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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. Alumiaum and titanium were deposited on a rhodium foil in ultra-
high vacoum and subsequently oxidized. Characterization of the deposits with Auger
electron spectroscopy (AES) and x-ray photoeleciron spectroscopy (XPS) showed the
oxides to be nearly stoichiometric with overlayer growth occurring through the Stranski-
Krestanov mechanism (i.e., twrs-dimeasional growth until compietion of the monolayer).
AES and XPS analysis also showed the titania to be more easily reduced by Hz 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 capacit.;r (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 islanda on the Rh surface ai submonolayer
coverages. XPS results indicate that Ti3* 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 Rk atoms at the oxide/mer | interface.
The suppression of CO chemisorption when titania is present has been described by a
model in which CO does not chemisorb at Rh sites underneath as well as alongside these
~ 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

INTRODUCTICN

In recent years, much attention has been devoted to the study of interactions between
caialyst 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., TiOz,
V205, NbzOs), a number of dramatic changes in the morphological, chemisorptive, and
catalytic propérties take place. A description of the phenomena that have been observed

due to “metal-support interaction” and the approaches that have been taken to underatand

them is now presented.

1.1 HISTORICAL DEVELOPMENT

The catalyst suppart has traditicaaily be;n considered an izart carrier on which the
catalyst could be dispersed. By employing a high surface area support, the more valuable
catalyst metal in 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 stabla at

temperatures where many metals would sinter. These features have often been the design
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criteria of oxide supporta while the effect on the catalytic properties of the metal have been
chiefly overlooked. -

This view of the role of the support changed with investigations of the chemical reactivity
of metals supported on doped oxides. In the late 1950's, Schwab lmd c':o-workers studied

‘the decomposition of formic acid on Al;Os-supported Ni where the support was doped with
BeO, NiO, TiO;, GeOa, or left undoped [1,2,3]. Their results showed a 6 kcal/mole decrease
in activation energy for Ni/Al;05 (20.5 keal/mole) compared with that of Ni alone (26.5
kcal/mole). The addition of tetravalent n-type dopants to the Al;Os was found to increase
olightly the activation energy vt;hile divalent p-type dopants diminished it. In the case of
NiO-doped alumina, an activation energy of just 7.0 kcal/mple was displayed.

During the same time period, thia reaction was also studied by Solymosi and co-workers
for Ni supported on various eemiconductor oxidea (TiO3, Cr2Os, and NiO) [4,5,8]. Doping of
the TiO; and variation of the reduction temperature of the Ni/TiOz catalyst were found to
atrongly influence the catalytic behavior. The infiuence of NiO on Ni was similarly found to
depend on the concentration of positive holes in the NiO. These observations were regarded
as evidence of an electronic interaction taking place between the metal and support.

During the next two decades, work con*inued in monitoring the catalytic properties of
metals on doped supports with an emphasis on relating these properties to electrical 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 eapable of monitoriﬁg conditions on the surface of the catalyst.
_Ip addition, the discovery of metal-support systems 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 CHEMISORPTION PROPERTIES

The influence of the TiOz support on the adsorption of CO and H; on Group VIII metals
has been studied by Tauster and co-workera |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
metals (generally between 0.2 and 1.2). Upon a high temperature reduction (HTR) at 773K,
these ratios decreased markedly, with nearly all ranging between 0 and 0.05. Agglomeration
of the metal due to the 773 K reduction treatment was ruled cut by x-ray diffraction and
transmission electron microacopy (TEM) studies. Oxidation followed by lo.w temperature
reduction returned the samples to their original chemisorption behavior.

A subsequent study was performed to evaluate the effect of reduction treatments for
Ir supported on various oxides. Tauster and Fung [9,10] showed that H; chemisorption
could be suppressed by as much as two orders of magnitude when TiOs, NbsOg, V,Os,
and TazOs supports were used. Only weak dependences (<factor of 3) were observed when
8i03, Al30s, Sc;0s, HfO;, MgO, 2rO3, and Y03 were the supports and only after more
extreme reductinn conditione (T73K<T,.s <973 K). They were also able to correlate the
degree of suppression exhibited to the redulcibility of the metal oxide; more easiiy reduced
support oxides result in a greeter degree of interaction.

Anot:her contribution to the literature bs' Tauster ez al. was the term “strong metal-
support interaction” or “SMSI’. Unfortunately, this terminology has since been applied
to virtually any observed effects that could be attributed to the support. The result is
8 polarized approach to understanding this global “interaction” by numerous researchers
whereas, in reality, several different mechanisris may be involved. This term will not be
employed in subsequent discuasion.

The suppression of H; and CO chemisorption on TiO;-supported metals has been con-
firmed in other studies [11,12,13,14,15,16,17,18]. A gradual uptake of hydrogen has been
noted for Ni and Pt supported on TiO; [19] and for Ni on SiO; and Al;Oy [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 O, 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 H; and CO chemisorption capacity is that these tech-
niques can no longer be applied to measure the active catalyst surface area in a meaningful

manner.

1.3 CATALYTIC BEHAVIOR

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 met;al atom is calculate.d on a basis of 100% dispersion (which
is done since the actual exposed metal surface area cannot be determined from the usual
chemisorption techniques, as.explained aboye) . 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 fxas been presentcs in the literature although this scheme is quite
plausible. It should be emphasized that higher rates are seen despite the lower amount of
chemisorbed CO. Also, these rates appear to be relatively independent of the pre-reduction
treatment [17,22,24,38]. .

An analogous reaction, reduction of NO by H; and CO, has been studied with various
support oxides. The reduction of NO by CO over TiO3-supported Rh, Pt, and Pd catalysts
was shown to be higher than on the SiOz- and Al;Os-supported catalysts [25,26,27,28].

The order of activity for NO reduction over rhodium with various oxide supports was
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Rh/TiOz 2 Rh/La;Os =~ Rh/SiO; 2 Rh/MgO = Rb/Al;03 when CO was the reducing
agent and Rh/TiO; 2 Rh/Al;03 > Rh/Lay0g 2 Rh/SiOz > Rh/MgO when H, was used
(28]. No appreciable changes in selectivity toward the principal products, N2O and N;, were
detected among the oxides. Distinctly different rate parameters for the TiOz-supported cat-
alyst were also found. ‘

Whereas CO hydrogenation was promoted on TiO;-supported catalysts, the support
dces not appear to have a significant impact on hydrocarbon hydrogenation reactions,
except after high temperature reduction. Mériaudeau et al. [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 TiOz-eupported
Pt, Ir, and Rh. In ccntrast, for 2 Ni/TiO; catalyst after the HTR treatment, Burch and
Flambard 23] found only a slight change in é.ctivity for benzene hydrogenation as compared
with a Ni/SiO; 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 TiOj-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 hydrogenolysis over a Ni/Nb;Os cata.lyst was also suppressed after
HTR [31]. While the Ni/TiO; catalyst shows a much diminished activity after HTR, the
activation energy, after successively higher treatments, drops by z.nearly 20% (14}, but still
lies in the range of values observed for unsupported and SiO,-supported Ni (32,33]. .The
activation energy of the Ni/Nb,Os catalyst remained virtually unchanged after HTR. For
ethane hydrogenolysis over Rh/TiOz, the HTR treatment does not alter the ethane order,
but dc'>es raise the H; order from -2.3 to -1.6 [29]. An analogy was drawn in this last study

between Group VIII-Group IB (e.g., Cu, Ag) alloys and the Group VIII-TiO, interaction.
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1.4 THE NATURE OF THE METAL/METAL OCXIDE
INTERFACE

The preceding. discussion clearly demonstrat=s 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 tkermodynamic driving force exists for the interaction
of the Group VIII metala with oxides such a8 TiO2, V30s, NbsOs, and ZrO2. As proposed
by Brewer [34], overlap of the partially filled d-orbit.is of elements in Groups ITIB-VB
with the nearly-filled orbitals of the Pt metals may lead to alloys of extraordinary stability
between these elements. This was indeed verified and u 8 case in point, the Gibb’s snergy
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 formatiorn for PtsTi and PtgTi
at 1150 K to be -17.8 kcal/g-atom aad -8.20 kcal/g-atom, respectively.

The oxides of the Group Ill-VB metals will have a lower valence electron density around
the cation and so the overlap of the vacant d-orbitals with those for the Pt metals will be
fuvored even more. "I‘be extrs bonding provided by the overlap of electrons 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 thermodynamically stabie as, say, alumina or silica,
and as mentioned in Section 1.2. the msore easily reduced oxides were the ones observed to
interact the most with the Pt metals.

Several features of the Pt/TiO; system were revealed by the molecular orbital calcula-
tions of Horsley [37]. First of all, the removal of some of the oxygen anions was necessary for
bonding to occur. Titania alone is not easily reduced, but in the presence of a metal capable
of dissociatively chemisorbing Hj, the reduction is fac'ilit.ated [12,39,40,41]. Due to the oc-
currence of Magnelli phases (composition TnO2n-~1), partial reduction of TiO; is certainly
feasible from a thermodynamic standpoint, while complete reduction to Ti metal is quite
difficult, The formation of Ti,O7 on TiO;-supported Pt upon HTR has been observed by

electron diffraction [39,42]. Reduction to TigOg, however, requires a radical reorganization
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of the oxide structure {10].

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 t}_xe adjacent P¢ atom. From his work,
a charge transfer equivalent to 0.6 electron/Pt atom was determined. Several atterapts
have been made to experimentally quantify the amount of. charge transfer by use of x-ra.j
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/TiO, [401, 0.12 electron/Ni atom for Ni/TiO3 [44], and 0.1 electron/Pt atom for
Pt/TiO2 [45] were identified, but the validity of these values rests strongly on the account-
ing of relaxation effects. Particularly, for Ni/TiO;, the relaxation shift is much larger than
the derived charge transfer making the amount of transfer statistically 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 has 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, tco many
conflicting reports regarding charge transfer have appeared to draw ary firm conclusio;m.

Az 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 al. [49] found tbat the high temperature (530 K)
CO desorption peak from Pt is absent on a polycrystalline PtyTi alloy. They also noted
a shift to lower témperatures 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 polycryatalline PtyTi led to a nearly complete suppres-
sion of CO chemisorption and was associated with formation of TiO2 on the surface. The

chemisorption of H; on the PtsTi alloy is also suppressed with respect to Pt.
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i.5 MORPHOLOGY OF THE METAL/METAL OXIDE
SYSTEMS

While the electron transfer studies taken together provide no conclusive resuvlts, trans-
mission electron microscopy (TEM) studies show clear-cut changes in the morphology of
metal particles on TiO; films after HTR. Baker et al. [42] observed that hemispherical Pt
particles flatten into thin “pili-box” structures after HTR, while portions of the support
were reduced to Ti40~. This did not take place for Pt supported on Al2Os, SiO2, and car-
bon films. After subsequent treatment of the reduced Pt particles in oxygen, the particles
retained their hexagonal shape, but grew in thicknesa. The “pill-box” structure was not
observed for Rh/TiO2 or Ir/TiO; after HTR [12].

When silver was supported alone on titania and reduced, no changes in morphology of
the silver particies 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 TiOj support to TigOz [41]. Platinum
evidently acts a supplier of H atoms which facilitates the reduction of the support with
wetting by the metal particles evéntua.lly takirg place. .

Many of the efforts already described have focused on fundamental changes taking place
between metal and oxide upon activation of the oxide. Small metal particles (<50 A) are
able to form new bonds or to restructure so as to increase the amount of metal/metal oxide
contact. In this way, s high percentage of the rurface metal atoms will be affected. In
relatively large particies (> 160 A), where similar modifications of ihe 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 is also unlikely that electronic
effects taking piace at a metal/metal oxide interface will have any impact on metal atoms
far removed (greater than several atomic distances) from this interface [29,48,50,51,52).

