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Abstract

The adsorption of oxygen, hydrogen, carbon monoxide, nitric oxide
and water on Rh(111) and Ru(001) surfaces has been studied using the
techniques of high-resolution electron energy loss spectroscopy, low-
energy electron diffraction, Auger electron spectroscopy, ultraviolet
photoelectron spectroscopy and thermal desorption mass spectrometry.

In many cases co-adsorption experiments have provided insight into the
nature of interaction between different adsorbates, with potential
implications for heterogeneous catalytic reaction mechanisms.

The interaction of oxygen with Rh(111) consists of adsorption, ir-
reversible thermally induced ordering and disordering phenomena, dissolu-
tion into the subsurface region and desorption. The thermodynamic para-
meters which describe these phenomena have been investigated. The forms
of the kinetic rate expressions for the catalytic reaction of adsorbed
oxygen with hydrogen are different for ordered and disordered arrays of
oxygen adatoms. In agreement with co-adsorption studies of hydrogen and
oxygen, and supported by studies of hydrogen chemisorption on clean Rh(111),
this implies that the rate of adsorption of hydrogen is sensitive to the
structure of the adsorbed oxygen lattice.

Two forms of molecularly adsorbed NO are readily distinguished on
a Ru(001) surface by the frequencies of the nitrogen-oxygen stretching
vibrations, which can then be used to observe the influence of co-adsorb-
ates. Oxygen, nitrogen and hydrogen adatoms compete selectively for the

adsites which are occupied by multiply-coordinated NO, whereas CO com-
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petes for adsites occupied by the singly-coordinated molecular NO.
Carbon monoxide can even induce conversion of adsorbed molecular NO
from sites of single coordination to sites of multiple coordination
with the metal substrate.

Water interacts with the Ru(001) surface to form chemisorption
bonds, but it also forms intermolecular hydrogen bonds which are of
comparable strength. This leads to formation of layered, hydrogen
bonded aggregates at all coverages. The properties of the first two
layers are distinct from those of the subsequent ice multilayers, and a
specific structural model for the hydrogen bonded lattices is proposed.
A thermally induced ordering effect is observed which is analogous to

the vitreous-to-cubic phase transformation of bulk ice.



Introduction



The study of the structure and properties of molecules adsorbed on
metal surfaces from the gas phase is a very active area of current research.
The purpose of this research is to elucidate the physics and chemistry of
the gas-metal interaction and to gain thereby a working understanding of
the fundamental processes which are involved in such important phenomena
as heterogeneous catalysis, surface corrosion, lubrication, adhesion,
alloy segregation and electrochemistry. By using single crystals of
metals and state-of-the-art vacuum technology, the surface scientist
may choose to study model systems in which the conditions of surface clean-
liness, surface structure, surface composition and exposure of the surface
to the gas phase are well-controlled variables. These are the types of
experiments described in this thesis. The conditions of such experiments
are usually less complicated than the conditions which prevail in the
processes which the experiments serve to model, such as heterogeneous
catalysis, although recent experiments have been designed specifically to
bridge the gap between these model systems and more "realistic" systems
(e.g., 1, 2).

In the course of studying the chemistry of an atom or molecule adsorbed
on a metal surface, valuable insight can be gained from a knowledge of
metallic complexes and compounds. Perhaps the most obvious example of
this is the interpretation of the vibrational spectra of adsorbed carbon
monoxide in terms of the number of metal atoms to which the CO molecule is
coordinated. Based directly upon the infrared spectra of metal carbon-
y1s (3) , surface scientists use the rule of thumb that a C-0 stretching
frequency above 1950 cm—1 indicates coordination toa singlemetal atom, a fre-

quency between 1950 and 1850 cm‘1 is indicative of bonding to two metal atoms,



and Tower frequencies are characteristic of higher coordination. This

is a consequence of increased back-donation of metallic electron density

into the 2r* antibonding orbital of CO as the coordination of the CO to

the surface or to the cluster increases (4). The development of the sensitive vi-
brational spectroscopy known as high resolution electron energy loss spectroscopy
(EELS), and its application as a surface technique in particular, has
fostered increasing reliance on the validity of comparisons between the
vibrational properties of well characterized ligands in metallic com-

pounds and adsorbates on metallic surfaces, in order to make identifica-

tion of the adsorbates possible. This and other types of comparisons rest
upon the basic assumption that the electronic structure of a metal atom

or a small metal cluster is sufficiently similar to that of the extended
metal surface, that the interaction with the ligand/adsorbate is also similar.
This in turn implies that the chemisorption bond can be considered as a
localized interaction involving only a few metal atoms. While this is
certainly not true universally, it appears to be true in specific cases,
some of which have been investigated in the course of preparing the

present thesis. Several recent reviews (5 - 7 ) provide quite thorough
discussions of various aspects of the metal cluster-metal surface analogy,
both in terms of dynamic properties such as catalytic activity and ligand
fluxionality/adsorbate mobility, and in terms of static properties such

as the structure and bond energies of the Tigand/adsorbate.

Two very recent measurements serve to illustrate the two approaches
to the metal cluster-metal surface analogy nicely. In one experiment, the

valence bandwidths of metal clusters deposited on amorphous carbon substrates

were measured with X-ray photoelectron spectroscopy (8 ). It appears



that the valence bandwidth converges to that of the bulk metal, for

the transition metals Rh, Pd, Ir and Pt, only when the average cluster
size is in excess of approximately 400 metal atoms (approximately 15 R
in diameter, assuming hemispherical clusters) (8). " To the extent

that a catalytic reaction or chemisorption bond requires interaction
with the extended metal surface, then, one must use experimental or
theoretical metal .clusters containing hundreds of metal atoms to model
bulk properties. On the other hand, another very recent investigation
indicates that the chemisorption bond formed by one particular adsorbate
may be considered a Tocalized interaction involving jsolated surface

complexes. The research group of G. Ertl has studied the interaction of PF4

with surfaces of Fe, Ru, Pd, Ir and Pt (9 ). They have compared the
photoelectron spectra obtained in these surface studijes with the photo-
electron spectra of corresponding meta]—PF3 complexes, making use of the
fact that there are many ligand valence orbitals uninvolved in bonding to
the metal which can be used as energy references, Only the 8a1 orbital
undergoes an energy shift due to bonding. This shift is quite sensitive

to the metal substrate, and in every case this energy shift is very similar
to that observed for the corresponding complex involving PF3 and a single
metal atom. This implies that the interaction of PF3 with the surface is

well modelled as an isolated surface complex (9 ).

A metal-ligand complex which is familiar to inorganic chemists, but
whose analog has been regarded with some skepticism by surface chemists, is
the metal-dioxygen complex. This type of complex forms by electron donation

from the metal to the partially filled antibonding 7_orbital of the oxygen

g9
Tigand (10, 11, 12)  Depending upon the extent of electron transfer,



this results in a "superoxo" or "peroxo" ligand, with formal 0-0

bond orders of 1.5 and 1.0, respectively. "Molecular oxygen" adsorbed

on a metal surTace has not been a popular concept because of the difficulty
of proving its existence. Oxygen dissociates readily on the Group VIII tran-
sition metal surfaces (;}), and evidence for associative adsorption has
been indirect, until recently. The advent of EELS has provided direct,
convincing spectroscopic proof that the oxygen-oxygen bond remains intact
following adsorption on some metal surfaces below room temperature. The
most notable cases to date are Pt(14), Ag(15) and possibly Ni(16). On these
surfaces, the oxygen-oxygen stretch of adsorbed dioxygen occurs at 870,

630 and 907 cm_l, respectively. The vibrational frequency observed for

4 (15), is slightly below the range of frequencies

oxygen on Ag(110), 630 cm_
associated with singly- or doubly-coordinated peroxo complexes, 790 to
932 cm_1 (11), whereas the frequencies of dioxygen adsorbed on Pt(111) (14) and

(possibly) on Ni(100) (16) are in the appropriate range. The frequencies of the
metallic superoxo complexes occur between 1075 and 1195 cm_1 (_1). Backx has
proposed that back-donation from the filled Wy bonding orbital of adsorbed
dioxygen to the metal may account for the lowering of the 0-0 frequency on
Ag(110) relative to the metallic complexes (15). Even though the adsorbed
dioxygen is thought to 1ie parallel to the metal surface (14, 15, 17), the
oxygen-oxygen vibration may be dipole allowed due to charge fluctuation
perpendicular to the metal surface as the oxygen atoms move parallel to

the surface (15). It is interesting to note that just such a charge

fluctuation has been postulated to occur for CO adsorbed on Cu(100) to

account for the observed rate of damping of the vibrationally excited



molecule, i.e. to explain the infrared linewidth of the carbon-oxygen
stretch (18). Alternatively, the 0-0 vibration may be mechanically
coupled to the metal-0 vibration and be dipole-allowed by this mechanism
(14).

The kinetics of the adsorption of oxygen on Rh(111) at 335 K, dis-
cussed in Chapter 3, is one of the indirect pieces of evidence which
supports the existehce of adsorbed dioxygen and which predates the EELS
experiments. The rate of adsorption of oxygen on Rh(111) clearly follows
(first-order) Langmuir adsorption kinetics, but only one adsorption site
is involved per molecule. If dissociation of the oxygen molecule were a
necessary prerequisite for adsorption, the (second-order) kinetics would
reflect the necessity for two adjacent adsorption sites for each adsorption
event. Apparently, at 335 K, the lifetime of the adsorbed dioxygen is
sufficiently long to govern the adsorption kinetics but far too short to
be observed spectroscopically (19). At 170 K, the rate of adsorption
indicates that a mobile precursor is involved, as discussed in Chapter 1.
This mobile precursor may well be molecular oxygen also.

Other evidence for nondissociative adsorption of oxygen has been

obtained from 018—016 isotopic mixing experiments on Pt(100) (20) and

Ag(110) (1§)§;)25am§1es, where absence of 016018 in a desorption feature
indicates that the 0-0 bond has remained intact, as well as from X-ray

and ultraviolet photoemission experiments on Pt(111) (14) and polycrystal-
Tine Ag (22) surfaces. Molecular oxygen may exist also under some con-
ditions on the (110) surface of Ir, based upon Auger electron spectroscopy
and irreversible thermal changes in the work function (12). Thus, ad-
sorption of dioxygen occurs on a variety of crystallographic p]ahes of a
variety of metals (Ni, Rh, Ir, Pt, Ag), which indicates that it is a
general phenomenon. Identification of these species in terms of

"superoxo" or "peroxo" like compounds has been available only from the



EELS data, however. This identification is quite important in terms
of discussing the reactive infermediates which may be formed in
catalytic reactions such as epoxidation of ethylene over Ag catalyst
(19).

It is also interesting to compare the interaction of molecular
water with a metal surface to its interaction with metal atoms in aquo-
metallic clusters and complexes. As discussed in Chapter 9, the adsorp-
tion of H20 on the hexagonal surface of ruthernium has been studied, and
the vibrational, geometric, electronic and thermodynamic properties of
the adsorbate have been investigated in detail. One of the most in-
triguing aspects of the study was the observation of the intramolecular
deformation mode at a frequency of 1510 to 1640 cm—1 in the EEL spectra.
The frequency increased monotonically with increasing coverage of H,0,
as shown in Fig. 5 of Ch. 9. The frequency at 1640 cm'1 was observed
for multilayers of ice on the Ru(001) surface and compares well with
the infrared frequency of the absorption feature assigned to the
scissoring mode of water in crystalline ices, 1650 em (23). The
large shift in frequency with coverage is attributed to a smooth progres-
sion, from a state at Tow coverage in which a large fraction of the total
adsorbed water is bound directly to the Ru surface ( chemisorbed H20)
to a state at higher coverage in which most of the water molecules are
bound in an ice-likemultilayer. The fact that the scissoring frequency,
Vs> 1s so low for the chemisorbed H,0 can be explained in terms of bonding
via electron donation from the water to the metal substrate. As discussed
in detail by Hauge, et. al. (23), a rationalization for the lowering of

v is available from an examination of the photoelectron spectrum of HZO‘



Removal of an electron from either the 1b1 or 3a1 orbitals of gaseous
water causes a widening of the H-0-H bond angle and a corresponding
decrease in vs(_§). The decrease in v can be accounted for therefore
by partial electron donation from the molecular 3a1 and/or lb1 orbitals

to the metal substrate upon adsorption. Values of Vg between 1498 and
1535 cm_1 have been reported for metal-sulfate (selenate) aquo complexes
(26), where the metal atoms are Ni, Mg, Co, Zn, Fe, Mn and Cu. There
was no apparent correlation between Vg and the frequency of the O-H

stretch, vy,, which Ted Oswald (26) to conclude that vy, is more sensitive

OH
to intermolecular hydrogen bonding than to the metal-Tigand interaction.
This is in complete agreement with our results also, which show that
VoH of HZO on Ru(001) maintains a constant value (within the limits of
uncertainty) at all coverages, 3370 + 50 cm-l, because hydrogen-bonded
clusters of water molecules form at all coverages. Photoionization of
H,0 via either the 1b; or 3a; orbitals causes vgy to decrease by 440 em !
or to remain constant, respectively.

Furthermore, matrix-isolation studies of water bound to the Group

Obondstrengths'
1

II1TAmetal atoms have suggested that increases in the meta1-H2

may correlate with decreases in vs(gﬂ). Decreases in v, of 10 to 21 cm”
are observed in these experiments, relative to the scissoring frequency of
matrix-isolated H,0, 1593 cm—l.

It is interesting to note also that a relatively large H-0-H bond angle

has been reported for chemisorbed HZO on Ru(001): 116 + 10° (27). This

value is derived from an extrapolation of directional electron-induced

emission of H' jons from chemisorbed HZO to field-free conditions (27).



[However, it must be kept in mind that the angular distributions of ions
emitted as a result of ESD may be subject to other influences whose
relative importance are as yet unknown. These influences include

the interaction between the emitted electron and its image charge in the
metal, as well as possible bond re-orientation as a result of electronic
excitation (final state effects).] The H-0-H bond angle in isolated

H20 is 104.5°. As noted above, a broadening of the H-0-H bond angle
results from photoionization of the 3a1 or lb1 orbitals of molecular HZO'
Thus, electron donation from chemisorbed water to the Ru substrate may
account for both experimental observations: the large H-0-H bond angle,
and the Tow values of Vs; It is noteworthy that electron donation from H20
to the metal has been postulated to occur even when the metal is a very
strong electron donor, such as lithium. This is based on experiments

with matrix isolated Li-H,0 clusters (28) and with water adsorbed on a

Li substrate (29).

