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ABSTRACT 

The properties of rhodium with alumina and titania overlayers have been studied to 

understand the influence of the support oxides in the analogous alumina- and titania~ 

supported catalysts. Aluminum and titanium were deposited on a rhodium foil in ultra- 

high vacuum and subsequently oxidized. Characterization of the deposits with Auger 

electron spectroscopy (AES) and x-ray photoelectron spectroscopy (XPS) showed the 

oxides to be nearly stoichiometric with overlayer growth occurring through the Stranski- 

Krastanov mechanism (i.e., twr~dimenaional growth until com.p.letion of the monolayer). 

AES and XPS analysis also showed the titania to be more easily reduced by H2 or CO at 

elevated temperatures than was the alumina. Alumina overlayers were found to dimin- 

ish both CO chemisorption and the activity for atmospheric-pressure CO hydrogenation 

in direct proportion to the coverage. Titania caused a much sharper .suppression in the 

CO chemisorption capacity (compared with alumina) while enhancing the CO hydrogena- 

tion rate at low coverages. The higher rates were accompanied by dramatic changes in 

the kinetic parameters and hydrocarbon selectivity. Ethylene hydrogenation and ethane 

hydrogenolysis activities, though, were sharply suppressed by the presence of titania. Ti- 

tania is believed to exist as two-dimensional islands on the Rh surface at submonolayer 

coverages. XPS results indicate that Ti s+ species .appear to populate the perimeter of 

these oxide islands. These Ti ~÷ species at the oxide perimeter may influence the proper- 

ties of and the chemical processes taking place at l~t atoms at the oxide/meg I interlace. 

The suppression of CO chemisorption when titania is present has been described by a 

model in which CO does not chernisorb at Rh sites underneath as well as alongside thes~ 

islands, while an ensemble of Rh and Ti atoms at the oxide/metal interface (along the 

island perimeter) has been used to model the enhancement in CO hydrogenation rate. 
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Chapter 1 

I N T R O D U C T I O N  

In recent years, much attention has been devoted to the study of interactions between 

catalyst metals and their oxide supports. In particular, it has been found that when Group 

VIII metals (such as Pt, Rh, or Ni) are supported on easily reducible oxides (e.g., TiO~, 

V=Os, Nb=05), a number of dramatic changes in the morphological, chemisorptive, and 

catalytic propertiee take place. A description of the phenomena that  have been observed 

due to "metal-support interaction n and the approaches that have been taken to u~.derstand 

them is now presented. 

1.1 H I S T O R I C A L  D E V E L O P M E N T  

! 

The catalyst support has trmlitionally been considered an i,'.~rt carrier on which the 

catalyst could be dispersed. By employing a high surface area supports the more valuable 

catalyst met,d is used more effectively than would be the case if there were no support due 

to the high metal surface-to-volume ratio. A high degree of oxide surface area per support 

particle volume is also provided and for oxides, the highly porous structure is stable at 

temperatures where many metals would sinter. These features have often been the design 
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criteria of oxide supports while the effect on the catalytic propertie~ of the metal have been 

chie~;y overlooked. 

This view of the role of the support changed with inve~Jtigations of the chemical reactivity 

of metals supported on doped oxides. In the late 1950's, Schwab p.nd co-workers studied 

the decomposition of formic acid on Al10~-supported Ni where the support was doped with 

BeO, NiO, TiO=, GeO=, or left undoped [1,2,3]. Their results showed a 6 kcal/mole decrease 

in activation energy for Ni/AI=O~ I20.5 kcal/mole) compared with that of Ni alone (26.5 

kcal/mole). The addition of tetravalent n-type dopants to the AI=Os was found to increase 

slightly the activation energy while divalent p-type dopants diminished it. In the case of 

NiO-doped alumina, an activation energy of just 7.0 kcal/mole was displayed. 

During the same ~ivle period, this reaction was also studied by Solymosi .and co-workers 

for Ni supported on various ~miconductor oxides (TiO=, Cr~Os, and NiO) [4,5,6]. Doping of 

the TiO= and variation of the reduction temperature of the Ni/TiO= catalyst were found to 

strongly influence the catalytic behavior. The influence of NiO on Ni was similarly found to 

depend on the concentration of positive holes in the NiO. These'observations were regarded 

evidence of an electronic interaction taking place between the metal and support. 

During the next two decades, work continued in monitoring the catalytic properties of 

metals on doped supports with an emph,~is on relating these properties to e]~trical con- 

ductivity behavior [3,6,7]. Changes in the activation energy of CO oxidation were observed 

for the catalysts in the reverse configuration: metals supporting oxides [3]. 

Intensive investigation on a wider scale did not occur until the emergence and application 

of more sophisticated tools capable ot" monitoring conditions on the surface of the catalyst. 

In addition, the discovery of metal-support systo.ms and pretreatment conditions that yield 

reproducible dramatic changes in the chemisorptive properties of the metal provided the 

spark for innumerable investigations elsewhere. 
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1.2 C H E M I S O R P T I O N  P R O P E R T I E S  

The influence of the TiO2 support on the adsorption of CO and H= on Group VIII metals 

has been studied by Tauster and co-workers [8]. They found that after a 473 K H= reduction, 

the H/M and CO/M adsorbate-to-metal ratios were similar to those for the Al=Os-supported 

me~.als (generally between 0.2 and 1.2). Upon a high temperature reduction (HTR) at 773 K, 

the~e ratios decreased markedlyl with nearly all ranging between C) and 0.05. Agglomeration 

of the metal due to the 773 K reduction treatment was ruled out by x-ray diffraction and 

transmis,,ion electron microscopy (TEM) studies. Oxidation followed by low temperature 

reduction returned the samples to their original che'm/sorption behavior. 

A subsequent study was performed to evaluate the ~'ec~ of reduction treatments for 

Ir supported on various oxides. Tauster and Fung [9,10] showed that H2 chem~sorption 

could be suppressed by as mur.h M two orders of magnitude when TiO=, Nb=Os, V=Os, 

and Ta2Os supports were used. Only weak dependences (_<factor of 3) were observed when 

SiO=, AI=O~, Sc=Os, HfO=, MgO, ZrO=, and Y=Os were the supports and only after more 

extreme reducti.-~.n conditionl (773K_<T,,~ -<973 K). They were also able to correlate the 

degree of suppression exhibited to the reducibility of the metal oxide; more easily reduced 

support oxides result in a gre~ter degree of interaction. 

Another contribution to the literature by Tauster eta/ .  was the term ~strong metal- 

support interaction" or "SMSP. Unfortunately, this terminology has since been applied 

to virtually any observed effects that could be attributed to the support. The result is 

a polarized approach to unders~,anding this global ~interaction" by numerous researchers 

whereas, in reality, several different mechanisms rnay be involved. This term will not be 

employed in subsequent discussion. 

The suppression of H2 and CO chemisorption on TiO2-supported metals has been con- 

firmed in other studies [11,I2,13,14,I5,16,17,18]. A gradual uptake of hydrogen has been 

noted for Ni and Pt supported on TiO2 [lg] and for Ni on SiO2 and Al=Os [20] indicating 
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spillover of adsorbed hydrogen onto the support. A suppression of NO chemisorption has 

also been observed [21] for Pt/TiO2 while O2 chemisorption is reported to be unaffected on 

TiO2-supported Ni [11]. Besides pointing to an interaction between the metal and support, 

the implication of the diminished H2 and CO chemisorpCion capacity is that these ~ech- 

niques can no longer be applied to measure the active catalyst surface area in a meaningful 

manner. 

1.3 C A T A L Y T I C  B E H A W I O R  

Although many of the pioneering studies of metal-support interaction focused on formic 

acid decomposition [1,2,4,5,7], attention has turned recently toward other reactions which 

are more closely associated with the formation or restructuring of hydrocarbons. In one 

particular reaction, CO hydrogenation to form methane and other hydrocarbons, enhance- 

ments in activity occur when TiO: is the support [13,14,16,22,23,24]. This is observed even 

when the reaction" rate per metal atom is calculated on a basis of 1C0% dispersion (which 

is done since the actual exposed metal surface area cannot be determined from the usual 

chemisorption techniques, as.explained above) . This enhancement has been attributed to 

the reaction taking place at the metal/metal oxide interface where the oxygen of CO is 

associated with the metal oxide and the carbon with the catalyst metal [14,24]. No con- 

clusive evidence for this has been present~.', m the literature although this scheme is quite 

plausible. It should be emphasized that higher rates are seen despite the lower arnount of 

chemisorbed CO. Also, these rates appear to be relatively independent of the pre-reduction 

treatment {17,22,24,38 I. 

An analogous reaction, reduction of NO by H2 and CO, has been studied with various 

support oxides. The reduction of NO by CO over TiO=-supported Rh, Pt, and Pd catalysts 

was shown to be higher than on the SiO=- and Al=Os-supported catalysts [25,26,27,28 I. 

The order of activity for NO reduction over rhodium with various oxide supports was 
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Rh/TiO~ .~. Rh/La2Os ~ Rh/SiOz ~ Rh/MgO ~ l~/At2Os when CO was the reducing 

agent and Rh/TiO2 ~: Rh/AI208 > R3/La2Os ~ Rh/SiO~ > Rh/MgO when H2 was used 

[28]. No appreciable changes in selectivity toward the principal products, NzO and N2, were 

detected among the oxides. Distinctly different rate parameters for the TiO~-supported cat- 

alyst were also found. 

Whereas CO hydrogenation was promoted on TiO2-supported catalysts, the support 

does not appear to have a significant impact on hydrocarbon hydrogenation reactions, 

except after high temperature reduction. M~riaudeau etal. [12]. observed near order-of- 

magnitude decreases in rate after HTR for benzene, ethylene and styrene hydrogenation, 

as well as for cyclohexane dehydrogenation. The catalysts employed were TiO2-supported 

Pt, It, and Rh. In contrast, for a Ni/TiO2 catalyst after the HTR treatment, Burch and 

Flarnbard [23] found only a slight change in activity for benzene hydrogenation as compared 

with a Ni/SiO2 catalyst prepared under similar conditions. 

Another class of reactions which has received much attention is the hydrogenolysis of 

hydrocarbons. Those hydrocarbons most often studied include ethane, n-butane, and n- 

hexane. In all cases, after HTR of the TiO2-supported noble metals, the hydrogenolysis 

activity was sharply suppressed [12,14,23,24,29], sometimes as much as 3-4 orders of mag- 

nitude [30]. Ethane hydrbgenolysis over .s Ni/Nb~Os catalyst was also suppressed after 

[-ITR [31]. While the Ni/TiO= catalyst shows a much diminished activity after HTR, the 

activation energy, after successively higher treatments, drops by nearly 20% [141, but still 

lies in the range of values observed for unsupported and SiO2-supported Ni [32,33]. The 

extivatio,, energy of the Ni/Nb2Os catalyst remained virtually unchanged after HTR. For 

ethane hydrogenolysis over Rh/TiO2, the HTR treatment does not alter the ethane order, 

but does raise the H2 order from -2.3 to -l.6 [29 I. An analogy was drawn in this last study 

between Group VIII-Group IB (e.g., Cu, Ag) alloys and the Group VIII-TiOz interaction. 



CHAPTER 1. I N T R O D U C T I O N  6 

1.4 THE N A T U R E  OF THE M E T A L / M E T A L  
I N T E R F A C E  

O X I D E  

The preceding, discussion clearly demonstrates the dependence of the chemisorptive and 

catalytic behavior on the support oxide employed. To understand these effects, other aspects 

of these systems must be probed. A thermodynam/c driving force exists for the interaction 

of the Group VIll metals with oxides such as TiO=, V=Os, Nb2Os, and ZrO=. As proposed 

by Brewer [34], overlap of the partially filled d-orbit~s of elements in Groupe IIIB-.VB 

with the nearly-filled orbitals of the Pt metals may lead to alloys of extraordin~y stability 

between ~hese elements. Thii was indeed verified and as a case in point, the Gibb's energy 

of formation for the alloy ZrPts was determined to be -30 +2 kcal/g-atom at 1800 K [35]. 

Meschter and Worrell[36] calculated the Gibbs' energy of formation for Pt~Ti and PtsTi 

at 1150 K to be -17.8 kcal/g-atom and -8.20 kcal/g-atom, respective!y. 

The oxides of the Group III-VB metals will have a lower valence electron density around 

the cation ~nd so the overlap of the vacant d-orbitals with those for the Pt meta~ will be 

favored even more. The extra bonding provided by the overlap of electroz~ results in the 

driving force for interaction between the catalyst metal and support oxide. Also, the oxides 

that take part in this alloying are not as th~rmodynam/cally stable as, say, alurrdna or silica, 

and as mentioned in Section 1.2. the more easily reduced oxides were the ones observed to 

interact the most with the Pt metals. 

Several features of the Pt/TiO2 system were revealed by the molecular orbital calcula- 

tions of Horsley [37]. First of all, the removal of some of the oxygen anions wn-q necessary for 

bonding to occur. Titania alone is not easily reduced, but in the presence of a metal capable 

of disseciative]y chemisorbing H=, the reduction is facilitated [12,39,40,41]. Due to the oc- 

currence of Magnelli phases (composition TnO~n-t), partial reduction of T[O2 is certainly 

feasible from a thermodynam/c standpoint, while complete reduction to Ti metal is quite 

di~cu]t. The formation of Ti~OT on TiO=-supported Pt upon HTR has been observed by 

electron diffraction [39,42]. Reduction to TisOs, however, requires a radical reorga.uization 
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of the oxide structure [I0]. 

The calculations of Horsley also incorporated the bonding from the Brewer-Engels in.. 

teraction, but this turned out to be minor, though, compared with an ionic interaction 

due to charge transfer from the reduced cation to the adjacent Pt _atom. From his work, 

a charge transfer equivalent to 0.6 electron/Pt atom was determined. Several attempts 

have been made to experimentally quantify the amount of charge transfer by use of x-ray 

photoelectron spectroscopy (XPS). In some cases, an additional charge of as much as 0.6 

electron/Pt atom for Pt/SrTiOs was found [43]. For other systems, 0.2 electron/Rh atoms 

for Rh/TiO2 [40], 0.13 electron/Ni atom for Ni/TiO~ [44], and 0.1 electron/Pt atom for 

Pt/TiO~ [45] were identified, but the validity of tlieze values rests strongly on the account- 

ing of relaxation egects. Particularly, for Ni/TiO2, the relaxation shift is much larger than 

the derived charge transfer making the amount of transfer stati-tically insignificant. 

Other XPS studies have resulted in no observable charge transfer [46], while electrical 

conductivity measurements seem to indicate that it does occur [47]. It ha~ been argued that 

for large metal particles with the particle-support boundary comprising the metal/metal 

oxide interface, that the charge transfer would have an insignificant effect on the properties 

of the metal compared with the =sea" of delocalized electrons [29,48]. In summary, too many 

conflicting reports regarding charge transfer have appeared to draw any firm conclusions. 

As an attempt to compare the properties of the supported metal systems with the cor- 

responding alloys, experiments have been carried out to characterize the chemical behavior 

of Brewer-Engels-type alloys. Bardi et at. [49] found tbat the high temperature (530 K) 

CO desorption peak from Pt is absent on a polycrystalline PtsTi alloy. They also noted 

a shift to lower temperatures of the 430 K peak of Pt. CO desorption from PtsTi (100) 

and PtsTi (111) also exhibited lower desorption temperatures than on the analogous Pt 

single crystals. Oxidation of the polycrystalline PtsTi led to a nearly complete suppres- 

sion of CO chemJsorption and was associated with formation of TiO~ on the surface. The 

chernisorption of H2 on the Pt~Ti alloy is also suppressed with respect to Pt. 
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1.5 M O R P H O L O G Y  
S Y S T E M S  

OF T H E  METAL~METAL O X I D E  

While the electron transfer studies taken together provide no conclusive results, trans- 

mission electron microcopy (TEM) studies show clear-cut changes in the morphology of 

metal particles on TiO2 films after HTR. Baker et ~- [42] observed that hemispherical Pt 

particles flatten into thin ~pill-box" structures after HTR, while portions of the support 

were reduced to Ti,OI. This did not take place for Pt supported on AI2Os, SiO~, and car- 

bon films. After subsequent treatment of the reduced Pt  particles in oxygen, the particles 

re~aine~ their hexagonal shape, but grew in thickne~. The Upill-box~ structure wa~ not 

ob~rved for Rh/TiO~ or Ir/TiO~ after HTR [12]. 