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

ticles are supported on TiOa, it has been proposed that reduced titaniaspecies may migrate
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onto the surface of the metal particlea [53]. Though “encapsulation” of the metal particles
was originally discounbed [8,12], there has been ample evidence in recent years to support
this mechanism. Haller and Resasco [29] observed a decrease in the ethane hydrogenolysis
rate of Rh/TiO, 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
diffusional phenomem.a.. More direct evidence was provided by depth profile experiments of
TiO,-supported metals. For Rh deposited on a TiO; single crystal, Sadeghi and Henrich
[55] found that after high temperature reduction, the AES intensities showed minima in the
Ti and O signals and 3 maximum in the Rh signal as a function of sputter time, reflecting
s thin surface layer of tita;::ium oxide on top of the rhodium. Confirmation of this was
provided by Takatani and Chung [56]. They found a sharp increase 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 Pt on an oxidized Ti(0001) single crystal ana-
lyzed with static secondary ion mass spectroscopy (SSIMS) [57]. Masses sttribute;l to Rh
and RhO were replaced by peaks characteristic of titanium oxides 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 roughness upon reduction in H; at 770 K suggesting
wetting of the nickel by the oxide. Re-oxidation returned the oxide overlayer to a three-
dimensional structure, having a “saw-toothed” appearance. In addition, heating in 5 torr
acetylene resuited in filamentous carbon growth on the nickel surface, predominantly 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 red;.u:tion in the total amount of carbon

deposited as well as the increase in non-flamentous growth.
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1.6 DEPOSITION OF OXIDE OVERLAYERS

The migration of oxide speci‘ee onto the surface of the metal particles under reducing
conditions provides the means for eatabliahix;g more extensive metal/metal oxide contact.
Several research groups have investigated the chemisorption and catalytic properties of
metals with oxide overlayers 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
TiOs-supported catalysts. This has been found for CO hydrogenation on Ni/SiO; [59] and
Pt-black [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 versus oxide coverage indicate, as n.function. of titania coverage,
a non-linear falloff in chemisorption capacity which cannot be explained. by mere coverage
of sites. Extrapolation at low coveragea shows that a single .“titania” species deactivates
5 to 6 Ni atoms for CO adsorption. Similar results were obtained by Raupp and Dumesic
[62,63] 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, Rh, and Pd foils. They concluded for
all three metals that titania only blocks Hy and CO chemisorption by physically covering
adsorption 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, as will be discussed later, their
method of coverage determination is questionable. Dwyer et al. [67] 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 H; 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
activity. Chung et al. [68] noted a 4-fold rise in methanation activity at low titania coverages
accompanied by higher rates of C24 hydrocarbon production. Demmin et al. [69] and Dwyer
et al. [60] also observed higher methanation rates as well as significantly lower activation
energies for titania on Pt foil (AE = -11 kcal/mole) and titania-promoted Pt black (AE =

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

1.7 SCOPE OF THE PRESENT WORK

The verification of titavia migration onto the metal particle surface during HTR hasg
prompted work in this laboratory, concomitant to the investigations in the previous section,
on metal substrates with oxide overlayers. A comparison of the TiOs-suppcrted and TiO3-
promoted catalysts is depicted in Fig. 1.1. Surface sensitive techniques have been applied .
to characterize the oxide coverage and oxidation state, thereby facilitating correlation of
the chemisorption and catal_ytic properties of the oxide-covered rhodium with respect to

the overlayer coverage.

Experiments were perfc.?rmed in two ultra-high vacuum chambers equipped with atmo-
spheric pressure 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 chemisorption capacity was measured through temperature programmed
desorption (TPD) and the catalytic behavior of the surface was probed with three reactions:
CO hydrogenation, ethylene hydrogenation, and ethane hydrogenolysis.

Alumina and titania overlayers were deposited onto rhodium foil and characterized in
terms of the mode of overlayer 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
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Figure 1.1: A comparison between the metal surface of a TiO;-supported catalyst and the
surface of the analogous TiO,-promoted metal.
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indicated by the AES uptake plots. Alumina inhibited CO chemisorption and CO hydro-
genation in proportion to the coverage, while titania suppressed CO chemisorption ta a
much greater extent and enhanced the CO hydrogenation rate by as much as a factor of
three. Both ethylere hydrogenation and ethane hydrogenolysis rates were strongly sup-
pressed when titania overlayers were present, to an extent greater than explained by site
blocking by titania.

The XPS reaults showed that titania was readily reduced while alumina could not be. -
A model is proposed suggesting there is no CO chemisorption at Rh sites at the periphery
of titania islands while Ti3* species along the island periphery interact with CO to enhance
CO dissociation and hence, its hydrogenation ratz, Good quantitative agreement exists
between the model and experimental data; a titania nucleation site density of 4.5 x 10!3
cm~? and a two-site reaction ensemble at the metal/metal cxide interface at the perimeter

of TiO; islands have been inferred.
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SURFACE ANALYSIS
TECHNIQUES-THEORY OF
OPERATION

Three principed analytical techniques were employed in this study of metal oxide over-
layers on rhodium: Auger electron spectroscopy (AES), X-ray photoelectron spectroscopy
(XPS), and temperature programmed descrption (TPD). In what follows, a brief discussion

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

2.1 AUGER ELECTRON SPECTROSCOPY (AES)

2.1.1 The Auger Process

The impingement of a moderately high energy (=1 kV) beam of electrons upon an atom
can cause major rearrangements of the stom’s e]ect;ronic configuration. In the mode of
rearrangement commonly referred to as the “Auger process,” 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 encugh energy to trigger. the ejection of a second electron.
The kinetic energy of the second (or Auge}) 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 levels 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 [T2], the Auger
proceas will be induced in stoms rarging from 20 to 50 A into the bulk of the sample.
However, the Auger electrons are typically between 40 and 1000 eV in energy (73], limiting
the escape d;epth to under 15 A for emergence normal to the surface. For the energy values
characteristic of this study (<500 eV), the mean free path of the Auger electrons will be

less than 10 A so that AES is sensitive to the uppermost three or four surface layers.

2.1.2 Determination of Overlayer Coverage

'The attenzation of a substrate’s AES peak intensity by the addition of an overlayer

of different composition can yield information on the coverage and growth mode of the
’ overlayer. Overlayer growth can be categorize;i into four growth modes {74,75]: layer-by-
layer, three-dimensional island growth, a mixture of the two (gompletion of one or mare
monolayers followed by three-dimensional growth), and alloying.

The simplest case to describe is the layered-growth mechanism, also known as Frank
and Van der Merwe growth. When a single, two~dimensional monolayer is deposited, the
substrate signal will be attenuated by an amount designated as a. Between 0 and 1 mono-
layer, a fraction of the substrate signal corresponding to the surface that is covered will be
attenuated by o while the remaining exposed surface signal emerges unattenuated. Thus

the degree of attenuation changes linearly with coverage as follows:
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I=Tofa + Ip(1 - 8)

I=1Io - (1 - a)lof (2.1)

where Iy denotes the intensity of the bare subatrate and I the intensity of the substrate with
an overlayer of coverage 4.

For two monolayers, the attenuation of the substrate signal is o?; therefore, I varies
from « to a? linearly between 1 and 2 monolayers. Similar arguments follow for higher cov-
erages. The slope of each auccessive monolayer, then, diminishes by a factor of a. The AES
signal of the overlayer grows in a corresponding manner. These trends are depicted in Fig.
2.Za. Layer-by-layer growth is 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 a8 well as lat.emll.y. These clusters
leave bare substrate patches that are covered relatively slowly while the AES contribution,
already attenuated from the covered substrate, is diminished even further with increasing
deposition. The overall substrate signal therefore diminishes more slowly and in a more
continuous manner than in the laye=-by-layer case (Fig. 2.2b); no sharp breaks occur de-
marking monolayer coverage. The clustering of metals on oxide surfaces is an example of
three-dimension=l growth. '

In the third growth mechanism, known as Stranski-Krastanov growth, the first (or sev-
eral) monolayer is completed. Theresfter, three-dimensional clustering occurs. While lay-
ered growth is taking place, the AES aignal of the substrate decreases in linear segments until
clustering causes a shift to the more continuous decrease (Fig. 2.2c). Stranski-Krastanov
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 ﬂ:e substrate and is indicative of very strong adsorbate-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 thickness of the layer, h, covering the substrate
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a = I/l = exp(—h/Acosg) (2.2)

The cos¢ 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 a from
the plots of AES intensity versus overlayer cov}erage. A list of attenuation coefficients for
various averlayer/substrate systems is dispiayed in Table 2-1.

Finally, it should be mentioned that in determining the coverage and growth mode, it
is convenient to plot AES intensities versus dosing time (assuming the evaporation rate
is fairly c9nstant). From the position of bresks in the plot (if Frank—Van der Merwe or

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

as well.

2.1.3 Detection of Auger Electrons

To produce the Auger electrons, a high voltage (between 2 and 10 kV) electron gun
is required. When a cylindrical mirror analyzer {CMA) is employed as an electron energy
analyzer, the électron 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 bearn which is inherently more “surface 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 tke 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. Elwctrons with the appropriate kinetic energy will be directed through

a2 second set of “windows” at the opposite end of the inner cylinder and into the detector
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Tzble 2.1:

AS A FUNCTION OF SUBSTRATE AUGER ELECTRON ENERGY

SUBSTRATE | ADSORBATE a REFERENCE
Cu (60 eV) - Mn 0.37 [80]
Pb 0.44- 051 | [81,82,75)
Bi 0.42 83]
Ag 0.29° [76]
Co 0.38 [84]
Pt (64 eV) Au 0.48 [77]
Pb 0.48 (5]
Zr 0.29 (86]
Ag 0.30 87
Al (68 eV) Pb 0.22 88
Sn 0.25 88
Au (69 eV) Ag 0.31 89
Pb 0.40 [0]
v ~0.35 51
Ge (87 eV) Au 0.51 92
Si (92 eV) Sb 0.38 93
Cu (105 eV) Ni 0.29 94
Co 0.46 95
Pt (150 eV) Cu 0.19 78
Re 0.41 96
W (169 V) Fe 0.46 o7
Zr 0.53 .98}
Pd 0.50 - 0.53 [76,99]
Ag 0.58 (74]
Mo (179 V) Pd 0.58 100
Re (181 eV) Fe 0.33 101
Re (215 eV) Pt 0.42 102
Pt (237 eV) Cu 0.38 - 0.50 (84,78
Zr 0.63 [103]
c 0.56 [75)
Ru (281 eV) Cu 0.49 [104]
Au 0.58 [105]
Ag (356 eV) Pt 0.654 [84]
Pt 0.65 87]
Au 0.51 [108]
Pb 0.58 [107]
Fe 0.66 [108,109]
Fe (650 eV) K ~06 [110]
Se 0.72 111
Ni (850 eV) Ag 0.72 112
Cu (920 eV) Pt 0.70 [84]

20

ATTENUATION COEFFICIENTS FOR METAL-ON-METAL SYSTEMS
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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 voltage, a spectrum of electron signal intensivy versus elactron 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 éescription Just given applies for 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,

AE/E, is constant 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 practice to enhance the Auger signal by plotting the derivative spectrum,
dN(E)/dE, aa a function of electron energy. BS( superimposing s modulating voltage of '
amplitude U, and frequency w on the outer cylinder voltage, the signal current, i, which
can be written as a Taylor series, .

i(U, + Upsinwt) = i(U;) 4 1'(U;) Unsinwt + g%:—-QU,'f,,.,sin’cut +... (2‘.3)
has a component containing the frat derivative [113]. The value of this derivative is then
isolated with a phase-sensitive lock-in amplifier tuned to the frequency w and the desired
AES spectrum can then be plotied. 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 indicate an element’s abundance on thke surface.

2.2 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)

2.2.1 X-Ray Excitation

As with AES, XPS may be used‘for ana.ly.uis 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, Ex, of
the emitted electrons can be related to the binding energy, Eg, and the incident radiation

energy, hv, by
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Ex=hv-Eg-¢ (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 kingtic) energy, distinct peaks are observed. These peaks may correspond to
individual electron orbitals (core-level transitions) or to x-ray—induced Auger peaks (Anger
transitions) [71]. In addition, at 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, Al, and O appear in Figa. 2.4 to 2.8 [114].