Metal cluster chemistry has proven valuable in elucidating metal
surface chemistry also in the area of nitric oxide adsorption. The
adsorption of nitric oxide on Ru(001) has been studied in detail, pri-
marily with EELS, and co-adsorption with other adsorbates has proven
particularly informative in identifying adsite symmetries. This research
is the topic of Chapters 6, 7 and 8.

The EEL spectrum of NO on Ru(001) shows two loss features in the
energy range where the N-0O stretching mode, U of molecularly adsorbed
NO would be expected, i.e. between 1350 and 2000 cm-l, in analogy with
the infrared spectra of metal compounds containing nitrosyl Tigands

(3, 30, 31). The frequencies of these two features are shown

in Fig. 1 of Ch. 6. In metal nitrosyl complexes, frequencies between
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1750 and 2000 cm-1 are usually associated with a Tinear and terminal

M-N-0 (formally N0+) configuration (3, 30, 31). (A transition metal
atom is symbolized by "M".) Frequencies between 1525 and 1750 cm_1 are
generally due to bent nitrosyls (formally NO™) with M-N-0 angles between

119° and 177°. Frequencies below 1525 cm"1 are associated with coordination

of the nitrosyl Tigand to multiple metal centers. For example, in
the compound Ru3(C0)10(NO)2, with doubly coordinated nitrosyls, VO

1

occurs at 1533 to 1500 cm ~ (32, 33). In (C5H5)3CO3(NO)2, with

nitrosyls coordinated to three metal atoms,vN0 falls to 1405 cm_1 (34).
It must be kept in mind that correlations between vibrational frequencies
and bonding configurations in metal nitrosyl complexes are not exact

due to (at Teast in part) the variable electronic influence of the other
Tigands in the complex (30, 31, 35). It should be remembered also that
influences such as dipole-dipole coupling can cause coverage-dependent
frequency shifts of up to 35cm_1 for adsorbates on metal surfaces, as

has been shown recently, for example, in the case of CO adsorbed on Pd(100)
(36a) and Cu(111) (36b). However, the values of v, inmetal nitrosyl com-
pounds provide the onlyreasonable reference for assigning the vibrational
features observed for NO adsorbed on metal surfaces, and it is on this
basis that the original bonding configurations of NO on Ru(001) were
assigned (37). The co-adsorption experiments of Chapters 6to 8 have
confirmed these assignments. The loss feature which occurs at 1380 to

1 for NO adsorbed on Ru(001) is due to NO bound at a site of

1525 cm”
threefold coordination ("bridged" NO). The other vibrational frequency
ranges from 1780 to 1820 cm_1 and is due to molecular NO bound linearly
to a single metal atom,

Carbon monoxide competes preferentially for the sites of single
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coordination (cf. Ch. 7), whereas atomic nitrogen, oxygen and hydrogen
compete with nitric oxide for the three-fold adsites. This site compe-
tition is quite clearly and unambiguously evident in the EEL spectra.
Adsorption of carbon monoxide can even cause conversion of some of the
terminally bound NO to multiply coordinated NO, which has been observed
directly in the EEL spectra. This surface reaction has a close analogue
in the reactions of two metal cluster compounds, 053(CO)12 (38) and
Ru3(CO)12 (39). These trinuclear clusters have twelve linear and terminal
carbonyl ligands. They react with nitric oxide gas to form compounds of
the formula M3(CO)9(NO)2, in which three of the carbonyl ligands on one
metal atom have been replaced by two terminal nitrosyl ligands. This
reaction sequence is illustrated in Fig. 4 of Ch, 7. Finally, the reaction
of these compounds with CO forms products of the type M3(C0)10(N0)2, in
which both nitrosyl ligands are now two-fold coordinated (bridged), a
single terminal CO has been added, and a M-M bond has been broken. Thus,
the conversion of the nitrosyl ligand by CO(g) from a state of single
coordination with the metal to a state of multiple coordination occurs in
both a metal surface reaction and a metal cluster reaction.

Co-adsorption of nitric oxide and hydrogen has shown that atomic
hydrogen preferentially adsorbs in the three-fold hollow sites on Ru(001).
This conclusion was reached also for hydrogen adsorbed on the hexagonal
surface, Ni(111), based upon a multiple scattering analysis of the
Tow-energy electron diffraction (LEED) features(40). These features, due
to variations of the diffracted current with variations in the incident

beam voltage, showed that hydrogen was bound in the two inequivalent types of

0
hollow sites with equal Ni-H bond Tengths of 1.84 + 0.06 A, orametal-Hdistance
0
along the surface normal of 1.15 * 0.1 A. These parameters are reasonably

close to the Ni-Hbond lengths in the compound H3Ni(C5H5)4, wherein the Ni atoms



1z,

form a tetrahedron and the hydride 1igands bridge the three triangtlar faces of

the N14 cluster. In this compound the Ni-H bond lengths are 1.716

to 1.678 R, and the H atoms are positioned 0.907 R above the
Ni3 faces, on the average (41, 42). However, M-H bond lengths in
metal hydrides are not very sensitive to the degree of hydride coordi-
nation: terminal M-H bond lengths vary from 1.60 to 1.78 R, M2H bond
lengths vary from 1.71 to 1.88 R, and average M3H bond lengths are 1.69
and 1.73 R in the two systems which have been studied (42). Three-fold
coordination of adsorbed hydrogen has been deduced also from EELS data
for a Pt(111) surface, with Pt-H bond lengths of 1.76 R and a surface-
hydrogen separation of 0.76 2 @3).

Perhaps a more interesting aspect of the cluster hydride-surface
"hydride" structural comparison is the observation that interstitial
hydrogen atoms have been identified in the transition metal compounds

3-

17 (42), [HNi,,(CO)

[HCog (0) (42), [HNi|,(C0), 177 (42), and

18 121000511
2- . . .

[Rh13(C0)24H3] (5). While it has been well established that hydrogen

diffuses into the bulk of metallic Pd, there is recent evidence that

subsurface diffusion of hydrogen may be a more general nhenomenon,

-

occurring alsoon Ni and Pt surfaces (44). The characteristics of
interstitial metal hydrides undoubtedly will provide a fertile area
of comparison for inorganic and surface chemists.

In conclusion, many analogies between metal surfaces and metal
clusters have been discovered during the course of the present research.
The comparisons range from the basic identification of surface complexes
such as adsorbed dioxygen, to the nature of bond formation in a metal-aquo

moiety, to the displacement and conversion of nitrosyl ligands by reaction

with carbon monoxide. The broader goal of this research has been to investi-
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gate the physical chemiétry of the interaction of gases with Group
VIII transition metal surfaces, with particular emphasis on inter-
actions which are relevant to heterogeneous catalysis and electro-
chemistry. The experimental techniques employed in these investi-
gations include thermal desorption mass spectrometry, low-energy
electron diffraction, ultraviolet photoelectron spectroscopy, Auger
electron spectroscopy, changes in the contact potential which result from
adsorption, and high resolution electron energy loss spectroscopy.
These techniques have provided information directly on rates of
adsorption and desorption, the kinds of two-dimensional adsorbate and
substrate lattices which form, the identity of reaction products, and
the energies of electronic and vibrational transitions of the metal-
adsorbate complex. Based on these data, models have been proposed
which describe explicitly the types of adsorption sites which are
occupied, the nature of adsorbate-adsorbate interactions, the chemical
identity and structure of adsorbed intermediates and the thermodynamic
parameters involved in adsorption and desorption reactions.

Chapters 1 and 2 present experimental investigations of ad-
sorption of oxygen and hydrogen on the (111) surface of Rh.
These chapters provide the groundwork for Chapter 3, which discusses the
catalytic reaction between adsorbed oxygen and gaseous hydrogen to pro-
duce water, catalyzed by the Rh(111) surface. These findings are clari-

fied and supported by the data of Chapter 4, which presents a study of
oxygen and hydrogen co-adsorbed on Rh(111). Chapter 5 discusses the
adsorption of carbon monoxide on the Rh(111) surface, which provides an in-
teresting contrast to the interaction of CO with the Ru(001) surface.

The adsorption of nitric oxide, and its co-adsorption with CO, N,
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0 and H on Ru(001) are the subjects of Chapters 6, 7 and 8. These
investigations concern primarily the vibrational properties of the
adsorbed overlayers.

inally, chemisorption and hydrogen bonding are the topics of
Chapter 9, which presents an analysis of the adsorption of HZO on
Ru(001). A detailed description of the properties and nature of
hydrogen-bonded clusters on the Ru substrate is proposed. Following
the conclusions are several appendices which describe research in
which the author of this thesis was not the principal investigator,
and one appendix (Appendix 4) which describes the mechanical design
and operation of an ultraviolet radiation source for use in angle-re-

solved photoelectron spectroscopic studies.
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The adsorption of oxygen on Rh(111) at 100 K has been studied by TDS, AES, and LEED.
Oxygen adsorbs in a disordered state at 100 K and orders irreversibly into an apparent (2 X 2)
surface structure upon heating to 7 > 150 K. The kinetics of this ordering process have been
measured by monitoring the intensity of the oxygen (1, 1/2) LEED beam as a function of time
with a Faraday cup collector. The kinetic data fit a model in which the rate of ordering of oxy-
gen atoms is proportional to the square of the concentration of disordered species due to the
nature of adparticle interactions in building up an island structure. The activation energy for
ordering is 13.5 + 0.5 kcal/mole. At higher temperatures, the oxygen undergoes a two-step irre-
versible disordering (7 > 280 K) and dissolution (T > 400 K) process. Formation of the high
temperature disordered state is impeded at high oxygen coverages. Analysis of the oxygen ther-
mal desorption data, assuming sccond order desorption kinetics, yields values of 56 + 2 kcal/
mole and 2.5+ 1073 ¢m? 57! for the activation energy of desorption and the pre-exponential
factor of the desorption rate coefficient, respectively, in the limit of zero coverage. At non-zero
coverages the desorption data are complicated by contributions from multiple states. A value
for the initial sticking probability of 0.2 was determined from Auger data at 100 K applying a
mobile precursor model of adsorption.

1. Introduction

The interaction of oxygen with Group VIII transition metal surfaces is impor-
tant in understanding both partial and total oxidative catalysis over these surfaces.
However, the interaction is so complex that the experimental work reported to date
leaves many questions to be answered before a consistent detailed atomic model for
the oxygen + metal system can be developed. In this paper, we report the results of
a study of the interaction of oxygen with the Rh(111) surface based on low-energy
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elzzrron diffraction (LEED), thermal desorption mass spectrometry (TDS). and
Auger electron spectroscopy (AES).

Tucker [1,2] has studied LEED patterns formed by oxygen on Rh(110) and
Rh(100) surfaces. However, later studies have suggested that these early experi-
ments were carried out on a contaminated surface [3]. The adsorption of small
molecules, including oxygen, on Rh(100) and Rh(111) surfaces has been reported
by Castner et al. [4]. The present study is a more detailed examination of the inter-
action of oxygen with Rh(111) than has been reported previously.

In section 2, a description of the experimental apparatus and procedures is pre-
sented. The experimental data are presented in section 3, and their interpretation is
discussed in section 4.

2. Experimental details

The ultra-high vacuum (UHV) apparatus, crystal preparation and cleaning proce-
dures, and measurement techniques for the LEED data have been described else-
where [5]. The system was equipped with a single-pass cylindrical mirror electron
energy analyzer for Auger spectroscopy. It was equipped also with 4-grid LEED op-
tics and a movable Faraday cup collector. Gases were admitted to the UHV cham-
ber and exposed to the crystal by adjusting a variable leak valve until the desired
steady state pressure was obtained, as measured with a Bayard-—Alpert gauge. All
oxygen exposures are reported in Langmuirs (Torr s X 10®, L), corrected for the
sensitivity of the ion gauge to oxygen relative to nitrogen. Thermal desorption
spectra were measured with the crystal rotated 185° from the quadrupole mass
spectrometer (QMS), except for several line-of-sight measurements. The QMS was
operated at an electron energy of 70 eV and an emission current of 2.0 mA in all
measurements. Research grade O, (>99% purity) from Matheson was used in all
experiments. The measured pumping speed of the system was 980 1/s for CO and
17501/s for H,, using an estimated value for the system volume of 50 1.

3. Experimental results
3.1. Oxygen thermal desorption spectra

Representative thermal desorption spectra for oxygen on the clean Rh(111) sur-
face are shown in fig. 1B. The crystal was exposed to O, at temperatures below
170 K and was heated to 1240 K at a rate of ~24 K/s during each flash. The oxy-
gen Auger intensity was recorded after cach exposure (fig. 1A) to give an indication
of the amount of oxygen which had been adsorbed, and it was recorded after each
desorption experiment (fig. 1C) to show that the crystal had returned to its original
condition. We believe that the small residual oxygen Auger feature remaining after
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Fig. 1. Thermal desorption of O, from Rh(111). The Auger spectra were taken with Ve =
2000 eV, 1o =4.1-4.3 pA, Vg = 1.2 eV, sensitivity = 10X,

desorption is due to subsurface oxygen as will be discussed later. In fig. 2, the oxy-
gen Auger intensity, taken as the peak-to-pcak amplitude, and the yield of ther-
mally desorbed O, are plotted as functions of O, exposure. These data show clearly
that at low oxygen exposures, an appreciable amount of oxygen adsorbs on the
crystal and disappears upon heating to 1240 K, but not by means of O, desorption.

We investigated the possibility that atomic oxygen (M = 16 amu) or volatile rho-
dium oxides (RhO: M =119 amu; RhO,: M =135 amu: Rh,;05: M =254 amu)
were being evolved during the thermal desorption, but no such species were ob-
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served. The appropriate mass peaks were monitored during oxygen desorption
with the crystal directly in line-of-sight with the mass spectrometer and approx-
imately 1 cm removed. The rhodium oxide mass peaks were monitored with the
resolution of the mass spectrometer fully degraded. This effectively increased
the sensitivity by a factor of three. However, no evidence for the evolution of
atomic oxygen or volatile rhodium oxides from the crystal was observed. This pre-
cludes the possibility that the absence of oxygen thermal desorption at low O,
exposures is due to desorption of species with mass other than A = 32 amu.