When silver wan supported alone on titania and reduced, no changes in morphology of 

the silver particles or of the crystal structure of the support occurred. Addition of Pt  to 

this system followed by HTR, though, resulted in both Ag and Pt  particles assuming the 

thin, ~pill-box" structures and the conversion of the TiO2 support to Ti407 [41]. Platinum 

evidently acts a supplier of H atorrm which facilitates the reduction of the support with 

wetting by the metal particles eventually taking pl~:e. 

Many of the efforts already de~:ribed have focused on fundamental changes taking place 

between metal and oxide upon hctivation of the oxide. Small metal particles (_<50 .~.) are 

able to form new bonds or to restructure so as to increa~ the amount of metal/metal oxide 

contact. In this way, a high percentage of the rurface metal atoms will be affected. In 

relatively large particles (_> I60 .~.), where similar modifications of ;'.he chemisorption and 

catalytic properties occur [54], the amount of metal/metal oxide contact compared to the 

number of surface metal atoms would be much smaller. It ia also unlikely that  electronic 

e~ec~s taking place at a metal/metal oxide interface will have any impact on metal atoms 

far remov~ (greater than several atomic distances) from this interface [29,48,50351,52 ]. 

To explain the suppression of CO chemisorption and other effects when large metal par- 

tides are supported on TiO2, i~ has been proposed that reduced titania species may migrate 
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o~to the surface of the meta,l particles [53]. Though "encapsulation ° of the metal particles 

was originally discounted [8,12], there has been ample evidence in recent years to support 

this mechanism. Hailer and Res~sco [29] observed a decrease in the ethane hydrogeno]ysis 

rate of Rh/TiO2 that was linearly proportional to the square-root of reduction time for 

temperatures between 474 K and 543 K. This dependence on time can be associated with 

ditfusional phenomena. More direct evidence was provided by depth pro~le experiments of 

TiO:-supported metals. For Rh deFosited on a TiO2 single crystal, $adeghi and Henrich 

[55] found that after high temperature reduction, the AES intensities showed minima in ~he 

Ti and O signals and a maximum in the Rh signal i -  a function of sputter time, reflecting 

• thin surface layer of titanium oxide on top of the rhodium. Confirmation of this was 

provided by Takatani and Chung [56]. They found a sharp incre~e in the Ti AES signal 

(for Ni deposited on an oxidized Ti foil, after HTR) which decayed in an exponential-like 

manner upon sputtering of the surface. 

More evidence was supplied for Rh and P t  on an oxidized Ti(0001) single crystal ana- 

lyzed with static secondary ion m m  spectroscopy (SSL~S) [57]. Masse8 attributed to Rh 

and RhO were repi.aced by peaks charffi,terktic of titanium ozide~ after annealing to 760 

K. Finally, titania deposited onto nickel grids was monitored in a controlled-atmosphere 

electron microscope [58]. Oxide aggregates on the nickel surface were observed to decrease 

dramatically in height and surface roughne~ upon reduction in H2 at 770 K suggesting 

wetting of the nickel by the oxide. Re-oxidation returned the oxide overlayer to • three- 

dimensional structure, having a "saw-toothed ~ appearance. In addition, heating in 5 torr 

acetylene resulted in filamentous carbon growth on the nickel surface, predorninantly at 

the metal/metal oxide interface, but not on the titania. Wetting of the metal surface by 

the oxide was consequently indicated by a sharp reduction in the total amount of carbon 

deposited as well as the increase in non-Slarnentous growth. 
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1.6 D E P O S I T I O N  OF O X I D E  O V E R L A Y E R S  

The migratior, of oxide species onto the surface of the metal particles under reducing 

conditions provides the means for establishing more extensive metal/metal oxide contact. 

Several research groups have investigated the chemisorption and catalytic properties of 

metals with oxide overlayern to determine the properties of the exposed metal atoms, espe- 

cially at the metal/metal oxide interface. This work is supported by studies showing that 

titania-promoted catalysts exhibited catalytic properties identical to those of the analogous 

TiO=-supported catalysts. This has been found for CO hydrogenation on Ni/SiO2 [59] and 

Pt-bla~k [60], as well as for NO reduction on Rh supported on SiO= [61]. 

Takatani and Chung [56] not only observed migration of the oxide onto the surface of 

the metal, but they also attempted to calculate the oxide coverage on the metal. Their 

CO chemisorption results verBtm oxide coverage indicate, as a.function of titania coverage, 

a non-linear fallo~' in cherrtisorption capacity which cannot be explained by mere coverage 

of sites. Extrapolation at low coveragel show;, that a Idngle ."titania" species deactivates 

5 to 6 Ni atoms for CO a~crpt lon.  Similar results were obtained by P~upp and I)um~ic 

[(;2,63] for titania deposited on a nickel foil. In contrast, Ko and Gorte [64~65] studied the 

effects of titania deposition on the properties of Pt, [~ ,  and Pd foils. They concluded for 

all three metals that titania only blocks Hz and CO ~ternisorption by physically covering 

~sorption sites. They have also investigated the effects of niobia, silica, and alumina 

overlayers on Pt, finding that niobia behaves similarly with TiOz, while silica and alumina 

suppress chemisorption to a lesser extent [66]. However, M will be discussed later, their 

method of coverage determination is questionable. Dwyer et el. {6T] also studied TiO= on Pt 

and found a linear correlation between the low energy ion scattering spectroscopy (LEISS) 

signal for Pt and the amount of H2 chemisorbed. LEISS, though, is prone to neutralization 

and shadowing problems such that it may not detect any contribution from the metal/metal 

oxide interface. 
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General agreement has been found in the effects of TiO2 on the CO hydrogenation 

~ctivity. Chung et ai. [68] noted a 4-fold rise in methanation activity at low titania coverages 

accompanied by higher rates of C=+ hydrocarbon production. Demmin et ,I. [69] and Dwyer 

et 61. [60] also observed higher methanation rates as well as significantly lower ~ctivation 

energies for titania on Pt foil ( ~ E  - -11 kcal/mole) and titania-promoted Pt black (AE -- 

-5 kcal/mole), respectively. Similar results were obtained for N52Os-promoted Pt [70]. 

1.7 S C O P E  O F  T H E  P R E S E N T  W O R K  

The verification of titania migration onto the metal particle surface" during HTR has 

prompted work in thi,  laboratory, concomitant to the investigations in the previous section, 

on metal substrates with oxide overlayers. A comparison of the TiO=-suppcrted and TiO=- 

promoted catalysts is depicted in Fig. 1.1. Surface sensitive techniques have been applied. 

to chazacterize the oxide coverage and oxidation state, thereby facilitating correlation of 

the chemisorption and catalytic properties of the oxide-covered rhodium with respect to 

the overlayer coverage. 

Experiments were performed in two ultra-high vacuum chambers equipped with atmo- 

spheric p r ~ u r e  cells for sample pre-treatment and reaction. Auger electron spectroscopy 

(AES) was employed for characterization of the surface composition. X-ray photoelec- 

tron spectroscopy (XPS) provided information regarding the oxidation states of the oxide 

overlayers. The chemisorptiou capacity was measured through temperature programmed 

desorption (TPD) and the catalytic behavior of the surface w~s probed with three reactions: 

CO hydrogen,~tion, ethylene hydrogenation, and ethane hydrogenotysis. 

Alumina and titania overlayers were deposited onto rhodium foil and characterized in 

terms of the mode of over]ayer growth, oxidation state dependence on treatment conditions, 

CO chemisorption, and catalytic behavior. Both alumina and titania overlayers grew until 

the completion of a two-dimensional monolayer followed by three-dimensional growth, as 



CHAPTER 1. INTRODUCTION 12 

..f-M-'h H2 
J " " /  >.?7~K / / / / Y  ~ o 2 ' / ' /  T 

; / j / / ' /_/ / / / /  
FIH 

Ti 
EVAP_ 02 .._ 

- -  A H  ~ 

Figure 1.1: A comparison between the metal surface of a TiOi-supported catalyst ~md the 
surface of the analogous TiOf-promoted metal. 
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indicated by the AES uptake plots. Alumina inhibited CO chemlsorption and CO hydro- 

genation in proportion to the coverage, while titania suppressed CO chemlsorption to a 

much greater extent and enhanced the CO hydrogenation rate by as much as a factor of 

three. Both ethylene hydrogenation and ethame hydrogenolysis rates were strongly sup- 

pres~d when titania overlayers were present, to an extent greater than explained by site 

blocking by titania. 

The XPS results showed that titania wv~ readily reduced while alumina could not be. 

A model is proposed suggesting there is no CO chemisorpticn at Rh sites at the periphery 

of titania islands while Ti s+ species along the island periphery interact with CO to enhance 

CO dissociation and hence, its hydrogenation rats. Good quantitative agreement exists 

between the model and experimental data; a titania nucleation site density of 4.5 x 10 xs 

cm -~ and a two-site reaction ensemble at the metai/metal oxide interface at the perimeter 

of TiO.- islands have been inferred. 



Chapter 2 

S U R F A C E  A N A L Y S I S  
T E C H N I Q U E S - T H E O R Y  OF 
O P E R A T I O N  

Three principal analytical techniques were employed in this study of metal oxide over° 

layers on rhodium: Auger electron spectroscopy (AES), Xoray photoelectron spectroscopy 

(XPS), and temperature programmed descrption (TPD). In what follows, a brief discussion 

of the basic principles of operation for each of these techniques is presented. 

2.1 AUGER ELECTRON SPECTROSCOPY (AES) 

2 .1 .1  T h e  .Auger  P r o c e s s  

The impingement of a moderately high energy (>1 kV) beam of electrons upon an atom 

can cause major rearrangement~ of the atom's electronic configuration. In the mode of 

rearrangemen~ commonly referred to as the "Auger process, n a core electron is first ejected 

(see Figure 2.1). The newly formed ion with a core hole then "relaxes" into a lower energy, 

but doubly ionized, state. This occurs through the collapse of an electron of a higher level 

14 
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Figure 2.1: The processes for electron excitation in (a) Auger electron spectroscopy and (b) 
x-ray photoelectron spectroscopy. 
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shell into the core hole releasing enough energy to trigger, the ejection of a second electron. 

The kinetic energy of the second (or Auger) electron is merely the energy difference between 

the two electron hole states minus the energy to remove the Auger electron from the atom. 

Since the electron energy levek are uniquely defined for each element, the energies of Auger 

electrons can be used for the determination of elemental composition [71]. 

The typical energy range for the incident (primary) electron beam is 2-10 kV. From the 

corresponding penetration depths (without inelastic losses) of the electrons [72], the Auger 

proceu will be induced in stoma ranging from 20 to 50 i_ into the bulk of the sample. 

However, the Auger electrons are ~ypically between 40 and 1000 eV in energy [731, limiting 

the escape depth to under 15 ~, for emergence normal to the surface. For the energy values 

characteristic of thls study (_~500 eV), the mean free path of the Auger electrons will be 

less than 10 A so that AES k seusitive to the uppermoet three or four surface layers. 

2.. l .2 D e t e r m i n a t i o n  o f  O v e r l a y e r  C o v e r a g e  

The attenl,-ation of a sub6trate'e AES peab intensity by the e~tdition of an overlayer 

of different composition can yield information on the coverage' and growth mode of the 

overlayer. Overlayer growth can be categorized into four growth modes [74,75]: layeroby- 

layerp three-dimensional island growth, a mixture of the two (completion of one or more 

monolayers followed by three-dimensional growth), and alloying. 

The simplest case to de . r ibs  is the layered-growth mechanism, also known as Frank 

and V~m der Merwe growth. When a single, two-dimensional monolayer is deposited, the 

substrate signal will be attenuated by an amount designated as ~. Between 0 and I mono- 

layer, a fraction of ~he substrate signal corresponding to the s u r f . s  that is covered will be 

attenuated by ~ while the remaining exposed surface signal emerges unattenuated. Thus 

the degree of attenuation change~ linearly with coverage as follows: 
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I = I o S a  + I,o(1 - 0)  

I= - - )Ioe 

where I0 denotes the intensity of the bare substrate and I the intensity of the substrate with 

an overlayer of coverage 8. 

For two monolayers, the attenuation of the substrate signal is az; therefore, I varies 

from c~ to a~ linearly between 1 and 2 monolayers. Similar arguments follow for higher cov- 

erages. The elope of each successive monolayer, then, diminishes by a factor of ~. The AES 

signal of the overlayer grows in a corresponding manner. These trends are depicted in Fig. 

2.~a. Layer-hy-l&yer growth m often exhibited by metal-on-metal deposition [74,76,77,78]. 

In the case of three-dimensional island growth, also known as Volmer-Weber growth, clus- 

ters form on the surface which tend to grow in height as well ,~ lsterally. These clusters 

leave bare substrate patches that are covered relatively slowly while the AES contribution, 

alrea~]y attenuated from the covered su~tra te ,  is dirr.~nished even further with increasing 

deposition. The overall substrate signal therefore diminishes more slowly and in a more 

continuous manner than in the laye.'-byolayer case (Fig. 2.2b); no sharp breabm occur d~. 

marking monolayer coverage. The clustering of metals on oxide surfaces is an example of 

three-dimension~ growth. 

In the third growth mechanism, known as Stranski-Krsatanov growth, the first (or sev- 

eral) monolayer is completed. Thereafter, three-dimensional clustering occurs. While lay- 

ered growth is taking place, the AES signal of the substrate decreases in linear segments until 

clustering cause~ a shift to the more continuous decrease (Fig. 2.2c). Stranski-Kr~stanov 

growth has been seen for metal-on-metal growth and in oxide-on-metal growth [74,79]. 

The final growth mode, alloying, occurs upon rearrangement of the overlayer atoms 

with those of the substrate and k indicative of very strong admorbate-substrate bonding. A 

typical AES uptake plot is shown in Fig. 2.2d. 

The degree of attenuation, a, is dependent on the mean free path of the detected Auger 

electrons, A, and on the tlaickness of the layer, h, covering the substrate 
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Figure 2.2: Characterization by Auger electron spectroscopy of the growth of overlayers 
on substrates: (a) three-dimensional growth, (b) layer-by-layer growth, (¢) layered growth 
followed by three-dimensional growth, and (d) alloy formation between the overlayer and 
substrate. 
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= I/Io = exp(-h/Acos~b) (2.2) 

The ¢os~ term arises from the sampling of electrons entering the electron energy analyzer 

at an angle of ~ from the surface normal. The mean free path is, of course, dependent on 

the energy of the Auger" electrons [72]; however, it is more practical to determine ~, from 

the plots of AES intensity versus overlayer coverage. A list of attenuation coefficients for 

various overlayer/substrate systems is displayed in Table 2-1. 

Finally, it should be mentioned thffit in determining the coverage and growth mode, it 

is convenient to plot AES intensities versus dosing time (assuming the evaporation rate 

is fairly constant). From the position of breaks in the plot (if Frank-Van der Merwe or 

$transki-Krastanov growth occurs), information is obtained regarding the evaporation rate 

as well. 

2 .1 .3  D e t e c t i o n  o f  A u g e r  E l e c t r o n g  

To produce the Auger electrons, a high voltage (between 2 and l0 kV) electron gun 

is required. When a cylindrical mirror analyzer (CMA) is employed as an electron energy 

analyzer, the electron gun is often located concentrically inside the CMA (Fig. 2.3). This 

then gives an electron beam of normal incidence, a gun may also be located external to the 

CMA to generate a glancing incidence beam which is inherently more asurface sensitive" 

due to the longer average path length of Auger electrons emerging from the sample. 