Of the three categories of transitions, only core-level transitions reveal direct informasion
regarding the oxidation state of species on the surface. Since core-level electrons of energy
leas than the incoming radiation will be ejected, for a Mg Ka source (1253.6 eV), only the
48, 3d, 3p, and 3s orbitals of Rh (see Fig. 2.4) and the 3s, 2p, and 2s orbitala of Ti (see
Fig. 2.6) are of low enough binding energy to be emitted. It is also apparen.t 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 i‘f the orbital quantum
number, 1, i8 greater than zero. The ratio of peak areas for a doublet can be related to
the respective degeneracies (2] + 1, where j = I + 8) of each peak. The observed peck
widths are dependent on the characteristic widtks of the x-ray source, the electron emission
pracess, 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 depénding on whether a band-gap is present or not. Thus for oxides of metals,
such as iron or vanadium, the predominance of a particular oxidation state may be identified.

This feature was not applied in the work presented here.

2.2.2 Core-Level Chemical Shifts

The binding energy of core-level electrons is heavily influenced by the surrounding elec-
tronic environment—both from electrons within the same atom and from nearby atoms.
Consider a core electron of ah atom with multiple oxidation atates. To that electron, the
electronic environment of inner level electrons and t!ae nucleus will appear relatively unper-
turbed for the various valence electron densities. If the valence charge, q, éomprised of the
valence electrons, is considered to be dispersed uniformly on a sphere ot: radius r, then a
change in the valence electron density, i.c., a valence charge change of Aq, corresponds to
a change of potential within the sphere of Aq/r. Therefore, traversing down a column in
the periodic table, where Aq is constant, but r increases, a reduced effect of valence level
changes on the core electron is expected.

An increased charge density should lessen the binding energ&, due to electroatatic re-
pulsion, while a decreased density should raise the binding energy. For example, electron-
withdrawing species (e.g., O or Cl) on an atom would result in a higher binding energy of
electrons from that atom than if the atoin were not bound to these species. In the same
manner, electron-donating elements, auch as K or Mg, would diminish the binding energy
by increasing the valence charge density. Of course, if the atom initially was negatively
cbarged, the electron would have a higher binding energy. These concepts can be summa-

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

in two different environmenta
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Ea(2) - Ea(1) = —kla(2) - q(1)] - [3 %8—; - “;"j—f—g] (25)
. j 1] i J

where g; is the charge on neighboring atoms located at a distance of rj from the central
atom. Changes in the electroatatic field of the central' atomn due to valence changes appear
in the term with the proportionality constant; k. This model does not take into account
final state effects, where the electronic state of the newly-formed ion is diffezent than that
of the initial atornic state. The model also neglects the effect of the core hole on electrons
of neighboring atoms. '

More likely than not, for an oxide afected by reducticon conditions, a mixture of oxidation
states will oceur. These states appear in the XPS apectrum as overlapping peaks from which
information must be obtained. Deconvolution of these peaks into the component peaks can
be performed if the number of contributory peaks is known and characteristic peak shapes
assumed. Peaks of Gaussian lineshape are often employed requiring three parameters per
peak: position (binding energy), amplitude, and the width at half-maxirnum.

Lineshapes of Lorentzian character, however, have a theoretical basis [115] and can be
modified to account for inelastic 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 increase in the background) for metal peaks. A
fourth parameter, a, the asymmetry index, is then associated with this lineshape, eometimes
referred to aa a Doniach-Sunji¢ lvinahnpe

I{l1-a)

F(E) = (BT + ,12)(1—tl)/1c°a

(G + (- (0)) (2:6)

where < i8 a characteristic peak width. Aside from the asymmetry factor, the major differ-
ence in peak shapes between the Doniach-Sunji¢ 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 2.2: HIGH-ENERGY SATELIITE LINES FROM MG AND AL TARGETS

X-ray line | Separation from Kay,; (eV) and relative intensity (Kay 2 = 100)
Mg
Ko | 45 (1.0) 5.6 (1.0)
Kas | 8.4(9.2) _ 9.6 (7.8)
Ka¢ |100(5.1) 11.5 (3.3)
Kas |17.3(0.8) 19.8 (0.4)
Kas [205(0.5) 23.4 (0.3)
KA |480(20) 70.0 (2.0)

2.2.3 Additional Features of the XPS Spectrum

Satellitea in the spectrum may arise from secondary lines of lower intensity originating
from the x-ray aéurce. The primary radiation, Kay,3, occuring from the 2pg/s,4/2 — 18
transition, may be accompanied by radiation of less probable transitions {e.g., valence band
—+ 1s: KpB) or of transitions from multiply ionized atoms (e.g., Kasg). The observed
separations and relative intensities of these secondary XPS signals have been tabulated for

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

Secondary electrons atr;king 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 spe~trum, which in turn, produce ghost pesks in the XPS
spectrum. The common impurities include copper (from the backing behind a worn out
anode), oxygen, and carkon. 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 valence levels. Here, the nbin of the lone core electron may be parallel or
antiparallel to the spin of the valence electrons reaulting 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). The promotion
of one of these electrons into a higher, unfilled level removes energy from the primary
excitation process and thereby yields a pcnk. of apparently higher hinding energy. This is
known as a “shake-up” satellite.

Numerous peaks, ¢.g., core-level, valence lovel, and Auger transitions as well as satellites
and ghost peaks, can be attributed to just # gingle element. Though some of the satellites
may not be present in certain systems and for certain samples, these features do serve as a
warning that the complexity of the XPS spectrum grows ;'apidly with the number of species

present.

2.3 TEMPERATURE PROGRAMMED DESORPTION (TPD)

2.3.1 General Description

The chemical environment of atoms on the surface of a sample can be probed by mea-
suring the strength 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 desorb. This is commonly referred to as temperature
programmed desorption (TPD). For experiments in ultra-high vacuum (UHV), exposures
expressed in units of “Langmuirs” (1 L = 10~¢ tc;tr-a) are appropriate. The samples are
often d"irectly hested and desorbed species detected with a mass spectrometer.

Species adsorbed to a surface may be categorized as either “physisorbed” or “chemisorbed” —
terms reflecling the type and strength of interaction between the adsorbate and substrate.

Physisorption arises through dispersion forces and/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 diatomic adsorbate molecules. Chemisorption indicates the formation of a “chemical
bond” between adsorbate and substrate and consequently, chemisorbed speciea will provide

more information about the surface chemical envircnment.

2.3.2 Kinetics of TPD

Temperature programmed desorption is by definition a dynamic process. The tempera-
ture of the substrate is ramped, causing desorption of adsorbed molecules, which eventually
are pumped out of the system. The number ‘of molecules detected by the mass apectrometer
is therefore depeident on the rate of temperature increase, kinetics of desorption, alterna-
tive processes occurring on the surface as the temperature rises, and the pumping speed of

the system’s pumps. These factors are combined to give {116,117

dp Adn
P - p) - 22 (2)

where dp/dt relpresents the change in system pressure at a particular time, k(peq - p) the
pumping speed, and the final term the rate of gas evolution from a sample of atea A into
a system of volume V. The latter -term is, in turn, dependent on the heating rate. For &
low surface area sample in a typical UHV chamber aﬁd 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
w < k(peq = P) (2.8)

don ¢V
% = 1 K(Pea - P) (2.9)
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The kinetics of desorption can be described as an expreasion incorporating an Arrhenius
term as well as a dependence on the apecies’ surface coverage, n
Eq

du .
- = exp( RaT (2.10)

for an “a-th” order desorptior procens, a desorption energy Eq4, and & frequency factor v.

A linear heating rate, 8, with time reducea the number of independent variables

d E
- ‘% = %n‘ex;':(-—-ﬁcd—T where T = T, + 4t (2.11)

The pressure corresponding to the desorbing species is moni.tored 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 vwith a maximum at some temperatuze, Tp. At the peak temperature, d?n/dT? =0,

which can further simplify Eq. 2.11 in terms of T,. For a first-order process, a = 1 and

I N
RoTd _ﬁexp( RGTp) (2.12)

which indicates T}, is independent of the surface coverage. Second-order desorption (a = 2)
yields
Ed Z

P P

(2.13)
so that T, increases for lower auﬂ'ace coverages, n,, at the peak temperatures. Estimates
of the desorption energy, E4, can be made from Eqs. 2.12 and 2.13, and by assuming a
value of » (usually taken to be 10! 5~!). Hydrogen desorption, which shows a peak shift
to lower temperatures at higher exposures, is an example of s second-order process.

In the case of CO chemisorbed to the surface, dipole-dipole repulsion results iﬁ 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 temperature decreases.
Correlating the desorption kinetics with the governing parameters is considerably more

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



Chapter 3

EXPERIMENTAL APPARATUS

The techniques employed for characterizing interactions between thz metal oxide over-
layers and the metal substrate include Auger electron spectroscopy {AES), x-ray photo-
electron spectroscopy (XPS), temperature programmed desorption (TPD), and chemical
reaction analysis. To accomplish this, two different ultrahigh vacuum (UHV) chambers
were used: one aquipped with all of the al_:ove techniques except for XPS and a second
for AES and XPS analysis. The features of these two cbmnbers.will now be discussed

separately.

3.1 VARIAN LEED CHAMBER

Though criginally 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. Thia ovainlesa steel chamber of roughly 25 liters volume has a 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 2.1) while the pumps, ion gauge, and leak valves were connected

36
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SAMPLE MANIPULATOR
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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 handling and reaction loop

systems for the introduction of gases to the chamber or reaction network.
3.1.1 Pumps and Pressure Measurcment

Three pumps were attached to t;he UHV chamber: a Varian 4-inch oil diffusion pump,
a Varian Vaclon pump, and a titanium sublimation pump. The diffusion pump, equipped
with a liquid nitrogen trap ard backed-up by a 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, a base pressure of 2 x 10™° torr 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 made it unsatisfactory for use during experiments: however, it was adequate
for maintaining an acceptable base preasure at night, when the equipment was not operated
and the diffusion pump was valved off. The pressure in the chamber was measured with a
Bayard-Alpert-type ion gauge.

After opening to air for maintenance or repaire, the chamber was “roughed” with a
sorption pump filled with 8 A molecular sieve and cooled with liquid nitrogen. Pressures

at this stage were measured with a thermocouple gauge.

3.1.2 Sample Manipulators and Reactior Cell

Two different sample manipulators were employed in the course of the experiments:
one for room temllaernture chemisorption (for TPD) znd for reactions; the other for low
temperature chemisorption (for TPD). Both manipulators had the czpability for X-Y-Z
displacement as well as tilt in the X and Y directions. However, none of these motions
were caitbrated against any mémuring devices. Rotary motion was also allowed in both
meanipulators. |

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 sample by copper braids. The configuration of this sample holder re-
stricted sample preparation und analysis to only one side of the sample. A chromel/alumel
thermocouple was used for temperature measurement.

Mounted on the reaction manipulator was & 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-berylium “barrel” connectors. A

chromel/alumel thermocouple was used for temperature measurement during the TPD ex-
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periments; a8 platinum/platinum-10% rhodium thermocouple was used during reactions.
The sample holder disk mentioned above was machined to seal against the :: mospheric
reaction cell, with a N-buna o-ring inbetween 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 “close” or “open” the cell. Two 1/16 in holes bored partially
through the cell walls were connected to 1/4 inch stainless steel tubing and thereby to the
reaction loop. With this set-up, gases could be admitted to the cell for either reactions or

ssmple treatment.
3.1.3 Reaction Loop and Gas Handling Systems

Reactions were run in & batch mode by circulation of the reaction gases 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 flnws of up to 200 cm® /min were achieved by a metal bellows pump and flow was
detected by a Matheson #601 rotameter. Gas samples for hydrocarbon 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 a reservoir for a CH,/Ar calibration gas mixture. Finally,
the loop could be evacuated through the gas manifold with either the mechanical pump or
the sorption pump, and a nearby thermocouple gauge indicated the pressure.