On the basis of the above experiments, it appears that competition between two
modes of oxygen depletion occurs during thermal desorption of oxygen: dissolu-
tion into the bulk and desorption as molecular oxygen, with dissolution being the
predominant depletion mode at low coverages. On the basis of the Auger data of
fig. 2, at least 40% of the saturation coverage of oxygen must adsorb before O,
desorption is observed. This “threshold effect” means that the thermal desorption
peak areas can only be interpreted as cffective desorption coverages, not as total
relative oxygen coverages. Experimentally, it was observed that a high exposure to
0O, and subsequent heating could be followed by a low O, exposure and heating,
with no desorption resulting from the second exposure. This indicates that the
desorption behavior at low exposures cannot be due to formation of a permanent
surface or subsurface oxide which remains unchanged during the desorption mea-
surement. In repeating these experiments on two separate Rh(111) crystals, the O,
exposure required to produce measurable O, desorption varied only from 1.3 to
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1.6 L. If oxygen is depleted by dissolution intc t:2 bulk at low coverages, one
would expect the desorption threshold to be somewhat sensitive to previous O,
exposure and heating cycles, as was observed.

It should be noted that the thermal desorption peak areas were estimated on the
assumption that the rising background during the final stages of heating could be
represented by a straight line, the position of which was determined empirically.
The validity of this procedure is supported by the observation that desorption spec-
tra following low O, exposures were straight lines as in the 1.2 L O, exposure
experiment shown in fig. 1B. Backgrounds are shown as dashed lines in the desorp-
tion spectra of this figure. It should be noted also that a small, sharp, first order O,
desorption peak was observed consistently at 158 K. The magnitude of this peak
scaled approximately with exposure and was less than 10% of the area of the high
temperature peak. This peak could be due either to adsorption on the Ta support
wires or to O, desorption from molecularly adsorbed oxygen on the Rh(111) crys-
tal. At ~150K, an undissociated O, desorption state has been seen for O, adsorp-
tion on Pt(100) [6].

The O, thermal desorption spectra exhibit apparent second order behavior; the
peak shifts from ~1160 to 1038 K with increasing coverage. On the assumption
that desorption obeys second order kinetics, the activation energy and pre-exponen-
tial factor for each desorption peak were calculated using the method of Chan et al.
[7]. This method involves measuring the peak width and the temperature at which
the maximum rate of desorption occurs. The results are shown in figs. 3 and 4. The
calculated kinetic parameters vary dramatically with coverage, which demonstrates
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that the desorption spectra do not represent a simple second order process. The
effective pre-exponential factor, »3(®, varies from 1.5 X 107 cm? s™! at high cov-
erage to 2.5 X 1073 cm? s™! at zero oxygen surface coverage, where the latter value
has been obtained from a linear extrapolation of the logarithm of §(? to zero sur-
face coverage. The effective energy of desorption, E5®) | may be extrapolated lin-
early to a value of 56 + 2 kcal/mole at zero surface coverage; at high coverage, the
measured value of £5(?) was 29 kcal/mole. The errors in the kinetic parameters are
based on the statistical scatter in the experimental data with respect to a linear least
squares fit to the data.

The kinetic parameters which were calculated by extrapolation to zero surface
coverage are reasonable for second order O, desorption. At higher coverages,
the anomalous kinetic parameters are related to desorption peak broadening.
This may be caused by the occurrence of unresolved site-dependent desorption
states, or by strong interactional effects within the overlaver. In either case, the
original assumption of simple second order kinetics for a single state is clearly
invalid. Therefore, the calculated kinetic parameters shown in figs. 3 and 4 have no
straightforward physical meaning, except in the limit of zero coverage: Eéz)=
56 + 2 kcal/mole and v§{?) = 2.5 X 107 cm? 57!,

For O, exposures <2.4 L at a crystal temperature <170 K, a value of the stick-
ing coefficient, Sp, was calculated on the basis of the Auger data of fig. 2. The
result is So =0.16 £ 0.02, where the error is estimated on the basis of the scatter in
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Fig. 5. O, thermal desorption spectra following 8.4 L O, exposure to annealed O + Rh(111).

the data relative to a linear least squares fit. Errors in absolute calibration of the
Bayard—Alpert gauge could lead to a factor of two uncertainty in Sy. The value of
So measured is very comparable to values of S, reported for the other Group VIII
transition metals. (See, for example, refs. [8—11].)

When oxygen is adsorbed on top of an annecaled oxygen overlayer, the shape of
the O, thermal desorption peak changes distinctly, with the leading edge becoming
much sharper and the peak maximum moving to lower temperatures. This effect is
illustrated in fig. 5 and will be discussed more fully in a later section.

3.2. Oxygen Auger spectra

Adsorbed oxygen also exhibited behavior indicative of dissolution into Rh(111)
at temperatures below those at which desorption occurred. A high-sensitivity study
of the oxygen Auger intensity as a function of anncaling temperature showed a def-
inite decrease at temperatures below the onset of desorption. Following exposure
to 3.1 L O, at temperatures below 140 K, the crystal was heated to successively
higher temperatures, and the Auger spectrum was recorded after the crystal had
recooled. Representative oxygen Auger spectra are shown in fig. 6 for various final
heating temperatures. The intensity, measured as the peak-to-peak amplitude of the
differential 510 eV oxygen transition relative to the 303 eV Rh transition, began to
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decrease near 390 K and reached 50% of its original value upon heating to 800 K,
where desorption begins for high oxygen coverages. This is illustrated in fig. 7B,
where the normalized oxygen : rhodium Auger peak intensity ratio is plotted as a
function of the temperature to which the crystal with the adsorbed overlayer was
heated. A viable explanation for the systematic decrease in the O : Rh Auger peak
intensity ratio above 400 K is that the oxygen penetrates the crystal at relatively
low temperatures. This is supported by other data which will be discussed.

The line shape of the oxygen Auger transition resulting from chemisorption of
oxygen on the Rh(111) surface was distinctly different from the line shape of the
residual oxygen Auger transition following a high temperature anneal in vacuum, as
shown in fig. 6. Chemisorbed oxygen exhibited a major peak at 510 eV and a smal-
ler peak at 448 eV. The positions of these peaks were invariant upon heating to
temperatures up to the onset of desorption, although the intensity decreased during
the course of this treatment. The residual Auger signal shows a broad maximum at
~515 eV. The oxygen Auger peak shown in fig. 6 after heating to 1250 K is typical
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of our Rh(111) surface and represents 0.3--0.6% of the intensity of the 303 eV Rh
peak. The maximum O : Rh Auger peak intensity ratio observed was ~5%, follow-
inga 12.2 L O, exposure at 7<< 170 K. Heating the crystal to 1660 K in vacuo did
not change the residual oxygen Auger intensity. It was unaffected also by heating
the crystal to 670 K in 3 X 1077 Torr H, for 1 min or to S00K in 5 X 1077 Torr
CO for 15 min. Furthermore, it was unchanged following a series of H, or CO
exposures at 7<< 170 K and subsequent heating. It is interesting to note that in
experiments on two separate crystals, this residual oxygen AES peak was absent or
very small when the crystal was at room temperature, but appeared or intensified
when the crystal was cooled to near liquid nitrogen temperature. This phenomenon
may be related to temperature-dependent surface segregation of bulk oxygen,
although it was not studied in detail.

If one assumes that this small residual oxygen Auger intensity is due to oxygen
uniformly distributed throughout the near surface region of the Rh crystal, then
the amount of dissolved oxygen present is on the order of 1 atS.. This number
represents a crude upper limit, since it ignores the effect of primary electron beam
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attenuation and secondary electron emission in the bulk. The calcu:lztion assumes
an escape depth of 10 A for 500 eV electrons [12] and a saturation surface cover-
age of 4 X 10'% cm™2.

A study of the oxygen Auger intensity as a function of time showed that elec-
tron beam damage could not account for the observed variation in oxygen Auger
intensity with annealing temperature. At a beam voltage of 2000 eV and a beam
current of 4.3 pA (measured using the commercial Varian gun control unit output),
the net change in the O : Rh intensity ratio was less than 5% over a period of 60
min. On the basis of these results, as well as the observed constancy in the O : Rh
Auger intensity ratio at temperatures below 390 K (fig. 7B), it is concluded that
electron stimulated desorption of oxygen cannot be invoked as an explanation for
the results shown in figs. 6 and 7B.

3.3. LEED studies of irreversible thermal ordering and disordering of oxygen on
Rh(111)

The LEED pattern characteristic of the clean Rh (111) surface exhibited hexag-
onal symmetry, as reported previously [2—5]. A (2 X2) LEED pattern was ob-
served for oxygen adsorbed on the Rh(111) surface. All O, exposures were made at
T<<120K, and the intensity of the oxygen overlayer LEED pattern was observed
to have a marked dependence upon the temperature to which the crystal was
heated following exposure to O,. A detailed study of the intensity of the oxygen
overlayer LEED pattern as a function of heating temperature indicated that a com-
plex, irreversible ordering-disordering phenomenon was occurring. No pattern other
than the (2 X 2) formed as a result of oxygen adsorption following annealing at
temperatures up to 1250 K.

Experimentally, the crystal was exposed to between 1.0 and 8.5 L of O, at
T<120K. The crystal was then heated to successively higher temperatures. The
intensity of the oxygen (1, 1/2) beam was measured with the Faraday cup when the
crystal had recooled to T'<X105K after each heating cycle, thus eliminating
Debye—Waller effects in our intensity measurements. In fig. 7A, we show the
intensity as a function of heating temperature following exposures of 1.0, 2.4 and
8.5 L O,. The data show that the ordering—disordering phenomenon is coverage
dependent and appears to occur in at least two distinct stages: the oxygen orders
between 150 and 280 K, then undergoes a disordering/depletion process at higher
temperatures. Both processes are irreversible as indicated by the following two
experiments:

Experiment A. Following a 2.4 L O, exposure, the crystal was heated stepwise
to 467 K, which is just at the leading edge of the intensity plateau for the 2.4 L
exposure in fig. 7A. The crystal was then annealed at 280 K for ten minutes. The
oxygen overlayer LEED intensity increased from 63% to 69% of the value of the
maximum ordered intensity as a result of this prolonged heating. With the electron
beam off, this LEED intensity was stable to within 192 over a twenty minute period
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at 90 K, indicating that electron impact effects are unimportant in the LEED mea-
surements.

Experiment B. The crystal was heated stepwise to 739 K following a 1.0 L O,
exposure. The crystal was then annealed at 245 K for 8 min. When the crystal was
recooled to T< 105 K, the oxygen (1, 1/2) beam intensity, I(1, 777), had increased
from 33% to 39% of the value of the maximum ordered intensity.

In both of these experiments, the small increases in /(y,1/2) over long periods of
heating are insignificant compared to the major effects which were observed upon
heating the crystal to successively higher temperatures, and do not detract from our
general conclusion that the order - disorder transition is irreversible.

It is important to note that, following an 8.5 L O, exposure and subsequent
stepwise heating, the intensity of the ordered oxygen LEED beams remained con-
stant between 280 and 530 K, whereas the intensity of the oxygen LEED beams
resulting from 1.0 to 2.4 L O, exposures dropped sharply between 280 and 400 K.
This indicates that the disorder/depletion process occurs in two steps, the first step
being inhibited at high coverages. We propose that between 280 and 400 K the
ordered layer disorders irreversibly, and that the extent to which disordering occurs
depends upon the coverage of ordered material, i.e., upon the number of unfilled
adsites remaining on the crystal surface after ordering occurs. This is followed by
dissolution into the near surface region at temperatures between 400 and 800 K.
Detailed studies of the high temperature disordering process will be reported in the
following paper [13], in which the energy of activation for the disordering process
was measured to be 8.2 + 0.3 kcal/mole.

Examination of the O : Rh Auger intensity ratio as a function of heating tem-
perature in fig. 7B supports this two-step model, since the O : Rh Auger intensity
ratio only begins to decrease at temperatures above 400 K following a 3.1 L O,
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Fig. 8. Effect of anncaling oxygen overlayer (3.1 L Oy exposure) to 690 K, then re-exposing to
3.1 L 0, at T < 118 K, on the intensity of the oxygen (1, 1/2) spot.
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exposure. At 400K, /(;_ 773) fora 3.1 L O, exposure has already decreased to 76%
of its maximum value due to irreversible thermal disordering.

The result of exposing the crystal to 3.1 L O,, heating successively to tempera-
tures up to 775 K, then re-exposing to 3.1 L O, is shown in fig. 8. Either the capac-
ity of the crystal for further adsorption was reduced greatly by the initial O, expo-
sure and heat treatment, or more oxygen was adsorbed but was prevented from
ordering by the initial treatment. On the basis of the oxygen AES intensity as a
function of exposure and the desorption data of fig. 2, and on the basis of hydro-
gen—oxygen coadsorption experiments to be discussed in a separate paper [14], the
latter explanation is more plausible.

3.4. Kinetic studies of oxygen ordering using LEED

The kinetics of the ordering process between 150 and 280 K were studied in
detail by monitoring the intensity of the oxygen (1, 1/2) beam as a function of
time, while the crystal was maintained at constant temperature (+ 1.4 K) following
exposure to 2.4 L O, at temperatures below 120 K. The oxygen (1, 1/2) beam
intensity as a function of time is shown in fig. 9, with the intensities normalized to
their asymptotic values. The asymptotic intensities were measured after each inten-
sity—time curve had been recorded by heating the crystal to 280 K, recooling to the
temperature of the kinetic measurement, and recording the intensity at that tem-

1= 240.4K
234.2K 229.6K
0.9}—
a 98 218.1K
W
e
=1 |
; 0.7
= 208.6K
S osl-
S
= 0.51—
0.4
0.3}
0.2 | | | ! | | |
0 100 200 300 400 500 600 700 800
TIME, S

Fig. 9. Kinetic data for oxygen ordering on Rh(111): intensity of the oxygen (1, ﬁ—?) spot asa
function of time at constant temperature for 7 = 208.6, 218.1, 229.6, 234.2 and 240.4 K.
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perature. In this way, our measurement of the asymptotic intensity relative to the
kinetic intensity curves was unaffected by Debye--Waller effects or changes in
magnetic field due to variations in heating current.

