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To my Toving wife, Elizabeth



It is a capital mistake to theorize before one has data.
Insensibly one begins to twist facts to suit theories,

instead of theories to suit facts.

-Sir Arthur Conan Doyle
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ABSTRACT

The heterogeneously catalyzed reduction of NO with hydrogen over Ir{110), es well as the
chemisorption of the individual reactants and some of the produdts, has been studied at low pres-
sures (< 107° torr). The experiments were perforined :with several surface sensitive probes--
thermal desorption mass spectrometry (TD S), contact potential difference {CPD ) measurements;

LEED, X-ray and UV photoelectron spedroscopies and A uger elecron spectroscopy.

CHAPTER 2 desaibes the chemisorption of hydrogen oﬁ Ir{110). The Ir{110)-(1x2) recon-
structed surface is stable in hydrogen at pressures from 1072 to 1075 torr and surface tempera-
tures from 130 to 1000 K, the conditions investigated. A bsolute coverage measurements indicate
the saturation density at 130 K on Ir{110) is (2.2+ 0.2)x 10 atoms- am™2 Thermal desorption
measurements indicate hydrogen obeys second order desorption kinetics and exhibits two
feahures, §8; and fz states, with intensities 2:1, respectively, which exchange isotopically with one
another. However, £ hydrogen obeys first order adsorption kinetics with an initial probability of
adsorption S, equal to unity, while 8y hydrogen has an S, equal to 7x107® and obeys second
order kinetics Rate parameters for hydrogen desorption from Ir{110) show a sympathetic
increase up to at least half of saturdtion forthe £ state where Eg and v4 assume values of 23
keal-mole™! and 1.5% 10~%am®-s™!, respediively. For the 8y state, Fg = 17 - 100 kcal-mole™!
from @ equal to 0.4 - 0.7 and v4 maintains an:average value of 10~ arf-s~.. The CPD and UPS
measurernents are used to infer probable binding sites for the 8; and 8, states of hydrogen which

are consistent with the absolute coverage determined from TD S.

CHAPTER 3 discusses the interaction of hydrogen and CO on Ir{110). The co-adsorption of
hydrogen and CO was undertaken to understand the effects of a model poison, CO, for hydrogen
chemisorption. The adsorption. of hydrogen on preadsorbed CO, or vice verss, causes less
hydrogen to occupy the £ slale and shifts the occupancy to the 8, state preferentially. An

apparent increase in the probability of adsorption of hydrogen in the 8, state occurs for small CO
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coverages. At high CO coversges, the Ir{110) surface'is poisoned to hydrogen adsorption
Exposing CO to preadsorbed hydrogen causes the binding energy of hydrogen to decrease with
inareasing CO exposure. Eventusally, hydrogen is displaced from the surface for-suffident CO
exposures. The induced dipole of hydrogen is unaffected by CO compared to the dean surface,
as measured by the:CPD. The results indicate CO poisons f; sites for hydrogen by a sirmple site
blocking mechanism and may exdude 8, sites at high CO coverages by a hydrogen-CO repulsive
interaction.

CHAPTER 4 presents the results for the molecular chemisorption of \Nz and the co-
adsorption of Nz with hydrogen on I(110) at low temperatures Photoeledron spectroscopy
shows mplecular levels of Ng & 80 (50 + 1n) and 11.B (40) €V in the valence band and at
399.2 eV with a satellite at 404.2 eV in the N(1s) region. The kinetics of adsorption and desorp-
tion of Ny show that both precursor kinetics and interadsorbate interactions are important for this
chemnisorption system. A dsorption occurs with S, equal to unity up to saturation coverage
(4.8x10" an™®) and thermal desorption gives rise to two pesks. The activation energy for
desorption varies between 8.5 and 6.0 keal-mole™! at low and high coverages,. respectively.
Results of the co-adsorption of Np and hydrogen indicate that adsorbed N3 resides in the missing
row troughs on Ir{110) -(1x2). : Furthermore, N; is displaced by hydrogen, and the f§p state of

hydrogen blodks virtually &l Ny adsorption.

CHAPTER 5 considers the chermisorption of NO on Ir(110). Adsorption of NO on Ir{110)
proceeds by presursor kinetics with S, equal to unity: independent of surface' temperature.
Saturation of Ir{110) is achieved in molecular form at 9.6x 10" cmi™® below 300 K. A pproxi-
mately 35 % of a saturated overlayer desorbs as NO in two pesks with equal intensities. The bal-
ance desorbs as Ny and Oz where Np begins to desorb after the first peak of NO is nearly comr-
pleted. Eétimates were made of the activaion energies for the vearious surface reactions that

ocaur es the surface is heated. At low coverages of NO, N desorbs with E equal to 36 keal-



mple~!. The activation energy for the dissociation of NO is near 25 keal-mole™! for a saturated
overlayer, but varies for smaller coverages of NO. Desorption of NO at saturation is assodated
with energies of 23 and 33 keal-mole™! for the two peaks. - The first peak represents desorption of
NO from an oxygen-free surface and the second pesk represents, at least in part, the recombina-
tion of nitrogen and oxygen adatorns on a parﬁaliy oxidized swface. Oxygen tends to stabilize
NO to dissociation and desorption as Nj, as reflecdted in TDS. M oreover, UPS and CPD results

indicate NO is stabilized on oxygen overlayers compared to the dean Ir{110) surface.

CHAPTER 8 discusses the reaction of NO and deuterium to form Np, NDg and D0 over
Ir{110). In addition, the competitive co-adsorption of NO and deuterium and the thermal
desorption of the resulting overlayer were performed fo.gain further insight into the observed
steady state rates of reaction, via TDS and'.CPD messurements Smell precoverages of deu-
teriurn do not affect the adsorption kinetics of NO on Ir{110) but do cause more Ny to desorb
relative to NO at saturation on the clean surface. D euterium will adsorb on a saturated overlayer
of NO. However, deuterium is strongly blocked from adsorbing on an Ir{110) surface that has
both NO and oxygen adsorbed,. which is a condition that occurs for some steady stale reaction
conditions. Under steady state conditions, the reduction of NO shows a marked hysteresis as the
surface temnperature is cycled for a large enough value of R( Pp, /Pno)- ‘A platean in the reduc-
tion rate appears at some T that: persists as T decreases until at lower values of T the rete falls
irreversibly. For larger values:of R, NDg is produced between 470 - 630 K and competes
strongly with N, production. Otherwise, N and D30 are the only preducts of the reduction reac-
tion. Tentative explanations of the empirical: rate models derived from the steady state rale data

are discussed in light of XPS, UPS and LEED results that are presented as well.
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CHAPTER 1
INTRODUCTION



The motivation for this thesis was to gain a more thor-
ough understanding of the various processes that may be im-
portant in heterogeneously catalyzed reactions. More spec-
ifically, this study deals with: (1) measuring the thermo-
dynamic properties of an adsorbed phase, (2) determining the
elementary chemical steps of a reaction on a catalyst surface,
(3) developing expressions to describe these steps, (4) micro-
scopically locating the binding sites for the adatoms and
admolecules, and (5) identifying the chemical nature of the
adsorbates.

The approach used in this thesis was to study the het-
erogeneously catalyzed reduction of NO with hydrogen over
Ir(110), as well as the chemisorption of the reactants and
some of the products. This system was studied through gas-
solid interactions that could be measured using surface-sen-
sitive techniques. These surface-sensitive techniques include
thermal desorption mass spectrometry(TDS), contact potential
difference(CPD) measurements, low-energy electron diffraction
(LEED), UV and X-ray photoelectron spectroscopies, and Auger
electron spectroscopy. The nature of these probes limits
their use to total pressures below 10'5torr wheréas the sur-
face temperature could be varied from 95 to 1700 K.

The reasons for choosing the reaction between NO and
hydrogen over Ir(110) are the following. This reaction

represents one class of reactions where both reactants must



dissociate on the catalyst surface in order to form products.
In a general view, the data available via the surface-sen-
sitive probes mentioned are difficult to interpret even for
the simplest reactants that are studied. Insight into simple
reactions that can be understood on a microscopic scale serves
to modify our view of the role a catalyst plays. Moreover,
the reduction of NO is important commercially to control
automobile emissions. Fundamental studies of this reaction
therefore are useful beyond strictly scientific interest.
Although the reactants have received a great deal of atten-
tion individually chemisorbed on the transition metals, reac-
tive co-adsorption studies under vacuum conditions are few.
Additionally, atmospheric studies of NO reduction over sup-
ported transition metals reveal a trend in the selectivity

of the metals to the formation of ammonia or nitrogen, which
may be understood more clearly by fundamental studies under
well characterized conditions. Finally, iridium has received
little attention with regard tc the chemisorption of gases
and reactions of adsorbed species.

The Ir(110) surface, in particular, was chosen for this
study for several reasons. An ordered array of surface atoms
provided by using a single crysta]rsurface simplifies defining
the surface geometry and the type of adsites available for
chemisorption and reaction. Moreover, measurements involving
surface-sensitive probes, such as LEED, CPD measurements and

TDS, are more reproducible with single crystals than with



polyecrystalline foils. If a simple termination of the bulk
is considered, Ir(110) has a surface consisting of a regular
series of rows and troughs. However, the surface when free
of impurities reconstructs from the bulk structure to form
a surface with every other row of atoms dissolved into the
bulk. The surface may be visualized as densely packed micro-
facets inclined to one another which are separated by ridges.
This open structure not only exposes second layer Ir atoms
but third layer Ir atoms as well. Thus, Ir(110) in its
reconstructed form provides a wide variety of adsites and
also represents. a good model for surface defects. Under the
influence of adsorbed species the surface may relax back to
the bulk structure, which certainly would affect the elemen-
tary steps of reactions that depend upon certain types of
active sites.

The presentation of this thesis is as follows. The
chemisorption of hydrogen and NO on Ir(110) are presented
in Chapters 2 and 5, respectively. Chapter 3 deals with the
co-adsorption of hydrogen and CO on Ir(110) which gives fur-
ther insight into the chemisorption properties of hydrogen
in the présence of a model poison, CO. The molecular chem-
isorption of N2 on Ir(110), one of the products in the re-
duction of NO, is presented in Chapter 4. Chapter 6 presents
the results for the heterogeneously catalyzed reduction of

NO with hydrogen over Ir(110). Following the summary in



Chapter 7, seven appendices describe additional studies per-
formed on Ir(110) and one appendix details changes introduced
to the experimental system employed in this work. The chem-
isorption of water(another reduction product encountered)

on Ir(110) is presented in Appendix A. Appendix B shows a
brief study of hydrogen and oxygen co-adsorption and reaction
on Ir(110). The use of order.plots in analyzing thermal
desorption mass spectra is discussed in Appendix C in con-
junction with data from Chapter 2 concerning hydrogen desorp-
tion from Ir(110). Appendices D and E deal with CO and
oxygen chemisorption on Ir(110), respectively. Tha co-ad=
sorption of CO and oxygen and subsequent reaction to form

€O, under transient and steady state conditions over Ir(110)

2
are described in Appendices F and G, respectively. Additions

to the POL operating system, which are a 16-bit digital-to-
analog converter to improve the measurement of several mass
peaks in TDS and a software command that facilitates data
analysis, are presented in Appendix H.

The remaining portion of this introduction will describe
the surface techniques used here in studying the reactions
of molecules on surfaces at low pressures and will discuss
briefly the information that is available through these
techniques. It should be stressed here that no single meas-
urement technique will characterize a chemical system fully.
An experimenter can understand the chemisorption and reaction

properties of molecules on surfaces only through the intel-



ligent use of several techniques in an integrated program of
study.

One of the oldest and most universal techniques that has
been used in chemisorption studies is thermal desorption mass
spectrometry(TDS). The experiment involves heating a surface
covered with adsorbed gases and monitoring one or more species
that evolve from the surface. If the volume surrounding the
sample is pumped rapidly the intensity of a particular mass
is propertional to the rate of desorption. Integration of
the intensity with respect to time gives a relative measure
of the coverage at any point in time. This technique was
first used to study desorption from polycrystalline filaments
(1). General reviews of desorption may be found in the Tit-
erature(2). The rate of desorption may be expressed in the
simplest form as a preexponential factor multiplied by a cov-
erage to an integral exponent and an exponential of the ratio
of an activation energy to the surface temperature. In its
general form, the preexponaential factor and the activation
energy may vary with surface coverage. From TDS, information
concerning the preexponential factor, the activation energy,
the kinetic order and absolute coverage are possible to ex-
tract in some cases. Also, multiple sites and/or interad-
sorbate interactions may be deduced from several features
appearing with respect to time or surface temperature during

desorption.



Although the relative coverage of a gas may be calcu-
lated directly by integration as mentioned previously, other
parameters in the desorption expression must be calculated
using some form of analysis. The exponential of the coverage
factor is assumed usually to represent the order of the rate
limiting step for desorption. Many methods require the as-
sumption that the rate parameters do not vary with surface
coverage and that they may be calculated from two spectral
features(3). These methods stem generally from the work of
Redhead(4) and require only one desorption spectrum for any
particular analysis of the rate parameters. Other forms of
analysis use several desorption spectra at any point in
coverage where the initial coverage(5) or the heating sched-
ule(6) is varied between each spectrum. Several features
in a desorption spectrum may be due to multiple sites but
these must be deduced from other data, if possible. Inter-
adsorbate interactions(7) or precursor intermediates(8,9)
may be incorporated also into a desorption expression in
order to explain anomalous preexponential factors, orders of
desorption and shapes of desorption spectra. However, pone
of these modifications can predict the behavior of an
adsorbate 3 priori. The kinetics of adsorption and the ap-
pearance of ordered overlayer structures(LEED) often are
needed to justify their use.

If a series of exposures(pressure-time product) of a



gas are performed on a surface and the resulting TDS are
recorded, the integrated intensities(relative coverages)
plotted as a function of exposure give the adsorption kinet-
jcs of the gas. The initial probability of adsorption is
equal to the slope of this curve at zero coverage once the
absolute coverage is known and is independent of surface
temperature, if adsorption is unactivated. Several analytical
models have been used to fit the shape of the coverage-
exposure curves by incorporating the effects due to an inter-
mediate to chemisorption(precursor) and interadsorbate in-
teractions. The simplest form of adsorption kinetics is the
first or second order Langmuir type for associative or dis-
sociative adsorption, respectively. A precursor model for
associative(10) or dissociative(ll) adsorption often will
explain the slow variation of the probability of adsorption
as a function of coverage. Since interadsorbate interactions
as well as precursor kinetics may be important, both of these
effects have been incorporated into a model(12). Appropriate
1imits on these models must, however, give the Langmuir type
in order to be consistent. These are the major models used
to describe the adsorption process for a single adsorbate.
Little work has been performed on co-adsorbed systems since
each system presents its own unique conditions of order and
interactions.

Another technigue used to measure adsorption and desorp-

tion phenomena is contact potential difference(CPD) measure-



ments. Although the highest energy level occupied by electrons
in a metal(Fermi level) does not change in energy upon chem-
isorption of gases, a change may occur in the effective en-
ergy barrier for an electron to enter or exit a metal sur-
face. The change(CPD) is due to the formation of a dielectric
layer as a result of charge transfer between the surface and
the adsorbate. Information concerning the degree of charge
transfer as a function of surface coverage can give the ef-
fective dipole and polarizability of the surface complex{13).
Moreover, coverage and temperature dependences of CPD measure-
ments can be used to infer binding sites(14,15). The cover-
age dependence of the CPD may be used also to infer a change
in the type of binding site sampled as the coverage increases,
as seen for oxygen on Ir(110)(16). Many techniques have been
developed to continuously measure the CPD during gas adsorp-
tion ,but they can be divided into two classes- the diode
method(17,18) and the capacitive method(19,20). Typically,
the magnitude of the CPD is less than one eV (plus or minus
sign) and acceptible levels of noise are on the order of

10 meV, If the response of the measurement is sufficiently
fast (100 ms), the coverage-CPD relation is independent of
temperature and the surface can be heated as the CPD measure-
ment is recorded, the time derivative of the CPD gives the
rate of adsorption or desorption of a gas(20). This may be
compared to the desorption as measured by a mass spectrometer

(21). Using the CPD as a coverage indicator at a series of
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temperatures and pressures allows the ¥sosteric heat of adsorp-
tion to be calculated using the Clausius-Clapeyron expression
(22). Thus, CPD measurements used in conjunction with TDS
measurements provides a powerful tool to characterize adsorp-
tion and desorption behavior.

Insofar as ilentification of adsorbed species is con-
cerned, TDS gives only indirect evidence on the question of
whether small molecules are dissociated or intact by the
reaction order in desorption or by isotopic exchange experi-
ments. Also, an activated process(dissociation) may occur
as the surface is heated. To circumvent these problems, Auger
electron spectroscopy may be used to determine the jdentity
of the adsorbed species. The Auger mechanism is a three-
electron process involving a core hole( created by high energy
electrons or photons) and two higher lying levels. The nature
of this mechanism makes it a convenienf “fingerprint" for
identifying elemental compositions on surfaces and determining
their relative coverages(23). Furthermore, AES line shape
analysis may be used to determine the molecular or dissocia-
tive nature of adsorbed species(24), since a large redistri-
bution of features is expected if it is part of a molecule
that dissociates. Also, the oxidation of a metal forms a
different compound, which was seen by AES for A1(25). Thus,
chemical effects may be seen using AES as an analysis tool.
However, chemical effects may concern all three levels which

are involved in the Auger process and are difficult to in-
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terpret in this manner.

A technique that involves a one-electron process is easier
to use conceptually in order to study chemical effects. This
is accomplished via UV and X-ray photoelectron spectroscopies-
UPS and XPS, respectively. Ideally, the mechanism involves
a monoenergetic photon which ionizes an electron that is bound
in an atom or molecule. The kinetic energy imparted to the
electron is approximately equal to the difference in the en-
ergy of the photon and the binding energy of the electron.
Core and valence levels are sampled via XPS and valence levels
are sampled via UPS by virtue of their photon energies. In-
formation concerning the chemical state of an element is a-
vailable through XPS(26). Also the integrated intensity of
the transitions is a measure of the relative coverage(27).
Although UPS cannot be used easily to measure coverages, it
is a sensitive indicator of the chemical and bonding nature
of adsorbates on surfaces. Often UPS represents a finger-
print technique for adsorbed molecules compared to the gas
phase(28). Moreover, complex calculations are required to
predict the observed emission behavior in the valence region
(29).

The final technique that will be discussed is low-energy
electron diffraction(LEED). At the very least LEED is an
invaluable tool to monitor qualitatively two-dimensional or-
dering of overlayers or changes in the order of the substrate.

Correlating the LEED superstructure of and ordered array of
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adsorbates with the relative coverage can give straightfor-
wardly the absolute coverage. Moreover, processes such as
surface oxidation may be followed by LEED as seen for the
formation of a surface oxide on Ir(110)(16) and the epitax-
ial growth of a bulk oxide on Ni(111)(30). Ordered structures
of adsorbed species may affect the rates of reaction. For
example, the desorption of CO from Ru(001) is affected strong-
ly by the formation of a LEED superstructure(21). LEED may
also indicate the condition of the surface, as seen for the
steady state oxidation of CO over Ir(110)(31). Although

LEED patterns are used to fix relative positions of adsorbates
their absolute positions are accessible only through complex
calculations(32). Calculations performed by others in the
present context of Ir(110) are valuable since the clean sur-
face structure is known now(33), which is different from the
bulk structure.

In summary, the surface-sensitive techniques described
here have been employed to characterize the various chemisorp-
tion properties of small molecules on the (110) surface of
iridium. In particular, the goal of this thesis is to gain
insight into the heterogeneously catalyzed reduction of NO

with hydrogen over Ir(110).
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CHAPTER 2
THE CHEMISORPTION OF HYDROGEN ON THE (110)
SURFACE OF IRIDIUM
(The text of Chapter 2 consists of an article coauthored
with T. S. Wittrig and W. H. Weinberg that has been
published in Journal of Chemical Physics 72, 4885(1980).)
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Abstract
The chemisorption of hydrogen on Ir(110) was studied under
ultra-high vacuum conditions with thermal desorption mass
spectrometry, LEED, contact potential difference measurements
and ultraviolet photoelectron spectroscopy. The Ir(110)-(1x2) recon-

9 5

structed surface is stable in hydrogen at pressures from 10 ~ to 10 ° torr

and surface temperatures from 130 to 1000 K, the conditions investigated.
No streaks or spots were observed in the LEED pattern due to the presence
of hydrogen. Absolute coverage measurements indicate the saturation

15 atoms - cm'z. Thermal

density at 130 K on Ir(110) is 2.2 + 0.2 x 10
desorption measurements indicate that hydrogen obeys second order desorp-
tion kinetics and exhibits two features, B1 and 82 states, with intensities
2:1, respectively, which exchange isotopically with one another. However,
By hydrogen obeys first order adsorption kinetics with an initial sticking
probability SO equal tounity, while Bl hydrogen has an So equal to 7 x 10'3
and obeys second order kinetics. Rate parameters for hydrogen desorption
from Ir(110) were calculated as a function of fractional surface coverage.

A sympathetic increase in the rate parameters up to at least half of
saturation is observed for the BZ state of hydrogen, where Ed and V4 assume
the values 23 kca]/mo]é and 1.5 x 10—2 cm2 - s’l, respectively. The in-
crease is attributed to adatom-adatom attractive interactions of hydrogen

in the 82 state. " For the Bl staté, the energy of desorption, in kca]-mo]e'l,
is given by E, = 17 - 108 from 6 equal to 0.4-0.7, and the preexponential
factor, vd,varies weakly as a function of coverage with an average value
7L -

of 2 ;2 x 10 The contact potential difference (CPD) increases
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linearly with coverage up to 0.20 eV and reaches a maximum at 0.30 eV for
the B, state of hydrogen for T < 300 K. A continuous decrease in the CPD
occurs over the Bl state up to saturation at 140 K and becomes lower than
the clean surface contact potential for total fractional coverages above
0.9. Probable binding sites for the Bl and B, states are inferred from
the absolute coverage measurements and the CPD measurements. Ultraviolet
(HeI, hv = 21.2 eV) photoelectron spectra of hydrogen show a broad H(1ls)
Tevel centered approximately at 6.1 eV below the Fermi level. A strong
decrease in the d-band emission occurs near the Fermi level after ad-
sorption of the B, state, which suggests preferred binding locations for

this state of hydrogen on the Ir(110)-(1x2) surface.



18

1. Introduction

The study of hydrogen chemisorption on Ir(110) was undertaken to
give insight into several of the elementary reactions which are important
in reduction catalysis. Thermal desorption mass spectrometry (TDS), LEED,
contact potential difference (CPD) measurements and ultraviolet photo-

electron spectroscopy (UPS) were used to investigate the properties of
hydrogen chemisorption, e.g., desorption kinetics, adsorption kinetics, the
structure of the overlayer-substrate system, chafge transfer in the over-
layer, and the electronic nature of the H-Ir bond.

Although hydrogen chemisorption has been investigated extensively on

various surfaces of the platinum metals, including Ni'(ljg), Rh (3,4),

Pd (5,6), Pt (7-12) and Ir (3,13,14), 1ittle work has been performed on
single crystals of Ir. Theupresent comparative study on Ir(110) will com-
plement the work done on other single crystal surfaces of the platinum
metals. In general, many aspects of hydrogen chemisorption have common
features among this class of metals. Nonactivated dissociative adsorption
is observed with initial sticking probabilities ranging from 0.1 to 0.4
with the exception of Pt(100)-(5x20) which seems not to adsorb hydrogen (10).
Generally, adsorption is described either by a dissociative Langmuir model
or by a second order precursor model. However, first order adsorption
kinetics are observed for hydrogen adsorption on Ni(111) and Ni(100) (2).
Two to three features appear in the thermal desorption spectra depending
upon the metal and surface orientation. Most of these features are de-
scribed by second order desorption kinetics, but the low coverage feature
for hydrogen desorption from Ni(110) (2) and oxidized Pt(110) (9) displays
first order desorption characteristics. Reported values for the activation

energy of desorption at low coverage range from 17 to 25 kcal/mole for the
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platinum metals. Hydrogen forms few ordered averlayer structures on the
platinum metals. A (2x2) structure is observed on Ni(111) (15 -17),

whereas a (1x1) overlayer structure forms on Pd(111) (5,6). Also, a

(1x2) structure is formed on (110) surfaces of Pd (4) and Ni (1,2,18).

Faint streaks appear in the LEED pattern for a saturated hydrogen over-
Tayer on a stepped Pt(111) surface (12) which are attributed to ordering
along the steps. Finally, the CPD increases for hydrogen on most platinum
metal surfaces, typically between 0.1 and 0.6 eV depending on the metal

and surface orientation, i.e., a'net transfer of electrons to H atoms occufs

from the metal if hydrogen lies above the surface plane. On Pt(111) (8) and
stepped Pt(111) (12), a decrease in CPD occurs with increasing hydrogen cov-
erage in addition to a small initial increase in the CPD which is more pronounced
on the stepped surface. Fufrther, aninitial increase in the CPDof 0.1 eV and then a
decrease to a final value of 0.03 eV is observed at 120 K on Ni(100) (19)

and Ni(111) at low temperature§ (11), Ultraviolet photoelectron spectra
of hydrogen chemisorbed on (111) surfaces of Ni (20,21), Pd (20,21)

and Pt (21) show H(1ls) induced levels at 5.8, 6.4 and 7.3 eV below the
Fermi level, respectively. For Pd (19,20) and Pt (20), a strong re-
distribution of d-band emission occurs near the Fermi edge, in contrast

to Ni. The present work is in general agreement with these previous

studies; however, new results are presented for hydrogen on Ir(110).

2. Experimental Procedures

The experiments were performed in an jon-pumped stainless steel bell

10

jar with a base pressure below 2 x 10~ torr. . Several surface sensitive

probes — a quadrupole mass spectrometer, LEED optics, a CPD apparatus, an
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Auger electron, and X-ray and UV-photoe]ectrbn spectrometers — are con-

tained in the experimental chamber. A double pass cylindrical mirror ana-
lyzer was used to perform the electron kinetic energy analysis. All probes were
interfaced to a PDP 11/10 computer (22). Although all data reported here,
except the LEED data, were obtained in digital form, the data are shown in
analog form to facilitate the presentation. A detailed description of the
experimental system is reported elsewhere (23), with the exception of the
ultraviolet lamp. The Hel radiation was produced by a microwave discharge
cavity at the end of a two-stage, differentially pumped stainless steel
capillary array. When a Hel discharge at a pressure of 1 torr was used,

the base pressure in the belljar rose by 1 x 10_9 torr. For Hel radiation,

typical count rates near the Fermi edge were from 90,000 to 110,000 count—s-1
for a constant pass energy of 25 eV.

The substrate was cut from a single crystal of Ir and was polished
to within 1° of the (110) orientation using standard polishing techniques.
Carbon was cleaned from the substrate through a series of oxidation and
reduction cycles. Annealing above 1600 K removed 0, Ca and K impurities.
Details of the cleaning procedure are described elsewhere (23). The sub-
strate was heated resistively by two 10 mil Ta support wires or cooled
conductively by Tiquid nitrogen. Temperatureé were measured with a
W/5%Re-W/26%Re thermoéoup1e spotwelded to a 1 mm2 Ta foil sandwich on the
back of the Ir crystal and werereferenced to an icepoint junction. Temper-

atures are accurate within + 5 K for all values reported here.
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3. LEED Observations

If a simple termination of the bulk is considered, the Ir(110) surface
is a series of rows and troughs. However, a clean surface is reconstructed
to form a (1x2) LEED pattern (24), a situation which occurs also on Pt (110)
(25). Very recently, the structure of reconstructed Ir(110) has been de-
termined to be a surface with every other row of surface atoms missing in
the [001] direction (26). Thus, not only are second layer Ir atoms exposed,
but third Tayer atoms under the Tocations of the missing rows are exposed
also. The surface may be thought of as (111) planes inclined to one
another containing an equal number of two inequivalent types of three-fold
sites and two inequivalent types of two-fold sites between the first and
second layers. There are a total of‘fdur'three—fo1d sites and four two-fold
sites present in each reconstructed unit cell. Also, one additional high
symmetry site is contained in each unit cell éfther on top of the rows of
Ir atoms or directly above the third Tayer of Ir atoms. This knowledge,
coupled with other data presented below, may be used to infer preferred
binding sites for hydrogen on Ir(110).

Under all conditions examined, i.e., for surface temperatures from
130 to 1300 K and pressures from 107 to 107 torr hydrogen, the structure
of the surface was stable and showed the (1x2) reconstruction. No addi-
tional spots or streaks occurred in the LEED pattern for any coverage of
hydrogen on the surface, even at 130 K. As the hydrogen coverage in-
creased, the substrate pattern remained a sharp (1x2) with the background
increasing only slightly at high coverage. Annealing a hydrogen-covered
substrate to the onset of hydrogen desorption and recooling to 130 K

caused no observable changes at any hydrogen coverage.
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4. Absolute Coverage Determination

Absolute coverage calibrations were performed for hydrogen on Ir(110)
by two methods, both using TDS. The two methods, outlined below, employ
known absolute coverages for CO and oxygen on Ir(110) from previous
studies in the same experimental system (23,27). The basis for both
techniques is to compare relative experimental parameters between hydrogen
and another gas which has an accurate coverage calibration in atoms or
molecules per unit area to determine the number of hydrogen atoms per unit
surface area.

The first technique is a comparison of the integrated intensities of

mass 2 and mass 28 in thermal desorption spectra of hydrogen and CQ for

saturation coverages. The relative mass spectrometric sensitivities for
H2 and CO were determined by calibration with respect to an ion gauge
where the ionization efficiencies were known. A poppet valve contained

in the system was closed sufficiently so that the ratio of the pumping
speeds was equal to the ratio of the square root of the molecular weights
of the desorbing molecules. The absolute sensitivity of the mass spec-
trometer to CO was determined from the CO spectrum for saturation coverage
at 300 K, which is equal to 9.6 x 1014 molecules - cm'2 (23). The thermal
desorption spectrum for a saturation coverage of hydrogen at 130 K, the
Towest temperature accessible during these experiments, was obtained by
exposing the surface to 300 Langmuirs (L) of H, (1L = 10-6 torr-s). At
greater exposure to HZ’ adsorption becomes reversible at 130 K, although
the spectrum is quite reproducible up to 300 L. Then, absolute coverages

of hydrogen (atoms - cm'Z) were determined from twice the product of the
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absolute sensitivity of the mass spectrometer to CQ, the ratio of the
relative sensitivities for CO and H2, the ratio of the pumping speeds for
H2 and CO, and the ratio of the pressure-time integrals for the saturation
spectra of H2 and CO.

The second technique used to determine absolute coverages of hydrogen
employs oxygen and deuterium. As described below, deuterium and hydrogen
have identical adsorption properties on Ir(110). Deuterium was used to
minimize baseline drift in the mass spectrometer from adsorption of back-
ground H20 on the sample manipulator. For certain coverage ranges of co-
adsorbed deuterium and oxygen, all the oxygen reacts during thermal de-
sorption to form Dzo'(gg). If one knows the absolute initial coverage of

oxygen, then an absolute calibration for D20 is known. Moreover, if a

known relative coverage of deuterium is co-adsorbed with any coverage of
oxygen below the temperature where any species desorb, and the surface is
heated, the difference between the amount of deuterium that desorbs with
no oxygen present and the amount that desorbs with oxygen present is equal
to the coverage of deuterium that reacts to form D20. This difference
can then be used to calculate absolute coverages of deuterium (or, equiva-
Tently, hydrogen) from the coverage calibration for DZO’ The experimental
conditions that meet the above requirements are described briefly. A more
detailed account will appear in a later publication (28).

When more than 100 L 02 is exposed at 130 K'to a surface oxide on
Ir(110), and the surface is heated, all the oxide desorbs as D,0 (28).
The surface oxide is formed by exposing an Ir(110) surface to more than
0.8 L O2 followed by annealing to 1200 K. The coverage of the oxide is

2.4 x 1014 atoms - cm'2 and has associated with it a (1x4) LEED pattern
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(27). Any excess oxygen desorbs as 0,. Since the oxygen coverage on the
oxide surface is known, a calibration for D,0 may be obtained from the
integrated intensities of the mass 20 signal in the thermal desorption
spectrum. To obtain a known relative covérage of deuterium, the Ir(110)
surface is exposed to 02 at 130 K. In order to co-adsorb oxygen and not
lose any deuterium during oxygen adsorption due to reaction or desorption,
small exposures of 02'(< 0.5 L) are applied to the deuterium overlayer (28).
Any of the 02 signal lost during a flashwill be due to reaction to form
DZO’ which is measured simultaneously. The method discussed above allows
several measurements to be made quickly in order to minimize inaccuracies
due to drift in system constants. This method presents a more accurate

technique to determine absolute coverages for hydrogen (deuterium) than

the first method described where relative pumping speeds must be known,
and large exposures of both gases (H2 and CO) must be used.

The results of the two independent methods to determine absolute
coverages of hydrogen on Ir(110) are in excellent agreement. For satur-
ation (300 L) exposure of H2 at 130 K, the first method yields
N = 2.3 X 1015 atoms - cm'2; whereas the second, more accurate, method

sat
15

yields NSat =2.2 0.2 x 1007 atoms - cmz. This value for the saturation

coverage of hydrogen on Ir(110) is very reasonable when compared to other
platinum metal surfaces. Saturation coverages of hydrogen on the platinum
metals are difficult to determine due to the general lack of order in

15 atoms - em™2 of hydrogen

overlayers. However, between 1 and 2 x 10
adsorb on Pd(110) (29) and Ni{110) (1,2), in good agreement with the value
determined here. As shown below, two distinct states are observed for

hydrogen in thermal desorption spectra which have relative popu]ations'of
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2:1 for low and high binding energy states, respectively. This corre-
sponds to approximately 3 atoms and 1.5 atoms for each state of hydrogen
in each unit cell for the reconstructed surface. Since more hydrogen
could be adsorbed if surface temperatures below 130 K could be reached,
the Tow binding energy state may reach a saturation of 4 hydrogen atoms in
each unit cell — the number of three-fold sites or the number of two-fold
sites available on the (1x2) surface. Although the saturation coverage
determined at 130 K is only accurate to * 10%, the agreement between the
number of three-fold sites, or the number of fwo-fo]d sites, and the
number of atoms in the low binding energy state is excellent, Three-fold
sites are preferred as probable binding sites since hydrogen binds to both
types of inequivalent three-fold sites on Ni(111) (17). Figure 1 presents a

summary of the probable binding sites of hydrogen on Ir(110).

5. Desorption Kinetics

Several thermal desorption spectra of H2 from Ir(110) were measured
as a function of H2 exposure at 130 K. These data are used for investi-
gating both the desorption and the adsorption kinetics of hydrogen on
Ir(110).

Figure 2 shows representative curves of 30 desorption spectra for
hydrogen on Ir(110). The average heating rate (B) for each spectrum was
21 K/s. Two features appear with relative integrated intensities of 2:1
and are defined as Bl and 82 states, respectively. Although both features
exhibit a decrease in peak temperature with increasing surface coverage,

characteristic of second order desorption kinetics, their rate parameters
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display markedly different behavior, as will be shown. The Bz state
fills to completion after 0.35 L and shows only a 15 K decrease in peak
temperature. After the 82 state is occupied fully, the Bl state fills at
a much slower rate and decreases in peak temperature by more than 100 K
over the a;cessib]e coverage range. The 82 state of hydrogen shown in
Fig.2 desorbs in the same temperature range as previously seen for hydro-
gen adsorption on Ir(110) (30) and Ir(111) (31) near 300 K.

Dissociative adsorption of hydrogen on the platinum metals is reported
for all surface orientations investigated (1 -15). However, first order
desorption kinetics have been observed onbNi(llo) (2) and oxidized Pt(110)
(9) for the most tightly bound states. For the 82 state of hydrogen on
Ir(110), the slight decrease in peak temperature may imply first order
desorption with a small decrease in the activation énergy of desorption.‘

Hydrogen and deuterium were adsorbed sequentially at 130 K to determine if

both species (81 and 82) are indeed adsorbed dissociatively and if iso-
topic exchange occurs between the states. As shown in Fig. 3, H2, HD
and D2 are desorbed during a thermal desorption experiment in which

0.45 L D, was adsorbed to fill the 82 state, followed by 5.0 L H2. From

2
the thermal desorption spectra, it is clear that dissociative adsorption
and mixing between the 81 and 82 states do occur. Many other experiments
were performed with various sequential exposures of H2 and D2 that are |
not shown. Regardless of the exposure sequence or the amount of each
component adsorbed, the product distribution was similar to those in Fig.

3. Overall, statistical mixing of H and D is confirmed at each point in

the desorption spectra: values of the isotope distribution coefficient
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(1,577
Kid 1 range from 3 to 4.5. The terms IHD’ ID and IH are the
02 H2 2 2

gas phase intensities of the products of the desorption reaction, cor-
rected for differences among their respective experimental system constants.
Within the errors of the experiment, the values of Kid agree very well with
the calculated value of approximately four for complete mixing (3). Iso-
topic exchange experiments on polycrystalline Ir resulted in Kid n 3 for
adsorption at 100 K (3].

The order plots in Fig. 4 were constructed from the thermal desorption
data in Fig. 2 to determine whether the kinetics of desorption of hydrogeﬁ
in the B, state are %irst order or second order. For low coverages, it is
usually assumed thét the slope of a plot of 1an as a function of 1ng at
constant temperature is equal to the desorption order, where R4 and 6 are

the rate of desorptioh and the fractional surface coverage of hydrogen, -

respectively. As calculated from Fig. 4, the slope for T » 380 K is
equal to two, indicating second order desorption for the 82 state. At
lTower temperatures, where the Bl state desorbs, the slopes are much
greater than two, indicating a change in the rate parameters with cover-
age. This is evidenced also by the broad, asymmetric desorption behavior
seen in Fig. 2, although the desorption is expected to obey second order
kinetics since it adsorbs dissociatively, and the adsorption kinetics
(see sect. 6) show no evidence for the participation of a precursor (32).
However, the slope calculated from the order plots, even at low

coverages, may not represent the true order of the desorption reaction.
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For the 82 state described here, the calculated order is, in fact, two;
but thiswas shown to be the result of the cancellation of other terms
that  contribute ‘ to the slope of an order plot (33). Briefly, the

derivation involves the following expression for the desorption rate,
n
Ry = vd(e)e exp[—Ed(e)/kTJ . (1)

The order n is assumed to be a constant integer representing the elemen-
tary desorption reaction. Logarithmic differentiation of Eq. (1) with

respect to the fractional surface coverage at constant T yields

(Nan) o (am\)d(e)) __L(aEd(,e)) (2)
olné /g olne /; kT \ 3lno 7/

Usually, it is assumed that the last two terms of the right-hand side of
Eq. (2) are zero, and n is the slope of an order plot. However, recent
experimental evidence has shown that both rate parameters, Ed and vq can

vary strongly with coverage (23,34). This is also the case for hydrogen

. oTnv ) BEd
on Ir(110) as will be shown below. If the terms |-—-—2 and
31n6 T 91ng T

are large, the slope of an order plot may not be equal to n. As an example,
the slope of the experimental order plot in Fig. 4 for T = 390 K is equal
to 2.0 + 0.1. The calculated slope [Eq. (2)], using the rate parameters

presented below, is equal to 2.2 = 1.5. The large error limits are due

_ ‘ {3lnv aEd
to the uncertainty in measuring the derivatives |——— and | ——=| .
. 31ng T L 31nd T

Although the experimental and calculated values of the slope of an order
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1 'aEd alnvd
plot are in excellent agreement, the terms - T 5Tﬁ§'T and 'BTEE_.T

are equal to -4.6 and 4.8, respectively. It is evidently fortuitous that
they cancel one another.

Since the system is pumped rabid]y, the desorption rate is propor-
tional to the intensity of the mass spectrometer (I). Thus,

o=, (3)

where n is a proportionality constant. The coverage at any point in a
desorption spectrum is determined by integrafﬁng Eq. (3):
t
- o(t) = n [ 10t (4)
0
The heating schedule may be of any form so long as the intensity and
temperature are monitored independently with time. If the initial cover-
age (eo) is known, the constant r, may be calculated from an integration of
Eq.‘(4) over the whole desorption spectrum. The desorption rate and tem-

perature may be varied for any particular coverage either by changing the

initial coverage or by changing the heating rate, while keeping the ini-
tial coverage constant. Then, Arrhenius plots may be constructed of ]an
as a function of 771 at constant coverage with slope [—Ed(e)/k]e and
intercept 1n[vd(e)6n/n3e . If the coverage is known in absolute units,
vd(e) may be calculated in units of surface diffusivity, cm2 - s'l.

The rate parameters Ed and V4 Were determined from an integral method
using variable heating rates (35). Eleven desorption spectra of hydrogen

from Ir(110) were measured by varying the nominal heating rate from 5 to

110 K/s. The initial fractional coverage was fixed at 0.82 * 0.01 for
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each measurement by exposing the surface to 10Q L H, at 130 K. The high
degree of accuracy for the relative initial coverage was obtained since

10

background contaminants of CQ and HZO were Tow (< 107" torr), and the

poppet valve in the chamber was partially closed to reduce loading of the
pumps during exposures. Arrhenius plots constructed from the data are
shown in Fig. 5. Although the change in heating rate was smaller for the
plots at higher coverages due to nonlinear heating at the beginning of
each measurement, sufficient accuracy was available since the preexponential
factor was small, as evidenced by the broad shape of the B, state in Fig.
2. This construction may not be valid if simultaneous desorption from
multiple, distinct sites occurs at any particular coverage. The 81 and

62 states are separated in energy sufficiently that desorption from
multiple sites at any instant will not be important except possibly near
the depletion of Bl and the beginning of desorption from Bs - It is, how-
ever, probable that if two types of three-fold sites are participating in
bonding for the Bl state (based on the clean surface structure and the
coverage determination for hydrogen}, the broad desorption spectrum of the
Bl state may be a composite of these sites which cannot be resolved by
thermal desorption spectra. However, they may be resolved by CPD measure-
ments (see sect. 7).

In Fig. 6, the desorption energy and preexponential factor from the
Arrhenius plots are shown as a function of surface coverage. An increase
in Ed and vy is observed up to a fréctiona1 coverage of 0.20. It is well
known that defects on the surface and edges of the crystal tend to broaden
thermal desorption spectra, particularly at low coverage, and this would

depress the calculated rate parameters. However, the magnitude of the
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increase in Eq4 (5 kcal/mole) and vy (factor of 500) for the B, state is

too large to be explained in this way. The rapid variation in the rate
parameters between fractional coverages of 0.25 and 0.35 is associated

with the completion of the Bz'state of hydrogen. At higher coverages, Ed

4

5>

decreases approximately linearly with coverage (10 kca]—mo]e'l— monolayer
and 4 varies only weakly with coverage. A similar decrease in Ed is ob-
served for CO on Ir(110) (23). A continuous decrease in Eq for hydrogen
adsorbed on Ni (2) ana Pd (5) has been reported for their respective high
coverage states. The dramatic change in the behavior of the rate param-
eters when the 82 state is complete and the Bl state begins to populate
is further evidence for different binding sites between Bl and 82 states.
Furthermore, the adsorption kinetics reflect a marked change in binding
sites, as seen in the next section. The maximum value for the energy of
desorption, 23 kcal/mole, is close to the isosteric heats of 22 and 24
kcal/mole measured on the (110) surfaces of Ni (2) and Pd (5). These
values are comparable since hydrogen adsorption is believed to be unacti-

vated. From the peak temperature for hydrogen desorption from oxidized

Pt(110), an energy of desorption of 22 kcal/mole 1is estimated
and 24 kcal/mole is calculated from TDS for polycrystalline Ir (3). More-

2

over, the maximum vy calculated is 1.5 x 10'2 cm- - s"1 for Ir(110) com-

pared to 2.2 x 1072 cm® - 57 for polycrystalline Ir (3).

The compensation effect (36) occurs for hydrogen desorption from the
82 state on Ir(110). In other words, the desorption energy and pre-
exponential factor vary in sympathy. This effect was reported for CO on
Ir(110) (23) and CO on Ru(001) (34). In the case of Ru(001), the rate

parameters pass through a maximum associated with the completion of a
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(/3 x v3)R30° structure, after which a rapid decrease in the rate param-
eters was observed. Although the preexponential factor was not measured
for hydrogen on Ni(110), an increase in the isosteric heat was seen due to
two-dimensional condensation, as evidenced by isotherm data (2). Two-
dimensional condensation may occur also for hydrogen on Ir(11Q). Another
possibility is that one-dimensional condehsation occurs if hydrogen atoms form
chains in the direction of the Ir atoms rows, due to the attractiye interQ.
actions inferred from the rate parameters. The absence of order in the
hydrogen overlayer as observed by LEED (see sect. 3) in this coverage

range may indicate that a substrate temperature of 130 K is too high to
observe ordering over the coherence width of the electron beam. This is
not surprising since exchange is rapid between B, and B, states at 130 K

as evidenced by hydrogen and deuterium co-adsorption. Moreover, hydrogen

is well known to be a weak scatterer in LEED.

6. Adsorption Kinetics

The adsorption kinetics of hydrogen on Ir(110) at 130 K have been
calculated from the thermal desorption spectra in Fig. 2 making use of
Eq. (4). Identical kinetics are observed for deuterium adsorption. An
absolute coverage may be associated with each exposure since the satura-

15 atoms - ecm™?. The surface coverage-

tion coverage is known, 2.2 x 10
gas exposure relations for the 81 and Bé states are shown in Fig. 7 where
the completion of the 82 state is indicated at a fractional coverage of 0.33.

A smooth curve has been drawn through the data to aid in the presentation.
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Since a sharp change in the adsorption characteristics is evident, the
kinetics of hydrogen adsorption in the 8, and B, states will be modeled
Separately.

Figure 8(a) presents the adsorption kinetics of the 62 state of hy-
drogen. The fractional coverage has been normalized to the saturation
value of the 82 state. Although adsorption is dissociative, the kinetics
fit a first order Langmuir model extremely well with a calculated initial
sticking probability So equal to 1.1 * 0.05 from a least squares fit of
the data. The 10% error from unity in So in absolute terms is quite
reasonable, considering errors in the measurement of the integrated inten-
sities and absolute coverage. Deuterium follows the same kinetics with a
calculated 30 of 1.06 £ 0.05. Since So is equal to one and first order
Langmuir kinetics are obeyed, the adsorption of hydrogen into the 82 state
on Ir(110) is limited only by the flux of molecules to the surface that
impinge on an empty site. Simple first order adsorption kinetics have

been observed also on the (111) and (100) surfaces of Ni (2).

In contrast, the adsorption kinetics of the By state of hydrogen, or
deuterium, on Ir(110) are quite different, as shown in Fig. 8(b). Again,
the fractional coverage has been normalized to the saturation value
(300 L H2) of the B, state. Two models for describing dissociative ad-
sorption were used to fit the kinetic data. The Langmuir model describes

(7 +0.3)x 1073, The model developed by Kisliuk is

]

the data well with So
used for describing precursor kinetics (37). A parameter K is contained
in the expression for the sticking probability as a function of coverage
and is inversely proportional to the lifetime of a precursor species on

the surface. The curve in Fig. 8(b) corresponds to K = 1.0 and
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So =7 X 10"3. Notice that only at high coverage are the models shown in
Fig. 8(b) not identical. The value of K calculated for the Bl state indi-
Cates that if a precursor does exist, it has a very short lifetime. Since
both models fit equally well, the contribution of a precursor is not im-
portant in this case. Moreover, the preexponential factor calculated for
the 81 state as a function of coverage is nearly constant by assuming a 62
dependence in the rate of desorption. These data and the idea of micro=
scopic reversibility tend to rule out precursor kinetics since the calcu-
lated preexponential factor would not be constant if a precursor is

involved in desorption (32).

7. Contact Potential Difference Measurements

If a clean, well ordered Ir(110) surface is exposed to hydrogen, the
CPD (A¢) increases initially to a maximum value of 0.30 eV near the com-

pletion of the B, desorption state, as shown in Fig. 9(a). Upon further

exposure to hydrogen the CPD decreases over the By desorption state and
nearly reaches the clean surface value of the contact potential at 250 L,
as shown in Fig. 9(b). For hydrogen exposures greater than 250 L, at

140 K, the contact potential continuously drops below the clean surface
value until the adsorption of hydrogen becomes reversible. A similar

shape of the CPD as a function of hydrogen exposure was observed on Ni(100)
(19) and Ni(111) (17) at low temperature and to a lesser extent on Pt(111)
(8) and stepped Pt(111) (12), although the magnitude of the decrease on
the two platinum surfaces is comparable to the observed decrease in

Fig. 9(b) for Ir(110). An increase in the CPD was also observed on Ir
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field emission tihs~(;§,;§), but no subsequent decrease was seen.
The maximum CPD obtained in Fig. 9(a) depended sensitively on both -
the cleanliness and the order on the surface. The presence of small

amounts of CO markedly depressed the maximum CPD observed for hydrogen due
to preferential blocking of 82 sites (38). Further, for substrate temper-
atures above 300 K, the CPDdecreases in Fig. 9(a) due to slow desorption
of hydrogen from 82 sites. However, if a background pressure of hydrogen
is maintained to ensure sufficient hydrogen is present to fill By sites,
the CPD sti11 reaches a maximum somewhat less than 0.30 eV. The maximum
CPD decreases to 0.26 eV near 380 K, even at pressures of 10’5 torr of
hydrogen. It is 1ikely that this is due to a change in the equilibrium
distribution of adsorbed hydrogen between By and By sites as the substrate

temperature increases.

In order to examine more closely the adsorption properties of hydro-
gen on Ir(110), the CPD measurements were related to the fractional cov-
erage (via the adsorption kinetics) at points of constant exposure, as
shown in Fig. 10. A Tinear relation is observed between A¢ and 6 for

three coverage ranges: (1) 0-0.20, (2) 0.35-0.60 and (3) » 0.85.

Region (1) corresponds to adsorption of hydrogen on B, sites, and regions
(2) and (3) correspond to adsorption on Bl sites. Between fractional
coverages of 0.20 and 0.35, the CPD becomes nonlinear in its increase in
coverage, reaches a maximum near 6 = 0.33 and begins to decrease at

higher coverages. From both the adsorption kinetics and the desorption
kinetics, it is apparent that this is due to the completion of the Bs
state and the simultaneous population of the B state. However, it should
be noted that the nonlinear behavior cannot be attributed solely to the

superposition of sites being occupied that increase (82) and decrease (Bl)
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the contact potential since this disagrees with other data presented
earlier. The CPD and coverage are related simply in the three linear

regions by

Ap = 4"Cs“oe . : (5)

where My is the surface dipole for the Ir-H system. The calculated values

10-18 esu-cm) for cov-

of u, are +0.14, -0.016 and -0.22 Debye (1 Debye =
erage regions (1), (2) and (3), respectively, where a positive dipole
points away from the surface. On Ni(100) po’b+0.05 Debye for low hydrogen
coverage (19), and this appears to be the general order of magnitude for
hydrogen on the platinum metals.