The gas manifold was set up to supply the reaction loop, leak valves, or chamber with
the appropriate gases. The above—mentmned mechamca! pump and sorption pump were
used for evacuation and the pressure messured with a thermocouple gauge. Two gas lines
were devoted to hydrogen and carbon monoxide while a third line was shared between O,

and Ar. Ethylene and ethane were also passed through the CO gas line.
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3.1.4 Jon Sputtering Gun

A Varian ion bombardment gun equipped with a home-built power supply was used for
coarse sample surface cléming. This sputtering gun had x- and y-deflection capability also

making it suitable for Low Energy lon Scattering Spectroscopy (LEISS).
3.1.5 Titanium and Aluminum Evaporators

Titanium was deposited on samples by operation of the titanium evaporator which
consisted of a U-shaped tungsien wire (0.020-0.030 in diameter, cleaned in a 2% HF/10%
HNOjg mixture) wrapped with a 0.020 in titanium wire (99.999% purity). The tungsten
wire branched two 1/4 in copper feedthroughs mounted on a 2-3/4 in flange. Controlled
exposures were accomplished with an externally-operated shutter. A stainleas steel shield
with an opening directed toward the sample encapsulated the assembly to prevent titanium
evaporaticn 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 1/8 in hole in the bottom face was loaded 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 1/8 in hole. This .second crucible was wrapped with 0.020
in tungsten wire (about 10~15 turns), each end of which was bound to 1/4 in copper
feedthroughs on a 2-3/4 in flange. The crucibles and wire wrappingﬁ 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 pasa through. This evaporator assembly also had an externally-operated shutter for

controlled exposures.
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3.1.8 Analytical Equipment

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

surface composition was accomplished with & Varian 6-in cylind;’ica.l mirror analyzer (CMA)
(Model 981-2607). A home-built internal electron gun, concentrically aligned in the CMA,
produced a pormal 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 a hydraulic pump.
The theory of operation besind AES in discussed in Chapter 2.

Maas Spectzometer: An EAl 250B Quadrupole Mass Spectrometer served as residual gas

analyzer and masas detector during TPD experiments. During the initial room temperature
desorption experiments, the ionizer section was fitted with a tantalum collimator. The
entire ionizer section was encapsulated prior to the series of low temperature desorption
experiments with a tantalum shield, thus diminishiag the background contribution to the
desorption spectra. A description of TPD was given in the previous chapter.

Low Energy Electron Diffraction (LEED) Optics: A Varian LEED optics assembly, con-

sisting of an electror gun, a high voltage grid, two retarding grids, and a phosphorescent
screen, was mounted on the 8-in flange at the rear of the chamber. LEED was not employed
as & primary analytical tool of the titania and alumina overlayers 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

reaction loop was performed with = Hewlett-Packard Model 1720A Gas Chromatograph. A
1/8 in stainless steel column, 3 ft long, packed with Porapak N (active ingredient—croas-
linked polymers) was maintained at 328 K with a nitrogen carrier gas flow of about 30
cm®/min. The effluent gases from the column entersd the flame ionization detector (FID)
directly. The detector was supplied with hydrogen (about 30 ¢m®/min at 40 psig) and

compressed air (roughly 200 cm®/min 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 XPS CHAMBER

Experiments were carried out in a Perkin-Elmer PHI Model 548 XPS Chamber on a
short-term basis. Copsisting of a stainless steel bell jar with a transfer cell attached (Fig.
3.3), a8 Eorizontal 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 gaa’handling pystem was built

for the chamber and transfer cell for treatment of the sample under a variety of conditions.
3.2.1 Pumps and Pressure Measurement

A chamber base pressure of 3 x 10~° torr with the probe in the chamber (8 x 16-1°
torr with the probe removed from the chamber) was maintained by a Perkin-Elmer ion
pump. A Perkin-Elmer t.it.aniun'a sublimation pump eided 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 and oxidation treatments. The chamber could be “roughed” (after being brought
up to atmospheric pressure for maintenance or modifications) with a liquid nitrogen-cooled
sorption 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 pressure reached the upper 10~% torr range.
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3.2.2 Sample Probe and Transfer Cell

The probe consisted of a 2-ft long, hollow, stainless steel tube, 1-1/2 in in diameter,
welded at the chamber end to a disk with four feedthroughs: two for the chromel/alumel
thermocouple and two for heating and suppbrt. The movunting of the sample was similar
to that of the reaction manipulator of the Varian chamber—except that the sample had to
be tilted about 45° off the axins 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 circumlference 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 and the cha.mber, along with pumping of
the tranafer cell by the turbo pump, isolated the chamber from the cell. Differential pumping
inbetween the cell and ambient waa 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 a rotary motion around the axis. The linear motion, whick was motor-
driven, allowed transport of the aample between the chamber and the transfer cell. Once
‘the sample was in the transfer cell, a gate valve between the two sections could be closed
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 Gas Handling System

The chamber operated with two leak valves: ome devoted to supplying argon to the
chamber and the other for all other gases. 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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vane mechanical pump and the pressure was measured with a thermocouple gauge. Gases
from the manifold could also 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 Jon Sputtering Gun

The sample surface could be cleaned with a Perkin-Elmer PHI (0-2 kV) ion sputtering
gun. Positioned above the CMA, but at an angle so that the sample could be in its line of
sight, the gun was situated for carrying out LEISS experiments; however, the CMA flter

section was not set up for this function.
3.2.5 Titanium and Aluminum Evaporators

Samples were dosed with titaniurn and aluminum fiom evaporators of the same design
employed in the reaction chamber. However, in the XPS chamber, the evaporators were
located as far as 6 inches from the samples, as opposed to only about 24 in the reaction

chamber. ,
3.2.8 Analytical Equipment

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

core electron binding energies of species in the near-surface region. The x-ray source, a
Perkin-Elmer Model 04-548, 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 Perkin-Elmer double-pass CMA (Model 15-255GAR). The CMA included

featurea 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 was accomplished with an IBM PC interfaced with a Tracor Mul-
tichannel Analyzer.

AES: As in the reaction chamber, located along the axis of the CMA was internal an
electron gﬁn for producing a 2 kV beam of electrons. The CMA could be operated in
either constant pass energy (XPS) or constant znalyzer energy (AES) modes so it served
as electron filter and detector for AES as well.

Mass Spectrometer: The chamber was equipped with a Balzers mass spectrometer; how-

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

EXPERIMENTAL |
PROCEDURES AND ANALYSIS

4.1 SAMPLE PREPARATION AND EXPERIMENTAL
PROCEDURES

4.1.1 Preparation of Clean Rhodium Surfaces

Prior to chemisorption, reaction, or XPS analyses, fresh rhodium foil samples (9§.8%
purity) were cleaned by a variety of techniques to remove the most common impurities:
carbon, oxygen, sulfur, chlorine, and calcium. Other coﬁtamjnnnts from external sources
included iron, nickel, and copper introduced from the samplz holders, thermocouples, and
spot-welder probes, respectively. Sometimes palladium was an impurity, as well, and prob-
ably arose from graina of palladium already present in the foil. Sample contaminants were
detected by AES.

rR.emovaJ of chlorine and calcium from thc‘z foil was most effectively accomplished with
cycles of annealing and sputtering treatments. Annealing was done ir vacus at temperatures
between 1270 and 1370 K and argon ion sputtering was performed at a pressure of 7-8 x 10~°
torr Ar. This method proved ineffective for Pd removal, necessitating sample replacement
when palladium was a contaminant. Annealing alone was sufficient for oxygen removal,

provided no other impurities were present.

48
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lon 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~% torr range of O st temperatures
between 500—300 K.

During the oxidation treatment, the rhodium is likewise oxidized and this oxygen must
be removed to ensure meaningful catalytic and especially chemisorpt‘ion experiments. An-
nealing to temperatures of 1270-1370 K, as mentioned above, was quite effective for com-
plete oxygen removal; however, heating to such high temperatures is not suitable when
metal oxide overlayars are present due to dissolution of the overlayers into the bulk. A
second method for surface oxygen removal was reactive titration with CO to form CC, and
will be described in more detail in Section 5.1. Nearly all of the rhodium-bound oxygen

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

4.1.2 Deposition of Metal Oxide Overlayers

Alumina aad titania overlayers were deposited on the Rh foil by operation 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 minutes (with the shutter closed) brought the aluminum charge up to tem-
perature, ensuring a steady evaporation rate. Utilizing the shutter for timed exposures,
controlled amounts of aluminum could be deposited on the surface. An aluminum flux of
~1032-10'3 atoma/cm? s (estimated from the AES growth curves in Section 5.2) waa typi-
cal. Prolonged operation of the evaporator for more than 30 min caused substantial heating

of that portion of the chamber.

Titanium deposition waa 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 foil 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 8 0.020 in W wire, ~26 amps for a 0.025
in wire, to ~35 amps for a 0.030 wire. The Ti fux, as estimated from titania monolayer
growth rates in Chapter 5, was roughly 8 x 10'2-8 x 10!° atoms/cm? a.

Analysis by AES immediately efter 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
10~19 torr range. During evaporation, sufficient heating of nearby hardware in the chamber
easily raised the pressure to the 10~8 to 10~¢ torr range, making control of background
H20, COq, 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 assure complete oxidation of the deposited alumina or titania, the sample was treated
in O3 at pressures between 2 x 10~7 to 5 x 10~® torr and 500-700 X, depending on the extent
of carbon contamination and the oxygen deficiency. The steps in overlayer preparation are
depicted in Fig. 4.1. Excess oxygen bound to the Rh was then removed by titration with
CO to form CO3z. The formation of a nearly-stoichiometric titanium oxide waa facile and
could at times be done 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, was XPS, AES, CO TPD, and ﬁnnll); rea'ction analysis {CO hydrogenation). XPS
analysis was quite sensitive to variations in oxide stoichiometry barely detectable by AES.
For that reason, more extreme oxidation conditions (773 K, 2 x 1079 torr O3) were generally

used in the XPS-related experiments to form a near-stoichiometric oxide.
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Figure 4.1: Schematic representation of metal oxide overlayer deposition on metals,
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4.1.3 Operation of AES and XPS

Anaslysis of the sample by AES, especially with metal oxide overlayera present, conaisted
of scans at three points per face from the top of the sample to the bottom. This ensured
identical compositiona across the sample. Variations of less than £0.05 ML were considered
acceptable. _

During AES analysis in the reaction chamber, the AES electron gun was operated at
a beam voltage of 2 kV with & beam cur:ent (as measured by the gun powcy supply) of
50-100 yamps. This correspecnded to an actual beam current hitting the sample of between
10-7 to 10-¢ uamps. Low beam currents are preferred, in spite of weaker signals, to lessen
damage to the surface. (For example, on occagion, reduction of the titania overlayer from
~TiOz 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 -1002
eV. A ramp rate of roughly -30 eV/s was used. A modulaticg voltage of 2 V peak-to-
peak at a frequency of roughiy 3000 hz was supex;irhpoeed upon the sweeping voltage to
facilitate differentiation of thg spectrum. Electrons emerging from the filtering section were
detected with a “channeltron” multiplier opérated at voltages ranging from 1.2 to 2.2 kV
(zs warranted by the detector uﬁaitivity).

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 yamps beam current (as measured
by the gun control) while a 2 volt peak-to-peak modulation was employed. The ramping
voltage rate was -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 anode of 300 W divided equally between the two filamenta. No detectable amount
of heating of the sample by the source occurred during XPS analysis.