In treating the kinetic data, several different kinetic models were tested. The
integrated kinetic functions are shown in fig. 10 for six different kinetic models. It
is apparent that the rate laws which are second order in concentration of disordered
species, Ng, linearize the experimental data best. The goodness of fit of the experi-
mental data, and the activation energy calculated for any particular kinetic model,
are insensitive to the functional dependence of I, 17y on the concentration of
ordered species, No. We assumed therefore that /1, 173y is proportional to N3, as
kinematic scattering theory predicts. The proportionality constant was calculated
with the assumption that the maximum value of /¢y, 173) represented 4 X 104
atoms/cm? following a 2.4 L O, exposure, i.e., that the (2 X 2) pattern observed
represents a p(2 X 2) structure rather than three independent p(2 X 1) domains
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rotated 120° with respect to one another. (The pre-exponential factor is the only
kinetic parameter which depends upon the value of the proportionality constant,
and the goodness of fit of any given kinetic model to the kinetic ordering data is
independent of the value of this constant.)

In fitting the data to kinetic models, we assumed that

No=cpil? €]
Ng=CI¥? —ci?, (2)

where /. is the experimentally determined asymptotic value of I, 173), /; is the
value of I(; 173) at any time 7, and C is the proportionally constant. In addition,
we assumed that the oxygen overlayer is completely disordered following adsorp-
tion at T< 120K, ie., Ng=CI4? at t=0. It was shown that the linearity of fit
of the data in the three lower plots in fig. 10 is sensitive to the assumption that
N4 =0 for I, = I.. This supports the basic assumptions in the models, egs. (1) and

).

dNg 2,172
- T K Ny Ny _
240.6K
6 .
0,
=
o
~
©
X
o 229.6K —
=
22— -
208.6K
[0} 1 ! 1 ! |
[0} 100 200 300 400 500 800 700 800

TIME, S
Fig. 11. Integrated form of the kinetic data as a function of time for all data, for the particular
case of the rate of ordering =« Né /\’(1)/2, where « = x(0) exp(—£,/kT) by definition. In calculat-
ing these values, it was assumed that /} 2 = C N where €' =2.1 X 10714 em? for the nor-
malized data. Thus,

. ek i N2 g2
S BV LR UYLV Y I

where Ny = the value of Ng at time 7, and N = 4 X 1014 cm™2.
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The activation energies, £,, and pre-exponential factors, K(O), calculated for five
different models are given in table 1. The errors in the kinetic parameters are esti-
mated statistically on the basis of the scatter in the kinetic rates. Note that models
(C) through (E), all of which have an N} dependence in the rate law, yield values
for the activation energy of ordering which are identical within the error of the
measurement: 13.5 £ 0.5 kcal/mole. For models (A) and (B), the integrated kinetic
data were not linear functions of time, as is apparent in fig. 10. Therefore, the rate
of ordering of the oxygen at various temperatures was estimated by fitting empiri-
cally a straight line to the last points in the kinetic plots, and the kinetic parameters
given for these models are based on this approximation. In fig. 11, we show the
integrated kinetic data as a function of time for all temperatures, assuming a rate
law which is second order in Ny and half order in Ny. This kinetic model is appeal-
ing intuitively since the N§/? factor is consistent with an island growth model,
although there is no other justification for choosing this model over one which has
a different dependence on Ny. It should be noted that model (E) is physically
unreasonable under the assumption that the oxygen overlayer is completely dis-
ordered following adsorption at 7<X 120 K. Inspection of the integrated form of
the kinetic rate law for model (E) in table 1 shows that if /o = 0, an infinite time is
required for the ordering process to occur.

The rate of ordering at each temperature was determined from the slope of a
least squares fit to the integrated kinetic data. The fitted lines for this particular
model are shown in fig. 11. The slight nonlinearity of the integrated data at low
temperatures and short times may be due to the physical sharpening of the oxygen
(1, 1/2) spot as ordering occurs. This effect was observed visually and may be
thought of as an instrumental artifact related to the acceptance angle of the Fara-
day cup. The Arrhenius plot for this kinetic ordering model is shown in fig. 12. It
should be noted that although the kinetic data only span a 32 K temperature range,
due to the narrow temperature range over which the ordering phenomenon occurs,
they represent a 90-fold change in rate.

A qualitative comparison of the intensity —voltage (/--V) beam profiles of the
oxygen (1, 1/2) LEED beam after the crystal had been heated to several different
temperatures shows that the local atomic structure of the oxygen responsible for
the ordered overlayer remained unchanged during the annealing process. Following
an exposure to 2.4 L O, at temperatures below 120 K, the Rh(111) crystal was
heated successively to 279,470 and 708 K, then recooled to T < 105 K. After each
cycle, the intensity of the oxygen (1, 1/2) beam was monitored as a function of
voltage. The results are shown in fig, 13. It appears that the ordered (2 X 2) oxygen
overlayer is undergoing depletion, not structural rearrangement, during the anncal-
ing process.

An upper limit for the cross section, Q, for disordering of the (2 X 2) structure
by electron impact was estimated by measuring the change in /¢4, 773) as a function
of time during electron bombardment with the LEED gun (62 eV, 0.7 A, 1 mm?
area) at 90 K. A 14% decrease in Iy yj3) occurred after 2300 sec under these con-
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ditions. A 5% decrease in I, 773) was observed after 1500 sec with the electron
beam off, and the origin of this small effect is not understood. On the basis of these
data, an upper limit for the value of Q was calculated to be 1 X 107!® cm?. To
investigate the possibility that the slow decrease in Iy, 173y in the absence of the
electron beam was due to a slow reaction with background H, at 90 K, 1(1, i73) was
monitored as a function of time at a steady state pressure of 6 X 1078 Torr H,. This
caused the intensity of the oxygen (1, 1/2) beam to decrease by 2% over a period of
120 sec, a definite but small effect. It is concluded that background H, at 1 X
1071 Torr pressure could not have caused the slight decrease in I(;, 173y in the
absence of electron bombardment. These data demonstrate the stability of /¢y 173)
with time during the course of our experiments.

We observed also that the ordering of the oxygen overlayer with temperature
occurred in the absence of an electron beam. After exposing the crystal to 2.4 L O,
at 140 K and heating to 280 K with the electron beam off, the electron beam was
turned on, and /(y, 773) immediately rose to a value which was maintained within
1% for 140 sec while the electron beam was on. Thus, the electron beam does not
have an observable ordering effect.

4. Discussion
4.1. General behavior of oxygen on group VIII metals

The chemisorptive properties of the Group VIII transition metals when exposed
to oxygen have stirred much interest and investigation. This is due to the impor-
tance of oxygen and oxygen-containing molecules as surface species in hetergeneous
catalysis, and due to the complexity of oxygen chemistry on these metals. Oxygen
is both chemically active with respect to most clean Group VIII metal surfaces, and
the adsorptive behavior of oxygen is quite sensitive to the geometrical structure of
the surface. Nickel, which forms epitaxial oxides readily, has been studied most
extensively [15,16]; more recently, ruthenium [8,17,18], palladium [9,19,20],
iridium [10,21,22] and platinum [6,11,23,24] have come under study with respect
to the chemisorption of oxygen. In general, the following phenomena have been ob-
served and are relevant to the present discussion:

(i) At room temperature, oxygen forms an apparent (2 X 2) structure on the
hexagonally close packed surfaces Ni(111) [16], Irf(111) [10], Ru(001) [8],
Pd(111) [9] and Pt(111) [11]. On Ni(111) [16] and Ru(001) [8], apparently it
undergoes a reversible order—disorder transition at temperatures above 300 K.
When oxygen is adsorbed at temperatures below room temperature on the Ir(111),
Ru(001) and Pd(111) surfaces the crystal must be heated to approximately room
temperature before the oxygen (2 X 2) pattern is observable. There is speculation as
to whether this “(2 X 2)” pattern represents a p(2 X 2) structure or a structure
consisting of three independent p(2 X 1) domains rotated 120° to each other.
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Fig. 14. Energy levels of adsorbed oxygen species on Rh(111).

All of these previous results are consistent with the observations reported in this
paper, except the apparent reversibility of the order—disorder transition above
300 K on other surfaces. The definite irreversible behavior on Rh(111) reflects the
fact that activation energies for forward processes (see fig. 14) are less than activa-
tion energies for processes occurring in the reverse direction.

(ii) On any particular metal, the adsorption and desorption data differ signifi-
cantly for different crystallographic orientations. Perhaps the most striking example
is palladium: the Pd(111) surface shows a great tendency to dissolve oxygen into
the bulk [9], whereas the (110) surface is reportedly inert to formation of bulk
oxides [19]. On the Pt(100) surface, the sticking coefficient of oxygen varies by at
least three orders of magnitude between the active (1 X 1) surface and the inert,
reconstructed (5 X 20) surface [11]. Norton et al. [15] have observed from ultra-
violet photoemission spectra that, at 295 K, oxygen adsorbs on Ni(111) into sites
of constant electronic potential since the oxygen 1s binding energy remains con-
stant at 529.7 eV throughout chemisorption and nucleation processes, whereas, on
Ni(100) and Ni(110) surfaces, the O 1s binding energy decreases substantially during
these processes until it reaches the value characteristic of NiO formation, 529.7 eV.
These are but a few examples of the “structure sensitivity” of oxygen chemisorp-
tion.

(iii) Single crystal and polycrystalline surfaces of the Group VIII transition
metals tend to form surface, subsurface, and bulk oxides to varying degrees. Both
Pd(111) and polycrystalline Pd surfaces reportedly have a high capacity for dissolu-
tion of oxygen into the bulk [9,20]. Klein et al. [17] and Reed et al. [18] report
evidence for incorporation of oxygen into Ru(101) and Ru(100) crystals, respec-
tively, at elevated temperature. Madey et al. [8] do not see evidence for this phe-
nomenon on the Ru(001) surface, which is structurally similar to Rh(111). Evi-
dence for growth of an epitaxial oxide at temperatures above 800 K has been ob-
served on the Pt(110) surface [24], and the formation of near surface oxides on
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Ir(110) and Ir(111) has also been observed [10,21,22]. Often the data show the
presence of two types of chemisorbed oxygen, depending upon the oxygen cover-
age and/or the temperature. There have been some data indicating adsorption of
molecular oxygen at low temperatures [6,21]. The oxygen thermal desorption,
LEED, and AES data presented in this paper are consistent with this general picture
for oxygen chemisorption on the Group VIII metals, and they provide more insight
into the detailed processes which occur on the Rh(111) surface than has been avail-
able on most other surfaces.

4.2. Kinetics of oxygen adsorption at 170 K

The long linear initial region of the oxygen AES intensity as a function of O,
exposure suggests that at low temperatures oxygen adsorption on Rh(111) occurs
with a constant sticking coefficient. This constant rate of adsorption is exhibited
over 80% of the coverage range as the disordered oxygen layer is filled. This behav-
ior implies that a mobile second layer of adsorbed oxygen is formed during adsorp-
tion with high sticking coefficient and with a lifetime sufficiently long to permit
migration to occur to fill first layer chemisorption sites. Such behavior is often
found for low temperature adsorption processes, e.g., Xe on W(111) [25,26] and
O, on W(111) [26].

4.3. Oxygen penetration into Rh(111)

The oxygen Auger data of figs. 6 and 7B show clearly that oxygen begins to
penetrate the Rh(111) surface at temperatures below the onset of desorption.
Therefore, during oxygen thermal desorption, part of the chemisorbed oxygen must
be diffusing into the near surface and bulk regions of the Rh(111) crystal before
desorption begins. One would expect the rate of oxygen dissolution to be limited
by the rate of diffusion from the near surface region into the bulk. This rate of dif-
fusion is apparently slow enough that, following exposures of 21.6 L O,, the near
surface region effectively reaches steady state saturation with respect to oxygen. The
remaining chemisorbed oxygen desorbs as molecular O,. Oxygen desorption from
the near surface region may occur also. This phenomenon has been discussed by
Conrad et al. [9] in terms of concentration gradients to explain their observations
on the Pd(111) surface. Their results for the Pd(111) surface are strikingly similar
to the present results for the Rh(111) surface. Desorption of oxygen from the near
surface region could account for much of the variation in O, desorption parameters
shown in figs. 3 and 4; if this is occurring during the desorption measurement, then
the thermal desorption peaks at high coverage effectively are broadened by the
desorption of O, from multiple states. This is consistent with the shape of the
desorption peaks of fig. 5 following oxygen adsorption on an annealed oxygen/
Rh(111) surface. Chemisorbed oxygen may be contributing to the low temperature
side of the desorption peak, and relatively more chemisorbed oxygen would be
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expected to desorb following oxygen exposure to an annealed oxygen covered sur-
face than following exposure to a clean Rh(111) surface, since in the former case
the near surface region would already have a high concentration of dissolved oxy-
gen. Campbell et al. [20] have concluded that oxygen penetration into Pd polycrys-
talline foils at high O, pressures (4 X 107! to 2 X 1073 Torr) occurs from an oxy-
gen saturated surface and that the rate of dissolution is limited by the process in
which chemisorbed oxygen moves out of the surface layer into the Pd bulk. This is
based on their observation that the rate of oxygen uptake on a relatively clean sur-
face is independent of the oxygen pressure within the pressure range cited above.

4.4. Thermal desorption of O, from Rh(111)

Assuming second order desorption kinetics for oxygen, we find that the effective
pre-exponential factor of the desorption rate coefficient varies over six orders of
magnitude (1.5X 107° to 2.5X 1072 c¢cm? s7!), and that the effective activation
energy of desorption varies by 27 kcal/mole (29 to 56 kcal/mole). Only the values
of the desorption kinetic parameters near zero coverage are thought to have funda-
mental significance since the analysis cannot be done for unresolved states [7]. In
the limit of zero surface coverage, E{?)= 56 + 2 kcal/mole, and v§{*) = 2.5 X 1073
cm? s7! for oxygen desorption; it is possible that this limit represents O, desorp-
tion from the near surface region. Within the error of our measurement, this is the
same value as reported by Conrad et al. [9] for O, desorption from Pd(111): 55
kcal/mole for low oxygen coverages (f < 0.15) on “pretreated” Pd(111) surfaces.
Other values of Ec(f) which have been reported for geometrically similar surfaces,
assuming a constant value of the pre-exponential factor, are the following: 80 kcal/
mole for Ru(001) at low oxygen coverage [8] and 65 kcal/mole for Ir(111) in the
limit of zero coverage [10].