The CMA is comprised of two concentric cylindrical shells with an electrostatic potential 

applied to the outer cylinder. Electrons from the sample enter the gap between the cylinders 

through "windows" in the inner cylinder at the end closest to the sample (Fig. 2.3). Once 

inside the gap, the electrons are deflected away from the outer cylinder by an applied 

negative voltage. Electrons with the appropriate kinetic energy will be directed through 

a second set of "windows" at the opposite end of the inner cylinder and into the detector 
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T.~ble 2.1: ATTENUATION COEFFICIENTS FOR METAL-ON-METAL SYSTEMS 
AS A FUNCTION OF SUBSTRATE AUGER ELECTRON ENERGY 

: SUBSTRATE ADSORBATE o~ REFERENCE 
Cu-(60 eV) ' Mn ' 

Pb 
Bi 
Ag 
Co 

, =, 

Pt (64 eV) Au 

(68 ,,v) 

Au (69 eV) Ag 

Ge (87 eV) 
si (02 ev) 

Cu (1o5 eV) 

Pt (150 eV) 

W (169 eV) 

Mo (lv~ ev) 
m (151 .v) 
R~ (215 eV) 
pt (237 ev) 

Ru (281 eV) Cu 

Ag (356' eV) Pt 

F, (65o .v)  

[so] 
181,82,75] 

[8sl 
[76] 
184] 
[771 

0.37 
0.44- 0.51 

0.42 
0.29' 
0.38 
0.48 

Pb 0.48 
Zr 0.29 
Ag 0.30 
Pb 0.22 
Sn 0.25 

o . 3 1  

Pb 0.40 
V -,-0.35 

Au 0.51 
Sb 0.38 
Ni 0.29 
Co 0.46 
(~u 0.10 
Re 0.41 
Fe 0.46 
Zr 0.53 
Pd 0.50 - 0.53 ' 
Ag 0.58 
Pd 0.58 
Fe 0.33 
Pt 0.42 
Cu 0.38 - 0.50 
Zr 0,63 
C 0.56 

0.49 
Au 0.58 

, ,  , , ,  

0.64 
Pt 0.65 
Au 0.51 
Pb 0.58 
Fe 0.66 

,, , ,  . . . . .  . ,  

K ,.,,0.6 
Se 0.72 
Ag 0.72 
Pt 0.70 

[851 
[86] 
[87] 
[ 8 8 ]  

[38] 
[891 
[90] 
[gZ! 
1921 
[931 

.... [9il 
[95] 
ivs] 

. . . . .  [971 
[98] 

178,~] 
[74], 
[lOO] 

. . . . .  [ a t i l l  ..... 

(lO2[ 
: {84,73] 

[lOS] 
[75] 

[lO4] 
[lO51 
[84l 
[87] 

[lO61 
[lO71 

[los,log] 
[Ii01 

Ni (880 ev) 
Cu (920 eV) 

[1111 
.in2] 

184] 
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Figure 2.3: Schematic of a double-pass cylindrical mirror analyzer (CMA). (The second 
stage is absent in a single-pass CMA.) 

(usually a "channeltron" or a multiple dynode electron multiplier). By ramping the outer 

cylinder vol*~age, a spectrum of electron signal intensity versus eh~tron kinetic energy can 

be generated. The electron energy tends to be about 1.6 times the voltage applied to the 

outer cylinder of the CMA. 
. 

The description j ~ t  given applies fox' a single-pass CMA. A double-pass CMA is nearly 

identical except that two sequential energy filter sections are incorporated before electrons 

are detected. Operated in the manner of the preceding paragraph, the relative resolution, 

~ E / E ,  is con.qcant over the range of energy values. For XPS, a double-pass CMA is used 
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and operated in an alternative energy analyzing mode, as will be discussed in the next 

section. 

Since the contribution to the total signal by Auger electrons for a given energy is small: 

it is common pr~tice to enhance 'the Auger signal by plotting the derivative spectrum, 

dN(E)/dE, as a function of electron energy. By superimposing a modulating voltage of 

amplitude U,~ and frequency ~ on the outer cylinder voltage, the signal current, i, which 

can be written as a Taylor series, 

i"(u,).,= . = . 
i(U, ÷ Umsin~t) ffi i(U~) + i~(U.)'Umsin~t + ~v~sm ~ + ... (2.3) 

hem a component containing the first derivative [113]. The value of this derivative is then 

isolated with a phase-sensitive lock-in arnplifier tuned to the frequency ~ and the desired 

AES spectrum can then be plotted. Peaks corresponding to Auger transitions will usually 

occur as paired upward and downward deflections due to the derivative mode. Peak-to-peak 

heights are measured to indlcste an element's abundance on the surface. 

2.2 X-RAY 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  (XPS) 

2.2.1 X - R a y  E x c i t a t i o n  

As with AES, XPS may be u~d for analysis of surface composition, but one of its 

principal advantages lies in the information it yields on the oxidation state of surface species. 

Electrons of atoms near the surface (<~20 A--for the same reasons discussed in Section 2.1) 

can be ejected upon illumination with soft x-rays (Fig. 2.1b). The kinetic energy, EK, of 

the emitted electrons can be related to the binding energy, Es, and the incident radiation 

energy, hu, by 
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EK = hz, - ~ B  - ¢ ( 2 . 4 )  

where ~ is the work function of the analyzer (when the sample is a conductor), When 

the number of "counts" for a given binding (or kinetic) energy is plotted as a function of 

binding (or kinetic) energy, distinct peaks are observed. These peaks may correspond to 

individual electron orbitals (core-level transitions) or to x-ray-induced Auger peaks (Auger 

transitions) [71]. In addition, ~t low binding energies, features reflecting the density of filled 

states near the valence band are observed (valence-level transitions). Example ~wide scan" 

spectra for Rh, Au, Ti, AI, and O appear in Figs. 2.4 to 2.8 [114]. 

Of the three categories of transitions, only core-level transitions reveal d i r e r  informa'.ion 

regarding the oxidation state of species on the surface. Since core-level electrons of energy 

less than the incoming radiation will be ejected, for a Mg Kc~ source (1253.6 eV), only the 

4s, 3d, 3p, and 3s orbitals of Rh (see Fig. 2.4) and the 3s, 2p, and 2s orbitals of Ti (see 

Fig. 2.6) are of low enough binding energy to be emitted. It is also apparent that the 

non-s orbitals are doublets. This arises from spin-orbit coupling involving the "parallel ~ 

and ~anti-parallel" StAtes of the remaining electron (spin quantum number, s, equal to 

1/2 and -1/2, respectively). These two energy states occur only if the orbital quantum 

number, l, is greater" than zero. The ratio of peak area~ for a doublet can be related to 

the respective degeneracies (2j -k 1, where j = 1 q- s) of each peak. The observed peak 

widths are dependent on the characteristic widths of the x-ray source, the electron emission 

process, and the analyzer. The inherent peak width of the core-level can be related to the 

lifetime of the generated core-hole through the Heisenberg uncertainty principle. Faster 

relaxation times, such as would occur through Auger transitions in atoms with a higher 

valence electron densities, result in broader peaks. Typical line-width values are 1-2 eV. 

Qualitative information regarding the oxidation state of a compound can be obtained 

from the valence band region of the spectrum. Since the structure of the highest filled 

orbitals is reflected in this region, the compound can be identified as an insulator or a 
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conductor depending on whether a band-gap is present or not. Thus for oxides of metals, 

such as iron or van~tium, the predominance of a particular oxidation state may be identified. 

This feature was not applied in the work presented here. 

2 . 2 . 2  C o r e - L e v e l  C h e m i c a l  S h i f t s  

The binding energy of core-level electrons is heavily influenced by the surrounding elec- 

tronic environment--both from electrons within the same a tom and from nearby atoms. 

Consider a core electron of an atom with multiple oxidation states. To that electron, the 

electronic environment of inner level electrons and the nucleus will appear relatively unper- 

turbed for the various valence electron densities. If the valence charge, q, Comprised of the 

valence electrons, is considered to be dispersed uniformly on a sphere of radius r, then a 

change in the valence electron density, i.e., a valence charge change of Aq, corresponds to 

a change of potential within the sphere of ~ q / r .  Therefore, traversing down a column in 

the periodic table, where Aq is constant, but r incres~s, a re<lucecl effect of valence level 

changes on the core electron is expected. 

An increased charge density should lessen the binding energy, due to electrostatic re- 

pulsion, while a decreased density should raise the binding energy. For example, electron- 

withdrawing species (e.g., O or CI) on an atom would result in a higher binding energy of 

electrons from that -~tom than if the atom were not bound to these species. In the same 

manner, electron-donating elements, ~uch ,~ K or Mg, would diminish the binding energy 

by increasing the valence charge density. Of course, if the atom initially was negatively 

charged, the electron would have a higher binding energy. These concepts can be summa- 

rized in the following equation for the binding energy, EB, of the core electron of an atom 

in two different environments 
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Es(2) - Es(1) = -klq(2) - q(1)] -l~'~j cti(2)rJ(2) ~ ~qj(1)] (2 .s) 

where c~ is the charge on neighboring atoms located at a distance of rj from the central 

atom. Changes in the electrostatic field of the central atom due to valence changes appear 

in the term with the proportionMity constant, k. This model does not take into account 

final state effects, where the electronic state of the newly-formed ion is different than that 

of the initial atomic state. The model also neglects the effect of the" core hole on electrons 

of neighboring atoms. 

More likely than not, for an oxide a/l'ected by reduction conditions, a mixture of oxidation 

states will occur. These states appear in the XPS spectrum a~ overlapping peaks from which 

information must be obtained. Decvnvolution of the~e peaks into the component peaks can 

be performed if the number of contributory peeks is known and characteristic peak shapes 

uaumed. Peaka of Gaussian lineshape are often employed requiring three parameters per 

peak: position (binding energy), amplitude, and the width at half-maximum. 

Lineshapes of Lorentzian character, however, have a theoretical basis [115] and can be 

modified to account for ineIastic interaction between the emitted electrons and the delo- 

calized electrons for metal samples. This effect is responsible for the asymmetry favoring 

higher binding energies (including the step increaee in the background) for metal peake. A 

fourth parameter, c% the asymmetry index, is then associated with this lineshape, sometimes 

referred to M a Doniach-~unji6 lineshnpe 

F(E)= r(l-a) .fa (I c~)tan-1(E)} (2.6) 

I 

where "I is a characteristic peak width. Aside from the asymmetry factor, the major differ- 

ence in peak shapes between the DoniacJa-~unjid and Gaussian lineshapes is that  the base 

of the Gaussian rises more slowly initially and thereby overestimates the contribution of 

other peaks in that  region. 
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Table 2.2i HIGH-ENERGY SATELLITE LINES FROM MG AND AL TARGETS 

X-ray line Separation from Ka1.~ (eV) and relative intensity (Ka,.2 = I00) 
Mg Al 

K G~ ~ 

K ~s 
K ~, 
K ~5 
K~ 
K~ 

4.5 (1.0) 5.e (1.0) 
8.4 (9.2) 9.6 (7.8) 
10.0 (5.1) 11.5 (3.3) 
17.3 (0.8) 19.8 (0.4) 
20.5 (0.5) 23.4 (0.3) 
45.0 (2.0) 70.0 (2.0) 

2.2.3 A d d l t i o n a l  :Fea tu re s  o f  t h e  X P S  S p e c t r u m  

Satellites in the spectrum may ariee from secondary lines of lower intensity originating 

from the x-ray source. The primary rratiation, Kr, l.2, occuring from the 2Ps/z,1/2 "* Is 

transition, may be ~ccompanied by radiation of less probable transitions (e.g., valence band 

--* Is: K~) or of transitions from multiply ionized atoms (e.g., K~s.t). The observed 

sep~ations and relative intensities of these secondary XPS signals have b ~ n  tabulated for 

magnesium and aluminum anodes [71] and are reproduced in Table 2-2. 

Secondary electrons striking the aluminum window (which prevents escape of the elec- 

trons into the chamber) or the presence of impurities in the anode result in additional 

features in the x-ray radiation ep~trum, which in turn, produce ghost peaks in the XPS 

spectrum. The common impurities include copper (from the backing behind a worn out 

..~ode), oxygen, and oath.on. The location of the ghost peaks from these elements and from 

aluminum lie several hundred eV from the primary peaks so that overlap is not a problem; 

however, they do complicate the overall spectrum. 

Additional peaks may also occur through electronic interactions during relaxation of 

the newly-generated ion. One example in this category is multiplet splitting where there is 

exchange interaction between the remaining electron in a core orbital and several unpaired 
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electrons in the wlence levels. Here, the spin of the lone core electron may be parallel or 

~ntipaxallei to the spin of the valence electrons resulting in the splitting of the original XPS 

peak. Another relaxation effect involves rearrangement of the valence electrons because of 

the apparent'increase in nuclear charge (as it appears to these electrons). Tbe promotion 

of one of these electrons into a higher, unfilled level removes energy from the primary 

excitation process kud thereby yields a pe~k of apparently l~igher .~ind;.ng energy. This is 

known as a "shake-up" satellite. 

Numerous peaka, e.g., core-level, valence level, and Auger transitions as well as s~tellites 

and ghost peaks, can be ~ttributed to just a single element. Though some of the satellites 

may not be pre~nt in cer~mn systems and for certain samples, the~e featur~ do serve as ,~ 

warning that the complexity of the XPS spectrum grows rapidly with the number of species 

present. 

2.3  

2 . 3 . 1  

T E M P E R A T U R E  PRO GRAMI~IED DES ORPTION (TPD) 

General D e s c r i p t i o n  

The cherr~csl environment of atoms on the surface of a sample can be probed by mea- 

suring the st.~ngth of adsorption of certain test molecules. One such technique involves 

exposing the sample to molecules at a particular temperature and pressure followed by 

heating until the adsorbed species deeorb. This is commonly referred to as temperature 

programmed desorption (TPD). For experiments in ultra, high vacuum (UHV), exposures 

expreased in unit8 of ULangmuirs n (1 L = 10 -6 tort-s) are appropriate. The samples are 

often directly heated and desorbed species detected wit.h a mass spectrometer. 

Species ~lsorbed to a surface may be categorized as either ~physi~rbed" or "chemisorbed" 

terms reHecting the type and strength of interaction between the adsorbate and substrate. 

Physisorption arises through dispersion forces ~nd/or dipole forces. In the present work, 
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this mode of interaction is not significant with exposure temperatures no lower than 150 K 

and diatornlc adsorbate molecules. Chemlsorption indicates the formation of ~ "chernic~l 

bond" between adsorbate and substrate and consequently, chemisorbed species will provide 

more information about the surface chemical enviranment. 

2 .3 .2  K i n e t i c s  o f  T P D  

Temperature progrraraned desorption is by definition a dynamic procees. The tempera- 

ture of the substrate is ramped, causing de~rpt ion of adsorbed molecules, which eventually 

are pumped out of the system. The number of  molecules detected by the m ~  spectrometer 

is therefore depe~dent on the rate of temperature increeLse, kinetics of desorption, alterna- 

tive procesees occurring on the surface as the temperature :i~es, and the pumping speed of 

the system's pumps. These factors are combined to give [116,117] 

dp A dn (2.7) 
d--t ---- k(p.q - p) cV dt 

where dp /d t  represents ~he change in system preszure at a particular time, k(p.q - p) the 

pumping speed, and the final term the rate of gas evolution from a sample of ~ e a  A into 

a system of volume V. The latter term is, in turn, dependent on the heating rate. For a 

low surface area sample in a typical UHV chamber and a relatively low heating rate, the 

pumping speed will be much greater than the rate of gas desorption. This means the change 

in system pressure will be relatively small compared with the pumping speed, or 

dp 
d-~ ~ k(p.q - p) (2.8~ 

dn cV 
=  -k(p.q - p) (2.9)  
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The kinetics of desorption can be described as an expression incorporating an Arrhenius 

term as well as a dependence on the species' surface coverage, n 

dn • Ed I 
- d'7 = (2.10} 

for an ua-th" order desorption process, a desorption energy Ed, and a frequency factor v. 

A linear heating rate, ~, with time reduces the number of independent variables 

dn ~, • • E d .  
= ~n ex.p(--~--~) where T = To "i" ~t (2.11) 

The pressure corresponding to the desorbing species is monitored with the mass spectrom- 

eter (set at the mass of that species) and so dn/dT is linearly proportional to the mass 

spectrometer signal. A plot of dn/dT as a function of temperature (or time) will exhibit a 

peak with a maximum at some temperature, Tp. At the peak temperature, d=n/dT= - 0, 

which can further simplify Eq. 2.11 in terms of Tp. For a first-order process, a - i and 

Ed ~' Ed 
= ~exp(  9 ,  ) (2.12) 

which indicates Tp is independent of the surface coverage. Second-order desorption (a -- 2) 

yields 

Ed Ed 
= 2~npexp( ) 

so tba~ Tp increases for lower surface coverages, np, at  the peak temperatures. Estimates 

of the desorption energy, Ed, can be made from Eqs. 2.12 and 2.13, sad by assuming a 

value o[ z, (usually taken to be I0 l~ s- t ) .  Hydrogen desorption, which shows a peak shift 

to |ower temperatures at higher exposures, is an ex,.u'nple of a second.order process. 

the case of CO chemisorbed to the surface, dipole-dipole repulsion results in a weak- 

ening of the bond strength of CO to the surface. This interaction also causes bonding at 

different types of sites, relative to the surface lattice, at  high coverages (>0.3 ML), as CO 

rearranges to minimize the effects of the repulsion. Consequently, as higher CO exposures 
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are employed, the degree of" repulsion increases, and the desorption ~emperature decreases. 