Since the CPD increases when B, adsorption sites are populated, either
metal atoms donate electrons to H atoms if adsorption is above the surface
plane (A in Fig. 1), or H atoms donate electrons to metal atoms if ad-
sorption occurs below the surface plane (B in Fig. 1). The open surface
structure of reconstructed Ir(110) and the covalent nature of the H-Ir bond
makes either situation plausible & priori. However, the UPS results
pfesented in the next section imply that the Tlocation associated wffh
hydrogen in the B, state is, in fact, the site B in Fig. 1. For By sites,
the CPD decreases continuously indicating that these are truly different

from By sites, as suggested by the absolute coverage measurements, the

desorption kinetics and the adsorption kinetics.
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The fact that two different slopes (Q%EQ exist in the coverage range
where B1 sites are filled, as well as the broad desorption behavior, may
support further the postulate of two inequivalent sites participating in
adsorption for Bq (C and D in Fig. 1). Assuming that two sites are occu-
pied and that the change in slope of Fig. 10 represents the completion of
one site and the population of the second site allows the calculation of
the difference in the energy of adsorption between the two sites, the
energy difference calculated is between 0.5 and 1.0 kcal/mole, which is
quite reasonable for slightly different adsorpfion sites. For an equal
population of these two s{tes, approximately 20%!more hydrogen must be
adsorbed at saturation as evidencedby Fig. 10 and Sect. 4. If Fig. 10 is
extrapolated to 6 = 1.20, a saturation CPD of -0.50 eV would result, with
respect to the c]ean.surface. For a background pressure of hydrogen of
2 X 10_6 torr and a substrate temperature of 140 K, the equilibrium CPD is
-0.20 eV. Therefore, to saturate the surface completely, lower substrate
temperatures are needed since the saturation coverage used here has a CPD
of -0.14 eV.

To summarize the CPD results for hydrogen on Ir(110), at least two
types of sites may participate in hydrogen adsorption in the Tow tempera-
ture By desorption feature which are different from the preferred sites
that are occupied by the hydrogen that desorbs from the high temperature
Bo sites. The two different By sites are energetically different by approx-

imately 0.5 to 1.0 kcal/mole for adsorption of hydrogen. These data correlate

well with the data presented in previous sections, demonstrating the

difference in the properties of these sites for hydrogen on Ir(110).
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8. Ultraviolet Photoelectron Spectra

If hydrogen is exposed to the Ir(110) surface in order to fill the
B, state, the Hel UPspectrum shows a strong change in the d-band near the
Fermi level (EF) as seen in curve (b) compared to curve (a) (clean surface)
in Fig. 11. The difference spectrum (c) in Fig. 11 exhibits a large
attenuation (19%) in the d-band peak centered at 1.6 eV below EF on the
clean surface, a small enhancement at 3.6 eV and the growth of a feature
near 6.1 eV. This attenuation is continuous, but nonlinear, with coverage
as shown for two smaller coverages of hydrogen in the B, state, curves (d)
and (e) in Fig. 11. Somewhat similar changes in the d-band emission have
been observed on Pt(111) (21) and Pd(111) (20,21), in contrast, however,
to results for hydrogen on Ni(111) (20,21).

However, the attenuation observed here for hydrogen in the 82 state
on Ir(110) is quite large compared to Pt and Pd.  This attenuation is
probably not due to the destruction of a surface state of the reconstructed
clean surface since CO adsorption on Ir(110) only causes a weaker, uniform
decrease in the same region of the d-band (38). Further, the change in
shape is not Tikely to be the formation of a surface state when hydrogen
is adsorbed in the B, state since small amounts of CO co-adsorbed with

hydrogen displace H atoms from B, sites to By sites (via TDS), and the

Hel UPS reflect only a continuous decrease in B population (38). This
marked attenuation may be a result of interference between the wave-
functions of the metal d-electrons and the hydrogen electron as suggested
in a theoretical prediction of photoemission spectra of hydrogen on

transition metals (gg). It was predicted also in the theory (39) that,
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for a strong attenuation, the H atom may be below the surface plane of
the metal. Therefore, the UPS data for hydrogen on Ir(110) in the B,
state imply that site B in Fig. 1, in the missing row trough, would

be more 1ikely than site A, on top of the existing rows. From the CPD
measurements presented in the last section, site B would represent a net
electron transfer from H atoms to the metal since the CPD increases over
the By state. Also, the data presented in previous sections suggest that
the By state corresponds to a net electron transfer to the metal if three-
fold sites are populated, C and D in Fig. 1.

For an equal coverage of hydrogen in the By state, the additional
change in the region near EF is much less as seen by comparing Hel dif-
ference spectra for saturated By and equal coverages of By and Bo in
curves (a) and (b) in Fig. 12, respectively. A comparison of curves (a)
and (b) further shows the increase in the intensity of the H(1ls) induced
Tevel at 6.1 eV below EF' To accentuate this broad feature, (a) and (b)
were subtracted from one another, and this is shown in curve (c) of Fig; 12.
The full-width at half-maximum of the H(1s) Tlevel in(c)is approximately

2.3 eV, larger than observed for Pt(111) (21) and Pd(111) (20,21).

9. Summary

The chemisorption of hydrogen on Ir(110) has been studied under
ultra-high vacuum conditions with thermal desorption mass spectrometry,
LEED, contact potential difference measurements and ultraviolet photo-
electron spectroscopy. The results of the present study were compared

with other work performed previously on the platinum metals.
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Although no ordered structures were observed with LEED to correlate
exposures with absolute coVerages for hydrogen, absolute coverages were
determined by two methods using thermal desorption mass spectrometry.

The maximum coverage of hydrogen on fr(llO) at 130 K is 2.2 + 0.2 x 10%°
atoms - cm°2. Two states, 81 and 82, of hydrogen desorb with relative
intensities of 2:1 and exhibit marked differences in their adsorption and
desorption kinetics. The rate parameters for hydrogen desorption were
measured as a function of surface coverage of hydrogen. Hydrogen in the
82 state shows a sympathetic increase in the rate parameters up to at
least half of its saturation coverage where Ed-and vy assume values of

23 kcal/mole and 1.5 x 10'2 cm2 - s'l, respectively. This increase may be
due to a strong H-H interaction. The energy for hydrogen desorption from
the B1 state decreases linearly with increasing surface coverage and obeys
the relation Ed = 17 - 106 for total fractional coverages between 0.4 and
0.7. The preexponential factor for desorption varies only weakly with

coverage for By and is approximately equal to 2 % 2 X 10“7 cm2 - s'l.

Both states are adsorbed dissociatively, and isotopic exchange occurs be-
tween them. Desorption for all surface coverages was modeled best as
second order.

The adsorption kinetics of the By state of hydrogen follows a first
order Langmuir model with an initial sticking probability of unity. The
initial sticking probability of the g, state of hydrogen is 7 x 1073 and
obeys second drder Langmuir kinetics. The adsorption kinetics of both
states are independent of substrate temperature up to desorption. Contact

potential differences were measured as a function of hydrogen ex-
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posure at 140 K and were related to the fractional coverage by the adsorp-
tion kinetics. For the B, state, the CPD increases to a maximum of

0.30 eV for T < 300 K and is linear with respect to coverage up to 0.20 ev.
The CPD decreases continuously éver the B4 state and reaches values that
are below the clean surface contact potential near the saturation coverage

that is attainable at 140 K. Two linear regions were observed with very

different slopes (Q%%) for the B, state of hydrogen. This implies that

i

more than one type of site is participating in this coverage region.
Probable sites for hydrogen adsorption on Ir(110) were postulated from

the absolute coverage determination and the CPD measurements. Bonding

either above the top rows of Ir atoms or between the rows of Ir atoms in

the Tocations of the missing Ir rows are preferred for the 82 state of

hydrogen with trough sites between the rows more 1ikely from the UPS

results. The 81 state of hydrogen may bind to two types of three-fold

sites of to two types of two-fold sites exposed on the reconstructed

surface [(111) microfacets on the terraces], with the former being preferred

in analogy to results obtained on Ni. |

The Hel UPS data show a marked change in the d-band emission near EF

for the B, state of hydrogen. A large attenuation and change in shape

2
occurs which is continuous, but nonlinear, with fractional coverage. These

phenomena may be due to destructive interference between metal d-electrons
and the hydrogen electron. Furthermore, they suagest that 62 hydrogen
adsorbs below the surface plane of the metal. As the surface is increas-
ingly covered with hydrogen, the H(1s) induced level grows in, centered

at 6.1 eV below E-, with a concomitant decrease in the emission near EF'

F’
In the case of B1 hydrogen, this effect is much Tess pronounced than in

the case of B, hydrogen.
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Figure Captions

Fig. 1:
Fig. 2:
Fig. 3:
Fig. 4:
Fig. 5
Fig. 6:
Fig. 7:

Probable Tocations of hydrogen on Ir(110)-(1 x 2). A and B
represent two possible locations for the By state of hydrogen.
C and D denote the preferred binding sites for the Bl state

of hydrogen, which are inequivalent three-fold sites.

Thermal desorption spectra of hydrogen from Ir(110) as a function
of gas exposure. The adsorption temperature is 130 K, and the
heating rate is 21 K/s. The ratio of the Bl and B, states is
2:1 at saturation coverage.

Representative thermal desorption spectra of H2, HD and‘D2 from
a co-adsorbed Tayer of hydrogen and deuterium. In this exper-
iment, 0.45 L D2 was exposed first, which approximately fills
the B, state, and then, subsequently, 5.0 L H, was exposed.
Order plots for hydrogen desorption from Ir(110) using the data
in Fig, 2,

Arrhenius plots obtained for hydrogen desorption by keeping the
initial coverage constant and varying the heating rate (see
text).

Activation energy (E,) and preexponential factor (vyq) for
hydrogen desorption from Ir(110) as a function of fractional
surface coverage.

The coverage-expesure relation for hydrogen on Ir(110). The B,
state saturates after a 0.35 L exposure as noted in the figure.
A smooth curve has been drawn through the data to facilitate

the presentation.
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Fig. 8: Analytic fits to the adsorption kinetics derived from the data
in Fig. 2. (a) First order Langmuir fit to the 82 state with
SO calculated to be 1.1. The coverage is normalized to
saturation of the BZ state. (b) Second order fits to the Bl

state: —— Langmuir with 50 =7x 103

and So =7 X 10'3. The coverage is normalized to saturation of

; --- KisTliuk with K = 1.0

the B, state.
Fig. 9: The CPD of hydrogen on Ir(110) as a function of exposure at 140K.
(a) Hydrogen adsorption on B, sites. (b) Hydrogen adsorption
on 8, sites.
Fig. 10: The CPD of hydrogen on Ir(110) as a function of fractional

coverage at 140K, The data were calculated from Figs. 7 and 9.

Fig. 11: Hydrogen adsorbed into the 8o state on Ir(110). Hel UP spectra
are shown for the clean surface in (a) and for ey = 0.33 in (b).
Included are difference spectra for various fractional coverages
of 8, hydrogen: (c) 1.0, (d) 0.6 and (e) 0.4.

Fig. 12: Hel UP difference spectra for (a) By hydrogen, (b) equal coverages

of By and 8, hydrogen, and (c) By hydrogen only.
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PROBABLE LOCATIONS OF HYDROGEN ON IR (I10){Ix2)
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Fig. 1
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CHAPTER 3
THE CO-ADSORPTION OF HYDROGEN AND CARBON
MONOXIDE ON THE (110) SURFACE OF IRIDIUM
(The text of Chapter 3 consists of an article coauthored
with T. S. Wittrig and W. H. Weinberg that has been published
in Surface Science 97, 297(1980).)
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Abstract

The nonreactive co-adsorption of hydrogen and carbon monoxide on
Ir(110) was studied under ultra-high vacuum conditions with thermal
desorption mass spectrometry, LEED, contact potential difference measure-
ments and UPS. No changes in the Ir(110) - (1x2) reconstructed surface
structure or ordering of the adsorbed layers were observed with LEED due
to the presence of hydrogen and CO co-adsorbed. The adsorption of hydrogen
on pre-adsorbed CO, or vice versa, causes less hydrogen to occupy the
high temperature 62 state and shifts the occupancy to the low temperature
S] state preferentially. An apparent increase in the sticking probability
of hydrogen for adsorption in the B] state for small CO coverage is dis-
cussed. At high CO coverage, the Ir(110) surface is poisoned to
hydrogen adsorption. Exposing CO to pre-adsorbed hydrogen causes the bind-
ing energy of hydrogen to decrease.with increasing CO exposure. Eventual
displacement of hydrogen from the surface occurs for large CO exposures.
The contact potential difference (CPD) as a function of hydrogen exposure

on pre-adsorbed CO complements the desorption data for both the B and Bo

states of hydrogen. For low coverages of CO, relating the CPD to hydro-
gen coverage shows the induced dipole of hydrogen is unchanged from the
clean surface. Furthermore, the Hel UP spectra of small coverages of
hydrogen and CO indicate the valence orbitals of CO are not affected detect-
ibly by the presence of hydrogen. The results indicate CO poisons By

sites for hydrogen by a simple site blocking mechanism and may exclude

By sites at high CO coverages by a hydrogen-CO repulsive action.



62

1. Introduction

The co-adsorption of hydrogen and carbon monoxide on Ir(110) was
undertaken to understand the effects of a model poison, CO, for hydrogen
chemisorption. Thermal desorption mass spectrometry (TDS), LEED, contact
potential difference (CPD) measurements and ultraviolet photoelectron
spectroscopy (UPS) were used to investigate the influence of CO on the
chemisorption properties of hydrogen on Ir(110).

Previous work concerned with the co-adsorption of hydrogen and carbon
monoxide on the Group VIII transition metals included studies on Pt(111)
(1), polycrystalline Pt(2) and Rh(3, 4), Rnh{111) (5), Pd(110) (6) and an
Ir field emission tip (7). Generally, it has been observed that CO dis-
places hydrogen from the surface when hydrogen is pre—adsorbed; and CO
blocks sites for subsequent hydrogen adsorption, i.e., acts as a poison
for hydrogen adsorption. Only one ordered LEED superstructure has been
observed for hydrogen and CO co-adsorbed which is a (1 x 3) overlayer
pattern on Pd(110) (6) when both adsorbates are in intimate contact with
one another at a third their individual saturation concentrations. Weak
mutual interactions are inferred since no variation in the desorption energy
of H2 was measured. However, anomalously high temperatures for hydrogen
desorption have been reported for large exposures of a H2/CO gas mixture
to polycrystalline Pt(2) and Rh(3) surfaces. Moreover, Hy desorption spec-
tra from Pt(111) (1) and Rh films (4) change due to the presence of CO.

Also, segregation of hydrogen and CO may occur on Rh(111) (5). The results
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described here for the co-adsorption of hydrogen and CO on Ir(110) comple-

ment this previous work on the other Group VIII metals.

2. Experimental Procedures

The experiments were performed in an ion-pumped stainless steel bell
jar with a base pressure below 2 x ]0']O‘torr. A detailed description of
the experimental system is reported elsewhere (8), with the exception of
the ultraviolet lamp. The Hel radiation was produced by a microwave dis-
charge cavity at the end of a two stage, differentially pumped stainless
steel capillary array. Operation of the Hel discharge at one torr caused
the pressure in the bell jar to rise by 1 x 10-9 torr. For Hel radiation,
typical count rates near the Fermi edge were from 90,000 to 110,000 count-
s"ﬁI using a double pass CMA at a constant pass energy of 25eV. Details

of the preparation of the Ir(110) crystal and the cleaning procedure are

described elsewhere (8, 9,).

3. Hydrogen TDS from Hydrogen/CO Overlayers and LEED Results

Three sets of thermal desorption spectra were collected as a function
of exposure for hydrogen on Ir(110) with various precoverages of CO at 130K.
The spectra are shown in Fig. 1 for CO fractional coverages of 0.10, 0.25

14 olecules —em™2 (8).

and 0.50, where eCO = 1,0 corresponds to 9.6 x 10
In addition, the spectra for hydrogen chemisorbed on a surface with no CO
present are reproduced (9) for comparison. The thermal desorption spectra
of CO are not presented since CO desorbs at temperatures where hydrogen
desorption is complete (8). For each curve shown in Figs. 1(b), (c) and
(d), the surface was exposed to a known flux of CO at 300K as noted in the
figures. Then the surface was cooled to 130K and exposed to H2 with a

subsequent heating rate for desorption of 20K—s']° Small errors in the CO
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exposure or variation of the CO background pressure cause noticeable
fluctation in the shape of the high temperature desorption state, which
will be referred to as the B, state of hydrogen. A 10L exposure of €0
on Ir(110), followed by a saturation exposure of H2, caused no hydrogen
to adsorb.

The most striking observation about the influence of CO on hydrogen
adsorption is that the By state is affected more strongly than the B1
state (low temperature state), particularly at low CO coverages. This is
not due to a change in the surface structure since the reconstructed
Ir(110) - (1 x 2) is stable upon CO adsorption (8) and hydrogen adsorption
(9), but rather it is due to a direct hydrogen-cO interaction. Al-
though an extensive search for an ordered overlayer superstructure was
performed, no ordering over the coherence width of the LEED beam occurred
for any coverage of hydrogen and CO co-adsorbed. Therefore, no long
range order is established between hydrogen and CO, but a short range
interaction must take place.

As tbe coverage of CO increases, the amount of hydrogen that desorbs
in the 82 state decreases, as seen in Fig. 1. Since the integrated
intensities can be related to an absolute coverage of H atoms (9) that
desorb from the 82 state and the coverage of CO is known, the number of
sites blocked by CO can be calculated. For clean Ir(110), the saturation

14 atoms-cm—z, and it obeys first order

coverage of the Bo state is 7 x 10
adsorption kinetics with an initial sticking probability of unity (9).
For every CO molecule adsorbed, approximately 1.5 sites for H atoms are
blocked for the CO coverages presented in Fig. 1. At a coverage of 0.50,

CO effectively blocks hydrogen from the Bo sites. Interestingly,
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the number of sites of hydrogen in the 62 state blocked by each CO is

nearly equal to the ratio of the saturation coverage of CO in mo]ecu]e—cm'2
and the saturation coverage of B, hydrogen in atoms-cm-z. Moreover, if
the number of b1ocked‘sites are accounted for when eOCO = 0.25, the
initial sticking probability for hydrogen is still equal to one. For
BOCO = 0.10 the calculated initial sticking probability is 0.8, a 20%
decrease over simple site blocking. Still, the interaction of hydrogen
with the 82 sites is strong when low coverages of CO are present, and fhe
rate of adsorption depends essentially on an impinging H2 molecule finding
an empty site as the controlling step. At least for the spectra shown

in Fig. 1(b), where the B2 feature is still resolved well, only a small
decrease occurs in peak temperature at its saturation coverage compared

to the results for the clean surface shown in Fig. 1(a). The presence of
CO evidently does not affect strongly the desorption of the Bsy state

of hydrogen other than blocking sites. The sites associated with the 82
state have been deduced from the absolute coverage of hydrogen and UPS
results to be above the third layer of Ir atoms exposed in the missing

row locations on the reconstructed Ir(110) surface (9). Inferences drawn
from contact potential difference measurements for CO on Ir{(110) also
place the binding sites of CO between the topmost row of Ir atoms (8),

which would be reasonable if CO directly blocks 82 sites for hydrogen as

these data and data presented later suggests.

Whereas the 82 state is attenuated even for low coverages of CO, the
B state of hydrogen is enhanced in coverage for equal exposures compared
to the clean surface. Figure 2 reproduces the thermal desorption spectra

of 10 L H, exposed to a surface containing fractional coverages of CO of

2
0, 0.10 and 0.25. An increase in the coverage of the 81 state up to a

CO coverage of 0.25 occurs, where for this CO coverage the 81 state



contains as much hydrogen as would be present for 50 L H2,on the clean

surface, although the desorption occurs at lower temperature when CO is

present for equal eH(glj, At least up to Bco = 0.25, the saturation
coverage of the B, state is not affected. Howeyer, increasing the coverage
of CO always decreases the total coverage of hydrogen for a constant
exposure, -particularly above 8C0'= 0.25.

The enhancement of adsorption of hydrogen into the B] state in the

presence of small amounts of CO may be explained in two ways. First,
adsorbed CO molecules may tend to orient H2 molecules as they impinge on
the surface td favor B] sites, which are the two types of three-~fold
sites on the clean surface (9). At higher CO coVerages, this effect
becomes unimportant since CO is compressed on the surface blocking By
sites as well. Second, a channeling effect may occur from hydrogen
originally adsorbed in By sites to hydrogen adsorbed in By sites leaving
a g, site vacant for additional hydfogen adsorption during the exposure.
This possibility cannot be ruled out since CO is still somewhat mobile
éven at 130K (8), and exchange does occur between the B and B, sites (9).
As adsorbed CO migrates, B, hydrogen may be pushed to By sites. The
reverse conversion from By to B, may in turn be inhibited by CO, but

more hydrogen may adsorb into By from the gas phase. This would describe
a channeling of hydrogen to enhance artifically the apparent sticking
probability of hydrogen adsorption into the By state on Ir(110). Either
of the two mechanisms presented is equally plausible. A small effect
that enhances B1 adsorption will be reflected as a large effect in the
amount of By hydrogen adsorbed compared to the clean surface, since for
this case second order Langmuir kinetics are obeyed with a small initial

sticking probability of 7 x 1075,
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The effect of CO adsaorption on a constant amount of pre-adsorbed
hydrogen is shown in Fig. 3. In this experiment, 0.8 L H2 was exposed
to the surface at 130K and subsequently to different amounts of CO, as
noted in the figure, at the same temperature. The desorption spectra were
then recorded at a heating rate of 20 K-s-]° The integrated intensity
of hydrogen for each spectrum is the same for these CO exposures; in
other words no displacement of hydrogen from the surface by CO occurs.

A continuous displacement is observed from the By to the By sites,
however, with increasing CO exposures. For exposures greater than 10 L
some hydrogen is desorbed from the surface. Comparisons of Figs. 1 and
3 show that for equivalent coverages of hydrogen and CO, the desorption
spectra for hydrogen are the same. Regardiess of the exposure sequence,
CO tends to occupy its preferred sites rather than hydrogen. It should
be noted that the sticking probability of CO is decreased somewhat from
the clean surface when hydrogen is present, although this effect was not
investigated in detail.

These results indicate that segregation of H atoms and CO molecules
on the surface into separate islands does not occur since B, hydrogen
should be observed to desorb from hydrogen islands. However, partial
segregation of H atoms and CO molecules does occur on Rh(111) (5). Co-
adsorption studies of hydrogen and CO on Pd(110) show no change in the
desorption energy for hydrogen compared to the clean surface (6),
different from the observations on Ir(110). Finally, no high temperature
desorption states of hydrogen were observed under the conditions examined,
although such states have been reported for large exposures of an H2/C0

gas mixture both on polycrystalline Pt (2) and Rh (3).
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4. CPD and UPS Measurements

Contact potential differences measurements were performed to comple-
ment the TDS data presented in the previous section and to observe how
the charge transfer of hydrogen is affected by the presence of CO. Also,
UPS measurements were performed for Tow coverages of hydrogen and CO to
determine if a strong mutual interaction is reflected in the valence
orbitals of CO.

For various precoverages of CO, the CPD of hydrogen in the B, state

on Ir(110) changes strongly with exposure, compared to the clean surface,

as shown in Fig. 4. The CPD of hydrogen in the 82 state was not plotted
as a function of fractiom1 coverage because the coveraae-exposure
of hydrogen in this state, for a given precoverage of CO, is quite
sensitive to small errors in CO precoverage, particularly with such

small exposures of hydrogen (Fig. 4). However, for the 81 state of
hydrogen, the coverage-exposure relation could be determined, since

small errors in CO precoverage affected the 81 coverage to a small

extent on]y.’ The same precoverages of CO were used as for the TDS
results presented in the previous section: 0, 0.10, 0.25 and 0.50 ML.

It is apparent that small amounts of CO depress markedly the maximum CPD
observed for hydrogen in Bo sites. From the TDS results, it was seen
that CO blocks By sites for hydrogen; and for Oco = 0.50 ML, Bo desorption
is almost totally suppressed. For this coverage of CO in Fig. 4, the

CPD monotonically decreases in contrast to the other three curves shown
in this figure. This indicates that 82 sites are blocked effectively and
By sites are populated since the €PD of the latter decreases with the
coverage of hydrogen, as will be shown. At least for a precoverage of

CO of 0.10 ML, the calculated dipole for the hydrogen-metal complex over
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the first half of By adsorption is eéua] to the dipole calculated for the
clean surface, 0.14 Debye (9), where the CPD is linear with the fractional
coverage of hydrogen. Therefore, the charge transfer for hydrogen in Bo
sites in the presence qf small amounts of CO is not affected to a measur-
able extent; Site blocking by CO is the doﬁinant effect in this coverage

regime.

Since thg qbserved dipole of 8, hydrogen does not change with small
amounts of CO present, the Hel UP spectra of hydrogen and CO coadsorbed
in this coverage regime were measured to determine whether the valence
levels of these two species shift, indicative of a strong mutual inter-
action. Sufficient hydrogen was exposed to the surface to fill the B,
state on surfaces with 0, 0.10 and 0.25 ML CO present. The corresponding
Hel UP difference spectra are shown in Fig. 5. For the spectrum with no
CO present, Fig. 5(a), the H(1s) level can be seen as a broad transition
centered at 6.1 eV below the Fermi level, Ep. Also in Fig. 5(a), the large
attenuation in the d-band centered at 1.6 eV below Ep and a small enhancement
at 3.6 eV below EF are observed due to hydrogen in B, sites (9). As the
precoverage of CO increases, the valence levels of CO grow in as evidenced
in Figs. 5(b) and (c) by peaks at 11.3, 8.7 and 7.6 eV below E which are
not changed either in shape or energy from that measured for CO with no
hydrogen present. Therefore, CO does not appear to be affected markedly
by hydrogen in Bz sites although they compete directly for these sites
as shown previously. Also, as the coverage of CO increases, both the
attenuation of the d-band of the metal as well as the enhancement at 3.6 eV

decrease. Furthermore, the H(1s) level becomes indiscernible in Figs. 5(b)



70 |
and (c). These changes with the coverage of CO indicate the coverage of
B, hydrogen is decreased since any hydrogen adsorbed in By sites has a smaill
effect on the d-band, and CO at, for example, 0.25 ML attenuates the d-band
uniformly by less than 5%. It is concluded from these UPS data that the
valence levels of CO are not strongly perturbed by hydrogen on Ir(110), and

CO blocks By sites for hydrogen, in agreement with the TDS and CPD results.

In contrast to the Bs sites of hydrogen in the presence of CO on
Ir(110), TDS data show an enhancement of the sticking probability of
hydrogen into 81 sites when small coverages of CO are present. This
enhancement is reflected in the CPD measurements in Fig. 6 as well.
Increasing the precoverage of CO causes the CPD of hydrogen adsorbing
into By sites to decrease more rapidly with exposure as compared to the
clean surface. The data were obtained by exposing the surface to the
various amounts of CO, exposing the surface to sufficient hydrogen to
fi1l fivrst By sites, and then recording the CPD as a function of hydrogen
exposure,

In order to examine more carefully how the adsorption of hydrogen into
By sites on Ir(110) is affected by CO, the coverage determination of
hydrogen (9) was used to relate the CPD and the concentration of hydrogen
in the B.I sites as shown in Fig. 7. It is seen that for precoverages of
CO of 0, 0.10 and 0.25 M1, the slopes of the CPD (A¢) as a function of
coverage of By hydrogen [NH(B])] are very nearly the same for the range
of NH(B]) shown here which accounts for approximately one-third of the
total B1 concentration on the clean surface. For these coverages of
CO and hydrogen, it may be concluded that the dipole of the hydrogen-
metal complex is relatively unaffected. However, a cursory examination

of the trend for By hydrogen adsorbing on 0.50 ML CO seen in Fig. 7 would
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point to a definite change in the induced dipole for hydrogen due to the
presence of CO. But some of the initial B] sites are actually excluded
by this coverage of CO as seen in Fig. 1(d). The higher coverage By
sites of hydrogen that must then be occupied exhibit a larger decrease

in the CPD as a function of coverage (9). Therefore, the change in be-

behavior of hydrogen for 0.50 ML of CO pre-adsorbed in Fig. 7 may be
reflecting essentially this partial blockage of the first By sites
occupied by hydrogen and that even for this range of hydrogen and CO
coverages the induced dipole of hydrogen is not affected greatly on a
microscopic scale. The partial blockage of By sites at higher CO coverage
may be more due to an H-CO repulsive interaction than a direct competition

for binding sites.

5. Summary
The co-adsorption of hydrogen and CO on Ir(110) has been studied under

ultra-high vacuum conditions with thermal desorption mass spectrometry,
LEED, contact potential difference measurements and UPS. The present
results complement other work performed previously on the platinum metals.
Although no ordered structures were observed with LEED when hydrogen
and CO were co-adsorbed under any of the conditions examined, the adsorp-
tion and desorption properties of hydrogen are affected strongly by the
presence of small amounts of CO. For small coverages of pre-adsorbed CO,
a continuous decrease in desorption from the low coverage Bo state of
hydrogen is observed with increasing CO coverages. A concomitant increase
occurs for the high coverage By state of hydrogen which is interpreted
as either an orienting effect by CO for an impinging H2 molecule or a
continuous conversion of hydrogen from the By to the By state during the

hydrogen exposure due to the partial mobility of CO which converts H
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atoms from the By to the By state. At high CO coverages, the surface is
poisoned to hydrogen adsorpﬁion. The adsorption of CO on pre-adsorbed
hydrogen shows the same desorption trends for H2 as for the reverse

exposure sequence at equivalent coverages. The binding energy of hydrogen

decreases as the CO coverage increasés, and H2 desorption occurs at the
édsorﬁtion temperatue (130K) for large CO exposures.

The CPD of hydrogen on pre-adsorbed CO also is affected strongly.
However, the induced dipole of hydrogen in the By state is the same as
for the clean surface if the number of sites blocked by each CO molecule
(1.5) is taken into account. Moreover, the Hel UP spectra of low cover-
ages of CO and of hydrogen in the By sites show no changes in the valence
orbitals of CO and only reflect the blocking of By sites by CO for hydrogen
adsorption. For the By state, the induced dipole of hydrogen in the pres-
ence of less than 0.25 ML of CO is the same as for clean Ir(110) as well.
For 0.50 ML of CO pre-adsorbed, some of the first B4 sites are excluded
for hydrogen adsorption due to either a direct blocking or a hydrogen-CO
repulsive interaction. The CPD in this case reflects a shift in the hydro-

gen to the second By site that exhibits a larger decrease with coverage.
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Figure Captions

Fig. 1: Thermal desorption spectra from Ir(110) of hydrogen which was
adsorbed at 130K on various fractional coverages of CO. The
initial coverage of CO was accomplished by exposing the surface
to CO at 300 K and cooling to 130K: (a) Oco™ 0, (b) 80" 0.10
(c) ®co = 0-25, and (d) 8c0 = 0.50.

Fig. 2: Thermal desorption of 10 L H2 exposed at 130K to 0, 0.10 and
0.25 fractional coverages of CO. Note the decrease in the area
of the By state and the increase in the area of the By state as

the precoverage of CO increases,

Fig. 3. Thermal desorption of H, from pre-adsorbed hydrogen (0.8 L)
exposed to varying amounts of CO: (a) O L, (b) 0.25 L, (c) 0.6 L,
and (d) 1.5 L. A1l exposures were carried out at 130K.. The

coverage of hydrogen is constant over these CO exposures.

Fig. 4: The CPD of hydrogen as a function of exposure for the Bo sites
(1ow coverage) on Ir(110) for various precoverages of CO:

(a) 0, (b) 0.10, and (c) 0.25, and (d) 0.50 ML,

Fig. 5: Hel UP difference spectra for By hydrogen on Ir(110) on pre-
coverages of CO: (a) 0, (b) 0.10, and (c) 0.25 ML. For each
spectrum, the surface was exposed to sufficient hydrogen to

fill the Bo sites as evidenced by TDS and CPD measurements.
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Fig. 6: The CPD of hydrogen as a function of exposure for the B sites

(high coverage) on Ir(110) for precoverages of CO: (a) 0, (b)
0.10, (c) 0.25, and (d) 0.50 ML.

Fig. 7: The CPD of hydrogen as a function of the concentration in the
By sites for 0, 0.10, 0.25, and 0.50 ML of CO pre-adsorbed.
The data were calculated from the integrated intensities in

Fig. 1, the coverage calibration from Ref. (9), and Fig. 6.
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CHAPTER 4
THE CHEMISORPTION OF N, ON THE (110)
SURFACE OF IRIDIUM
(The text of Chapter 4 consists of an article coauthored
with T. S. Wittrig and W. H. Weinberg that has been submitted

to Surface Science.)
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Abstract

The molecular chemisorption of N; on the reconstructed Ir(110)-(1x2)
surface has been studied with thermal desorption mass spectrometry, XPS,
UPS, AES, LEED and the cb-adsorption of Np with hydrogen. Photoelectron
spectroscopy shows molecular levels of N; at 8.0 (50 + 1n) and 11.8 (40) eV in
the valence band and at 399.2 eV with a satellite at 404.2 eV in the N(1s)
region, where the binding energies are referenced to the Ir Fermi level. The
kinetics of adsorption and desorption show that both precursor kinetics and
interadsorbate interactions are important for this chemisorption system.
Adsorption occurs with a constant probability of adsorption of unity up to
saturation coverage (4.8 x 10! cm™2), and the thermal desorption spectra give
rise to two peaks. The activation energy for desorption varies between 8.5 and
8.0 kcal-mole™! at low and high coverages, respectiyely. Results of the co-
adsorption of N; and hydrogen indicate that adsorbed N; resides in the
missing-row troughs on_the reconstructed surface. Nitrogen is displaced by
hydrogen, and the most tightly bound state of hydrogen blocks virtually all Ny

adsorption. A plg1(2x2) LEED pattern is associated with a saturated overlayer

of adsorbed Nz on Ir(110)-(1x2).
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1. Introduction

The chemisofption of molecular nitrogers [Np(ad)] has -been studied on
Ir{110)-(1x2) at low temperatures with thermal desorption mass spectrometry
(TDS), LEED, AES, XPS and UPS measurements. Also, the co-adsorption of
hydrogen and molecular N> was investigated to.clarify the type of sites occu-
pied by N; and to observe the influence of hydrogen on the:chemisorption pro-

perties of the molecularly adsorbed Np: overlayer.

For all transition metals that have been studied previously, molecular
adsorption of N, has been observed only at temperatures below 200 K. Molecu-
lar adsorption of Ny occurs on Ni {7 - 4), Pa {3), Ru (5), Pt (6,7). Ir (8,9), Fe
(10 - 12), and W (13,74), usually with a high probability of adsorption.: Desorp-
tion of N; occurs between 130 and 200 K, exhibiting either one or twofeatures
in the thermal desorption spectrum, with activation energies ranging :between
4 and 11 kcal-mole™!. However, Fe (11, 72) does not chemisorb molecular N; at

surface temperatures above 140 K, but does below this temperature (7 0),

The X-ray photoelectron spectra:reported for Nz(ad) :show two to three
features in the N(1s) region. On Ni films (7,2);iFe films (70,77) and W(110)
(13), the binding energies reported are (400.6, 405.7), (400.3, 405.3) and (399.1,
400.4, 405.5) eV, respectively. The transitions near 400 eV. are normal values
for a nitrogen containing molecular species, in.this case: N3 . However, the
transitions between 405 and 406 eV are too far removed (5 €V) to be attributed
to another molecular species. Therefore, this transition is most likely a satel-

lite due to an incomplete screening of -the core hole, whichis a consequence of
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the relatively weak Nz-metal bond (78). An earlier explanation of: results
obtained for Ny(ad) onj Fe:(11) at 80 K was that the two widely separated
features represented Np; bonding perpendicular.and parallel to the:surface.
Recent electron:energy loss (EELS) experiments of Np(ad) on W(100) (714)
showed that Ny bonds through one nitrogen atom in analogy to CO. Hence, this

is probably the case also on:Fe.

Although the chemisorption bond of Nz(ad) is much weaker than CO on
the transition metals, they :are isoelectronic and should give somewhat similar
UP sectra. On polycrystalline Ni (7), Nx{ad) yields levels at 8.0 and 11.8 eV
below the Fermi level, Er, by Hel UPS. Similarly, on W(110) (73) levels are
observed at 7.0 and 11.7 eV below Ep.. The bo and 1n orbitals are assigned to
the higher lying level and the 40 orbital is assigned to the lower lying level on
the respective surfaces, as for adsorbed CO. However, recent calculations,
comparing CO and N; bonding to a Ni atom and UP spectra of CO and Nz on
Ni{100), have concluded that the 40: and 50 orbitals of CO and Nz behave
differently (75,76), due to the greater:degree of bonding interaction of the 40
orbital in Np compared to' CO. It was shown that the absolute separation
between the 40 and 5¢ orbitals increases when Ny is chemisorbed compared to
free N; due to final state effects, opposite to the change in separation for CO-
(16). Alignment of ionization potentials for free N; and valence band emissions

for adsorbed Np therefore should be with the nonbonding 17 orbital (75).

Finally, only two investigations have examined the influence of hydrogen
adsorption on an Np{ad) overlayer under UHV conditions. Hydrogen displaces

Np(ad) from a polycrystalline Fe surface (70). Also, adsorbed hydrogen on
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W(100) tends to displace Np(ad) from a bridging site to an on-top site as shown

by EELS results (74).

These previous results will provide a comparison for the present study of
N, adsorbed molecularly on the reconstructed Ir(110) surface. In addition,
LEED will be used to investigate the stability of the clean surface reconstruc-
tion to Np adsorption and to observe if Np(ad) forms an ordered superstruc-
ture. No ordered superstructures due to Ny(ad) have been reported previously

on the transition metals.

2. Experimental Methods

The experiments were conducted in an ion pumped stainless steel belljar
that has been described previously (77,78). The base pressure for these exper-
iments was below 2 x 10710 torr of reactive contaminants. The Ir(110) crystal
is the éame as that used for the study of hydrogen chemisorption in this
apparatus (77), and it shows the (1x2) reconstruction when clean, which is a
surface with every other row of Ir atoms missing in the [001] direction. Since
this previous work (77), the conduction path between the liquid nitrogen cool-
ing reservoir and the crystal has been improved so that the lowest tempera-
ture routinely achieved is now 95 K compared to 130 K. The lower base tem-

perature proved to be important for the study of nitrogen adsorbed molecu-

larly on Ir(110)-(1x2).
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3. XPS, UPS and AES of Adsorbed Nitrogen

This section presents results from electron spectroscopy measurements
performed for low temperature adsorption of Nz on Ir{110). The XPS, UPS and
AES transitions observed when N, is exposed to the Ir(110) surface at 95 K are
consistent with molecular adsorption, as seen by previous studies on other

transition metals at low temperature.

Figure 1 shows XPS results for N, adsorbed on Ir(110) as a function of
fractional coverage of N;. The coverages were measured from the relative
areas under the N{1s) features in Fig. 1 and from thermal desorption spectra
presented in the next section. Two transitions appear in the N(1s) region at
binding energies of 399.2 and 404.2 eV. The ratio of the intensities of the two
binding energies is equal to 1.37 at all coverages. The spectra shown here are
similar to those measured for N; adsorption on polycrystalline Ni (7,2) and Fe
(1 O,’7 1) and W{110) (73) which has been attributed to molecular N;. The tran-
sition at 399.2 eV is reasonable for Ny{(ad), and the transition at 404.2 eV
represents a satellite. The relatively high intensity of this satellite is due to the
weak chemisorption bond, NN-Ir, which can cause incomplete screening of the

core-hole as described previously for the case of N3 on W(110) (73).

The Hel UPS presented in Fig. 2 verifies the molecular nature of Nj
adsorption on Ir{(110) at low temperature. Spectra are shown in Fig. 2 for a
surface saturated with Ny (1.25 L) and a clean surface, and the corresponding
difference spectrum. Two levels and a slight decrease in the d-band intensity

near Ey are apparent in the difference spectrum. The level at 8.0 eV below Ep
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may be assigned to a combination of the 50 and 17 orbitals of Nz(ad) where
the 50 orbital has shifted toward the 17 level due to its (bonding) interaction
with the surface. The 40 orbital of Nx{ad) is less certain in its energy due to
interference from secondary electrons at low kinetic energy, but it may be
assigned at approximately 11.8 + .3 eV below Er . These levels are similar to
those reported for molecular N on polycrystalline Ni (7), Ni(100) (75) and

W(110) (78), and orbital assignments are in analogy to CO.

The final electron spectrum of Ny(ad) on Ir(110) is the AE spectrum shown
in Fig. 3. The Ir transitions at 355 and 380 eV in the clean surface spectrum
have been subtracted. The features observed due to Ny{ad) are peaks at 362.0,
381.7 and 389.3 eV as well as a shoulder at 375.5 eV. The XALS result for Nz on
W(110) (713) is quite similar to Fig. 3, but both are different from the gas phase
(19).

In Fig. 3, the labels A-J show calculated Auger transitions from a correla-
tion of core and valence levels that have been presented above. The correla-

tion (20) can be summarized by the following equation

E(kjly=E&)-E(G)-E()~-(Fz — Ry "
1

where E(kjl) is the normal Auger transition, E(k) is the binding energy of state
k, Fj is the hole-hole repulsion energy in the final state,and R;, is the excess
relaxation energy in the final state. Here, (Fjl - Rﬂ) will be assumed to be zero
when involving the N(1s) level at 399.2 eV. As indicated shortly, this term will
be taken as -1.1 eV for transitions involving the N{1s) satellite at 404.2 eV. The

binding energies used here are the N(1s), 5¢ and 1n, 40, and 30 levels for
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Nz(ad) on Ir(110). With the exception of the 3o orbital, the other binding ener-
gies are measured directly as presented above. The binding energy of the 3¢
orbital was estimated from gas phase data {79) as 30.5 eV with respect to Eg.
Table 1 summarizes the calculated transitions that are shown as letters in Fig.
3. Good agreement between observed and calculated Auger transitions is
achieved only if participation of the N(1s) satellite is included. Moreover, a
value of -1.1 eV for the (F-R) contribution involving the N(1s) satellite aligns

the calculated transitions D and F with the observed transitions at 389.3 and

381.7 eV in Fig. 3.

To summarize, XPS and UPS measurements indicate that adscrbed Nj is
molecular, and the spectra are similar to those reported for adsorption on
other transition metals. Also, AES measurements of Ng(ad) and calculated
Auger transitions, derived from the difference in core level and valence level

binding energies, agree quite well so long as the satellite level found in XPS is

included.

4. Desorption and Adsorption Kinetics

When N, is exposed to Ir(110)-(1x2) at 95 K and then the surface is heated,
N; is observed to desorb above 120 K, as shown in Fig. 4. Mass 14 was moni-
tored to eliminate any interference due to CO in the measurement. No Ny
desorption occurs above 250 K where dissociatively chemisorbed nitrogen
atoms would combine and desorb (21) The temperature range in which Np
desorbs is further evidence of molecular adsorption. As the coverage of Nj

increases, the first peak that appears broadens and shifts to lower
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temperatures. Near 0.8 L of Np, a second feature appears at lower tempera-
ture. It too shifts and broadens up to the saturation exposure, which is
between 1.25 and 1.50 L. The fact that-two peaks appear in:the TD spectra may
indicate two difféerent sites.are occupied on the:Ir{110) surface. However, as
will be seen later, the saturation coverage, adsorption kinetics, substrate
structure and an:overlayer:LEED superstructure point to one site at saturation
and to a compression of the adsorbed layer occurring as.the coverage nears
saturation. Therefore, the desorption characteristics seen in Fig. 4 indicate
that precursor kinetics (see below) as well as intermolecular repulsive interac-

tions influence desorption strongly for'Nx(ad) on Ir(110).

The adsorption kinetics of Np on Ir(110) were calculated from the areas
under the TD spectra in Fig. 4, and the results are presented in Fig. 5..: As seen
in Fig. 5, Lhe coverage of Np as a function of exposure is fitivery well by a zero-
order dependence of the probability of adsorption on coverage up to satura-
tion, which corresponds to an exposure between 1.25 and 1.50 L N3. If one
assumes an initial probability of adsorption, &y, of unity, the saturation cover-
age is equal to 4.8 x 10! molecules-crm™2. Moreover, a p1g1{2x2) LEED struc-
ture of adsorbedN; is observed at saturation (see Section:'8), and this is con-

sistent with the above coverage calculation.

Zero-order adsorption kinetics for Nz on Ir(110) indicate the participation
of a precursor state in theiadsorption reaction.: From microscopic reversibil-
ity, the same type of precursor should be involved also in desorption. Broaden-
ing and shifts of a thermal desorption peak with increasing coverage are

predicted if a precursor is involved in desorption (22,23), which would explain
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partially the desorption behavior ofcN; seen in Fig. 4. However, precursor :

kinetics alone cannot explain multiple peaks in-the thermal desorption spec-
tra. An additional complication {with the assumption of one type of site for
adsorption) is embodied inithe spectra if interadsorbate interactions: become
important at high coverage. An adsorbate-adsorbate interaction model,
including repulsive interactions, predicts a shiftin temperature with increas-
ing coverage and multiple peaks (24). Since the adsorption kinetics:strongly
suggest that a precursor is involvedirand two peaks appear in the:thermal
desorption spectra, neither type of desorption:imodel alone can explain the
experimental data in a qualitative way. Multiple-site participation is not a valid
argument from the LEED results presented in Section 8. Therefore, a combina-
tion of the precursor model and the interaction model for the Ng-Ir{110) sys-

tem is necessary to explain the adsorption and desorption kinetics.

To examine the desorption kinetics more closely, the rate parameters for
desorption are needed: the activation energy, Ez, and the preexponential, vy,
of the desorption rate coefficient. Since Ny adsorption is molecular, the start-

ing point for a desorption model is a first-order expression, .

Ry = 1(8) 8 exp[~Ey(8)/kT], |
(2)

where the terms in Eq. (2) have their usual significance. Ananalysis of precur-
sor kinetics (22) indicates that a coverage dependence embodied in the preex-
ponential factor would result from the presence:of the precursor, even in the
absence of additional interactions. If the activation energy for desorption can

be measured as a function of coverge," independent of 14, then any variation of
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£4 with coverge would be due to interactions between adsorbates.

An integral method of :analysis by varying the heating:rate (25) was used
to measure £y and vz at points of constant coverage. The method.involves

changing the heating rate over a wide range for each coverage. The slope of an

Arrhenius plot, for a given coverage, is then proportional to #y, and the inter-

cept is proportional to ln v4. In these experiments, heating rates were varied
from 5 to 120 K-s™!, and the initial coverage was kept constant at:0.80 ML.
Complicating factors of importance were desorption from:the sample holder
and changes in the pumping speed of the system with time: Consequently, the
usable coverage range that.could be analyzed in this way was between-0.05 and
0.60 ML. It was found that v, varied randomly in the Arrhenius plots, from 108
to 1011571 for coverages below 0.30 MI. Also, at low coverages, the calculated
Ey; was uncertain due to varying amounts of ‘desorption from the sample
holder. Therefore, it was deemed necessary to.average the values of v; and
then calculate the corresponding F4 from the descrption curves. Above 0.60
ML, v; was assumed to be constant:near the average value 7y = 2 x 10% s71,
With these uncertainties, the results for E;(8) shown in Fig. 6 are only semi-
guantitative. At low coverage, E; is 8.5 kcal-mole™!, nearly that which is
observed on Ni{110) (4} and Ru(1010) (5), but lower than the estimated activa-
tion energy of desorption from the (110) orientation of an Ir FEM tip {8). How-
ever, N; was found to desorb in the same temperature range for the FEM tip
(8) and in the present case, and thus the differences in the values of E,; are
due solely to different choices of v4. In Fig. 6, a.small linear decrease in Ey is

observed below 0.75 ML and a larger:linear decrease in Fyq is observed for

"t
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® > 0.75 ML of Na. The uncertainties:in the values of E4{(8) and vy preclude a
further analysis:of the desorption kinetics beyond the qualitative arguments

concerning the inclusion of both precursor and interadsorbate interaction

contributions.

5. Co-adsorption:of Nitrogen and Hydrogen-

The co-adsorption of hydrogen and N; was examined.in":;order to gain more
insight concerning the type of site on the surface into which N chemisorbs
and what influence chemisorbed hydrogen has on pre- and post-adsorbed Np.
Much is known concerning:the interaction of hydrogen with Ir(110) (77), and

this lends another approach to understanding the chemisorption of Na.

Hel difference spectra for three surface conditions of co-adsorbed
hydrogen and Ng are presented in Fig. 7 where the clean surface spectrum in
Fig. 2 has been subtracted:from each of the original spectra. For spectra (a)
and (b) in Fig. 7, the initial fractional coverages of Ny were 0.8 and 0.4, respec-
tively. Both surfaces were exposed to-sufficient hydrogen to obtain a coverage
of hydrogen 84 = 0.25, where 8y = 1 corresponds to a saturation of the sur-
face by hydrogen. It is apparent from (a) and (b) in Fig. 7 that Ny(ad) main- -
tains its molecular character, which was seen in.Fig. 2. The'difference between
the spectra in Fig. 7 and Fig. 2 lies in the shape of the curves near the Fermi
level. Spectra (a) and (b) in Fig. 7 show evidence of adsorbed hydrogen (77),

although the H(1s) level cannot be detected at 6.1 eV below Eg.

Spectrum (c) in Fig. 7 shows the result of a:5 L N; exposure to a surface
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with an initial precoverage of hydrogen of 0.33 ML. No observable evidence for
N, adsorption is seen, but now the H(1s) level at -6.1 eV is clear. For 8y = 0.33
on the clean Ir(110)-(1x2) surface, the high temperature f-state is filled com-
pletely (717). The sites associated with Bz-hydrogen are in the locations of the
missing rows of Ir atoms for this reconstructed surface (717). This implies that -

N; prefers these sites as well, as discussed in Section 8.

A series of thermal desorption spectra measured for: co-adsorbed over-
layers of hydrogen and N, are shown in Figs. 8(A) H, and 8{B) (Nz). The labels
in Fig. 8(B) correspond to those in Fig. 8(A), and in the latter figure ( ) denotes
the first exposure in the sequence for-each overlayer. Considering the desorp-
tion of Ny shown in Fig. 8(B), spectra {(a) and (b) show the eﬁ'éct of two different
exposures of Hp to a saturated overlayer of Nz. As the Hp exposure increases
from 5 to 10 1, the high temperature peak of N; decreases in intensity, and the
low temperature peak increases in intensity. Moreover, the coverage of Nj
decreases to 0.77 ML in spectrum (a) and to 0.71 ML in spectrum (b).
Hydrogen, on the other hand, increases in coverage in the same experiment as
may be seen in spectra (a) and (b) in Fig. 8(A). As a comparison, spectrum (g)
in Fig. 8(B) was reproduced{rom Fig. 4 for a 1.0 L N3 exposure to the clean sur- -
face. Also, compare in Fig: B(B) desorption spectra (c) and (g). In spectrum
(c), 5 L. H, was exposed to & surface preexposed-to 1.0 L N; with the resulting
loss of approximately 0.1 ML Nz and the shift of some of the remaining Np to
the low temperature peak. Although none of the Ny{ad) was lost in spectrum
(d) of Fig. 8(B) compared to spectrum:(e) of Fig. 4, the same shift in desorption

temperature is seen. For spectrum (e), the Bz-state of hydrogen was filled (717),
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and this caused almost no Nz to adsorb, even after an exposure of 5 . Nz. The

small amount of N; desorption in (e} reflects mainly contributions from the

sample holder.