4.5. LEED data for oxygen on Rh(111)

The LEED data for oxygen on the Rh(111) surface support the following con-
clusions:

(i) The oxygen adsorbs as a disordered species at ~100 K and orders into an appar-
ent (2 X 2) structure between 150 and 280 K. The kinetics of the oxygen ordering
process are second order with respect to the concentration of disordered species,
which indicates, within the framework of an ordered island nucleation model, that
three-adatom interactions may be important in this process. To the best of our
knowledge, this is the first experimental demonstration of such an effect. Three-
body interactions have come under theoretical scrutiny recently in terms of inter-
preting phase transitions in ordered overlayers. Einstein [27] has calculated three-
adatom interaction effects for a ¢(2 X 2) ordered overlayer and concluded that, at
low temperatures, these interaction energies may be an important factor in deter-
mining island shapes at coverages below saturation. The activation energy for the
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oxygen ordering process is 13.5 = 0.5 kcal/mole, which is comparable to that esti-
mated for the oxygen ordering process on Ir(111) at room temperature, 16—19
kcal/mole [10]. The migration of oxygen on Ru also has been observed directly by
field emission microscopy [17]. Boundary migration occurs above ~250 K with an
activation energy of 14 kcal/mole. The ratio of E,/E}) for the O/Rh(111) system,
0.24, is also comparable to the value of this ratio, 0.19, reported for oxygen on
W(100) [28].

(ii) The structure of the ordered (2 X 2) oxygen overlayer remains constant dur-
ing the disordering and depletion processes which occur above room temperature.
We have measured /—V profiles for several of the oxygen (2 X 2) beams and are per-
forming currently a dynamical LEED calculation to determine the structure of
the ordered oxygen overlayer.

(iii) The ordered oxygen overlayer undergoes an irreversible disordering process
between 280 and 400 K which is coverage-dependent. At high coverage (8.5 L O,
exposure), apparently there is not a sufficient number of unoccupied adsites on the
Rh(111) surface for the disordering phenomenon to take place. A detailed study of
this disordering process will be reported in a subsequent paper [13].

(iv) Oxygen penetration into the bulk occurs between 390 and 800 K, based on
LEED, AES, and thermal desorption data. The oxygen Auger peak shape is modi-
fied significantly when penetration into the bulk occurs. The presence of bulk oxy-
gen prevents thermal ordering of oxygen chemisorbed following thermal disordering
and penetration.

Thermodynamically, these data support the energy diagram shown in fig. 14.
This energy diagram is drawn so that the transition from the ordered state to the
high temperature disordered state is irreversible, which implies that E'5 must be
greater than both £, and E,. The fact that the order—disorder transition is appar-
ently reversible on Ni(111) and Ru(001) suggests that on these surfaces £, may be
similar to the energy of activation measured for E'y, assuming that £ is a simple
energy of migration; and that the energy level of the high temperature disordered
state relative to the ordered (2 X 2) oxygen state may be lower on Rh(111) than on
the Ni or Ru surfaces.
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The chemisorption of H, on the (111) surface of Rh has been studied using thermal desorp-
tion mass spectrometry and low-energy electron diffraction. No evidence for the formation of
an ordered hydrogen overlayer has been detected between 100 and 400 K. Hydrogen adsorbsdis-
sociatively following Langmuir [(1 — 0)2] adsorption kinetics. Thermal desorption spectraat all
coverages suggest that a mobile precursor is involved in the desorption step. In the limit of zero
coverage, Egﬁ = 18.6 kcal/mole and V62) =1.2 X 1072 em?/sec. No differences in H, and D,
desorption kinetics are observed, suggesting that zero-point energy effects do not play a major
role in determining desorption rates.

1. Introduction

Rhodium is an active heterogeneous catalyst for a number of reactions involving
hydrogen. Examples include the hydrogenation of olefins [1], deuterium exchange
with hydrocarbons [2] and with NH; [3], benzene hydrogenation [4], ketone
reduction [5], catalytic reduction of CO to methane [6], and the oxidation of
hydrogen [7,8]. For this reason, it is important to understand the dynamics of
hydrogen chemisorption on and hydrogen desorption from rhodium. In this paper,
we report the behavior of hydrogen on Rh(111), the most closely packed plane of
this fcc metal.

The structure of the Rh(111) surface has been determined previously using low-
energy electron diffraction (LEED) [9,10]. The Rh surface is unreconstructed and
unrelaxed to within 5%. The effective Debye temperature of Rh(111) has also been
measured using LEED and was found to be near 200 K in the surface region [9]. A
detailed study of adsorption of O, on Rh(111) has been carried out recently [11]
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as well as a study of the catalytic reaction of H,(g) with adsorbed oxygen on
Rh(111) [7]. Thermal desorption mass spectrometry has been used to study the
nonreactive interaction of chemisorbed hydrogen and oxygen on Rh(111) [12]. A
detailed study of the interaction of H, with Rh(111) has not been reported pre-
viously, however. Castner et al. [13] have reported H, desorption spectra from
Rh(111), in which the temperature at which the maximum rate of desorption
occurs, disagrees by over 100 K with the measurements reported in this study. This
discrepancy is due to the fact that, in their work, the H, adsorption was carried out
at 300 K. Moreover, they did not analyze the kinetic desorption parameters. Earlier
thermal desorption measurements for hydrogen adsorbed on polycrystalline Rh fila-
ments [14] are in excellent agreement with our results. A further study of H,
adsorption kinetics and H,—D, exchange on polycrystalline Rh has been reported
recently [15] and it too agrees with our results where comparisons are possible.

2. Experimental details

The apparatus and the Rh(111) crystal preparation procedures have been
described previously [7,9,11]. Facilities were available for LEED, Auger spectro-
scopy, and mass spectrometry. The Rh(111) crystal was cleaned by a combination
of ion bombardment and O, treatments followed by heating in vacuum to 1240 K.
Subsequent experiments involving higher temperature heating (1565 K) showed no
effect on the desorption spectra. All H, pressures during adsorption were mea-
sured with a Bayard—Alpert gauge and are reported using the appropriate gauge
sensitivity S (Sy,/Sn, =0.5). The mass spectrometer was calibrated against the
Bayard —Alpert gauge for both H, and D, (sensitivity for H,, 141 A/Torr; sensi-
tivity for D,, 95 A/Torr). The assumed sensitivity of the mass spectrometer to HD
was the mean of the H, and the D, sensitivity. The measured pumping speed of the
vacuum chamber for H, was 1750 1/s using an estimated system volume of 501. The
pumping speeds for HD and D, were assumed to be (2/3)!/2 and (1/2)'/2, respec-
tively, of that found for H,.

3. Experimental results
3.1. H, adsorption kinetics

The rate of adsorption of H, on Rh(111) at 175 K was measured by exposing
the crystal to H, and then carrying out thermal desorption measurements follow-
ing evacuation of the system. The data have been fitted to two kinetic rate expres-
sions for dissociative and non-dissociative Langmuir adsorption, as shown in figs.
1A and 1B, respectively. The linearity of the fit in fig. 1 A and the non-linearity of
the fit in fig. 1B indicate that the adsorption rate is proportional to (I — 6)?, and
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Fig. 1. Langmuir plots for hydrogen adsorption on Rh(111). The data have been plotted in
terms of kinetic rate expressions for dissociative adsorption (A) and non-dissociative adsorption
(B). The expressions involve the coverage relative to saturation, 6; the exposure, €; and the
initial sticking coefficient, So. The parameter « E(2nka)]/2, where m is the molecular
weight, k is the Boltzmann’s constant, and 7 is the gas temperature.

this demonstrates the sensitivity for discrimination between the two models. The
probability of adsorption of H, at 175 K on an empty site is 0.65 + 0.03, assuming
a saturation coverage C; =1.58 X 10'® ¢m™ (one H atom per surface Rh atom).
It must be remembered, however, that inaccuracies in absolute ionization gauge
calibration may lead to as much as a 50% error in this type of measurement. In fig.
2, the fractional hydrogen coverage, 8, has been plotted as a function of H, expo-
sure.

In addition, in fig. 2, various theoretical curves are shown for comparison. In
these representations, a parameter K is varied between 0.1 and 2.8. This parameter
is defined by Kisliuk [16] as

K=P, /(P + Py),

where Py is the probability of desorption of a precursor molecule from a site
occupied by a chemisorbed atom, P, is the probability of chemisorption at a site
unoccupied by a chemisorption atom, and Py, is the probability of desorption of the
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precursor from a site unoccupied by a chemisorbed atom. As K increases, the migra-
tion lifetime for the precursor is reduced due to its higher probability of desorption
from an occupied site; and, in the limit of large K, the behavior approaches the
Langmuir kinetics shown by the dashed line in fig. 2. We cannot distinguish experi-
mentally between dissociative adsorption with a mobile precursor corresponding to
K 22 and the limiting dissociative Langmuir kinetics. The data shown in fig. 2 are
thus consistent with a mobile precursor model in which the lifetime of the pre-
cursor is very short but not necessarily zero.

3.2. Thermal desorption of H,

Thermal desorption spectra were measured over a wide range of hydrogen cover-
ages, and representative desorption spectra are shown in fig. 3. At the lowest
hydrogen coverages, approximately 3% of saturation, a single desorption peak near
390 K is observed. As coverage increases, the peak shifts to lower temperatures and
broadens. At the highest hydrogen coverages, the main desorption peak occurs at
275 K. In addition, a small desorption peak near 150 K appearsat 6 2 0.5. Two H,
desorption states at ~150 K and 300 K were also seen by Mimeault and Hansen
[14] on polycryétalline Rh in a ratio of approximately 1 : 2. The lower ratio found
here suggests that the low temperature state in our study on Rh(111) may originate
from another crystal plane present on the crystal edge or from surface defects.

The kinetics of H, desorption in the main state shown in fig. 3 have been
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analyzed using the method of Chan et al. [17]. This method permits the calculation
of the effective pre-exponential factor, v(;(z), and the effective activation energy for
desorption, 55(2), for second-order kinetics at various coverages, using the desorp-
tion peak temperature, T}, and the desorption peak width at half-maximum. The
results of this analysis are presented in fig. 4. It may be seen that extreme variations
in both u5<2) and E£4® are observed as the initial hydrogen coverage is increased.

3.3. Thermal desorption of H, and D,

The desorption spectra for hydrogen and deuterium are compared in fig. 5 for
full coverages of each molecule adsorbed in separate experiments on Rh(111). Two
observations may be made from the comparison of these data:

(1) There is no discernible difference in desorption kinetics for H, and D,: the
desorption traces are accurately superimposable.

(2) The curves are equal in area. This is a result of the fortuitous ratio of mass
spectrometer sensitivity for H, and D, (1.48) which cancels the ratio of pumping
speeds (1.4) expected on the basis of kinetic theory. Thus, the saturation coverages
are identical for hydrogen and deuterium.
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3.4. Isotopic mixing between adsorbed hydrogen and deuterium

The isotopic mixing between hydrogen and deuterium was studied by the simul-
taneous adsorption of these two gases from an H,/D, gas mixture containing each
isotopic species at a partial pressure of 2 X 1078 Torr as measured with the Bayard—
Alpert gauge. The gauge was then turned off during the main adsorption period to
prevent isotopic mixing on the hot filament. The experimental desorption traces for
successive experiments are shown in fig. 6A. We have computed the experimental
value of the equilibrium coefficient, Kq, for the reaction H,(g) + D, (g) = 2HD(g),
using the isotopic intensities for desorption in the temperature region 200 to 350 K
and by correcting for mass spectrometer sensitivity and for variation in mean life-
time of each isotopic species in the vacuum chamber. The experimental values of
the calculated Keq are shown as dark points in fig. 6B. The theoretical Keq is
plotted as the dashed line in fig. 6B [18]. Systematic errors are responsible for the
high values of the points; however, there is a clear suggestion of the expected tem-
perature dependence of K4 in the experimental data.
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3.5. LEED studyv of H, chemisorption

An attempt was made to observe the presence of extra LEED beams following the
adsorption of H, at 100 K. In separate experiments, the crystal was exposed to
16 L and 2 L of H,, then heated to 400 K in steps, and cooled back to ~100 K. No
extra LEED beams were observed at any stage in these measurements, which were
carried out at an incident eiectron beam energy of 24 eV and at 0.4 pA beam
current. The lack of observation of a new LEED pattern following adsorption of
hydrogen on Rh(111) may be due to one of the following factors:

(1) Hydrogen does not form ordered structures on Rh(111) under these experi-
mental conditions.

(2) Hydrogen forms an ordered (1 X 1) overlayer.

(3) Electron scattering from the ordered hydrogen overlayer is very small.

It should be noted that the third explanation is unlikely in view of the fact that
hydrogen causes the formation of an observable (2 X 2) LEED pattern following
adsorption on Ni(111) at low temperature [19].

4. Discussion
4.1. Kinetics of hydrogen adsorption

The adsorption of H, on Rh(111) at 175 K follows the expected kinetic rate
law for dissociative chemisorption [20], namely, the rate of adsorption is propor-
tional to (1 — 6)%. This behavior suggests that the rate determining step in chemi-
sorption involives the interaction of a H, molecule with two Rh sites leading to dis-
sociative chemisorption. Although such behavior is commonly observed in the
adsorption of diatomic molecules, it is not universal. For example, O, chemisorp-
tion on Rh(111) occurs via (1 - @) kinetics at 335 K, suggesting that dual Rh sites
are unnecessary in the rate determining step. This is possibly a consequence of the
transient existence of O, molecular complexes at single sites [7,11].

4.2. Kinetics of hydrogen desorption

The thermal desorption of H, from Rh(111) is complex as indicated by the
desorption spectra of fig. 3. The meaningful parameters to be derived from the
analysis of these spectra are the values of E:;(z) and V(;(z) in the limit of zero
coverage (fig. 4). These limiting values are in remarkably good agreement with the
zero coverage H, desorption parameters measured by Mimeault and Hansen [14]
for polycrystalline Rh [Rh(111): ES?) =18.6 kecal/mole and »§? =12X1073
em?/sec; Rh(poly): E§?) = 18.5 keal/mole and v§?) = (1.3 £ 0.2) X 107> cm?/sec].

It is clear from fig. 4 that effects which reduce V(;(2) and E;(Z), the effective
desorption parameters, occur as coverage increases. This may be seen in a com-
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parison of a series of theoretical thermal desorption traces generated using the zero
coverage rate parameters with the full coverage experimental curve (fig. 7). This
comparison illustrates clearly the failure of a simple second-order model having
constant u&” and Eﬁz), in agreement with the results of fig. 4.
Two explanations may be suggested to explain these results:

(1) A mobile precursor state of H, [21] may be involved in the desorption process.
Desorption kinetics via this state would be expected to cause a drastic reduction in
the values of V(;(z) and Eé(z) as the initial hydrogen coverage is increased.

(2) Repulsive interactional effects between adsorbed H species would be expected
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to produce a coverage dependent decrease in Eé(z) and, possibly, v;,(”.