Correlating the desorption kinetics with the governing p~rarneters is considerably more 

complicated than warranted by the results in this wr.rk and will not be treated here. 



Chapter 3 

E X P E R I M E N T A L  A P P A R A T U S  

The techniques employed for characterizing interactions between the metal oxide over- 

layers and the metal substrate include Auger electron spectroscopy (AES}, x-ray photo- 

electron epectroscopy (XPS), temper£ture programmed desorption (TPD}, and chemical 

reaction analysis. To accomplish this, two different ultrahigh vacuum (UHV) chambers 

were u~d: one equipped with all of the above techniqueu except for XPS and a second 

for AES and XPS analysis. The fes~ure8 of these two chambers will now be discussed 

separately. 

3.1 VARIA1N LEED CHAMBER 

Though originally designed as a LEED chamber, a Varian 240 LEED chamber (Model 

981-0030) UHV chamber was modified to serve primarily for sample analysis by AES, TPD, 

and chemical reactivity. This a~ainleas steel chamber of roughly 25 litem volume has ,~ variety 

of 6- and 2• inch ports along with two 8-inch ports (for the LEED optics and the window). 

With the exception of the LEED optics, all analytical equipment was mounted on the front 

half of the chamber (Figure ~. I) while the pumps, ion gauge, and leak valves were connected 

36 
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Figure 3.1: Ultra-high vacuum chamber for surface science/reaction studies. 

through the back half. The chamber was also equipped with gas hsndling and reaction loop 

systems for the introduction of gases to the chamber or reaction network. 

3.1.1 P u m p s  and Pressure Measurement 

Three pumps were ~ttached to the UHV chamber: s Varian 4-inch oil diffusion pump, 

a Varian Vaclon pump, and a titanium sublimation pump. The dJlT'usion pump, equipped 

with a liquid nitrogen trap ~ d  backed-up by s rotary-vane mechanical pump, was charged 

with SantoVac5 oil. Despite its location about 2-1/2 feei from the chamber, connected 

by 4-inch conduit, ~ base pressure of 2 x 10 -x° tort could be achieved in the chamber-- 
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especially after limited operation of the titanium sublimation pump. The poor condition of 

the ion pump re'ads it unsatisfactory for use during experimen.~,~; however, it was adequate 

for maintaining an acceptable base pressure at night, when the equipment was not operated 

and the diffusion pump was valved off. The pressure in the chamber was measured with a 

B~y~rd-A]pert-type ion gauge. 

After opening to air" for maintenance or repai~, the chamber was "roughed ~ with a 

sorption pump filled with 8 ~ molecular sieve and cooled with liquid nitrogen. Pressures 

at this stage were measured with a thermoeouple gauge. 

8 .1 .2  S a m p l e  lV~an lpu la to r s  a n d  R e a c t i o n .  Ce l l  

Two different emnple manipulators were employed in the course of the experiments: 

one for room temperature chemisorption (for TPD) cad for reactions; the other for low 

temperature chemisorption (for TPD). Both manipulators had the capability for X-Y-Z 

displacement as well as tilt in the X and Y directions. However, none of these motions 

were. calibrated against any measuring devices. Rotary motion was Also allowed in both 

manipulators. 

The low temperature manipulator was equipped with three cryogenic feedthroughs to 

provide liquid nitrogen cooling inside the chamber. The ends of the feedthroughs were 

connected to the samp|e by copper braids. The configuration of this sample holder re- 

stricted sample preparation and analysis to only one side of the sample. A chromel/alumel 

thermocouple was used for temperature measurement. 

' Mounted on the reaction manipulator was a sample holder consisting of a stainless 

steel disk with four copper feedthroughs: two for heating lines and two for the thermo- 

couple. A sample foil was spot-welded to 0.020 inch Pt  or Rh support wires which, in 

turn, were bound to the heating feedthroughs by copper-beryllum "barrel" connectors. A 

chromel/alumel thermocouple was used for temperature measurement during the TPD ex- 
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periments; a platinum/platinum-10% rhodium thermocouple was used during reactions. 

The sample holder disk mentioned ,~bove was machined to seal sg~inst the .': mospheric 

reaction cell, with a N-buna o-ring inhetween to make the seal. This arrangement allowed 

encapsulation of the sample with subsequent exposure to reaction gases while the rest of 

the chamber remained in ultra~high vacuum. The cell was mounted on a bellows allowing 

vertical motion to either ~clcse ~ or ~open" the cell. Two 1/16 in holes bored partially 

through the cell walls were connected to I/4 inch stainless steel tubing ~nd thereby to the 

reaction loop. With thi~ set-up, grams could be a~Imitted to the cell for either reactions or 

sample treatment. 

3.1 .3  R e a c t i o n  L o o p  a n d  G a s  H a n d l l n g  S y s t e m s  

Reactions were run in a batch mode by circulation of the reaction gazes through the 

reaction loop and cell (Fig. 3.2). The reaction mixture was prepared by admitting gas from 

the gas manifold to the loop to the desired pressure, as indicated by a-30 to 0 in Hg pressure 

gauge, Gas fl~ws of up to 200 crag/rain were achieved by ~ metalbellows pump and flow was 

detected by a Matheson ~601 rotameter. Gas samples for hydrncarboh analysis were taken 

from the reaction loop through a 6:port sampling valve. A 3 liter Wallace and Tiernan 0-30 

in Hg pressure gauge served as n reservoir for a CH4/Ar calibration gas mixture. Finally, 

the loop could be evacuated through the gas manifold with either the mechanical pump or 

the sorptinn pump, and a nearby thermocouple gauge indicated the pressure. 

The g ~  manifold wan set up to supply the reaction loop, leak valves, or chamber with 

the appropriate gases. The above-mentioned mechanical pump and sorption pump were 

used for evacuation and the pressure me~ured wit-h a thermocouple gauge. Two gas lines 

were devoted to hydrogen and carbon monoxide while a third line wan shared between Oz 

and Ar. Ethylene and ethane were also passed through the CO gas line. 
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3 .1 .4  I o n  S p u t t e r i n g  G u n  

A Variaa ion bombardment ~,un equipped with a home-built power supply was used for 

co~u, se sample surface cleaning. This sputtering gun had x- and y-deflection capability also 

making it suitable for Low Energy Ion Scattering Spectroscopy (LEISS). 

3 .1 .5  T i t a n i u m  a n d  A l u m i n u m  E v a p o r a t o r s  

Titanium was deposited on samples by operation of the titanium evaporator which 

consisted of a U-shaped tunge~,en wire (0.020-0.030 in diameter, cleaned in a 2% HF/10% 

HNOs mixture) wrapped with a 0.020 in titanium wire (99.999~ purity). The tungsten 

wire branched two I/4 in copper feedthroughs mounted on a 2-3/4 in flange. Controlled 

exposures were accomplished with an externally-operated shutter. A stainless steel shield 

with an opening directed toward the sample encapsulated the assembly to prevent titanium 

evaporation elsewhere in the chamber. A collimator tube mounted on the shield also helped 

in directing the evaporation beam. 

Aluminum evaporation required a different evaporator design. A 3/8 in alumina crucible 

with a I /8  in hole in the bottom face was ' lo~ed with 0.060 in aluminum wire (99.9995~ 

purity). This crucible, in turn, fits inside another slightly larger crucible so that aluminum 

was visible only through the I/8 in hole. This second crucible was wrapped with 0..020 

in tungsten wire (about 10-15 turns), each end o f  which was bound to I/4 in copper 

feedthroughs on a 2-3/4 in flange. The crucibles and wire wrappings were covered by a 

third alumina crucible with a 1/16 in hole in the bottom face for one end of the tungsten 

wire to p ~  through. This evaporator assembly also had an externally-operated shutter for 

controlled exposures. 



CHAPTER 3, EXPERIMENTAL APPARATUS 

3.1.6 A n a l y t i c a l  E q u i p m e n t  

41 

Auger Electron Spectroscopy (AES): Analysis of Auger electrons for determination of 

surface composition was accomplished with a Varian 6-in cylindrical ~irror analyzer (CMA) 

(Model 981-2f~07). A home-built internal electron gun, concentrically aligned in She CMA, 

produced a normal incidence, 2 kV electron beam. Electrons emerging from the single pass 

filter section were detected by a "channeltron" multiplier. The CMA, mounted on a metal 

bellows, could be moved closer or farther from the sample by means of s hydraulic pump. 

The theory of operation behind AES is discussed in Chapter 2. 

Mass Spectrometer: Aa EA1 25013 Quedrupole.Msea Spectrometer served as residual gas 

analyzer and ma~s detector during TPD experiments. During the initiaJ room temperature 

desorption experiments, the ionizer section was fitted with a tantalum collimator. The 

entire ionizer section w u  eucap~ul,~ted prior to the series of low temperature deaorption 

experiments with a tantalum shield, thus diminishing the background contribution to the 

desorption spectra. A description of TPD w u  given in the previous chapter. 

Low Energy Electron Diffraction (LEE D 1 Optics: A Varian LEED optics assembly, con. 

sisting of s~a electro~, gun, s high voltage grid, two retaxding grids, and a phosphorescent 

screen, was mounted on the 8-in flange at the rear of the chamber. LEED was not employed 

as a primary analytical tool of the titania and alumina overlayer~ on the rhodium foil, so 

the discussion regarding it is limited to what has just been presented here. 

Gas Chromatograph (GC): Separation and analysis of hydrocarbons sampled from the 

re,wtion loop was performed with a Hewlett-P~ckard Model 1720A Gas Chromatograph. A 

1/8 in stainless steel colunm, 3 ft long, packed with Porapak N (active ingredient--cross. 

linked polymers) was maintained at 328 K with a nitrogen carrier gas flow of about 30 

cm~/min. The effluent gases from the column entered the flame ionization detector (FID) 

directly. The detector was supplied with hydrogen (about 30 crag/rain at 40 psig) and 

compressed air (roughly 200 crag/rain at 20 psig) and kept at 483 K. The interpretation of 

the GC output will be addressed at a later point. 
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3.2 X P S  C H A M B E R  
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Experiments were carried out in a Perkin-Elmer PHI Model 548 XPS Chamber on a 

shor~term basis. Consisting of a stainless steel bell jar with a transfer cell attached (Fig. 

3.3), a horizontal transfer rod {also referred' to as the "probe ~) moved the sample between 

the two sections. All analytical and surface-modifying equipment was located at ports 

directed toward the axis of the probe. The CMA was located along the axis of the probe 

at the opposite end of the chamber from the transfer cell. A gas handling system was built 

for the chamber and transfer cell for treatment of the sample under a v~riety of conditions. 

3 .2 .1  P U m p s  a n d  P r e s s u r e  M e a s u r e m e n t  

A chamber base pressure of 3 x I0 -°  torr with the probe in the chamber (8 x 10 -1° 

torr with the probe removed from the chamber) w u  maintained by a Perkin.Elmer ion 

pump. A Perkin-Elmer titanium sublimation pump ~ided in bringing the pressure down 

after large doses of gases (during sample preparation) or after exposure of the chamber to 

the transfer cell (during sample transferral). A Balzers turbomolecular pump was provided 

to maintain vacuum in the transfer cell or for pumping the UHV chamber during sput- 

tering ~ d  oxia.ation treatments. The chamber could be Uroushedm (after being brought 

up to atmospheric pre~ure for maintenance or modifications) with a liquid nitrogen.cooled 

avrption pump packed with molecular sieve. The chamber pressure was measured with a 

Bayard-Alpert type ion gauge; most of the chamber's electronics were interlocked with the 

ion gauge controller so as to shut off when the pre~ure reached the upper 10 -6 torr range. 



CHAPTER 3. EXPERIMENTAL APPARATUS 

3.2.2 Samp]e Probe and Transfer Cell 
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The probe consisted of a 2-ft long, hollow, stzinle~ steel tube, 1-1/2 in in diameter, 

welded at the chamber end to a di,k with four feedthroughs: two for the chramel/~lumel 

thermocouple and two for heating and support. The mounting of the sample w,~ similar 

to that  of the reaction manipulator of the Varian chamber---except that the sample hacl to 

be tilted about 45 ° off the axis of the probe to ensure that the photons from x-ray source 

could strike the surface and eject electrons that would enter the CMA. 

Teflon seals in the housing around the circumference of the probe, sealing against the 

probe's outer diameter, prevented air from entering the transfer cell along the probe's 

length. Additional seals between the transfer cell ~nd the chamber, along with pumping of 

the transfer cell by the turbo pump, isolated the chamber frbm the cell. Differential pumping 

inbetween the cell and ambient w u  available with a rotary-vane mechanical pump. 

Two degrees of motion were available to the probe: horizontal motion along the axis 

of the probe and s rotary motion ~ound the axis. The linear motion, which wL= motor. 

driven, allowed trmmsport of the smmple between the chamber and the transfer cell. Once 

"the sample wM in the transfer cell, a gate valve between the two sections could be clceed 

to maintain UHV in the chamber. At this point, the sample could even be removed from 

the entire apparatus by continued withdrawal of the probe. Otherwise, the sample could 

be treated in the cell with various gases and simultaneous heating, and then later returned 

to the main chamber. 

3 . 2 . 3  G a s  H a n d l i n g  S y s t e m  

The chamber operated with two leak valves: one devoted to supplying argon to the 

chamber and the other for all other g~ses. The gas manifold could be filled with hydrogen, 

carbon monoxide, or oxygen. Evacuation of the manifold was accomplished with the rotary- 
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wne  mechanical pump and the pressure was measured with a therrnocouple gauge. Ga-qes 

from the manifold could ~lso be directed to the transfer cell; a -30 to 0 in Hg pressure gauge 

indicated the amount of gas admitted to the cell. 

3 . 2 . 4  I o n  S p u t t e r i n g  G u n  

The sample surface could be cleaned with s Perkin-Elmer PHI (0-2 kV) ion sputtering 

gun. Positioned shove the CMA, but at an angle so that the sample could be in its line of 

sight, the gun w ~  situated for carrying out LEISS experiments; however, the CMA filter 

ssction wM not set up for this function. 

3 .2 .5  T i t a n i u m  a n d  A l u m i n u m  E v a p o r a t o r s  

Samples were dosed with titanium and aluminum from evaporators of the same design 

employed in the reaction chamber. However, in the XPS chamber, the evaporators were 

located as far ~s 6 inches from the svanp]es, as opposed to only about 2--4 in the reaction 

chamber. 

3 .2 .6  A n a l y t i c a l  E q u i p m e n t  

X-Ray Photoelectron Spectroscopy (XPS): XPS was employed for the determination of 

core electron binding energies of species in ~.he near-surface region. The x-ray source, a 

Perkin-Elmer Model 04-$48, consisted of a water-cooled assembly with two filaments, a 

magnesium anode and a aluminum window. The kinetic energy of emitted electrons was 

analyzed in the Perkln-Elmer d o u b l e - p ~  CMA (Model 15-255GAR). The CMA included 

features for selection of energy window width and for angle resolving of the photoelectrons. 
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A "Channeltron = multiplier detected the filtered electrons. Data acquisition, storage, and 

analysis of XPS spectra wM accomplished with ~n IBM PC interfaced with a Try:or  Mul- 

tichannel Analyzer. 

AE..._.SS: As in the reaction chamber, located along the axis of the CMA w,~s internal an 

electron gun for producing a 2 kV beam of e|ectronB. The CMA could be operated in 

either constant psas energy (XPS) or constant analyzer energy (AES) modes so it served 

as electron filter and detector for AES as well. 

M ~  Spectrometer: The chamber w ~  equipped with a Balzers rams apectrometer; haw- 

ever, TPD experiments were not performed in this chamber. 
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Chapter 4 

E X P E R I M E N T A L  
P R O C E D U R E S  A N D  

4.1 

A N A L Y S I S  

S A M P L E  P R E P A R A T I O N  A N D  E X P E R I M E N T A L  
P R O C E D U R E S  

4 . 1 . I  P r e p a r a t i o n  o f  C l e a n  R h o d i u m  S u r f a c e s  

Pr ior to  chemisorption, reaction, or XPS ana lym,  fresh rhodium foil samples (OO.8~ 

purity) were cleaned by n variety of t~-chniques to remove the most common impurities: 

carbon, oxygen, sulfur, chlorine, and calcium. Other contaminants from external sources 

included iron, nickel, and copper introduced from the sample holders, thermocouples, and 

spot-welder probes, respectively. Sometimes palladium was an impurity, as well, and prob- 

ably arose from grains of palladium already present in the foil. Sample contaminants were 

detected by AES. 