With regard:to the H; desorption shown in Fig. 8(A), the amount of Hp
increases as the:precoverage of Ny(ad) decreases for a given H, exposure, but
appears to be always less than the coverage of ‘f3-hydrogen at saturation on
the clean surface. The rate of adsorption of hydrogen is lowered:if Np is
present on the surface, indicating at least a partial blockage by N; of adsites of
hydrogen occurs: Another:interesting aspect of the Hp desorption spectra is
that a small amount of Hy desorbs at:the same temperature of that of Ny and
has the same relative shape as that of N;. However, this was not investigated

further considering the lowiintensities {coverages) involved.:

The findings: of the co-adsorption of N; and hydrogen may now:be sum-
marized. The fg-state of hydrogen, which bonds in the missing row troughs on
the reconstructed Ir{(110)-(1x2) surface, competes directly with Np(ad) for
chemisorption sites. Moreover, hydrogen, in part, occupies these preferred
sites when chemisorbed on:a surface preexposed to Ny and. displaces a part of
the Np from the surface. When the §,-state of hydrogen is filled on Ir(110), N,
does not chemisorb appreciably. From Hel UPS, the Ny(ad) molecular orbitals
are not perturbed detectibly when N; is co-adsorbed with hydrogen. Therefore,
the interaction of hydrogen and Np, when present together on the surface at
low temperature, is largely a site competition and a compression of Np(ad)

away from its preferred sites by hydrogen.
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8. LEED Observations

The chemisorption of N; on Ir{110)-(1x2) was investigated at low tempera-
ture with LEED. As background information, an fcec (110)-(1x1) is a surface
consisting of a series of rows and troughs. However, Ir(llp) reconstructs from
the bulk structure to form a surface with every other row of Ir atoms missing
in the [001] direction (26). Moreover, the reconstruction is stable to the
adsorption of hydrogen (717), CO (78), NO (21), with to oxygen (27) (< 700 K),

water (28) and sulfur (29).

For exposures of Ny below 0.8 1, the LEED pattern maintains a bright (1x2)
structure of the reconstructed surface with little increase in the background
intensity. Between 0.8 and 1.0 L. Ny, streaks appear between the rows of half-
order substrate spots. For exposures of Ny greater than 1.0 L up to saturation
{~ 1.5 L), the streaks begin to coalesce into spots and the background intensity
increases uniformly. However, the pattern did not yield sharp spots, even at a
temperature of 95 K or by maintaining a background pressure of N;. Careful
annealing and cooling cycles failed to improve the order as well. The pattern
observed is brightest at saturation coverage and is shown in Fig. 9(A). The pho-
tograph was taken at a beam energy of 137 eV and represents a "streaky” (2x2)

pattern with extinguished beams at (n+,0) on the (1x2) substrate.

The fact that the (1x2) substrate beams remain sharp and bright
throughout the exposure sequence indicates the Ir(110) surface does not relax
from its reconstructed state. The (2x2) pattern with missing beams then

implies that a glide plane of symmetry is present on the surface. Consistent
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with the saturation coverage of 4.8 x 10'* cm™ (one N; molecule per recon-
structed unit cell) and the fact that f;-hydrogen directly blocks N, adsorption,
the overlayer structure is a plg1(2x2) where the real space representation is
shown in Fig. 9(B). The glide plane is parallel to the missing-row troughs, and
the (2x2) unit cell is drawn in the’ﬁgure. This superstructure for Ny(ad) at
saturation coverage is identical to a possible structure found for sulfur
adsorbed on the Ir{110)~(1x2) surface (29). Mobility of Nz{ad) might be
expected even at 95 K due to the weak chemisorption bond, and this would

cause disorder along the rows in the x-direction drawn in Fig. 9(B).

7. Summary

The results for the adsorption of Nz on the Ir(110)-(1x2) surface may be
summarized as follows:

1. XPS and UPS results show Np chemisorbs molecularly at low
temperature. Two features appear for the N(1s) binding energy
at 399.2 and 404.2 eV, the former indicating a molecular species
and the latter indicating a satellite. The degenerate 5o
and 1w, and the 40 orbitals are seen at binding energies
of 8.0 and (11.8 + 0.3) eV.

2. The Auger electron spectrum of Ny(ad) on Ir{110) shows
transitions similar to that seen on W(110) (73).
The peaks can be assigned to normal Auger transitions by a simple
calculation (20). However, the N(1s) satellite must be

included in the calculation to account for all the Auger
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features that are observed.

3. Thermal desorption of Ny(ad) and the corresponding
adsorption kinetics imply that precursor kinetics and
repulsive adsorbate-adsorbate interactions are important
in this chemisorption system. Adsorptién occurs with an
initial probability of adsorption of unity independent of
coverage, and the surface coverage saturates at one
molecule per reconstructed unit cell. However, thermal
desorption measurements indicate that repulsive interactions
become important at high coverages, as seen by the appearance
of a second thermal desorption peak. At low coverage, the
activation energy for desorption is approximately 8.5 kcal-mole™!

and decreases to 6.0 kcal-mole~! at saturation.

.4. The co-adsorption of hydrogen and N; was studied by UPS and
TDS. The presence of hydrogen does not perturb the valence
orbitals of Np detectibly. However, hydrogen does displace
Ng(ad) from the surface and, at least in part, takes up its
preferred sites in the missing row troughs.

5. A plgl(2x2) pattern forms for Np(ad) at saturation on
Ir(110)-(1x2). The proposed structure is consistent both
with the probable locations of Np in the missing-row
troughs and the saturation coverage. This appears to be the
first LEED superstructure reported for molecularly adsorbed

nitrogen on a transition metal surface.
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Tablel

Calculated Auger Transitions from Eq. (1).

Orbital (B.E.,eV)

K = N(1s) =1399.2

K' = N'(1s) = 404.2 (satellite)
I =1m,50 = B8.0
II =40 = 11.8

Il = 30 ~ 30.5 [estimated from Ref. (717)]

Figure3 Designation E(kjl),eV

A K1 383.2

B K11 379.4
c Killl 375.8
D K11 389.3*
E K1l 385.5*
F Kunan 381.7*
G KIT 111 3586.9
H KI III 360.7
I K'11 111 363.0*
J K11l 366.8*

* All K’ transitions have been shifted by +1.1 €V in kinetic energy
to align D and F with observed transitions in Fig. 3 at 389.3
and 381.7 eV, respectively.



104

Figure Captions

Fig. 1. XPS of Nz molecularly adsorbed on Ir(110) at 95 K as a function
of Ny(ad) fractional coverage.

Fig. 2. Hel UPS of Ny(ad) on Ir{110) at 95 K. (a) Saturated layer of
Nz, (b) Clean surface, and (c) Difference sectrum.

Fig. 3. Nitrogen-KLL AES for Npx(ad) on Ir(110) at 95 K. The letters
A-] denote calculatéd transitions for normal Auger processes.
See Eq.(1) and Table 1 for assignments.

Fig. 4. Thermal desorption spectra of Nx(ad) on Ir(110) at 95 K.
Mass 14 was monitored at a heating rate of 22 K-s™1,

Fig. 5. Adsorption kinetics of Nz on Ir(110) at 95 K. These were
derived from the thermal desorption spectra in Fig. 4.

Fig. 6. Activation energy for N, desorption from Ir{110). See the
text for details.

Fig. 7. Hel UP difference spectra of co-adsorbed Ny(ad) and hydrogen
onIr(110) at 95 K. (a) 5 L H; on 0.80 ML Ny{ad),
(b) 1 L Hz on 0.40 ML Nx(ad), and (c) 5 L. N; on 0.33 ML
Ha(ad).

Fig. 8. Thermal desorption spectra of Hg, (A), and N,, (B), from
several overlayers of co-adsorbed hydrogen and Nz on Ir{110)

at 100 K. The heating rate for these spectra is 20 K-s™1
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Fig. 9. (A) LEED pattern at 137 eV of a saturated N» overlayer on
Ir(110) at 95 K. The substrate maintains its (1x2) reconstruction,
and the overlayer forms a p1g1(2x2) superstructure. (B) Real
space representation of the plg1(2x2) pattern. The large

circles are N; molecules and the small circles are Ir atoms,

o
with diameters of 3.0 (Van der Waals Diameter) and 2.72 4,

respectively.
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CHAPTER 5
THE CHEMISORPTION OF NO ON THE (110)
SURFACE OF IRIDIUM
(The text of Chapter 5 consists of an article coauthored
with T. S. Wittrig and W. H. Weinberg that has been submitted

to Surface Science.)
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Abstrac@

The cbemisorption' of NO on Ir{110) has been'studied vnth thermal desorp-
tion mass spectrometry (including isotopic exchange experiments), X-ray and
UV-photoelectron spectroscopies, Auger electron spectroscopy, LEED and CPD
measurements. Chemisorption of NO proceeds by precursor kinetics:with the
initial probability of adsorption egual to unity independent of surface tem-
perature. Saturation coverage of molecular NO corresponds to 9.6 x 10'* crn™2
below 300 K. Approximately 35% of the saturated layer desorbs as NO in two
well-separated features cﬁ' equal integrated intensity in the thermal desorption
spectra. The balance of the NO desorbs as N; and O, with desorption of N,
beginning after the low-temperature peak of NO has desorbed almost com-
pletely. Molecular NO desorbs with activation energies of 23.4-28.9 and 32.5-
40.1 kcal-mole™!, assuming the preexponential factor for both processes is
between 10'3-10'® 571, At low coverages of NO, N, desorbs:with an activation
energy of 36-45 kcal-mole™!, assuming the preexponential factor is:between
1072 and 10 cm? - s7!. Levels at 13.5, 10.4 and B.5 eV below:the Fermi level are
observed with Hel UPS, associated with 40, 50 and 1w orbitals of NO, respec-
tively. Core levels of NO appear at 531.5 eV [0(1s)] and 400.2 eV [N{1s)], and do
not shift in the presence of oxygen. Oxygen overlayers tend to stabilize cherrl—

isorbed NO as reflected in thermal desorption spectra, a downshift in the 1n

level to 9.5 eV and the CPD behavior of NO on the oxygen overlayers.
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1. Introtiuction .

The chemisorptionbofaNO on the. Ir{110)-(1x2) surface has been studied
with thermal desorption mass spectrometry (TDS), X-ray and UY-photoelectron
spectroscopies (XPS and UPS), Auger-electron spectroscopy (AES), LEED and
contact potential difference (CPD) measurements. The motivation for this
investigation of NO on iridium is to gain insight into the various elementary

chemical reactions that may be important in the dissociation and reduction of
NOC.

There have been many previous studies of NO on other transition metals,
including Pd (7). Ru (2-5),Ni(9-11),Pt(812-17),Ir (18 - 21 ) and Rh (22).
Adsorption behavior near 300 K ranges from completely dissociative for Ru, Rh
and Ni and partially dissociative on Ir to molecular on Pd and Pt. Initial proba-
bilities of adsorption tend to be greater than 0.5 and are usually close to unity.
The kinetics of adsorption typically vary weakly with coverage, indicating that

often a precursor species is involved.

However, with the exception of Pd (7), heating the surface causes the
majority of nitrogen to desofb as N rather than in NO. Near saturation cover-
age, NO desorbs molecularly on the transition metals. Therefore, tbe following
reactions are generally observed with increasing surface temperature: desorp-
tion of NO, dissociation of NO, desorption of N; and finally desorption of O,.
The accumulation of oxygen during the first three reactions causes further
complications that cannot be separated from the dissociation and desorption

reactions. An additional mechanism, not mentioned above, is atom recombina-
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tion [N(g) + Oga) = NO,] which is thought to be important on Ir(100)-(1x1)
(21). In summary, the successful separation of these competing reactions

depends on their relative rates for a particular surface of a particular metal.

During adsorption, a c¢(4x2) LEED structure due to molecular NO is com-
mon to Pd(111) (7), Ru(100) (2,3) and Ni{111) (9). Also, a (2x2) structure is
observed for NO on Pd(111) (7). Pt(111) (15,16) and Ir(111) (78). At satura-
tion, a {(2x1) forms on Ru{100) (2), and a (1x1) forms on Ni(100) (77). How-
ever, most of these superstructures are formed below room temperature due

to the dissociative behavior of NO on the transition metals.

Generally, the valence region of chemisorbed NO exhibits three emission
ranges which are near 2 eV, 7.3 - 10.5 eV and 13.9 - 15.2 eV relative to the Fermi
level, Er, of each metal. The first region falls in the metallic d-band, which
makes the NO orbital less visible, but this is attributed to the singly-occupied
2m level of NO coupling to the metal.. The second region from 7.3 to 10.5 eV
contains the 1w and 50 levels of NO. However, the separation and assignment
of these levels are rather ambiguous. Using either Hel or Hell radiation, only
one peak is observed on Pd{111) (7), Ru(100) (8), Pt(100) (8,72) and Ni{111)
(9) near 9 eV. On Ru(001) (6), Ir(111) (78,20), Ir(100) (78) and Ni(100) (28)
multiple features appear in the UP spectra. Different assignments have been
made for the various metals. Multiple sites occupied by NO may give different
emissions which is the case for Ru(001) (6) and is suggested by the data of one
study on Ir(111) (20). Multiple features have been assigned also to separated
1n and 5o orbitals on the {111) and (100) surfaces of Ir (78) and on Ni(100)

(23). In this case, the ordering of the levels is subject to disagreement.
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Angular—;'esolved“photoemission results on Ni(100) show that the 17 orbital lies
higher in energy than '-tha' 50 orbital of NO (23). However, on Ir(111) and
Ir(100), the assignment of these orbitals was reversed by assumning the same
relative intensity variation.of the two levels for adsorbed NO as for gas phase
NO (78). Bent bonding was suggested in both cases ('78,23)l for NO on Ir and Nj,
even though the two studies assign the 1m and 50 orbitals differently. Thisj
issue will be discussed further with the present results for NO chemisorbed on
Ir(1 10): Finally, the least ambiguous ':assignment is for the lowest lying emis-

sion which corresponds to the 40 orbital of NO.

Bent bonding and multiple site adsorption may be inferred through XPS
measurements as well. On Ru(001) (6) and Ir{111) (79,20), two peaks are
observed in the O(1s) region near 531 eV and are attributed to multiple site
occupation. For Ru(001), EELS (5) and TDS results (7) support this conclu-
sion. The difference between 0(1s) and N(1s) binding energies for NO chem-
isorbed on Pt{100) prompted the suggestion that NO bonds in a bent geometry,
drawing on analogies to metal nitrosyls {72). Upon dissociation, the N(1s) and

0(1s) core levels - show peaks near 397 and 529 eV, respectively, on the transi-
tion metals.

Evidence that linear and bent bonding as well as multiple site participa-
tion ocecurs for NO indicates the complex adsorption behavior for NO. The
desorption behavior is equally complex, considering the competition belween
desorption of N; and NO, dissociation of NC and the accumulation of oxygen.
The present investigation of NO on Ir{110) will provide a comparative study to

the previously mentioned results. In addition to examining lhe molecular
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phase of NO, coadsorption studies of NO on oxygen overlayers will be presented.
Since oxygen remains on the surface in appreciable concentrations as NO
decomposes and: N; desorbs, the adsorption of NO on oxygen overlayers will

lend further insight into the reduction of NO by hydrogen'performed on the

Ir(110) surface (24).

2. Experimental Procedures

The experiments were performedin an ion.pumped stainless steel belljar
that has been described previously (25,26). The base pressure for these exper-
iments was below 2 x 1071° torr of reactive contaminants. The clean Ir{110)
surface shows a ‘(1x2) reconstruction, which is a surface with every other row
of Ir atoms missing in the [001] direction (27). The surface may be visualized
as alternate rows and troughs exposing (111) planes which are inclined to one
another. Isotopic !°NO was used to separate !°N; desorption:from any spurious
effects due to CO (m/e = 28). Hereafter, 1°NO and !N, will.be referred to only

as NO and N;, with the exception of the figure captions.

Exposures of the surface to NO were carried out both with a leak valve and
with a directional beam doser that has not been described previously. With the
exception of the LEED and contact potential difference (CPD) measurements,
all the exposures were performed by the doser, once it was calibrated in Lang-
muirs. The doser consists of a baffied stainless steel tube capped with a glass
capillary array. During dosing, the crystal is positioned approximately 3 mm

from the doser face, which places the crystal in line-of-sight of the mass
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spectrometer. The beam pressure to background pressure ratio is approxi-
mately 100:1. Gas is admitted to the dosing line by a capillary leak, the dosing
line being pumped by a baffled, two-inch diffusion pump.. Exposures byk the
beam doser are in torr-s where the pressure refers to the pressure in the
storage bulb behind the capillary le‘ak. Calibration of the exposure' units
(torr-s) of the beam doser to Langmuirs {L) was accomplished by comparison-
of the exposure needed to cause the appearance of a thermal desortion

feature of NO (see Section 3) by the leak value and the doser. The result is

that 7.2 + 0.4 torr-sisequalto 1.0 L

1t is well known that NO interacts strongly with stainless steel. To insure
that the stainless steel exposed in the belljar was as passive as possible, 1 x
10~7 torr NO was admitted after a bakeout, for one hour. Thereafter, only O;
and NO were introduced into the system. During any leak valve exposure, less
than 2% of the NO was converted to Né and the CO partial pressure increased
by less than 5% over a period of a half hour. In all cases, doser exposures pro-

duced negligible amounts of background contamination.

3. Adsorption and Desorption Kinetics:

When NO is exposed to Ir{110) at low temperature and the substrate is
heated, both N; and NO are observed to desorb between 300 and 800 K, depend-
ing on the initial coverage of NO. Oxygen remaining on the surface, after all
nitrogen species are removed, desorbs as O above 900 K and shows the same

shape as seen for oxygen desorption alone {28). No other desorption products,
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such as N,O or NO, were observed. Figures 1(A) and 1(B) present the thermal
desorption spectra for Nz and NO, respectively, at a heating rate of 27 K - s™L
Three 'exposure ranges of NO may be:separated, as seen from the NO and N,
desorption curves in Fig. 1: (1) 6< 0.331L,(2)0.33< £¢< 1.7Land (3) > 1.7L

These regimes will be discussed in turn:

At low exposures of NO only N; desorbs, as seen, for example, in Fig. 1(A).
curve {(a). The desorption maximum is near 850 K and the shape is symmetriec,
suggesting second-order kinetics for desorption.” Furthermore, this shows that
the NO has dissociated below 500 K at this exposure of NO (0.28 L) and this
heating rate (27 K - s™!). The next exposure, 0.33 L NO, shows a second peak
appearing on the low temperature side of the original N; feature. By an expo-
sure of 0.83 L, the shape of the N; thermal desorption trace has changed con-
siderably. The onset in N, production becomes much more abrupt and asym-
metric. The third N; feature that appears (at 520 K for an exposure of 0.83 L)
becomes dominant, shifts to lower temperature and sharpens with increasing
exposure. At an exposure of 0.83 1, some NO desorption is observed as shown
in Fig. 1{B). Near an exposure of 1.7 1, a second feature appears in the NO
thermal desorption spectra that increases in intensity as saturation coverage
is approached. Estimates of the activation energies for the desorption of N;,
the dissociation of NO and the desorption of NO may be calculated from the
thermal desorption spectra. Due to the observed complexity of the desorption
spectra apparent in Fig. 1, only peaklternperatures and "mormal” preexponen-

tial factors (ca. 1012 — 1018 5! Jwill be assumed in order to estimate bounds on

the activation energies of these competing reactions.
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For low exposures of NO, only Nz desorbs. Assuming that spectrum (a) in
Fig. 1(A) represents adétom-adatom recombination as the rate limiting step,
the activation energy for N, desorption may be estimated to lie between 36 and
45 kca}mole"1 (for 102 < v < 10! cm? — s"i).. The desorption peak tempera-
ture, 650 K, is comparable to that observed for N; desorbing from dissociated
NO on Pd(111) (7) and polycrystalline Rh (22). Higher exposures of NO causes
the onset of N; desorption.to become:more abrupt and asymmetric, and this
may well indicate that the rate of dissociation of NO is now rate limiting. The
shift in peak temperature in Fig. 1(A) for the desorption of Np [spectra (c) -
{h)] does not imply second-order kinetics; rather, it is related to the changing
activation energy for the dissociation of NO, Eg4(NO)and is first order. Thus,
the desorption peak temperature of Np is related to an wpper bound for
Eqs(NO). Correlating Eg;(NO) with the initial coverage of NO (see adsorption
kinetics below) gives Eg(NO) = (33.4 - 10.3 Byp) kcal-mole™! for 0.3 < By =
0.8 if vy, is equal to 10!% 571 and Ege(NO) = (39.8 - 10.3 8yp) kcal-mole™ if vy, is
equal to 10'® s™!. Therefore, Eg,(NO) decreases with increasing ®yp until the
yield of N, saturates. The activation energy for the first order desorption
kinetics of NO may be estimated from the thermal desorption spectra of Fig.
1(B). The low temperature peak near 400 K represents the desorption of NO
from an oxygen-free surface, whereas the high temperature peak near 550 K
represents desorption of NO from a surface containing significant concentra-
tions of oxygen.: The desorption en‘ergy for the former is between approxi-
mately 23.4 - 28.9 kecal-mole~! and for the latter approximately 32.5 - 40.1

kcal-mole™}, for a preexponential factor for desorption between 103 to 10'6
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s”1. Comparing desorption and dissociation energies of NO estimated from Fig.
1 suggests that three régirnes of desorption are important.” At saturation cov-
erage, some NO desorbs near 400 K (~17%) before appreciable dissociation
occurs followed by Ny desorption near 430 K. Finally, the desorption.rates of

N, and NO become comparable above 450 K.

Recently, it was concluded that recombination of nitrogen and oxygeh
adatoms becomes important for the high temperature desorption feature of
NO on Ir{100) (21). Precoverages of '80 exchanged with the high temperature
feature of NO, whereas the lower temperature: desorption- was unperturbed.
This is the case also on Ir(110). Enriched (23 at.:%) !0 was exposed to various
precoverages of NO at 100 K For low exposures of oxygen (< 5 L), the high
temperature feature in Fig. 1(B) exchanges statistically. Therefore, the
exchange experiment on Ir(110) is conclusive that the first peak is molecular
in nature only and the second peak is at least partially due to the recombina-~
tion process. In the N(1s) region of binding energy, no nitogen atoms were
detectable by XPS at a sensitivity level of approximately 0.1 ML if the desorp-
tion were terminated between 380 X and 500 K and the crystal cooled (see Sec-
tion 4). Thus, although the high temperature peak of NO is at least partially
due to nitrogen and oxygen adatom recombination, the concentration of
nitrogen adatoms is always small. During desorption, preadsorbed oxygen inhi-

bits the formation of Nz and shifts the desorption population of NO to the

higher temperature peak.

To obtain the adsorption kinetics of NO on Ir(110), integration of the ther-

mal desorption spectra for NO and N; with respect to time is necessary. Also, a
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calibration between the iﬁtegréted intensities of -NO and N ahd the saturation
coverage of NO are neéded; Since at low exposures only N; and O; desorb, a
convenient calibration for N; exists via a mass balance with oxygen, the cover-
age of which is known (28).. This gives the initial coverage of NO and the initial
probability of adsorption of NO, S¢. The relative mass spectrometer intensity
to N; and NO is found by monitoring the saturation coverage of NO, which Wa'é
measured by comparing 0(1s) intensities of NO and oxygen by XPS. The
saturation coverage measured for NO at 100 K is 9.6x10!* ecm™ (+ 5%). The
adsorption kinetics of NO on Ir{(110) at 100 K may be deduced from Fig. 2
where Sp is unity. The kinetics are fit well by a first-order Kisliuk precursor
model wth the parameter K = 0.3, where K = O corresponds to Langmuir kinet-
ics (zero lifetime of the precursor), and K = 1 corresponds to a constant pro-
bability of adsorption (infinite lifetime of the precursor) (29). A high value of
So and precursor kinetics for the adsorption of NO on the transition metals
are common (71,3,4,9,10,178). The relative yields of N; and NO from thermal
desorption are shown in Fig. 3. At saturation coverage of NO, 35% of the
nitrogen on the surface desorbs as NO with approximately equal amounts in

each feature [Fig. 1{B)], and 65% desorbs as Na.

In summeary, the desorption kinetics of N, and NO from an adlayer of NO
depend sirongly upon one another. The desorption kinetics of N; at medium to
high coverages of NO reflect the rate of dissociation of NO. For the desorption
of NO, two features develop fully at saturation coverage, one of which
represents desorption from an oxygen-free surface and the other of which, a

higher temperature feature, represents desorption from a surface partially
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covered with oxygen. :The adsorption: kinetics follow a first-order precursor
model at 100 K with an initial probability of adsorption of unity. At saturation
coverage of NO, 657 desorbs as ng and 35% desorbs as NO. The adsorption

kinetics of NO at higher temperatures will be discussed in Section 5.

4. UPS, XPS and AES Measurements of. NO

Presented in Fig. 4 are Hel difference spectra of NO adsorbed at various
coverages on Ir(110) at 100 K. Three levels are observed at 8.5, 10.4 and
approximately 13.5 eV below the Fermi level, Ef. The lowest lying level at 13.5
eV may be assigned immediatelly as the 40 orbital of molecularly chemisorbed
NO. However, the levels at 8.5 and 10.4 eV are less straightforward in assign-
ment. Gas phase ionization potentials for the 40, 50, 17 and 2n orbitals of NO
are 21.7, 19.5, 15.7 and 8.3 €V, respectively. Assuming that the 40 orbital for
NO adsorbed on Ir(110) and gaseous NO are related by a static shift (8.2 V),
the orbitals of adsorbed NQ would require the 50 to destabilize by 0.9 eV and
the 17 to stabilize by 1.0 eV with the premise that the 50 and 1 levels main-
tain the same order in energy when NO is chemisorbed. If these levels cross,
the 50 level would destabilize to an even greater extent, and the 1n would sta-
bilize correspondingly further upon chemisorption. It is thought that bonding
of NO with the surface is through the 5o orbital which is weighted toward the
Vnitrogen end of the molecule. Furthermore, a backbonding interaction is
assumed to occur through the singly-occupied 2n level, although this orbital is

not observed in the specira of Fig. 4. 1f NO bonds in a linear fashion to the
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metal, the 50 should stabilize. However, bent bonding has:been suggested for
NO on Pt(100) (72). Ir(111) (78), Ir(100) (78) and Ni(100) (23). Hence, rehy-
bridization of valence orbitals may make a direct comparison between gaseous

NO and adsorbed NO inappropriate.

Although bent bonding. has been inferred for NO on Ir (78) and Ni (23), the
50 and 17 orbital assignments disagree. For Ir{111) and Ir(100), the relative
intensity variation with photon energy of 50 and 1w orbitals in the gas phase
was assumed to maintain for adsorbed NO, and it was concluded that the 5o
and 17 orbitals cross in energy when the NO is chemisorbed (78). For Ni(100),
angular-resolved UPS and photon energy variation were employed to show that
the 50 and 17 levels do not cross, and the 17 orbital still lies higher in energy
(23). The 1n orbital showed an increase in intensity as the photon energy
decreased {(23). Our present Hel results on Ir(110) compared to Hell results on
the same surface (20) show the same.trend. Moreover, an extensive investiga-
tion of Cr{NO), placed the 1z level higher than the 5o one for this metal
nitrosyl (30). Therefore, the most probable assignment of NO on Ir(110) is that
the 50 and 1w orbitals are.at 10.4 and 8.5 eV, respectively. Data presented in
Sections 3, 8 and below indicate that NO is stabilized by the presence of
adsorbed oxygen. Results presented below show that the 17 level shifts fron;

8.5 to 9.5 eV when NO is coadsorbed with oxygen, an observation which is not
understood at this time.
Annealing experiments were performed for low coverages of chemisorbed

NO to determine above what temperature dissociation takes place. In Fig. 5

are shown UP difference spectra for two coverages of NO comparing annealed
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and unannealed:surfaces. Adsorption of 0.18 ML and 0.43 ML of NO on the
clean surface at .100 K ﬁelds the spectra shown in Figs. 5(a) and 5(c), respec-
tively. Annealing these two coverages of NO to 400 X yields the spectra shown
in Figs. 5(b) and 5(d), respectively. It is appar'ent that for 0.19 ML coverage,
dissociation has taken place by 400 X as judged by the disappearance of the'
molecular levels of NO and the apbearance of a broad level near 5.7 eV which i's‘
due to emission from O(2p) and N(2p) orbitals. However, annealing 0.43 ML of
NO does not cause complete dissociation since emission from the NO molecular

orbitals is still observed. In fact, the. peak intensities at 8.5 eV and 10.5 eV in
Fig. 5(d) are equal to those in Fig. 5(c), although in Fig. 5{d) the 4¢ orbital at
13.5 eV is not observed, and the intensity decrease near Ey is larger which is
due to NO and oxygen coadsorbed. No desorption of either NO or N; occurs
below 400 Kfor either initial coverage;'so the changes in the UP spectra reflect
a chemical reaction occurring on the s—urface. Therefore, depending on the ini-

tial coverage of NO, annealing to 400 K causes all or part of the overlayer of NO
to dissociate.

UP diﬁerence. spectra of coadsorbed NO and oxygen are shown in Fig. 8.
The UP spectrum for the saturation coverage of NO on the initially clean sur-
face is reproduced in Fig. 6(a) for comparison. Whether chemisorbed oxygen i‘s
converted to an oxide [curve (b)], or not [curve {(c)], a shift in the highest lying
(17) level of NO is observed, from 8.5 eV on the clean surface to 9.1 eV in curve
(b), and to 9.5 eV in curve (c). The other two levels at 10.5 eV and 13.5 eV do
not shift, bowever. The substrate structure has a small effect since in curve

(b) the substrate is {1x1) and in curve (c) it is (1x2). The presence of oxygen
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Furthermore, in spectrum (b) the surface was saturated with NO after partial
dissociation had occurr'.ed. which tends to displace nitrogen adatoms from the
surfac’e by the desorption of N;. Thus, the XPS results verify the TDS results
presented in Fig..1 that oxygen accumulates on the surface when the overlayer

of NO is heated slightly above 400 K.

Finally, 0-KLL and N-KLL Auger transitions are presented in Fig. 8 for é
saturated overlayer of NO at 95 K. The electron beam current density used was
107® amp - mm™2 at an energy of 2 keV. Electron beam exposures to the sur-
face were limited to 10 min. before a fresh surface was prepared in order to
minimize beam induced dissociation. . In Fig. 8 the peak positions are nearly -
identical to those found for X-ray induced Auger transitions observed of NO on
Ru(001) (6), but they are somewhat diflerent from gas phase spectra (37). The
spectra of Fig. 8 point up very nicely the simﬂérity of AES transitions for the
same molecule adsorbed on different metals. An additional feature in the N-
KLL region at 371 eV, not seen on Ru(001) (6), is attributed to nitrogen atoms
formed by electron induced dissociation of NO. Nitrogen atoms formed during

the steady state reaction between NO and H; (24) show an Auger transition

here.

5. Isothermal Decomposition of NO

A series of mass spectrometric experiments at various constant surface
temperatures was performed in order to measure the rate of NO adsorption

and the rate of N, desorption on Ir(110). The calibration of the mass spec-
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trometer intensity for NO (m absolute coverage units) and of the relative inten-

sity of NO and N, allows the adsorption kinetics of NO to be measured at a

given surface temperature (see Section 3).

The Ir crystal was exposed to NO by the beam doser at a constant beam -
pressure (approximately 9 x 107® torr). Since the doser and the crystal were
positioned so that part of the molecules scattered from the crystal was in
line-of-sight of the mass spectrometer, the intensities of NO and N; could be
measured directly. Therefore, the decrease in the NO intensity is due to
adsorption, and the increase in the Np intensity is due to desorption. Prior to
each experiment, the crystal was cleaned by annealing above 1600 K and then
was cooled to the appropriate surface temperature. The crystal was moved in
front of the doser, and Nz and NO intensities were monitored as a function of

time until no further changes occurred.

Results of an experiment at 400 K, representative of other surface tem-
peratures, are shown in Fig. 9. Shown in Fig. 9 are the adsorption rate of NO,
the desorption rate of N; and the integrated intensities of NO and N; as a funec-
tion of exposure (or eguivalently time). The rate of adsorption of NO is
inversely proportional to the measured gas phase partial pressure. It is clear
from Fig. 9 that N, does not desorb immediately. However, for small exposures
of NO, decomposition does occur at 400 K as seen, for example, from the UPS
results in Fig. 5. Desorption of N, appears only after sufficient NO adsorbs,
either associatively or dissociatively. Consequently, the activation energy for
the desorption of Ny decreases with surface coverage. Also, the initial adsorp-

tion rate of NO remains the same as that seen at 100 K (Fig. 2), so the initial
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adsorption kinetics are independent of temperature and Sg is unity. Interest-
ingly, near the maximum in the rate of desorption of Np, a small, but reprodu-
cible change in the rate of adsorption of NO occurs, presumably due to the

desorption of Ny and the accumulation of oxygem:

The integrated mass spectrometric intensities, calibrated in absolute cov-
erage units, represent the total amounts of NO that is adsorbed and of Ny that.v
is desorbed during the experirnent. Subtraction of these curves gives directly
the coverage of nitrogen (as NO or N) present on the surface at any point of
exposure {time). The total coverage of N present on the surface as a function
of exposure at various surface temperatures is shown in Fig. 10. Results from
the TDS measurements for adsorption:at 100 K are reproduced in Fig. 10{a) for
comparison and are offset for clarity. For temperatures below 350 K, where
desorption is negligible (cf. Fig. 1), the adsorption kinetics are identical. -
Although the initial rate of adsorption remains constant between 400 and 700
K, the shape of the curves in Fig.10 changes due to desorption of N; and NO. A
relative maximum occurs in the coverage of N as a function of exposure since
N; desorption and NO adsorption are competitive reactions. As the tempera-
ture increases, the relative maximum in the coverage of N appears at lower
exposures and decreases in magnitude. Above 800 K, no nitrogen species are‘
present once the oxygen uptake is complete. Only NO is detected by XPS on the
surface at the end of each experiment if any nitrogen species are still present,
so nitrogen atoms (2 0.1 ML) are not favored once the surface is at steady

state. Oxygen tends to stabilize the NO that remains on the surface with

respect to dissociation.
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The total yields of adsorbed NO and desorbed N; are shown in Table 1. ;I'he
coverage of N left on tb;e surface at steady state is the coverage of NO to a good
approﬁmation. By mass balance, the coverage of oxygen coadsorbed with the
remaining NO is. equal to the amount of N; desorbed since no other species
desorbs. The maximum covei‘age of oxygen is near 0.5 ML, and this is associ-
ated with the formation of.a c¢(2x2)-0 superstructure on the {1x1) Ir surfacé
{see Section 7). This oxygen superstructure inhibits further dissociation of NO
as it does for oxygen adsorption at these temperatures (28). Since the NO
remaining on the surface is at steady state with the pressure of the beam
doser, an estimate may be made for the activation energy of desorption of NO,
E4(NO), between-400 and 821 K. The flux of NO onto the surface is equated to
the desorption flux of NO, and the preexponential is assumed to be
10'8 — 10'® 57! as in Section 3. The results for E;(NO) are shown in Table 1. As
the coverage of NO decreases and the coverage of oxygen increases, Eg(NO)
increases. These values are comparable to that calculated for the higher tem-~
perature peak in'TDS, 32.5 - 40.1 kcal-mole™! [half of the NO that deéorbs from

a saturated layer of NO] associated with a surface on which oxygen adatoms
are present.

To summarize, isothermal decomposition measurements of NO on Ir{110)
provide complementary information concerning the adsorption of NO either on
the clean surface (low temperature) or on a surface with oxygen adatoms
present due to the dissociation of NO (high temperature). The initial probabil-
ity of adsorption maintains near unity regardless of the surface temperature,.

Approximately 0.5 ML of NO may be decompecsed above 500 K after which no



135

further dissociation can occur due to:the high concentration of oxygen. Esti-
mates for the activation energy for NO to desorb, E;{(NO), agree with the TDS

estimate and show that E;{NO) increases as NO decreases and oxygen increases

in coverage.

8. CPD of NO and Coadsorbed NO and Oxygen

Although NO exhibits identical adsorption kinetics for temperatures below
350 K as seen previously, the contact potential difference of NO is djﬁ'erent for
adsorption at 100 K compared to near room temperature. The CPD of NO
adsorbed at 100 K and 317 X are‘ shown in Fig. 11 as a function of fractional
surface coverage: At 100 K {curve (a)], the CPD decreases, attains a minimum
at -0.085 eV at half a monolayer and increases to a final value of -0.04 eV at
saturation. The:increase between 0.75 and 0.85 ML is associated with the
appearénce of a streaked:LEED pattern containing a mirror plane-or glide
plane of symmetry (see Section 7). This superstructure disorders above 0.85
ML, but the CPD does not change further. At 317 K the CPD decreases more
strongly, reaches a minimum at higher coverage (-0.115 eV) and increases
slightly, to a final value of -0.100 eV at saturation. The change in shape of the
CPD with coverage, comparing the two adsorption temperatures, indicates that
some dissociation has taken place at 317 K. Assuming the presence of oxygen
causes the CPD of NO to be modified, a small precoverage of oxygen was
adsorbed, and the CPD was measured for NO [curve (a) of Fig. 12] where Gg =

0.13 MLk 1t is apparent that oxygen does influence the CPD of NO considerably
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since the shape of the curve has changed and the magnitude of the decrease is
much larger, -0.36 eV. If the change in the CPD is linear in oxygen coverage at
low coverages of ‘'oxygen, then the amount of NO dissociated at 317 K is less

than 5%. Therefore, the CPD of NO on Ir{110) is a sensitive indicator for the

dis§ociation of NG.

Two different effects may occur to alter the CPD of NO when oxygen is
present. First, NO may chemisorb on different sites due to:the blockage of its
preferred sites by oxygen adatoms. Second, a chemical interaction may occur
between oxygen and NO on the surface. These:.two possibilities were investi-
gated by preparing the surface in several different ways with preadsorbed
oxygen and recording the CPD of NO as a function of exposure, as shown in Fig.
12. For curves {(a), (b). (d), {e) and (g). the substrate is the reconstructed
(110)-{1x2) surface with various initial coverages of chemisorbed oxygen.
Curves (c) and (f) represent NO adsorbed on the unreconstructed (110)-(1x1)
surface which is stabilized by a surface oxide (28) with two different coverages
of preadsorbed oxygen present. Although the: adsorption kinetics are not
known so that the exposures of NO cannot be related to coverages on these
oxygen overlayers, the trend in the CPD is quite useful to gain insight into the
interaction between coadsorbed NO and oxygen. However, it is known that
approximately one-half the amount of NO adsorbs on an oxygen-saturated sur-

face as compared to the clean surface, measured by TDS.

Since the adsorption kinetics are'not known for NO in these cases, except

for curve (g) of Fig. 12 [clean (1x2) surface], the shapes of the CPD curves as a

function of exposure are less instructive than the magnitude of the CPD of NO
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when the surface is saturated. Noting that the zero of the CPD has been
shifﬁed by pairs for clafity in Fig. 12, the CPD of 'NO at saturation increases in
magnifude. but is always negative, as the precoverage of oxygen increases,
regardless of whether the substrate structure is {(1x1) or {1x2). Moreover, the
saturation CPD of NO rt.alative to the clean ’surface [Ap(0) - Ap(NO)] is always
between 0 and +0.25 eV when oxygen is preadsorbed. Therefore, the CPD of NO
is approximately éroportional to the amount of oxygen present and depénds
much less upon the structure of the substrate. Moreover, the CPD is rather
insensitive to the binding site occupied by oxygen since oxygen changes its pre-
ferred sites from low coverage (8 < 0.25) to high coverage, and from chem-
isorbed oxygen to the surface oxide:(28). The interaction between NO and
oxygen may be described best by through-metal interactions. Oxygen, which is
quite electronegative, draws charge from the metal and causes the CPD to
increase strongly. Adsorption of NO may then occur more readily near the
electron deficient regions of the metal, which may cause the CPD relative to
the clean surface to change only slightly, as observed. In eflect, NO 'titrates”
the charge induced by oxygen. A similar CPD dependence for one state of NO
coadsorbed with oxygen on Ru(001) has been reported (7). As was shown in

Section 4, UPS of coadsorbed NO and oxygen indicates a strong interaction

between the adsorbates as well.

7. LEED Observations

A clean, well-ordered Ir(110) surface gives a sharp (1x2) LEED pattern,
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which is a surface with every other row of Ir atoms missing (27). At 100 K, frac-
tional coverages of NO.below 0.75 (exposures below 2 L) produce only a high
background intensity which diminishes the intensity of the substrate beams
uniformly. At fractional coverages between 0.75 and 0.85 (exposures between 2
and 2.5 L), very broad streaks appear:-between the rows containing half-order
spots. In addition, little or no intensity is observed above and below the (00)
beam. Although the streaks did not coalesce even with annealing cycles from
100 to 250 K, the absence of intensity where (n +- ¥, 0) beams would occur indi-
cates that a mirror plane or glide plane of symmetry lies along the [001] direc-
tion, along the rows of Ir atoms. At fractional coverages above 0.85 (exposures
above 2.5 L), the streaking diminished until only a disordered superstructure
was present. Since no ordered superstructures were found with the exception
of the one mentioned above, it is not possible to assign any surface structure

to NO on the (1x2) substrate.

Annealing a saturated overlayer of NO above 400 X causes streaking rem-
iniscent of chemisorbed oxygen adatoms (28). Furthermore, annealing a
saturated overlayer to 750 K and cooling forms‘a sharp oxygen c(2x2) super-
structure which occurs on the oxidized Ir(110)-(1x1) surface (28). A c(2x2)
superstructure can be formed easily also by exposing NO to the surface above
700 K until the surface is saturated. Saturating the surface on which the
c(2x2)-0 superstructure is present at 300 K with NO forms a coadsorbed (1x2)
superstructure having sharp integral order spots and large, diffuse half-order
spots. It is not likely that this pattern is due to the oxidized (1x1) surface

relaxing back to a (1x2) superstructure, since this does not occur for NO



139

adsorbed on the-{1x1) oxide. Since the coverages of the two adsorbates are
known, 0.5 + 0.05 ML, aistructure méy be postulated. For oxygen, an analysis
of the c(2x2)-0 superstructure shows that it binds on top of the rows of Ir
atoms in short-bridged sites {32). A possible structure for coadsorbed NO and
oxygen on Ir(110)-(1x1) is.one in which oxygen still occupies its preferred
shor‘t-bridged sites, but half of the oxygen adatoms have shifted to yield a
(1x2) superstructure. The NO molecules may then distribute randomly on the
remaining open areas between the rows of oxygen adatoms. No superstruec-
tures could be found that contained both ordered NO and oxygen. However,
the observed superstructure may certainly be due to other possible arrange-

ments of the adsorbates on.the surface.

B. Summary

The chemisorption and decomposition of NO on Ir(110) may be summar-

ized as follows.

(1) Molecular chemisorption of NO occurs below room temperature and
saturates near 9.6 x 10! em™2. Adsorption
occurs via precursor kinetics, and the initial probability of
adsorption is equal to unity independent of surface temperature.
Adsorption becomes competitive with NO dissociation and N;
desorption above 400 K

(2) Above 300 K, desorption of NO and:N; occurs in three phases.

First, approximately 177 of the NO desorbs near 400 K. Second,
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Nz desorbs near 430 K as NO dissociates leaving an oxygen

overlayer. Third, béti:l NO and N; desorb where the NO desorption

(182 of the adsorbed ‘NO) is associated with oxygen present and at
 least in part is due to adatom-adatom recombination. Estimates of-

activation energies fof the desorption of NO in the first and

third steps are 23.4 - 28.9 and 32.5 - 40.1 kcal-mole™!, respectively.

The activation energy for the dissociation of NO was estimated
‘from data involving the desorption of N;, and is equal to

25.2 - 30.7 kcal-mole™! for desorption from a saturated overlayer.

The activation energy for N to desorb in the low cover.age

limit of NO is approximately 36 - 45 kcal-mole™!. The preexponential

factor for each process is assumed to lie between 109 — 1018 g7,

(3) Hel UPS of NO shows levels at 13.5, 10.4 and B.5 eV corresponding
to the 40, 50 and 17 orbitals, respectively. XPS
of NO yields the O(1s) and N(1s) levels of NO at 531.5 and 400.2 eV,
respectively, with or without oxygen present. The 0{1s) level of
chemisorbed oxygen at 528.8 eV is seen for surface temperatures
above 400 K.

(4) From TDS, oxygen overlayers tend to stabilize NO with respect to
dissociation and to desorption. A strong interaction between NO and
oxygen is seen by the shift of the 17 level to 9.5 eV and by the
CPD behavior of NO on surfaces precovered with oxygen adatoms.

Both phenomena may be due to charge transfer effects between NO

and oxygen through the metal
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Table 1

Yields of adsorbed NO and desorbed Np at various adsorption

temperatures on Ir(110) from isothermal decomposition measurements.

Estimates of the activation energy for desorption of NO at selected

temperatures are also given.

T,K ©(NO) @(N;) 8(NO) E4(NO)*
100 1.00 0  1.00

312 1.00 0  1.00

350 0.98 0.01 0.97

400 0.85 0.23 0.82

450 0.87 0.45 042 29.2-35.4
500 0.85 0.52 0.33 32.1-39.0
550 0.57 0.50 0.07 33.8-41.2
621 0.55 0.55 0  ~86.0-44.5
650 0.49 049 0

880 0.47 047 0

700 0.48 048 0O

720 0.49 049 ©

*Assuming 102 to 10!% s7! for the

preexponential factor of desorption.
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Figure Captions

Fig. 1. Thermal desorptionspectra of (A) !®N, and (B) !®NO as a
function of exposure for !>NO on Ir(110). Exposures were
performed by a beam doser and have been converted to Langmuir
units. The initial temperature:was 100 K and the (linear)
heating was 27 K - s™1.

Fig. 2. The adsorption kinetics of 1®NO on Ir(ilO) as calculated
from the TDS results in Fig. 1. The initial probability of
adsorption is unity, and the saturation coverage as determined:
by XPS measurements is 9.6 x 104 cm™2.

See the text for details.

Fig. 3. Yields of 5N, and !NO from the TDS results in Fig. 1.

The fractional coverage scale for !°N; has been normalized
to provide a nitrogen atom balance. Desorption yields of
15N, and '°NO saturate at 0.85 and 0.35 ML, respectively.

Fig. 4. Hel UP difference spectra of !>NO on Ir(110) as a function
of the fractional coverage of !>NO. The binding energy
scale is referenced to the Fermi level, Ep.

Fig. 5. Hel difflerence spectra of NO on Ir(110) showing the eflects
of annealing two coverages to 400 K and cooling. {a) 0.19.

(b) 0.19 annealed to 400 K. (c) 0.43. {d) 0.43 annealed to 400 K.

Fig. 8. Hel difference spectra of a saturated overlayer of !>NO on

various coverages of preadsorbed oxygen and substrate structures.
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(a) Clean (1x2) substrate. (b) Surface oxide (0.25 ML) with
(1x1) substrate. (c) 0.25 ML oxygen with (1x2) substrate and

(d) 0.98 ML oxgen on (1x2) substrate.

Fig. 7. XPS of !>NO adsorbed on Ir(110). Top: N(1s), Bottom: O(1s).

(a) 14.0 L *NO adsorbed and recorded at:95 K (saturation).

~ (b) 7.0 L exposed at 400 X and an additional 7.0 L exposed at

95 K. (c) Saturated N0 layer (95 K) annealed to 430 K and

recorded at 85 K.

Fig. 8. Electron excited AES. (A) 0-KLL and (B) N-KLL of NO on

Ir(110) at 95 K for a saturated overlayer.

Fig. 8. Isothermal decomposition of !®NO on Ir(100) at 400 K. The

Fig. 10.

Fig. 11.

adsorption rate of !°NQ, the desorption rate of 15NO, the
desorption rate of 1°N; and their respective coverages as a
function of NO exéosure are shown. These data were used to
calculate curve (c) in Fig. 8.

The total coverge of N(**Nq) + !5NO(q4))

as a function of exposure to 5NO on Ir(110).

Several different surface temperatures are shown.

Curve (a) is reproduced from Fig. 2. (b) « 350 K, (c) 400 K,
(d) 450 K, (e) 500 K, (f) 550 K, (g) 621 K, (h) 650 K and

(i) 700 K. Curves (b) - (i) were calculated from beam doser
experiments. See the text for details.

CPD, Ap. of '°NO as a function of fractional

coverage at (a) 100 K and (b) 317 K. The change in Ap
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between the two temperatures is evidence for partial
dissociation near room temperature;

Fig. 12. CPD of !*NO exposed to various precoverages of oxygen on
Ir(110). With the exceptions of (c) and (f) [(1x1)], the
substrate maintains a (1x2) structure. The fractional
coverages of oxygen are as follows: (a) 0.13, (b) 0.25,

(c) 0.25 (oxide), (d) 0.41, (e) 0.46, (f) ~4.2 and (g) O
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CHAPTER 6

THE REDUCTION OF NO WITH D, OVER IR(110)

2
(The text of Chapter 6 consists of an article coauthored
with T. S. Wittrig and W. H. Weinberg that has been submitted

to Surface Science.)
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Abstract

The heterogeneously catalyzed reaction between NO and D, to produce Ng,
NDg and D,0 over Ir(110) was investigated under ultra-high -racuum conditions
for partial pressures of the reactants between 5 x 1072 and 1 x 1078 torr, total
pressures between 1077 and 1078 torr, and surface temperatures between 300
and 1000 K. Mass spectrometry, LEED, UPS, XPS and AES measurements were
used to study this reaction system. In addition, the competitive coadsorption
of NO and deuterium was investigated via thermal desorption mass spec-
trometry and contact potential difference measurements to gain further
insight into the observed steady state rates of reaction. Depending on the

ratio of partial pressures (R = PDZ/PNO)' the rate of NO reduction to Np shows a

pronounced enhancement when the surface is heated above a critical tempera-
ture. As the surface is cooled, the rate maintains a high value independent of
Lemperature until a lower critical temperature is reached, where the rate
drops uncontrollably. This hysteresis is due to a change in the structure and
composition of the surface. For sufliciently large values of R and for an
"activated" surface, N; and ND3 are produced competitively betwecen 470 and
630 K. Empirical models of the different regions of the steady state reaction
are presented with interpretations of Lthese models. Finally, the sclectivily of Ir

Lo form N or NDj is discussed as compared Lo the other transition metals.
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1. Introduction

The reduction of NG by deuterium has been studied on the Ir(110)-(1x2)
surface under ultra-high vacuum conditions with thermal desorption mass
spectrometry, LEED, X-ray and UV-photoelectron spectroscopies, Auger elec-
tron spectroscopy aﬁd contact potential difference measurements. Both tran-
sient and steady state conditions were investigated. The motivation for this

study is to elucidate the mechanism of a heterogeneously catalyzed reduction

reaction, using the NO/D; system as a model.