We have investigated the involvement of a mobile precursor state in desorption
by employing the ideas of Gorte and Schmidt [21]. For a single precursor, H, the
sequence of elementary steps

b
2 H(ads) r H; - H,(g), (1)

is proposed. In the steady state approximation, where k, > k*, the rate of desorp-
tion, Rq = —d6/dt, is given by

Ky 02 62 _Ey4
_Ry=—"9_ " =, ( . 2
L (=02 | (-0 PUkT @

We have integrated eq. (2) and computed theoretical desorption spectra for
v, =P =12 X107 cm?/sec and C, = 1.58 X 10'5 cm™ = the number of Rh
atoms cm 2. This procedure produces theoretical thermal desorption peaks which
are much broader than those shown in fig. 7. By analyzing these theoretical desorp-
tion peaks, values of the effective pre-exponential factor, va(z), and the effective
activation energy may be determined [17] as was done previously with the actual
experimental data. In the experimental data analysis, as shown in fig. 4, a break in
the linear curves occurs at § =0.5. We believe that this is due to the onset of addi-
tional complexities in desorption ultimately leading to the asymmetric desorption
feature which develops its maximum at 275 K at higher hydrogen coverages. We
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Fig. 8. Comparison of experimental (————-) and theoretical (e) values of kinetic parameters

for thermal desorption of H, from Rh(111). The theoretical values were calculated assuming
both a mobile precursor to desorption and that saturation of one distinct state occurs at a total
relative coverage of 6y = 0.5.
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have therefore employed the mobile precursor model only up to 8 =0.5 and have
normalized the theoretical desorption data to this value by setting 6 =1 in eq. (2)
at the experimental value of § =0.5. In fig. 8, comparison of the theoretical points
and the linear least-squares fit to the experimental data taken from fig. 4 indicates
that the rapid initial decrease in both £5(® and v¢(® may in fact be expected on
the basis of the mobile precursor model.

Repulsive hydrogen—hydrogen interactions may also be present leading to a
decrease in Es(z) and possibly to the development of the asymmetry of the desorp-
tion peak as @ increases above ~0.5. It is not physically reasonable to attribute the
entire coverage dependent desorption behavior to repulsive interactional effects,
however [22].

4.3. Comparison of adsorption and desorption kinetics

Gorte and Schmidt [21] have pointed out that the mobile precursor state should
be expected to participate in both adsorption and desorption processes although
differences in the temperature of the two processes may of course influence the
magnitude of the rate coefficients involved. In particular, the absence of evidence
for a mobile precursor in low temperature adsorption implies that it will not be
present in desorption at higher temperatures. In the work described here for H, on
Rh(111), the adsorption measurements suggest that the precursor model may be
operative at 175 K, whereas the desorption measurements indicate more strongly
that a precursor exists at ~350 K. At the present time, we cannot explain why the
desorption kinetic measurements are more strongly suggestive of the precursor than
are the adsorption kinetic measurements.

4.4. Comparison with hydrogen desorption kinetics from other metals

For both fce(111) and hep(001) surfaces (surfaces which expose a hexagonal
arrangement of substrate atoms), there appear to be strong similarities in H, desorp-
tion behavior. Although details differ, for low hydrogen coverages, Eﬁz)’:ZO
keal/mole and v((,2) ~=107% to 10™ cm?/sec are typical values for the desorption
parameters [23], in good agreement with our limiting behavior on Rh(111) [21].
As coverage increases, the appearance of two or more overlapping desorption peaks
is a common feature of all hexagonal surfaces, although the degree of overlap varies
from metal to metal.

S. Summary
The following features of hydrogen chemisorption on Rh(111) have been found:

(1) Hydrogen adsorbs dissociatively following Langmuir [(1 — 6)*] kinetics at
175 K. The sensitivity of the measurement of adsorption kinetics is insufficient to
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discriminate between strict Langmuir adsorption and adsorption via a short-lived
mobile precursor state.

(2) Ordered hydrogen superstructure formation is not observed by LEED.

(3) Hydrogen thermal desorption is complex. Evidence exists for the presence of a
mobile precursor state during desorption, leading to very large coverage dependent
variations in V8(2) and Eé(z). At zero coverage, Eﬁ” =18.6 kcal/mole and vf)z) =
1.2 X 1073 cm?/sec.

(4) No differences in H, and D, thermal desorption kinetics are observed, suggest-
ing that zero-point energy effects do not play a major role in determining desorp-
tion rates.
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The adsorption rate for O, on Rh(111) at 335 K exhibits Langmuir (1 — 6) kinetics rather
than the expected (1 — 6)2 dependence. Adsorption occurs with a sticking coefficient near
unity on empty sites, producing a mixture of ordered and disordered domains. At ¢ < 0.5, the
intensity of the (1, 1/2) overlayer beam increases in proportion to 62 as expected for ordered
oxygen island formation. Extensive ordering occurs only in the very last stages of monolayer
formation. The reaction of the ordered-O layer with H2(g) to produce H20 takes place rapidly
above 275 K in the 1078 -107% Torr range and can be followed quantitatively by observation of
the (1, 1/2) LEED beam intensity. The reaction accurately exhibits kinetics which are first
order in Hz pressure, implying an efficient trapping mechanism for adsorbed hydrogen on the
ordered-O layer. The activation energy for reaction is 5.3 + 0.3 kcal/mole; each reaction event
leads to a loss of order from a ~300 A2 domain. This suggests that near saturation coverage,
extensive disordering occurs for small decreases in ordered oxygen coverage during reaction
with H2(g) and is consistent with the massive ordering behavior seen in the final stages of oxy-
gen adsorption. The reaction of H2(g) with disordered oxygen species follows approximate
half-order kinetics in Py, as expected for a mechanism which does not involve hydrogen atom

trapping.

1. Introduction

Rhodium is an active catalyst for various types of reactions, in many cases rival-
ing or exceeding Pt in activity. The classes of reactions catalyzed efficiently by Rh
are the hydrogenation of olefins [1], deuterium exchange with hydrocarbons [2]
and NHj [3], benzene hydrogenation [4], ketone reduction [5], methanation [6],
nitrogen oxide reduction [7], and the oxidation of hydrogen [8]. Despite the
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diverse catalytic activity of Rh, the catalytic properties of the metal in single crystal
form have not been examined previously using modern methods of surface science.

In a previous paper [9] we have reported a study of adsorption of oxygen on
Rh(111). It was found that oxygen adsorbs in a disordered layer at ~100 K and
undergoes an activated ordering process beginning near 200 K. On further heating,
activated disordering begins near 300 K, followed by penetration of adsorbed oxy-
gen into the bulk at temperatures near 400 K. This previous work [9] forms a
sound basis for the investigation of the catalytic reduction of adsorbed oxygen on
Rh(111) using H,(g), to produce H,0. This reaction occurs at room temperature
and at low H, pressures which are readily accessible in an ultra-high vacuum system.
We have employed a combination of Low-Energy Electron Diffraction (LEED),
Auger Electron Spectroscopy (AES), and Thermal Desorption Mass Spectrometry
(TDS) to determine the kinetic and structural features of this reaction.

The structure [10,11] of Rh(111) and the effective Debye temperature [10]
have been measured previously using LEED. In addition, the structures of both
Rh(110) [12] and Rh(100) [13] have been determined using LEED. In all cases,
the Rh surfaces are unreconstructed, and unrelaxed to within 5%. The results of
hydrogen chemisorption [14] and oxygen—hydrogen coadsorption [15] on
Rh(111) will be reported elsewhere, as will a determination of the structure of
oxygen on Rh(111) [16].

2. Experimental details

The ultra-high vacuum apparatus consisted of an ion-pumped stainless steel cham-
ber equipped with a titanium sublimation pump. The base pressure, following bake-
out, was <1 X 107!° Torr. The system was equipped with a four grid post-accelera-
tion display LEED apparatus containing a movable Faraday cup for LEED intensity
measurements. The Faraday cup aperture subtended an angle of 4.6 X 1072 stera-
dians. In addition, the system contained a Bayard—Alpert gauge, a quadrupole mass
spectrometer, a single pass cylindrical mirror Auger electron spectrometer, and an
ion gun. The Rh(111) crystal was mounted on a rotatable manipulator using 0.025
cm Ta heating wires welded to the back face of the crystal. A W/26%Re—W/5%Re
thermocouple was used to monitor the crystal temperature.

The preparation and Ar” bombardment plus oxygen-cleaning procedure for the
Rh(111) crystal (in which the crystal was heated to 1240 K in vacuum to remove
residual oxygen) have been described previously [9,10]. In the present work, how-
ever, the crystal was heated to a higher temperature (1565 K) in vacuum during
cleaning. The Auger spectrum of the clean Rh(111) surface resulting from the 1565
K treatment was identical to that obtained after the 1240 K treatment. A small
residual 515 eV oxygen Auger peak showed the same temperature-dependence as
discussed in a previous paper [9]. In separate experiments, in which an O,-cleaned
crystal was ground to half its original thickness, it was found that prior O, treat-



60.

ments (2 X 1077 Torr. 1230 K, plus repeated room-temperature O, exposures) had
effectively removed traces of dissolved boron from the entire bulk of the Rh single
crystal disk [10]. Boron contamination in single crystal Rh is well known. All gas
pressures and exposures reported here have been corrected for gauge sensitivities
relative to nitrogen.

3. Results
3.1. Adsorption of O, at 335 K

The coverage-exposure relationship for O, on Rh(111) at 335 K is shown in
fig. 1. These data were obtained by exposing the crystal to O, (using a Bayard—
Alpert gauge to measure exposure) and then using Auger spectroscopy to measure
both the Rh (303—293 eV) and the O (510—497 eV) peak-to-peak amplitudes. The
relative coverages of chemisorbed oxygen, 6, were determined using the O/Rh
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Fig. 1. Langmuir plots for O2 adsorption on Rh(111) at 7= 335 K. The oxygen coverage, 6,
was measured by Auger spectroscopy. In the kinetic rate expressions for adsorption, 7 is the
time of exposure at a given pressure of o,\'ygen,Poz. and « is a proportionality constant related
to the initial sticking probability and the translational velocity of D,.
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intensity ratio, correcting the data slightly for systematic variations in attenuation
of the rhodium signal by the overlayer. This was done by plotting the rhodium
Auger amplitudes as a function of the oxygen Auger amplitudes and determining
the linear least squares fit to these data. The individual O/Rh Auger amplitude
ratios were thus corrected by a factor determined from the linear fit. The fractional
oxygen coverage was then computed for each of the O, exposures. This procedure
effectively compensates for small variations in electron emission current during the
Auger measurement as well as for attenuation of the Rh Auger transition by an over-
layer of adsorbed oxygen. When 6 = 1, a 22% attenuation of the Rh (293 eV) peak
was observed. It was shown that electron impact on the oxygen layer did not cause
measurable loss of the O Auger signal in times equivalent to those used in this mea-
surement.

The experimental data have been fitted to a Langmuir model as shown by the
plots of fig. 1. In this type of construction, the criteria for acceptance of a pro-
posed model are a linear representation of the data and an intercept of zero, i.e. the
origin represents one point on the line. A comparison of a (1 — ) and a (1 — 6)?
model for the rate of oxygen adsorption clearly favors the (1 — 6) model, fig. 1B,
in view of the nonlinearity of fig. 1A. A plot of the oxygen coverage as a function
of exposure on Rh(111) is shown in fig. 2, where the solid line is a least squares
(1 — 0) fit to the data. In order to calculate an approximate value for the sticking
coefficient for O, on an empty site, a model describing the overlayer lattice struc-
ture is necessary. As will be discussed later, either a (2 X 2) overlayer or a surface
containing three (2 X 1) overlayer domains will yield the (2 X 2) LEED pattern
observed.

Assuming a saturation coverage of 4.0 X 10'* atoms/cm® [(2 X 2) overlayer],
the sticking coefficient on an empty site in the Langmuir model is 0.44. For three
(2 X 1) domains, the saturation coverage is 8.0 X 10* atoms/cm?, and the sticking
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IFig. 2. Kinetics of O2 adsorption on Rh(111) at 7= 335 K
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coefficient on an empty site is near unity. It must be remembered that absolute
errors of 50% are possible in a measurement of this type.

The O, coverage—exposure relationship, shown in fig. 2, differs from similar
measurements on Rh(111) previously made at T<<170 K. The 170 K plot dis-
played a long initial linear region. This may be due to an adsorption mechanism in
which initial adsorption at low temperatures occurs on both covered and uncovered
sites with high sticking coefficient, followed by filling of the vacant sites from the
mobile second layer [9].

3.2. LEED behavior upon O, adsorption at 335 K

In view of the fact that oxygen forms a (2 X 2) overlayer, we have studied the
intensity of the (1,1/2) LEED beam, /(1 {73), as a function of oxygen exposure, and
the result is shown in fig. 3. An initial ordering region is observed below 1.5 L O,
exposure, followed by a region in which the intensity decreases. At exposures above
3 L, a final ordering region is observed in which a twenty-fold increase in the
(1, 1/2) beam intensity is observed. It should be noted, by comparison with the
experimental adsorption kinetics curve, that the final ordering region occurs over a
wide exposure range very near the oxygen saturation coverage. This observation
implies that a massive cooperative ordering effect takes place in the final stages of
chemisorption, induced by the addition of a small number of oxygen atoms to a
nearly saturated layer at this temperature.
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Fig. 3. Oxygen (1, 1/2) LEED beam intensity as a function of O, exposure at T = 335 K. (The
Langmuir adsorption curve is taken from fig. 2.)
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By orienting the Faraday cup slightly off of the center of the (1, I/2) beam, it
was apparent that sharpening of the (1, I/2) beam is a major cause of the final
intensity increase. Thus, in fig. 4, the relative attenuation of the (1, I72) beam cur-
rent when the detector is at the edge of the (1,1/2) beam during O, exposure
appears to be greater in the final ordering region than in the initial ordering region.

We have examined the quantitative relationship between /(;, 12) and oxygen
coverage in the initial ordering region. The results are shown in fig. 5. Here the
intensity is plotted as a function of 2. Up to a relative coverage of ~0.45, I, 1)
increases linearly with 02, as shown by data from three separate experiments
carried out over a five-fold range in adsorption rate, which is proportional to Pg,.
This behavior agrees with theoretical predictions for electron diffraction from two-
dimensional periodic structures in either kinematic or dynamic theories [17]. How-
ever, above 6 ~0.45, significant departures from this behavior are observed. At a
value of § near 0.65, a sharp maximum in /(;, 777y occurs and a subsequent 65%
decrease in measured intensity is observed prior to entering the final ordering
region shown in fig. 3.