Removal of chlorine and calcium from the foil ws~ most effectively accomplished with 

cycles of annealing and sputtering treatments. Annea.lin~ was done in vacuo ,~t ~emper~tures 

between 1270 and 1370 K and argon ion sputtering was performed aL n pressure of 7-8 x 10 -6 

torr At. This method proved ineffective for Pd removal, necessitating sample replacement 

when pallaclium was a contaminant.  Annealing alone was vufl:icient for oxygen removal, 

provided no other impurities were present. 

48 
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Ion sputtering was the preferred technique for cleaning iron, nickel, copper and also 

alumina and titania from the surface. Small amounts of CO in the argon resulted in carbon 

and oxygen left on the surface following sputtering. Carbon, as well as sulfur, were easily 

oxidized off the surface by heating in the 10 -7 to 10 -s tort range of Oz at temperatures 

between 500-800 K. 

During the oxidation treatment, the rhodium is likewise oxidized and this oxygen must 

be removed to ensure meaningful catalytic and especially chemisorptlon experiments. An- 

nealing to temperatures of 1270-1370 K, "-" mentioned above, was quite effective for com- 

plete oxygen removal; however, heating to such high teml~eratures is not suitable when 

metal oxide overlayers aze pr~ent  due to di~olution of the overlayers into the bulk. A 

second method for surface oxygen removal w ~  reactive titration with CO to'form CO,= and 

will be described in more detail in Section 5.1. Nearly all of the rhodium.bound oxygen 

wan removed by cycles of CO exposure with subsequent heating to 773 K. 

4 . 1 . 2  D e p o s i t i o n  o f  M e t a l  O x i d e  O v e r l a y e r s  

Alumina sad titania overlayers were deposited on the Rh foil by bperation of the evapo- 

rators described in the previous chapter. The procedure for aluminum evaporation involved 

positioning of the sample to obtain an even distribution and heating of the evaporator cru- 

cible with a DC power supply delivering roughly 15 amps at 8 volts. Preheating of the 

crucible for 5 rninutes (with the shutter closed) brought the aluminum charge up to tem- 

perature, ensuring a ste~dy evaporation rate. Utilizing the shutter for timed exposures, 

controlled amounts of aluminum could be deposited on the surface. An aluminum flux of 

-~10lz-101a atoms/era= s (estimated from the AES growth curves in Section 5.2) was typi- 

cal. Prolonged operation of the evaporator for more than 30 rain caused substantial heating 

of that portion of the chamber. 

Titanium deposition ~:aa performed in a manner similar to that for aluminum. A preheat 
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period of no more than 30 seconds was necessary since the titanium metal was directly 

heated by the tungsten wire. Again, after positioning the sample, controlled exposures of 

the fell to the source were possible through use of the shutter. The power requirements of 

this evaporator depended on the tungsten wire gauge. No more than 3 VDC were needed 

and the current required ranged from --20 amps for s 0.020 in W wire, --26 amps for a 0.025 

in wire, to-..35 amps for a 0.030 wire. The Ti flux, as estimated from titania monolayer 

growth rate~ in Chapter 5, was roughly 8 x I01=-.8 x 10 Is atoms/tin= s. 

Analysis by AES immediately e~ter aluminum or titanium deposition showed surfaces 

with a substantial amount of oxygen and carbon on the surface. As will be.seen later, XPS 

results indicate that for titanium, oxygen was associated with the Ti. It was not possible to 

prepare and maintain clean metal-on-metal surfaces even with base pressures in the 2-5 x 

10-lo torr r~nge. During evaporation, sufficient heating of nearby hardware in the chamber 

easily raised the pressure to the 10 -s to I0 -s torr range, making control of background 

H=O, CO~, and CO virtually impossible. Metal oxide overlayers were deposited on only one 

side of the Rh foil for the chemisorption and XPS studies, but on both sides for the reaction 

studies. 

To Mgure complete oxidation of the deposited aiurnina or titania, the 8ample was treated 

in O= at  pressures between 2 x 10 -~ to 5 x 10 -6 torr and 500-700 K, depending on the extent 

of carbon contamination and the oxygen deficiency. The steps in overlayer preparation are 

depicted in Fig. 4.1. Exce~ oxygen bound to the Rh was then removed by titration with 

CO to form CO=. The formation of a nearly-stoichiometric titanium oxide was facile and 

could at times be clone without heating above 470 K. As will be seen, the order of sensitivity 

of the analytical techniques to the ultimate oxidation state of the oxide overlayer, from most 

to least, wa~ XPS, AES, CO TPD, and finally reaction analysis (CO hydrogenation). XPS 

analysis w~ quite sensitive to variations in oxide stoichiometry barely detectable by AES. 

For that reason, more extreme oxidation conditions (773 K, 2 x 10 -s torr 02) were generM]y 

used in the XPS-related experiments to form a near-stoichiometric oxide. 
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Figure 4.1: Schematic repi'esentation of metal oxide overlayer deposition on metals, 
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4 .1 .8  O p e r a t i o n  o f  A E S  a n d  X P S  

52 

Analysis of the sample'by AES, especin]ly with metal oxide overlayere present, consisted 

of scem~ at three points per face from the top of the sample to the bottom. This ensured 

identical compositions a4:roes the esmple. Variations of le~s than ~0.05 ML were considered 

~cceptable. 

During AES analysis in the reaction chamber, the AES electron gun was operated at 

a beam voltage of 2 kV with a beam curreut !as measured by the gun p o ~ '  supply) of 

50-100 #amps. This corresponded to an actual beam current hitting the sample of between 

10 -7 t~ 10 -'e #amps. Low beam currents are preferred, in spite of weaker signals, to lessen 

damage to the surface. (For example, on occasion, reduction of the titania overlayer from 

--TiO~ to --TiO has occurred.) 

Auger electrons were energy analyzed by sweeping the voltage on the outer cylinder 

of the cylindrical mirror analyzer linearly with time from -20 eV to as much as -IOC~3 

eV. A ramp rate of roughly -30 eV/s  was used. A modulating voltage of 2 V peak-to- 

peak at a frequency of roughly 3000 hz was superimposed upon the sweeping voltage to 

facilitate differentiation of the spectrum. Electron, emerging from the filtering section were 

detected with a "channeltron" multiplier operated at voltages ranging from 1.2 to 2.2 kV 

( ~  warranted by the detector le--itivity). 

Conditions for AES analysis in the XPS chamber were similar to those in the reaction 

chamber. A 2 kV electron beam was used at about 50-200 #amps beam current (as me~ured 

by the gun control) while a 2 volt peak-to-peak modulation was employed. The ramping 

voltage rate w ~  -20 eV/s and the multiplier voltage used was 900-950 V. 

The XPS source was operated at a voltage between 13.5 and 15.0 kV with a total power 

to the ~-ode of 300 W divided equally between the two filaments. No detectable amount 

of heating of the sample by the source occurred during XPS ~-alysis. 

The photoelectrons were energy analyzed with ramping voltages for the inner and outer 

cylinde~ at a pass energy of 25 eV. The principal core level peaks of P.h, Au, Ti, A/, 
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and O were sampled with an spectrum energy window of ,-,25 eV width. Electrons were 

detected by a "channeltron" multiplier opt.rated between 1.8 and 2.5 kV (as warranted 

by the sensitivity) and in a pulse-counting mode. Pulse counts were displayed on a video 

monitor divided into 256 channels for the 25 eV sweep width. 

4 .1 .4  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  O p e r a t i o n  

The removal of chernisorbed species from the surface of the Rh foil by TPD was per- 

formed with ramp rates of $0 K/s and 15 K/s. The 50 K/8 rate w u  employed for CO 

chemisorption on the T iO , /Rh  and TiOffi/P,h (H~ reduced) systerr~; the 15 K/s  rate was 

used on all later studies (CO on T iO, /Rh  at low temperatures and CO on AIOz/Rh). No 

significant effects from different ramp rates on the normalized amount of CC) chernisorbed 

as a function of titania coverage were observed. 

Typical conditions for mass spectrometer operation during TPD were: filament current- 

250 ma, electron energy-90 V, and an electron multiplier voltage of 2-3 kV, as needed. The 

mass spectrometer signal was amplii~ed with a picoammeter and plotted as a function of 

time on a chart recorder. For any given coverage, cycles of CO exposure and flashing 

to 773 K were repeated until the peak area no longer changed. Calibration of the mass 

spectrometer signal, by leaking CO into the chamber to an observed pressure, followed each 

series of thermal deeorptions, 

Temperature programmed desorption of hydrogen was attempted, but problems associ- 

ated with 8ample cooling and background gas adsorption prevented acquisition of meaning- 

ful results. The lowest steady operating temperature available with a liquid nitrogen-cooled 

manipulator was 150 K and during the time required for cooling (after flashing), background 

water and CO were found to chemlsorb on the surface. 
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4 .1 .5  O p e r a t i o n  f o r  R e a c t i o n  S t u d i e s  

.~fter a sample was prepared for a catalytic study, the manipulator was raised until the 

sample holder re, ted against the sample holder support. The lower part of the reaction cell 

was then brought up high enough to enclose the sample and was seated againnt the sample 

holder. Evacuation of the entire reaction loop followed. 

The next step in preparation for a reaction involved admission of the reactant gases 

into the reaction loop to form the reaction mixture. Argon wa~ admitted into the loop 

directly from the bottle after evacuation of the gas line. Both the hydrogen vmd carbon 

monoxide lines contained molecular sieve trap& The hydrogen (99,95% purity) was purified 

by immersion of its trap in liquid nitrogen while metal carbonyls were removed from the 

CO (99.5~ purity) by resting the CO trap just above the surface of the liquid nitrogen. 

Hydrogen h~l to be added last to enable tmage of the sorption pump for evacuating the gas 

lines. Ethylene (99.59~ purity) and ethane (99.95% purity) entere~ the loop without further 

purification. 

Preuurel  in the loop were measured by a mechanical gauge (30 cm s volume) that could 

be valved shut during reaction. T~'pical reaction gas mixtur~ were: CO hydrogen'ation~ 

0.33 atm CO, 0.67 atm H=; ethylene hydrogenation--25 torr C=H4, 25 torr H=, and 710 

torr Ar; and ethane hydrvgenolysia---25 tort C=He, 25 ton-. H=, and 710'torr At. Reactions 

were always carried out at a total pressure of 1 atm so as not to exceed chamber design 

limitations and to facilitate circulation by the metal bellowe pump. In the c~r~ of partial 

pressure dependence studies for CO hydrogenation, argon was used as a mv.ke-up gas while 

a lower reactant partial prezs~re~ was used. 

When the desired gas mixture was attained, the pressure gauge was isolated and circu- 

lation of the gases began. Flow rates from the pump were usually around 200 cm3/min, 

as determined by an in-line rotameter. For the CO hydrogenatio~ , ~ : t i o n ,  the gases were 

circulated for 20 minutes prior to heating the sample to reaction te~pm'ature. For ethane 

hydrogenolysis this time period w u  I0 minutes and for ethylene hydrogenation, less than 
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a minute. In the case of the latter reaction, the activity at room temperature prompted 

immediate heating of the sample. From the plots of reactant consumptlon-vs.-time, a 10- 

minute circulation period appeared to he sufficient for adequate mixing of the reactants in 

the reaction loop. 

During the CO hydrogenation reaction, gas sample~ were taken 5 minutes ~fter heating 

began and then at 10--15 minute intervals thereafter. The reaction was maintained for 1-2 

hours. Similar gas sampling intervals were employed for ethane hydrogenolysis and ethylene 

hydrogenation and these reaction, were monitored for roughly one hour. 

The gas samples reached the gas chromJ~tograph via a nitrogen carrier gas with a flow 

rate of 20-30 cmS/rnin. Separation of the hydrocarbons took place in a 6-ft Porapak N 

column (1/8 in diameter) held at 328 K. (During the ethylene hydrogenation reaction, the 

temperature war lowered to 300 K to enhance the C2 separation). All C,--Cz hydrocarbon 

products could be e,~ily ~eparated within 10 minutes while the propylene overlapped time- 

wise into that sample (but usually separate from the next sample's peaks). The separation 

of ethylene and ethane in ethylene hydrogenation required ~ total time of 20 n~nutes, but 

these two hydrocarbons emorged within s time frame of only 10 minutes. The signal was 

plotted versus time on the. X-Y chart recorder. 

The reaction was terminated by cutting power to the temperature controller and evac- 

uating the reaction loop with the mechanical pump. The reaction cell was then isolated 

from the reaction loop and the pressure brought to under 25 raisons by use of the sorption 

pump. The cell was then opened, causing a pressure burst in the UHV chaxnber up to the 

10 -8 tort :ange. While the chamber prenmure dropped back to the I0 -s torr region, the 

reaction loop (now by-pa~ing the reaction cell) was filled with a I~ CH4/Ar mixture stored 

in the 3 L pressure gauge. The gas was then circulated for a few minutes while 2 or 3 gas 

samples were taken to calibrate the gas chromatograph. The pressure of the cMibration gas 

was read from the 3 L pre~ure gauge (prior to gas circulation) as part of the calibration 

procedure. (After numerous reactions, when the calibration gas mixture was depleted to 

I/2.or I/3 of ~tmoapheric pressure, more argon w~s added to increase the lifetime of the 
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mixture and facilitate pumping by the metal bellows pump. The dilution of the gas was 

incorporated into tbz calibration calculations.} 

The final step involved "~haracterizstion of the surface ~ter reaction by AES. In partic- 

ular, the amount of carbon deposited during reaction was of interest. Again, three scans 

were taken of each "side before the sample was prepared foranother experiment. 

4 . 2  M E T H O D S  O F  A! ALYSIS 

~t.3.~ A E S  D a t a  A n a l y s i s  

The standard method of extr~ting information from Auger spectra is measurement of 

peak.to-peak heights for each elemental peak. In s multi-component system, these heights 

do not directly convey information regarding surface composition without knowiedge of the 

surface atone' configuration (e4., whether the top surface layers l~ave a uniform composition 

or alternating layers of specific compositions) and the aensitivities for each element (e.g., 

the cross-section for AES and the penetration depth of Auzer electrons). For the case of 

uniform surface composition, the following form has been suggested [73] 

[l IS } 
ci = Ej(xj/%) (4.1) 

where the surface concentration, c,-, of species i is expressed in terms of the signal intensitie% 

li, and the corresponding sensitivity factors, S:', of all species present. The sensitivity factors 

were determined by comparison of signals from (usually) single-component samples. This 

approach though, is not appropriate for the study of deposited overlayers on a substrate. 

There is an additional complication, ~ well. The total signal strength depends upon the 

s .ample position relative to the CMA. In the process of preparing and an',~lyzing metal oxide 

overlayera, the sample must be moved to various positions in the UHV chamber. Because 

a precision manipulator is not employed in this study, each time the sample is returned for 
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AES analysis, it ends up in a different position, and hence, gives a different signal intensity. 

To counteract this problem, it is assumed that the relative contribution of each element 

in the spectrum is constant. These signals are weighted by the elemental sensitivities 

described above [73]. When the signals are normalized with respect to the total contribution, 

an eq: .tion identical to Eqn. 4.1 is obtained, but its interpretation is different. As in 

Eqn. 4.1, only one peak, the ~principal" peak, is considered per element. The sum of the 

normalized elemental contributions, then, is unity. 

Sensitivity factors for most elements have been published [73] for incident beam voltages 

of 3, 5 and 10 keV. These were obtained in a systemalso equipped with a single-pe~ CMA. 

To determine the appropriate vaiues for a beam voltage of 2 kV, quaclratic interpolation 

was employed. Sensitivity factors for all four beam voltages for the pertinent elements are 

listed in Table 4.1. 

A different procedure was employed to determine the aluminum sensitivity factor. Upon 

oxidation, a new aluminum peak emerges at an energy of 55 eV (metallic aluminum appears 

at 68 eV), so a sensitivity factor for aluminum meted may not be applicable for aluminum 

in aluminum oxide. The value for aluminum oxide used in this study was calculated from 

Table 4.1: AES SENSITIVITY FACTORS 

c (272 eV) 
c~ (291 eV) 
K (252 eV) 
0 (510 eV) 
Rh (302 eV) 
s (,52 ev) 
si (92 eV) 

Ti (418 eV} 
Al (68 eV) 
/d (55 eV} 

10 keV* 
0.075 
0.22 
0.35 
0.35 
0.48 
0.57 
0.30 
0.24 

0.075 

5 keV* 
0.12 
0.40 
0.90 
0.40 
0.67 
0.73 
0.28 
0.33 
0.18 

3 keY* 
0.19 
0.46 
0.77 
0.50 
0.64 
0.80 
0.35 
0.44 
0.23 

2 key (from interpolation) 

0.505 (from 

0.236 
0.487 
0.630 
0.567 
0.602 
0.836 
0.402 
0.51I 
0.257 
an AJ~Os sample) 

*From l~f. ['/3] 
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an AES spectrum of ~. bulk alumina sample. 