Although much has been reported concerning NG, hydrogen and CO chem-
isorbed on the transtion metals, few studies are available for the heterogene-
ously catalyzed reduction of NO with either CO or hydrogen as the reducing
agent. In ultra-high vacuum, the NO/H; system has been studied on polycry-
stalline Pt under steady state conditions (7), and the NO/CQO system has been
studied on the (111) and (110) surfaces of Pt (2) and polycrystalline Rh (3)
under transient conditions via thermal desorption mass spectrometry. At
atmospheric pressure the reduction of NO with CO or hydrogen under steady
state conditions was conducted over supported Pt, Pd, Rh and Ru (4,5). It is
more pertinent to discuss the results cited for the reduction of NO with

hydrogen than with CO in the present context of the reaction between NO and
Dz on Ir(110).
Depending on the ratio of partial pressures of H; and NO (R = PHB/PNQ)

under steady state reaction conditions, the products were Hp0, Nz, NHj and NpO
on polycrystalline Pt for surface temperatures between 300 and 200 K and a

total pressure of approximately 10~7 torr (7). It was suggested that the
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limitation of the reduction reaction is related to the dissociation of NO (7).
For R = 1,2, the major products are N; and Hp0 with N0 formed as a minor
product. However, for R = 5 (excess hydrogen), NHs, Nz and H,0 are observed.
In this case, NHy competes strongly for nitrogen adatoms that are formed from
the dissociation of NO. The reaction maximum at 4985 K for the formation of
NHj (R = 5) on polycrystalline Pt (7) agrees well with the reaction maximum at
500 K observed on supported Pt at atmospheric pressure (4). Good agreement
is observed for the temperature at which 50% reduction of NO occurs for simi-
lar R values ‘(1.4). Thus, a connection has been established in this case

between these widely different pressures ranges.

The investigations of the NO/H, system over the supported metals (4.5)
reveal the selectivity of each catalyst with regard to the products formed. The
overall reduction activity observed for NO/H; (R = 4) is Pd > Pt > Rh > Ru
using the temperature at which 50% of the NO is reduced as the criterion.
However, the major products formed are different among the metals. For Pd
and Pt, NH; is formed preferentially; whereas for Rh and Rﬁ. Nz is the major
product formed (4), more so for Ru. The relationship between the product dis-
tribution in the reduction reaction and the facility of the metal to diséociate
NO may well be the factor that determines the behavior of each metal. The
ease of dissociation of NO occurs in the following order: Pd (6,7) < Pt (1,2,8,9)
< Rh (8) < Ru (9 - 17). The activity for NO dissociation on Ir (72 - 76) places
this metal between Pt and Rh. Therefore, it would be expected that the pro-

duct distribution for the NO/H, system over Ir would be intermediate between

Pt and Rh when the reduction reaction is performed under steady state condi-
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tions. This postulate will be tested for the present case of NO/H; over Ir(110).

The steady state reaction of NO and deuterium over Ir(110) has been
examined for the partial pressure of the reactants varying from 5 x 10-8 to
1 x 1078 torr, the total pressures varying from 1 x 1077 to 1 x 107® torr, the
surface temperature varying from 300 to 1000 K, and ratios of the partial pres-
sures of the reactants, R(PDZ/PNO), varying from 1,2 to 20. Both reactants and .
- products were monitored with mass spectrometry during the steady state reac-
tion. In order to assess the chemical composition of the overlayer under vari-
ous conditions, XPS and UPS measurements were performed. The degree of

order in the overlayer-substrate system was monitored using LEED.

In addition, the nonreactive coadsorption of NO and deuterium at low tem-
perature has been investigated on Ir(110) as well as the rate of the transient
reaction upon heating the surface on which these overlayers are present. Con-
tact potential difference measurements of deuterium (NO) exposed to a sur-
face partially covered with preadsorbed NO {deuterium) provide further insight
into the competitive chemisorption of the two rcactants. These data will sup-
plement the previous studies of the chemisorption of NO (76) and deuterium
(17) on Ir(110) and will aid in the interpretation of the steady state reduction

reaction between NO and deuterium.

2. Experimental Details

The experiments were performed in an ion pumped stainless steel belljar
that has been described previously (77,78). The base pressure was less than

2 x 1071° torr of reactive contaminants. A clean Ir{(110) surface shows a {1x2)
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reconstruction, which is a surface with every other row of Ir atoms miissing in
the [001] direction (79). The surface:may be visualized as.alternate rows and
troughs exposing (111) planes inclined to one another. Isotopic 15NO and D,
[which has identical adsorption properties as Hg:on Ir(110)] were used in both
the transient and steady: str;the experiments 'tor separate the mass spec-
trometric intensities for each of the products and reactants. Monitored
species are Dy (4), D20 (20), !5NDg (21), 5N (30), !5NO (31), ®Nz0 (46), and
15NO, (47). With the exception of the. figure captions, the !*N species will be

referred to without the superscript hereafter.

For both the transient.and the steady state-experiments, NO was: exposed
to the surface using a directional beam doser, where the pressure of the beam
has been calibrated with the pressure of the storage bulb that supplies the
dosing gas (76). During the transient-experiments involving coadsorbed over-
layers of deuterium and NO, exposures of Dy were performed via a leak valve.
However, for the steady state reaction: of Dy and. NO, both partial pressures of
the reactants were exposed to the surface via the directional beam doser. A
known partial pressure of each gas was admitted to the storage bulb of the
doser. The partial pressures of the gases are calculated from the calibration
for each gas, which is measured separately. For example, one torr of NO or Dz‘
in the storage bulb is approximately equal to 1.1 x 10~ or 1.3 x 1077 torr in the
dosing beam, respectively. The calibration appropriate for the separate gases
was the same as that when NO and Dy were mixed in the bulb. The total pres-
sure in the storage bulb was limited to 10 torr which is upper bound to the

pressure that could be measured by the capacitance monometer (MKS Instru-
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ments). Since the doser and the crystal were positioned so that part of the
gases desorbing from the crystal are in line-of-sight of the mass spectrometer,
the intensities of the reactants and products could be measured directly
(although this is not crucial to the results). Also, the gas flux from the doser
does not load the ion pumps causing pumping speed variations since the
beam-to-background pressure ratio for NO is approximately 100:1. Another
advantage of the beam method is that wall eflects caused by backfilling the

reactor are minimized.

The steady state reaction sequence is as follows. For a given pressure
ratio R and a total pressure Pr, the surface was annealed in vacuum above
1600 K to remove any contaminants. The surface was allowed to cool to near
room temperature before it was exposed to the beam of reactants for 10
minutes to saturate the adsorbed overlayer fully. Then, the surface was
heated {< 0.5 X - s™!), and the reactant and product intensities were measured
with each sample every three seconds. Upon reaching the maximum tempera-
ture desired, the surface was cooled at approximately the same rate to near
room temperature. In many temperature cycles, the temperature was held at
various points for several minutes to ensure a steady state rate had bet;n esta-

blished. Under the chosen reaction conditions (R 2 1,2), the intensity of Dy

did not vary measurably, and neither N;O nor NO; were observed.

3. Coadsorption of NO and Deuterium

When NO is exposed to low precoverages of deuterium on Ir(110) at 100 K,

the adsorption kinetics of NO are unchanged from NO adsorbed on a clean sur-
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face {716), as evidenced by the combined thermal desorption yields of NO and
Nz. Figure 1 presents thermal desorption spectra of NG, Ny, D0 and. Dg from -
Ir(110). The surface was precovered first with 0.33 ML deuterium at 100 K,
which saturates the most tightly bound state of deuterium {77), and subse-
quently various exposures of NO were applied. Heating the surface (20 K - s~1)
produces various amounts of the desorption products, depending on the initial
exposure of NO. Although the saturation coverage of NO (2.6 x 104 cm™®) is
not affected by preadsorbed deuterium, the yields of NO and N; are different
than that from the clean surface. Approximately 23% of the NO present ini-
tially desorbs.as NO at saturation in Fig. 1, whereas 35% desorbs as NO from
the clean surface (76). However, the fraction of NO desorbing from the high
temperature feature is unchanged from the clean surface (18%) and
represents desorption from a surface with oxygen present (76). The fraction
of NO desorbing from the low temperature featured is decreased (at satura-
tion) from 17% to 5% when deuterium is preadsorbed. This feature represents
desorption of NO from a surface free of oxygen. The temperature and shape of
the desorption features of NO and N; are unchanged in Fig. 1 from the clean
surface. Therefore, low coverages of deuterium aflect only the distribuytion of

NO and Ng, i.e. the selectivity of the reaction for nitrogen desorption.

The desorption of Dy in Fig. 1 is affected strongly by the presence of
increasing coverges of NO as compared to the clean surface. The fractional
coverages of D; calculated from the thermal desorption spectra among the five
desorption curves of Dp and D0 was in the range 0.33 to 0.43 ML and varies by

the coverage range since some background Dy adsorbs on the surface during



169

the exposure to NO. Two.peaks appear near 240 K and 480 K for the desorption
of D, when the surface is saturated :with NO compared to a single peak.at 330K .
when the surface is clean. The peak at 240 X is in the temperatufe region
where Dy desorbs from the low temperature state of deuterium .(hydrogen)
when present at higher coverages on the clean surface (7.7). Moreover, contact
potential difference (CPD) measurements indicate that NO shifts. deuterium
from the high temperature state to the low temperature state as NO chem-
isorbs at 100 K, as presented later. After the desorption maximum of D, at 240
K is passed, a desorption peak for Dy0 occurs when the deuterium layer is
saturated with NO as seen in Fig. 1. Some dissociation of NO takes place below -
300 K to cause Dp0 to be formed, although the yield of D0 is small since the
curves are expanded by a factor of 25. Approximately 5% of the NO dissociates
during adsorption near 300 K when deuterium is absent from the surface {(76),
and it may be approximately the same fraction that dissociates as the surface
is heated in this case. The higher: temperature peaks of Dy (490 K) and D,0
(440 K) are of low intensity but are quite broad. These occur in the same tem-
perature range where Nz and NO desorb. In this region, the surface has large
coverages of oxygen and NO and has low coverages of deuterium and nitrogen
adatoms. As the temperature increases, the concentration of deuterium
adatoms decreases causing the formation of Dy to dominate over D0 due to
the larger mobility of deuterium compared to oxygen and due to diatomic

recombination (D;) being more likely than triatomic recombination (Dz0).

Thermal desorption spectra of reaction products from a surface prepared

with a saturated layer of NO under three different conditions and then exposed
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to 2 L D; are presented in Fig. 2. As »in Fig. 1, 'the yield of D;0 is low compared
to Dy, but in Fig. 2 the yield of D; is lower than in Fig. 1. The desorption of Dp at
high temperature occurs as NO and N; desorb in Fig. 2, as in Fig. 1. Again, the
temperature at which N and NO desorb is not affected by exposures of Dz 1f
the overlayer of NO is saturated at 100 K. Also, the distribution of Nz and NO is
not aflected and is the same as if no deuterium were adsorbed. However, the
desorption results for the other two surface preparations are not so:obvious.
The concentration of deuterium that chemisorbs does not depend in a simple
way upon the coverage of NO and the coverage of oxygen. Adsorbing NO at 450
¥, cooling and exposing to 2 L Dp at 100 K causes the surface composition to be
0.51, 0.31 and 0.20 fractional coverages of oxygen, NO and deuterium, respec-
tively. Saturating the surface at 100 K with NO and then exposing to @ L Dg
allows 0.33 fractional coverage of deuterium to chemisorb. Annealing the
saturated overlayer of NO at 100 K to 400 K, cooling to 100 K and exposing to @
L D, causes the surface composition to be 0.32, 0.51 and 0.23 fractional cover-
ages of oxygen, NO and deuterium. - Also, 2 L Dz exposed to a saturated oxygen
overlayer results in the adsorption of approximately 0.3 ML of ‘deuterium.
Thus, saturated overlayers of NO or oxygen (individually) do not block the
adsorption of deuterium as does co-adsorbed NO and oxygen. Saturating the
surface with oxygen and then saturating further with NO {< 0.5 ML) blocks
deuterium adsorption completely. This observation will be pertinent to the
steady state reaction of NO and Dz presented.in the following section. TFinally
in Fig. 2, the. desorption temperature for D0 and the yields of ‘Nz and NO
depend on the relative initial surface coverages of NO and oxygen. Adsorbing

NO at 450 K and adsorbing deuterium at low temperature allows deuterium to
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react with oxygen to form Dz;0 more readily than the other two -surface -
preparations in Fig. 2. Comparing the NO/N; desorption yields in this case and
for the surface prepared by annealing a saturated overlayer of NO to 400 K
shows that the presence-of oxygen tends to cause increasing amounts of NO to

desorb rather than Nz , as observed when no deuterium is present (16).

As an additional technique to gain insight into the competitive adsorption
of NO and deuterium (hydrogen), CPD measurements of NO {Dz) on deuterium -
(NO) overlayers were performed on Ir(110) at 100 K. The CPD of NO is
presented in Fig. 3 as a function of fractional coverage for NO adsorbed on (a)
a clean surface, and (b) a surface with 0.33 ML deuterium adsorbed initially
[B2-state {77)]. The CPD of NO in Fig. 3(a) has been reported previously (76)
but is reproduced here for comparison. Note that the CPD of NO decreases
weakly with coverage, attains a minimum near 0.5 ML and increases slightly -
near 0.8 ML as the completion of a disordered overlayer superstructure is
reached (716). However, the CPD of NO in Fig. 3(b) exposed to the fz-state of
deuterium shows a much larger decrease and a different shape than Fig. 3(a).
As seen in Fig. 1, the B;-state of deuterium is displaced by NO into the ﬁl-state.
Also, for the chemisorption of deuterium on Ir{110) (77), the CPD of deuterium
increases by 0.30 eV for the ﬁ’é-state and decreases weakly with coverage for
the first adsorption sites sampled in the g@-state. Therefore, the change in the
CPD behavior of NO in Fig. 3(b) [Bz-state adsorbed] from Fig. 3(a) [clean] is due

to the displacement of deuterium in the fy-state to the less tightly bound §;-

state.

If this displacement reaction obeys a linear relationship with the coverage



172

of NO, then the difference between Figs. 3(a) and 3(b) would be a straight line,
but this is not the case as can be visualized from the data in Fig. 3. The
dispacement of deuterium by NO from its prefefred sites as measured by the
CPD indicates that either the degree of displacement does not occur linearly
with respect to the coverage of NO or that NO and deuterium do not maintain
their clean surface dipole moments independent of one another. Both situa-
tions are plausible. If the difference between the CPD values in Figs. 3(a) and
3(b) are considered at the saturation coverage of NO, this may give the CPD
change for converting deuterium from fp- to §;-sites. The value is equal to
-0.33 eV and would be equal to -0.40 eV if NO and deuterium acted indepen-
dently to compete for the @,-sites. Thus, it is more instructive to view these

measurements only as showing that the conversion does occur, verifying the

TDS results in Fig. 1.

The CPD of deuterium {or hydrogen) monitored as a function of exposure
to a surface with different precoverages of NO provides complementary data to
that of Fig. 3, and these results are shown in Fig. 4. In Fig. 4(A), the CPD of
deuterium is presented over the exposure range required to saturate }:he Be-
state, aﬁd in Fig. 4(B) the CPD of deuterium is shown over that part of the
exposure range pertinent to the f,-state. Recalling that for the fz-state of
deuterium the CPD increases by 0.30 €V on the clean surface, it is clear that
the Bz-adsorption sites are blocked strongly as the coverage of NO increases.
For a saturation coverage of NO, the CPD of deuterium does not change [curve

(c)] indicating that the B,-sites of deuterium are blocked completely. Since the

adsorption kinetics of deuterium were not measured as a function. of the pre-
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coverage of NO, the relationsHip between the coverage of NO and the coverage
of deuterium cannot be quantified further. Over the exposure range of the ;- -
state of deuterium in Fig. 4(B), NO (qualitatively) blocks these sites as well.
Note that the zero in Fig. 4(B) has been shifted to the value of the CPD at 0.25
L D; in Fig. 4(A). For an initial coverage of NO equal to 0.23 ML, the CPD of deu-
terium as a function of exposure is the same as that of the clean surface. For
higher coverages of preadsorbed NO, the CPD does not change as strongly with

the exposure to deuterium, indicating a decreased probability for chemisorp-

tion.

In summary, the co-adsorption: of deuterium and NO.has been studied with
TDS and CPD measurements to gain insight into the competition between the
two adsorbates for adsites and to ascertain if the desorption properties of NO, -
Nz and Dp are different from the adsorption of NO and deuterium alone.
Saturating a surface that is precovered with the 8;-state of deuterium (0.33
ML) with NO gives the same saturation coverage of NO, but upon desorption
more Np desorbs (from the dissociation of NO) than from a surface with no
deuterium present. The desorption shapes and peak temperatures of NO and
Nz are not perturbed by the presence of deuterium, but the desorption;of D; is
changed strongly from the clean surface in the presence.of NO. Saturating the
surface with NO does not block the subsequent adsorption of deuterium com-
pletely. However, an overlayer saturated with NO and oxygen, a condition that
occurs during the steady state reaction at low temperatures (sce the following

section), completely blocks deuterium from chemisorbing. On a surface free of

oxygen, NO displaces deuterium from its prefcrred sites (£z) in the missing row
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troughs into the less tightly bound::sites {§;) along the (111) microfacets

exposed on the Ir(1 10)-(1x2) surface (77).

4. Steady State Reaction between NC and Deuterium

The reduction of NO with deuterium over Ir(110), as.measured by mass
spectrometry under steady-state conditions, is presented in this section. The
procedure used ‘to carry out the steady state experiments was described in
Section 2. Under all conditions examined, i.e., partial pressure ratios:between

1/2 and 20 (R = Pp,/Pno), temperatures between 300 and 1000 K and total

pressures between 5x 1078 and 1x107% torr, the partial pressure of Dz did not
vary significantly (< 10%), and no N;G;or NO; was observed.. Typically, the time
required to produce a reaction cycle was between 30 and 60 minutes, where a
cycle refers to heating to the maximum temperature desired and cooling to
near room temperature. During a reaction cycle, the pressure in the storage
bulb (see Section 2) that supplies the reaction mixture to the Ir{110) catalyst
decreased by less than 5% in any particular experiment, and this decrease
could be accounted for as necessary since the decrease is approximately linear
with respect to time. Finally, the gain of the mass spectrometer that was used
to monitor the reactants and products during the steady:state reaction was
measured after each set of reaction cycles in order to compare relative reac-

tion rates between several sets of dataz:
Reaction cycles corresponding to.a set of four ratios of partial pressures

R =1, 2, 4, 8) at Pyo = 1x 10~7 torr are shown in Figs 5{A)-5(D), presenting the
g

mass spectrometric intensities of NO, Np, Dz0 and NDg [Fig. 5(D) only] as a
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function of surface temperature. The intensity has been shifted between each
specie for clarity. Arrows on each curve indicate whether the surface tempera-
ture is increasing or decreasing. The initial rise in Np production near 440 K is
seen always in the first reaction cycle for all reaction conditions presented
here, but never in succeeding reaction cycles if the surface is not cleaned of
oxygen. This rise in Np.production is not followed by a decrease in the NO
intensity or by an increase in the Dp0 intensity as required by mass balance.
The Np peak is due to the surface initially containing a large coverage of NO
near room temperature converting to a surface containing a large coverage of
oxygen and NO. Thus, the surface co‘nversion causes an apparent increase in
the steady state rate of N, production. Rather, this initial desorption of N is a
nonsteady state conversion which depends only upon the rate at which the sur-
face is heated. A second maximum in the rate of production of Ng that occurs
near 540 K is seen in most reaction cycles, and this is followed by a decrease in
the intensity of NO and an increase in the intensity of D,0. Consequently, this
is due to a steady state reaction condition. However, part of this peak may be
due to the surface conversion of some chemisorbed oxygen to a surface oxide
which begins to form near this temperature ((20), or it may be associated with

a peak seen in thermal desorption spectra of NO and N; (76).

Returning to Fig. 5, as the surface temperature increases in Tig. 5(A), the
Nqz and Dp0 production increases with a concomitant decrease in the measured
intensity of NO. The temperature was decreased after atltaining a maximum
value of 980 K, and a slight hysteresis occurred, i.e., a diﬁ'erent‘rate of reaction

is measured at the same temperature compared to when the surface is heated.
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Below 800 K, the rate of Ng production did not follow the upward reaction curve
for the reason stated earlier concerning the 'clean surface" conversion to one
which contains a surface oxide as well as chemiéorbed oxygen. Succeeding
cycles for surfaces not cleaned by anneéling to 1800 K follow closely the curve

for decreasing temperature in the first cycle.

In contrast to the results for R equal to one in Fig. 5(A), the reaction for R
equal to two and four in Figs. 5(B) and 5(C) is quite different at high tempera-
tures. As the temperature increases, a plateau is reached in Np production
that, once reached, pérsists at lower temperatures. An abrupt increase in D20
production occurs at the onset of the N; plateau and thereafter maintains a
constant value as well. As the temperature decreases further, the rate of Ng
production (NO reducf,ion) decreases and eventually reaches the value
observed as the surface temperature increased. Both the onset and the
dropoff of the N plateau depend upon the value of R as seen in Figs. 5(B) and

5(C). As Pp, increases the temperature of the onset and the dropofl in the Ne
plateau both decrease. Moreover, the magnitude of the rate increases with Ppa,

noting that the reaction curves have been expanded differently. Although a
constant rate of Dg0 production is seen in Fig. 5(D) as the temperature is
deéreased, the rate of N; production does not remain constant. The decrease
in N production is due to the production of NDjz that competes for nitrogen

adatoms. The rate of production of NDg reaches a maximum near 560 K.

Doubling the pressure of NO {(Pyg) for R = 2 inhibits the formation of an Np
plateau in the rate, as seen in Fig. 6(A). These curves are similar to those in

Fig. 5(A) in that both do not contain a plateau, but some hysteresis occurs at
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high temperature. Thus, the existence of a plateau { high reduction rate) does
not depend on R only, but depends also on the absolute value of Pyg. Doubling

Pp, [compare Figs. 6(B) and 6(A)] causes the N; plateau to appear near 840 K,
and the curves are similar to those of Figs. 5(B) and 5(C).

The last set of reaction curves is presented in Fig. 7 where the production
of NDj is maximized by the use of a low pressure of NO and large values of R.
For Py = 51078 torr and R = 8 [Fig. 7(A)], the plateau in the rate of Np pro- -
duction occurs near 700 K, accompanied by an abrupt increase in D0 produc-
tion, as seen .before. As the temperature decreases, the Nz intensity varies
more strongly than was observed in Fig. 5(D) where NDy was first detected. In
fact, a relative minimum and relative maximum occur in the Np curve which is
directly associated with. the maximum rate of production of NDj appearing
near 540 K. Once the relative maximum in Np production is passed at 520 K,
the rate of reaction falls uncontrollably, and the shape of the dropofl depends
upon the rate of temperature decrease, i.e., the rate decreases in a smaller

temperature range than shown here.

The final reaction cycle, presented in Fig. 7(B), represents the most favor-
f:}ble conditions to produce NDj examined on Ir(110), namely, Pyg = 5X 1078 torr
and R = 20. In Fig. 7(B). the onset of a high rate of reaction does not occur
abruptly, as seen previously. Moreover, a small rate of NDg production occurs
as the temperature increases. As the surface temperature detreases, the com-
petition between N and NDg production favors the formation of NDy which
reaches a maximum near 530 K. This can be seen by a mass balance of NDj

and N, with respect to NO. Again, the rate of Np production attains a relative
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maximum as the NDg production falls to zero.

In summary, Figs. 5-7 provide represle‘ntative data that may be used to
gain insight into the competing processes which are important .during the
steady state reduction of NO with D, (or Hz). It {s apparent thai the formation -
of N; and NDg compete strongly for nitrogen adatoms, provided by the decom-
prosition of NO, when a large excess of Dp is present in the reaction mixture.
Other factors depend strongly on the values of R as well, such as whether or
not a plateau in Np production is formed, the magnitude of the reduction rate,
and the temperature range over which the Np plateau is stable. Three reaction
regimes are of interest: (1) The reduction reaction in the "unactivated" region
regardless of whether or not a plateau exists in the reaction cycle, (2) The pla-
teau in N production, and (8) NDz production. Fach of these reaction regimes
will be examined with respect to the structure of the overlayer and substrate,

composition of the adlayer, and the pressure dependences on the reactants for

the rate of reduction.

Three N; production cycles are shown in Fig. 8 that were presented in the
previous figures but are expanded to show clearly the changes caused by vary-
ing the partial pressures of the reactants. Increasing Pyp at a constant PDa
[Figs. 8(b) and 8(c)] increases the temperature for the onset and dropofl of the
Nz plateau, increases the rate of Np production on the plateau, and decreases
the rate of Ny production before the plateau is recached. The latter two obser-
vations are for a constant temperature that allows the same reaction regime

to be compared. Maintaining Pyo constant and increasing Pp, [Figs. 8(a) and

B(b)] decreases the temperature for the onsct and dropoff of the N; plateau
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and increases the rate of Nz productioh both on the plateau and before the

plateau.

In order to gain insight into the reduction reaction when N; is the primary -
nitrogen-containing product, the dependence of the rate below and on the Np
plateau and the dependence of the'terﬁperature for f.he onset anﬂ drdpoﬂ' were
fit empirically as a power law of the partial pressures of the reactants. For the
rate of Np production at low rates (T inqreasing), in the presence or absence of

a plateau, the rate may be expressed as

RNE = Cpfé/apnz
(1)

at a constant temperature. Also, on the N; plateau at temperatures where Nj

only is produced, the rate of Nz production is described by

RNZ = C'PNQPI;Z/E
(2)

Referring to Fig. 9, the temperature (T,) and pressure dependences of the

onset of the N; plateau obey the following relation

AR
In[P{g®P5 ] = le + lnA1

(3)
where A, is a preexponential factor and AE;, equal to -11.2 kcal-mole™, is an
energy difference between two competing processes. Finally, the empirical
expression that fits the temperature dependence of the dropoff (T;) in the Ny

plateau is

AE
In[P34? "1/2] = a + InAp
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(4)

where Ap is a preexponential factor and AEg, equal to -8.3 kcal-mole™!, is an
energy difference between two competing activated processes. Each of these

expressions will be discussed in Section 6. -

For a given set of partial bressures of Dz and NO, the rate of reaction of Nz

(below the plateau) as the surface temperature increases may be written as

Ry, = I'Pp,Pid exp[-E/ kT],
6))

using the empirical expression in Eqg. (1), and ‘writing out the term ¢ in Eq. (1)
as I'exp[-E/ kT]. Plotting In Ry, as a function of T~! should give a straight line
if this expression holds, and three of these experimental plots are shown in
Fig. 10 over the range of conditions observed. All three cases: (1) no Np pla-
teau, (2) a N; plateau and (3) a N; plateau with NDg production, are included in
Fig. 10. Thé slope of each straight line in Fig. 10 gives the eflective activation
energy, E, for the reaction to proceed. In Fig. 10, E varies from 10.3 to 12.6
keal-mole™), and all other slopes that were calculated lie in this range. The

intercepts of the lines in Fig. 10 are proportional to I‘PDBPﬁé/z. Once a calibra-
tion is obtained for Ry, the value of I' may be calculated, and it was found to

be equal to 1x10'*! molecules- em2-s~1-torr 1”2, The error limits are esti-

mates of the bounds due.to the averaging of each experimental curve plotted.

Turning to the pressure dependence of NDj production at the NDj reaction

maximum, the rate fits the following relation

(8)
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including all experimental conditions that produce NDg. The interpretation of
this expression, as for the other empirical rates,:will be discussed in Section 8.
Several experimental conditions that produce NDg in appreciable quantities
are shown in Fig:'11. The rate of NDg production.is shown only as a function of
surface temperature for Pyg = 5x107? torr and R varying from 4 to 20. From
Fig. 11, the rate:of NDg production does not vary with respect to the tempera-
ture at which the maximum rate occurs (545 K), and it exhibits asymmetric

behavior with a high temperature tail that broadens as R increases.

In summary, experimental reduction reaction cycles have been presented
to show the widely different rates in the reduction of NO that occur on Ir(110)
as the surface temperature and the partial pressures of the reactants vary.
Also, the reduction products containing nitrogen (Nz and ND3) are formed in
different distributions that:depend upon the partial pressures of the reactants
and compete between one another strongly for nitrogen adatoms. The depen-
dence of the reaction rate for Ny and NDj on the partial pressures of the reac-
tants has been derived empirically from the experimental curves. The results
of this section will be combined with the results.that will be presented in the

following section;:and they will be discussed together in Section 6.

5. XPS, UPS, AES and LEED Results

Several XPS and UPS measurements were performed:to determine the
chemical composition of the adlayer at various points during the steady state
reaction. Also, LEED was used to monitor the order in the adlayer at similar

points in the steady state reaction, lending another insight into the reaction.
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During the steady state reaction under various conditions the reaction
was terminated by suddenly cooling the Ir(110) surface and rotating it away
from the reactant flow in the dosing beam. The surface was then analyzed in
the N(1s) and '0(1s) regions of binding energy by XPS and in the valence region
by Hel UPS. In Fig. 12 (XPS) and in Fig. 13 (UPS), three points in the steady
state reaction are shown for Pyp = 5x1078 torr: (a) R = 10, quenched at NDg
reaction maximum (540 K); (b) R = 10, completion of a reaction cycle; and {c)
R = 1, completion of a reaction cycle. The N(1s) region in Fig. 12 shows one
feature centered at 396.7 eV, which.is due to nitrogen adatoms, when the reac-
.tion is terminated at the NDj reaction maximum. Under the same conditions,
the O(1s) shows one low intensity feature centered near 530.5 eV. The
corresponding result with UPS [Fig. 13(a)] yiclds an emission of low intensity
between 5 and 8 eV below the Fermi level, Ep, which is due to mainly the
nitrogen (2p) orbital. The emission in the 0(18).region of binding energy at
530.5 eV may be caused by hydroxyl groups which exhikit this binding energy -
on Ir(110) (27). However, no UPS features are observed corresponding to this
water fragment, which occur at 11.1 and 7.8 eV on Pt{111) (22). Thus, the
assignment of the 0(1s) peak in Fig. 12(a) is subject to question, but ‘it is of

rather low intensity.

Performing the steady state reaction for R = 10 through a complete reac-
tion cycle and then recording the XP and UP spectra yield the results shown in
Figs. 12(b) and 13(b). The N(1s) binding energy region has a single peak with a
large high binding energy tail at 400.1 eV which is due to adsorbed NO (76).

Also, the O(1s) region has a peak due to adsorbed NO at a binding energy of
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531.5 eV. In addition, adsorbed oxygen is present as evidenced by the peak
near 528.8 eV. Adsorbed NO is seen as well in Fig. 13(b) for the valence region
at 8.5 and 10.4 eV which are emissions from the 1m and 5o orbitals of molecu-
lar NO (76). The emission near 12.8 eV is due to the 40 orbital but has shifted -
from its value on the clean :sufface at low temperature, 13.5 eV. Similar to Fig.
13(a), emission is seen also near 8 eV in Fig. 13(b) which, in this instance, is

due to the oxygen (2p) orbital,

The reaction cycle for R = 1, represented in Figs. 12(c) and 13(c) by the
XPS and UPS measurements, indicates only one nitrogen-containing species,
NQ, is present here as for the case of R = 10. However, the concentration of NO
is smaller and the concentration of chemisorbed oxygen is larger, as seen in
Figs. 12(c) compared to Figs. 12(b). In agreement with this, the valence orbi-
tals (UPS) in Fig. 13(c) are of lower intensity for adsorbed NO, and the O{2p)
emission near 8 eV is larger. The orbitals of NO are not perturbed greatly in

the reaction cycles compared to the clean surface (16).

The last electron spectroscopy measurement was to record the Auger N-
KIL transitions of nitrogen adatoms after terminating the reaction at fhe NDg
rate maximum. Two features are seen in Fig. 14 at kinetic ;anergies of 385.7
and 372.5 eV for the N-KLL region. Two features were observed also for
nitrogen adatoms on polycrystalline Pd (23) at similar kinetic energies. The
transition at 385.7 eV involves the N(2p) levels in the Auger process and the
transition at 372.5 eV involves both the (2p) and (2s) orbitals of the nitrogen

adatoms, as calculated from a simple approximation for the Auger transitions

(24).
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~ Finally, LEED observations were made after the reaction was terminated,
and the order of the overlayer and substrate was monitored. For low values of
R which do not cause a plateau in Np production, an imperfect oxygen-c(2x2)
overlayer structure is observed as the rate of Np production increases with sur-
face temperature and this represents oxygen chemisorbed on the unrecon-
structed (1x1) surface that is stabilized by a surface oxide (20). The degree of
order of this LEED superstructure depends upon the reaction conditions. After
the termination of the reaction, if the temperature were lower or if R were
larger the order in the overlayer was always {qualitatively) less. After the reac-
tion cycle was completed for low values of R and the surface cooled to near
room temperature, a (1x2) LEED superstructure was observed with sharp
integral order spots and large, diffuse half-order spots. This superstructure
does not represent the reconstructed substrate (1x2) pattern since the half-
order substrate spots ne.ver were large and diffuse, but were streaked in the
[001] diréction. if the substrate was disordered somewhat. Rather, this over-
layer contains approximately 0.5£0.05 ML of both NO and oxygen. It was
observed also if an oxygen-c{2x2) superstructure was formed, and then the
overlayer was saturated with NO at 300 K (76). Thus, the (1x2) pattern is a

superstructure of NO and oxygen co-adsorbed on the Ir(110)-(1x1) surface.

If the value of R is sufficiently large to achieve a plateau in N; production,
the LEED superstructure is a sharp {(1x2) which is a clean and reconstructed
substrate pattern. The coverages of NO and cxygen are less than 27 as meas-
ured by thermal desorption mass spectrometry. As the surface temperature

decreases (with sufficiently large R) and the maximum rate in ND3 production
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is reached, the LEED pattern shows streaks between the substrate spots in the
[001] direction with some modulation of intensity, if the reaction is terminated -
and the surface is cooled to room temperature. From the XPS, UPS and AES
results only nitrogen adatoms are present, and this pattern is probably a
poorly ordered p(2x2) superstructure on Ir{110)-(1x2). Near the drop-off in Ng
production at low temperature, LEED shows a {1x2) structure with streaking
along and between the substrate spots and a higher background than before
the dropofi. The streaking along the substrate spots is reminiscent of chem-
isorbed oxygen (20), and the streaking between the rows is due to both oxygen
and nitrogen adatoms. Once the reaction cycle is complete (for large R, > 4),
the (1x2) substrate is still observed at room temperature, but the background

is quite high as it appears when the surface is saturated with NO at 300 K or
below (16).

In the following section, the results of this section and Section 4 will be
discussed in terms of understanding microscopically the various stages of the
reaction between NO and D; over Ir(110). Modeclling of the elementary steps will
be limited to building qualitatively a conceptual model due to the rather com-

Y
plex competing processes occuring as the reaction proceeds.

6. Discussion

As seen from the data presented in the previous sections, the reduction of
NO with Dz (or Hp) over Ir(110) is quite complex. Depending on the surface
temperature and the partial pressure of the reactants the rate of reduction
and the product distribution vary considerably. Moreover, the history of the

surface (whether the surface is clean or oxidized) during a reaction cycle
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influences the rate of reaction. In this section general observations concern-
ing the relative activity of Ir(110) compared to the other transition metals will
be discussed. The majority of this section will be devoted to interpreting the

observed reaction phenomena for NO + D; over Ir(110).

Although hysteresis-in the rate of reduction of NO with H; over polycry- -
stalline Pt (7, was not reported, the distribution of the major products con-
taining nitrogen (N; and NHy) did change in the same way as seen here for
Ir(110). Under similar conditions, the maximum rate of ammonia production
is near 540 K on Ir(110) compared to 495 K on polycrystalline Pt (7). The tem-
perature at which 50% of the NO is reduced varies for Ir(110), as seen previ-
ously, but it is always higher than 445 K which was reported for polycrystalline
Pt (1). Also, the ratio of partial pressures (Dz/NO) required to achieve approxi~
mately the same fraction of NO converted to NDj is {qualitatively) higher for
Ir(110) than Pt (7). Thus, the po’stulate put forth in Section 1 is verified,
namely the activity of the Ir catalyst to produce ammonia is lower than that of
Pt, and may be related to the observation that NO dissociates more readily oﬁ
Ir than Pt. Since the reduction reaction has not been studied on Rh under

s
ultra-high vacuum conditions, it cannot be verified further that the activity of
Ir is intermediate between Pt and Rh as suggested by the trend in the activity -
to dissociate NO. From the investigations of the NO/H; system on supported
metals at atmospherie pressure the tren(i would at least place the activity of Ir

to produce ammonia as less than that of Ru (4,5). This would concur also with

the ease of dissociation of NO on Ir (72-16) compared to Ru (9-11).

Three regions of interest may be considered separately as suggested by
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the steady state reaction cycles. The first region is where Nz is produced at a
lower rate prior to the formation of a plateau (if there-is) and after the rate
has passed through a second relative maximum above 500 K as T increases. At
this point, the conversion of the surface from one which is relatively free of
oxygen to one which is partially covered with oxide and chemisorbed oxygen
and NO is completed. The second region is the plateau in N; production (and
D20 production by mass-balance) which is insensitive to the surface tempera-
ture but is dependent upon the partial pressures of the reactants. The third
region is the temperature and pressure range under which ammonia preduc-
tion competes strongly with the Nz production for nitrogen adatoms, i.e., for R
> 4 and 470 < T < 630 K, after the surface achieves a high rate of NO reduc-

tion. In addition to these three regions, the transitions between the high and

low rates of NO reduction will be discussed.

Region 1. Low Rate of Np Production

As seen in Figs. 5-7, the rate of production of Nj is inhibited strongly in
the region where the rate is not on a plateau as the temperature increases.
The results in Section 2 concerning the adsorption of deuterium on a
saturated overlayer of co-adsorbed NO and oxygen showed that deuterium is
blocked almost completely from chemisorbing, whereas NO or oxygen alone did
not block deuterium completely. In this region, the surface contains approxi-
mately a half ML of oxygen, at least a part of which is a surface oxide since the
surface has reverted to the (1x1) unreconstructed structure from the (1x2)
structure. Also, the surface has a.partial coverage of NO which varies as the

temperature varies due to the competition between desorption and adsorption
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of NO under steady state conditons. As the surface temperature increases, the
rate of N; production increases. Eowever, N, cannot be produced unless the
surface is cleaned of oxygen by D,. The empirical pressure dependence of the
rate on the reactants, given by Eq. (1) at a constant temperature, indicates
that NO acts as a poison unlike D,.

The dependence of the rate on Pp, may be visualized by considering the

elementary steps involved in producing D0,

(7)

D+0- OD
(8)

k4
D+ 0OD- DQO(‘,)

(9)
where Sp, is the probability of adsorption of deuterium, and the various k; are
the rate coefficients of each elementary reaction. Applying the st.ea(iy state

approximation to adsorbed deuterium implies that

ESDana - kg@ﬁ - 2k3@09n =0
(10)

where FDz is the impingement flux of Dy (proportional to PDa) in the reactant

beam, and the fractional coverage of 0D, @qp, is considered small. Under the

conditions in this region, 2Sp/p,/kz in Eg. (10) is small compared to
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(k380 /%k2)? and @y is given approximately by

Sp,Fp,

@DZ k3®0 .

. (11)
Substituting Eq..{(11) into the expression for the rate ofiproduction of D0

yields

FRp,o = Sp,fp,
(12)

ie., the proper dependence of 1'*‘1)2 on the rate of production of Ng.

However, understanding the dependence of the rate on NO, Pﬁé/z, is not so
straightforward. It is» appealing to think of NO as a poison since oxygen
depleted by deuterium is supplied by the dissociation of NO. Moreover, NO will
desorb, rather than dissociate, if the:coverage of oxygen is sufficiently large.

The competition between the removalirate of oxygen (Rnao)- the accumulation
rate of oxygen via the dissociation of NO, and the desorption rate of NO govern

the rate of N production.

Lastly, Arrhenius plots.in Fig. 10 give the eflective activation energy (E) for
the steady state reaction and it lies between 10.3 and 12.8 kcal-mole™! under
all conditions. It may be that this value represents the difference in activation
energies for the desorption and the.dissociation of NO. This would not be
unreasonable since estimates of this: difference in energy, in the absence of
deuterium, place it near 8 kcal-mole™! (76). However, other elementary reac-

tions are important, so that additional activation energy difierences may be

embodied in E.



190

Region 2. Plateau in N; Production

For sufficiently large values of Pp, compared to Pyno and sufficiently large

temperatures, the low rate of N; production in Region 1 becomes unstable, and
a high rate occurs that does not depend sensitively on temperature, over some
temperature range. In this second region, only conditions that produce the Np.
plateau and do not form NDj will be considered. .As observed by both:TDS and
LEED, when the reaction isiterminated during the steady state reaction on the
Ny plateau, the surface is:a clean (1x2) substrate with small coverages of
nitrogen and oxygen adatoms unlike the surface condition in Region 1.
Although the oxygen adatoms present.on the surface above 700 K are probably

in an oxide form:(20), they are in low concentration and still react readily with
deuterium (26).

As seen in Fig. 8 and quantified by:the empirical expression in Eq. (2), both
NO and D; accelerate the rate in the plateau region. The linear dependence on
Pyo in Egq. (2) indicates that within the pressure:range studied for NO, 5x 1078

to 4x10~7 torr, the reaction:for form Nz (for a given PDz) is limited by the rate
of dissocialtion of NO, so long as PD2 is sufficiently large to maintain the plateau
behavior. Also, the dependence on Pp, is easily understood in the plateau‘
region by examining the limit in Eg. (10) for 2Sp,Fp, /k2 large compared to
(k300/%k2)? in order to approximate @pin Eq. (11). Substituting this result into

the expression for RDZO gives

28p,F'p, ]1/28
[o]]

Rpo = ka[T
(13)
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where kz and k3 appear in Egs. (7) and (8) for the desorption of Dz and the

reaction between deuterium and oxygen to form OD, respectively.

Over the pressure range of D that is accessible (5x107% to 1x1078 torr),

the rate of N; formation depends on Pﬁa/z. However, if larger pressures of Dy

were studied, ‘the rate should reach a limitin,‘g value for a give Pnp. This rate
should be limited by the flux of NO to the surface since the initial probability of

adsorption is unity independent of temperature (76). The Pﬁf dependence in

Region 2 indicates that small coverages of oxygen influence the rate of dissoci-

ation compared to the rate of desorption of NO.

The two points of instability mentioned in Section 4, termed the "onset"
and "dropoff", may be conveniently discussed with Region 2 since they occur at
the temperature extremes of the N; plateau. Although the onset becomes less
sharp in temperature when ammonia is produced (at large R), these data as
well as the corresponding data concerning the dropofl may be included since

these points occur outside of the temperature.range where NDg appears.

The onset in the plateau may be defined by a temperature (T,) at which
the plateau occurs and is accompanied often by a spike in D0 production [e.g.
~ Figs. 5(B), 5(C) and 7(A)]. Moreover, the onset is truly unstable since near Tp
the rates of Ny and D0 producf‘.ion increase irreversibly to their values at the
plateau. The surface reverts from a (1x1) oxide to a {(1x2) clean at this point

as well. It was shown in iq. (3) that the onset depends upon Pﬁézpﬁzl as a func-

tion of T;1. If T, is at the intersection of the asymptotic rates in Regions 1 and

2, modelled by Egs. (1) and (2), then the dependence would be P§¢*P5}/% The
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Pﬁﬁz term is correct but:the Pﬁgl dependence is more like Region 1. This is rea-

sonable since Region 1 dictates where in temperature the onset occurs. The
energy associated with an Arrhenius plot of Eq. (3) [Fig. 9(a)] is equal to 11.2
kcal-mole™! which is in the same range found for the eflective activation energy

to produce N; in Region 1. It is not’appafent, however, that these energies can

be compared meaningfully.

As the temperature decreases toward the point at which the rate of NO
reduction decreases, oxygen adatoms and NO admolecules begin to accumulate
on the surface, seen by TDS and XPS. At some point in coverage, deuterium
does not adsorb further to sustain the reaction and the dropoff occurs. At the
dropof], the nitrogen adatoms remaining on the surface are desorbed due to
an increasing coverage of NO (76). Once the production of N; is inhibited com-
pletely below the dropofl, NO and oxygen, only, remain on the surface, as deter-
mined by XPS and UPS results. In order to achieve the Np plateau again, the

temperature must be increased to the onset found previously.

The dropoff in the high rate of NO reduction, whether the products are NDg
and Nz or Nz only, was modelled empirically by Eq. (4). This expression gives
the correct dependence, PI%EPI')‘;/Q, on the temperature of the dropofl (T;) if
the asymptotic rates of Egs. (1) and (2) are considered, as before for T,. Fig-
ure 9(b) shows that P;%EPSZVZ as a function of T;! fits a straight line with E =
8.3 kcal-mole~!, but again it is not clear what significance this value of the

energy has in relation to the observed phenomena.
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Region 3. Ammonia Production

Ammonia. is formed on Ir(110) between 470 and 630 K for values of R
greater than four depending also on the partial pressure of NO. It was found
from XPS, UPS and LEED results that the surface is a (1x2) substrate with a
partially ordered nitrogen-p(2x2) superstructurelnear the NDj reaction max-
imum. Since ND, (z = 1,2) groups are not observed with either XPS or UPS if
the reaction is terminated where ND; is produced, the rate limiting step to
form NDj is N + D » ND.' The desorption of NDjg is rapid in the reaction region.
This is verified by thermal desorption results for NHj on Ir(111) where NHj

desorbs molecularly near 300 K (27).

Under conditions that produce NDg in competition with Ng, the empirical
dependence of the rate of ND production on the partial pressures of the reac-
tants is given by PﬁzPﬁé [see Eq. (8)]. As in Region 1 where N is produced at a
low rate, NO acts as a poison by supplying oxygen that consumes deuterium
which would otherwise react with nitrogen to form NDg. A squared dependence

on Pp, may suggest that diffusion of deuterium adatoms in pairs is important,

which was inferred near the rate maximum for CO oxidation on Ir(110),for the
squared dependence on the pressure of oxygen (25). Also, the stoichiometry of
the reaction between NO and D to. form NDj .and Dz0 requires five deuterium
adatoms for every NO admolecule and would cause the rate to depend more on

Pp, than on Pno. although N+ D » ND and O + D » OD are the rate limiting
steps as deduced from the data. It should be noted alse that a high tempera-
ture thermal desorption feature of D appears betwecn 480 and 650 K when NO

and deuterium are co-adsorbed (see Figs. 1 and 2). This desorption of D,
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brackets the range where NDj is produced (:470 - 630 X) and may play a role in
the reaction rate for NDg production. However, these are postulates only, since
the microscopic :events occurring on:the surface are too complex, with the
available data, to predict a priori the observed- pressure.dependence of the

rate of Ny production on the partial pressure of Da.

7. Summary

The reaction between:NO and D; over Ir(110) has been studied under
ultra-high vacuum conditions by means of measurements of the steady state
rate of NO reduction as a function of the partial pressures of the reactants
(5x1078 to 1x107® torr) and the surface temperature (300 to 1000 K). In addi-
tion, co-adsorption studies .of NO and deuterium at low temperature were per-
formed to gain insight into the competitive nature of the chemisorption pro-
cess and to observe the desorption characteristics of the co-adsorbed over-
layers as the surface is heated. The results of this investigation may be sum-
marized as follows.

(1) Small precoverages of deuterium do not affect the kinetics of adsorption of
NO but do affect the distribution of N; and NO that thermally desorbs from the
surface. More Ny desorbs when deuterium is present than in its absence due to
the reaction between oxygen (from the dissociation of NO) and deuterium to
form D,0.

(2) The adsorption of deuterium is decreased, relative to the clean surface,
when the latter is saturated with NO. However, Dp is inhibited strongly from
adsorbing when the surface is saturated with oxygen and NO, a condition that

occurs under some steady state reaction conditions.
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(3) Depending on the value of R, under steady state conditions a marked hys-

teresis occurs in the rate of NO reduction. For certain values of Rand T, a pla- -

tean in the rate appears that persists as the pemperature is decreased. At
some temperature, depending upon Pyg and Pnz. the rate falls uncontrollably
to a new steady state where the reduction reaction is slow.
(4) For large values of R (> 4), NDg is produced between 470 and 630 K and
competes strongly for nitrogen adatoms with Nz production.
(5) Three regimes of the steady state reaction were examined separately:

(a) Low rates producing Nz and D20 only with an inhibition by NO; (b) High
rates with a plateau in the rate producing Nz and D20 only; and (c) High rates
where N, and ND3 are produced competitively. Tentative explanations of the

empirically observed rates were discussed in light of XPS, UPS, TDS and LEED

results.
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Figure Captions

Fig. 1 Thermal desorption spectra from NO adsorbed on the £;

Fig. 2

Fig. 3

Fig. 4

state of deuterium (0.33 ML) preadsorbed on Ir{110) at 100 K
The desorption products monitored are NO, N3, Dz and D0
with a heating rate of 20 K-s~1,

Under these conditions deuterium was not displaced from the
surface as NO was adsorbed.

For comparison, the desorption of the f; state of

deuterium is shown (x0.5) in the absence of adsorbed NO.
Thermal desorption spectra of NO, N, Dz and D0

from 2 L D; adsorbed on various surfaces of Ir{110) at 100 K

prepared with saturation exposures of NO.

Saturated layer of NO adsorbed at 100 K and annealed briefly

to 400 K. The heating rate is 20 K-s~1.

1
Py

The CPD of NO adsorbed at 100 K on Ir(110) as a function of the -
fractional coverage of NO. (a) Clean surface; and (b) preadsorbed
Bz state of deuterium (or hydrogen) (0.33 ML).

The CPD of Hy(or Dy) adsorbed on fractional coverages of

NO on Ir(110) at 100 K: (a) 0.23; (b) 0.44; and (c) 1.00.

In (A) the exposure of Hy is sufficient to saturate the

Be state, and in (B) the exposure of H; includes

part of the f; state ( see text).
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Fig. 6

Fig. 7

Fig. 8
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The zero in (B) for the CPD is equal to the "saturation”
value (at 0.25 L Hp) in (A).

Steady state reaction for NO + D over Ir(110).

Pno = 1x1077 torr, and R{=Pp,/Pno)

equal to: (A) 1; (B) 2; (C) 4; and (D) 8.

The intensities monitored in the gas phase are NO,Ng,
ND3z, Dz and D20.

For all values of R, the intensity of D, did not

vary appreciably in a reaction cycle, and it is not shown here
or in following figures.

Arrows pointing to the right (left) indicate the surface
temperature is increasing (decreasing).

Ammonia (NDg) production occurs in (D) only.