It was considered important to establish whether the complex behavior of
I(1, 1/2) was accompanied by changes in either the local adsorption site symmetry
or a surface phase transition [conversion from a (2 X 2) overlayer to a three-fold
degenerate (2 X 1) lattice]. Therefore, as shown in fig. 6, the intensity—voltage
(I-V) characteristics of the (1, I/2) beam were studied at two different oxygen
coverages corresponding to the exposures labeled A and B in the inset. There is no
detectable change in the /—V characteristics of this LEED beam in going from the
initial ordering region to the final ordering region. Also, the /—V curves are identical
to those of the ordered structures produced by heating an oxygen overlayer which
had been adsorbed at ~100 K. These curves have been described previously [9].
On this basis, we conclude that the ordered LEED structure produced on Rh(111)
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Fig. 4. Intensity of oxygen (1, 1/_2) LEED beam as a function of O2 exposurc at T= 335 K.
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Fig. S. Intensity of oxygen (1, l/—2) LEED beam as a function of oxygen coverage at T = 335
K. The data represent three rates of Q2 adsorption.

originates from a single overlayer lattice structure and is independent of tempera-
ture or coverage.

3.3. Use of LEED intensity to measure the rate of change of oxygen coverage in
the high coverage region

As shown by the data in fig. 7, the rate of change of intensity of the (1, 1/2)
beam is directly proportional to the rate of change of coverage in the final ordering
region. In fig. 7, the adsorption of O, at 6.1 X 10™8 Torr has been interrupted in
three separate experiments. When Pg, =0, the (1, 1/2) beam ceases to intensify.
This proves that the intensification observed in the final ordering region is not con-
trolled by a slow thermal process. A second experiment involving Pg, = 2.6 X 1078
Torr produces an intermediate rate of intensification of /(;, i5). In these three
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Fig. 6. Intensity—voltage curves for oxygen (1, 1/2) LEED beam at two O, exposures on

Rh(111). Oxygen exposure at A =2 X 107® Torr sec. Oxygen exposure at B =38 X 107 Torr
sec.

experiments, the slope is directly proportional to Py, and hence to the rate of oxy-
gen adsorption. These data suggest that in this region, /¢y, 12) may be used to study
the rate of change of surface oxygen coverage in the ordered layer. Separate experi-
ments involving use of an interrupted primary electron beam (V=62 eV;I.=0.7
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Fig. 7. Intensity behavior of oxygen (1, 1/_2) LEED beam upon change ofPoz.
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pA) indicate that there is no kinetic effect which can be related to electron impact
processes during O, adsorption.

3.4. Onset temperature for the reaction of ordered oxygen with Hy(g)

An ordered oxygen layer was produced on Rh(111) by adsorption of O, (8.2 L)
at 100 K, followed by heating in vacuo to 300 K. This produced the characteristic
(2 X2) LEED pattern [9]. The crystal containing the ordered layer was cooled to
90K, and H,(g) was admitted to a pressure of 4 X 1077 Torr. The crystal was
heated successively to various temperatures, then cooled back to 90 K where the
intensity of the (1, i—/2) LEED beam was measured. As shown in fig. 8, the first evi-
dence of loss of ordered oxygen occurs at 275 K. At higher temperatures, a mono-
tonic drop in /¢y, ip) is observed; complete removal of ordered material has
occurred near 400 K. This result is indicative of an activated process for the reac-
tion of ordered oxygen with H,(g), since coadsorption studies of oxygen and
hydrogen on Rh(111) show that the two species coexist on the surface below 275
K [9].

3.5. Reaction of H,(g) with ordered oxygen on Rh(111)

We have investigated the kinetics of the reaction of an ordered oxygen overlayer
on Rh(111) with H,(g) by measurements of Iy, 152), as shown in fig.9. The
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Fig. 8. Onset temperature for reaction of ordered oxygen with Ha(g). Initial O2 exposure is
8.2 X 107 Torr sec at 100 K, followed by heating to 300 K to produce ordered oxygen over-
layer.
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Fig. 9. Reaction of ordered oxygen with Hz in various regions of oxygen coverage at T = 335
K on Rh(111). The O, exposures were carried out at P02 =6.1 X 1078 Torr to the various
points labeled a.

ordered oxygen layer was produced by exposure to O,, and the adsorption was
interrupted at various points (labeled a) as shown. Following periods of 100 to 200
s, Ha(g) was admitted at point b, and /(;, 1) was monitored. In the two experi-
ments carried out in the middle of the final ordering region, long linear plots of
I(1, 12) as a function of time were obtained. However, for the experiment in which
the O, exposure was halted during the initial ordering region, non-linear behavior
was observed, as shown. Also, at higher values of I(;, 113), reaction of ordered oxy-
gen with H,(g) yields a slightly nonlinear curve as shown by the experiment at high-
est /¢y, 172). It is interesting to note also that the initial slopes of the three curves in
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Fig. 10. Reaction of ordered oxygen with H2 at various H2 pressures and T = 335 K. The O2
exposure was carried out at Pg, = 6.1 X 1078 Torr.
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Fig. 11. Kinetics of reaction of ordered oxygen with H2(g) on Rh(111) at 7 = 335 K.

the final ordering region decrease as the initial value of I increases. We have not
attempted to fit these typical curves to models, but have been satisfied rather to
employ the initial slope of the linear curve as a measure of the depletion rate for
adsorbed ordered oxygen on Rh(111).

Fig. 10 demonstrates the use of the intensity of the (1, 1/2) oxygen beam to
measure the kinetics of depletion of ordered oxygen by reaction with H,(g). A
sequence of typical experiments is shown for various values of Py, at 335 K. Start-
ing at identical values of /(;, 173, each experiment results in a linear region of
intensity loss. In the log-log plot of fig. 11, the initial rates of intensity loss are
plotted as a function of Py, for 26 experiments. It is clear that the reaction rate is
proportional to the first power of Py, over almost a 100-fold range in Py,, and that
the data cannot be fitted to half-order kinetics in Pyy,.

3.6. Activation energy for the reaction Hy(g) + Ofads., ordered)

We have employed the technique discussed above to determine the temperature
dependence of the H,(g) + O(ads., ordered) reaction on Rh(111). Fig. 12 illustrates
the method. Oxygen was adsorbed at 317 K until the intensity, /(;, 1), rose to the
same value as in previous experiments, at which point adsorption was interrupted.
The crystal temperature was adjusted to a higher temperature in a time period of
~20 s and then hydrogen was admitted. At this point it was impossible to monitor
the decrease in intensity of the (1, 1/2) spot due to the effects of a strong magnetic
field resulting from the heating current and also due to a reduction of beam intens-
ity at elevated temperatures (Debye--Waller effect). Following an appropriate reac-
tion time, the heating current was interrupted, and the crystal was cooled rapidly
to 317 K which resulted in the rise in beam intensity beyond 370 sec in fig. 12. The
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Fig. 12. Typical measurement of temperature dependence of reaction of Ha with ordered oxy-
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gen on Rh(111). The dashed lines represent
mental data (solid lines).

geometrical construction shown by dashed lines was used to deduce the rate of
intensity change during reaction. Although this method is subject to some error
tant elevated temperature initially (~20 s),
and the time required to cool finally to near the initial temperature (~80 s), these
effects are somewhat compensating. These sources of error become less serious at
temperatures below the temperature of the experiment shown in fig. 12, which is

due to the time required to reach cons

the maximum temperature employed (457 K).

It has been shown previously that

a ‘“high-temperature” disordering process
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Fig. 13. Typical measuremgnt of temperature-dependent disordering rate for ordered oxygen
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experimental data (solid lines).
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Fig. 14. Arrhenius plots of rates of disappearance of oxygen (1, 1_/2-) beam intensity from
Rh(111). The activation energies and their uncertainties are based upon a linear least-squares
fit to the data. Process A is the activated oxygen disordering. Process B is the activated H2 reac-
tion with ordered oxygen.

occurs for ordered oxygen layers on Rh(111) above ~300 K [9]; thus, the loss of
Jintensity discussed above for reaction of H,(g) with the ordered oxygen layer con-
tains a contribution from thermal disordering which must be subtracted. In order
to measure the kinetics of the “high-temperature” disordering effect, a procedure
similar to that shown in fig. 12 was employed. This is shown in fig. 13, where heat-
ing in vacuo was carried out to induce the disordering process.

Arrhenius plots for these two processes are shown in fig. 14. Process A, the acti-
vated thermal disordering of the ordered oxygen overlayer, exhibits an £, =8.2 +
0.3 kcal mole™!. Process B, the activated reaction of ordered oxygen with H,, is the
main contributor to the rate process indicated by the upper dashed line. When the
small correction due to the contribution from Process A is made, the solid line
results. This yields an activation energy of 5.3 + 0.3 kcal mole™" for the reaction
between H,(g) and ordered oxygen.
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3.7. Use of Auger spectroscopy to measure the rate of rermoval of adsorbed oxygen
by Hy(g)

It was feasible to employ Auger spectroscopy to carry out crude measure-
ments of the rate of reaction of total adsorbed oxygen on Rh(111) with H,(g). The
spectrometer was arranged to scan the peak maxima for chemisorbed oxygen between
510 eV and 497 eV rapidly. (Typical spectra for chemisorbed oxygen on Rh(111)
are shown in ref. [9].) As inidicated in the bottom of fig. 15, the peak-to-peak am-
plitude decreased systematically upon admission of H,. Semi-logarithmic plots of
the Auger intensity as a function of time for various values of Py, were generally
linear near the initial region as shown in typical results displayed at the top of fig.
15. The measured rates are associated with the loss of all chemisorbed oxygen from the
surface when this method of measurementis employed. A log-log plot of the kinetic
results for 29 experiments over a 100-fold range of hydrogen pressure is shown in
fig. 16. The scatter in the data is related to the difficulty of determining the best
linear fits to the semi-logarithmic data, as exemplified in fig. 15. Two regions are
evident in the plot of fig. 16. Below a hydrogen pressure of ~1077 Torr, the data
best fit a one-half order kinetic expression as shown by the solid line. The dashed
line clearly indicates that a fit to first-order kinetics in hydrogen pressure is inap-
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Fig. 15. Upper panel: Typical data showing rate of reaction of Ha(g) with oxygen adsorbed on
Rh(111) at 7= 335 K. The straight lines drawn on the semi-logarithmic plots were used to
estimate the rate coefficients (first-order in oxygen coverage).

Lower panel: Variation in peak-to-peak amplitude in oxygen Auger intensity as a function of
time during exposure to hydrogen at 335 K.
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Fig. 16. Kinetics of reaction of total surface oxygen on Rh(111) with Ha(g) at T = 335 K.

propriate in the low pressure region. The second region of fig. 16, above ~107’
Torr hydrogen pressure, suggests a conversion to a reaction process which exhibits
first-order kinetics in the hydrogen pressure.

3.8. Detection of deuterated water by reaction of Hy—D, mixture with adsorbed
oxygen on Rh(111)

In order to distinguish between Eley—Rideal and Langmuir—Hinshelwood
mechanisms for the interaction of hydrogen with adsorbed oxygen on Rh(111),

LS 180 ) VN0 GO L L L L L

H20

HDO

/\ oo

EF OO O T GO T A O
300 340 380 420 460

T,K
Fig. 17. Water liberation upon heating Rh(111) and O(ads) in H2 -D2 mixture. The curves were
measured in Py, = Ppy =5 X 1078 Torr.
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a series of experiments involving a 1 : 1 mixture of H, and D, were carried out.
For an Eley—Rideal mechanism, no HDO products would be expected. A high
coverage of chemisorbed oxygen was adsorbed on Rh(111) (oxygen exposure =11
L, T=335K). The H,—D, mixture was admitted to a pressure of 1 X 107 Torr;
this caused the background production of all three isotopic water molecules within
the vacuum system. Following stabilization of the partial pressure of each isotopic
water species, the Rh(111) crystal was heated with a reproducible temperature
program, and thermal evolution of the three isotopic water molecules was observed
on top of their large background levels in the vacuum system. The ‘“desorption
spectra” are shown in fig. 17, corrected for background effects. It is evident that all
three isotopic water molecules are produced, suggesting that dissociative adsorption
of H, precedes reaction with chemisorbed oxygen (Langmuir—Hinshelwood mecha-
nism).

4. Discussion
4.1. Kinetics of O, adsorption on Rh(111)

The observation at 335 K of an O, adsorption rate proportional to (1 — ) is
unexpected for the dissociative adsorption of a diatomic molecule into a mobile
chemisorbed layer, where a (1 —0)* dependence would be appropriate [18].
Several general explanations for this observation may be suggested:

(1) The dissociation of O, on Rh(111) does not require the presence of neighboring
pairs of empty atomic lattice sites but can occur at a single position.

(2) The rate controlling step for adsorption of O, involves the interaction of an O,
molecule with a single atomic site. Subsequent dissociation is not rate controlling.
(3) Molecular oxygen is the chemisorbed species at 335 K.

We can climinate the third explanation on the basis of two observations: (a)
thermal desorption mass spectrometry of oxygen from the (111) surface of Rh[9]
indicates that O, desorbs above ~800 K with an activation energy of ~56 kcal
mole ™" in the limit of zero oxygen coverage. This large activation energy, as well as
the observation of second order desorption kinetics, precludes the possibility of
desorption from an undissociated state; (b) the occurrence of irreversible dissocia-
tion above the temperature of adsorption (335 K) may be excluded by virtue of the
observation of invariant LEED /- ¥ curves for adsorbed oxygen on Rh(111) from
280 to 700 K [9].

A more attractive model involves the interaction of an O, molecule with a single
atomic site during adsorption and possibly dissociation [suggestions (1) and (2)
above]. This is, in fact, likely, based on the interatomic O -O distance (1.21 A) in
0, compared to the Rh—Rh nearest neighbor spacing (2.69 A). A number of
“peroxo” dioxygen complexes involving w-bonded O, and transition metal atoms
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have been reported and studied spectroscopically [19,20]. Typical O—O distances
in these ionic peroxo complexes are 1.4—1.5 A, and they exhibit O, vibrational
frequencies near 860 cm™. Non-ionic peroxo complexes with metal atoms isolated
in inert matrices have been studied for several transition metals (Ni, Pd, Pt), and
exhibit O, vibrational features near 1000 cm™ [21]. We do not believe that the
postulated peroxo surface complexes are stabilized for long times.during O, adsorp-
tion on Rh(111), but instead may exist as intermediates for lifetimes long enough
to control the adsorption kinetics yielding a (1 — 6) dependent rate. The involve-
ment of end-on “superoxo” O,—M complexes as intermediates formed prior to
dissociation on the Rh(111) surface cannot be excluded.