In a manner described in Chapter 2, AE$ intensities-versus-evaporation time plots can 

provide information regarding the overlayer coverage. After determination'of this relation- 

ship, the AES spectra for each part of the sample (3 per aide) were converted into their 

corresponding coverages. The global coverage, which is plotted u the ab-~cirma in many of 

the figures, is taken as the average over these localized coverages. 

Modifications of the AES datp- handling procedure had to be made when small amounts 

of carbon or oxygen contaminants were present on ~he surface. Carbon usually a~tenuated 

the Rh signal relative to that of Ti indicating the carbon @as covering Rh sites. As men- 

tioned above, some residual oxygen was  left on the rhodium, even after CO titration, so 

that at very low titania coverages, the AES O/Ti  ratio was much higher than expected. 

The "normal" raw O/Ti ratio for coverages above 0.30 ML wa~ about 1.7. To account for 

these species on the surface when calculating the overlayer coverage, the AES intensities of 

carbon and excess oxygen were lumped into the Rh intensity. 

4 .2 .2  X P S  D a t a  A n a l y s i s  

Of the elemental transitions investigated (Ti(2p), O(Is) ,Rh(3d) ,  Al(2p), and C(ls)), 

data analysis was performed only on the Ti(Zp) and O(ls) transitions. The Rh(3d) tran- 

sitions showed no shifts or additional features to wazrant extensive analysis. The objective 

i,  the analysis was to find the areas Of the individual peaks contributing to the overall 

• ~pectrum. For titanium, these peaks represented the presence of Ti s+ and Ti 4+, whereas 

for oxygen, T i -O-M (M = Ti, Rh) and T i -OH species. 

A modified version of Dr. Bruce Beard's XFS analysis program was employed (the 

modification will be discussed shortly). The t~rst step involved smoothing of the data. The 

routine compared the signal for each channel with the average of the neighboring 8 data 

points. A "discriminator v~ue" input was required which related the difference between 
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the signal and average for a channel to the square of the maximum value of the signal in 

the spectrum. Larger discriminator values resulted in a lower degree of smoothing. The 

discriminator value typically employed was between 1.5 and 2. Smoothing was found to be 

necessary for the Ti(2pl spectra, especially at low coverages and after a hydrogen reduction 

treatment. Satellite peaks arising from aeconda=y emissions of the Mg source were then 

removed from the spectrum. 

At this stage, Lhe spectrum was ready for peak deconvolution. The program was orig- 

inally written to sum GffiuMian-shsped peaks and compare with the collected spectrum. 

The position and shape of each Gausaian was determined by input parameters given 5)" the 

operator. To modify the fit of the peaks, changes needed to be made to these parameters. 

The bazeline was determined from 2 points (specified by the operator) and the reversed 

"sigmoidally-shaped ~ line calculated from an exponentially-based function. 

The program was modified to allow fitting of the peaks with Doniach-~unji6 lineshapes 

[115] (see Chapter 2) as well. These lineshapes have a theoretical basis related to interactions 

between ejected electrons and the delocalized metal electrons. The shape of these peaks is 

e~entially Lorentzian with an asymmetry factor to account for the electron interaction at 

higher binding energies (=  lower electron kinetic energies) as in Eqn. 2.6. With this feature, 

a %ignoidally-shaped" baseline is not required. Instead, a routine to draw a parabolic 

baseline based on three spectrum points (operator-chosen) was incorporated. 

For the Ti and O peak deconvolutions, asymmetry factors of zero were employed, since 

titania is not metallic. The Ti(2p) region was fitted with four component peaks and the 

O(ls) region with two. Again, all peak parameters were adjusted by the operator. Example 

spectra with the individual peaks and their sums are shown in Fig. 4.2. 

4 . 2 .3  T P D  D a t a  A n a l y g i s  

A simple procedure was employed for thermal desorption analysis. Applied usually to 
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\ \ 

Figure 4.3: Examples of gas chromatograph peaks with lines drawn in for determination of 
the ea'ea. 

CO and CO= peaks, the areas were found by reproducing the de~rpt ion  curves on graph 

paper, reading off 11-17 curve heights at regular intervs]s, sad implementing Simpson'-, 

rule integration. The area was then adjusted ~ccording to the calibration signal for the 

• pectrum. Peak temperatures were interpolated from temperature markings taken on the 

spectrum. This information w ~  then related to the overlayer coverage or pretrea~ment 

conditions. 

4 .2 .4  R e a c t i o n  R a t e  D a t a  A n a l y s i s  

Gas chromatograph peaks were first integrated to determine the areas, then converted 

into moles from calibration data, and then plotted as a function of time to find the reactiou 

rate. Integration was carried out by triangulation--a baseline was drawn for each peak 

and a triangle made that approximated the area of the peak. Peak areas missed by the 

triangulation, such ~ at the beginning and end of the be-qeline, were compensated by extra 

area included in the rrdd-section of the peak (see Fig. 4.3). 

The areas of the methane calibration peaks were also calculated in this manner. Corn- 
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parison of the average of the calibration gas peak areas with those of the reaction gas, 

and taking into account the "-espective gas pressures, the temperature, and reaction loop 

volume, the areas could be converted into mole~ of hydroc~,rbon. Peak areas were divided 

by the corresponding species carbon number since the area from a flame ionization detector 

is roughly proportional to the total number of carbon atoms of that species. When vJl of 

the above factors are incorporated into one equation, the result is 

nHc = 57.25 x I0  - ~  Pml A ~ c  (4 .2)  
me ACH,,~a 

where nHC is the number of moles of a given hydrocarbon, AHC the corresponding GC peak 

area, and mc the carbon number. The quantities, Pc~ and ACH,.~ refer to the calibration 

gas pressure and GC peak area, respectively. The constant incorporates the reaction loop 

volume and other invariant factors. When originally calculated, a reaction loop volume of 

140 cm -~ was used. It was later found that the actual volume was only 125 cm s. All reaction 

rates are therefore overestimated by about 12~. However, when it is considered that  this 

npplies to all rates, and taking into account the inherent error in experimental reaction rate 

measurement of thk kind (~20~),  the error in reaction loop volume is probably of little 

consequence. 

Reaction rates were found from the initial slope of product accumulation-versus-time 

curves. Linear regression was appiied to.the first 4--6 data points, representing the ini- 

tial 30-40 minutes of reaction. Rates were usually expressed in tenus of moles/s, not 

molecules/site-s, since, when the surface is partially covered by a metal oxide, the number 

of active sites Cand of which type) is not .~nown. T~ addition, since reactions were performed 

on a foil rather than a single crystal, the actual number of surface atoms is not known. 



Chapter 5 

EXPERIMENTAL RESULTS 

5.1  T H E  P R O P E R T I E S  O F  R H O D I U M  F O I L  

5.1 .1  T P : D  f r o m  C l e a n  R h o d i u m  

The chemi~orption behavior of CO on rhodium was investigated prior to the deposition 

of metal oxides. The amount of CO chemisorbed at room temperature, as indicated by 

temperature programm,-..~ desorption, was measured as a function of CO exposure. Typical 

TPD spectra appear in Fig. 5.1 and the corresponding curve areas ~re plotted in Fig. 5.2. 

Above exposures of 1.6 Langmuirs (L) (1 L ffi I0 -e torr-~,C), the amount of CO chernisorbed 

becomes relatively insensitive to coverage. In all subsequent CO TPD experiments, expo- 

sures of 4 L were used, equivalent to roughly 75~ of saturation coverage. 

The position of the peak maximum and the peak development with CO exposure cor- 

respond well with that for the Rh (111) [118,119] and Rh (110) [120] surfaces. The low 

temperature contribution characteristic of the Rh(100) surface was not observed for the 

Rh foil. No irreversible decomposition of CO was detected after thermal desorption, as 

indicated by AES. 

Since, as will be seen later, deposited aluminum and titanium are oxidized to form oxide 

overlayers, the effect of oxidation on the chemlsorption behavior of CO on rhodium has been 

investigated. Exposure of the oxidized Rh foil (773 K in 9 x I0 -e torr O~ for 5 minutes) to 

63 
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' Figure 5.3: Temperature programmed desorption spectra of CO and CO= from Rh foil: (a) 
CO TPD from clean Rh foil, (b) CO TPD from an oxidized'Rh foil, (c) CO= TPD from an 
oxidized Rh foil, (d) the sum of the CO and CO= TPD spectra. 

4 L CO followed by heating results in the evolution of CO= as well as CO, Examples of CO 

and CO= TPD spectra are shown in Fig. 5.3 (curves a and b). The sum of these two peak 

areas (curve ¢) is seen to be roughly 70 - 80 % of the peak area for CO chernisorbed on 

clean Rh (curve d). The removal o[ surface oxygen by CO to form CO= was also observed 

by Watson and Somorjai for bulk rhodium oxides [121]. 

Not all surface oxygen is removed during the first CO titration. The behavior of the CO= 

TPD spectrum during sub~,quent CO exposures to remove the rem~/ning surface oxygen 

is quite complicated. The peak temperature h ~  been observed to shift as much as 120 K, 
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while the desorption arep, progresses through a maximum. At the same time, the CO peak 

area converges toward its clean Rh value. After 5 or 6 such exposures, virtually no CO:~ is 

formed and the CO TPD area has converged to the clean Rh value. 

Oxidation was also performed by exposing the sample to 50-150 tort O2 at 420 K in the 

reaction cell. Initially, no CO was observed upon heating. After the third treatment, CO was 

seen during desorption and ~ter 10 or 11 exposures, only CO was observed. Coinciding with 

this process, the AES oxygen peak intensity decreased monotonically with each additional 

CO treatment. 

5 .1 .2  C O  H y d r o g e n a t i o n  K i n e t i c s  

The reaction kinetics for methane formation from CO and H2 over rhodium were inves- 

tigated. The methanat ion ra te  at  553 K and 1 a tm of H2 and CO (H2:CO = 2:1) was 19.4 x 

10 -11 mole/s  corresponding to a turnover frequency of 0.037 molecules/site-s based on a Rh 

site density of  1.6 x 10 Is cm -a for each side of the foil. (This site density is calculated for a 

R h ( l l l )  surface with & p,h atomic dlamet, er of 2.69 ~.). Logan et hi. [122] found a turnover 

frequency of 0.26 moleculea/site-s for a H2:CO ratio of  2:1, 573 K and 6 atm. Based on 

their observed activation energy of 25 kcal/mole,  their turnover frequency at  553 K would 

be 0.12 molecules/site-s. The  discrepancy in the absolute reaction rates can be partially 

a t t r ibu ted  to the diff'erent operating pressure~5 (1 arm vs. G arm).  In addition, it was not 

uncommon to see variations in the rate by factors of 2 or more for different Rh foil samples 

taken from the same Rh sheet. These differences are presumably due to variations in the 

defect densities of the samples. 

The kinetic parm'neters of this reaction were determined, based on a power law model 

of the form 
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where RcH, denotes the methanation rate, T the absolute temperature, and pco and PH~ 

the reactant partial-pressures, and R~ the gas constant. An activation energy, EA, of 

24.4 4- 0.3 kcal/mole was found for methane formation, in agreement with other published 

results [122,123]. The hydrogen reaction order, n, was found to be 1.t} ± 0.2 and the carbon 

monoxide reaction order, m, -I.0 4- 0.5. T h e ~  results are summarized in Table 5.1. The 

selectivlties observed match those of Logan aud Somorjai except that  the specific product 

identification d,-'ffers. In their results, all C= hydrocarbons were assigned as ethane and the 

Ca hydrocarbons ~ propane. Calibration studie~ in thi~ work indicate the formation of 

ethane, ethylene, and propylene---ethylene being the principal C= product. 

5 .1 .3  C2H,  H y d r o g e n a t i o n  and C=H6 H y d r o g e n o l y s i s  K i n e t i c 8  

The hydrogenation of ethylene to ethane at tempera tur~  between 293 K and 343 K 

v/a~ also studied. With Pt  support wires at room temperature, a significant baf-kground 

hydrogenstion rate was ob~rvvcl. To reduce the relative contribution of the reaction loop 

mad support wir~, the Rh foil win| mounted on gold support wires and re actio-_~ were 

performed at 323 I~. The background rate was then subtracted from the measured rate. 

The reaction rate at 323 K (for 25 torr of ethylene, 25 tort of hydrogen= and 710 tort argon) 

was 25.2 x 10 -~ mole/s (TOF - 4.7 molecules/site-s) with an apparent activation energy 

Table 5.I: KINETIC PARAMETERS FOR CO HYDROGENATION 

RcH. = A EXP(-~)p~op~2 

AIO, {0A ML)1 TiO.. (0.2 ML) 

E 2 4 . 4  54.7 19 i, 
m -1.0 -0.8 i-'j -o.3 II n 1.0 1.i  I 2.4 
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of 6.1 kcai/mole. Poeeible explanations for the low activation energy (compared with 12-13 

kcal/mole elsewhere [124,125]) will be discussed later. 

The r~te of methane formation from the cracking of ethane was 15.7 x 10 -Q mole/s 

(TOF ---2.4) at 513 K. The reactant gas consisted of 25 tort ethane, 25 tort hydrogen, and 

710 torr argon. The activation energy at 513 K was 12 kcal/mole while at 160 K, it was 

35.4 kcal/mole. 

6.2 T H E  P R O P E R T I E S  O F  R H O D I U M  W I T H  A L U M I N A  
O V E R L A Y E R S  

5.2 .1  A l u m i n a  O v e r l a y e r  D e p o s i t i o n  a n d  C h a r a c t e r i z a t i o n  

Aluminum w ~  vapor-deposited onto the Rh surface according to the procedure out- 

lined in the previous chapter. An example AES spectrum of the alumina/rhodium surface 

(~s I ML) is given in Fig. 5.4." To determine the overlayer growth ehar~'teristic~, cl'anges in 

the AES peak intensities (after oxidation and CO titration) were analyzed with respect to 

increasing alumina dosage. The AES peak intensities, both raw and normalized, are plotted 

in Figure 5.5 as a function ~f dosing time. The trends in each are similar, so attention will 

be focueed on the plot of normalized signal~ where the noise level is diminished. (The pro- 

cess of signal normalization with the employment of sensitivity factors is described in detail 

in Chapter 4.) [nitiLily, the Rh substrate peak decays linearly with deposition time, while 

the A] emd O peaks grow linearly. After about 5 minute~ of AJ evaporation, the suppression 

of the Rh signal diminishes to a lesser extent with increvzing coverage, with corresponding 

changes for the overlayer signals. 

The initial region of linear decay for the substrate c,~- be attributed to the growth of a 

two-dimensional monolayer. Monolayer coverage is assigned to the point where the deviation 

from linearity occurs. The development of the second and third layers would be expected 
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Figure 5.4: .AES spectrum for - 1  ML of Al0z on Rh. 

to follow the dashed lines in this plot. Three-dimensional growth follows completion of 

the monolayer since the aubstr~te intensities lie above these lines. This growth mode i8 

commonly referred to as "Stranski-Kruta~ov" growth (see Chapter 2). 

Monolayer coverage corresponds to an attenuation of the Rh (302 eV) peak intensity to 

45% of the bare Rh value. Since an ~t~enuation to 50-60% is typical for electrons of this 

energy (see Table 2.1), the alumina "monolayer" may actua/ly be thicker than typical metal 

monolayera. This does no~ seem unreasonable for a multi-component (AI and O) overlayer. 

The linear decay in the Rh signal up to a coverage of I ML allows calculation of coverages 

in this range by linear interpolation. 

The method of Gorte eta]. [64] for monolayer determination, which consists essentially 
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of counting the number of surface ,)xygen atoms relative to the substrate atoms, has been 

applied to the alumina/rhodium system. These results may be found in Appendix A along 

with a discussion of the appropriateness of the method. 

