorated 

palladium foil is similar to ideas proposed by Bracey et =l. [23] ~ud Ichi -tmwa et al. 

[17] for supported palladium catalysts. Furthermore, methane is the predominant 

product on supports which are considered inert by themselves. 

Interestingly, only the tRania-decorated surface pretreated with 50 psi of oxy- 

gen at 500- 600°C was active in forming methanol from CO and H2, but only for 

a few minutes (< 10 minutes). XPS showed formation of palladium oxide after 

this treatment, but the stone palladium +2 state was seen on the other surfaces 

on which no methaaol formed. Similm: to the CO ehemisorption state on the ox- 

ide, the titania stabilizes the p2dlaclium oxide. In the presence of hydrogen the 

titania still stabilizes the oxide at high temperatures (~ 550°C) whereas on the 

other surfaces the oxide starts decomposing at 200°C. This suggests that meth~uol 

formation is dependen~ on the presence o£ a palladium ion, which only the titania 

is capable of stabilizing for a few minutes under reaction conditions. 

,_¥Iethmaol and methane form through two differem ar.d independent pathways. 

CO TPD traces and kinetic data suggest that two distinct types of palladium 

catalyze the two reactions. On the highly oxidized surface the methanol shows 

• no decrease in concentration indicating that it neither decomposes nor converts 

into methane. On the Pd-Ti-O sample tha~ produces methane it is quite possible 

that initially only methanol is produced, and as the palladium is reduced, methane 

starts forming. This agrees very well with the supported palladium systems where, 

in general, either methane or methanol are selectively formed. Fajula e~ ~.l [20] 

have also proposed two distinct routes for methane and methanol but attributed 

the differences to crystallite size. The crystallite size only determines the number 

of mixed metal - oxide sites necessary for product formation, but the nature of the 

site determines if methane or methanol will form. 
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Figure 3.21: This figure shows some ~ssihle  CO binding configurations in the 
presence of oxide overlayers in the CO hydrogenation reaction. 



CHAPTER 3. PALLADIU!VI "WITH OXIDE OVERLAYERS 91 

The differences in activity seen by various research groups (Bell and Poels 

[28,18]) for the activity or" Pd/Si02 in methanol formation seems to be due to 

their use of PdC12 to impregnate the catalyst. An oxychloride species may help 

stabilize a palladium ion. 

There are numerous well-documented examples of catalysts where support in- 

teractions drastically reduce the chemisorption of CO and hydrogen, but enhance 

the c~talytic activity in the CO + H2 reaction. Iu particular, titani~, which is an 

easily reducible oxide has been observed to have this effect, commonly r~erred ~o 

as strong me~.al support int.eraetion (SMSI). In the Pd/TiO2 system SMSI is not 

involved. The sample shows activity in the CO hydrogenation reaction withou~ 

the -,,7000C pre-reduction necessary on the other ea~.alysts exhibiting this type of 

behavior. On ~he contrary, heating the sample to these high temperatures caused 

the' titania to diffuse into the bulk and near surface region, lowering the catalytic 

activity. Our results are in agreement with studies by Braeey and Butch [23] who 

have studied palladium supported on TiO2 and SiO~. and find no evidence for an 

SMSI etT, ect. 

3.4 Conclus ions  

The following points summarize the results found in the study of the effect of 

oxide overlayers on the chemisorptive and catalytic behavior of palladium foils in 

the CO hydrogenation reaction. Figure 3.22, a flow chart, correlates the treatment 

conditions and changes in chemical activity. 

• Palladium foils decorated with SiO= and TiO= overlayers produce methane. 

This activity has been attributed to a mixed metal - oxide interface site. 

, Palladium decorated with TiO= (oxidized to 50 psi) produces methano! for a 

short period of time. This aeti~,ity has been attributed to a Pd +n ion which 

is stable in the presence of TiO=. 
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