4.2. LEED behavior upon O, adsorption

A complex intensity behavior for the (1, 1/2) LEED beam occurs as oxygen
coverage increases at 335 K. The expected 62 dependence of intensity is observed
for 6 <0.45 as shown by the data in fig. 5. This behavior is expected for island for-
mation with net pairwise attractive forces operating [22]. However, above this
point in coverage, the measured intensity increases more rapidly than 62 and then
decreases sharply above 6 = 0.65. The final ordering region is associated with sharp-
ening of the (1, 1/2) LEED beam, suggesting that for the more diffuse beams
encountered at lower exposures, the Faraday cup may have collected only a frac-
tion of the beam current. Thus, the complex intensity—exposure behavior exhibited
in fig. 3 may be due in part to coverage-dependent beam sharpening effects. We do
not believe that conversion from a (2 X 2) to three (2 X 1) overlayer domains [both
yielding a (2 X 2) LEED pattern] is occurring as coverage increases, due to the ob-
served invariance of the LEED /-V beam profiles over the entire coverage range
(fig. 6).

In summary, we propose the following general picture for the intensity—expo-
sure behavior observed for O, adsorption on Rh(111):

(1) 6 <0.45: island growth with net pairwise attractive interactions;

(2)0.45 £ 6 £0.65: three- or more-body attractive interactions giving accelerated
ordering;

(3)0.65 <6 £0.90: net many-body repulsive interactions giving loss of order;
(4)0.90 £ 6 < 1: final filling in of empty sites with optimally ordered overlayer.

It is of interest to note that Madey et al. [23] observed very similar intensity-
exposure behavior for O, adsorption on Ru(001); at the maximum point in the ini-
tial ordering region, a break in the work function-coverage relationship was ob-
served suggesting that two binding sites for adsorbed oxygen may occur at cover-
ages beyond that corresponding to the break point. However, other measurements
(thermal desorption, sticking coefficient, and LEED) could not detect the change in
binding suggested by the break in the work-function curves.

From the viewpoint of this paper, the final ordering region of fig. 3 is of central
importance. We have demonstrated three characteristics of the LEED intensity
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behavior in this region:
(1) The rate of change of intensity is related to the O, adsorption rate, and not to
the existence of slow thermal processes.
(2) In a limited part of the final ordering region, the rate of change of intensity is
directly proportional to the rate of O, adsorption, and hence to the rate of change
of oxygen coverage.
(3) Small changes in 8 lead to very large changes in the degree of order in this
region.

Thus, we have demonstrated that the observation of the intensity of the (1, 1/2)
LEED beam is a very sensitive method for studying the kinetic behavior of the
almost fully oxygen-covered Rh(111) surface.

4.3. The reaction of H,(g) and ordered adsorbed oxygen on Rh(111)

Below 275 K, and at a H, pressure of 4 X 1077 Torr, there is no detectable reac-
tion of hydrogen with ordered oxygen (fig. 8). However, the oxygen adsorbate is
able to undergo local site-to-site motion at temperatures above ~150 K, as judged
by studies of thermal ordering by LEED [9]. We therefore believe that the reaction
between H, and ordered oxygen above 275 K proceeds via an activated process
which does not involve directly the mobility of adsorbed oxygen.

In fig. 11, it is seen that the rate of reaction of H, with ordered oxygen is first
order in Pyy,. This result can be understood by means of a simple kinetic scheme in
which the following reactions are involved:

SHz
Ha(g)+2+ = 2H(ads), M
k2
k3
H(ads) + O(ads) = OH(ads) + * , )
kq
ks
OH(ads) + H(ads) = H,0(g) + 2* . 3)
ke

We assume in reaction (1) that the sites () active for dissociative adsorption of H,
behave as “trap sites” within the ordered oxygen overlayer, and that from these
sites the back reaction, k,, is unlikely. We assume further that reactions k4 and kg
are unlikely. Using the steady-state approximation, where the quantities in square
brackets are surface concentrations,

d[OH]/dt =k;[H] [0] — ks [OH] [H] =0, (4)
d[H]/dr = 2Fyy,Sy, — k3 [H] [0] — ks[OH] [H] =0, (5)

where Fy, is the incident H, flux, and Sy, is the reactive sticking coefficient for
H, on an ordered oxygen layer.
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From egs. (4) and (5), we obtain the rate of H,0 production, Ry, 0,
RH2O:k5 [OH] [H] =FH2SH2 g (6)

According to eq. (6), H, adsorption is rate determining for H,O production, and
first-order kinetics in the hydrogen pressure are predicted. Ry, o is dependent on
the oxygen coverage only insofar as the sticking coefficient, Sy, , depends on oxy-
gen coverage. The postulate that trap sites within the ordered oxygen overlayer
effectively trap and dissociate adsorbing H, molecules and prevent the hydrogen
recombination step, k, suggests that Sy, is proportional to the ordered oxygen
coverage. .

A schematic view of both a (2 X 2) and a (2 X 1) domain for oxygen adsorbed
on Rh(111) is shown in fig. 18, where the oxygen adsorbate atoms, shown with
their effective covalent radii, are located arbitrarily in on-top sites on the
Rh(111) lattice. For either the (2 X 2) or (2 X 1) case, a number of hydrogen-trap
sites are geometrically possible for the small H, molecule.

The activation energy for the disappearance of the ordered oxygen layer by
reaction with H,(g) is 5.3 £ 0.3 kcal mole™ (fig. 14). According to eq. (6), the
elementary step associated with this activation energy must be the initial adsorption
of reactive H,. The measured activation energy is higher than expected for dissocia-
tive adsorption of hydrogen on a clean Rh(111) surface where H,—D, isotopic
mixing is observed at temperatures as low as ~150K [14]. Thus, it seems
that the “trap sites” envisioned within this ordered oxygen overlayer are not only
effective in stabilizing the dissociation fragments from H, but also raise the activa-
tion energy for the H, dissociation above that found for clean Rh(111).

The rate data of fig. 11 permit a calculation of the cross section for the deple-
tion of ordered oxygen by reaction with H,(g). Let o, be the coverage of the

!_2_X_J

Fig. 18. Schematic view of a (2 X 2) and a (2 X 1) oxygen domain. The location of the oxygen
atoms on the Rh(111) substrate has been selected arbitrarily. Either a (2 X 2) or three degener-
ate (2 X 1) domains could yield the observed (2 X 2) LEED pattern.
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ordered oxygen. Then,
—dOo/dt :le}’leO 5 (7)

where k; is the rate coefficient for the hydrogen-induced disordering process. From
the LEED intensity measurements,

—A]/IOAZ‘ = “doo/oo dt = leHZ (8)

The data of fig. 11 indicate that at 335K, k; is 1.09 X 107!7 cm?. From the
data of fig. 14, E, is 5.3 kcal mole ™ for the process. Thus, we may write

ky=1.09 X107'7 cm? = 4 exp(—E,/kT) , ©)
A=314X10"" cm?2=314 A2, (10)

This large value for A means that for every successful reaction event an ordered
oxygen domain of ~300 A? area is destroyed. The (2 X 2) structure shown in
fig. 18 occupies an area of only 25.1 A%, so that disordering of ~12 of these
domains must occur upon the removal of a single adsorbed oxygen atom by reac-
tion with H,. This picture is entirely consistent with the conclusion reached from
O, adsorption studies, that extensive ordering takes place for very small increases
in oxygen coverage in the final ordering region (fig. 3).

4.4. Further kinetic studies of the reaction of H,(g) with adsorbed oxygen on
Rh(111)

Kinetic studies of the reaction of H,(g) with ordered oxygen using LEED have
been especially informative regarding the nature of this reaction. However, we
know that at temperatures near 335 K, we are dealing with a mixture of ordered
and disordered adsorbed oxygen on Rh(111) [9]. Therefore, as shown in fig. 15, we
have employed Auger spectroscopy to measure the total rate of oxygen depletion
during reaction with H,. It is clear from the data at the top of fig. 15 that the rate
of total oxygen depletion during reaction exhibits complex behavior, as evidenced,
for example, by the induction period seen at lowest hydrogen pressures. Similar
induction periods have been observed for the reaction of H,(g) with adsorbed oxy-
gen on Pt(100), using XPS to monitor the oxygen coverage [24]. We have chosen
to use the linear section of these curves to deduce the rate of reaction. As shown in
fig. 16 at the lower values of Py, approximate half-order kinetics in Py, are ob-
served over a ten-fold range of Py,. This is in distinct contrast to the accurate
first-order Py, kinetics observed for the depletion of ordered adsorbed oxygen. A
kinetic model to explain this behavior is advanced below. We assume that the reac-
tion of disordered oxygen dominates the overall rate and that a measurement of
the kinetics of total oxygen removal is, to a good approximation, a measure of the
kinetics of depletion of disordered oxygen. For disordered oxygen, the elementary
reaction sequence is again given by eqs. (1)—(3). We assume in reaction (1) that the
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sites (+), which are active for dissociative adsorption of H,, do not behave as trap-
sites but instead permit the reverse reaction, k,, to occur. In addition, reactions
ks and k¢ are considered to be unlikely just as in the model for the reaction kinet-
ics of ordered oxygen. Using the steady-state approximation,

d[OH]/dz = k3[H] [0] — ks [OH] [H] ~0, @11

d[H]/dt = 2Fy,Su, — k2[H]* — k3[H] [O] — ks [OH] [H] =0. (12)

From these expressions,

[OH] = k;[O]/ks , (13)
~k3[0] | 1 [4k3[0]* & 8Fy,Sy, |'"?

[H] - ;2[ ]+ E |: 3k[% ] 4 l‘]ii H2] ] (14)

Two limiting cases (a) and (b) exist:

(a)  [8Fu,Su,lk2] >[4k3[0]%/k3]  (high pressure limit) .

Then,

[H] = (28y,/k2)" " Fif? . (15)
(b)  [8Fu,Su,/k2] < [4k3[O]%/k3]  (low pressure limit) .

Then,

_—k3[0] _ k5[0] [l +2_F§23sz2}m~FHzSH2

' K201 ) T l0]

(H] T %

(16)

We obtain for the rate of H,O production, Ry,0,
Ry,0 = ks[OH] [H] = k3 [O] [H] . (17)

Substituting the value of [H] in the high pressure limit,

2SH2 1/2 -
RHZO:k3[0]( . FY?, (18)

and in the low pressure limit
RH20:FH2SH2 " (]9)

This treatment predicts that first-order kinetics in Py, will be obtained at lower
pressures while one-half order kinetics will occur at high pressures. We see just the
opposite behavior experimentally (fig. 16).

A rational explanation for this behavior is that the 1078—1077 Torr region
should be considered a high pressure limit for the reaction of disordered oxygen,
and therefore in this range the reaction exhibits half-order kinetics in Py,. The
low pressure region is therefore below our range of observation, i.e., below 1078
Torr hydrogen pressure.
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The reason for the conversion to first-order kinetics above ~2 X 10~7 Torr H,
pressure may lie in the fact that the rate of removal of ordered oxygen is propor-
tional to Py, whereas the rate of removal of disordered oxygen is proportional to
Py,. Hence, as Py, increases, a proportionally greater contribution from the reac-
tion involving ordered oxygen occurs.

It can be shown as follows that our kinetic measurement indicates the coexis-
tence of appreciable amounts of disordered and ordered oxygen at 335 K. Let
64 denote the fractional coverage of disordered oxygen, and 6, denote the frac-
tional coverage of ordered oxygen. Then

d6g/dr = —kaP}204 , (20)
do/dt = —koPy,00. 21
Below PH2 =2 X 1077 Torr, from the data of fig. 16,

kq=21.5sec™ Torr /2 .

Also, from fig. 11,

ko=1.48 X10%sec™ Torr™ .

From egs. (20) and (21),

df 4/dt
dfo/dt

1 \84

=1.45X 10—3(—) L (22)
P36

If we assume that at the value of Py, where the kinetics switch from one-half

order to first-order in Py, the rates of reaction of disordered and ordered oxygen

are equal, then we may calculate 64/6,. Letting P, =1 K 1077 Torr, the break-

point, we obtain for the ratio of disordered and ordered oxygen

04/60=0.2. (23)

This calculation, while not to be considered too literally, suggests that significant
amounts of both disordered and ordered oxygen coexist on the Rh(111) surface at
335K, and that the complex kinetics observed in fig. 16 may therefore be due to
the differing contribution of the disordered and ordered oxygen to the overall reac-
tion as Py, is varied.

5. Summary

The following features of the adsorption of O, on Rh(111) and its subsequent
reaction with H, have been determined:
(1) Oxygen adsorbs on Rh(111) following Langmuir kinetics in which single Rh
atomic sites are involved in the rate-determining step at 335 K.
(2) Initially, an oxygen island-growth mechanism exists, yielding a (2 X 2) LEED
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pattern which may originate from either a (2 X 2) or three (2 X 1) ordered domains.
At intermediate O, exposures, complex interactional effects produce maxima and
minima in the LEED intensity—exposure relationship.

(3) At oxygen coverages near saturation, the addition of small numbers of adsor-
bate atoms results in massive ordering, suggesting that a close balance of attractive
and repulsive forces between adsorbate atoms is made finally net repulsive by the
filling in of the last empty sites to yield the best-ordered overlayer.

(4) A significant structural factor exists in the catalytic reaction of adsorbed oxy-
gen and H,(g) and Rh(111). The kinetics of the reaction of ordered and disordered
oxygen are entirely different, with ordered oxygen exhibiting trap sites for
adsorbed hydrogen atoms. Reaction of oxygen adatoms with H,(g) causes extensive
disordering of the ordered layer, consistent with observation (3) above.

(5) The activation energy for the reaction of H,(g) with ordered oxygen is 5.3 kcal
mole™ and reflects the activation energy for H, adsorption on the oxygen-covered
Rh(111).

(6) The Langmuir—Hinshelwood reaction mechanism is operative for the reaction
of H,(g) with adsorbed oxygen on Rh(111) to yield H,O.

(7) LEED intensity measurements have been shown to be an effective way to moni-
tor the kinetics of a catalytic reaction involving an ordered adsorbate as a reac-
tant.
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