The stoichiometry ~f the alumina overlayer v/as determined by comparison of the AES 

O/A] ratio with that of a bulk Al2Os sample. A correction for Auger electron escape depths 

in the bulk sample must also be considered. Assuming attenuation factors of 0.30 for the 

AI (55 eV) electrons and 0.65 for the 0 (510 eV) electrons (see Table 2.1), the apparent 

overlayer AES ratio is expected to be about one-half that for bulk alumina. 

Typical AES O/A] ratios of -~0.78 were observed at monolayer coverage of alumina. 

With the correction for electron escape depth, this would be equivalent to a ratio of 1.6 ± 0.2, 

co.,npared with the ratio of 1.68 measured for bulk alumina. Uncertainty in the attenuation 

factors accounts for the wide error margin. It appears from AES that a nearly complete 

stoichiometric alumina overlayer exists on the surface, bu~. this is strongly dependent on 

the attenuation factors assumed. Verification of nesr-stoichiometry was provided by XPS 

studies. Nevertheless, the alumina overIayer will be referred to ms AIO=, where x ~ 1.4. 

5.2.2 X P S  A n a l y s i s  o f  t h e  A I O , / R h  S u r f a c e  

XPS spectra of the AI (2p), O (Is), amd FLh (3d) regions for ~0.2 ML AIO= on rhodium 

appear in Figure 5.6. Due to a large secondary electron intensity in the low energy section 

of the AES spectrum when collected in the XPS chamber, determination of the alumina 

coverage with AES was not possible. Instead,.a rough e~timate was made from the O {Is) 

peak area of alumina by comparing with the corresponding peak areas of titania overlayers 

and correcting for the oxide stoichiometries. 

Following oxidation of the surface in 2 x 10 -s torr 02 at 753 K for 5 minutes, one 

alun~num peak corresponding to A13+ was observed. (The broad, lower energy peak to the 

left arises from the Rh (4s) transition.} After three exposures to 4 L CO, with intermedi- 
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ate flashes to 773 K, no significant changes in the AI spectrum occurrecl A new feature 

ascribable to ALl ° (2.7 eV higher binding energy) appears after reduction in 50 torr H2 at 

753 K for 5 rninutes, but this peak comprises less than 10% of the total ~! signal. Argon 

ion sputtering of the sample followed by XPS analysis confirmed the identity of the Rh (4s) 

and AI (2p) peaks. No significant changes were observed in the O (ls) and Rh(3d)  XPS 

spectra after the three pretreatments. 

5.2,3  CO C h e m i s o r p t i o n  on  AlOffi/Rh 

The determination of rnonolayer coverage in the previous section provides the means 

for quantitatively assessing the effect of alumina overlayem on CO chemi~rpt.icn. Thermal 

desorption spectra of CO (chemi~rbed at room temperature) from Rh with various alumina 

coverages are shown in Fig. 5.7. Note the absence of any new desorption features, the fairly 

constant peak maximum temperature, and the monotonic decline in total peak area. As 

curve g indicates, r.=idual CO desorption occurs at I monolayer. This could be reduced by 

further alumina depoeition. 

A plot of the CO TPD area, normalized to that of the bare R.h surface, as a function 

of AIOz coverage appears in Fig. 5.8. Clearly, the CO desorption ~rea decreases linearly 

with coverage, suggesting the blocking of Rh chemisorption sites by alumlna. Thi~ will 

be discussed at greater length later. CO does not chernisorb on the alumina st room 

temperature to any significant extent ss evidenced by TPD studies at high .~dOz cc~erages. 
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5.2.4 C O  H y d r o g e n a t i o n  o n  AlOff i /Rh 

The effect of AJOffi overlayers on the chemistry of CO hydrogenation to methane and 

other hydrocarbons at atmospheric pre,~sure was studied. The rate of methan,,tion, at the 

same conditions as for clean Rh (namely, 553 K and H2:CO -- 2:1) decre~es linearly with 

coverage (Fig. 5.9). The reaction rate for this particular Rh foil C0~ox -- 0) is significantly 

different than that measured and presented for clean Rh in the previous section (-,,5.5 x 

I0 -'I mole/s vs. 19.4 x 10 -11 mole/s, respectively). The existence and possible cause 
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of such variations have alree~dy been noted (Section 5.1.3) and will not be dwelled upon 

further. 

The decline in methanstion rate was accompanied by similar decreases in the rates of 

formation of the other hydrocarbons. This is illustrated in Fig. 5~10 where hydrocarbon 

selectivities (based on reaction rates) are plotted versus AIO, coverage. The propylene mole 

fraction, which lies between those of ethylene and ethane, has been omitted for the sake of 

clarity. The hydrocarbon mole fractions are inv~riant with coverage ~nd approximate 

6.0 

5.0 

4.0 '>' . . . .  

. 

~~ 2 . o -  " . ~ • _ 

,, I I I , ®  , x 0 I 
0 0 .20  0 .40  0 .60  0.80 1.00 

, OA!Ox 

Figure 5.9: Meth~at ion  rate on AlO=-promoted l ~  as a [unction of AIOz coverage. Reac- 
tioz, conditions were: 553 K, I arm total pressure, and a Hz:CO ratio of 2:1. 
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those of the bare Rh catalyst; alumina overlayers appear to have no effect on the product 

distribution for this reaction. 
t 

The kinetic parameters for methane production, as prescribe(] by Eqn. 5.1, were found 

for coverages of 0.37 and 0.49 ML. These appear ill Table 5.1 along with values typical of 

bare Rh and of the titania/Rh system. Comparison of the parameters for the AlOz/ l~  

system with bare Rh acids further evidence that alumina does not dramatically affect the 
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Figure 5.10: Hydrocarbon product selectivity as a function of AIO= coverage: T -- 553 K, 
P -- I ~tm, H2:CO - 2:1. The propylene mole fraction (omitted in the plot) was generally 
inbe~ween those of ethane and ethylene. 
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kinetics of CO hydrogenation. 

It should be remarked that the activity of the .~ample did not decline significantly after 

one hour of reaction. The average amount of deactivation was roughly 20~ of the initial 

value (Fig. 5.11, open squares) and w~s not dependent on the alumina coverage. (The large 

degree of scatter is due, in part, to the low methanation activity). This was accompanied 

by • mild build-up of carbon on the surface (_<0.2 ML) detected immediately ~fter reaction 

by AES (Fig. 5.11, solid circles). 
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Figure 5.11: Properties of the A]Offi/Rh sample after one hour of reaction (CO hydrogena- 
tion). The relative amount of d~activation (open squares) and the AES carbon intensity 
(solid circles) are shown aB a function of AlOz coverage. 
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5,3 T H E  P R O P E R T I E S  OF R H O D I U M  W I T H  T I T A N I A  
O V E R L A Y E R S  

5.3.1 T i t a n i a  O v e r l a y e r  D e p o s i t i o n  a n d  C h a r a c t e r i z a t i o n  

• ° 

As in the c~se of alumina overlayers, the growth of titania overl,~yer5 waA character- 

ized by plotting the normalized AES peak intensitie~ as a function of evaporation time. 

Figure 5.12 shows an AES spectrum of rhodium with a titania overlr, yer (-~).3 ML). The 

appropriate sensitivity factors have been tabulated in Chapter 4. The raw and normalized 

signal intensities are shown in Fig. 5.13 as a function of Ti dosing time. As was seen 

for alumina overlay, re on rhodium, an initial linear decline in the substrate peak intensity 

occurs, signaling the development of the first monolayer. Further deposition yields signal 

in'.ensities that deviate from this linearity sad do not quite match the trends expected for 

layer-by-layer growth. The overlayvr peaks behave analogously. Therefore, as with alumina, 

Stranski-Krutanov growth i~ exhibited. 

The degree of attenuation of the eubstrate peak at the mono]ayer break is 0.34 ± 0.05. 

This high degree of attenuation, as compared with that of adsorbate-on-metal growth 

(~.0.55, Table 2.1), may reflect a bi-layer 0tructure of the oxide monolayer. Calculation 

of submonolayer coverages from AES spectra is performed by linear interpolation of the 

substrate signal between bare Rh and monolayer coverage on Rh. 

The approach of determining monolayer coverage by comparing AES O/Rh ratios ha8 

been applied to this system and the results appear in Appendix A. No severe discrepancies 

exist if a bilnyer structure of complete stoichiometry .(TiO=) is assumed. 

The effect of evaporator current on the deposition rate was also explored. Rhodium 
/ 

AES intensity-vs.-dosing time profiles for four different evaporator currents appear in Fig. 

5.14. Explicit oxidation of the sample was not carded out in these studies, although the 

titanium inherently was partially ox'.~lzed by reaction with background'water, CO=, or CO. 

The slopes of the uptake curves, for both Rh and Ti, reveal an exponential dependence of 
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Figure 5.12: AES spectrum for --0.3 ML of TiOz on Rh. 

deposition rate on the evaporation current (Fig. 5.15). 

Raw AES O(510 ev)/Ti(387 ev) ratios of roughly 2 for stoichiometric TiO2 have been 

reported [57,I26]. This value depends on the type of electron energy analyzer and the 

sample-analyzer geometries. In this study, an O/Ti ratio of 1.2 (for oxidized TiOz on 

Rh) w u  observed in the reaction chamber and a value of 1.3 in the XPS chamber. The 

appearance ot" a shoulder at about 398 eV in the Ti AES region often signals the presence 

of Ti 4+ [127]. This was sometimes observed for the ti tania/rhodium system, but is an 

imprecise measure of the overlayer stoichiometry. 

Other approaches were employed to find the stoichiometry of the deposited titania over- 

layer. Comparison of the overlayer AES O/Ti ratio "~ith that of ~ TIO2 sinK]e crystal 
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indicated an apparent overlayer O/Ti atom ratio of 1.65. A similar figure was obtained 

upon comparison with an oxidized Ti foil (produced in flowing 02, -~523 K, overnight). 

Correction for the different escape depths of Ti (387 ev) and O (510 ev) electrons (since 

a surface compound is being compared to a bulk compound) raises the ratio to 1.95. For 

this calculation, values of a(Ti) = 0.59 and a(O) = 0.65 were taken. Verification of the 

nearly-complete stoichiometry was provided by XPS spectra of the Ti (2p) region. Above 

0.25 ML TiOz, less than 10~ of the XPS peak areas could be attributed to Ti s+, i.e., an 

atomic O/Ti ratio greater than 1.95. As vJith alumina, the titania overlayer will also be 

referred to ms TiOs. The value of x will be e~en to vary, depending on the coverage and the 

pretreatments employed. 

5.,~.2 X P S  A n a l y s i s  o f  t h e  T i O f f i / R h  S u r f a c e  

The existence of Ti species in different oxidation states has been monitored by x-ray 

photoelectron spectroscopy. The results for titania overlayers on rhodium and gold after a 

variety of treatment conditions will discussed presently. 

The first series of experiments involved Four pretreatment steps: (1) oxidation, (2) 

CO titration, (3) H2 reduction, and (4) re-oxidation. The oxidation step, similar to that 

described earlier, consisted of exposure to 2 x I0 -e tort 02 at 753 K for 5 minutes. Removal 

of rhodium-bound oxygen with CO to form CO2 was considered a separate step consisting 

of three 4 L exposures to CO, each exposure followed by flashing to 753 K. More extreme 

reduction of the surface was accomplished by treatment in 50 torr H2 at 753 K For 5 minutes. 

Finally, re-oxidation under the c-nditions of step I was performed. 

Following each pretreatment step, the TiOffi/Rh surface was analyzed with XPS. A series 

of XPS spectra of the Ti (2p), O (Is), and Rh (3d) regions For a TIC)= coverage of 0.15 ML 

appears in Fig. 5.16. In spectrum 1 of Fig. 5.16a, two pe~ks are prominent. The low 

binding energy peak (to the right in the figure) corresponds to the Ti 4+ (2ps/2) transition, 
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while the high binding energy pe~k corresponds to the Ti 4+ (2pl/z} transition. Note the 

slight degree of asymmetry in the Ti (2P3/2) peak reflecting the presence of a low energy 

shoulder. This additional feature appears in the Ti (2pl/2) region as well, but is not as clear. 

These additional features comprise the Ti s÷ contribution to the 'spectrum. The increased 

charge density in the Ti s+ state, as compared with the Ti 4÷ state, results in a lower binding 

energy for the Ti 3+ trs~usition. 

Titration of surface oxygen with CO causes the emergence of distinct Ti s÷ peaks (spec- 

trum 2). While Rh-bound oxygen is removed in this process, clearly some oxygen is removed 

from the TiO, islands as well: Enhancement of the Ti s÷ peaks is achieved by reduction in 

Hz (spectrum 3). In this particular case, much of the Ti exists in the Ti a÷ state after the 

reduction step. Similar spectra were obtained by Raupp et ai. [1281 for TiO= on Ni follow- 

ink reduction and by Greenlief eta/.  [129] for TiOffi on Pt following anne,clinK treatments. 

Re-oxidation of the sample returns the spectrum to one showing mostly Ti t+ (spectrum 4). 

Inspection of the O(Is) peak renewals a high binding energy shoulder at low Tin= cover- 

ages (Fig. 5.16b) due to the change in bonding from Ti-O-M (M = Ti or Rh) to Ti--OH. 

After Ha reduction, the total O (Is) peak area becomes noticeably emaller. While changes 

occur in the Ti and O spectra, no modifications of the Rh spectr,.Im are observed after any 

of the pretreatments (Fig. 5.16c). This is, in part, due to the sa4z;pling of bulk rhodium 

(the kinetic energy of Rh (3d) electrons is ,,. 940 eV). 

Similar experiments were performed for a gold foil with a Tin= coverage of 0.19 ML. 

(The coverage was determined by comparing the relative intensity of the AES Ti signal of 

the TiOz/Au sample with the signal from TiOffi/Rh samples in the XPS chamber.) The 

Ti (2p) spectra (Fig. 5.17a) show narrow and highly symmetric 2pl/2 and 2Ps/z peaks-- 

indicating pure Ti 4+ (within instrumental resolution). Even H2 reduction failed to produce 

any Ti s+ in the Tin= overlayer. 

Deconvnlution of the spectra into peaks with Doniach-~unji~ lineshape [115], allows 

determination of the Ti s+ and OH fractions in the overlayer. Example spectra with the 

fitted peaks superimposed appear in Figs. 5.18 and 5.19. Mu!tiplication of the Ti s+ fraction 
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with coverage yields a measure of the total number of TI s+ sites. These quantities are 

presented as n function of coverage in Figs. 5.20 and 5.21, respectively. Except st very 

low coverages (<:0.2 ML), less than 10~ of the Ti atoms are in the 3+ oxidation state 

following oxidation. CO titration cause8 mn increase in the Ti s+ content, especially at the 

low coverages, where as much as 50~ of the Ti i s in  that state. (A 50~ Ti s+ content 

corresponds to S stoichiometry of TiOl.~5.) A significantly higher baseline is observed for 

the cmBe of H2 reduction (>_0.6 ML) and aa much as 65~ of the Ti is Ti s+ for 0.04 ML TiO= 

(*-TiOl.ss). The total Ti s+ content after each pretreatment in Fig. 5.21 shows continual 

increm~s as the coverage rises, with most of the change occurring below coverages of 0.5 

ML. 

Deconvolution of the O (ls) spectra for various TiOffi coverages into Ti -O-M and -OH 

peaks indicates that the OH percentage is higher with lower TiO= Cpverage and that this 

percentage is no t strongly dependent on the pretreatment conditions (Pig. 5.22). The total 

O (Is) peak area a8 a function of TiOffi coverage and pretreatment conditions is shown 

in Fig. 5.23. A decreue in the total amount of oxygen in the overlayer occurs after H2 

reduction. 

The rapidity of the reduction of titania on rhodium in H= wins also investigated. Fig. 

5.24 shows the Ti s+ content of the overlayer as a function of reduction time st  753 K for 

a coverage of 0.55 ML. After only 10 seconds of reduction, the Ti s+ percentage has nearly 

attained the maximum value for the reduction conditions. 

The effect of~annealing at temperatures above 850 K on the TiO= overlayer was checked. 