The photoelectrons were energy analyzed with ramping voltages for the inner ana outer

cylinders at a pass energy of 25 eV. The principal core level peaks of Rh, Au, Ti, Al,
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and O were sampled with an spectrum energy window of ~25 eV width. Electrons were
detected by a “channeltron” multiplier opsrated between 1.8 and 2.5 kV (a8 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 Temperature Programmed Desorption Operation

The removal of chemisorbed species from the surface of the Rh foil by TPD was per-
formed with ramp rates of .50 K/s and 15 K/s. The 50 K/a rate was employed for CO
chemisorption on the TiCe/Rh and TiO;/Rh (H2 reduced) systems; the 15 K/e rate was
used on all later studies (CO on TiO,/Rb at low temperatures and CO on AlO,/Rh). No
significant effects from different ramp rates on the normalized amount of CO chemisorbed
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 amplified with a picoamreter 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 obeerved pressure, followed esch
series of thermal desorptions.

Temperature programmed desorption of hydrogen was attempted, but problems associ-
ated with sample 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 fashing), background

water and CO were found to chemisorb on the surface.
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4.1.5 Operation for Reaction Studies

After a sample was prepared for a catalytic study, the ;nanipulator was raised until the
sample bolder rested against the sample holder sﬁpport. The lower part of the reaction cell
was then brought up high enough to enclo;;e the sample and was seated against 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 mixtur'e. Argon was admitted into the loop
directly from the boitle after evacnation of the gas line. Both the hydrogen and carbon
monoxide lines contained molecular sieve traps. 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 ritrogen.
Hydrogen had to be added last to enable usage of the sorption pump for evacuating the gas
lines, Ethylene (99.5% purity) and ethane (99.95% purity) enterea the loop without further
purification. .

Pressures in the loop were measured by a mechanical gauge (30 cm® volume) that could
be valved shut during reaction. Typical reaction gas mixtures were: CO hydrogenation~—
0.33 atm CO, 0.67 atm Hj; ethylene hydrogenation—2§ torr C;H,, 25 torr Hj, and 710
torr Ar; a;nd ethane hydrogenolysis—25 torr C2Hg, 25 torr H;, and 710‘torr‘Ar. Reactions
were always carried out at a total pressure of 1 atm 80 as not to exceed chamber design
limitations and to facilitate circulation by the metal bellows pump. In the case of partial
pressure dependence studies for CO hydrogenation, argon was used as a make-up gas while
a lower reactant partial pressures 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 cm?/min,
as determined by an in-line rotameter, For the CO hydrogenation s:action, the gases were
circulated for 20 minutes prior to heating the sample to reaction temperature. For ethane

hydrogenolysis this time period was 10 minutes and for ethylene hydrogenation, less than
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a mipute. In the case of the latter reaction, the activity at room temperature prompted
immediate heating of the sample. From the plots of reactant consumption-vs.-time, a 10-
minute circulation period appeared to be sufficient for adequate mixing of the reactants in
the reaction loop.

During the CO hydrogenation reaction, gas samples were taken 5 minutes after 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
bydrogenation and these reactions were monitored for roughly one hour.

The gas samples reached the gas chromatograph via a nitrogen carrier gas with a fAow
rate of 20-30 cm®/min. Separstion 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 was lowered to 300 K to enhance the C; separation). All C;—C; hydrocarbon
products could be easily separated within 10 rninutes 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 minutes, but
these two hydrocarbons emerged within s time frame of onlv 10 minutes. The signal was
plotted versus time on the X-Y chart recorder.

The reaction was ter.m.inated by cutting power to the tempsrature controller and evac-
uating the reaction loop with the mechanical pump. The rea;:t.ion cell was then isolated
from the reaction loop and the pressure brought to under 25 microns by use of the sorption
pump. The celi was then opened, causing a pressure burst in the UHV chamber up to the
1078 torr crange. While the chamber pressure dropped back to the 102 torr region, the
reaction loop (now by-passing the reaction cell) was filled with a 1% CH(/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 calibration gas
was read from the 3 L preasure gauge (prior to gas circulation) as part of the calibration
procedure. (After numerous reactions, when the calibration gas mixture was depleted to

1/2 or 1/3 of atmospheric pressure, more argon was 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 thz calibration calculations.)

The final step involved characterization of the surface after 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 for another experiment.

4.2 METHODS OF ANALYSIS

4.2.13 AES Data Analysis

The standard method of extracting information from Auger spectra is measurement of
peak-to-peak heights for each elemental peak. In 8 malti-component system, these heights
do not directly convey information regarding surface composition without knowiedge of the
surface atoms’ configuration (e.g., whether the top surface layers have a uniform composition
or alternating iayera of specific compositions) and the sensitivities for each element (e.g.,
the cross-section for AES and the penetration depth of Auger electrons). For the case of

uniform surface composition, the following form has been suggested [73]

_ _(L/sy)
= TS (4.1)

where the surface concentration, c;, of species i is expressed in terms of the signal intensities,
I;, and the corresponding sensitivity factors, S;, of all species present. The sensitivity factors
were determined by comparison of signals from (;mually) single-component samples. This
approach though, is not appropriate for the study of deposited overlayers on a substrate.
There is an additional complication, as well. The total signal strength depends upon the
sample position relative to the CMA. In the process of preparing and analyzing metal oxide
overlayers, the sample must be moved to varioue 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 conatant. These aignals are weighted by the elemental sensitivities
described above [73]. When the signals are normalized with reapect 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 ayatem-also equipped with a single-pass CMA.
To determine the appropriate values for a beam voltage of 2 kV, quadratic 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 aluminumn sensitivity factor. Upon
oxidation, a new aluminumn peak emerges at an energy of 55 eV (metallic aluminum appears
at 68 V), 5o a sensitivity factor for aluminum metal 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

10 keV* | 5 keV* | 3 keV* | 2 keV (from interpolation)
C (272 eV) 0.075 0.12 0.19 0.236
Cz (291 eV) 0.22 0.40 0.46 0.487
K (252 eV) 0.35 0.90 0.77 0.630
0O (510 eV) 0.35 0.40 0.50 0.567
Rh (302eV) | 0.48 0.67 0.64 0.602
S (152 eV) 0.57 0.73 0.80 0.836
Si(92ev) | 030 | 028 | 0.35 0.402
Ti (418 eV) 0.24 0.33 0.44 0.511
Al (68 eV) 0.075 0.18 0.23 0.257
Al (55 eV) 0.505 (from an Al;Os sample)

*From Ref. (73]
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an AES spectrum of & bulk alumina sample.

In & manner described in Chapter 2, AES 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 side) were converted into their
corresponding coverages. The global coverage, which is plotted as the abscissa in many of
the figures, is taken as the average over these localized coverages. '

Modifications of the AES data handling procedure had to be made when amall amounts
of carbon or oxygen cdﬁtaminants were present on the surface. Carbon usualiy attenuated
the Rh signal relative to that of Ti indicating the carbon was covering Rh sites. As men-
tioned above, some residual oxygen was left on the rhodium, even after CO titration, so
that av; 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 was about i.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 XPS Data Analysis

Of the elemental transitions investigated (Ti(2p), O(1s), Rh(3d), Al(2p), and C(1s)),
data analysis was performed only on ti:e Ti(2p) and O(1s) transitions. The Rh(3d) tran-
sitions showed no shifts or additional features to warrant extensive analysis. The objective
in the analysis was to find the areas of the individual peaks contributing to the overﬂl :
apectrum. For titanium, these peaks represented the presence of Ti’* and Ti'*, whereas
for oxygen, Ti~O~M (M = Ti, Rh) and Ti~OH species.

A modified vergion of Dr. Bruce Beard's XPS analysis program was employed (the |
modification will be discussed shortly). The first step involved smoothing of the data. The
routine compared the signal for each chanpel with the average of the neighboring 6 data

points. A “discriminator value” input was required which related the difference between
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the signal and average for a chanuel 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(2p) spectra, especially at low coverages and after a hydrogen reduction
treatment. ‘Satellite peaks arising from sec_nnda:*y emissions of the Mg source were then
removed from the spectrum.

At this stage, the spectrum was ready for peak deconvolution. The program was orig-
inally written to sum Gaussian-shaped peaks and compare with the collected spectrum.
The position and shape of each Gaussian was determined by input parameters given by the
operator. To madify th;: fit of the peaks, changes needed to be made to these parameters.
The baseline was determined from 2 points (specified by the operator) and the reversed
“sigmoidally-shaped” line calculated from an gxponentially-based function.

The program was modified to allow fitting of the peaks with Doniach-Sunji¢ 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
essentially Lorentzian with an asymmetry factor to account for the electron interaction at
higher binding energies (= lower electron kinetic enzrgies) as in Eqn. 2.6. With this feature,
a “signoidally-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(1s) 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 TPD Data Analysis

' A simple procedure was employed for thermal desorption analysis. Applied usually to
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Figure 4.2: Examples of XPS aquisition program output, each with the sum of the decon-
voluted peaks for (a) Ti(2p) and (k) O(1s).
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Figure 4.3 Examples of gas chromatograph peaks with linea drawn in for determination of
the area..

CO and COj; peaks, the areas were found by reproducing the desorption curves on graph
paper, reading off 11—i7 curve heights at regular intervals, and implementing Simpson’s
rule integration. The area was then adjusted according to the calibration signal for the
spectrum. Peak temperatures were interpolated from temperature markings taken on the

spectrum. This information was then related to the overlayer coverage or pretreatment

conditions.

4.2.4 Reaction Rate Data Analysis

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 reaction
rate. Integration waa 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 as at the beginning and end of the baseline, were compensated by extra

area included in the mid-section of the peak (see Fig. 4.3).

The areas of the methane calibration peaks were also calculaied in this manner. Com-
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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 moles of hydrocarbon. Pezk 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 all of

the above factors are incorparated into one equation, the result is

-s P _Anc

ngc = 57.25 x 10
me ACH¢,al

- (4.2)

where ngc is the number of moles of a given hydrocarbon, Ayc the corresponding GC peak
ares, and m, the carbon number. The quantities, P.;; and AcH,,« refer to the calibration
gaa pressure and GC peak area, respectively. The constant incorporates the reaction loop
volume and other invariant factors. When originally calculated, a reacticn lo&p volume of
140 cm® was used. It was later found that the actual volume was only 125 em®. All reaction
rates are therefore overestimated by about 12%. However, when it is considered that this
applies to sll rates, and taking into account the inherent error in experimental reaction rate
measurement of this 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 46 data points, representing the ini-
tial 30-40 minutes of reaction. Rates were usually expressed in terms of mbles/s, not
molecules/site-s, since, when the surface is partially covered by a metal oxide, the number
of active sites (and of which type) is not kzown. In 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 THE PROPERTIES OF RHODIUM FOIL

5.1.1 TPD from Clean Rhodium

The chemisorption 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
temnperature programmad desorption, was measured as a funf:tion of CO exposure. Typical
TPD spectra appear in Fig. 5.1 and the corresponding curve areas are plotted in Fig. 5.2.
Above exposures of 1.6 Langmuirs (L) (1 L = 1076 torr-sec), the amount of CO chemisorbed
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 chemisorption behavior of CO on rhodium has been

investigated. Exposure of the oxidized Rh foil (773 K in 9 x 10~® torr O; for 5 minutes) to

63
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Figure 5.1: Temperature programmed desorption spectra of CO from clean Rh foil with
varying exposures (CO adsorbed at room temperature).
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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 {oil, {c) CO2 TPD from an
oxidized Rh foil, (d) the sum of the CO and COz; TPD apectra.

4 L CO followed by beating results in the evolution of CO; as well as CO. Examples of CO
and COz; TPD spectra are shown in Fig. 5.3 {curves a and b). The sum of these two x;eak
areas (curve c} is seen to be roughly 70 - 80 % of the peak area for CO chemisorbed on
clean Rh {curve d}. The removal of surface oxygen by CO to form CO; was also observe&
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 subsequeat CO exposures to remove the remaining surface oxygen

is quite complicated. The peak temperature has been observed to shift as much as 120 K,
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while the desorption aren 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 nec CO, is
formed a.ud the CO TPD area has converged to the clean Rh value.

Oxidation was also performed by exposing the sample to 50~150 torr O, at 420 K in the
reaction cell. Initially,no CO was observed upon heating. After the third treatment, CO was
seen during desorption and after 10 or 11 exposures, only CO was observed. Coinciding with

this proceéa, the AES oxygen peak intensity decreased monotonically with each additional

CO treatment.