Steady state reaction for NO + D over Ir(110).

Pno = 2x1077 torr, and R equal to: (A) 2; and

(B) 4. No NDg is produced under these conditions.

Steady state reaction for NO + D; over Ir(110) under
conditions that favor the production of NDs.

Pno=5x107% torr, and R is equal to: (A) 8;

and (B) 20.

Note that NDg and Nz compete strongly for nitrogen adatoms.
Steady state rates of Nz production from Figs. 5 and 6. (a)
Pyno=1 x 1077 torr and R = 4;(b) Pyo=1 x 1077

torr and R = 8; and (c) Pyo=2 x 1077 torr and R = 4.
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The intensity of Np has been expanded by 0.5 in (c).
Note that in (b) some NDj is produced near. the dropoff in

N; production, as the temperature is decreased.

Fig. 9 The empirical pressure dependence of (a) the onset,

Fig. 10

Fig. 11

Fig. 12

in (P§6°Pp,) and (b) the dropofl.iln (P6*P5, /%) of
the plateau in Ny production as a function of T-!, inverse
of the surface temperature at which they occur.
The temperature dependence of the rate of N; production
as the temperature increases but before a plateau is reached :
(if it is present).
Three different reaction conditions are presented, as noted in‘ ;

the figure, for InRy, as a function of T

The slope of each curve is proportional to the effective activation
energy for the reaction, which is presented as well.

Steady state rate of NDg production for Pyo=5x 1078

torr and R equal to: - (a) 4.0; (b) 6.0; (¢) 8.0; (d) 10.0;

(e) 12.8; (f) 16.0; and (g) 20.0.

XPS (hv = 1488.6 eV) for the N(1s) and the O(1s)

regions of binding energy, relative to the Fermi level, at three
points in the steady state reaction.

Pno=5%x10"% and {a) R = 10 at the ND3 reaction

maximum,; (b) R = 10 after a reaction cycle; and

(c) R = 1 after a reaction cycle.

For each spectrum, the reaction was terminated by simultaneously
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removing the Ir(110)!surface from the reactant gas beam and

cooling to near room temperature.
Fig. 13 Hel UPS (hv = 21.2 eV) of Ir(110) near room
temperature for three points in the steady state reaction.
The corresponding conditions for (a) - (c) are given in Fig. 12.
Fig. 14 Auger electron spectrum of the N-KLL region of energy.
The steady state reaction was terminated:for this spectrum
at the NDj reaction maximum proceeding under the same

conditions as in Figs. 12(a) and.13{a).
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CHAPTER 7

SUMMARY
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The heterogeneously catalyzed reduction of NO with hydrogen over
Ir(110) has been studied at Tow pressures'(<10'5torr). The experiments
were performed with several surface sensitive probes-- thermal desorption
mass spectrometry(TDS), contact potential difference(CPD) measurements,
LEED, X-ray and UV photoelectron spectroscopies(XPS and UPS) and Auger
electron spectroscopy.

The following summarizes the chemisorption of hydrogen on Ir(110).

(1) Hydrogen adsorbs dissociatively on Ir(110) and saturates the

15

surface at 130 K with a density of (2.2 + 0.2)x10 atoms‘cm"z. Two

states B4 and By of hydrogen desorb with relative intensities of 2 and
1, respectively, and exhibit marked differences in their adsorption and
desorption kinetics.

(2) The rate parameters for hydrogen desorption were measured as
a function of surface coverage. Hydrogen in the By state shows a sym-
pathetic increase in the rate parameters up to at least half of its
saturation coverage where Ed and vy assume values of 23 kca]-mo]e'1 and

2 c 2 -1

m“-s™, respectively. The increase may be due to a strong H<H

1.5x10°
interaction. .The value of Ed for the By state decreases linearly with
increasing coverage (Ed = 17- 106 for 6 between 0.4 and 0.7) and v, is
approximately equal to 2x1077 cmz—s'l. Desorption was modeled best for
all coverages as second order.
(3) The adsorption kinetics of the g, state of hydrogen follows

a first order Langmuir model with SO equal to unity. For the By state
So is 7x10—3 and obeys second order Langmuir kinetics. The CPD of the

Bo state increases to 0.30 eV at saturation, and the CPD of the Bl state

decreases to below the clean surface contact potential at saturation.
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Two linear regions with very different slopes (das/de) were observed for
the B4 state which implies more than one site is participating.

(4) The absolute coverage, CPD and UPS measurements infer probable
binding sites for hydrogen on Ir(110). The B, state of hydrogen binds
between the rows of Ir atoms in the locations of the missing Ir rows on
this reconstructed surface. The By state of hydrogen may bind to two
types of sites (twofold or threefold) exposed on (111) microfacets of
the reconstructed surface,

The following summarizes the co-adsorption of CO and hydrogen on
Ir(110).

(1) The adsorption and desorption properties of hydrogen are affected
strongly by the presence of small amounts of CO, For small coverages of
CO preadsorbed, a continuous decrease in the desorption of the By state
of hydrogen is observed with increasing CO coverages. A concomitant
increase occurs for the high coverage By state of hydrogen which is due
to a continuous conversion of hydrogen from B, sites to B4 sites as a
consequence of the partial mobility of CO. At high CO coverages, the
surface is poisoned to hydrogen adsorption. 3

(2) The adsorption of CO on preadsorbed hydrogen shows the same
trends for H2 as for the reverse case. The binding energy decreases as
the CO coverage increases. The desorption of H2 at 130 K is seen for
large CO exposures.

(3) The CPD of hydrogen in the presence of CO preadsorbed is affected
strongly also. However, the induced dipole of hydrogen in the By state
is unaffected if the number of sites blocked by CO (1.5) is taken into

account. For the By state, the induced dipole of hydrogen is unaffected
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in the presence of less than 0.25 ML of CO. For 0.50 ML of CO some of
the By sites sampled by hydrogen first are blocked due to a H-CO repul-
sive interaction,

The following summarizes the chemisorption of N2 and the co-adsorp-
tion of N, and hydrogen on Ir(110).

(1) XPS and UPS results show N2 chemisorbs molecularly at low
temperature. The N(1s) region of binding energy shows peaks at 399.2
and 404.2 (satellite) eV. The degenerate 505 and 1w, and the 4o orbitals
are seen at 8.0 and (11.8 + 0.3) eV binding energy.

(2) The Auger electron transitions of N, on Ir(110) may be assigned
to normal Auger processes by a simple calculation using XPS and UPS
results. However, the N(1s) satellite must be included to account for
all of the Auger features observed.

(3) The adsorption and desorption kinetics for N2 iﬁp]y that pre-
cursor kinetics and repulsive adsorbate-adsorbate interactions are im-
portant. Adsorption occurs with S equal to unity independent of cover-
age and saturates at a coverage of one molecule per reconstructed unit
cell (4.8x1014 cm'z). However, thermal desorption measurements {ndicate
that repulsive interactions become important at high coverages, as seen
by the appearance of a second desorption peak. The values of Ed at Tow
and high coverages are approximately 8.5 and 6.0 kca]—mo]e'l, respect<
ively.

(4) A plgl(2x2) superstructure forms for N, at saturation on Ir(110)-
(1x2). The proposed structure is consistent with the tocation of N2 in

the missing row troughs and the saturation coverage.
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(5) The co-adsorption of N2 and hydrogen was studied via UPS and
TDS. Hydrogen does not perturb the valence orbitals of N2 detectibly.
However, hydrogen does displace N2 from the surface, and at least in part,
takes up its preferred sites in the missing row troughs.

The following summarizes the chemisorption of NO on Ir(110).

(1) Molecular chemisorption of NO occurs below room temperature
and saturates near 9.6x1014 cm—z. Adsorption implies precursor kinetics
may be involved and So is equal to unity independent of surface temp-
erature. Above 400 K, NO dissociation and N2 desorption compete with
NO adsorption.

(2) The desorption of NO and N2 occurs 1in three phases for a sat-
urated overlayer, First, NO desorbs near 400 K and accounts for 17% ad-
sorbed. Second, N2 desorbs near 430 K as NO dissociates and the coverage
of oxygen increases. Third, NO and Nzldesorb where NO (18% adsorbed)
desorbing here is associated, in part, with the recombination of nitrogen
and oxygen adatoms. Estimates of activation energies for the desorption
of NO in the first and third phases are 23.4 and 32.5 kca]—mo]e-l, re-
spectively. For a saturated layer of NO initially, the activation
energy for the dissociation of NO is equal to 25.2 kca]—mo]e’l. The
desorption of N2 in the Tow coverage 1limit of NO has an activation en-
ergy equal to 36 kca]—mo]e_l. The above estimates assume the preexpo-

nential factor in each reaction is equal to 1013 s"1 for a first order

reaction or the equivalent 10—2 cmz—s—1 for a second order reaction.
(3) Oxygen overlayers tend to stabilize NO to dissociation and
to desorption. A strong interaction between NO and oxygen is seen by

a shift in the 17 Jevel (UPS) and by the CPD behavior of NO on oxygen
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precoverages. Both interactions may be due to charge transfer effects
between NO and oxygen through the metal.

The following summarizes the reduction of NO with D, over Ir(110)
under transient and steady state conditions.

(1) Small precoverages of deuterium do not affect the adsorption
kinetics of NO but do cause more Nz to desorb relative to NO at satura-
tion on the clean surface. Deuterium will adsorb on a saturated over-
]éyer of NO. However, deuterium will not adsorb on Ir(110) if it is
saturated with NO and oxygen, a situation that occurs under some steady
state reaction conditions.

(2) Under steady state conditions and depending on the ratio of
partial pressures R(PDg/PNO)’ a marked hysteresis occurs in the rate of
NO reduction as the surface temperature is cycled. At some temperature
T a plateau in the rate may appear that persists as T decreases. At a
lower T the rate falls uncontrollably to a lower value, and depends upon
PDz and PNO where this occurs.

(3) For R large (>4) ND3 is produced between 470-630 K and com-
petes strongly with N2 production. Under most conditions, the réaction
products are N2 and DZO'

(4) Three regions of the steady state reaction were examined sep-
arately: (a) low rate producing N2 and D20 only that is inhibited by
NO, (b) high rate on plateau producing N2 and D,0 only and (c) high
rate where N2 and N03 are produced competitivé]y. Tentative explanations
of the empirical rate expressions derived from the data were discussed

in light of XPS, UPS, TDS and LEED results that were presented as well.
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However, the conceptual models are limited due to the complexity of the
competing elementary reactions and the diffusion of adatoms in the over-

layer.
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APPENDIX A
THE ADSORPTION OF WATER ON THE RECONSTRUCTED
IR(110)-(1x2) SURFACE
(The text of Appendix A consists of an article coauthored
with T. S. Wittrig and W. H. Weinberg that has been accepted

for publication in Surface Science.)
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Abstract

The interaction of water with the reconstructed Ir(JlO)—(lxé) surface
has been studied with LEED, CPD, XPS and thermal desorption mass spec-
trometry. It is shown that at most, 6% of the adsorbed water dissociates
upon adsorption at a temperature ofv130‘K. Water does dissociate to OH
groups when adsorbed on an Ir(110)-(1x2) surface with preadsorbed oxygen.
Water exhibits a constant sticking coefficient for all submonolayer cov-.
erages. There exist four distinct thermal desorption states of water on
the clean Ir(110)-(1x2) surface. A qualitative model is put forth to

rationalize the complex thermal desorption behavior.
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1. Introduction

Recently, several ultrahigh vacuum studies of the interaction of
water with transition metal surfaces have been carried out (1-5). There
are several reasons for this attention. From a fundamental viewpoint,
water is a complex and interesting adsorbate, due partly to strong inter-
adsorbate interactions caused by hydrogen bonding. Also at issue are the
questions of whether water dissociates on metal surfaces, and what role
the oxygen lone pair plays ‘in the bonding. From a more practical stand-
point, detailed knowledge of the interaction of water with metal surfaces
has obyious practical applications in such diverse areas as corrosion,
effects on catalytic reactions (either as a reactant or modifier) and
the microstructure of electrode surfaces.

This study is the first ultrahigh vacuum investigation of water on
iridium. The reconstructed Ir(110)-(1x2) surface was chosen for this
study because it is an "open" surface (not gebmetrica11y smooth) with
many possible "active" sites. It therefore presents the possibility of

observing new, geometry-induced effects.

2. Experimental Procedures

The experiments were performed in an jon-pumped stainless steel bell
jar with a base pressure below 2 x 10'10 torr. Several surface sensitive
probes — a quadrupole mass spectrometer, LEED optics, a CPD apparatus,
AES and XPS — are contained in the experimental chamber. The XPS and
AES are performed in the pulse counting mode with a double pass cylindrical

mirror electron energy analyzer. Continuous work function measurements
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were performed by a retarding potential method described elsewhere (6).
A1l probes are interfaced to a PDP 11/10 minicomputer (7). In addition,
the system contains a directional beam doser that can be used for intro-
ducing adsorbates onto the crystal without backfilling the bell jar. The
use of this directional doser allows the creation of an effective pressure
at the crystal face that is approximately 100 times greater than the back-
ground pressure in the system.

The substrate was cut from a single crystal boule of Ir and was polished

on both sides towithin 1°<yfthe'(110) orientation using standard techniques (8).

Carbonwasc]eanedfrmnbothsidesoftﬁmecrysta]through a series of oxidation

and reduction cycles. Annealing above 1600 K removed oxygen, calcium and
potassium impurities. Details of the cleaning procedure are described
elsewhere (9). The substrate was heated resistiie]y by two 10 mil Ta
support wires, and it was cooled conductively by liquid nitrogen. Tem-
peratures were measured with a W/5%Re-W/26%Re thermocouple spotwelded to °

a 1 mm® Ta foil on the back of the Ir crystal. The thermocouple was
referenced to an icepoint junction, and temperafures are accurate within

5 K. The base pressure of water in the UHstystem was below 5 ¥ 10'11 torr.
The water was doubly distilled and checked mass spectrometrically for purity.

In particular, no 02 was observed with the mass spectrometer.

3. Low-Energy Electron Diffraction

If a simple termination of the bulk structure is considered, the |
Ir(110) surface is a series of rows and troughs. However, a clean surface
is reconstructed to form a (1x2) LEED pattern (10). Recently, the struc-
ture of reconstructed Ir(110) has been determined to be a surface with

every other row of surface atoms in the [001] direction missing (11). The
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surface may be thought of as (111) microfacets inclined to one another to
form a series of troughs that are two layers deep.

Low-energy electron diffraction was performed for water adsorption
on this surface at 130 K and room temperature for water coverages up to
seyeral monolayers. For this range‘of conditions, the surface recon-
struction was stable. 1In addition, no additional LEED spots were observed

due to scattering by ordered superstructures of the adsorbed water mole-

cules.

4. Thermal Desorption Mass Spectrometry

The thermal desorptibn mass spectrometry (TDMS) of water on the
clean surface was performed using two different methods of exposure. For
submonolayer exposures, the adsorbate was introduced into the bell jar
through a leak valve. This method allows accurate exposures to be made
and exposes the front and the back of the crystal to equal fluxes of:
adsorbate. However, the use of this technique with water is Timited to
Tow exposures due to adsorption on the crystal supports and saturation of"
the walls of the bell jar which causes subsequently a high partiaa pressure
of water in the system. Therefore, the TDMS of high exposures of water
was performed by introducing the adsorbate through the beam doser in the
system. This method introduces very Jittle water onto the system walls
and minimizes the adsorption of water on the crystal support.. The dis-
advantages of this method for TDMS are that the flux of adsorbate molecules
to the front face of the crystal is higher than to the back face, and the

exposure is not related in a linear manner to the time of exposure. This
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latter problem is due to the fact that the flux of water molecules rises
gradually over a long period of time from the time the valve is opened.
Despite these problems, the TDM spectra obtaiﬁed by this method give a
good qualitative understanding of the thermal desorption characteristics
of high coverages of water.

The results of the low coverage TDMS are shown in Fig. 1. Three
distinct thermal desorption states appear after a one Langmuir exposure.
As shown in the figure, these states will be referred to as the 8, Y1 and
Yp states in order of increasing peak temperature.

At exposures below 0.5 L, the only states to appear are the y states.
As shown in Fig. 2, both of the v states are present even at 0.05 L, which
was the lowest exposure that was studied. The two states deyelop with
increasing exposure at approximately the same rate. Though uncertainty
about the background makes an accurate determination of the relative
populations impractical, it appears that the two v states have approxi-
mately equal populations at a saturation exposure of 0.5 L.

Determination of Arrhenius desorption parameters by peak shape
analysis was rendered impossible by the unknown shape of the background.
However, with the assumption that the Arrhenius preexponential factor, Vys
falls in the range from 1012 571 o 1014 s_l, an analysis following

Redhead (12) yields a value for the energy of desorption, E,, of the v,

state of 15.8 + 1.2 kca1/m01e”l and an E, of 17.5 # 1.3 kca]/rno1e°1 for
the Yo state.

At exposures of greater than 0.5 L, the B state begins to populate

near 200 K. The B state reaches saturation near one L exposure, and, at
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saturation, its population is approximately the same as that of the com-
bined y states. Saturation of the B and y states will be referred to
hereafter as one monolayer (ML) coverage. Making use of the assumptions
employed above, Ed of the B state is found to be 11.6 * 0.9 kca]/mo]e'l.

| The relationship between surface coverage and exposure derived from
Fig; 1 is shown in Fig. 3. It reveals that the sticking coefficient for
water on Ir{(110)-(1x2) is constant for all submonolayer coverages. It will
be assumed that this sticking coefficient is unity for the following two
‘reasons. First, it is difficult to envision circumstances in which only

a certain constant fraction of water molecules jmpinging on the surface
would adsorb irreversibly and additionally that this fraction would show
no dependence on surface coverage or conditions. Secondly, with the
assumption of a unity sticking coefficient and an impingement flux of

4.5 x 1014'mo1ecu1es/cm2 per L (corrected for ion gauge sensitivity), a

one L saturation exposure corresponds to each molecule occupying one
reconstructed unit cell on the surface,

Beginning at 1 L exposure, the multilayer thermal desorption state
begins to emerge. This will be referred to as the a state. The ‘develop-
ment of this state, which apparently grows without 1imit, was followed by
performing doser exposures in conjunction with the TDMS. The results of
this experiment are shown in Fig. 4. The exposure units shown in the
figure are the product of the pressure in thé doser storage bulb in torr
and the time ‘that the crystal was exposed to the beam. These units are
not related in any simple manner to Langmuirs, and they are unique to the
geometry of the system. The shape of the desorption from the o state

indicates zeroth order desorption. The leading edge is exponential when
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plotted as a function of 1/T and does not depend on initial coverage. In
addition, the high temperature edge of the peak indicates a very sharp
drop. From an Arrhenius plot of the leading edge of this peak, an<Ed of
10 £ 1 kca]/mo]e'1 was calculated, No assumption of the magnitude of vy
is needed to obtain this value. This value agrees well with that observed
previously for multilayers of water on transitton metal surfaces (2,3).

Figure 4 also contains two qualitative features worthy of mention.
First, the B state is definitely distinct from the multilayer o state and
therefore represents water molecules that are interacting with the metal
surface as opposed to those exclusively in an ice matrix. Second, the
presence of the B and Y states in the doser TDMS indicates clearly that
they are not artifacts due to desorption from the manipulator and crystal
supports.

A series of experiments was also performed to check for residual
oxygen left after water had been desorbed thermally from the surface.
These experiments were performed to provide information concerning the
possible dissociation of water on the surface. The results are presented
in Fig. 5. A calibration was carried out first by adsorbing 2.5 % 1014
atoms/cm2 of oxygen on the surface and performing an oxygen TDMS. For an
initial coverage of approximately 1 ML of water, a small amount of 0, de-
sorption was detected. This amount corresponded to the oxygen contained
in 3% of a ML of HZO' It is possible that if .the water did dissociate on
the surface, some of it might recombine during the thermal desorption. In
a separate set of experiments, when deuterium and oxygen were adsorbed on
the surface in amounts corresponding to 0.5 ML of water, it was found that

only 40% of the reactants left the surface as water, while the remainder
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desorbed as D2 and 02. If it is assumed that all the 02 in the water
adsorption experiment of Fig. 5 came from water that dissociated on the
surface and also that approximately half of it recombined, then approxi-
mately 6% of the water dissociated on the surface. However, this small
amount of oxygen could have come from another source (e.qg., water dis-

sociating elsewhere and providing oxygen to the surface).

5. Contact Potential Difference Measurements

The work function change (A¢) of the surface plotted as a function
of H20 exposure at 140 K is shown in Fig. 6. Since surface coverage is
linearly related to exposure, this is equivalent to a Ad -6 relationship.
The work function decreases in an approximately linear manner throughout
the submonolayer coverages from the work function of ice, The plateau in
the multi]ayér region above 1.0 Langmuir continues up to three Langmuirs
which was the highest exposure studied. The incremental dipole moment in
the submonolayer regime is 0.4 * 0.1 D per water molecule.

This experiment shows very clearly that only the first Langmyir of
water interacts directly with the surface, as has already been indicated
by the thermal desorption measurements. It also provides further evidence
that 1ittle, if any, water dissociates on the surface at 140 K, since the
adsorbed dissociation products would almost certainly have different
dipole moments than the adsorbed water species. If the first monolayer
were totally dissociated, this would also be consistent with the observed
work function change, but it would not be consistent with the XPS results

presented in the next section or with the TDMS results.
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6. X-Ray Photoelectron Spectroscopy

The XPS of the oxygen 1s region of water adsorbed on Ir(110) is
shown in Fig. 7. The coverages shown in the figure are derived from
thermal desorption mass spectra performed immediately following the XPS.
Since the exposures were carried out wiihvthe doser, the coverages are
subject to a 20% error. The dominant feature in these spectra has a
binding energy of 532.1 + 0.2 eV for all coverages from 0.25 ML to 1.5 ML.
This agrees well with the oxygen 1s binding energy of 532.2 + 0.3 eV
observed for nondissociative]y adsorbed water on Pt(111) by Fisher and-
Gland (3). Since this peak shows no shift or splitting well into thé
multilayer region, it almost certainly represents nondissociatively ad-
sorbed water. At low coverages, there exists also a small asymmetric
broadening to the low binding energy side of the peak. This may represent
a small amount of dissociatively adsorbed water on the surface.

Figure 8 shows the results of adsorbing wafer on a surface pre-
exposed to oxygen. An amount of water corresponding to one-half mono-
layer (i.e., 2.5 X 1014 mo]ecu?es/cm'z)was adsorbed on the surface with
an equal concentration of oxygen atoms. The oxygen 1s photoélec{roh
spectrum of the oxygen-covered surface was subtracted from the resulting
photoelécfron spectrum for clarity. The spectrum exhibits one species
with a binding energy of 530.5 = 0.2 eV. Fisher and Gland have reported
a photoelectron spectrum of water on an oxygen-covered Pt(111) surface in
which a peak at 530.5 eV was observed (3). This species has since been
shown to be an adsorbed OH species (13). The oxygen 1s XPS of adsorbed

oxygen on Ir(110) is shown in Fig. 9 for comparison. The binding energy

of this species is 5256.8 eV.
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7. Discussion

The combined data from XPS, CPD and TDMS indicate that 1little, if
any, water dissociates on the clean surface at an adsorption temperature
of 130 K. The XPS of the oxygen 1s binding energy region show mainly a
one-peak structure at 532.1 eV throughout the coverage range from 0:25 ML
to 1.5 ML, and this peak is associated with nondissociated water molecules.
The slight broadening of the peak to Tow binding energy at low coverages
may indicate that a small amount of water does dissociate on the surface.
The Ap - 6 behavior at a temperature of 140 K displays a relatively con-
stant slope throughout the submonolayer region, which implies that there
do not exist separate regimes of adsorption at this temperature as would
be the case if some appreciable fraction of the water molecules were dis-
sociating. The dissocation of 6% of a monolayer of water. indicated by
the experimental data of Fig. 4 is small but significant. It could either
come from a small amount of water dissociated on the surface or, as men-
tioned previously, from water dissociating elsewhere in the system and
depositing oxygen on the surface.

In the interpretation of e]ectrdn energy loss spectra of wat;r on
reconstructed Pt(100) (1), Ibach and Lehwald have proposed a model for
water adsorption that may shed some light on the complex thermal desorpiion
behavior observed in this work. At coverages below 0.5 monolayer, they
suggest that water polymers form on the surface through hydrogen-bonding.
Due to the constraints of the hydrogen bonds, this would introduce in-
equivalent types of water molecules on the surface. Above 0.5 ML, they

observe a structural change which they attribute to a coalescence of these
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separate polymers into an ice-Tike monolayer. Clustering of water molecules
at Tow coverages is also implied by a recent EELS and LEED study of water
on Ru(001) (4).

The ideas above suggest a qualitative picture of what may be
occurring on the Ir(110)-(1x2) surface. At coverages below 0.5 monolayer,
both of the y states are present in approximately equal concentrations at
all coverages. Furthermore, the peak temperatures shift only slightly
with coverage. This would be the expected thermal desorption behayior if
water formed small noninteracting clusters on ;he surface with two in-
equivalent types of water in the clusters. At coverages above 0.5 mono-
layer, the g state would then represent the water molecules that could
not participate in the more stable cluster configuration due to steric
factors.

It is worthy of mention that thermal desorption states equivalent to
the y states have not preyiously been obseryed on transition metal surfaces
(2-5). This is true even of the studies from which the ideas for this
model were adopted (1,4). It may be that the y states are resolvable

here due to the unusually open geometry of this surface. !

8. Conclusions

Qur conclusions may be summarized as follows:

1. The amount of water that dissociates upon the adsorption of a
monolayer of water on Ir(110)-(1x2) at a temperature of 130 K
is at most 6% of a monolayer.

2. When water is adsorbed on an oxygen-covered Ir(110)-(1x2) surface,

OH groups are formed on the surface.
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Water adsorbs on an Ir(110)-(1x2) surfacé at a témperature of
130 K with a constant sticking coefficient throughout the
submonolayer regime. This sticking coefficient is assumed to
be unity.

Water exhibits four distinct thermal desorption states from the
Ir(110)-(1x2) surface. The Tow coverage y states develop
simultaneously up to 0.5 L exposure. The B state evolves for
exposures between 0.5 L and 1.0 L. The a state is the multi-
layer ice state and grows without bound for exposures greater
than 1.0 L.

A tentative model has been put forth as a plausible explanation
of the complex thermal desorption behavior of this sytem. The
Yq and Y, states in this model represent two differently bound
States of water which exist in small clusters of water molecules
that are stabilized by hydrogen-bonding. The B state represents
water molecules that interact with the surface, but are excluded

sterically from joining into the more stable cluster structures.

3
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Figure Captions

Figure 1: Thermal desorption mass spectra of submonolayer coverages of
water on Ir(110).

Figure 2: Thermal desorption mass spectrum of 0.05 L exposure of water
on Ir(110). |

Figure 3: Water coverage on Ir(110) as a function of exposure.

Figure 4: Thermal desorption mass spectra of high coverages of water on
Ir(110).

Figure 5: Oxygen thermal desorption from (a) O2 adsorbed on Ir(110),
and (b) 1 ML H20 adsorbed on Ir(110).

Figure 6: Work function changes as a function of H,0 exposure on Ir(110).

Figure 7: Oxygen 1s XPS for H20 on clean Ir(110).

Figure 8: Oxygen 1s XPS for H,0 on oxygen-covered Ir(110).

Figure 9: Oxygen ls XPS for 3L 0, on Ir(110).
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APPENDIX B
A TRANSIENT STUDY OF THE CO—ADSORPTION’AND REACTION
OF DEUTERIUM AND OXYGEN ON IR(110)
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A brief study was performed of the thermal desorption
characteristics of co-adsorbed deuterium and oxygea on the
(110) surface of iridium. The first step in all of these
experiments was either to adsorb 0.25 ML of oxygen onto the
surface or to make the surface oxide(0.25 ML) of Ir(110)(1).
Various amounts of deuterium were exposed thereafter to the
oxygen covered surfaces at 130 K and the thermal desorption
mass spectra of D2 and 020 were recorded with a heating
rate of approximately 20 K-s™1,

The results of this study are shown in Figs. 1 and 2
for 0.25 ML chemisorbed oxygen and oxide adsorbed initially,
respectively. This reaction system is complicated due to
several factors. First, even for single adsorbate systems
there are various adsorption sites for both oxygen(l) and
deuterium(2) on Ir(110). This will lead to several different
mechanisms of reaction that will depend on adsorption sites
of the reactants as well as temperature (e.g., mobility of
reactants and partitioning of the reactants between sites
available). Other complicating factors inherent in the nature
of the experiment were the changing coverages of the reactants
throughout each experiment and the dependence of the peak
shapes (and product distributions) on the heating rate.

These difficulties made comparison between experiments with
different initial coverages ambiguous. Thus, detailed

modelling of the kinetics of this system were rendered im-

practical.
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However, it was found in the course of this study that
it is possible to remove all of the oxygen from the surface
as 020 if the initial exposure of deuterium is large enough
(200 L). This can easily be confirmed by monitoring the
oxygen thermal desorption trace. This fact makes it possible
to obtain an absolute coverage calibration for 02 (or HZ) by
making use of the known coverage calibration for oxygen on
Ir(110)(1).

The calibration consists of three thermal desorption
experiments. A schematic of these three steps is shown in
Fig. 3. The first step is to expose the surface to a known
amount of 02 (in this case 0.5 L) and record the resulting
thermal desorption mass spectrum of DZ‘ This gives rise to
a peak of areavAéz. Step 2 consists of quantitatively
reacting off 0.25 ML (2.4x1014 atoms—cm—z) of oxygen in the

form of DZO' This results in a DZO peak with an area ADzo

14

corresponding to a DZO coverage of 2.4x10 atoms—cm-z. This

gives an absolute coverage calibration for water. Step 3
consists of adsorbing 0.5 L 02 and subsequently adsorbing
0.25 L O2 and recording the thermal desorption traces of D2

and DZO‘ The resulting curves define peak areas of ABZ and

AB 0° respectively. The amount of deuterium represented by
2
A020

originally on the surface is the same for both step 1 and

is known from step 2. Since the amount of deuterium

step 3, the difference (Abz- ABZ) also corresponds exactly

to the amount of deuterium represented by ABZO‘ The result
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of this experiment is that 300 L of deuterium exposed to

Ir(110) at 130 K yields a coverage of(Z.ZfO.2)x1015atoms-cm'2.
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Figure Captions

Fig. 1: Desorption of DZO(A) and DZ(B) from co-~adsorbed
overlayers of deuterium and oxygen on Ir(110). Ox-
ygen was preadsorbed(0.25 ML) and subsequently D,
was exposed to the surface at 130 K.

Fig. 2: Desorption of DZO(A) and DZ(B) from D, adsorbed at
130 K on an oxidized Ir(110) surface(0.25 ML).

Fig. 3: Schematic of the absolute coverage calibration for
deuterium on Ir(110) using the reactive co-adsorp-
tion of deuterium and oxygen. Step 1: Desorption
of D, from Ir(110) as a relative coverage measurement.
Step 2: Desorption of 0.25 ML oxygen as DZO’ which
gives a coverage calibration for DZO' Step 3:
Desorption of 02 and D20 from a layer of deuterium
and oxygen where the relative coverage of deuterium

is known initially.
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~APPENDIX C
"ORDER PLOTS" IN THERMAL DESORPTION
MASS SPECTROMETRY
(The text of Appendix C consists of an article coauthored
with T. S. Wittrig and W. H. Wéinberg that has appeared in

Applications of Surface Science 4, 234(1980).)
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“ORDER PLOTS” IN THERMAL DESORPTION MASS SPECTROMETRY *
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A common method to determine the rate law for desorption of a gas from a sol-
id surface is to construct order plots derived from thermal desorption experiments.
The purpose of this letter is to show that the assumptions on which order plots are
based can lead to serious errors in the determined order, and to show how proper
corrections can be made. ,

The starting point of the derivation involves the following expression for the de-
sorption rate,

R4 =vq(0)6™ exp[-E4(6)/kT] . . (1)

The order n is assumed to be a constant integer representing the elementary desorp-
tion reaction. Logarithmic differentiation of eq. (1) with respect to the fractional
surface coverage 0 at constant T yields

alan aand(ﬂ) 1 8Ed(6)
(LRe) oo (U@ 1 (5) o
Usually, it is assumed that the last two terms in eq. (2) are zero, and 7 is equal to
the slope for a plot of In Ry as function of In 6 at constant temperature. However,
recent experimental evidence has shown that both rate parameters, E; and V4, can
vary strongly with coverage [1,2]. If the terms (3 In v4/3In 8)1 and (0E4/31In6) 1
are large, the slope of an order plot may not represent the true order of the desorp-

tion reaction, n. Furthermore, if the derivatives vary rapidly with coverage, the or-
der plot is not necessarily linear.

To illustrate these effects, recent thermal desorption data of hydrogen on Ir(110)
will be considered [3]. Fig. 1 shows the coverage dependence of E4 and v4. Satura-
tion coverage (8 = 1) is defined in this case as the coverage resulting from a 300 L

* Supported by the National Science Foundation (Grant Number DMR77-14976).
* Fannie and John Hertz Foundation Predoctoral Fellow.
# Camille and Henry Dreyfus Foundation Teacher—Scholar.
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Fig. 1. Activation energy (£q) and pre-exponential factor (vq) for hydrogen desorption from
Ir(110) as a function of fractional surface coverage.

exposure of hydrogen to an Ir (110) surface at 130 K. At this coverage, the probabil-
ity of adsorption of hydrogen is less than 10—3, and higher exposures introduce
problems of CO contamination. The values of the parameters were determined by an
integral method using variable heating rates [4]. The heating rates were varied from
3 K/s to 110 K/s. This set of experiments was performed twice to enhance the relia-
bility of the results. Further experimental details will be provided in a forthcoming
publication [3].

An increase in Ey and v4 is observed up to a fractional coverage of 0.20. The
rapid variation in the rate parameters between coverages of 0.25 and 0.35 is associ-
ated with the completion of the low coverage state of hydrogen [3]. At higher cov-
erages, £y varies approximately linearly with coverage and vy varies only weakly
with coverage. Fig. 2 illustrates representative order plots for this system. As shown
in fig. 2, (0InRy/31n @)y varies strongly with temperature. It is approximately
equal to two for T2 380 K, but it is unreasonably large at lower temperatures.

Table 1 compares the slopes of two representative order plots with values calcu-
lated using eq. (2) and fig. 1. The coverage was chosen as the logarithmic mean of
the coverage extremes in the experimental order plots, although any reasonable cov-
erage choice will give qualitatively similar results. The order n was chosen as two for
all coverages since hydrogen adsorbs dissociatively [3].

For T > 380 K both the experimental and calculated values for (3InR /8 In 6),
are equal to two, as would be expected from a traditional order plot for dissociative
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Fig. 2. Traditional order plots for hydrogen desorption from Ir(110) constructed from data in
ref. {3].

adsorption. However, the terms —kT ~1(3E;/01n6); and (3lnv4/d1n6); in eq.
(2), as shown in table 1, are not small but rather cancel one another. This low cov-
erage result may be a general consequence of the so-called compensation effect men-
tioned in the literature [S,6]. The low temperature result (220 K) in table 1 pro-
vides an example of the large error in the measured order from a traditional order
plot, where the apparent order [(0In Ry/d In 8)7] is equal to 6.1. Assuming that
n = 2, the calculated order using eq. (2), 10 £ 5, agrees with the experimental value.
The error limits are large for the calculated (3 In R 4/3 In 6)1 due to the uncertainty
in measuring derivatives in fig. 1. It should be noted in the low temperature case
that the deviation of the traditional order plot from yielding an order of two is
caused primarily by the observation that d£4/d6 = —10 kcal-mole—1-monolayer—1

Table 1
Parameters of order plot for H, desorption from Ir(110)
1 3Ey dlnyy 3lnRy 9lnRy
T,K 8 - [ ——
kT \olne T 9lne T olné T calc 9lné T,expt
220 0.58 10.5+4 -2512 10 5 6.1+0.3

390 0.10 ~4.6 1.0 4.8+ 1.0 22+1.5 20+0.1
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for fractional coverages between 0.4 and 0.7. This value is not unusual when com-
pared to other adsorption systems in the literature [1,2,7,8].

In conclusion, it has been shown that traditional order plots may lead to errors
in the true order of the desorption reaction of the rate parameters for desorption
vary with coverage. However, a procedure for correcting the traditional order plots
has been developed. A specific example of hydrogen desorption from Ir(110) was
discussed for illustration purposes.
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APPENDIX D
THE CHEMISORPTION OF CO ON CLEAN
AND OXIDIZED IR(110)
(The text of Appendix D consists of an article coauthored
with J. L. Taylor and W. H. Weinberg that has appeared in
Journal of Chemical Physics 69, 4298(1978).)
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Abstract

The chemisorption of CO on clean and oxidized Ir(110) has been
investigated under ultra-high vacuum conditions with thermal desorption
mass spectrometry, contact potential difference measurements, Auger
electron spectroscopy, and LEED. On both surfaces, adsorption is non-
dissociative under all conditions examined, 1i.e., temperatures between 90

6 torr. Two LEED patterns, a p(2x2)

and 1300 K and pressures below 10~
and a (4x2) disordered in the [0011 direction, form on the clean surface.

A (2x1)plgl structure forms on the oxidized surface. Thermal desorption
spectra from the clean and oxidized surfaces exhibit three and two features.
The desorption energy and pre-exponential factor in the Arrhenius equation
describing the desorption kinetics have been measured as functions of
surface coverage. The compensation effect occurs on both surfaces. In

the Timit of zero coverage, the desorption energies are 37 and 31 kcal/mole..
for clean and oxidized Ir(110). The adsorption kinetics are identical for
both surfaces. At 90 K, the sticking probability is unity until the
surface coverage nears saturation. At 300 K, the adsorption kinetics
display second-order behavior with an initial sticking probability of

unity. The saturation coverage is abouth15 mo1ecu1es/cm2 for both
surfaces at 90 and 300 K. Upon adsorption, the work function increases

for both surfaces, but is larger for the clean surface and at lower tem-
peratures. A model developed to fit the change in work function with

coverage and temperature indicates that binding sites between the topmost

rows of surface atoms are preferred energetically.
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I. Introduction:

This investigation of CO chemisorption was undertaken to give in-
sight. into the catalytic behavior of the CO oxidation reaction on
Ir(110). Surface sensitive techniques—thermal desorption mass spectro-
metry (TDS), contact potential difference (CPD) measurements, Auger
electron spectroscopy (AES), and LEED—were used to examine various
aspects of CO chemisorption on Ir(110) under ultra-high vacuum condi-
tions. These aspects include the spectroscopic characterization of the
overlayer, overlayer structures, desorption kinetics, adsorption
kinetics, and charge transfer in the overlayer. Each aspect is devel-
oped as a separate topic in this article. Inferences drawn from the var-
jous results are presented in the discussioen that parallels each topic.

Although CO chemisorption has been studied extensively on several
surfaces of the platinum metals, including the (110) surfaces of Ni (1,
2), Rh (3), Pd (4, 5), Pt (6, 7), and Ir (8), the different behavior
among the various metals justifies this new study. Moreover, many
aspects of CO chemisorption have not been treated thoroughly for Ir(110).
Examples of different behavior are numerous. CO adsorbs either molecu-
larly or dissociatively depending on the surface and the surface temper-
ature. Although a C0-(2x1)pigl LEED pattern appears on all (110)
faces of the platinum metals, c(2x2) structures have been observed on
Ni, Rh, and Pd; and (4x2) structureson Ni and Pd. First-order adsorption
kinetics with an initial sticking probability near unity have been
reported in most studies of CO chemisorption, but second-order kinetics

have been observed on Ir(111) (9). CPD measurements are understandably
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different for CO adsorption on the various metals. However, values
varying by several hundred meV have been reported for saturation
coverages on surfaces of the same metal and orientation (10).

One explanation for the different observations is that an impurity,
a surface oxide, alters the CPD for CO. Often oxygen is used to clean
carbon from the surfaces of platinum metals. As this work demonstrates,
residual oxides are difficult to detect with AES. Surface oxides,
distinct from chemisorbed oxygen, have been observed on Ni (11), Pd (12),
Pt (7), and Ir (13) surfaces. A stable, well characterized surface
oxide forms on Ir(110) (14). Understanding the chemisorption of CO on
this oxidized surface is crucial in this study because the CO oxidation
reaction {is rapid at temperatures where the oxide forms (15). Therefore,
all aspects of CO chemisorption mentioned above are considered for both
clean and oxidized Ir(110).

One additional goal of this work is modeling certain facets of CO
chemisorption. Specifically, models are developed for describing the
influence of inter-adsorbate repulsion upon adsorption kinetics and for

explaining the coverage and temperature dependences of CPD measurements.

IT. Experimental

The experiments were performed in a stainless steel belljar equipped
with fon and T1 sublimation pumps. The base pressure of the vacuum system
was 2 x 10"10 torr. The belljar contained several probes for surface

analysis, including a quadrupole mass spectrometer (UTI-100C), LEED
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optics (Varian), AES (PHI) and XPS (PHI); A double-pass cylindrical
mirror analyzer (PHI) performed the energy analysis for the various
electron spectroscopies. CPD measurements were recorded by a continuous
retarding potential technique (16). The Ir(110) crystal was spot welded
to two 10 mil Ta wires, which were mounted on a precision manipulator.
The crystal could be cooled to 90 K with liquid nitrogen or could be
heated conductively by passing a current through the Ta wires. The
surface temperature in the range from 200 - 1800 K was measured with a
Pt-Pt10%Rh = thermocouple that was spot welded to the crystal. Lower
temperatures were measured through the change in the resistance of the
Ta wires supporting the crystal.

A computer was interfaced to all probes (17). The pass energy of
the analyzer and the filter of the mass spectrometer were controlled by
the computer. The intensity of the mass spectrometer, pulse counts from
the analyzer, the thermocouple EMF, and CPD measurements were recorded
by the computer. A variety of programs analyzed and displayed the data.
Although most data were recorded digitally by the computer, smooth curves
have been drawn through the data to facilitate the presentation.

The Ir sample was cut from a single crystal (Materials Research
Corp.) and was aligned within 1° of the (110) orientation through
standard preparation and polishing techniques (18). A1l data have been
reproduced after the sample was repolished, which was done several times
during this investigation., Because Ar ion bombardment was inefficient in
removing carbon from thecrystal in situ, the surface was cleaned chemi-

cally through a series of oxidation and reduction cycles. The sample
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was heated to 90Q K in an atmosphere of 10"7 torr of 0, for several
minutes, the belljar was evacuated, and the sample was annealed above

1600 K to remove surface oxygen and to drive carbon from the bulk to

the surface. Annealing above 1600 K was absoiute]y necessary for de=
composing surface oxides. During the oxidation cycles, the surface
temperature and oxygen pressure were optimized to remove carbon rapidly
and to inhibit the formation of oxides. The oxygen used for cleaning
the crystal, as well as the carbon monoxide for the chemisorption

studies, were research grade (99.99% pure).

A1l experiments of CO chemisorption were performed on both clean
and oxidized Ir(110). The clean surface was free from impurities within
the detection 1imits of Auger spectroscopy (v 0.01 ML where 1 ML = 1015
atoms/cmz); However, the oxide, which is distinct from chemisorbed
oxygen, is relatively insensitive to Auger detection and is characterized
as follows (14). At 700 K, the oxide layer forms rapidly until the layer
saturates at a coverage qf Q.25 * Q.QS ML. Upon annealing an oxygen
covered surface to 1260 K; a“p(1x4)- LEED paftern sTowly appear;.

Oxygen that does not incorporate into the oxide layer desorbs. Above
1600 K, the oxide desorbs as oxygen molecules; no iridium oxides appear
as desorption products. An oxidized surface with reproducible physical
properties is formed routinely by adsorbing 0.8 L 02 (1L = 10'6 torr -
sec) on the clean surface at 300 K. This exposure corresponds to a

surface coverage of 0.25 ML. To transform the chemisorbed oxygen into

an oxide layer, the surface is annealed at 1100 K for one minute.
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II1, Spectroscopic Characterization of the Overlayer

Contrary to previous studies (8), evidence from Auger spectroscopy
indicates that CO adsorbs non-dissociatively on both clean and oxidized
Ir(110) at temperatures between 90 and 1300 K. X-ray photoelectron spectro-
scopy (XPS) is not useful for characterizing the adsorbate because the
carbon 1s transition is coincident in energy with thelIr 4dg , Tine. More-
over, the oxygen transitions of CO, chemisorbed oxygen, and the oxide
layer differ neither in shape nor in energy within the resolution of the
energy analyzer (0.5 eV).

Fig. la shows the oxygen KLL Auger transitions of chemisorbed CO
and oxygen at 300 K. For all spectra reported here, the electron gun current
was approximately 10 nA at 2000 V. Several spectra were summed to obtain the
necessary reso1ufion. To accentuate the Auger features, a linear back-
ground was subtracted from each spectrum. The oxygen KLL transition of
CO resembles that of gaseous CO in shape but is shifted in energy.

Because these spectra are similar in shape, but are quite different from
the transition of chemisorbed oxygen, which chemisorbs dissociatively at
300 K, CO adsorption must be at least partially molecular. This com-
parison was suggested first for CO on Ru by Fuggle et. al. (19), who
assigned hole states to the oxygen peaks for CO. Even though the CO and
oxygen are adsorbed on different metals, their spectra are nearly identical
in shape and energy to those in Fig. 1a.

The carbon KLL transitions of chemisorbed CO and carbon on clean

Ir(110) at 300 K are shown in Fig. 1b. Because the carbon KLL transition
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1ies near the-Ir.N40303‘1ine, each transition-has been accentuated.by. sub-

tracting the Auger spectrum of the clean surface from the spectrum of
the chemisorbed system. The transitions are not altered if the surface
is oxidized. The spectrum of chemisorbed CO is quite similar to a de-
rivative spectra reported for CO on polycrystalline Ir (20). By com-
parison to a gas phase spectrum (21), peaks in the CO spectra have been
associated with final hole states as noted in Fig. 1b. The peak inten-
sity assoctated with the 50 orbital is reduced with respect to the gas
phase spectrum because the surface bond is made largely through this
orbital.

The CO transition appears to be superimposed on the carbon transi-
tion so that adsorption might be partially dissociative. If the surface
is annealed to 800 K after the spectrum is recorded, CO and co, desorb.
Carbon is the only species remaining so some surface carbon must have
been co-adsorbed with molecular CO. However, dissociation is induced by
the electron beam, not through a thermally activated process. Auger
spectroscopy has been used to prove this statement. If an Ir(110) surface is
heated to 1400 K for 10 min. in 10°® torr of €O, less than 0.02 ﬁL of
carbon is detected on the surface following evacuation. The coverage is
determined by assuming that the area under an Auger transition is pro-
portional to coverage and that the Auger sensitivities of CO and carbon
are equal. When the experiment is repeated in vacuum, only slightly Tess
carbon is detected. No carbon is detected when either experiment is
repeated at lower temperatures. Therefore, chemisorbed CO does not dis-

sociate detectably through a thermally activated process below 1400 K.
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Instead, carbon appears on the surface either by electron stimulated
dissociation of CO or by diffusion of carbon from the bulk.

The cross section for electron stimulated dissociation of CO is
estimated as follows. When an electron beam of 0.5 uA, 50 V, and approx- -
imatelyl mm ~diameter impinges on an Ir(110) surface saturated with CO at 300
K, 0.05 ML of surface carbon is formed in 5 min. A background pressure
of 10'7 torr of CO is maintained to replace CO removed by electron
stimulated desorption. The electron flux (J) is 8 x 1014’cm'zsec'1.
The rate of formation of surface carbon is related to the cross section

for electron stimulated dissociation (Q) by (22)
de_/dt = JQo (1)

where Oc 1s the coverage of carbon and 6 is the coverage of CO, which is

;1921 cmz, which is

assumed to be 1 ML, The cross section is 2 x 10
the same as that for CO dissociation on Pt(111) under similar conditions
(22). This cross section should not vary substantially for higher electron
impact energies (22). Although the cross section appears to vary‘@ith :

surface temperature, this subject was not pursued.

IV. Overlayer Structures

Under the conditions examined, below 1000 K, the clean Ir(110) surface
reconstructs to give a (1x2) LEED pattern. Some possible surface structures
for Pt(110), which also reconstructs to a (1x2) structure, are described else-

where (6). Formation of an oxide layer diminishes the intensity of the half-
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order LEED beams so that the surface appears to relax to the (1x1)
structure, and streaks appear between the spots in the [001] azimuth
(14). An earlier study of chemisorption on Ir(110) associated the
(1x1) . pattern, but not the streaks, with surface oxygen (8).

The carbon patterns, which should not be confused with CO patterns,

form on both clean and oxidized Ir(110),and also appear on Ni(110) (23).

Schematic representations as well as photographs of the p(2x1) and the
(4x5) patterns of carbon are shown in Fig. 2. The p(2x1) pattern forms by
electron stimulated dissociation of chemisorbed CO. If CO and the oxygen

formed frem electron beam dissociation are removed from the surface by

annealing to 700 K (oxygen reacts with CO to form C02, but does not

désorb), the pattern sharpens. The p(2x1) pattern transforms into the (4x5)

pattern by annealing the surface to 1200 K. As determined by AES, both
patterns form above coverages of 0.05 ML. When the crystal is heated to
900 K in an oxygen atmosphere, these carbon patterns vanish rapidly, and
CO and COZ are formed. An earlier study of Ir(110) associated a c(2x2)
pattern with carbon (8). In the present study, this structure is$ assoc-
iated with oxygen only (14). The pattern disappears and co, forms when
the surface is heated to 600 K in the presence of CO. Moreover, this
pattern is never observed if oxygen is absent from the surface.

Different LEED patterns for CO appear on clean and oxidized Ir(110).
On the clean surface, two patterns, a p(2x2) and a (4x2) appear
near 90 K, but are poorly ordered at room temperature. The (4x2)

pattern is disordered somewhat in the [001] azimuth, perhaps as a result
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of surface reconstruction in that direction. Both patterns are disordered
rapidly by the electron beam and could not be photographed. Drawings of
these patterns are shown in Fig. 3. As determined by TDS, the p(2x2)

and (4x2) patterns are sharpest at 1/4 and 3/4 of saturation coverage.
The overlayer compresses continuously since, as coverage increases, the
p(2x2) - pattern streaks in the [001] azimuth and broadens in the [110]
azimuth. Then the broad streak coalesces to form the enlongated spots of
the (4x2) pattern. The (4x2) pattern appears on the (110) surfaces

of Ni (1, 2) and Pd (4, 5), but the p(2x2) pattern has not been reported
previously. Since the saturation coverage of CO on Ir(110) is one
molecule per unit cell (1 ML), as will be shown, surface structures for
these patterns may be postulated and are shown in Fig. 3. Although
theories of CO chemisorption on transition metals suggest that binding
§fté; between fhertbpmost row of surface atoms :”” are energetically
favorable (24), additional experimental evidence is needed to fix the
registry of the overlayer with respect to the surface. CPD measurements
(g.v.) indicate that CO indeed binds preferentially between the topmost
rows of surface atoms.