This was done for "riO= coverag~ of 0.19 ML (not oxidized) and 0.71 ML (oxidized and 

titrsted with CO). XPS analysis of the 0.19 ML sample showed Ti predominantly in the 

Ti ~+ oxidation state. (Paxtial oxidation of titanium, even in UHV, is unavoidable due to 

the presence of water in the background.) Annealing at 1123 K caused a decrease in the 

AE$ and XPS Ti and O signals and converted the Ti ~+ to Ti 2+ (Fig. 5.25). However, full 

reduction to titanium metal could not be achieved. The O/Ti  peffik ratios from both AES 

and XPS remained nem'ly .constant, reflecting the dissolution of both Ti and O into the 
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bulk, pr,.4umably as TiO species. Annealin~ of the 0.71 ML TiO=/Rh sample also resulted 

in r~luction of Ti and migration of the TiO, into the bulk. XYS Ti (2p) spectra a~ter 30 

second treatments at successively higher temperatures are shown in Fig. 5.26. The TI n+ 

content varied from 5% (before anne~llng) to 44~ (after a 1173 K treatment) while the 

apparent TiO, coverage dropped to 0.58. No Ti =+ was observed in this annealing study. 

XPS analyses of the sample following conditions used for CO hydrogenation (553 K, 1 

atm~ H2:CO = 2:1s 5 rain) compri~.d the final series ot ~ experiments. Exposure to reaction 

conditions was carried out for coverages of 0.15 and 0.70 ML. At both coverages, exposure 

to the reaction conditions Was carried out after the oxidatlon/CO titration steps as well 

as after the Hz reduction step. After reaction, the Ti s+ content was seen to lie |nbetween 

the values corresponding to the CO ti~rated and the H= surfaces, u depicted in Fig. 5.27. 

Subsequent tqashing of the sample to 773 K, which removed a,isorbed species from the 

surface, increased the amount of Ti s+ present, hut not to the extent of H= reduction. 

-~.3.3 C O  C h e m i s o r p t l o n  o n  T ] O s / R h  

A plot of CO TPD area versus exposure (Fig. 5.28) at a coverage of 0.15 ML shows that 

4 L exposures of CO result in near saturation of the surface. Temperature programmed 

desorption spectra of CO (chem~orbed at room temperature) for various "rio, coverase~ 

are shown in Fig. 5.29. The desorption peak area is rapidly attenuated ss titania is s ided  

the surface and at coverages above 0.50 NIL, a shoulder at 410 K appears. When normalized 

with respect to the bare l:~ peak area and plotted as a function of TiO= coverage, as in 

Figure 5.30, the CO TPD areas are suppressed to a much greater extent with coverage than 

was observed for the case o~" alumina overlayers. If the TiOs species on the suraee only 

blocked CO e.hemisorption at Rh sites underneath, a linear falloff in chernisorp~ion capacity 

would be exhibited. No residue/carbon was detecte~ on the 3uri'ace by AES after TPD. CO 

v.herr~sorption on titania at room temperature is negligible as evidenced by TPD studies at 
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high TiO= coverages. 

Residual CO desorption occurred at monolayer coverage equivalent to about 5% of the 

total for bare Rh. In principal, this could be due to de~.~rption from the Rh support 

wires, the back side and edges of the sample, or from imperfections in the TiO= monolayer 

(where patches of Rh metal would be expose) .  Further deposition of titania on the surface 

continued to reduce the amount of CO chemisorbed, indicating that most of the residual 

chemisorption is not due to the contribution from the hack side" of the Rh foil. 

A similar series of experiments was performed with liquid nitrogen cooling of the sam- 

ple. The configuration of the low temperature, manipulator limited the lowest attainable 

temperature to roughly 140 K. The ~ CO TPD spectra for 150 K exposures (Fig. 5.31) appear 

essentially the same as for room temperature exposures except that the low temperature 

onset is more pronounced. However, no new peaks are observed that could be attributed 

to the additional CO chemi~rption suppression given in Fig. 5.30. 

Figure 5.32 illustrates the eft'cot of TiOz coverage on CO TPD area at the low tern- 

perature exposures. Note that the temperatures of Ti deposition and oxidation have no 

appreciable effect on the results. Repeated heating of the sample to 773 K during thermal 

desorption may cause titania on the surface to react with adsorbed species, such as water, or 

to rearrange to a more favorable configuration. The points coincide with the curve defined 

by room temperature CO ~lsorption (Fig. 5.30), but converge to zero area above coverages 

of 0.60 ML. In these experiments, Pt  support wires were used and the mare spectrometer 

was fitted with an improved collimator. These results suggest that imperfections in the 

TiOz monolayer are not the principal ¢anse of the residual desorption area. 

Another CO chemisorption atudy was performed to ascertain whether pre-sputtering of 

the Rh surface would alter the TiOffi growth characteristics and hence, the CO chernisorption 

versus coverage plot. Apparently, this is not the case (Fig. 5.33). This may he due to 

rearranging of the surface from heating of the sample during TPD. 



Q, 

I I  

l 
i 

"\ 

\ 

0 0 0 

('n "V) °~I 
Q 

0 

,n 

.J:: 

m 
0 

~4 

0 

g 
U 

N 

0 
0 U 

0 

0 (b 
q; 

°. C~ 

.,.q o 
~o 



.,.,1 

,.a 

a. 

--to-- ~-0 
- -  o,I . ' )  ~ O~ 

~ S d d d d d  
< m r o  r% I.LI U. 

0 0 0 0 0 0 0 

('n '0) oo I 

0 
0 
CO 

0 
0 

0 
0 

0 
0 

0 
0 

~ . _ _ J  0 
0 

0 C) w) 
0,1 

!-- 

, .,=: 

n , ,  

0 
I=,, 
X 

0 

m,, 

0 

L .  

) .  
0 

o" 
0 

Z 

. o  

°dN  



CHAPTER 5. EXPERIMENTAL RESULTS II0 

0.80 
A 

O 

o 0.60 tO 

x 

o 0 . 4 0  
I-- 

0 
0 

< 0 .20  

oWi thout  H 2 reduction 

[]With H 2 reduction 

0 

0 

0 0 .20  0 .40  0.60 0.80 I .00 

8TiO x 

XBL 857-2984 
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Since the suppression of CO chemisorption on TiO2-supported Group VIII metals was 

originally observed after reduction in hydrogen at temperaturez near 773 K [8,9], it was 

natural to study the effect of H 2 reduction on CO chemisorption in the TiO:/Rh system. 

CO TPD spectra, after reduction in 50 tort H2 at 753 K, for TiO= coverages up to I ML are 

displayed in Fig. 5.34 and a comparison of spectra for the non-reduced and reduced saJmples 

are shown |n Fig. 5.35. Not only is the CO TPD area more sharply attenuated with higher 

coverages, but the low temperature feature i5 more prominent. A plot of CO TPD area 

nfter reduction as a function of coverage (Fig. 5.30) reveals more extensive suppression of 

CO chen~sorption by about a factor of 2. It should be l~oted tha t  the CO p~ak area-versus- 

coverage plot converges to the value for clean rhodium at low cover,~gea, indicating that the 

adsorption cap~citF of the clean rhodium foil is unaffected by H2 reduction. 

The temperature of H2 reduction was also found to be important. Figure 5.36 illustrates 

the temperature ct which further suppreesion is induced ~'or TiOffi coverage~ of 0.t6, 0.25, 

and 0.66 ML. Normalized to the areas for the same non-reduced TiOffi coverages, the CO 

TPD areas indicate that the reduction step, when carried out below 500 K, does not alter 

CO chemisorption on the surf,~ce. At 600 K, the onset of the a~idition~l suppression is seen. 

Analysis of the sample by AES after Hz reduction reveals two trends (1) the apparent 

TiO.. coverage after reduction ~t 753 K is within a few percent of the pre-reduction value 

and (2) the O/Ti ratio decreases during the HI reduction (Fig. 5.37). Althollgh there is a 

significant amount of ~:atter in the data, it i~ clear that the more extreme the reduction 

conditions, the more reduced the oxide overlayer becomes. The average atomic O/Ti  ratio 

(~kfter correction for electron escape depths) che~nges from roughly 2 to 1.3 (after 753 K 

reduction), a range substantiated by the XPS results (Fig. 5.16a). 
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The rate of methane formation as a function of TiO= coverage is shown in Fig. 5.38. At 

conditions of 553 K, I atm pressure, and a 2:1 H~-~-CO ratio, the reaction rate rome as TiOz 

was added to the surface, reaching a maxin~um at 0.15 ML. The maximum corresponded to 

a three-fold incre~e in rate. Thereafter, the rate decayed sharply until about 0.30 ML and 

decreased more gradually beyond that coverage. Residual methanation activity occurred 

at monolayer coverage and could be reduced further by additional TiOz deposition. A gold 

foil mounted on the P t  support wires showed, negligib|e activity under identical reaction 

conditions indicating an insignificant contribution to the reaction rate by the support wires 

or cell walls. For five different TiOffi coverages, the sample was also pre-reduced in 50 tort 

H~ at 753 K for 5 minutes. No significant effects from the hydrogen pre-treatment could be 

discerned. 

More dramatic enhancements are observed in the formation of C2 and Cs hydrocarbons 

at low coverages as seen in Figure 5.39. Moat notable are the more than order-of-magnitude 

increa~n in rates at 0Tio, = 0.2{) ML for ethylene and propylene. As with methane, the 

rates quickly diminish as higher coverages are reached. As seen in Figure 5.40~ the methane 

content of the hydrocarbon product falls from a value of 94 mol~ when no titania is present 

to nearly 60 tool% for 0zioz - 0.20. Ethylene and propylene are the predominant higher 

hydrocarbon species comprising roughly 34~ of the total hydrocarbon product. At higher 

coverages, the selectivities return to values more characteristic of clean Rh. 

The influence of TiOffi on the kinetic parameters of CO hydrogenation on R~ was also 

inw.stigated. The variations of the ~t ivat ion energy, along with the I-I2 and CO partial 

pressure dependences, as described by F-~ln. 5.1, ~re prevented in Figs. 5.41 to 5.43. The 

plot of activation energy (Fig. 5.41) shows a minimum of 16.8 ± 0.5 kcal/mole at a coverage 

just  above 0.2 ML. This repre~nts a downward shift of about 7.7 kcal/mole from the cle~u 

Rh value. 

The hydrogen reaction order displayed in Fig. 5.42 rises sharply from a value of 1.0 ± 
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0.I to 2.6 :i: 0.I at 0TiO, = 0.I0 and then slowly decays to a value of 1.5 near rnonolayer 

coverage. This trend is repeated in the CO partial pressure dependence plot (Fig. 5.43), 

but to a lesser extent. The CO reaction order passes through a maximum at 6TiOs = 0,15 

with m = -0,3 d- 0.1, compared with -1.0 4- 0.I for clean Rh. Kinetic parameter values 

corresponding to 0Tios -- 0.20 are listed in Table 5A. 

The rate parameters for higher hydrocarbon formation were also modeled with power- 

law expressions of the form of Eqn. 5.1 and the paramet.-r values are plotted in Figures 5.44 

t o  5.46. As in the case for methane, a decrease in the activation energy at low coverages 

is observed for ethane (Fig. 5.44) followed by a gradual rise above 0.3 ML. However, the 

presence of TiOffi hen virtually no effect on the activation energies of ethylene and propylene 

formation. 

For all three hydrocarbons, the H2 reaction orders increase significantly between 0 and 

0.10 ML (Fig. 5.45). Ethane appears to follow the same trend as methane, while the olefins 

rise from near zero-order dependence to 1.5 order and fall slightly thereafter. The trends 

for the CO reaction orders are particularly interesting. Unlike methane, where a - I . 0  order 

is 6ncoun~red, positive orders between 0.5 Lnd 1.5 are seeu for the 9tber hydrocarbons on 

the clean surface (Fig. 5.46). With the addition of titania, the CO reaction orders for the 

C~ hydrocaxbona d e c r e ~  to -1.0. Propylene, though, exhibits a broad minimum at about 

0.4 ML where the reaction becomes zero order in CO. 

Coinciding with the higher activities for hydrocarbon formation on the TiOffi/Rh surface 

was a greater degree of carbon deposition, as determined by AE$ immediately after reaction. 

The normaliged carbon signal is plotted in Fig. 5.47 ~rs,ls *£iO= coverage and shows a 

maximum of 0.4 at ~ coverage of 0.4 ML. At higher covera.ges, the carbon content returns 

to the vaJue typical of bare Rh and of AIO. on Rh. Figure 5.,i7 ~z~ shows that the relative 

activity after one ho,'.r of re~ction is lowe~t at the same covecages where the maximum 

in initial methanation activity occurs, i.e. the higher .leth.~n_...tion rates are eecompanied 

by significantly higher deactivation rates. A cross-plot o~ the percentage deactivation as 

a function of surface carbon coverage foc both al..r,i.; : ~-d titania overlayem reveals an 
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exponential-like decay with surface carbon (Fig. 5.48). 
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5.3 .6  E t h y l e n e  H y d r o g e n a t i o n  on  T iOff i /Rh  

The enhancement of CO hydrogenation l~rompted t]~e study of other reactions of sim- 

ple molecules. Ethylene hydrogenation was carried out with 25 tort of ethylene and 25 

tort of hydrogen, with argon making up the balance to 1 arm, as in Section 5.1.3. The 

effect of titania coverage on the reaction rate is illustrated in Fig. 5.49. The activity was 

found to decrease strongly with coverage in a manner resembling the CO chernisorption- 

versus-coverage plot of Figure 5.30. Titania therefore suppresses this hydrogenation reaction 

beyond that expected from the covering of active sites. No other reaction products were 

observed. Explanations for this behavior will be disctu~ed later. 

The temperature dependence for ethylene hydrogenation appears in Fig. 5.50 for bare 

rhodium and for a TiO, coverage of 0.21 ML. Both curves yield activation energies slightly 

above 6 kent/mole and exhibit "flattening out" of the rate at the higher temperature. 

The  similarity between the bare and partially covered surfaces suggests that there are no 

dramatic changes in the reaction mechanism when titania is added to the surface. 

5 .3 .7  E t h a n e  H y d r o g e n o l y s l s  on  T I O ~ / R h  

The reports by investigato~ [12,14,23,24,29] of sharply diminished hydrocarbon hy- 

drogenolysis activities when the platinum metals are supported on titania make ethane 

hydrogenolyvis an excellent model reaction for the TiOz/Rh system. Ethane hydrogenoly- 

sis rates at 513 K, with 25 tort ethane, 25 torr hydrogen, and 710 tort argon are plotted 

in Fig. 5.51 as a function of TiOz coverage. The dependence on TiOz coverage is similar, 

though steeper, than that  observed for ethylene hydrogenation. Titania appears to suppress 

the hydrogenolysis reaction to the extent of CO chemisorption. At 8TiO, -- 0.60, virtually 
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no activity is seen. The only product observed (at all titania coverages) was methane. 

Figure 5.52 shows the temperature dependence for this reaction for both clean Rh and 

for low TiO= coverages. Below 453 K, both saanples display activation energies near 35.5 

kcal/mole which compares with vLlues of 36 kcal/mole for TiO2-supported Rh [30] and 42 

kcal/rnole for SiO2-supported Rh [133]. Above 453 K, the slopes are diminished result- 

ing in activation energies of about 12 kcal/mole. Evidently this behavior at the higher 

temperatures is not particular to the TiOffi/Rh catalyst. The origin of this effect will be 

discussed later. As in the c~se of ethylene hydrogenation, the trends with temperature for 

the bare and TiO=-covered surfaces are very similar, suggesting no drLmatic changes in the 

mechanism when TiOs is present. 
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Figure 5.47: Properties of the TiOz/P.h mample after one hour of reaction (CO hydrogena- 
tion). The relative amount of deactivation (open square~) and the AES carbon intensity 
(~olid circles) are shown ~m a function of TiOz coverage. 
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Figure 5.49: Relative ethylene hydrogenation rate on TiOz-promoted Rh as a function of 
TiO= coverage. Reaction conditions were: 323 K, 25 tort C2H4, 25 tort H2, and 710 tort 
Ax. The rate for clean Rh was 25.2 x 10 -~ mole/s. 
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Figure 5.50: Temperature dependence of the ethylene hydrogenation rate over clean Rh foil 
and TiOz/Rh (0.21 ML). Except for the temperature variation, reaction conditions were 
identicM to those reportec] in Fig. 5.49. 
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Figure 5.51: Relative e t h ~ e  hydrogenolysis rate  on TiOz-promotecl  Rh as a function of 
TiOz coverage. Reaction conditions were: 513 K, 25 tor t  C2H6, 23 torr  H~, and 710 torr  
At.  The rate for clean Rh was 15.2 x 10 -0 mole/a.  
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Figure 5.52: Temperature dependence of the ethylene hydrogenation rate over clean lth foil 
and TiOx/Rh (0.14 and 0.2I ML). Except for the temperature variation, reaction conditions 
were identical to those report~-d in Fig. 5.51. 