5.1.2 CO Hydrogenation Kinetics

The reaction kinetics for methane formation from CO and H; over rhodium were inves-
tigated. The methanation rate at 553 K and 1 atm of Hz and CO (H;:CO = 2:1) was 19.4 x
101! mole/s corresponding to a turnover frequency of 0.037 molecules/site-s based on a Rh
site density of 1.6 x 10'® cm™? for each side of the foil. (This site density ﬁ celculated for a
Rh(111) surface with a Rh atomic diameter of 2.69 &). Logan et al. [122] found a turnover
frequency ‘of 0.26 molecules/site-s for a H3: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
attributed to the different operating pressures (1 atm vs. 6 atm). In addition, it was not
uncommoan 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 parameters of this reaction were determined, based on a power law model

of the fordx

E
Rene = AexP("RG"—fr)PgoP?iz (5.1)
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where Rcy, denotes the methanation rate, T the absolute temperature, and pco and pu,
the reactant partial pressures, and Rg the gas constant. An activation emergy, E,, of
24.4 % 0.3 keal/mole was found for methane formation, in agreement with other published
results [122,123]. The hydrogen reaction order, n, was found to be 1.0 £ 0.2 and the carbon
monoxide reaction order, m, -1.0 £ 0.5. These results are summarized in Table 5.1. The
selectivities observed match those of Logan and Somorjai except that the specific product
identification differs. In their results, all C; hydrocarbons were assigned as ethane and the
Cs hydrocarbons as propane. Calibration studies in this work indicate the formation of

ethane, ethylene, and propylene—ethylene being the principal C; product.
5.1.3 C;H, Hydrogenation and C;Hs Hydrogenolysis Kinetics

The hydrogenation of ethylene to ethane at temperatures between 293 K snd 343 K
vas also studied. With Pt support wires at room temperature, a significant background
hydrogenation. rate was cbserved. To reduce the relative contribution of the reaction loop
and support wires, the Rh foil was mounted on gold support wires and reactions ware
performed at 323 K. The background rate was then subtracted from the measured rate.
The reaction rate at 323 K (for 25 torr of ethylene, 25 torr of hydrogen, and 710 torr argon)

was 25.2 x 10™° mole/s (TOF = 4.7 moleculea/site-s) with an apparent activation energy

Table 5.1: KINETIC PARAMETERS FOR CO HYDROGENATION

RCH4 =A Exp(‘ﬁﬁr)l"é'o?'ﬁz

| | Rh | AlO, (0.4 ML) | TiO. (0.2 ML) ]
E[244 247 | 19
m | -1.0 -0.6 0.3
n| 10| 1.1 2.4
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of 6.1 kcal/mole. Possible explanations for the low activation energy (compared with 12-13
kcal/mole elsewhere [124,125]) will be discussed later.

The rite of methane formation from the cracking of ethane was 15.7 x 10~° mole/s
(TOF ~2.4) at 513 K. The reactant gas consisted of 25 torr ethane, 25 torr hydrogen, and

710 torr argon. The activation energy at 513 K was 12 kcal/mole while at 160 K, it was
35.4 keal/mole.

5.2 THE PROPERTIES OF RHODIUM WITH ALUMINA
OVERLAYERS

5.2.1 Alumina Overlayer Deposition and Characterization

Aluminum was 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
(=~ 1 ML) is given in Fig. 5.4." To determine the overlayer growth characteristics, ct 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 a8 a function cf dosiag time. The trends in each are similar, so attention will
be focused on the plot of normalized signals where the noise level is diminished. {The pro-
cess of signal normalization with the employment of sensitivity factors is described in detaii
in Chapter 4.) Initially, the Rh substrate peak decays linearly with deposition time, while
the Al and O peaks grow linearly. After about 5 minutes of Al evaporation, the suppression
of the Rh signal diminishes to a lesser extent with increasing coverage, with corresponding

changes for the overlayer signals.

The initial region of linear decay for the substrate can 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 AlO; on Rh.

to follow the dashed lines in this plot. Three-dimensional growth follows completion of
the monolayer since the substrate intensities lie above these lines. This growth mode is
commonly rei:erred to as “Stranski-Krastanov” 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 attenuation to 50-60% is typical for electrons of this
energy (see Table 2.1), the alumina “monolayer” may actually be thicker than typical metal
mozolayers. This does not seem unreasonable for a multi-component (Al and O) overlayer.
The linear decay in the Rb signal up to a coverage of 1 ML allows calculation of cove.rages
in this range by linear interpolation. |

The method of Gorte et al. [64] for monolayer determination, which consists essentially
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Figure 5.5: Auger peak-to-peak intensities corresponding to the growth of the AlO, over-
layer on Fth foil. Plot (a) shows the raw AES intensities and plot (b) the normalized AES
intensities as functions of Al dosing time. The expected trends for two-dimensional (layered)
growih are depicted by the solid (< 1 ML) and dashed (> 1 ML) lines.
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of counting the number of surface >xygen atoma 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 of the alumina overlayer waa determined by comparison of the AES
e /Al ratio with that of a bulk Al;Og sample. A co*rection for Auger electron escape depths
in the bulk sample must also be considered. Assuming attenuation factors of 0.30 for the
Al (55 eV) electrons and 0.65 for the O (510 eV) electrons {sce Table 2.1), the apparent
overlayer AES ratio is expected to be about one-haif that for bulk alumina. ‘
Typical AES O/Al ratios of ~0.78 were observed at monolayer coverage of a.lun::.ina.
With the correction for electron escape depth, this would be equivalent to a ratio of 1.6 £+ 0.2,
compared 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, but this is strongly dependent on
the attenuation factors assumed. Verification of near-stoichiometry was provided by XPS

studies, Nevertheless, the alumina overlayer will be referred to as AlO;, where x = 1.4.

5.2.2 XPS Analysis of the AlO,/Rh Surface

XPS spectra of the Al (2p), O (1s), and Rh (3d) regions for ~0.2 ML AlO. 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 estimate was made from the O (1s)
peak area of alumina by comparing with the corresponding peak areas of titania overlayers
and correcting for the oxide stcichic;met‘riea.

Following oxidation of the surface in 2 x 10® torr O; at 753 K for 5 minutes, one
aluminum peak corresponding to Al’* was observed. (The broad, lower energy peak to the

left arises from the Rh (4s) tramsition.) After three exposures to 4 L CO, with intermedi-
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Figure 5.6: (a) XPS spectra of the Al(2p) region for 0.2 ML of AlO; on Rh. Spectra 1, 2, and

3 were observed after oxidation, CO titzation, and Hz reduction of the surface respectively.

(See text for pretreatment conditions.) Ar ion sputtering resulted in spectrum 4. The
Rh(4s) peak appears at high energy to the left in these spectra.
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Figure 5.6: (b) XPS spectra of the O(1s) regioa for 0.2 ML of AlO; on Rh. Spectra 1, 2,
and 3 were observed following conditions identical to those prior to spectra 1, 2, and 3 in
Fig. 5-6a. The Rh(3p,/;) peak appears at lower znargy to the right in these spectra.
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Figure 5.6: (c) XPS spectra of the Rh(3d) region for 0.2 ML of AlO; on Rh. Spectra 1, 2,
and 3 were observed following conditions identical to those prior to spectra 1, 2, and 3 in
Fig. 5-6a.
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ate flashes to 773 K, no significant changes ic the Al spectrum occurred. A new feature
ascribable to Al (2.7 eV higher binding energy) appears after reduction in 50 torr Hz at
753 K for 5 minutes, but this peak comprises leas than Ib% of the total Al signal. Argon
ion sputtering of the sample followed by XPS analysis confirmed, the identity of the Rh (4s)
and Al (2p) peaks. No significant changes were observed in the O (1s) and Rh"(3d) XPS

spectra after the three pretreatments.

5.2.3 CO Chemisorption on AlO./Rh

The determination of monolayer coverage in the previous section prgvides the means
for quantitatively assessing the effect of alumina overlayex;s on CO chemisorption. Thermal
desorption spectra of CO (chenﬁst:-orbed 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 pesk maximum temperature, and the monotonic decline in total peak area. As
curve g indicates, r-sidual CO desorption occurs at 1 monolayer. This could be reduced by
further alumina deposition. _

A plot of the CO TPD area, normalized to that of the bare Rh surface, as & function
of AlO, coverage appears in Fig. 5.8. Clearly, the CO desorption area decreases linearly
with coverage, suggesting the blocking of Rh chemisorption sites by alumina. This will
be discussed at greater length later. CO does not chemisorb on the alumina at room

temnperature to any significant extent as evidenced by TPD studies at high A}O, coverages.
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Figure 5.7: CO TPD spectra from Rh foil with varying amounts of AlO, deposited on the
surface (CO adsorbed at room temperature).
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Figure 5.8: The effect of AlO, coverage on the amount of CO adsorbed on Rh foil. Solid
line indicates the profile expected for physical blockage of adsorption sites by AlO..

5.2.4 CO Hydrogenation on AlO./Rh

The effect of AlO, overlayers on the chemistry of CO hydrogenation to methane and
other hydrocarbons at atmoapheric presssure was studied. The rate of methanation, at the
same conditions as for clean Rh (namely, 553 K and H2:CO = 2:1) decreases linearly with
coverage (Fig. 5.9). The reaction rate for this particular Rh foil (fz0x = 0) is significantly
different than that measured and presented for clean Rh in the previous section (~5.5 x

10='! mole/s vs. 19.4 x 101! mole/s, respectively). The existence and possible cause
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of such variations have already been noted (Section 5.1.3) and will not be dwelled upon
further. N |

The decline in methanation rate was accompanied by similar decrezses in the rates of
formation of the other hydrocarbons. This is illustrated in Fig. 5.10 where hydroca.rl;on.
selectivities (based on reaction rates) are plotted versus AlO. coverage. The propylene moie
fraction, wlﬁch lies bétween those of ethylene and ethane, has been omitted for the sake of

clarity. The hydrocarbon mole fractions are invariant with coverage and approximate
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o
O
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Figure 5.9: Methanation rate on AlO_-promoted Rh as a function of AlO; coverage. Reac-
tior conditions were: 553 K, 1 atm total pressure, and a H3: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.

The kinetic. parameters for methane production, as prescribed by Eqn. 5.1, were found
for coverages of G.37 and 0.49 ML. These appear in Table 5.1 along with values typical of
bare Rh and of the titania/Rh system. Cpmparison of the parameters for the AlO./Rh

systern with bare Rh adds further evidence that alumina does not dramatically affect the
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Figure 5.10: Hydrocarbon product selectivity as a function of AlO; coverage: T = 553 K,
P = 1 atm, H;:CO = 2:1. The propylene mole fraction (omitted in the plot) was generally
inbetween those of ethane and ethylene.
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kinetics of CO hydrogenation.

It should be remarked that the activity of the sample 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 was not dependent on the alumina coverage. (The large
degree of scatter is due, in part, to the low methanation activity). This was accompanied

by a mild build-up of carbon on the surface (<0.2 ML) detected immediately after reaction
by AES (Fig. 5.11, soliii circles).
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Figure 5.11: Properties of the AlO;/Rh sample after one hour of reaction (CO hydrogena-
tion). The relative amount of dzactivation (open squares) and the AES carbon intensity
(solid circlea) are shown as a function of AlQ, coverage.
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5.3 THE PROPERTIES OF RHODIUM WITH TITANIA
OVERLAYERS : ,

5.3.1 Titania Overlayer Deposition and Characterization

As in the case of alumina overlayers, tke growth of titania overlayers was character-
ized by plotting the normalized AES peak intensities as a function of evaporation time.
Figure 5.12 shows an AES spectrum of rhodium with a titania overlayer (~0.3 ML). The
appropriate sensitivity factors have been tabulated in Cixapter 4. The rew and normalized
signal intensities are shown in Fig. 5.13 as a function of Ti dosing time. As was seen
for alumina overlay. rs on rhodium, an initial linear decline in the substrate peak intensity
occurs, signaling the development of the first monclayer. Further deposition yields signal
intensities that deviate from this linearity and do not quite match the trends expected for
layer-by-layer growth. The overlayer peaks behave analogously. Therefore, as with alumina,
Stranski-Krastanov growth is exhibited.