A (2x1)plqgl pattern forms on the oxidized surface, and appears
from 100 - 500 K and between 5 - 100% of saturation coverage. This
pattern has been observed on the (110) face of all platinum metals (1 - 8),
including Ir (8). Fig. 4 contains a photograph and a drawing of the (2x1)
plgl pattern. Since certain spots,represented by dotted circles, are
missing, this structure is distinct from the carbon p(2x1) pattern,

The missing spots indicate that plql symmetry exists in the overlayer.
Lambert (25) proposed the structure in Fig. 4 that is consistent with
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this symmetry condition. - Because the {2x1)plgl pattern is intense at
Tow coverages, CO molecules coalesce to form islands on the oxidized
surface. If the oxide layer is partially formed, i.e., the oxide

coverage is less than 0.25 ML, the  (2x1)plql pattern forms, but streaks
in the [001]1 azimuth. Hence, the oxide layer is crucial in ordering this
CO pattern on Ir. Also the overlayer appears to influence the structure
of the oxidized surface. When CO adsorbs on an amorphous or an ordered
oxidized surface with a - (1x1) or a (1x4) structure, respectively, the
substrate rapidly displays a sharp (1x2) pattern. Similar observations
have been reported for CO chemisorption on Pt(110) (6) and Ir(110) (8),

suggesting that those studies were conducted on oxidized surfaces.

V. Desorption Kinetics

Several thermal desorption spectra of CO from clean and oxidized
Ir(110) were collected as a function of CO exposure at 300 K. These data
are useful for investigating both the desorption and the adsorption
kinetics of CO on Ir(110). The latter subject will be treated in}the
next section. The desorption spectra for both surfaces show no eQidence
for dissociative adsorption since neither a CO nor a CO2 feature appears near
900 K where the reaction between chemisorbed carbon and oxygen is rapid
(as was shown previously).

Fig. 5a shows representative curves of 40 desorption spectra for CO
from clean Ir(110). The average heating rate (B) for each spectrum is
36. K/sec. Three features appear with relative intensities of 1:2:1 for

saturation coverage. The completion of the first and second structures
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is associated with-1/4 and 3/4 of saturation coverage. Since LEED patterns

appearing at these relative coverages may be associated with absolute

coverages of 1/4 and 3/4 ML, saturation coverage is 1-ML or 9.6 x 1014

moTch]es/cm%, Moreover, this determination coincides with results

L)

obtained from adsorption kinetics (g.v.).

13

Assuming a pre-exponential factor of 10 sec'{ desorption energies

of 23, 29 and 35 kcaT/mole are associated with the three features, but

ihiéwééproximation is both unnecessary and incorrect (26). These data may
be analyzed to yield the coverage dependences of the pre-exponential factor

[vd(e)] and the desorption energy [Ed(e)] in the Arrhenius expression for

desorption”
- de
Ry = -Cs.q¢
=va(e)cse exp [-E,(6)/KT] (2)

where Rd’ Cs’ k, t, and T are the desorption rates the concentration of
CO sites (9.6 x 1014/cm2), the Boltzmann constant, time and surface temp-
erature. The order of the desorption <is assumed to be one since €0
adsorption is non-dissociative. Because the experimental chamber is
pumped rapidly, the desorption rate is proportional to the intensity of

the mass spectrometer signal (I) so that

= nl (3)

1
Qo
D

where n is the proportionality constant. The coverage for any point in
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a desorption spectrum is determined by integrating Eq. (3),

6, - 6(t) = n Jt Idt (4)
o
No special form for the heating schedule need be assumed in performing
this integration if the intensity and temperature are monitored as in-
dependent functions of time., If the initial coverage(eo) is known, the
constant (n) may be determined by integrating Eq. (4) over the entire
spectrum. Since the desorption rate and temperature for a particular
coverage vary with the initial coverage, an Arrhenius plot of Lan
versus 1/T for a particular coverage gives the desorption energy from
the slope [- Ed(e)/k]and the pre-exponential factor from the intercept
£n§hﬁ3056/n]. However, the resulting values are highly inaccurate

because the desorption rateand .temperature do not vary strongly with

13sec-l).

coverage if the pre-exponential factor is large (~ 10
Excellent accuracy is obtained if the heating schedule, rather than
the initial coverage, is altered to vary the desorption rate and temper-
ature for a particular coverage. Ten desorption spectra of CO from
clean Ir(110) were collected by varying the heating rate from 4.5 to 212
K/sec (27). By exposing the surface to 10.0 L of CO at 300 K, the
initial surface coverage was fixed at 0.82 ML for each run. Arrhenius
plots constructed from these data are shown in Fig. 6a. This procedure
could be inaccurate since three features appear in the desorption spectra,
implying that desorption may occur from multiple distinct sites at any

particular coverage. However, the peaks in the spectra are separated in

energy sufficiently that desorption from multiple sites is a second order
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effect .since the difference in the désorpt1on energies of the peaks is
greater than 10% of the desorption energy of the highest temperature peak
(26). Moreover, LEED data (q.v.) indicate: the overlayer compresses con-
tinuously so that the three peaks in the thermal desorption spectra appear
as a result of interadsorbate interactions, rather than desorption from
multiple sites. |

In Fig. 7a, the desorption energy and pre-exponential factor from the
Arrhenius plots are shown as a function of surface coverage. Substantial
decreases in the desorption energy near 0.25 and 0.75 ML are associated
with the completion of peaks in the desorption spectha and with the for-
mation of LEED structures. Because CO adsorption on the platinum metals is
not believed to be activated (28), the desorption energy is near]y‘equal to
jsosteric heats measured for CO chemisorption on the (110) faces of other
platinum metals. In the low coverage 1imit, the desorption energy 37
kcal/mole, does not differ appreciably from isosteric heats of 30, 31, 40,
31 and 37 kcal/mole measured for Ni (2), Rh (3), Pd (5), Pt(6) and Ir (8).
Although the isosteric heats for Ir, Ni (2) and Pd (5) decrease continuously
with coverage, substantial decreases in the isosteric heats occur at

different coverages. As shown in Fig. 7a, the desorption energy'bf chem-~
sorbed CO on Ir varies almost linearly with coverage. Some models for chem-
isorption indicate that a linear decrease in the isosteric heat is associated
with intermolecular repulsion (29), but the large decrease for Ir, 16 kcal/
mole-ML, cannot be attributed solely to nearest-neighbor repulsive interactions
A model for the adsorption kinetics (q.v.) indicates that these interactions
reduce the isosteric heat by about 2 kcal/mole-ML. The additional

decrease may be attributed to other phenomena, such as changes in CO

binding sites with coverage or longer-range inter-adsorbate interactions.

The former conjecture is unlikely since it contradicts the results from
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CPD measurements and from the continuous compression seen with LEED (q.v.).
The compensation effect (28) occurs for CO desorption from Ir; that

is, the desorption energy and the pre-exponential factor vary in

sympathy. As discussed elsewhere (30), this effect should be common to

most desorption systems. To describe the compensation effect in desorp-

tion kinetics, Bauer and coworkers (31) developed a modified form of the

Arrhenius expression,

E.(6)
_ n d 1 1
Rd = \)OCSG exp |:— E (T - T—;)] (5)
51 -1
where»n,v0 and Ts are constants, and are equal to 1, 7 x 10 - sec

and 1240 * 50 K, respectively, for CO desorption from clean Ir(110).
Activated complex theory (28) is useful for rationalizing the sub-

stantial decrease in the pre-exponential factor with coverage. In this

theory, the pre-exponential factor is related to the entropies of the

activated and chemisorbed phases, S,(6) and ss(e),
£nvg (0) = [S4(8) - S.(8)1/k T (8)

The activated phase may be thought of as a precursor state to desorption.
Since the pre-exponential factor decreases with coverage, either the
entropy in the activated phase decreases, or the entropy in the adsorbed
phase increases. Both conjectures are reasonable. Since the number of
molecules in the activated phase is approximately proportional to the

number in the adsorbed phase, the population in the activated phase
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increases, but the entropy deckééSeéfaé thé'ﬁumber'1ncréa$es;(§g). If the
overlayer becomes more mobile as coverage increases, and the mobility of the
activated complex does not change, the entropy of the adsorbed phase increases.
This conjecture is substantiated by theories of CO chemisorption on the plat-
inum metals, which indicate that CO binds less deeply in thé potential wells
of the surface as coverage increases (24). The precursor model for desorption
developed by King (33) is not appropriate for describing the change in the
pre-exponential factor with coverage. This theory would predict that the pre-

exponential factor increases with coverage, but the opposite trend is observed.

Desorption spectra of CO from oxidized Ir(110) are different from
those obtained on a clean surface. Representative spectra from the
oxidized surface with a heating rate (B) of 40 K/sec are shown in Fig.
5b. CO reacts with the oxide layer to produce both CO and CO2 as
desorption products. Since some CO is created when 002 is ionized by
the mass spectrometer, this CO signal, which is deduced from the
cracking pattern for CO2 and from the CO2 spectrum, has been subtracted
from each CO spectrum. To account for the different sensitivities of CO
and CO2 in the mass spectrometer, the CO2 spectra have been multiplied
by a weighing factor also. From’comparing the area under the CO spectrum
for clean Ir(110) to the sum of the CO and CO2 areas for the 6xidized
surface, saturation coverage on oxidized Ir(110) is 1 ML. This rgsu]t is
also in agreement with the observed (2x1)plgl LEED structure;m>A‘maximum of
65% of the oxide layer reacts with CO at 4 L exposure. This fraction
decreases slightly for higher exposures. The oxide is distinct from
chemisorbed oxygen because all chemisorbed oxygen reacts wiFh CO under

similar conditions, Further details of the CO oxidation reaction
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involving the two forms of surface oxygen are discussed elsewhere (15).
Two peaks with relative intensities of 1:1 at saturation coverage

appear in the CO desorption spectra from the oxidized surface. McCabe

and Schmidt (7) observed similar two-peak spectra for CO desorption from

an oxidized Pt(110) surface, but reported different spectra for a clean

13 1

surface. If the pre-exponential factor is assumed to be 10°~ sec -,

desorption energies of 29 and 36 kcal/mole are associated with the two
peaks for oxidized Ir(110). The coverage dependences of the desorption
energy and pre-exponential factor are calculated from Arrhenius plots con-
structed from the desorption spectra and are shown in Fig. 6b. Suitable
accuracy is obtained because the pre-exponential factor is relatively
small (§ 1011 seEI) (30). The CO coverage is determined from the
weighted sum of the integrals [Eq. (4)] of the CO and €0, spectra,
Although the CO and oxide coverages should be held constant in an
Arrhenius plot, the oxide coverage varies for each plot shown in Fig. 6b.
Thus, the calculated rate parameters may be somewhat inaccurate.

The coverage dependences of the desorption energy and the pre-
exponential factor for the oxidized surface are shown in Fig. 7b. Al-
though the shapes of these curves are nearly identical to those obtained
for the clean surface, both the desorption energy and the pre-eXponentia] factor
for any coverage are substantially lower on oxidized Ir(110). In the
limit of low coverage, these rate parameters assume values of 31
kca]/moleandlollsec-l. The desorption features from the oxi dized surface
appear at higher temperatures than those from the clean surface, not
because the desorption energy is larger on the oxidized surface, but

because the pre-exponential factor is smaller. The desorption energy is
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again a strong function of coverage, varying by 16 kcal/mole over 0.5

ML, and the compensation effect occurs once more. The parameters Vo and
Tg in Eq. (5) assume values of 4 x loﬂsec'1 and 650 + 10 K, which differ
substantially from those for the clean surface. As Bauer and coworkers
have suggested (31), these parameters are quite sensitive to the condi-
tion of the surface. Since the desorption kinetics of CO differ markedly
for the clean and oxidized surfaces, the two surfaces might be expected

to display different catalytic behavior for the CO oxidation reaction.

This is indeed the case (15).

VI. Adsorption Kinetics

By integrating Eq. (4) over an entire desorption spectrum, an
initial coverage is associated with a gas exposure. In this way, the
adsorption kinetics of CO on clean and oxidized Ir(110) at 300 K have
been . deduced . from the spectra in the previous section and are shown
in Fig. 8. An absolute coverage may be associated with each exposure
since, as shown previously, the saturation coverage on either sunface at

14 mo]ecu1es/cm2). The adsorption kinetics for CO

300 K 1s 1 ML (9.6 x 10
exposures below 10 L are identical for the two surfaces within experimental
error. AbovelO L exposure, the coverage of CO increases slowly until

the surface saturates at several hundred Langmuirs. This trend is
definitely not an artifact resulting from drift in the gain of the mass
spectrometer and has been observed previously on Ir(111) (18). Near

saturation coverage, the overlayer desorbs =~ slowly at a rate of

about 10"4 ML/sec at 300 K. This behavior is predicted from the
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measurements of desorption kinetics (q.v.) by extrapolating the rate
parameters to saturation coverage.

The probability of adsorption (S), or:the sticking probability, is
the ratio of the number of gaseous CO molecules that chemisorb to the-

number that impinge on the surface (9),

s = (2rMgkT) %, (7)
where MCO’ Tg, and e are the molecular weight, temperature, and exposure
of the gaseous CO. After the exposures are adjusted for the CO sensi-
tivity of the ion gauge that monitored the exposures, an initial sticking
probability (So) of 1.04 + 0.05 is calculated for CO adsorption on either
surface. This result agrees closely with other values reported
for CO adsorption on the platinum metals (9). Regardless of
the metal or the orientation of the surface, the initial

sticking probability is nearly one.

Different models for adsorption kinetics fit the data, depending on
the coverage range. The Langmuir model (35) is appropriate below 0.4
ML, a first-order precursor model (36) is appropriate below 0.7 ML,
but the best overall fit is obtained with a second-order precursor model
developed by King and Wells(37). This model has two noteworthy features. A
molecule in the precursor state may not chemisorb unless it is above an

empty adsorption site having one or more empty nearest neighbors. Second,
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the overlayer is ordering and disordering continually because of
repulsive or attractive interactions between adsorbates, and thermal
randomization of the adlayers. This model is apposite for the non-
dissociative adsorption of CO if the probability of chemisorption is
zero above an empty site with no empty nearest neighbor and is constant
otherwise. This hypothesis does not imply that an adsorbed molecule
cannot be surrounded completely by other adsorbates, but does mean that
chemisorption must occur in one site in a pair of empty and adjacent
sites. |

In the seéond-order precursor model (37), the sticking probability
(S) is related to the initial sticking probability (S%), a constant (k)
that is inversely proportional to the lifetime of the precursor state,

and the fraction of empty sites with an empty nearest neighbor (eoo),

= [1- 0+ W)™ (8)
(o}
The value of 80 depends on the fractional coverage and a constant B,

(1-4Bo(1 - 6))%+ 1 (®)

eoo=(1-e)-

but {is insensitive to whether the adlayer is twofold, fourfold, or six-
fold symmetric (34). The constant B is related to the attractive or

repulsive energy between nearest neighbors,

v = - kTén(1 - B) (10)
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where a negative value for y is-associated with an attractive interaction.
CO adsorption on both clean and oxidized Ir(110) at 300 K, the second-
order model with So =1.0, k=0.2, and B = 0.96 fits the kinetic: data
well. This model in the integrated form, obtained from Egs. (7)-(9), is
shown as a solid line in Fig. 8. |

The repulsive energy determined from this model, -y = 2 kcal/mole,
may-be compared to that from a Lennard-Jones potential between two

adsorbates (38),
wir) =4 [(2) 22 - (9 F] (11)

Values of ¢ = 3.76 R and To = 100 K for gaseous CO approximate the values
for chemisorbed CO. The distance between the centers of adsorbates (r)
may be estimated as 3.3 R, which is the largest distance consistent with
(2x1)plgl - . symmetry of the overlayer on the oxide (see LEED results)
(25). Hence, the value for y from the Lennard-Jones potential, 2
kcal/mole, equa]é‘the value from the kineticmodel. If the overlayer has
plgl symmetry, each adsorbate has two nearest neighbors so that inter-
molecular repulsion reduces the heat of adsorption by about 2
kcal/mole-ML. The decrease in the heat of adsorption with coverage, 16
kcal/mole-ML, results only in part from intermolecular repulsion,
Second-order behavior for CO adsorption kinetics on the platinum
metals is not unique to Ir(110) and has been reported on Ir(111) (9).
Moreover, two independent groups have reported the coverage dependence
of the sticking probabitity of CO on Pt(111) (39), which shows second-

order behavior. This kinetic behavior might be observed for other

For
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surfaces of the platinum metals if higher exposure regimes (>10L) are
investigated. |

The adsorption kinetics of CO on Ir(110) at 90 K are inferred from
CPD measurements (q.v.). The sticking probability is uniformly one up
to 0.8 ML and decreases somewhat at higher covefages. The saturation
coverage at 90 K is 1 ML, For this reason and since the CPD is not
altered after annealing the overlayer to 300 K, CO does not appear to
adsorb physically at 90 K. Ai first glance,the measurements of a
uniformly large sticking probability at 90 K might appear to be incon-
sistent with the second-order kinetics observed at 300 K, If thermal
randomization of the overlayer is negligible at 90 K, the parameter B would
approach one so that the saturation coverage at 90 K would be 0.5 ML
(37). However, since 90 K is near the sublimation point of CO, the 1ife-
time of the precursor state is protracted, and the parameter « approaches
zero. Therefore, the extended lifetime of the precursor state compen-
sates for the poor thermal randomization of the overlayer so that the

kinetic behavior at 90 K is consistent with the second-order behavior at

300 K.

VII. Charge Transfer to the Overlayer

The contact potential differences (CPD) for clean and oxidized
Ir(110) at 90 and 300 K were measured as a function of CO exposure and
are shown in Fig. 9. In all cases, the CPD is positive, i.e., the work

function of the surface increased with CO coverage. For saturation coverage

on the clean surface, the CPDs were .28 and 0.23 + 0.01 eV at 90and 300 K; on
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the oxidized surface, 0.17 and 0.13 + 0.01 eV at 90 and 300 K. For any
temperature, and coverage, the CPD is markedly different on the two surfaces.
Previously reported variations in the CPD on identical surfaces under the
same conditions, which are as large as 0.2 eV for CO on some platinum

metals (lg), may result from inadvertent measurements on oxidized sur-

faces.

The sensitivity of the CPD to the surface oxide is estimated
readily. If 1 ML of CO is adsorbed on the oxidized surface and is
flashed off at 800 K, a subsequent measurement of CPD versus CO exposure
lies between the curves for clean and oxidized Ir(110). The curve for
the clean surface is obtained after this cycle is repeated five times..
As~statéd previously, about 65% of the complete oxide layer reacts with
1 ML of CO during a flash. If 65% of the remaining oxide is removed
with each additional cycle, then 0.005 ML of oxide remains after five
cycles. Hence, the CPD is sensitive to oxide concentrations of less
than 1%, which exceeds the detection 1imit of AES.

MacDonald and Barlow (40) have related the CPD to the apparent
polarizability (o) and the apparent dipole moment (u) for the adsorbate
near zero coverage, Because of the image charge in metals, the apparent
dipole moment is twice thé component of the true dipole moment of the
adsorbate that is normal to the surface and must be divided by two before
it is compared to gas phase values. The apparent polarizability is the
normal component of the true dipole moment divided by the normal com-
ponent of the effective field at the surface (41). This field equals

the average surface field that occurs at a binding site in the absence
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of induced charge (En) plus the field that is induced by the dipole
moment (Ei)' Since the induced field produces the image charge of the
dipole, the apparent polarizability is the ratio of the apparent dipole
moment (u) to - the average field normal to the surface (En).
These conventions for u and a, which are used throughout this article
and others (40), are convenient because the induced field may be ignored
completely if the apparent dipole moment (u) is used in place of the
true dipole moment (u/2). If the sign of u is positive, negative charge
is transferred from the surface to the adlayer.

The model of MacDonald and - Barlow (40), a modified form of the
Topping model, accounts for the depolarization of the overlayer resulting
from dipole-dipole interactions. For a fixed surface temperature, the
ratio of the coverage (6) to the CPD at that coverage (A¢) is plotted
versus coverage. The slope of the resulting 1ine is (aACS%/4nu), and
the intercept is (t/4nCsu), where A is a structural parameter for the
overlayer and is equal to "9.46 if the overlayer has the perioedicity of the
(110) surface (14). This model, one of two developed by MacDonald and Barlow,
is appropriate for adsorptionat specific sites , rather than onan amorphous surface.

For CO adsorption.at 300 K, Topping plots of 6/A¢ versus 6 are con-
structed by relating a coverage from adsorption kinetics to a CPD through
points of constant exposure. At 90 K, the plots are produced by assuming
that the initial sticking probability is one, and the plot gives a single
straight line. The adsorption kinetics at 90 K were deduced from these
plots. The initial sticking probability is one because CO adsorption

is not activated. Since the plots at
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300 K give a single line, the plots at 90 K presumably behave similarly.
Moreover, this construction gives a value of 1 ML for saturation cover-
age of CO on both clean and oxidized Ir(110) at 90 K. However, Topping
plots do not produce a single line always, but sometimes give two or
more Tinear portions, as for oxygen adsorption on Ir(110) (14). Plots
for CO adsorption on clean and oxidized Ir(110) at 90 and 300 K are
shown in Fig. 10. The calculated values for the normal components of
the polarizability and dipole moment for CO, shown in Fig. 10, are tem-
perature dependent.

Two models, involving the thermal randomization of the rotational
and the translation motions of the adsorbate, will be developed to
describe the temperature dependences of the polarizability and the dipole
moment. Although population in a vibrational mode that is normal to the
surface varies with temperature, the CPD does not because the mean dis-
placement of the adsorbate from the surface, which is proportional to

the dipole moment, is constant (41).

The CPD for any coverage may change as a result of the thermal
randomization of a rotational motion (42). The Auger spectra of CO on
Ir(110) (q.v.) indicates that CO is attached to the surface through a
carbon-metal bond. Assuming that the substrate is flat, the adsorbate
may precess about this bond at angles of up to 90° with respect to the

surface normal. The field at the surface (E) tends to orient the
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apparent permanent dipole moment of the adsorbate Qfo) either normal or
parallel to the surface, depending on whether the signs of the field and
the dipole are either aligned or juxtaposed. The potential energy (U)

for orientation is (41)
*E =%y _E _cos6 (12)

where 6 is the angle between the dipole and the surface normal. That is,
the average field (E) for a flat metal surface equals the normal com-
ponent (En). The sign of U is minus (plus) if the field and the dipole
are aligned (juxtaposed).

The apparent polarizability [a(T)] of the overlayer equals the
normal component of the apparent dipole moment R = ¥y <cos6>]. divided-

by the magnitude of the field (En) (41)
a(T) = M, <COsO>/E (13)

Here <cos0> is the thermal average value of cos9,

n

.l; e"U/ chos 8ds

-U/kT
d/; e dn

<c0sH>

| e
= - ;.i (14)

where df? is an element of solid angle in the half sphere in which the



287

adsorbate may precess, and x = poEn/kT. Because Moo En and T are

8

typica]]y'lD(=10'1 esu - cm), 106 V/cm, and 100 K; x is on the order of

0.1. Hence, Eq. (14) may be expanded in a Taylor series about x = 0.

1 x
To first order, <cosg> = 797 » and

oT) = 5 o o 15
7 % * T2RT (15)

where the electronic polarizability @Le) is defined as uo/En. If the
signs of the field and the dipole are aligned (juxtaposed), the sign of
the second term is plus (minus).

Except for the numerical coefficients on the two terms, Eq. (15) is
jdentical to the Langevin relation (41), which describes the temperature
dependence of the polarizability of a homogeneous dielectric field (41).
The mathematical formulation of the two models is identical except for
the limits of integration in Eq. (14). If the true dipole moment
replaces the apparent value, Eq. (15) reduces to the Langevin relation.
However, the Langevin relation in terms of the apparent dipole moment
has been applied erroneously to metal surfaces (40). In both ca;es for
a surface, the limiting value of <cos6> with increasing temperature is
0.5, which explains why the term %—ae rather than a, appears in Eq. (15).

Since the polarizabilities for CO on Ir(110) decrease with increas-
ing temperature, the signs of the field at the Ir(110) surface and the
permanent dipole moment of CO are aligned and a plus sign is associated

with the second term in Eq. (15). The term x for these data is of order

one so that ﬁo and o, must be determined from Egs. (13) and (14).
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Electronic polarizabilities of 20 and 60 33 and apparent permanent
dipole moments of 0.55 and 0.8 D are obtained for CO on clean and oxi-
dized Ir(110), respectively. At any temperature, <cosg> is p(T)/uo S0,
in three of the four cases, <cose> is significantly less than 0.5.
Because Eq. (14) dictates that <cose> is no less than 0.5 if the signs
of the field and the dipole are aligned, this model does not describe
the temperature dependences of the CPD for these data consistently.
This model might be appropriate if CO binds on the ridges in the (001)
azimuth where <cose> could be less than 0.5. However, the diameter of
a chemisorbed CO molecule, 3.3 R (as shown in the last section) is com-
parable to the distance between the troughs, 3.8 A, so the surface should
appear flat to chemisorbed CO. Therefore, this rotational model does
not describe the temperature dependence of the CPD adequately for these
data.

In the second model, which is similar to one developed by Ertl et al.(39),
the CPD for any coverage changes with temperature, because the adsorbed
molecules are energetically partitioned between two states of different
electronic polarizabilities and permanent dipole moments. Since the LEED
patterns of CO disorder only in the [001] aéimuth as the sﬁ}gééé féﬁper?
ature increases, thermal randomization must be signifjcant in the [001]
azimuth, but may be ignored for the [110] azimuth. The potential variation
for chemisorption in the [001] azimuth may be approximated by a periodic
square well of height U, The magnitude of the permanent dipole moment is
Hq for the minima and Ho for the maxima. The electronic polarizability
varies similarly (ﬁé)- Hence, by Boltzmann statistics (32), the

temperature dependence of the apparent dipole moment is
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‘ eU/kT

1
u(T) = +
1+ eU(kT

H2
(16)
1 + J/KT

where the rotational motion will be ignored for the time being. This

expression may be simplified in the 1jmit of small U/KT,

-y U
U(T) =ypt 7 KT (17)

= My tu _ .
where y = _l_?__Z. and Ay = My = My The same expression in o and Ao is

obtained for the temperature dependence of the apparent polarizability

[a(T)1. If the electric fields at both types of sites are equal, the

ratio of the dipole moment to the polarizability for any temperatire is inde-

pendent of temperature and equals the field, but this need not be the case.
.This ratio is independent of temperature for CO on either clean or

oxidizéd Ir(110), and this result is not surprising. - The

diameter of chemisorbed CO (dCO~'= 3.3 K) is

large compared to the depth of the troughs on the surface, which are

about one-half the diameter of a Ir atom (dIr = 2.7 R). Furtherqore, the

area occupied by'chemisorbed CO( %-dgo =9 RZ) is comparable to the area

of a unit cell (¢r2'd§r = 10 RZ). Hence, the field acting on CO is

averaged over a relatively large volume on the surface and is independent

of the binding site. This is not the case for oxygen on Ir(110) where

the dimensions of the adsorbate are much smaller than the dimensions of

a unit ce]]é(lf). . The average surface fields for CO on clean and oxi-

7

dized Ir(110) are approximately 10 and 3 x 106 V/em. As an aside, the

electronic polarizability depends on the total field normal to the
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surface. In field emission microscopy (44), the applied field
(v 107iVAﬂn)is comparable to the naturally occurring field at the surface
so the measured CPD is understandably different from values obtained by
other methods, which perturb the surche minutely.

Since this translational model has three parameters, but only two
dipole moments are available from the data, values for ags Gps Hys o
and U may be estimated only. Based upon the electronegativities for
C, 0, and Ir atoms (45), the dipole of CO is not expected to have a large
negative sign; that.is, a large transfer .of charge toward the carbon atom
and the surface is not anticipated. A minimum value of‘-ID may be |
postulated for the dipole moment of CO. This requires that the potential
(U) be 0.1 - 1 kcal/mole, which is close to the potential between sites
for CO on Pt(111), 0.5 kcal/mole (39). Since the potential is on the
order of tenths of kcal/mole, oy > a(90 K), ay < 0,10 2 My 2 u(90 K) and
-1B < p, < 0 for CO on either clean or oxidized Ir(110). The dipole
moments on the oxidized surface are understandably smaller than those on
the clean surface, for the oxide layer is expected to localize charge
closer to the surface, 3

Because the dipole moment of CO on clean or oxidized Ir(110) is
between -1 and 10, the overlayer is rotationally randomized above 300 K.
In this temperature range, the thermal average angle between CO and the
surface normal is 60°, the calculated values of My and H, are directly
comparable to gas phase values, and the apparent polarizability equals
the true dipole moment (u/2) divided by the average surface field (En).
These results appear to contradict those of an angular resolved UPS study

of CO on N1(100) (46), which indicate that the angle between CO and the
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surface normal is no greater than 20° at 300 K. However, the dipole
moment -and polarizability of CO on Ni(100) are expected to be very
different from the values for Ir(110) because the CPD for an equivalent
coverage is markedly different (10).

The dipole moments from the translational model are close to the
gas phase value, - 0.12 D, where the minus sign indicates that the net
flow of charge is toward the C atom (47). Although the bonding electrons
move toward the O atom, the non-bonding electrons move toward the C atom.
Similar chemical arguments are used to determine whether sites on top of
the rows of surface atoms or sites in the troughs are favored energet-
ically. The flow of charge in the C-Ir bond will be ignored because the
electronegativities of these atoms are nearly identical (45). From the
Pauli exclusion principle, the movement of the non-bonding electrons from
CO toward the surface is more likely for sites on the rows than in the
troughs where the average density of metal electrons is greater (24).
Only sites on the rows are expected to have a vanishing or negative
dipole moment. Therefore, trough sites are energetically favored since
the dipole moment in the energetically disfavored sites on Ir(110) is no
greater - than zero. This reasoning agrees with several theoretical studies
of CO chemisorption on the platinum metals (24), . but contradicts
arguments based on the vibrational spectroscopy of CO on these metals
(48). However, these arguments have been questioned elsewhere (39), and
the experimental results are controversial (49).

Both experiments and theory demonstrate clearly that the CPD for

any coverage may vary with temperature. By assuming this variation is
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insignificant, isosteric heats of adsorption often are measured for
points of constant CPD (50). A method for estimating the error in
these measurements will be developed.

If the partial molar volume of the adsorbed phase is small compared
to that in the gas phase (VG)’ and if the surface area (a) does not vary

upon chemisorption, the chemical potential in the adsorbed phase GJS) is

approximated by (51)

- - S
dus = - ssdT + (ﬁ_)T . ade (18)

where E; is the partial molar entropy of the adsorbate. The chemical
potential for an ideal gas (Ub) is

due = - sGdT + kTdanP (19)

where Sa and P are the molar entropy and the pressure in the gas phase.
(The symbol U with a subscript of s or G denotes a chemical potential,
not a dipole moment.) Since the chemical potentials for the twoéphases
are equal at equilibrium, and since the isosteric heat At {s approxi-

mated closely by (sG - 5;)T, the Clausius-Clapeyron relation for points

of constant CPD is

34nP _ Yst T dug EY:
- [a(l/T)]Aqb -kt E(a—e_T,P,a k’a‘f)w (20)

Eq. (20) is simply the usual Clausius-Clapeyron relation (51) with an
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extra term, which equals the error (e/k) introduced by ignoring the
temperature variation of the CPD.

The term (g?) Ad is evaluated by assuming that the Topping equation
relates the coverage and CPD at any temperature

4nC |
36 - _ a2 s du _ ,3/2 3a
(aT)M ® < ae oT - MG aT) (21)

In the translational model, both the polarizability and the dipole
moment of the adsorbate vary with temperature according to Eq. (17).

Once again, the Topping equation gives A¢ so Eq. (21) reduces to

96 =0 (U, (A 3/2
(ﬂ)A(b = "17 (Ik—) |:U: + GAC / (UR OLR - Aa):l (22)

where Q, Hps and ap are the coverage, dipole moment, and polarizability
associated with the CPD (A¢) at a fixed reference temperature. At this
temperature, the coverage-CPD relation is established to give the
coverage dependence of the isosteric heat. The error (e in kcal/mole)
depends upon the choice of reference temperature (usually 300 K)f as
well as the coverage and the temperature at which the Clausius-Clapeyron
expression is evaluated. Because the average surface field for Ir(110)
is the same for the two types of binding sites, the second term in
brackets vanishes. As argued previously, this uniformity should occur
generally on metals if the dimensions of chemisorbed CO are comparable
or larger than the dimensions of a unit cell. Assuming that the potential

variation between sites (U) is 0.5 kcal/mole, which has been shown to be
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a reasonable value, and that the reference temperature is 300 K, Mp =
0.17 D and Au = 0.70 D (from Eq. 16). Because the potential energy for
rotation is small for this case (uoEn<cose>m 0.1 kcal/mole), fhe adlayer
is rotationally randomized above 90 K. Little error is introduced by
entirely ignoring this motion. For CO on clean Ir(110), Eq. (22) is

approximated closely by

(23)

in Eq. (20) is approximately

Intuitively, the term (%%)
T,P,a

oE
- (559) = 16 kcal/mole-ML, but may be estimated more precisely. The
enthalpy in the adsorbed phase (Hs) is related to the entropy (Ss)’ the

surface pressure (¢), and the chemical potential (us) by (51)
HS = TSS - ¢a + U N (24)

where ng is the number of adsorbed molecules. By differentiating with

respect to ng with T, P, and a constant, Eq. (24) becomes

™
— _ = 9¢ S

hg = Tsg - (an ) @ T ougt \an ) s (25)
S/T,P,a S/T,P,a

oH 39S
where h_ = —3 and 5. = |(—= are partial molar
S <anS)T’P9a i 5 (3ns )T,P,a P



295 -

— — P )
quantities. Because hS - TsS = Ugs nS/aCS = 0, and ¢ = kT L) (nséz)dznP,

which is a good approximation of the Gibbs equation for surfaces (51),

ou p
(5‘5") - K2 U edﬂnP:l (26)
T,Pa - 0 T,P,a

Eq. (26) is evaluated directly from thermodynamic data.

when no such data are available, Eq. (26) may be evaluated from
kinetic data. At equilibrium, the product of the flux of molecules to
the surface and the sticking probability [from Eq. (7)] equals the

desorption rate [Eq. (5)]

E
PS(e, T) . d(e) (1 _1
————‘i:(zﬂ;mm) T Vhs? e [ e (‘f - Tgﬂ (27)
g

Substituting Eq. (27) into Eq. (26),

(E‘Ls.) KT kT [Ljee (_——18@"3(9’ T) de]
TP - T

a0 ) ¢ a6 0 a6

11 \s [ e, [2E4(®)
_(B--Tsj)é—e-er( =5 de (28)

I

Eq. (28) is evaluated at the temperature and coverage at which the

error in the isosteric heat is to be calculated. For CO on Ir(110), the

)2, and the desorption
oE

adsorption kinetics are second order, S = So(l -9
energy varies linearly, or piecewise linearly, with coverage, 5§9> =
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- E.. Hence, Eq. (28) reduces to

8
ou
s - 1+6 L
(’a‘é‘)T,R,a_, e eT] Es(l 'rs) (29)
.. C . a“s\
If the first term is ignored and T is much less than TS, 55—7T,P,a

equals -(aEd/ae) as stipulated earlier.
From Egs. (20), (23) and (29), the total error in the Clausius-
Clapeyron equation .evaluated for points of constant CPD and for a

reference temperature of 300 K is

(1+60), UE 5 (l - _1__) (30)

where U = 0.5 kcal/mole and TS = 1240 K. The coverage variation of the
energy of desorption, which nearly equals the isosteric heat of adsorption
(52), may be approximated by a piecewise linear fit and is shown as a dashed
line in Fig. 11. The error in the isosteric heat at 500 K, given by Eq. .

(30), is superimposed on the isosteric heat and is represented by a ‘dotted

1ine. At 500 K, the adsorption and desorption rates of CO on Ir(110) are

approximately 0.5 ML/sec at 10'6 torr, which is a typical pressure for

evaluating the isosteric heat under UHV conditions. If the temperature
is varied by +100 K, the error (€) is not altered significantly, but the
1/T term in e introduces some skewness in the Clausius-Clapeyron plots

[Eq. (20)1. This skewness is negligible to first order. The solid line

in Fig. 11 represents the isosteric heat measured for points of constant
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CPD if the discontinuities in the piecewise linear fit are smoothed.
Several artifacts arise if the isosteric heat is evaluated for points
of constant CPD. Since the measured heats are too large, pre-exponential
factors deduced from these heats are also too large because this factor
offsets the overestimation of the isosteric heat. The compensation
effect in the desorption kinetics may be masked entirely. The error in
the isosteric heat is particularly great at high coverages. Moreover,

the error is accentuated near coverages at which <%%) is large
T,P,a -

(for example, near coverages at which the overlayer structure changes) .

VIII, Conclusions

The chemisorption of CO on a clean surface and a well characterized
oxidized surface of Ir(110) has been studied to give insight into the CO
oxidation reaction on Ir(110). CO adsorbs non-dissociatively on both

P 3

surfaces at temperatures between 90 and 1300 K. The saturation~coverage

14 molecu]es/cmz).

on both surfaces at 90 and 300 K is 1 ML (9.6 x 10
Different LEED patterns form on each surface. On the clean surface, a
p(2x2) pattern and a (4x2) pattern disordered in the [ 001] azimuth,
form near 0.25 and 0.75 ML. Between these coverages, the overlayer

appears to compress continuously. A (2x1)p1gl pattern forms on the
oxidized surface between 0.05 and 1.0 ML, indicating that the overlayer

coalesces into islands.
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The thermal desorption spectra of CO from the two surfaces differ
also. Three peaks with relative intensities of 1:2:1 appear in the
spectra from the clean surface; two peaks with relative intensities of
1:1 appear in the spectra from the oxidized surface. Up to 65% of the
oxide layer reacts with CO to-form'COZa The desorption energy and the
pre-exponential factor in the Arrhenius expression describing the
desorption kinetics have been measured as functions of coverage for both
surfaces. The compensation effect occurs for both cases, and the shape
of the desorption energy versus coverage relations are similar. The
desorption energy decreases continuously with increasing coverage up to
0.25 ML, drops off sharply there, and levels off up to 0.6 ML. In the
1imit of zero coverage, the desorption energy and the pre-exponential

1

factors are 37 kcal/mole and 1013 sec - for the clean surface, and are

1 for the oxidized surface. Although the

31 kcal/mole and 101! sec”
desorption kinetics for the two surfaces differ, the adsorption kinetics
are the same. At 90 K, the sticking probability is one up to 0.8 ML,
and CO does not appear to adsorb physically. At 300 K, the adsorption
kinetics display a second-order behavior with an initial stickind
probability of one. This behavior does not result from dissociative
adsorption, but from intermolecular repulsion.

The contact potential difference (CPD) increases with CO coverage on
both surfaces at 90 and 300 K. The CPD is greater on the clean surface
and at Tower temperatures. A Topping model, which relates the coverage

to the CPD for a fixed temperature, was used to determine the normal

components of the dipole moment and the polarizability of CO. The dipole
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moment is larger on the clean surface although the polarizability is
greater on the oxidized surface. On both surfaces, these quantities
decrease with temperature. Two models, involving the thermal randomi-
zation of the rotational and the translational motions of CO, were
developed to explain the temperature dependence of the CPD. The second
model, which is appropriate for CO on both surfaces, suggests that
binding sites between the topmost rows of surface atoms are preferred
energetically. A method was presented to estimate the error in the
isosteric heat of adsorption caused by evaluating the Clausius-Clapeyron

equation at points of constant CPD, rather than constant coverage.
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Figure Captions
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Figure 10:

Figure 11:

Auger KLL transitions for CO, oxygen and carbon chemisorbed
on clean Ir(110), (&) oxygen transitions, (b) carbon trans-
itions.

LEED gatterns of carbon on clean or oxidized Ir(110), (a)
p(2x1 pattern at 60 eV, (b) (4x5) pattern at 60 eV.

LEED patterns and proposed structures for CO on clean Ir(110),
(a) p(2x2) pattern and structure, (b) (4x2) pattern and
structure.

(2x1)pigl . LEED pattern at 102 eV and proposed structure
for CO on oxidized Ir(110). The spots represented by dashed
circles are missing for all voltages.

Thermal desorption spectra of CO on Ir(110), (a) clean surface,
(b) oxidized surface. Both CO and CO2 appear as desorption
products from the oxidized surface. .

Arrhenius plots for CO desorption from Ir(110) for various
coverages, (a) clean surface, (b) oxidized surface.

Variations in the desorption energy and the pre-exponential
factor with surface coverage for CO on Ir(110), (ag clean
surface, (b) oxidized surface.

Adsorption kinetics of CO on clean and oxidized Ir(110) at
300 K. '

CPD as a function of CO exposure on Ir(110) at 90 and 300 K,

(a) clean surface, (b) oxidized surface. .

Topping plots for CO on Ir(110) at 90 and 300 K, (a) clean
surface, (b) oxidized surface.

The coverage dependence of the isosteric heat, for CO on
clean Ir(110), (---) true value, (+++) value obtained from
the piecewise linear approximation (see text), (—) value
obtained by evaluating the Clausius-Clapeyron equation at
points of constant CPD.
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APPENDIX E
THE CHEMISORPTION OF OXYGEN ON THE
(110) SURFACE OF IRIDIUM
(The text of Appendix E consists of an article coauthored
with J. L. Taylor and W. H. Weinberg that has appeared in
Surface Science 79, 349(1979).)



318

Surface Science 79 (1979) 349-384
© North-Holland Publishing Company

THE CHEMISORPTION OF OXYGEN ON THE (110) SURFACE OF IRIDIUM *
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The chemisorption of oxygen on Ir(110) has been investigated under ultra-high vacuum con-
ditions with thermal desorption mass spectrometry, contact potential difference measurements,
Auger electron spectroscopy, and LEED. Oxygen may adsorb in three distinct chemical states:
a molecularly chemisorbed species that is stable below 100K, a dissociatively chemisorbed spe-
cies, and a surface oxide that forms rapidly above 700 K. The oxide layer saturates at a cover-
age of 0.25 ML (1 ML =9.6 X 1014 atoms/cmz) and orders to form a (1 X 4) LEED pattern.
Different LEED patterns of dissociatively chemisorbed oxygen are observed on clean and oxi-
dized Ir(110). A p(2 X 2) pattern forms on the clean surface near 0.25 ML coverage whereas a
¢(2 X 2) pattern forms on the oxidized surface near 0.5 ML coverage. Oxygen desorbs molecu-
larly from Ir(110) with an activation energy of 45—70 kcal/mole, decreasing continuously with
increasing coverage. The adsorption kinetics are described by a second-order precursor model
for surface temperatures between 300—700 K. Oxygen chemisorption is not activated since the
initial sticking probabilities on the clean and the oxidized Ir( 110) surfaces are equal to 0.28 and
0.4, irrespective of the surface temperature. The dipole moment and polarizability of dissocia-
tively chemisorbed oxygen change at 0.25 ML coverage on the clean surface and at 0.5 ML
coverage on the oxidized surface. Although the dipole moment for any coverage is independent
of temperature, the polarizability is inversely proportional to temperature. The activation
energy for the dissociation of molecularly chemisorbed oxygen is 8 kcal/mole.

1. Introduction

This study of oxygen chemisorption was undertaken to give insight into the cata-
lytic behavior of the CO oxidation reaction on Ir(110). Surface sensitive probes —
thermal desorption mass spectrometry (TDS), contact potential difference (CPD)
measurements, LEED, Auger electron spectroscopy (AES) and X-ray photoelectron
spectroscopy (XPS) — were used for studying oxygen chemisorption under ultra-
high vacuum (UHV) conditions. Since the understanding of catalytic phenomena

* Supported by the National Science Foundation under Grant Number DMR 77-14976.
** National Science Foundation Predoctoral Fellow.
*** Camille and Henry Dreyfus Foundation Teacher—Scholar, and Alfred P. Sloan Foundation
Fellow.
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was the impetus for this study, the characterization of the kinetic properties and
the chemical states of adsorbed oxygen was emphasized. This study reveals that
oxygen may adsorb in three distinct chemical states on Ir(110): a dissociatively
chemisorbed species, a surface oxide and a molecularly chemisorbed species. The
latter two species are described in separate sections of this article; the dissociatively
chemisorbed species is described in four sections, which focus on overlayer struc-
tures, desorption kinetics, adsorption kinetics and charge transfer in the overlayer.
In each section, a discussion parallels the presentation of experimental results.

A surface oxide, which modifies several aspects of oxygen chemisorption, forms
on Ir(110). Oxide formation on the platinum metals, i.e., the incorporation of oxy-
gen into the surface lattice, was reported first for Rh(110) [1] and subsequently
has been observed on other platinum metals [2—8]. However, some ambiguity
exists in the definition of a surface oxide. A surface oxide is defined here as a sec-
ond dissociatively chemisorbed state of oxygen, which forms irreversibly through
thermal activation and has different physical properties than the first state of disso-
ciatively chemisorbed oxygen. Moreover, the formation of the oxide layer may
cause the total saturation coverage of oxygen to increase [4,5,7]. The oxygen
atoms of the surface oxide presumably bind in the subsurface region, but this
region is difficult to define for rough surface orientations, such as the (110) face of
the fcc metals. Since the oxide may be incorporated into the surface lattice, oxides
are not necessarily inert to reaction with other adsorbates. For example, oxides
formed on the (111) surfaces of Ni [3], Pd [7] and Ir [5] are inert to reduction by
CO for pressures below 107 Torr and surface temperatures below 1000 K, whereas
oxides formed on Rh(110) [1] and polycrystalline Pt [8] are reactive. Previous
studies of oxide formation on Ni [3], Rh [1], Pd [7], Pt [2,4,6,8] and Ir [5,9]
have focused on characterizing the oxide layer, but few studies have described how
the oxide layer modifies oxygen chemisorption with respect to the clean surface.
Both subjects are treated in this work.

Several aspects of oxygen chemisorption are similar among the platinum metals.
Oxygen generally chemisorbs dissociatively for surface temperatures above 300 K,
but adsorbs.molecularly on polycrystalline Pt near 100 K [10]. Oxygen contamina-
tion on the (110) surfaces of Ni [11], Rh [1], Pd [12], Pt [13] and Ir [14] intro-
duces streaks between the substrate spots in the [001] azimuth of the LEED pat-
tern. If the contamination is sufficiently large, the streaks coalesce upon annealing
to form (1 X 2) patterns on Rh [1] and Pd [12], and (1 X 3) patterns on Rh [1],
Pd [12] and Pt [4]. Several overlayer structures of dissociatively chemisorbed oxy-
gen — including the ¢(2 X 2) pattern on Rh [1], Pt [4] and Ir [14], and the
¢(2 X 4) pattern on Rh [1] and Pd [12] — are common among the (110) surfaces of
the platinum metals. Depending on the metal, the surface orientation and the cover-
age, the activation energy for oxygen desorption from the platinum metals is
between 36-—80 kcal/mole [12,13]. The initial sticking probability of oxygen is
reported generally to be between 0.1 and 1.0 [3-5,7,8,13,15,16]. The adsorption
kinetics usually are described by a dissociative Langmuir model or a second-order
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precursor model, and are independent of the surface temperature below 700K |3,
4,7,8,13,15,16]. Although the CPD has not been reported widely for oxygen chem-
isorption on the platinum metals, a curious phenomenon is observed on Ni(100)
and Ni(111) [3]. The CPD changes sign at a coverage associated with the comple-
tion of a LEED pattern. Although the results of this study are generally in concur-
rence with those described previously, several new findings are reported.

To avoid confusion, each of the three chemical states of adsorbed oxygen will be
denoted differently in this work. The molecularly chemisorbed species will be
termed molecular oxygen. Chemisorbed oxygen will refer to the dissociatively
chemisorbed species, and the oxide phase will be designated as the oxide or the ox-
ide layer. Oxidized Ir(110) will denote an Ir(110) surface covered with a saturated
oxide layer. Irrespective of the chemical state of oxygen, all coverages will be
reported on an atomic basis where 1 ML is equal to 9.6 X 10'* atoms/cm?.

2. Experimental

The experiments were performed in a stainless steel belljar with a base pressure
below 2 X 1071° Torr. Several surface sensitive probes — a quadrupole mass spec-
trometer, LEED optics, a CPD apparatus and Auger electron and X-ray photoelec-
tron spectrometers — were contained in the experimental chamber. CPD measure-
ments were obtained by a continuous retarding potential method [17]. A double-
pass cylindrical mirror analyzer (CMA) performed the energy analysis for the elec-
tron spectroscopies. All probes were interfaced to a PDP 11/10 computer [17]. Al-
though all data reported here, except the LEED data, were obtained in digital form,
the data are shown in analog form to facilitate the presentation. A more detailed
description of the experimental system is reported elsewhere [18].

The substrate was cut from a single crystal of Ir and was polished within 1° of
the (110) orientation using standard polishing techniques. During the course of this
investigation, the substrate was repolished several times, and the results of many
experiments were reproduced after repolishing. Carbon was cleaned from the sub-
strate through a series of oxidation and reduction cycles. Annealing above 1600 K
was necessary to remove O, Ca and K impurities from the substrate. Prior to each
experiment, the surface was free from impurities within 0.01 ML as determined by
Auger spectroscopy and CPD measurements. The substrate was heated conductively
by passing current through two 10 mil Ta wires, on which the crystal was mounted.
Temperatures in the range between 200 and 1800 K were measured with a Pt—Pt
10% Rh thermocouple that was spot-welded to the Ir crystal. Lower temperatures
were measured by noting the change in the resistance of the Ta wires. All surface
temperatures reported in this work are accurate to 5 K, except when noted other-
wise,

When thermal desorption was monitored with the surface in a line-of-sight of the
mass spectrometer, no iridium oxides — IrO, IrO, or IrO; — appeared as desorption
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products. Also, from a line-of-sight experiment, oxygen desorption was determined
to be molecular. The ratio of the mass 16 to mass 32 signals for any surface tem-
perature was 0.12, which is equal exactly to the measured ratio for gaseous oxygen.
Moreover, atomic desorption is not expected on a thermodynamic basis [19]. Fol-
lowing the completion of a thermal desorption spectrum, no oxygen was detected
on the surface by Auger spectroscopy or CPD measurements.

The measured heating schedule during desorption was exponential, rather than
linear, since the sample was heated conductively by passing a constant current
through the Ta support wires that held the Ir(110) surface [20]. In the temperature
regime where oxygen desorbed, the heating rate (B) varied between 80 and 300 K/
sec. Since the intensity of the mass 32 signal and the surface temperatures were
measured as independent functions of time, this variation introduced no artifacts
when the data were analyzed. Moreover, the pumping speed was sufficiently large
that these high heating rates did not distort the spectra [21]. When the substrate
received large exposures to oxygen, the gain of the electron multiplier in the mass
spectrometer, which was quite sensitive to oxygen contamination, drifted by as
much as a factor of four. The gain was calibrated repeatedly by comparing the total
intensities for spectra obtained under the same conditions but at different times.