The degree of attenuation of the substrate peak at the monolayer break is 0.34 + 0.05.
This high degree of aétenuation, as compared with that of adsorbate-on-metal growth
(~0.55, Table 2.1), may reflect a bi-lsyer structure of the oxide monolayer. Calculal;ion
of submonolayer coverages from AES apectra 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 has
been applied to this system and the results appear in Appendix A. No severe discrepancies
exist if a bilayer structure of complete stoichiometry (TiOz) is assumed.

The effect of evaporator current on the deposition rate was also explorad. Rhodium
AES intensity-va.-@o&ing time proélea for four different evaporator currents appear in Fig.
5.14. Explicit oxidation of the sample was not carried out in these studies, although the
titanium inherently was partially ox:lized by reaction with background water, CO2, 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 TiO, 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 TiO, have been
reported [57,126]. 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 TiO. on
Rh) was observed in the reaction chamber and a value of 1.3 in the XPS chamber. The
appearance of a shoulder at about 398 eV in the Ti AES region often signals the presence
of Ti** [127]. This was sometimes observed for the titania/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 with that of a TiO2 single crystal
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layer on Rh foil. Plot (a) shows the raw AES iatensities and plo: (b) the normalized AES
intensities as functions of Ti dosing time. The expected trends for two-dimensional (layered)
growth are depicted by the solid (< 1 ML) and dashed (> 1 ML) lines.
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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 O,, ~523 K, overnight).
Correction for the different escape depths of Ti (387 ev) and O (510 ev) electrons (since
a surface compound is being con‘lpa.red to a bulk compound) raises the ratic to 1.95. For
this calculation, values of (Ti) = 0.59 and ‘cx(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 TiO,, less than 10% of the XPS peak areas could be attributed to Ti’*, i.e., an '
atomic O/Ti ratio greater than 1.95. As with alumina, the titania overlayer will also be
referred to as TiOs. The value of x will be seen to vary, depending on the coverage and the

pretreatments employed.
5.3.2 XPS Analysis of the TiO;/Rh Surface

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 firat series of experiments involved four pretreatment steps: (1) oxidation, (2)
CO titration, (3) H; reduction, aﬁd (4) re—oxidatic.m. The oxidation step, similar to that
described earlier, consisted of exposure to 2 x 10~ torr Oz at 753 K for 5 minutes. Removal
of rhodium-bound oxygen with CO to form CO; was considered a separate step consisting
of three 4 L exposures to CO, each exposure followed by fashing to 753 K. More extreme
reduction of the surface was accomplished by treatment in 50 torr H at 753 K for 5 minutes.
Finally, re-axidation uzder the «-nditions of step 1 was pcrformed.

Following each pretreatment step, the TiO./Rh surface was analyzed with XPS. A series
of XPS spectra of the Ti (2p), O (1s), and Rh (3d) regions for a TiO; coverage of 0.15 ML
appears in Fig. 5.16. In spectrum 1 of Fig. 5.16a, two peaks are prominent. The low

binding energy peak (to tke right in the figure) corresponds to the Tit+ (2ps/2) transition,
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while the high binding energy peak corresponds to the Ti‘t (2p1/2) transition. Note the
slight degree of .asymmetry in the Ti (2ps3/2) peak reflecting the presence of .a low energy
shoulder. This additional feature appears in the Ti (2p, 1) region as well, but is not as clear.
These additional features comprise the Ti%* contribution to the specttum. The increased
charge density in the Ti%* state, as combared with the Ti%* state, results in a lower binding
energy for the Ti3* trax;ait_ioa.

Titration of surface oxygen with CO causes the emergence of distinct Ti3* peaks (spes-
trumn 2). While Rh-bound oxygen is removed in thia process, clearly some oxygen is removed
from the TiO. islands as well. Enhancement of the T3 peaks is achieved by reduction in '
H; (spectrum 3). In this particular case, much of the Ti exists in the Ti3* state after the
reduction step. Similar spectra were obtained by Raupp et al. (128] for Tid, on Ni follow-
ing reduction and by Greenlief et al. [129] for TiO; on Pt following a.nnealing treatments,
Re-oxidation of the sample returns the spectrum to one showing moatly Ti** (spectrum 4).

Inspection of the O(1s) peak reveals a high binding energy shoulder at low TiO_ cover-
ages (Fig. 5.16b) due to the change in bonding from Ti-O-M (M = Ti or Rh) to Ti-OH.
After H; reduction, the total O (1s) peak area becomes noticeably emaller. While changes
occur in the Ti and O spectrs, no modifications of the Rh spectr-.uh are observed after any
of the pretreatments (Fig. 5.16c). This is, in part, due to the sanpling of bulk rhodium
(the kinetic energy of Rh (3d) electrons is ~ 940 eV). | | |

Similar experiments were pert‘orr'ned for a gold foil with a TiO, coverage of 0.19 ML.
(TBe coverage was determined by comparing the relative intensity of the AES Ti signal of
the TiO./Au sample with the signal from TiO./Rh samples in the XPS chamber.) The

Ti (2p) spectra (Fig. 5.17a) show narrow and highly symmetric 2p,/, and 2ps/2 peaks—
indicating pure Ti** (within instrumental resolution). Even H, reduction failed to produce

any Ti** in the TiO. overlayer.
‘Deconvolution of the spectra into peaks with Doni‘ach-§unjié lineshape [115], allows

determination of the Ti* and OH fractions in the overlayer, Example spectra with the

fitted peaks é.uperimposed appear in Figs. 5.18 and 5.19. Multiplication of the Ti3* fracticn
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Figure 5.16: (a) XPS spectra of the Ti(2p) region for 0.15 ML of TiO; on Rh. Spectra 1,
2, and 3 were observed after oxidation, CO titration, and H; reduction of the surface. (See
pretreatment conditions in text.) Re-oxidation under the conditions preceding spectrum 1
yielded spectrum 4.
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Figure 5.16: (b) XPS spectra of the O(1s) region for 0.15 ML of TiO; on Rh. Spectra 1, 2,
3, and 4 were observed following conditions identical to those prior to spectra 1, 2, 3, and
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with coverage yields a measure of the total number of Ti3* sites. These quantities are
presented as a ﬁjmction of coverage in Figs. 5.20 and 5.21, respectively. Except at very
low coverages (<0.2 ML), less than 10% of the Ti atoms are in the 3+ oxidation state
following oxidatibn. CO titration causes an increase in the Ti’* content, especially at the
low coverages, where as much as 50% of the Ti is in that state. (A 50% Ti%* content
corresponds to a stoichiometry of TiOy.75.) A significantly higher baseline is observed for
the case of H; reduction (>0.6 ML) and a3 much as 65% of the Ti is Ti3* for 0.04 ML TiO,
(~TiOy.as). The total Ti3* content after each pretreatment in Fig. 5.21 shows continual
increases as the coverage rises, with most of the change occurring below coverages of 0.5
ML.

Deconvoluticfn of the O (1s) spec.tra for various TiO. coverages into Ti-O-M and -OH
peaks indicates that the OH percentage is higher with lower TiO. Eoverage and that this
percentage is notﬁ strongly dependent on the pretreatment conditions (Fig. 5.22). The total
O (18) peak area as a function of TiO. coverage and pretreatment conditions ia shown
in Fig. 5.23. A decreass in the total amount of oxygen in the overlayer occurs after H,
reduction. ' )

The rapidity of ti:e reduction of titania on rhodium in Hy was aleo investigated. Fig.
5.24 shows the Ti3* content of the overlayer as a function of reduction time at 753 K for
a coverage of 0.55 ML. After only 10 seconds of reduction, the TiSt percentage has nearly
attained the ma;:imum value for the reduction conditions. -

The effect of ;annealing at temperatures above 850 K on the TiO. overlayer was checked.
This was done for TiO; coverages of 0.19 ML {not oxidized) and 0.71 ML (oxidized and
titrated with CO). XPS analysis of the 0.19 ML sample showed Ti predominantly in the
Ti3* oxidation Qtate. (Partial 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
AES and XPS Ti and O signals and converted the Ti** to Ti** (Fig. 5.25). However, full
reduction to titanium metal could not be achieved. The O/Ti peak ratios from both AES

and XPS remained nearly constant, reflecting the dissolution of both Ti and O into the
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Figure 5.19: Examples of peak deconvolution of the O(13) region. Spectra a, b, and ¢ show
the individual peaks and the sum of the individual peaks corresponding to spectra 1, 2,

and 3 ih Fig. 5.16b, respectively. Spectrum d corresponds to spectrum 3 in Fig. 5.17h.
Doniach-Sunjié lineshapes were employed.
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bulk, presumably as TiO species. Annealing of the 0.71 ML TiO./Rh sample also resulted
in reduction of Ti and migration of the TiO; into the bulk. XPS Ti (2p) spectra after 30
second treatments at successively higher temperatures are shown in Fig. 5.26. The Ti3*
content varied from 5% (before annealing) to 44% (after a 1173 K treatment) while the
apparent TiO, coverage dropped to 0.58. No Ti3* was observed in this annesling study.
XPS analyses of th? sample following conditions used for CO hydrogenation (553 K, 1
atm, H3:CO = 2:1, 5 min) comprised the final series of experiments. Exposure to reaction
conditions was carried out for coverages of 0.15 and 0.70 MI.. At both coverages, exposure
to the reaction conditions was carried out after the oxidation/CO titration steps as well
as after the H; reduction step. After reaction, the Ti3* content was seen to lie inbetween
the values corresponding to the CO titrated and the H; éurfacea, as depicf.ed.in Fig. 5.27.
Subsequent flashing of the sample to 773 K, which removed adsorbed ;peciea from the

surface, increased the amount of Ti** present, but not to the extent of H; reduction.
5.3.3 CO Chemisorption on TiO,/Rh

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 apectra of CO (chemisorbed at room temperature) for various TiO; coverages
are shown in Fig. 5.29. The desorption peak ares is rapidly attenuated aa titaniais added to
the surface and at coverages above 0.50 ML, a shoulder at 410 K appears. When normalized
with respect to the bare Rh peak area and plotted as a function of Ti0O, 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 of alumina overlayers. If the TiO, species on the surface only
blocked CO chemisorption at Rh sites underneath, a linear falloff in chemisorption capacity
would be exhibited. No residual carbon was detected on the surface by AES after TPD. CO

chemisorption on titania at room temperature is cegligible as evidenced by TPD studies at
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TiO, coverages of 0.15 and 0.70 ML. CO titration and H; pretreatments were employed, as
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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 desarption 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 exposed). 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 back 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 termnperature 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 chemisorption suppression given in Fig. 5.30.

Figure 5.32 illustrates the effect of TiO. coverage on CO TPD area at the low tem-
perature exposures. Note that the temperatures of Ti deposition and oxidation have no
appreciable effect o.n the results. Repeated heating of the sample to 773 X 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 adsorption (Fig. 5.30), but convérge to zero area above coverages
of 0.60 ML. In these experiments, Pt support wires were used and the mass spectrometer
waa fitted with an improved collimator. These results suggest that imperfections in the
TiO, monolayer are not the principal cause of the residual desorption area.

Another CO chemisorption study waa performed to ascertain whether pre-sputtering of
the Rh surface would alter the TiO, growth characteristics and hence, the CO chemisorption
versus coverage plot. Apparently, this is not the case (Fig. 5.33). This may be due to

rearranging of the surface from heating of the sample during TPD.



8Q1

9e

“*OLL TN 0Z'0

U314 gy uo aimsadxe QD jo uolduUN] ® Ew (pazijeuliou) adelaacd Q) IvBJANg BF'S ardry

(1) 34NSOJX3
814 9C (474 *]} 0l Q

| 14 L L L] ¥

zo

v'o

BO

80

SLINSAU TYINTNIHILXT 'S YALdVHO

(n v 99



"1to}
Yy ay3 03 aansodxa 0D T ¥ 1278 w1j9ads q4,[, 243 uo 2derea0d QLT JO 2] :62°S 2andig

6L6¢-898 19X

0

oo8 00L 009 00S (0/6] 00%

4oz
ot
H09

-108

(no) 1

glelel

1021

10t 1

i 1 | A O@ I
601 SLINSAY TVINANIYAdXA 'S HALdVHO




CHAPTER 5. EXPERIMENTAL RESULTS ( 110

.00, T T T I
' o Without H, reduction
O With Ho reduction

L L e
O 020 040 060 080 1.00
aTiO,IL

XBL 857-2984

Figure 5.30: The effect of TiO, coverage on the amount of CO adsorbed on Rh foil. Circles
denote the amount of CO adsorbed following CO titration of the sample; squares denote
the amount of CO adsorbed following Hz reduction of the sample (50 torr Hy, 753 K, 5
min).
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Figure 5.31: Effect of TiO, coverage on the TPD spectra after exposure of the Rh foil to 4
L CO at 150 K.
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Figure 5.32: Amount of CO adsorbed at 150 K on Rh foil as a function of TiO, coverage.
Circles denote room temperature Ti deposition with oxidation at 473 K, while the squares
denote evaporation and oxidation at 150 K.
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Figure 5.33: Amount of CO adscrbed at 150 K on Rh foil as a function of TiO_ coverage.
Titania was deposited (at 150 K) immediately after argon ion sputtering of the surface.
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5.3.4 CO Chemisorption on .TiO,/Rh after H; Reduction

Since the suppression of CO chemisorption on TiOz-supported Group VIII metals was
originally observed after reduction in hydrogen at temperatures near 773 K [8,9], it was
natural to study the effect of H; reduction on CO chemisorption in the TiO./Rh system.
CO TPD spectra, after reduction in 50 torr Hy at 753 K, for T1O, coverages up to 1 ML are
displayed in Fig. 5.34 and a comparison of spectra for the non-reduced and reduced samples
are shown in Fig. 5.35. Not only is the CO TPD ares more sharply attenuated with higher
coverages, but the low temperature feature is more prominent. A plot of CO TPD area
after reduction as a function of coverage (Fig. 5.30) reveals more extensive suppression of
CO chemisorption by about a factor of 2. It should be noted that the CO peak area-versus-
coverage plot converges to the value for clean rhodium at low coverages, indicating that the
adsorption capacity of the clean rhodium foil is unaffected by Hz reduction. |

The temperature of Hy reduction was also found to be important. Figure 5.36 illustrates
the temperature at which further suppression is induced for TiO. coverages of 0.16, 0.25,
and 0.68 ML. Normalized to the areas for the same non-reduced TiO; coverages, the CO
TPD areas indicate that the reduction step, when carried out below 500 K, does not alter
CO chemisorption on the surface. At 600 K, the onset of the additional suppression is seen:

Analysis of the sample by AES after Hz reduction reveals two trends (1) tke apparent
TiO; coverage after reduction at 753 K is within a few percent of the pre-reduction value
and (2) the O/Ti ratio decreases during the H; reduction (Fig. 5.37). Althongh there is a
significant amount of scatter in the data, it is clear that the more extreme thg reduction
conditions, the more reduced the oxide overlayer becornes. The average atomic O/Ti ratio
{after correction for electron escape depths) changes from roughly 2 to 1.3 (after 753 K
reduction), a range substantiated by the XPS results (Fig. 5.16a).
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Figure 5.34: Effect of high-temperature reduction {50 torr H; at 750 K, 5 min) of TiO; on
the TPD spectra of CO from Rh foil: (a) 4 £0.22; (b) # > 0.22.
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5.3.5 CO Hydrogenation on TiO./Rh

The rate of methane formation 28 a function of TiO, coverage is shown in Fig. 5.38. At
conditions of 553 K , 1 atm pressure, and a 2:1 Hz-to-CO ratio, the reaction rate rose as TiO,
was added to the surface, reaching a maximum at 0.15 ML. The maximum corresponded to
a three-fold increase 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 TiO, deposition. A gold
foil mounted on the Pt support wires showed negligible activity under identical reaction
conditions indicating an insigniﬁcﬁnb contribution to the reaction rate by the support wires
or cell walls. For five different TiO, coverages, the sample was also pre-reduced in 50 torr
Hz at 753 K for 5 minutes. No significant effects from the hydrogen pre-treatment cou!d be
discerned.

More dramatic enhancementa are observed in the formation of C; and Cs hydrocarbons
at low coverages as seen in Figu;e 5.39. Moat notable are the more than order-of-magnitude
increases in rates ;st frioa = 0.20 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 mol% for 8ri0; = 0.20. Ethylene and propﬁene 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 TiO. on the kinetic parameters of CO hydrzogenation on Rh was also
invratigated. The variations of the activation energy, along with the Hz and CO partial
pressure dependences, aa described by Eqn. 5.1, are presented 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 represents a downward shift of about 7.7 kcal/mole from the clean

Rh value.

The hydrogen reaction order displayed in Fig. 5.42 rises sharply from a value of 1.0 &



CHAPTER 5. EXPERIMENTAL RESULTS , 120

II

0 1 | 1 !
0 0.20° 040 060 080 1.00

8

TiO,

Figure 5.38: Methanation rate on TiO,-promoted Rh as a function of TiO; coverage. Re-
action conditions were; 553 K, 1 atm total pressure, Hz:CO = 2:1.
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Figure 5.39: Higher hydrocarbon formation rates on TiO, /Rhb as a function of TiO, cover-
age. Reaction conditions were: 553 K, 1 atm total pressure, and H;:CO = 2:1.
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Figure 5.40: Hydrocarbon product selectivity as a function of TiO. coverage. Reactxon
conditions were: 553 K, 1 atm total pressure, and Ha: CO = 2:1.
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Figure 5.41: Activation energy for methane formation as a function of TiO. coverage.
Reaction conditions were identical to Fig. 5.40 except the temperature was varied between
473 and 633 K.
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0.1 to 2.6 = 0.1 at ;0. = 0.10 and then slowly decays to a value of 1.5 near monalayer
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 61j0: = 0.15
with m = -0.3 £ 0.1, compared with -1.0 £ 0.1 for clean Rh. Kinetic parameter values
corresponding to frjos = 0.20 are listed in Table 5.1.

The rate parameters for higher hydrocarbon formation were also modeled with power-
law expressions of the form of Eqn. 5.1 and @he parameter values are plotted in Figures 5.44 .
to 5.46. As in the cnse for methane, a decresse in the activation energy at low coverages
is observed for ethane (Fig. 5.44) followed by a gradual rise above 0.3 ML. I:Iowever, the
presence of TiO, has virtually no effect on the activation energies of ethylene and propylene
formeation.

For all three hydrocarborns, the H; reaction orders increase significantly between 0 and
.10 ML iFig. 5.45). Ethane appeazs to foliow 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 -1.0 order
is sncountered, positive orders between 0.5 and 1.5 are seeu for the other hydrocarbons on
the clean surface (Fig. 5.46). With the addition of titania, the CO reaction orders for the
" Cz hydrocarbons decrease 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 TiO;/Rh surface
was a greater degree of carbon deposition, as determined by AES immediately after reaction.
The normalized carbon signal is plotted in Fig. 5.47 rzemus "(i0; coverage and shows a
maximum of 0.4 at a coverage of 0.4 ML. At higher coverages, the carbon content returns
to the value typical of bare Rh and of AlO, on Rh. Figure 5.47 olso shows that the relative
activity after one horr of reaction is lowest at the same coverages where the maximum
in initial methanation activity occurs, i.e., the higher nethounestion rates are sccompanied
by significantly higher dea'.ctivatiqn rates. A croaé-plot oi tae percentage deactivation as

a function of surface carbon coverage for both alurni.:-. acd titania overlayers vaveals an
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Figure 5.42: Hydrogen partial pressure dependence as a function of TiO; coverage. Reaction
conditions were identical to Fig. 5.40 except the hydrogen partial pressure was varied from
0.23t0 0.67 atm.
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Figure 5.43: CO partial pressure dependence as a function of TiO. coverage. Reaction
conditions were identical to Fig. 5.40 except the CO partial pressure was varied between
0.037 and 0.33 atm.
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Figure 5.44: Activation energy for C;4 hydrocarbon formation as a function of TiO, cov-
erage.
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Figure 5.45: Hydrogen partial pressure dependence for Ca. hydroczrbor formsation as a
function of TiO; coverage.
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Figure 5.46: CO partial pressure dependence for Cy4 hydrocarbon formation as a function
of TiO; coverage.
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exponential-like decay with surface carbon (Fig. 5.48).
5.3.6 Ethylene Hydrogenation on TiO./Rh

The enhancement of CO hydrogenation prompted the study of other reactions of sim-
ple molecules. Ethylene hydrogenation was carried out with 25 torr of ethylene and 25
torr of hydrogen, with argon making up the balance to 1 atm, as in Section 5.1.3. The
effect of titania coverage on the reaction rate is jllustrated in Fig. 5.49. The activity was
found to decrease strongly with coverage in a manner resembling the CO chemisorption-
versus-coverage plot of Figure 5.30. Titanis 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 discussed 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 8 keal/mole and sxhibit “Hattening out” of the rate at the higher temperature.
The similarity betwe.en 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 Ethane Hydrogenolysis on TiO,/Rh

The reports by investigators [12,14,23,24,29] of sharply diminished hydrocarbon hy-
drogenolysis activities when the platinum metals are supported on titania meke ethane
hydrogenolysis an excellent model reaction for the TiO./Rh system. Ethane hydrogenoly-
sis rates at 513 K, with 25 torr ethane, 25 torr hydrogen, and 710 torr argon are plotted
in Fig. 5.51 as a function of TiO, coverage. The dependence on TiO; coverage is simiiar,
though steeper, than that observed for ethylene hydrogenation. Tiﬁania appears to suppress

the hydrogenolysis reaction to the extent of CO chemisorption. At f1ior = 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, éoveragee. Below 453 K, both samples display activation energies near 35.5
kcal/mole which compares with values of 36 keal/mole for TiO2-supported Rh [30] and 42
kcal/mole for SiOz-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 TiO;/Rh catalyst. The origin of this‘ effect will be
discussed later. As in the case of ethylene hydrogenation, the trends with temperatura for

the bare and TiOz-covered surfaces are very similar, suggesting no dramatic changes in the

mechanism when TiO, is present.
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Figure 5.47: Properties of the TiO;/Rh sample after one hour of reaction (CO hydrogena-
tion). The relative amount of deactivation (open squares) and the AES carbon intensity
(solid circles) are shown as a function of TiO: coverage.
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Figure 5.48: Cross-plot of relative amount of deactivation with the AES carbon intensity
after one hour of reaction. Open squares denote the results for the AlO;/Rh samples while
the solid circles denote those for the TiO./Rh samples.
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Figure 5.49: Relative ethylene hydrogenation rate on TiO.-promoted Rh as a function of
TiO: coverage. Reaction conditions were: 323 K, 25 torr CaHy, 25 torr Hz, and 710 torr
Ar. 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 TiO;/Rh (0.21 ML). Except for the temperature variation, reaction conditions were
identical to those reported in Fig. 5.49.
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Figure 5.51: Relative ethane hydrogenolysis rate on TiOz-promoted Rh as a function of
TiO, coverage. Reaction conditions were: 513 K, 25 torr C;Hg, 25 torr Hz, and 710 torr
Ar. The rate for clean Rh was 15.2 x 10~° mole/s.
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Figure 5.52: Temperature dependence of the ethylene hydrogenation rate over clean Rh foil
and TiO.;/Rh (0.14 and 0.21 ML). Except for the temperature variation, reaction conditions
were identical to those reported in Fig. 5.51.