Absolute coverages of adsorbed oxygen were determined by comparing the mass
28 and 32 signals of the thermal desorption spectra of CO and oxygen for satura-
tion coverages. Since oxygen desorbs molecularly, the mass 16 signal for oxygen
was not monitored. The absolute sensitivity of the mass spectrometer to CO was
determined from the CO spectrum for saturation coverage, which is 9.6 X 10'*
molecules/cm? on Ir(110) [18]. The relative sensitivities for CO and O, were deter-
mined by calibrating the mass spectrometer intensities against an ion gauge where
the ionization efficiencies for the two species were known. The experimental cham-
ber contained a poppet valve, which was closed sufficiently that the ratio of the
pumping speeds for O, and CO was equal to the square root of the ratio of their
molecular weights [22,23]. Then absolute coverages of oxygen were determined
from twice the product of the absolute sensitivity of the mass spectrometer to CO,
the ratio of the relative sensitivities for CO and O,, the ratio of the pumping speeds
for O, and CO, and the ratio of the pressure—time integrals for the O, and CO
spectra. The factor of two is included above since the coverage of CO is given in
molecules/cm?, whereas the coverage of O, is given in atoms/cm?.

3. The oxide layer

At 300 K, the saturation coverage of chemisorbed oxygen on clean Ir(110) was
measured as 1.0 + 0.1 ML by TDS; but the total coverage of adsorbed oxygen could
be increased to 1.25 + 0.1 ML as follows. First, a surface covered with more than
0.25 ML of oxygen was annealed between 700 and 1200K in an oxygen atmo-
sphere. When the surface was placed in an oxygen atmosphere again, the saturation
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coverage was 1.25 ML at 300 K. The saturation coverage was increased by no more
than 0.25 ML if the surface temperature and the oxygen pressure were maintained
below 1200 K and 107 Torr. The additional 0.25 ML of oxygen coverage, which
is obtained through thermal activation, is associated with the oxide layer. The for-
mation of this surface oxide is particularly important in studying the CO oxidation
reaction since the rates of CO, production are different for clean and oxidized
Ir(110) [22]. The saturation coverage of oxygen on Rh(110) has been reported as
1.25 ML [1]. Although annealing in an oxygen atmosphere to 600 K was necessary
to obtain this coverage, it was not associated with an oxide layer.

A clean Ir(110) surface is reconstructed into a (1 X 2) structure [14]; extended
annealing of the oxide layer reconstructs the surface further to a (1 X 4) structure.
When CO or oxygen is chemisorbed on the oxidized surface, the (1 X 4) pattern,
shown in fig. 1, is transformed into a (1 X 2) pattern. Hence, the (1 X 4) pattern is
not associated with a coincidence lattice of oxygen, but with a composite structure
involving both oxygen and Ir. The (1 X 4) pattern was observed after a surface
covered with more than 0.25 ML of oxygen was annealed at 1200 K in vacuum for
several minutes. Alternatively, a clean surface was annealed to 1200 K in an oxygen
atmosphere for several minutes, and the oxygen was evacuated prior to cooling.
When the (1 X 4) pattern was formed in either of these ways, the coverage of
adsorbed oxygen was 0.25 ML, as determined by TDS. If the initial oxygen cover-
age exceeded 0.25 ML, the excess oxygen desorbed during annealing. The (1 X4)
pattern did not form for coverages below 0.20 ML. Since both the oxide layer and
the (1 X 4) pattern correspond to coverages of 0.25 ML and are formed through
thermal activation, the (1 X 4) structure is associated with the oxide layer.

One possible structure for the (1 X 4) pattern, which is consistent with an oxide
coverage of 0.25 ML, is shown in fig. 1 where the oxygen atoms are shaded. If the
rows of surface atoms move in the directions indicated by the arrows, further oxi-

(110)

Fig. 1. (a) (1 X 4) LEED pattern at 56 eV and (b) proposed structure for an oxidized Ir(110)
surface.
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dation beyond 0.25 ML coverage may be inhibited by the pairwise approach of the
surface atoms. Moreover, this movement coincides with the notion that the (1 X 4)
pattern is formed through a reconstruction of the surface. The (1 X 4) pattern
orders at elevated temperatures like the (1 X 2) patterns of oxygen on the (110)
surfaces of Rh [1] and Pd [12], and the (1 X 3) patterns on Rh [1], Pd [12] and Pt
[4]. Hence, these structures may be associated with oxide layers also. When
Pd(110) is oxidized, a similar pairwise approach of the rows of surface atoms may
occur. At elevated temperatures, no oxygen dissolves into the bulk of Pd(110)
whereas dissolution is rapid on Pd(111) [7].

The oxide layer may be either ordered or partially ordered. Both forms have
identical chemical properties. The partially ordered oxide was observed when a sur-
face covered with 0.25 ML of chemisorbed oxygen was annealed rapidly between
800 and 1200 K. Upon cooling, the LEED pattern had streaks between the sub-
strate beams in the [001] azimuth. Also, the half-order beams of the substrate were
reduced in intensity and were quite diffuse. Similar streaks, associated with oxygen
contamination have been observed on the (110) surfaces of Ni [11], Rh [1], Pd
[12], Pt [4] and Ir [14].

The activation energy for forming the oxide layer was estimated from a coad-
sorption experiment involving CO. First, a clean surface at 300 K was exposed to
2.7L (1 L= 107 Torr sec) of oxygen, which corresponds to an oxygen coverage of
0.5 ML (see section 6). After the surface was annealed at fixed temperatures
between 300 and 1200 K for one minute, the surface was exposed to 0.6 L CO at
300 K, which corresponds to a CO coverage of 0.25 ML [22]. No LEED patterns
were observed which could be related to coadsorbed CO and oxygen on the surface.
The thermal desorption spectra for CO and CO, were obtained with an average
heating rate (8) of 40 K/sec.

In fig. 2, the CO, spectra are shown as a function of the annealing temperature.
For temperatures above 800 K, the spectra are identical to the spectrum for 800 K.
The CO spectra give a sfngle peak near 600 K; only the intensity of the peak
changes with the annealing temperature. A second state in the CO, spectrum near
600 K, which is associated with the growth of the oxide layer, appears for annealing
temperatures above 600 K. When the second state appears, the amount of CO, pro-
duced decreases substantially. For annealing temperatures near 700 K, the oxide
layer forms almost completely, as evidenced by the CO, spectra, and grows at a rate
of approximately 0.25 ML/min. Assuming the formation kinetics are described by a
first-order Arrhenius expression with a pre-exponential factor of 10'3 sec”?, the
energy of formation for the oxide layer is 45 kcal/mole based upon an oxide con-
centration of 0.05 ML. The energies of formation for the oxide layers on polycrys-
talline Pt [8] and Ir(111) [5] are similar since these oxides form rapidly near
700 K.

In contrast to the oxide layer on the (111) surfaces of Ni [3], Pd [7] and Ir 5],
the oxide formed on Ir(110) can be reduced by CO. Oxides formed on Rh(110) [1]
and polycrystalline Pt [8] can be reduced also. A second type of oxide, which is un-
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Fig. 2. Thermal desorption spectra of CO2 formed from the reaction of adsorbed oxygen and
CO on Ir(110). Oxygen was adsorbed on the surface, and then the substrate was annealed to

one of the temperatures shown. The CO2 spectrum was measured after CO was adsorbed on the
surface at 300 K.
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reactive to CO reduction, may form on Ir(110). This is reasonable, for two types of
oxide layers have been observed on Ir(111) [9]. On Ir(110), the unreactive oxide
was formed by annealing the surface above 1400 K in an oxygen atmosphere and
was desorbed by heating the surface to 1800 K in vacuum for extended times. Since
this oxide does not form in the temperature regime from 400 to 900 K where the
CO oxidation reaction is rapid [22], it was not characterized more extensively.
Since the LEED data show no evidence of a rutile structure, neither type of oxide
on Ir(110) is associated with the most stable Ir oxide, IrO,.

The Auger KLL transitions are different for chemisorbed oxygen and the oxide,
indicating that these two forms of surface oxygen represent different chemical
states. XPS was not useful for characterizing the different states since the Is
transitions for each species differed neither in shape nor in energy. Similar behavior
for chemisorbed oxygen and the oxide was observed in the X-ray spectra for
Ni(110), but not Ni(111) or Ni(100) [6]. The Auger KLL spectra of chemisorbed
oxygen and the oxide layer on Ir(110), shown in fig. 3, were recorded for 0.25 ML
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Fig. 3. Auger KLL transitions of an oxide layer and dissociatively chemisorbed oxygen on
Ir(110) at 300 K. The coverage in each spectrum is 0.25 ML.
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coverage at 300 K. The oxide layer was formed when a surface covered with 0.25
ML of chemisorbed oxygen was annealed between 700 and 1200 K. When a surface
covered with chemisorbed oxygen was annealed between 300 and 500 K, the Auger
spectrum was not changed. For the spectra in fig. 3, the incident current density
was 1076 A/cm? at 2kV. In obtaining each spectrum, several individual spectra
were summed to attain the desired resolution and to minimize the effects of back-
ground contaminants. A linear background has been subtracted from each spectrum
to accentuate the oxygen transitions.

_ The spectrum of oxygen chemisorbed on Ir(110) at 300 K is typical of dissocia-
tively chemisorbed oxygen [24]. As noted in fig. 3, Fuggle et al. [24] have asso-
ciated transitions to peaks in that spectrum. The spectrum of the oxide layer and
chemisorbed oxygen differ in three respects: (1) the slope of the inelastic back-
ground, which has been subtracted from the spectra in fig. 3, is larger for the oxide;
(2) the peaks are broader in the oxide spectrum by approximately 1eV; (3) the
KL, 3L, 3 peak for the oxide is shifted by more than 2 eV with respect to chemi-
sorbed oxygen. The shift is much larger than the resolution of the analyzer, 0.5 eV,
and cannot be attributed solely to differences in the CPD for the two overlayers
(see section 7). The first two observations indicate that the oxide atoms bind more
deeply in the Ir lattice than chemisorbed oxygen. For a more deeply bound species,
inelastic electron scattering should be more pronounced, and the peaks should be
more band-like and broadened [3,6]. Hence, the atomic positions in fig. 1, are rea-
sonable. Derivative spectra for chemisorbed oxygen and an oxide layer on polycrys-
talline Pt [8] are similar in shape but shifted in energy relative to those in fig. 3.
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Since the oxide layer on Ir(110) is a second state of dissociatively chemisorbed
oxygen that is formed irreversibly by thermal activation, it is truly a surface oxide
according to the definition given in section 1. In the following sections, the term
oxide or oxidized surface will refer to an Ir(110) surface with a saturated oxide
layer (0.25 ML coverage). Furthermore, the distinction between an ordered oxide,
which gives a (1 X4) LEED pattern, and a partially ordered oxide, which gives a
(1 X 2) LEED pattern with streaks in the [001] azimuth, is unnecessary since both
forms have identical chemical properties otherwise. In this work, the oxide layer
was made routinely by adsorbing 0.25 ML of oxygen on clean Ir(110) and then
annealing the surface to 1100 K for 1 min.

4. Overlayer structures

Different overlayer structures of oxygen were observed on clean and oxidized
Ir(110). The p(2 X 2) pattemn, reported previously for Ir(110) [14], but no other
platinum metals, appeared sharpest for 0.25 ML coverage on clean Ir(110). The
coverage was determined by TDS (see section 2). A photograph of the p(2 X 2)
pattern is shown in fig. 4. The overlayer beams were sharpened by slowly cooling
the substrate below 300 K. When clean Ir(110) at 300 K was’exposed to oxygen
initially, the overlayer structure was disordered in the [001] azimuth. The disorder
disappeared after a few minutes, indicating that a substantial activation barrier to
diffusion exists in the [001] azimuth. A similar slow ordering of the oxygen (2 X 2)
pattern on Ir(111) has been observed near room temperature [5]. In that work, an

(ho)

)

Fig. 4. (a) p(2 X 2) LEED pattern at 55 eV and (b) proposed structure for oxygen chemisorbed
on clean Ir(110).
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activation energy for diffusion of 17 % 2 kcal/mole was calculated by assuming that
the kinetics for diffusion could be described by a zero-order Arrhenius expression
with a pre-exponential factor of 10'® sec™. Subsequently, a value of 102 sec™ for
the pre-exponential factor has been measured directly for oxygen diffusion on
Rh(111) [25]. Using this pre-exponential factor and a half-life of 1 min for order-
ing the overlayer at 300k, an activation energy of 20 kcal/mole is estimated for
diffusion in the [001] azimuth of clean Ir(110). A possible structure for the
p(2 X 2) pattern, which is consistent with 0.25 ML coverage, is shown in fig. 4. As
CPD measurements indicate (see section 7), oxygen binds above the topmost rows
of surface atoms at this coverage so that the registry of the overlayer that is shown
in fig. 4 is reasonable.

Two oxygen patterns, a ¢(2 X 2) and a (3 X 2) disordered in the [001] azimuth,
were observed on oxidized Ir(110). These patterns are shown in fig. 5. When oxy-

Fig. 5. LEED patterns of oxygen chemisorbed on oxidized Ir(110): (a) ¢(2 X 2) pattern at 90
eV, and proposed structure; (b) (3 X 2) pattern at 40 eV.
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gen was chemisorbed on an ordered oxide layer, the quarter order beams of the sub-
strate disappeared entirely. Similarly, when oxygen was chemisorbed on a partially
ordered oxide layer, the streaks between the substrate beams in the [001} azimuth
vanished. Hence, the chemisorbed layer reorders the substrate.

For chemisorbed oxygen coverages between 0.2 and 0.6 ML at 300 K, a streak
appeared in the [001] azimuth between the substrate spots. After the overlayer was
annealed to 700 K for a few minutes, the streak coalesced to form the c¢(2 X 2) pat-
tern. The activation energy for the diffusion of oxygen in the [001] azimuth may
be calculated as was done for the clean surface. Assuming a pre-exponential factor
of 10'2? sec™ and a half-life of one min for ordering the overlayer at 700 K, the dif-
fusion energy is 47 kcal/mole on the oxidized surface. The oxygen ¢(2 X 2) struc-
ture has been reported previously on the (110) surfaces on Rh [1], Pt [4] and Ir
[14]. In all cases, annealing between 700 and 800 K necessary for ordering this
structure so the ¢(2 X 2) pattern may be associated with chemisorbed oxygen on
oxidized surfaces of these metals. The ¢(2 X 2) pattern on Ir(110) appeared sharp-
est near 0.5 ML coverage of chemisorbed oxygen. A possible structure for this pat-
tern, consistent with this coverage, is shown in fig. 5. Once again, CPD measure-
ments (q.v.) indicate that chemisorbed oxygen binds above thé topmost rows of
surface atomns at this coverage.

The partially disordered (3 X 2) pattemn was observed on oxidized Ir(110) after
a clean or oxidized surface was annealed near 1000 K in an oxygen atmosphere.
The pattern appeared sharper for lower surface temperatures. Certain overlayer
beams, indexed (3h, 0) where 4 is an integer, are missing from the LEED pattern,
indicating that the overlayer is symmetric about a glide line running parallel to the
[110] azimuth. Because of the disorder in the [001] azimuth, any structure sug-
gested for this pattern is subject to question, but a structure for a (3 X 2) pattern
with glide symmetry has been proposed elsewhere [1]. Except for the (3 X 1) pat-
tern on Ni [11], no oxygen patterns resembling the (3 X 2) have been observed on
the (110) surfaces of other platinum metals,

5. Desorption kinetics

To study the desorption and adsorption kinetics of chemisorbed oxygen, ther-
mal desorption spectra were collected as a function of oxygen exposure on clean
and oxidized Ir(110) at 300 K. The adsorption kinetics will be treated in the next
section. The heating schedule was exponential in the temperature region where
oxygen desorbed and varied between 80 and 300 K/sec. Since the intensity of the
mass 32 signal and the surface temperature were measured as independent functions
of time, this variation introduced no artifacts when the data were analyzed. Repre-
sentative spectra are shown in fig. 6. The spectrum for the oxidized surface gives a
finite intensity for zero exposure because the oxide layer, which is associated with
an oxygen coverage of 0.25 ML, contributes intensity in addition to that of the
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Fig. 6. Thermal desorption spectra of adsorbed oxygen on 1r(110): (a) clean surface; (b) oxi-

dized surface.

chemisorbed oxygen. Since the oxide forms rapidly at temperatures where oxygen
begins to desorb, the spectra for the clean and oxidized surfaces are not markedly
different in shape.

Three peaks, two associated with chemisorbed oxygen and one high temperature
peak associated with the surface oxide, appear in the desorption spectra of oxygen
from clean and oxidized Ir(110). For saturation coverage, the intensity of the low
temperature peak is increased for the oxidized surface since the total oxygen cover-
age at saturation is 1.25 ML on the oxidized surface, but it is 1.0 ML on the clean
surface (see section 3). The ratios of the intensities of the three peaksare 1 :2:1
and 2:2:1 for saturation coverage on clean and oxidized Ir(110), respectively.
These ratios were not obtained directly from the spectra in fig. 6 since the two
higher temperature peaks, associated with chemisorbed oxygen and the surface
oxide, are not well separated. To separate the two peaks, a slow heating rate was
used in the temperature region above 1100 K. Nearly all of the chemisorbed oxygen
desorbed before the oxide phase decomposed and desorbed. This allowed the above
ratios to be determined. The total coverages upon completion of the higher tempe-
rature peaks are 0.25 and 0.75 ML, which are associated with the (1 X 4) LEED
pattern of the oxide and the c(2 X 2) LEED pattern on the oxidized surface, respec-
tively.

The desorption rate (R4 in atoms/cm? - sec) may be modeled by the Arrhenius
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expression
Ry =-C, d0/dr =v4(9) C7'0” exp{—E4(0)/KT], )

where C, 6, t, T, n, k, v4(0) and E4(0) are the concentration of adsites (9.6 X
10'%/cm? for chemisorbed oxygen), total fractional coverage of oxygen, time, sur-
face temperature, order of the desorption process, Boltzmann constant, pre-expo-
nential factor and desorption energy, respectively. However, eq. (1) is applicable to
oxygen desorption omly if the oxide atoms enter the chemisorbed phase before
desorbing. This must be the case on Ir(110) since oxygen desorbs molecularly (see
section 2).

If the rate parameters, v4(8) and E4(8), vary weakly with coverage, the order of
the desorption process (n) is given by the slope of a plot of In R4 as a function of
In 6 at points of constant temperature [26]. Since the pumping speed in these
experiments was rapid [21], the desorption rate (R4) is proportional to the inten-
sity of the mass 32 signal (/) at any instant. Substituting this relation into eq. (1),
and integrating, the coverage for any temperature in the desorption spectrum

[8(7)] is given by [21]
00——6(7')=nf Idt, (2)
(1]

where ¢’ is the time when the sample reaches the temperature T, and 8, is the initial
coverage of oxygen. Since the saturation coverage of oxygen on clean Ir(110) is
known to be 1 ML at 300 K, the proportionality constant 5 is the ratio of 1 ML to
the total intensity—time integral for saturation coverage.

Order plots of In Ry as a function of In 8, constructed from the spectra in fig. 6,
are shown in fig. 7. For total coverages below 0.1 ML where all oxygen is in the
oxide phase, the desorption order is one. Before two oxygen atoms may combine to
desorb as a molecule, atoms in the oxide layer must enter the chemisorbed phase.
This first-order process is presumably rate limiting below 0.1 ML coverage. Between
0.1 and 0.2 ML coverage, the order is two, which is expected for the chemisorbed
atoms, which desorb as molecules. Above 0.2 ML coverage, the order appears to
exceed two since the desorption energy is a strong function of coverage.

Plots of In I as a function of T~! for points of constant coverage were con-
structed from the desorption spectra to determine the coverage dependences of the
desorption energy [£4(8)] and the preexponential factor [v4(8)] [21]. From eq.
(1), such plots should give lines with slope [—E4(6)/R] and intercept
In[»(6)C"~'6"/n]. For oxygen desorption from Ir(110), n is one for coverages
below 0.1 ML, but is two otherwise. No artifacts associated with desorption from
multiple states should appear at any coverage since the peaks in fig. 6 are separated
sufficiently in energy [27]. Due to a problem of accuracy in this analysis [21], this
procedure gave reliable values of the rate parameters between 0.3 and 0.4 ML cover-
age only. In this range, the desorption energy [E4(6)] and the pre-exponential fac-
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Fig. 7. Order plots for oxygen desorption from Ir(110).

tor [vg(8)] are 64 * 2 kcal/mole and 3.5 X 107 X 3 cm?/sec.

If the pre-exponential factor varies weakly with coverage, the desorption energy
[E4(0)] is given by kT In(In/v4C2~16™), which may be averaged over several spectra
at points of constant coverage. Using this method and v4 = 3.5 X 107 cm?/sec, the
variation in desorption energy with total coverage of oxygen, was calculated, and
the result is shown in fig. 8. For coverages between 1.00 and 1.25 ML on the oxi-
dized surface, the desorption energy is equal to 45 * 3 kcal/mole. The desorption
energies of 4570 kcal/mole measured for oxygen on Ir(110) do not differ appre-
ciably from the energies of 48—80 and 36-59 kcal/mole measured on Pd(110)
[12] and polycrystalline Pt [8], respectively.

Ignoring the coverage dependence of the pre-exponential factor probably intro-
duces a substantial error in the calculated desorption energies, for the compensation
effect, a sympathetic variation in the desorption energy and the pre-exponential
factor with coverage, has been observed in other desorption systems [21]. For such
systems, the desorption kinetics are described by a modified Arrhenius equation

[28]

E4 (1 1
R4 =vCl'6™ exp [—- _kg (F— F)] , 3
s

where vy and T are constants, and could not be obtained directly from the data in
fig. 6. If T, is large compared to the temperature range where desorption is ob-
served, little error is introduced by neglecting the coverage dependence of the pre-
exponential factor. However, if T is assumed to be 2100 K, which approximates
the value for oxygen desorption from W(110) [28], the calculated desorption
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Fig. 8. The coverage dependence of the activation energy of desorption of oxygen from
Ir(110). The pre-exponential factor is fixed at 3.5 X 10™* em?/sec for all coverages.

energies for Ir(110) are substantially in error, particularly at the extremes of cover-
age. At 0.05 ML, the energy is underestimated by 10 kcal/mole; at 0.95 ML, the
energy is overestimated by 10 kcal/mole.

6. Adsorption kinetics

By integrating eq. (2) over the entire desorption spectrum, the absolute coverage
of chemisorbed oxygen was fixed for a given gas exposure since the saturation
coverage of oxygen on clean or oxidized Ir(110) at 300 K was determined to be
1 ML (= 9.6 X 10'* atoms/cm?). The adsorption kinetics for oxygen were derived
in this way. Although the reaction of chemisorbed oxygen with the background im-
purities H, and CO may introduce errors in coverages measured in this way [15],
these artifacts are insignificant in this work. Even if the reaction probability is unity
for each CO and H, molecule impinging on the surface, the calculated coverages are
in error by no more than +0.05 ML. The coverage exposure relations for oxygen on
clean and oxidized Ir(110) at 300 K, obtained from the spectra in fig. 6, are shown
in fig. 9. In determining the coverage of chemisorbed oxygen on the oxidized sur-
face, the coverage of the oxide layér (0.25 ML) was substracted from the total
coverage.

The adsorption kinetics of oxygen on clean and oxidized Ir(110) are somewhat
different. By evaluating the zero-coverage limit of the sticking probability (S) [29],

S = 1C(2nMKTy)'/? df/de )
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Fig. 9. Adsorption kinetics of oxygen on clean and oxidized Ir(110) at 300 K.

where M, Ty and e are the molecular weight, the temperature and the exposure (the
pressure—time product) of gaseous oxygen, initial sticking probabilities (Sg) of
0.28 £ 0.02 and 0.36 * 0.09 were calculated for oxygen chemisorption on the clean
and oxidized surfaces at 300 K. The factor of } appears in eq. (4) since each
adsorbed molecule occupies two sites. In calculating S, the exposures in fig. 9 were
multiplied by 1.22, which is the relative sensitivity of oxygen for the ion gauge that
monitored the pressure.

For larger exposures, the data in fig. 9 were fit by a second-order precursor
model developed by Kisliuk [30]. In this model, the sticking probability depends
on the initial sticking probability, the coverage and a parameter « that is inversely
proportional to the lifetime of the precursor state,

S (1 —9)?

So 1—(1+So—Kk)0+S.6%" )
or in integrated form,
28 0
o€ K (1-8, —k)In(1 —0). (6)

=S.0 + —
C(2nMkT,)'? S0+

The value of « is different for clean and oxidized Ir(110). Values of zero and 0.25 £
0.07 for the respective surfaces were obtained from a least squares fit of the data
above 3.0 L exposure. The kinetic models for the two surfaces, given by eq. (6), are
shown as solid lines in fig. 9.

A more complex second-order model [31], which includes an additional param-
eter to account for the ordering of the adlayer by interadsorbate repulsion or
attraction between nearest neighbours, is not needed to describe the data in fig. 9.
Repulsion between nearest neighbours is not expected to be significant for these
data because the hard-sphere diameter of a chemisorbed oxygen atom, dg = 1.5 A
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[32], is small compared to the size of an adsorption site, C5}/2 ~ 3 A. On the other
hand, a simpler model, such as a Langmuir model, does not fit the adsorption kinet-
ics at Toom temperature where diffusion is slow. Moreover, the Langmuir model
cannot describe the temperature dependence of the adsorption kinetics seen below.

The dependence of the adsorption kinetics of oxygen upon the surface tempera-
ture of clean Ir(110) was measured to determine the activation energy for oxygen
chemisorption and to assess the validity of the precursor model. The kinetic behav-
ior for oxygen chemisorption on the platinum metals is not well established since,
in studies of oxygen chemisorption on polycrystalline Pd [16] and Pt [8], and
Pt(111) [13], the kinetics appeared to vary randomly with surface temperature. In
the present work, the coverage-exposure relations for surface temperatures between
293 and 723 K were derived from TDS, as was done for the data in fig. 9. These
relations are shown in fig. 10. Surface temperatures for these data are accurate to
+5 K. The coverages for any surface temperature depended on the oxygen exposure
only, but not the total pressure. Since the gain of the electron multiplier in the
mass spectrometer drifted markedly for larger oxygen exposures, the gain was cali-
brated frequently by comparing the total intensities for spectra obtained for the
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Fig. 10. Adsorption kinetics of oxygen on clean Ir(110) at various temperatures.
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same exposures at 300 K, but at different times. This calibration procedure was cru-
cial for obtaining reproducible results and was also necessary for determining abso-
lute surface coverages. Oxygen chemisorption is irreversible for the temperature and
exposure ranges in fig. 10. That is, desorption of the chemisorbed layer.was negligi-
ble for these data, as evidenced by the desorption energies calculated in the pre-
vious section. ,

The initial sticking probability was calculated to be 0.28 * 0.04, irrespective of
the surface temperature. Therefore, oxygen chemisorption on clean Ir(110) is not
activated for gaseous molecules that impinge with a temperature of 300 K. Kinetic
models, calculated from eq. (6) with S, = 0.28 for each surface temperature, are
shown as solid lines in fig. 10. The parameter k for any temperature was determined
by a least-square fit to the kinetic data above 3.0 L exposure. The temperature
dependence of « is shown in fig. 11. .

Since the initial sticking probability for oxygen chemisorption is constant with
temperature, In k should be inversely proportional to temperature [30]. The pro-
portionality constant is E,/k, where Ep, is the difference between the activation
energies for the desorption and diffusion of the precursor [33]. The plot of In k as
a function of 771 in fig. 11 gives a line between 323 and 573 K with Ep=2.1kcal/
mole. This value for oxygen chemisorption on Ir(110) is close to the value of 1.4
kcal/mole measured for oxygen on Pt field emission tips [2]. The value of k = 0 cal-
culated from the kinetic data at 293 K does not fall on the line since diffusion in
the chemisorbed layer is slow at this temperature, but is rapid at slightly higher
temperatures (see section 4). Diffusion and the subsequent ordering or disordering
of the chemisorbed layer influences the adsorption kinetics markedly [30,31].
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Fig. 11. The temperature dependence of the parameter k calculated from the data in fig. 10.
Here « is inversely proportional to the lifetime of the precursor state.
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Oxide formation, which has been shown to modify the kinetics of oxygen chemi-
sorption on Ir(110), occurs above 573 K. Hence, values of « for surface tempera-
tures above 573 K also deviate from the line in fig. 11. Despite these deviations,
the second-order precursor model given by eq. (6) describes the kinetics of oxygen
chemisorption consistently.

The kinetic behavior observed in the present work is quite similar to the behav-
jor reported for oxygen chemisorption on other surfaces of the platinum metals. At
300 K, oxygen adsorbs dissociatively with a saturation coverage near 10'% atoms/
cm? [4,5,7,15]. Generally, the adsorption kinetics are described accurately by a
second-order Langmuir model or a second-order precursor model [3,4,6—-8,13,15,
16]. For surface temperatures near 300 K, the initial sticking probability for oxy-
gen decreases with increasing molecular weight of the metal and on smoother sur-
face orientations. The initial sticking probability is approximately equal to unity
on Ni(111), Ni(110), Ni(100) [3,6] and polycrystalline Pd [16]; 0.3 on Pd(111)
[7], Pt(110) [4] and polycrystalline Pt [8]; and 0.1 or less on Pt(111) [15] and
Ir(111) [S]. The formation of an oxide layer on Ni surfaces [3,6], polycrystalline
Pt [8] and Pt(110) [4] alters the adsorption kinetics of oxygen perceptibly. More-
over, oxidation of these surfaces increases the total coverage of oxygen.

7. Charge transfer to the overlayer

The contact potential differences (CPD) on clean and oxidized Ir(110) at 90 and
300 K were measured as a function of oxygen exposure. In fig. 12, the data are
shown as curves I and HI for the respective temperatures. The CDP, (A¢), or equiva-
lently, the work function, increased monotonically with oxygen coverage. For all
CPD measurements reported in this work, the CPD for any surface temperature
varied with the oxygen exposure only, but not the partial pressure of oxygen. When
the substrate was annealed from 90 to 300K, the CPD for an overlayer chemi-
sorbed at 90 K changed irreversibly. This suggests that another state of chemisorbed
oxygen, presumbaly molecularly chemisorbed oxygen, is stable at low tempera-
tures. The data for adsorption at 90 K will be treated in the next section.

To obtain accurate coverages at 90 K for the chemisorbed phase that is entered
irreversibly upon annealing from 90 to 300 K, the substrate was exposed to oxygen
at 300 K. Then the CPD was calculated from the difference between the surface
potentials for the chemisorbed layer and the clean or oxidized surface at 90 K. The
corresponding data points are shown as circles in fig. 12; curves Ia and IIb approxi-
mate the data. The coverages for these data may be somewhat inaccurate since the
surface temperature varied by #10 K during the exposures. As shown in the last sec-
tion, the adsorption kinetics, especially for larger exposures, are quite sensitive to
the surface temperature near 300 K.

When the coverages obtained from the adsorption kinetics are related to CPD
measurements at points of constant exposure, the apparent dipole moment at infi-
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Fig. 12. CPD as a function of oxygen exposure on Ir(110): (a) clean surface; (b) oxidized sur-
face. The exposures and CPD measurements were performed at 90 K for curves I; at 300 and
90 K for curves II (see text); and at 300 K for curves III.

nite dilution (u) and the apparent polarizability () ef the adsorbate may be calcu-
lated from a modified Topping model {34]. This model accounts for the depolariza-
tion of the overlayer resulting from dipole—dipole interactions. For any surface
temperature, the ratio of the coverage to the CPD at that coverage (8/A¢) is plotted
as a function of coverage (8). The slope and intercept of the resulting line are
(AaClP/4mu) and (4nuCY™". Here A is a structural parameter for the overlayer and
is equal to 9.46 for an overlayer with periodicity of the Ir(110) surface. This value
was obtained from a lattice sum over a (101 X 101) matrix according to a proce-
dure described elsewhere [34]. The modified Topping model is appropriate for
adsorption at specific sites, rather than on an amorphous surface [34]. For the lat-
ter case, the ratio (8/A¢) is plotted versus 63/2, but the slope and intercept assume
the same values as for adsorption at specific sites.

Since the apparent dipole moment is the sum of the normal components of the
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true dipole moment of the adsorbate and the image dipole of the adsorbate in the
surface, the apparent dipole moment at infinite dilution (1) is equal to twice the
component of the true dipole moment that is normal to the surface. Similarly, the
apparent polariziability of the adsorbate (a) is equal to the apparent dipole moment
divided by the normal component of the average field at the surface (£},), which
orients the apparent dipole moment in the absence of induced charge. The image
dipole of the adsorbate accounts for the field resulting from the induced charge
[18].
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Fig. 13. Topping plots for dissociatively chemisorbed oxygen on Ir(110) at 90 and 300 K: (a)
clean surface; (b) oxidized surface.
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Topping plots for the CPD measurements in curves II and III of fig. 12 were con-
structed using the coverage—exposure relations for oxygen chemisorption on clean
and oxidized Ir(110) at 300 K, shown in fig. 9. The plots, as well as the apparent
dipole moments and polarizabilities, deduced from the intercepts and slopes, are
shown in fig. 13. The dipole moments of oxygen on the oxidized surface are smaller
than those on the clean surface since the oxide layer draws charge toward the sur-
face. The Topping plots for the clean surface have discontinuities at 0.25 ML cover-
age where the p(2 X 2) LEED pattern is formed completely. Similarly, the plots for
the oxidized surface have discontinuities at 0.50 ML coverage where the c¢(2 X 2)
pattern is formed completely. In all cases, the apparent dipole moments and polar-
izabilities decrease for coverages exceeding the point of discontinuity. A pro-
nounced change in the CPD, or equivalently, the dipole moments with coverage
has been observed for oxygen chemisorption on Ni(100) [3] and Ru(001) {19]
also. For these systems, the CPD also changes discontinuously for coverages where
an ordered overlayer structure appears with maxima intensity.

The binding sites for oxygen on either clean or oxidized Ir(110) may be inferred
from the pronounced change in the dipole moment with coverage. On either sur-
face, the dipole moment for the low coverage state is substantially larger. If the
binding sites of oxygen are above the topmost row of surface atoms, the apparent
dipole moment, i.e., the normal component of the true dipole moment of the
adsorbate, is expected to be larger than the dipole moment for sites between the
rows. That is, for sites above the rows, the movement of the bonding electrons
would be more nearly normal to the surface. Therefore, the low coverage states on
clean and oxidized Ir(110) are associated with binding sites above the topmost rows
of surface atoms, whereas the high coverage states are associated with binding sites
between the rows. Since the p(2 X 2) pattern on clean Ir(110) and the ¢(2 X 2) pat-
tern on oxidized Ir(110) correspond to the low coverage states of oxygen, the bind-
ing sites of oxygen in figs. 4 and S were fixed above the topmost rows of surface
atoms [35]. Although chemisorbed oxygen may bind in different states at low and
high coverages, no differences in the Auger or X-ray photoemission spectra of oxy-
gen could be resolved for the two states when the spectra were normalized to the
same intensity.

The data in fig. 12 show that the CPD for oxygen chemisorption is a function of
temperature as well as coverage. The temperature dependence of the CPD was inves-
tigated more thoroughly by measuring the CPD as a function of oxygen exposure
on clean Ir(110) for temperatures between 300 and 723 K. The data are shown in
fig. 14. When the surface temperature was maintained between 300—-673 K, the
CPD changed reversibly, within experimental error (20.01 eV) upon rapidly anneal-
ing or cooling the sample. The CPD is altered irreversibly upon annealing above
673 K since the oxide layer forms rapidly at these temperatures. Topping plots,
shown in fig. 15, were constructed from the coverage—exposure relations in fig. 11
and the CPD measurements in fig. 14.

The Topping plots for surface temperatures below 673 K give a discontinuity
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Fig. 14. CPD as a function of oxygen exposure on clean Ir(110) at various surface temperatures.

near 0.25 ML coverage, where the p(2 X 2) LEED pattern of the overlayer appears
with maximum intensity on the clean surface. At 723 K, the discontinuity vanishes
since the oxide layer forms rapidly and changes the dipole moment and polarizabil-
ity of oxygen. In this case, these quantities are 0.43 + 0.04 D (1 D= 1078 esu cm)
and 25 + 2 A3, respectively. For temperatures below 673 K, where the oxide forms
slowly, the apparent dipole moments for the low coverage (<0.25 ML) and the high
coverage (>>0.25 ML) states are 1.0 £0.1 D and 0.25 £ 0.02 D as calculated from a
least squares fit to the data. Moreover, the dipole moment for either state is inde-
pendent of temperature. One exception to this generality occurs for the dipole mo-
ment of the high coverage state at 90 K, which is 0.39 + 0.05 D. However, this
value may be inaccurate since, as noted previously, some error was introduced in
determining the coverage for this particular case.

Although the dipole moments for oxygen in either coverage state are indepen-
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Fig. 15. Topping plots for dissociatively chemisorbed oxygen on clean Ir(110) at various tem-
peratures.

dent of temperature, the polarizabilities are not. The polarizability for either state
is inversely proportional to temperature, as shown in fig. 16. A model will be devel-
oped now to explain this temperature dependence. The polarizability may change
with temperature as a result of the thermal randomization of the chemisorbed spe-
cies among different electronic, vibrational or translational modes. Since the dipole
moment for either coverage state is independent of temperature, only the energy of
chemisorbed oxygen and the average surface field (£, = u/a) vary among the
modes. Since the thermal energy required to populate low-lying electronic levels is
usually quite large [35], the temperature dependence of the polarizability cannot
be explained in this way. When the first vibrational mode is entered, the equilibri-
um separation of nuclei typically changes by ~0.1 A [35], which is small compared
to the diameter of a chemisorbed oxygen atom (do = 1.5 A) [32]. Since the vol-
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Fig. 16. The temperature dependences of the polarizabilities of oxygen chemisorbed on clean
Ir(110), calculated from the data in fig. 15: (a) low coverage state (8 < 0.25 ML); (b) high
coverage state (¢ > 0.25 ML).

ume, over which the surface field is averaged, does not vary appreciably for the vari-
ous vibrational modes, the temperature dependence of the polarizability cannot be
explained by this motion either. Therefore, this phenomenon can be attributed
only to the thermal randomization of the translational motion. The translational
‘motion for the two coverage states will be treated separately.

Motion in the [001] azimuth may be ignored since the barrier for diffusion in
this direction is relatively large, as will be shown. The potential variation for chemi-
sorption in the [110] azimuth will be approximated by a periodic square well of
height U. Although the dipole moment does not vary for the sites at the top and
bottom of the well, the polarizability does change since the average surface field
(Ey) is different for the two sites. The field is expected to vary between the sites
since the field acting on an oxygen atom is averaged over a relatively small volume,
ndy/6 =~ 2 A3, compared to the volume of a unit cell, C;3/? ~ 30 A. However, the
field acting on chemisorbed CO on Ir(110) does not change among the binding sites
[18], for the volume of the CO molecule is comparable to the size of a unit cell.
The apparent polarizabilities (u/E,,) for sites in the bottom and on the top of the
well are denoted a; and a,.

The apparent polarizability of chemisorbed oxygen [a(7T)] is a thermal average



343

J.L. Taylor et al. | Chemisorption of oxygen on iridium

between the polarizabilities for the two types of sites, i.e.,

3 exp(U/kT) 1

ol)=e [l + exp(U/kTJ e [1 + exp(U/kT)} ’ 7
where the terms in brackets are the Boltzmann weighting factors for the two sites
[36,37]. Although this model will be used to describe the temperature dependence
of the polarizability for the two coverage states of oxygen, the values of a;, @, and
U are expected to be different for the two states since the dipole moments are dif-
ferent. Eq. (7) may be simplified by a Taylor series expansion about any tempera-
ture Tq

a(l)=i+s/T, (8)
i=oy + (e — o)1 + UKT,) exp(—UkTy) ,
s = (U/k)o — o) exp(-UJkTy) ,

where s and i are the slope and intercept in a plot of o(T) as a function of T7!, asin
fig. 16. This analysis is not rigorously valid, for the structural parameter A was
assumed to be constant when the polarizability in fig. 16 were calculated. The value
of A is expected to vary with temperature since the order in the adlayer is changed.
However, as is shown in Appendix I, ignoring the temperature dependence of A
introduces a negligible error in this analysis.

The polarizability (a;) for the energetically favored sites of oxygen on clean
Ir(110) may be approximated as the apparent polarizability at 90 K, which is 37 A3
for the low coverage state and 3.8 A3 for the high coverage state. The potential vari-
ation between the sites (U) is

k [(L;‘fl) THI |

If this expression is evaluated at 400 K, which corresponds to the mean value of
T71 in fig. 16, the potential variations for the high and low coverage states are 042
and 2.5 kcal/mole. As stated previously, the potential variation in the [110] azi-
muth, approximately 1 kcal/mole, is small compared to the variation in the [001]
azimuth, approximately 20 kcal/mole (see section 4), so diffusion in the [001] azi-
muth may be ignored. By evaluating eq. (8) at 400 K, the polarizabilities (ap) for
the energetically disfavored sites are 94 and 35 A3 for the low and high coverage
states. These calculated values of a,, a, and U for chemisorbed oxygen on clean
Ir(110) are accurate to +20%.

The dipole moments for the low and high coverage states of oxygen on oxidized
Ir(110), which are equal t0 0.24 +0.03 and 0.15 £+ 0.03 D from fig. 13, also appear
to be independent of temperature. Hence, this translational model may be used to
describe the temperature dependence of the polarizability in this system. If the
potential variations (U) for the low and high coverage states on oxidized Ir(110)
are approximated by the variations on the clean surface, values of a; =4 and
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Fig. 17. Topping plot for the oxide layer on Ir(110) at 300 K.

0.4 A3 and a, = 17 and 27 A® are calculated for the respective states. For any site
on either surface, the field (F, = pu/a) that orients the dipole moment of chemi-
sorbed oxygen is on the order of 10”7 V/cm, which is comparable to the field acting
on chemisorbed CO on Ir(110) [18].

The dipole moment and polarizability for the oxide atoms also were determined
from CPD measurements. To fix the coverage in the oxide layer, a clean surface at
300 K was exposed to oxygen. Then the oxide layer was formed by annealing the
overlayer to 1100 K for 1 min. The CPD for the oxide layer (A¢) was calculated
from the difference in the surface potentials for the annealed layer and the clean
surface at 300 K. Data obtained from this experiment are shown in the Topping
plot in fig. 17. The concentration of sites in the oxide layer is 2.4 X 10** cm™
(0.25 ML), so the dipole moment and the polarizability for an oxide atom at 300 K
are 0.38 £ 0.04 D and 8 +4 A3, Since these values for the oxide are much different
from those obtained for chemisorbed oxygen at the same coverage and tempera-
ture, the chemical states of the two forms of oxygen must be different.

8. Molecularly chemisorbed oxygen

The irreversible change in the CPD, which occurs when an oxygen overlayer that
is chemisorbed at 90 K is annealed to 300 K, must resuit from a change in the chem-
ical state of oxygen. A similar change is observed when chemisorbed atoms enter the
oxide phase. The irreversibility at low temperatures cannot be associated with the
ordering of the overlayer by diffusion since the irreversibility is observed at high
coverages where the ordering of the adlayer is expected to produce a negligible
change in the CPD [38]. In the remainder of this section, evidence will be presented
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to show that oxygen chemisorbs molecularly, rather than dissociatively, on clean or
oxidized Ir(110) at 90 K. The existence of this third chemisorbed state of oxygen
not only explains the irreversible change in the CPD, but also relates other experi-
mental data consistently. A molecularly chemisorbed state of oxygen has not been
reported previously on the platinum metals, except on polycrystalline Pt [10]. The
TDS spectrum of oxygen adsorbed on polycrystalline Pt at 100 K shows a feature
near 200 K, which has been attributed to molecularly chemisorbed oxygen.

Several TDS spectra of oxygen adsorbed on clean and oxidized Ir(110) at 90 K
were measured in the present study. Below room temperature, less than 0.1 ML of
oxygen was desorbed. Because the yield of desorbed oxygen fluctuated randomly
with the exposure of oxygen and the heating rate, the low temperature feature was
associated with desorption from the manipulator, rather than from the Ir(110) sur-
face. Hence, the desorption of molecular oxygen on Ir(110) occurs at a negligibly
slow rate compared to the dissociation of this species.

Because artifacts appeared in the desorption spectra at low temperatures, these
spectra could not be used for measuring the adsorption kinetics of oxygen on
Ir(110) at 90 K. However, the initial sticking probability of molecularly chemi-
sorbed oxygen could be determined from CPD measurements. The surface was
exposed to oxygen at 90K and then was annealed to 300 K. Using the Topping
plots for dissociatively chemisorbed oxygen at 90 K, which are shown in fig. 13,
the coverage for each exposure was determined from the difference in the surface
potentials for the annealed overlayer and the clean or oxidized surface at 90 K. This
technique was not used for larger exposures (>>2 L) since the coverages associated
with these exposures are somewhat inaccurate, as shown in the last section. From
these CPD measurements, the initial sticking probabilities for oxygen chemisorp-
tion on clean and oxidized Ir(110) at 90K are 0.28 + 0.03 and 0.54 + 0.10. These
data are further evidence that oxygen chemisorption on either surface is not acti-
vated. The discrepancy in the initial sticking probabilities on the oxidized surface at
90 and 300 K may be accounted for entirely by experimental errors, Moreover,
since the initial sticking probability on the oxidized surface appears to decrease
with temperature, an activation barrier cannot exist, for the opposite trend should
be observed.

Using the initial sticking probabilities derived above, Topping plots for oxygen
chemisorption on clean and oxidized Ir(110) at 90 K were constructed from the
CPD—exposure relations of curves Ia and Ib in fig. 12. The plots, as well as values
for the dipole moments and polarizabilities (per atom) of molecular oxygen, are
shown in fig. 18. The concentration of adsorption sites was assumed to be
9.6 X 10'* ¢m™? in determining these values. Although the Topping plots were fit
to a single line, no discontinuities in the plots were detected experimentally when
the coverage for any CPD was measured with the method described previously.

At 90K, the dipole moments (per atom) of molecular oxygen on clean and
oxidized Ir(110) are nearly equal to those of dissociatively chemisorbed oxygen in
the respective low coverage states. This suggests that molecular oxygen binds above
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Fig. 18. Topping plots for molecularly chemisorbed oxygen on clean and oxidized Ir(110) at
90 K. Dipole moments and polarizabilities shown here were calculated on a per atom basis.

the topmost rows of surface atoms, like dissociatively chemisorbed oxygen in the
low coverage states, and fills two adjacent adsorption sites. Moreover, the inter-
atomic axis of molecular oxygen is parallel, rather than normal to the surface. This
assignment of a parallel orientation is supported by XPS data since the 1s line for
molecular oxygen on clean or oxidized Ir(110) is not split into two peaks. Although
the dipole moments (per atom) do not differ for molecularly and dissociatively
chemisorbed oxygen at 90K, the polarizabilities do differ. This, as well as the
absence of discontinuities in Topping plots in fig. 18, is further evidence that oxy-
gen may chemisorb into two distinct chemical states, depending on the surface tem-
perature.

The adsorption kinetics of molecular oxygen on clean and oxidized Ir(110) at
90 K were deduced from the Topping plots in fig. 18 and the CPD—exposure rela-
tions in fig. 12. The coverage-exposure relations are shown in fig. 19. A second-
order precursor model, which accounts for the ordering of a mobile overlayer by
intermolecular repulsion [31], describes the kinetics data for either surface accu-
rately. If the adsorbates fill two adjacent sites, as is the case for molecular oxygen
on Ir(110), this model is appropriate for describing non-dissociative adsorption. In
this model [31], the sticking probability at any coverage, S, is related to the initial
sticking probability; a parameter, k, that is identical to the parameter in eq. (5)
(q.v.); and a parameter, B, that is related to the repulsive energy between nearest
neighbors [-kTIn(1 — B)].

S/So=[(1 —k) +k/000) ™" , ©)
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Fig. 19. Adsorption kinetics of oxygen on clean and oxidized Ir(110) at 90 K.

where

20(1 —- 8)
[1—4BO(1 — )12 +1°

For clean Ir(110), this second-order model with Sy =0.28, k = 0.15 and B = 0.995
fits the kinetic data well; for oxidized Ir(110), So = 0.54, x = 0.30 and B = 0.995.
The integrated forms of models with these parameters from egs. (4), (9) and (10)
are shown as solid lines in fig. 19. The repulsive energy between nearest-neighbors is
equal to 1 kcal/mole on either surface. This intermolecular repulsion reduces the
sticking probabilities for higher coverages so that the adsorption kinetics at 90 K
for higher coverages are slow compared to the rate at 300 K, where the repulsion is
negligible.

The activation energy for the dissociation of molecular oxygen on Ir(110) also
was determined from CPD measurements. When molecular oxygen was chemisorbed
on clean or oxidized Ir(110) at 90 K, the CPD of the overlayer decayed exponen-
tially to the value obtained by annealing the sample to 300 K. The half-life for the
decay was independent of coverage and was calculated to be about 2C min, as
extrapolated from experimental data. In this experiment, care was exercised to
insure that the adsorption of background impurities did not affect the CPD. If the
rate of dissociation is described by a first-order Arrhenius expression with a pre-
exponentia} factor of 10'3 sec™?, the activation energy for dissociation is approxi-
mately 8 kcal/mole. This activation energy cannot be associated with diffusion. In
the previous sections, the activation energies for diffusion in the [001] and [110]
azimuths were determined to be approximately 20 and 1 kcal/mole. Moreover, slow
dissociation did not influence the CPD measurements shown in fig. 12 since these
experiments were completed after 100 sec.

Oxygen chemisorption above 200 K is effectively dissociative since the rate of
dissociation may be estimated as 10° ML/sec at 200 K. Although the activation
energy for the dissociation of molecular oxygen is substantial, chemisorption need
not be activated. The maximum in the barrier between the molecularly and dissoci-

(10)

000 =(1 —0)—
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atively chemisorbed states must be substantially below the vacuum potential since
little, if any, molecular oxygen desorbs from the surface below room temperature.
Hence, this barries does not influence the adsorption kinetics of oxygen on Ir(110).
Assuming that no more than 0.1 ML desorbs upon annealing the surface from 90 to
300 K, the activation energy for desorption must be at least 10 kcal/mole.

The Auger KLL transitions for molecularly and dissociatively chemisorbed oxy-
gen on clean Ir(110) are different in shape and energy. The spectra for the respec-
tive chemical states, shown in fig. 20, were recorded upon chemisorption at 90 and
300 K. When an oxygen overlayer was chemisorbed at 90 K and then was annealed
to 300K, the spectrum observed at 90 K was identical to the spectrum for dissocia-
tively chemisorbed oxygen, as expected. The spectra in fig. 20 were obtained under
conditions similar to those for the spectra in fig. 3 (q.v.). The coverages for the two
chemical states were nearly the same value, 0.5 ML. To inhibit electron beam disso-
ciation, the spectrum for molecular oxygen was obtained by summing fifty individ-
ual spectra of 120 sec duration each. By comparison to a gas phase spectrum [39],
peaks in the spectrum of molecular oxygen have been associated with final hole
states as noted in fig. 20. The intensity of the peak near 495 ¢V is increased sub-
stantially for molecular oxygen. This increase may result from a shift in the energy
of the 20, orbital toward the 20, orbital, as compared to the gas phase energies.
However, further evidence from UPS experiments is needed to verify this conjec-
ture.
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9. Conclusions

The chemisorption of oxygen on Ir(110) has been studied to give insight into the
CO oxidation reaction on Ir(110). Oxygen may adsorb into three distinct chemical
states: (1) a molecularly chemisorbed species that is stable below 100 K, (2) a disso-
ciatively chemisorbed species, and (3) a surface oxide that forms rapidly above
700K. The oxide layer saturates at 0.25 ML (1 ML=9.6 X 10'* atoms/cm?)
coverage and forms with an activation energy of 45 kcal/mole. The oxide, com-
pared to dissociatively chemisorbed oxygen, is less reactive to reduction by CO. Al-
though the oxide layer may be either well ordered, giving a (1 X 4) LEED pattern,
or partially ordered, giving a (1 X 1) LEED pattern with streaks between the beams
in the [001] azimuth, the chemical properties for these two forms of oxide are
otherwise identical.

The saturation coverage of oxygen on clean or oxidized Ir(110) at 300K is
1 ML. Different LEED patterns are observed on the two surfaces. A p(2 X 2) pat-
tern forms near 0.25 ML coverage on the clean surface; a ¢(2 X 2) pattern forms
near 0.5 ML coverage on the oxidized surface. In both cases, the overlayer must be
annealed to order the pattern in the [001] azimuth. The activation energy for dif-
fusion of dissociatively chemisorbed oxygen on either surface is approximately 20
kcal/mole in the [001] azimuth and 1 kcal/mole in the [110] azimuth.

Oxygen desorbs molecularly from Ir(110) with an activation energy of 45-70
kcal/mole, decreasing continuously with coverage. The pre-exponential factor for
the desorption rate coefficient is 3.5 X 10™ cm?/sec near 0.35 ML coverage. The
oxide forms rapidly while chemisorbed oxygen desorbs. The desorption kinetics are
second-order above 0.1 ML coverage, but are first-order at lower coverages since the
decomposition of the oxide, rather than the recombination of chemisorbed atoms,
is rate limiting,

For surface temperatures between 300 and 700 K, the adsorption kinetics are
described by a second-order precursor model. The difference in the activation ener-
gies for the desorption and the diffusion of the precursor is 2.1 kcal/mole on clean
Ir(110). Oxygen chemisorption is not activated on clean or oxidized Ir(110). That
is, the initial sticking probability is independent of the surface temperature, and is
equal to 0.28 and 0.4 on the respective surfaces.

The CPD on Ir(110) always increases with oxygen coverage, regardless of the
chemical state. The dipole moment and polarizability of dissociatively chemisorbed
oxygen on clean and oxidized Ir(110) change at coverages of 0.25 and 0.50 ML,
respectively. For lower coverages, the dipole moment and polarizability for either
surface are larger, indicating that oxygen adsorbs above the topmost rows of surface
atoms at lower coverages and between the rows at higher coverage. Although the
dipole moment for any coverage of dissociatively chemisorbed oxygen on either
surface is independent of temperature, the polarizability is not. The polarizability
changes since, as the surface temperature increases, oxygen diffuses in the [110]
azimuth and occupies sites with different energies and polarizabilities.
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If an overlayer of oxygen that is chemisorbed at 90 K is annealed to 300 K, the
CPD changes irreversibly indicating that oxygen chemisorbs molecularly at 90 K.
The activation energy for the dissociation of molecular oxygen is 8 kcal/mole
whereas the desorption energy is at least 10 kcal/mole. On clean and oxidized
Ir(110), the dipole moment (per atom) of molecular oxygen is equal to that of dis-
sociatively chemisorbed oxygen in the low coverage state on the respective surfaces.
This suggests that molecular oxygen chemisorbs with the molecular axis parallel to
the surface and occupies two adjacent sites above the topmost row of surface atoms.
The adsorption kinetics of molecular oxygen are described by a second-order pre-
cursor model, which accounts for intermolecular repulsion in the overlayer.
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Appendix 1

The translational model in section 7, which describes the temperature depen-
dence of the polarizabilities in fig. 16, is not rigorously correct. These polarizabili-
ties were calculated for a fixed value of the structural parameter, A,, where A, is
the structural parameter for an overlayer with the same periodicity as the (110) sur- -
face of an fcc metal. In the translational model, the order in the adlayer changes
with temperature and, consequently, the structural parameter [A(T)], as well as the
polarizability, vary with temperature. Therefore, the polarizabilities in fig. 16 (ao)
are rigorously equal to

o =a(T) A (T)/Ay , (11)

‘where a(T) is given by eq. (7).

The structural parameter [A(T)} for exygen on Ir(110) is estimated as follows.
Motion in the [001] direction is ignored as was done in section 7. At low tem-
peratures, the overlayer is assumed to have the periodicity of the Ir(110) sur-
face. The position of an adsorbate in the [110] direction is &7 in any unit cell. The
value of & varies between —1/2 and 1/2, and r, which is equal to 2.7 A for Ir(110),
is the distance between the centers of nearest unit cells in the [110] direction. Step
changes in the square-well potential occur for kr/2 where h is an integer. When the
adsorbate is in an energetically favored site, § lies between 0 and +1/2; for an ener-
getically disfavored site, & lies between —1/2 and 0. Since the hard sphere diameter
of oxygen (1.5 A) [32] is approximately equal to r/2, intermolecular repulsion is
accounted for by constraining the motion of the center of an adsorbate between
—1/4 <& < +1/4. The mean positions of the adsorbate in energetically favored and
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disfavored sites are §=+1/8 and & = —1/8. To simplify the calculation of lattice
parameters, the adsorbate will be constrained to these two positions. This may
introduce some error in the calculation, but intermolecular repulsion, which corre-
lates the motion of adsorbates, is treated approximately also.

The dipole—dipole interaction between any two adsorbates is described by one
of three situations: (1) Both adsorbates are in energetically favored sites with
8 =1/8. The probability of this case occurring is p7 where p, is the Boltzmann
weighting factor for the energetically favored sites, [1 +exp(—U/kT)I™. (2) Both
adsorbates are in energetically disfavored sites with § = —1/8. The probability for
this situation is p2, where p, is the Boltzmann weighting factor for the energetically
disfavored sites, [1+exp (U/KT)]!. (3) One adsorbate is in an energetically
favored site, and one is in an energetically disfavored site. Since this case has a
degeneracy of two, the probability is 2p,p,. The structural parameter is A for cases
(1) and (2), but is A, for case (3) where A, is calculated from a lattice sum around
one adsorbate at § = —1/8, but with all other adsorbates at § = +1/8 [34,40]. Then
the structural parameter [A(T)] is a weighted sum of the structural parameters for
the three cases

A =piA; +P3A; +2p102 A, (12)
Upon substituting eq. (12) and a(T) = a; p; + a2 P2, €q. (11) becomes
ao = (1p1 +ap2)P +03 +2p192 A0 Ay) (13)

If the Boltzmann weighting factors in eq. (13) are expanded in a Taylor series about
T,, €q. (13) is approximated by '

oo =1 +5'/T, (14)
i' =y + (0 — oy AY1 + UkT,) exp(=U/kTy) ,
s' = Ufk) ey — o1 8) exp(-U/kTo) ,

where A= (3 — 2A,/A;). Here s’ and i’ remain the slope and intercept from the
plots in fig. 16, but eq. (14) accounts for the temperature dependence of the struc-
tural parameter, whereas eq. (8) does not. By evaluating lattice sums over a (101 X
101) overlayer matrix [34,40], A, is equal to 9.46 and A, is equal to 11.00. If a;,
o, and U are evaluated with eq. (14), as was done with eq. (8) in section 7, the val-
ues for ; and U are not altered from those in section 7, whereas the values for a,
are lower by 10%. Imperfections in the surface may distort a;, a, and U by a larger
amount. Therefore, the temperature dependence of the structural parameter A is
negligible for oxygen adsorption on Ir(110).
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The heterogeneously catalyzed reaction of CO and O3 to form CO, over Ir(110) has been
studied through measurements of the transient kinetics of the various elementary reactions that
may limit the steady state rate. Rate expressions for these elementary reactions — the desorp-
tion of CO, the oxidation of CO via the Langmuir—Hinshelwood mechanism, the adsorption of
CO and the adsorption of oxygen — were developed using thermal desorption mass spectro-
metry. Several phenomena were observed: (1) the activation energies for CO desorption and CO
oxidation depend markedly upon the composition of the adlayer; (2) diffusion in the adlayer
may limit the rates of CO desorption and CO oxidation; (3) the formation of a surface oxide
modifies these four rate processes; and (4) chemisorbed CO blocks sites for oxygen adsorption,
but chemisorbed oxygen does not block sites for CO adsorption.

1. Introduction

The nonreactive co-adsorption and subsequent reaction of CO and oxygen under
transient conditions have been studied on Ir(110) to give insight into the catalytic
behavior of the steady state rate of CO oxidation. The relative simplicity of this
reaction allows one to isolate individual elementary reactions in the chemical
mechanism for CO oxidation and to describe the influence of surface phenomena
on the reaction rate. Molecular beam studies [1,2] have shown that CO oxidation
on Pd(111) occurs through the Langmuir—Hinshelwood (LH) mechanism (reaction
between chemisorbed CO and chemisorbed oxygen) for surface temperatures below
600 K. Hence, the adsorption of oxygen and CO, the desorption of CO, and the LH
reaction to form CO, are the four elementary reactions that may limit the rate of
CO oxidation over the platinum metal catalysts. For surface temperatures between
300 and 1000 K, where the steady state rate is greatest at low pressures, the Eley —
Rideal (ER) mechanism (reaction between physically adsorbed CO and chemi-
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sorbed atomic oxygen) and the desorption of CO, are throught to affect the rate
only slightly [1,3].

Several surface phenomena complicate the interpretation of the steady state rate
data for CO oxidation. Although the overall oxidation rate on Pd is insensitive to
the geometric arrangement of the metal atoms on the surface of the catalyst, LEED
studies indicate that the structure of the chemisorbed layer influences the rate
[1,4,5]. Hence, the rate may be limited by surface diffusion of CO molecules
between islands of oxygen atoms. Oxidation of the surface of the catalyst changes
the steady state rate markedly with respect to the clean surface [1,5-7]. Moreover,
the activation energies for the LH reaction and CO desorption are quite sensitive to
the composition of the adlayer and may vary by a factor of two on Pd(111) [1].
Hence, the variation in the rate of oxidation resulting from the coverage depen-
dence of an activation energy may overshadow completely the coverage variation
resulting from the leading coefficients in rate expressions that enter as concentra-
tions of adspecies to integral exponents.

The objective of this present study, which supplements those of earlier investiga-
tions, is to determine how the coverages of various adsorbed species influence the
rate of individual elementary reactions that may limit the steady state rate of CO,
production on the platinum metals with particular application to Ir. The kinetics of
the elementary reactions were measured using thermal desorption mass spectrom-
etry under ultra-high vacuum conditions. To determine how ordering phenomena
influence the oxidation rate, the structure of the chemisorbed layer was investi-
gated with LEED. A second objective, to model the dependence of the steady state
rate upon these elementary reactions under various conditions, will be presented
with the experimental results of steady state rates of CO, production over Ir(110)
in a separate paper [8]. The results of this study of CO oxidation over Ir(110) focus
on the following: (1) the dependence of the rate expressions for CO desorption and
CO oxidation upon the composition of the adlayer; and (2) the competitive adsorp-
tion of CO and oxygen.

2. Experimental procedures

The experiments were conducted in a stainless steel belljar with a base pressure
below 2X107!° Torr. Thermal desorption mass spectra were measured with a
quadrupole mass spectrometer (UTI 100-C). The order in the overlayer under static
conditions was determined by LEED. The substrate, which was attached to a preci-
sion manipulator by two 10 mil Ta wires, could be cooled with liquid nitrogen or
heated resistively. Typical heating rates used in these experiments were near 40 K/
sec, although the total range of heating rates was from 4 to 200 K/sec. The tempera-
ture of the substrate was measured with a Pt—Pt 10% Rh thermocouple. The mass
spectrometer intensity and the thermocouple EMF were read by a PDP-11/10
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computer [9]. Although these data were recorded digitally, they are presented in
analog form for convenience.

The catalyst was cut from a single crystal of Ir and was polished within 1° of the
(110) orientation. Carbon was cleaned from the surface through a series of oxida-
tion and reduction cycles, whereas oxygen was removed by annealing above
1600 K. Prior to each experiment, the surface was free from impurities within
0.01 ML (where 1 ML = 105 ¢cm™?), as determined by Auger electron spectroscopy.
The gases used in this study, CO and O,, were research grade (99.99% purity).

Although CO does not dissociate at low pressure on Ir(110) below 1300 K [10],
the measurement of steady state oxidation rates [8] was complicated by the forma-
tion of a surface oxide at temperatures where the reaction rate is rapid [8,11]. The
oxide, which is distinct chemically from chemisorbed oxygen, is less reactive to
reduction by CO. When a surface that is saturated with chemisorbed oxygen is
heated to 700 K, the oxide forms irreversibly with a saturation coverage of 0.25
0.05 ML. Neither atomic oxygen nor iridium oxides desorb from Ir(110) [11]. By
annealing a saturated oxide layer at 1200 K, the oxide orders to give a p(1 X4)
LEED pattern. The Auger line shape and the adsorption and reaction kinetics of
CO are the same for the ordered and partially ordered oxide layer. In this study,
the oxide layer was formed routinely by annealing a surface with 0.25 ML of
chemisorbed oxygen present to 1100 K. This coverage was obtained after a clean
surface of Ir(110) at 300 K was exposed to 0.8 L (1 L= 107% Torr sec) of oxygen.
The oxide decomposed by annealing the surface above 1600 K. Since the presence
of the oxide layer is known to affect the chemisorption of CO [10] and oxygen
[11] on Ir(110), experiments were performed with both clean and oxidized sur-
faces of Ir(110). Hereafter, oxidized Ir(110) will refer to a surface on which a satu-
rated oxide layer is present, whereas clean Ir(110) will refer to a surface having no
oxide layer.

Several thermal desorption spectra of CO, O, and CO, were obtained by flashing
co-adsorbed layers of CO and oxygen from clean and oxidized Ir(110) at a constant
heating rate. Activation energies for CO desorption and CO oxidation were deter-
mined from an analysis of the desorption spectra by varying the initial coverage of
one reactant as discussed in the next section. The co-adsorbed layers were formed
by first exposing the surface to either O, or CO and by subsequently exposing the
surface to the other gas. During the exposures, the surface temperature was 300 K,
where the oxidation reaction is negligibly slow. Hence, the adsorption kinetics of
oxygen (CO) on a surface partially covered with CO (oxygen) could be measured,
since the coverage of the second component in the exposure sequence could be
determined from the thermal desorption spectra. The coverage of the first compo-
nent in the exposure sequence was known from separate measurements of the
adsorption kinetics of CO [10] and oxygen [11] on clean and oxidized 1r(110).
The spectrum for each desorption product in any sequence of exposures was ob-
tained in a separate flash. This introduced no problems in analyzing the data since
the heating schedule for any set of flashes was nearly invariant, approximately
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Fig. 1. A typical thermal desorption spectrum of co-adsorbed CO and oxygen from Ir(110).
The spectra for CO and CO,, as well as the temporal variations in the coverages of CO and
oxygen, are shown here. The spectrum of O, appears above 1000 K.

+0.5 K/sec for a typical heating rate of 40 K/sec. Hence, the spectra for each
exposure sequence could be analyzed accurately by aligning the spectra at points of
constant temperature.

To summarize the method of analysis, a specific example will be considered. A
clean Ir(110) surface at. 300 K was exposed first to 2.7 L of O,, which corresponds
to a coverage of 0.50 ML [11], and then to 2 L of CO. The desorption spectra of
the individual products — CO, O, and CO, — were obtained in separate flashes.
The spectra of CO and CO, are shown in fig. 1; the O, spectrum, which appears
above 1000 K, is not shown. To account for the fraction of CO, that ionized to
CO" (which is determined experimentally), 12% of the intensity of the CO, spec-
trum has been subtracted from the CO spectrum at points of constant time, or
equivalently, temperature. Also, the CO, spectrum has been multiplied by 1.3 so
that the CO and CO, spectra are directly comparable. These two manipulations
have been performed on all CO and CO, spectra shown subsequently. The initial
coverage of CO was found to be equal to 0.41 ML. The temporal variation in the
coverages of CO and oxygen, used for determining the activation energies for CO
desorption and CO oxidation, are shown also in fig. 1.

3. Rate expressions for CO desorption and CO oxidation

Representative thermal desorption spectra of CO and CO,, obtained by flashing
co-adsorbed layers of CO and oxygen from Ir(110), are shown in fig. 2. The desorp-
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Fig. 2. Representative thermal desorption spectra of CO and CO5 from Ir(110). A clean Ir(110)
surface at 300 K initially was exposed to 0.8 L of oxygen, which corresponds to a coverage of
0.25 ML, and then received varying exposures of CO as noted. The average heating rate for

these spectra was 40 K/sec.

tion of O, appears above 1000 K and is identical to flashing chemisorbed oxygen
layers alone [11]. For the data shown in fig. 2, 0.25 ML of oxygen was first
adsorbed at 300 K, and then varying amounts of CO were exposed to the surface,
as noted in the figure. Regardless of whether the surface is clean or oxidized prior
to the exposure sequence, and regardless of the order of exposure, the spectra are
similar to those shown in fig. 2. The spectra of CO give a single peak near 600 K,
whereas the spectra of CO, give two peaks near 400 and 550 K. The desorption rate
for CO is correlated with the oxidation rate near 500 K. The desorption of CO from
Ir(110) oxide (with no additional oxide present) occurs at higher temperatures than
for the surface with no oxide present [10}. Similar behavior has been observed for
CO both on Pt(110) [12] and Pt(111) [13] and qualitatively on Ir(110) [14]. How-
ever, on Ir(110) it was shown that both rate parameters for CO desorption decrease
on the oxidized surface causing the desorption to occur at higher temperatures [10].

The CO desorption spectra in fig. 2 appear to vary as zero-order in the coverage
of CO. The maximum of the peak shifts to higher temperatures with increasing CO
exposure, and the intensity rises exponentially with temperature [15]. For small
CO coverages, the order of the desorption reaction (1) is given by the slope of a
plot of In /35 as a function of In 6¢q at points of constant temperature [16], where
I35 is the mass 28 intensity with the CO; cracking fraction subtracted, and fco is
the coverage of CO (in ML). An order plot, constructed from the spectra in fig. 2
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Fig. 3. An order plot for CO desorption at 573 K. The slope of the line gives the order of the
desorption process in the coverage of CO. The plot was derived from the data in fig. 2.

for a temperature of 573 K, is shown in fig. 3. The slope in fig. 3i5s0.9 £ 0.1, so the
order of the desorption reaction in the coverage of CO is, in fact, unity. This is
expected since CO chemisorbs molecularly on Ir(110), and the shift in the thermal
desorption peak maxima to higher temperature with increasing coverage is a conse-
quence of a strong variation of the desorption rate coefficient (both the activation
energy and the pre-exponential factor) with surface coverage, a point which is dis-
cussed in detail below.

For Ir(110) covered with co-adsorbed oxygen and CO, the desorption rate of
CO (R4 in molecules/cm? - sec) is modeled best with the first-order Arrhenius

expression [17]
R4 =-va(@co,00) CsOco exp[-Ea(@co,00)/kT] , (1)

where 8 is the coverage of oxygen at any instant in a spectrum, the concentration
of adsites (C;) is 10'® cm™2 for either CO or oxygen, k is the Boltzmann constant
and T is the surface temperature. Also, the rate parameters, v4(6co,00) and
E4(0co,80), depend on the coverage of both oxygen and CO. Arrhenius plots of
In /3 as a function of T~! at points of constant CO and oxygen coverages should
give straight lines with slope —E4(8co, 80)/k and intercept In[v4(6co, 60)0col. In
constructing each plot, a large number of spectra would be required to obtain suffi-
ciently accurate rate parameters. Hence, only the coverage of CO is held constant
for the Arrhenius plots presented here. The dependence of the rate parameters
upon the coverage of oxygen was investigated by varying the initial coverage of
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oxygen from one set of desorption spectra to the next. Although some error is
introduced by this procedure, the coverage of oxygen varies typically by less than a
factor of two in Arrhenius plots presented here. Fig. 4a shows Arrhenius plots for
CO desorption from a clean Ir(110) surface initially covered with 0.5 ML of oxygen.
These plots are evaluated at points of constant coverage. Each data point repre-
sents a separate flash where the initial coverage of CO was varied, keeping the
heating rate constant. Fewer data were available at points of higher CO coverage
due to the competition between desorption and oxidation of CO in the temperature
region from 400 to 500 K. Nevertheless, at least a 30 K temperature range (typi-
cally 40 to 50 K) is spanned for any coverage and any set of data in the Arrhenius
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plots. Moreover, plots with few points still yield consistent rate parameters within
a given data set.

The 1ate parameters for CO oxidation may be obtained as those for CO desorp-
tion. For CO oxidation from co-adsorbed layers of oxygen and CO, the rate (R; in
molecules/cm? - sec) is given by the LH expression [3],

R; = -v:(8c0,00) Cs0cobo exp[—Er(0co, 00)/KkT] , (2

where E.(0co,00) and v.(6co, 60) are the activation energy and pre-exponential
factor of the rate coefficient for CO oxidation. The rate is truly first-order in the
coverages of CO and oxygen since order plots of In /44 as a function of In(@¢of0)
at 423 and 573 K for the data in fig. 2 give a straight line with a slope of unity for
small coverages (8cofo <0.01). The apparent order decreases to zero for larger
coverages (0cofo > 0.04), indicating that the rate parameters for CO oxidation
depend on the composition of the overlayer. Arrhenius plots for CO oxidation,
In[l44/8c0] as a function of 77! at points of constant oxygen coverage, are shown
in fig. 4b. As in fig. 4a, the surface contained initially 0.5 ML of oxygen, and the
CO exposure was varied keeping the heating rate constant. The slopes of the lines in
fig. 4b give —E,(6)/k, whereas the intercepts give In[r,(80)Ci80]. As before, this
construction is only approximately since the concentration of CO is not constant
in each plot. Moreover, Arrhenius plots of In(744/0) as a function of T™! at points
of constant CO coverage do not yield straight lines. Intensities from the two CO,
peaks in the desorption spectra must be plotted in separate Arrhenius construc-
tions; otherwise, linearity is not obtained. This indicates that a thermally activated
process other than CO oxidation, such as the diffusion of CO or oxygen on the sur-
face [1], may limit the oxidation rate for some range of temperature. Although
some coverages of oxygen in the Arrhenius plots have few points in fig. 4b because
they fall between the two CO, peaks, the calculated rate parameters are consistent
as evidenced by fig. 6. For most of these plots evaluated at constant oxygen cover-
age, the temperature range was 25 to 35 K, even with the complication of two
features in the desorption spectra.

The dependence of the rate parameters for CO desorption from clean Ir(110)
upon the coverage of CO and the initial coverage of oxygen is shown in fig. 5a. The
rate parameters were derived from Arrhenius plots using the technique described
previously, with the exception of the rate parameters for CO from a surface having
no adsorbed oxygen initially. These rate parameters were obtained by a detailed
analysis employing a variation in heating rates keeping the initial coverage of CO
constant [17]. Oxygen was adsorbed first for these data, and the initial coverage
is denoted by 83. If the surface first is covered with 0.25 ML CO and then exposed
to oxygen, the activation energy for CO desorption is 16 * 1 kcal/mole for CO
coverages between 0.05 and 0.20 ML. The data in fig. 5a show that the desorption
energy decreases as the coverage of CO or oxygen is increased. For any initial cover-
age of oxygen, the desorption energy varies almost linearly in the coverage of CO;
that is, E4(8co) = Eo — Esfco. Regardless of the initial coverage of oxygen, £ is
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Fig. 5. The variation in the activation energy and pre-exponential factor for CO desorption with
the CO coverage on: (a) clean Ir(110), and (b) oxidized Ir(110).

equal to 15 kcal ~mole”! - ML, but £, is 35, 21, 16 and 15 kcal/mole for initial
oxygen coverages of 0, 0.25, 0.50 and 0.75 ML, respectively. If the 1r(110) surface
is partially covered with oxygen, the observed desorption energies for CO are rather
small for a thermal desorption peak near 600 K [18], and indicate that another
thermally activated process, such as the diffusion of CO, may be rate limiting for
CO desorption [1].

The dependence of the rate parameters for CO desorption from oxidized Ir(1 10)
upon the composition of the overlayer is shown in fig. 5(b). Prior to the exposure
sequence, the surface was oxidized according to the procedure described in sec-
tion 2. Then, oxygen was exposed to the surface first. For the rate parameters
labeled A, the chemisorbed layer of oxygen was annealed to 1000 K before CO was
exposed to the surface; for the rate parameters labeled B, no annealing occurred.
These experiments were undertaken to determine if ordering of the chemisorbed
layer of oxygen influences the transient rates of CO desorption and oxidation. A
¢(2 X 2) structure of chemisorbed oxygen on oxidized Ir(110) does not order unti
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Fig. 6. The variation in the activation energy and pre-exponential factor for CO oxidation with
the oxygen coverage on: (a) clean Ir(110), and (b) oxidized Ir(110). Rate parameters that
pertain to the peak at lower temperature in the CO, spectra are hollow, whereas parameters
that pertain to the peak at higher temperature are solid. The parameters are appropriate for
describing CO oxidation via the Langmuir—Hinshelwood mechanism only.

the surface is annealed to greater than 700 K [11,19]. From the rate parameters
shown in fig. Sb, the structure in the oxygen overlayer has little effect on the
desorption rate for CO. However, the fraction of CO that desorbs, compared to the
fraction that reacts to form CO, is slightly larger for a surface with an ordered
oxygen adlayer. Major differences in the mechanism of the oxidation of hydrogen
on Rh(111) by either ordered or disordered oxygen have been documented recently
by Yates, et al. [20].

For any coverage of CO and any initial coverage of oxygen, the rate parameters
E4 and vy are smaller for oxidized Ir(110). Since the desorption kinetics of CO
affect the steady state rate of CO oxidation {3}, the rates are expected to be differ-
ent on clean and oxidized Ir(110). This is indeed the case as will be shown in a
separate paper [8]. Again, the desorption energy of CO from oxidized Ir(110)
changes markedly with the composition of the adlayer, but an average desorption
energy associated with steady state rates of CO oxidation may be estimated. Using
the extremes in the coverages for CO and oxygen and averaging these values for £y,
an average desorption energy of 14 kcal/mole is estimated for the oxidized surface.
Using this same procedure, an average desorption energy on the clean surface of
17 kcal/mole results.

The pre-exponential factors and activation energies for CO desorption vary in
sympathy; that is, the compensation effect occurs. A modified Arrhenius expres-
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sion may be used to describe this effect [21]. The appropriate rate expression for
CO desorption is

Ry =—vodCsfco exp [— Ed(e_ck(mﬁg_z (-;: - 7%)] , (3)
where voq and Ty are constants, and only £4 depends on the composition of the
adlayer. If the overlayer contains no oxygen, vog and Tgq are approximately
10¢ sec™ and 1240 K, respectively; if the surface is covered initially with only the
oxide layer or with only 0.25 ML of chemisorbed oxygen, vog and Tq are 3 sec”!
and 650 K; for all other cases, vgq and T are 0.3 sec™! and 540 K. These values of
voq and T4 were obtained by a least squares fit of the rate parameters, shown in
fig. 5, and they are accurate within a factor of three and #30K, respectively.
Regardless of whether vog and Tgq are chosen as 3 sec™ and 650 K or 0.3 sec™ and
540 K, the pre-exponential factor associated with the average desorption energy for
the clean surface, 17 kcal/mole, is 10 sec™. Similarly, the pre-exponential factor
associated with the average desorption energy for the oxidized surface, 14 kcal/
mole, is 10 sec™ . These average values of the rate parameters for CO desorption
will be used for modeling the steady state rate of CO oxidation, which will be pre-
sented in a separate paper [8].

The pre-exponential factor and activation energy for CO desorption from both
clean and oxidized Ir(110) decreases continuously with increasing coverage of CO,
but assumes different initial values, depending on the initial coverage of oxygen.
The clean surface values for no initial oxygen adsorbed may be compared to the
values obtained for Ru(001) [22]. In this case, large pre-exponential factors (up to
approximately 10'% sec™) were observed using four independent methods, where
both the energy of desorption and pre-exponential factor increased from the low
coverage values up to the completion of a (+/3 X+/3)R30° overlayer structure
which persists even to the onset of desorption. In the present study, an equally
rigorous analysis [17] used for CO desorption from clean Ir(110) indicates differ-
ent behavior from Ru(001), as shown in fig. 5a. The less rigorous analysis for CO
desorption when oxygen is present also shows the same general trend in the rate
parameters as a function of the coverage of CO. This may be rationalized by the
fact that CO and oxygen do not compete for adsorption sites, as shown in the next
section. Also, the adsorption kinetics of CO on clean Ir(110) and Ir(110) oxide are
identical, so that the rate parameters for CO desorption would be expected to scale
similarly with CO coverage, although the energy of desorption and pre-exponential
factor are lower for the oxide surface.

As shown in fig. 6, the rate parameters for CO oxidation, £; and vy, vary weakly
with the total coverage of oxygen, 8¢. For the abscissae of these data only, 8¢ is
the sum of the coverages in the chemisorbed and oxide layers. The parameters for
CO oxidation on clean and oxidized Ir{110) are shown in figs. 6a and 6b, respec-
tively, and they are appropriate for describing oxidation by the LH mechanism
only. Rate parameters calculated from the low and high temperature peaks in the



366

J.L. Taylor et al. [ Transient study of CO and oxygen on Ir(110)

CO, spectra are shown as empty and filled symbols, respectively. Both oxygen and
CO were introduced first in the exposure sequences for these data; for the respec-
tive cases, the initial coverages are denoted by 69 and 62 in fig. 6. The rate param-
eters do not depend upon the exposure sequence or upon the order in the chemi-
sorbed layer of oxygen. The points labeled A and B in fig. 6b are the parallel rates
of CO, production for the points labeled A and B in fig. 5b for CO desorption. In
general, the activation energy for CO oxidation via the LH mechanism does not
depend strongly on the composition of the chemisorbed layer, or whether the sur-
face is clean or oxidized. In most instances, the activation energy may be estimated
as 12 kcal/mole.

The compensation effect occurs for CO oxidation, as well as for CO desorption.
The rate equation that describes the sympathetic variation in the activation energy
and the pre-exponential factor for CO oxidation is [18]

R, = s Cocoto exp |- Z0 P (L L)), @
where v, and Ty, are constants, and £, varies with the composition of the adlayer.
Although £, does not depend strongly on any physical parameters, vo, and T,
differ for the two peaks in the CO, desorption spectrum. From a least squares fit of
the rate parameters in fig. 6, o, and Ty, are 7 X 107'¢*1 cm?/sec and 390 + 30K
for the peak at lower temperatures, and they are 8 X 107 7*! em?/sec and 430 £
30K for the peak at higher temperatures. Using 12 kcal/mole as an average activa-
tion energy for CO oxidation, the average pre-exponential factors (v;) are 3 X
107° cm?/sec and 3 X 107° cm?/sec for the respective peaks. Relatively low values
of the rate parameters, like those determined here, are reported frequently for CO
oxidation via the LH mechanism on the platinum metals, and they are associated
with the diffusion kinetics of chemisorbed CO onto islands of oxygen atoms
[1,4,5]. On Pt(110) [23],Pd(111) [1,24] and Ir(111) [5,25], the activation energy
is about 10 kcal/mole, and the pre-exponential factor is near 107!® cm?/sec.

When oxygen is the first component introduced in the exposure sequence, the
coverage of CO that desorbs as CO,(6¢co,) depends predictably upon the initial
coverage of CO(820). This dependence for various initial coverages of oxygen (CEY)
on clean and oxidized Ir(110) is shown in fig. 7. If the coverage of chemisorbed
oxygen exceeds that of CO prior to the flash, 85% of the CO desorbs as CO,. The
same trend is observed for the reaction of chemisorbed oxygen on the oxidized
surface. However, if the chemisorbed layer is ordered, as for points labeled A in
fig. 7b, rather than random as for the points labeled B, slightly less CO, is formed.
Also, the oxide layer is less reactive than chemisorbed oxygen to CO reduction. If
the oxide coverage exceeds the initial coverage, no more than 50% of the CO is
oxidized. In a single flash, no more than 70% of the oxide will be reduced by CO,
whereas all chemisorbed oxygen, for an equivalent coverage, will be reduced if
sufficient CO is available. Similar trends are observed when CO is introduced first in
the exposure sequence. Therefore, the product distribution in these transient
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Fig. 7. The total amount of CO, produced in the thermal desorption spectra for various
co-adsorbed adlayers of oxygen and CO from: (a) clean Ir(110),and (b) oxidized Ir(110). The
initial coverages of CO and oxygen are as shown. The oxide layer is composed of 0.25 ML of
oxygen, which may be reduced also.

experiments depends on the composition of the overlayer, but not on the exposure
sequence.

Several conclusions may be drawn from the data for CO desorption and oxida-
tion from co-adsorbed layers of CO and oxygen on clean and oxidized Ir(110). The
desorption order is unity for CO. The energy of desorption varies strongly with
both the coverage of CO and the initial coverage of oxygen. Also, the energy of
desorption and the pre-exponential factor vary in sympathy, i.e., the compensation
effect occurs for this process. The low values for the pre-exponential factor may
indicate diffusion of CO on the surface limits the desorption rate. This effect is
more pronounced on the oxidized surface where both the desorption energy and
the pre-exponential factor are smaller than for the clean surface. The rate param-
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eters for the oxidation of CO via the LH mechanism vary only weakly with the
coverages of CO and oxygen on both clean and oxidized Ir(110) and with the order
of the oxygen overlayer. Average values for the activation energy and pre-expo-
nential factor for CO oxidation are 12 kcal/mole and 107% or 107'° cm?/sec,
depending on the surface temperature, where the low pre-exponential factor indi-
cates that surface diffusion of the reactants may limit the reaction. Finally, the sur-
face oxide is less reactive to CO than chemisorbed oxygen. These results will be
used to model the steady state rates of CO, production presented elsewhere [8].

4. The co-adsorption kinetics of CO and oxygen

The adsorption kinetics of CO on oxygen overlayers and the adsorption kinetics
of oxygen on CO overlayers, for the Ir(110) surface at 300 K, were measured using
thermal desorption mass spectrometry. For each exposure sequence, the thermal
desorption spectra of CO, O, and CO, were monitored to determine the initial
coverages of CO and oxygen. The results and a parallel discussion will be presented
first for CO adsorption on clean and oxidized Ir(110) partially covered with oxygen;
and, second, for oxygen adsorption on the two surfaces partially covered with CO.

The adsorption kinetics of CO on 1r(110) surfaces that were partially covered
with chemisorbed oxygen are shown in fig. 8a. Since the initial sticking probability
of CO is unity, regardless of the initial coverage of oxygen, oxygen does not block
sites for CO adsorption. Similar behavior for CO chemisorption has been observed
on Pd(111) [1] and polycrystalline Pt {26]. At higher coverages, the kinetic data
for Ir(110) may be fit by a second-order precursor model that accounts for ordering
of the adlayer by intermolecular forces [27]. This model depends on two assump-
tions: (1) the overlayer of adsorbing species orders continually due to nearest-
neighbor intermolecular forces, but it also disorders due to thermal randomization;
and (2) a molecule in the precursor state may chemisorb only if two empty and
adjacent sites for chemisorption are available. This model may pertain to non-
dissociative adsorption [10], as is the case for CO, as well as dissociative adsorption
[27]. In this second-order precursor model [27], the ratio of the sticking probabil-
ity (S) to the initial sticking probability (So) depends on the fraction of empty sites
with empty nearest-neighbors (640) and a parameter k that is inversely proportional
to the lifetime of the precursor state,

S/So=[(1 — k) +&/600] " . (%)
The sticking probability is related to coverage (8) and the exposure (€) of the
adsorbing species by [28]

S = (2nMgkT,)' 2 C, db/de , 6)

where My and T, are the molecular weight and temperature of the adsorbing gas.
The initial sticking probability is calculated by evaluating eq. (6) in the limit of
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Fig. 8. The adsorption kinetics of CO on: (a) clean Ir(110), and (b) oxidized ir(110) surfaces
that injtially were covered with varying amounts of oxygen. Curves derived from the second-
order precursor model are shown as solid lines. The ordinate has been shifted between each

data set for convenience.

small coverage. For a CO overlayer on the Ir(110) surface, the expression for ¢ is
[10]
201 —9)

1 -4BO(1 —-0)]' 41" 7

Boo=(1 —0)

The intermolecular force between nearest-neighbors (¢) is related to the param-
eter B by [27]

¥ =—kTin(l —B), (8
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where a positive value of V is associated with a repulsive interaction.

Chemisorbed oxygen does not block sites for CO chemisorption so that the
pertinent coverage in eq. (7) is the CO coverage, rather than the sum of the cover-
ages of CO and oxygen. However, the repulsive interaction between chemisorbed
CO molecules increases, and the lifetime of the CO precursor decreases as the initial
coverage of oxygen increases. The parameters B and k, which are related to these
respective phenomena, vary with the initial oxygen coverage according to the
expressions :

~kTIn(1 —B)=2+0.463, - 9
and
k =exp[1.6(83 — 1)] 10)

that were derived empirically from the data in fig. 8a, where the kinetic models are
shown as solid lines. At 300 K, the lifetime of a CO precursor on Ir(110) decreases
as 0 increases; at temperatures where the steady state reaction is rapid, the life-
time decreases even further. Regardless of the value of B, the adsorption kinetics
for lower CO coverages (<0.5 ML) approach the simple limit S(CO)/So(CO) = (1 —
0co)? as the precursor lifetime becomes small [27]. As will be shown, CO blocks
oxygen chemisorption almost completely for larger CO coverages, so the oxidation
reaction is inhibited. Hence, from eq. (6), the adsorption rate of CO (in molecules/
cm? - sec) may be approximated by

C, d6coldr = Peo(1 — Bc0)*/(QnMcokTy)'? (11)

regardless of the coverage of chemisorbed oxygen. Here, the partial pressure of CO
is Pco, and the initial sticking probability for CO is taken to be unity. This result
will be used to model the steady state oxidation data [8].

As shown in fig. 8b, the adsorption kinetics of CO on oxidized Ir(1 10) at 300K
also exhibit second-order behavior when oxygen is chemisorbed on the surface. The
initial sticking probability for CO is unity, so oxygen does not block sites on the
oxidized surface, regardless of the coverage of oxygen. In the absence of chemi-
sorbed oxygen, the values of B and « are identical for clean and oxidized Ir(110).
When 0.25 ML of oxygen is chemisorbed on the oxidized surface, both B and «
assume values of unity. Kinetic models with these parameters are shown as solid
lines in fig. 8b. Hence, the second-order behavior is even more pronounced for CO
chemisorption on the oxidized surface. Moreover, ordering in the chemisorbed layer
of oxygen, into a ¢(2 X 2) structure, as in curve c in fig. 8b, changes the adsorption
kinetics only slightly with respect to a disordered layer, as in curve b. Therefore,
eq. (11) may be used to describe the adsorption kinetics of CO on oxidized Ir(110)
when the oxidation reaction proceeds under steady state conditions. The second-
order behavior is not unique to Ir(110) and has been observed in other studies of
CO oxidation [1,26], including the early work of Langmuir [3].

Although chemisorbed oxygen does not block sites for CO adsorption, chemi-
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Fig. 9. The adsorption kinetics of oxygen on clean and oxidized Ir(110) at 300 K. The surfaces
initially were exposed to 0.6 L of CO, which comresponds to a coverage of 0.25 ML. Curves
derived from second-order Langmuir models are shown as solid lines. The ordinate has been
shifted for the clean surface data for clarity.

sorbed CO blocks sites for oxygen adsorption. For a clean surface initially covered
with 0.75 ML of CO, no detectable amount of oxygen is chemisorbed following an
oxygen exposure of 10 L. When the experiment was repeated with an initial CO
coverage of 0.5 ML, only 0.1 ML of oxygen chemisorbs, whereas the oxygen cover-
age would be near saturation if the CO were absent [11]. Fig. 9 shows the kinetic
data for oxygen chemisorption on clean and oxidized Ir(110) surfaces that were
initially covered with 0.25 ML of CO. The coverage of oxygen associated with each
exposure was determined from thermal desorption spectra. Although the data for
the clean surface are not fit well by the second-order Langmuir model,

5(02)185(03)= (1 ~ 6 — 8c0)? (12)

the data for the oxidized surface are, as shown by the solid line in fig. 9. In this
case, the initial sticking probability of oxygen [So(0,)] is 0.035, which is an order
of magnitude smaller than the value obtained when CO is absent from the surface.
The kinetic data for oxygen chemisorption on clean Ir(110) may be modeled by
a second-order Langmuir model if the CO overlayer orders into a p(2 X 2), rather
than a random configuration. The p(2 X2) LEED pattern of CO, which forms near
0.25 ML coverage on clean Ir(110) only, is ordered at 90 K, but is disordered some-
what at 300K [10]. In developing this model for oxygen adsorption, a random
number generator was used to select the pair of adsorption sites. The surface con-
sisted of a (20 X 20) array of adsorption sites, upon which the p(2 X 2) array of CO
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was superposed and filled 25% of the adsorption sites. If a gaseous oxygen molecule
struck a pair of empty sites, it would chemisorb with probability So(0,) and would
occupy the two sites. Otherwise, it was reflected from the surface. For an initial
sticking probability [S¢(0,)] of 0.27, which is nearly equal to the value obtained
when CO is absent [11], this model accurately fits the data for the clean surface in
fig. 9. The model is shown as a solid line in this figure.

Since the p(2 X 2) structure of CO disorders as the surface temperature increases
[10], the adsorption kinetics of oxygen on clean Ir(110) are expected to follow
eq.(12) for temperatures where the steady state rate of CO oxidation is large.
Under these conditions, the rate of oxygen adsorption on either clean or oxidized
Ir(110) may be approximated further by

5(02)/S0(02) = (1 — 86)*(1 = fco)’ .

or
¢ 390 _254(05) Po,(1 —00)*(1 —8co)’ (13)
P dr (21Mo, kTy)"? '

Moreover, this approximation for eq. (12) may be necessary since the sum of the
coverages of chemisorbed oxygen and CO may exceed unity, as in fig. 8, but either
coverage alone cannot exceed unity [10,11]. The factor of two appears in eq. (13)
since oxygen adsorbs dissociatively.

Since chemisorbed oxygen does not block sites for CO adsorption, but chemi-
sorbed CO blocks sites for oxygen adsorption, oxygen and CO do not compete
for adsorption sites on Ir(110). In previous studies on other platinum metals [7,29],
the ER reaction was thought to be rate-limiting for the rapid reduction of an
oxygen overlayer by gaseous CO, but the LH reaction was thought to be rate-lim-
iting for the slow oxidation of a CO overlayer by gaeous O,. Both processes may be
described in terms of the LH mechanism if the adsorption kinetics of CO and
oxygen are modeled like the kinetics of Ir(110). That is, CO oxidation via the LH
reaction is rate-limiting in the first case, whereas oxygen adsorption is rate-limiting
in the second case. Also, other studies [30] have indicated that CO oxidation may
occur through the reaction of chemisorbed oxygen with a reactive form of chemi-
sorbed CO which is present only when the coverage of CO is small. This phenome-
non might be explained better by the fact that adsorbed CO strongly blocks oxygen
adsorption to limit the CO oxidation reaction.

The measured kinetics for oxygen adsorption on oxidized Ir(110) partially
covered with CO are modeled accurately by Langmuir kinetics {eq. (12)] for a dis-
ordered CO overlayer. This is surprising since chemisorbed CO orders into a (2 X
1)plgl structure on oxidized Ir(110) below 500 K and above 0.05 ML coverage.
When oxygen is adsorbed on either the CO-p(2 X 2) structure on clean Ir(110) or
the CO-{2 X 1)plgl structure on oxidized Ir(110) [10], the order in the overlayer is
not changed although the background intensity of the LEED pattern increases.
Similarly, when CO is adsorbed on either the O-p(2 X 2) structure on clean Ir(110)
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or the O-c(2 X 2) structure on oxidized Ir(110) [11], the order is not affected. The
LEED patterns for these four co-adsorbed systems sharpen when cooled to 90K,
but vanish when annealed to 400 K. Upon annealing, the overlayer is lost through
the CO oxidation reaction. No LEED patterns that are unique to co-adsorbed
systems were detected in this study, even though these structures were sought

extensively.

5. Summary

The transient kinetics of elementary reactions that may limit the steady state
rate of CO, production over Ir(110) by gaseous CO and O, have been studied. The
results of this investigation form a basis to model the data for the steady state rates
presented elsewhere [8]. Both clean and oxidized Ir(110) surfaces were used as the
catalysts.

The kinetics of CO desorption and CO oxidation via the LH mechanism may be
modeled accurately by Arrhenius expressions. However, the dependence of the
rates upon leading coefficients that vary as coverages to integral exponents may be
overshadowed completely by the variation in the pre-exponential factors and activa-
tion energies with the composition of the adlayer. The activation energy for CO
desorption, which depends on the coverages of both CO and oxygen, may vary
from 10 to 36 kcal/mole, but maintains near 16 kcal/mole where the steady state
rate of CO oxidation is rapid [8]. The pre-exponential factor associated with this
activation energy is 10° sec™'. The activation energy for CO oxidation via the LH
mechanism is relatively insensitive to the composition of the adlayer and is equal
to approximately 12 kcal/mole. The pre-exponential factor for the oxidation reac-
tion is 3 X107 or 3 X 1071% cm?/sec, depending on the surface temperature. This
variation, as well as the small value of the pre-exponential factor (and other evi-
dence), indicates that diffusion of the reactants on the surface, rather than the
adatom-admolecule reaction, may limit the oxidation rate on the surface.

Since the initial sticking probability of CO on clean or oxidized Ir(1 10) at 300K
is unity, regardless of the coverage of chemisorbed oxygen, oxygen does not block
sites for CO chemisorption. However, if a sufficient concentration of oxygen is
chemisorbed on the surface, the adsorption kinetics of CO are of Langmuir type
and are second-order in the coverage of CO. Both chemisorbed oxygen and CO
block sites for oxygen chemisorption so that the adsorption kinetics of oxygen are
of the Langmuir type, vary as second-order in the sum of the coverages of CO and
oxygen, but also depend on the structure of the chemisorbed layer. If the sites
occupied by CO are accounted for, the initial sticking probability for oxygen
adsorption at a surface temperature of 300K is 0.27 on the clean surface, which is
close to the value obtained in the absence of CO; but it is 0.035 on the oxidized
surface, which is an order of magnitude lower than the value obtained in the

absence of CO.
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APPENDIX G
THE OXIDATION OF CARBON MONOXIDE OVER THE
(110) SURFACE OF IRIDIUM
(The text of Appendix G consists of an article coauthored
with J. L. Taylor and W. H. Weinberg that has appeared in
Journal of Catalysis 62, 1(1980)\.)
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The heterogeneously catalyzed reaction of gaseous CO and O, to form CO, over Ir(110) has been
studied, through measurements of the steady-state rate of CO, production, by mass spectrometry
for surface temperatures between 300 and 1000 K, and for partial pressures of the reactants be-
tween 107% and 3 x 107¢ Torr. The rate expressions developed from a previous analysis of transient
reactions were combined into a model that both qualitatively and quantitatively predicts trends in
the steady-state measurements. However, the following four phenomena limit the applicability of
this model: (1) The activation energies for CO desorption and CO oxidation depend markedly upon
the composition of the adlayer on the surface. (2) Diffusion in the adlayer may limit the rates of CO
desorption and CO oxidation, but this effect can be included empirically in the rate expression. (3)
The catalyst surface is oxidized at temperatures where the steady-state rate of CO oxidation is
rapid, i.e., a second species of atomically adsorbed oxygen forms irreversibly near 700 K. (4)
Hysteresis in the rate of production of CO, with temperature occurs in the steady-state reaction.

INTRODUCTION

Steady-state rates of CO, production at
low pressures (<1073 Torr) have been mea-
sured as a function of surface temperature
for several platinum metal catalysts (/-7).
The rate of production is observed to in-
crease rapidly with temperature until a
maximum is reached near 600 K and then to
decrease slowly at higher temperatures. In
the regime where the rate increases with
temperature, the desorption of chemisorbed
CO and the subsequent competitive adsorp-
tion of oxygen and CO have been thought to
be the rate-limiting steps since Langmuir
first described this reaction (/). However,
the elementary reaction that depicts the
combination of oxygen and CO to form CO,
has been a subject of controversy until re-
cently (6). Although other mechanisms
have been suggested (8, 9), the reaction of
chemisorbed oxygen atoms with either
chemisorbed or physically adsorbed CO
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molecules is thought to be the most proba-
ble path for CO oxidation (7). In the first
case, termed the Langmuir-Hinshelwood
(L-H) reaction, the rate of oxidation is pro-
portional to the concentration of
chemisorbed CO molecules; in the second
case, termed the Eley-Rideal (E-R) reac-
tion, the rate is proportional to the partial
pressure of CO. In either instance, the rate
is proportional to the coverage of
chemisorbed oxygen atoms. At first, the
dominant path for CO oxidation was
thought to be the E-R reaction (/). The de-
crease in the steady-state rate of CO, pro-
duction with increasing surface temperature
was attributed to a decrease in the coverage
of oxygen (2—4). Early studies with mod-
ulated molecular beams (/0, /1) demon-
strated that the decrease in the rate with
temperature above 600 K could be ex-
plained only by the L-H reaction, for the
coverage of CO, rather than oxygen, de-
creased with increasing temperature. A
subsequent study with molecular beams (6)
showed that CO oxidation on Pd(111) oc-
curs through the L-H mechanism for sur-
face temperatures below 600 K. Moreover,
the oxidation of CO obeys the L~H reaction
onlIr(111) (J12, 13). Hence, the adsorption of
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oxygen and CO, the desorption of CO, and
the L-H reaction to form CO, are the four
elementary reactions that may limit the rate
of CO oxidation over the platinum metal
catalysts. For surface temperatures be-
tween 300 and 1000 K, where the steady-
state rate is greatest at low pressures, the
E-R reaction and the desorption of oxygen
and CO, are thought to affect the rate to
second order at most (I, 6).

The present study of CO oxidation over
Ir(110) was undertaken to supplement those
of earlier investigations and to model the
dependence of the steady-state rate of CO,
production under various conditions. Much
of the preliminary modeling of the steady-
state rates of CO oxidation has utilized
transient studies as presented in a previous
paper (14). These transient studies by
thermal desorption mass spectrometry fo-
cused on the following: (1) the dependence
of the rate expressions for CO desorption
and CO oxidation upon the composition of
the adlayer; and (2) the competitive adsorp-
tion of CO and oxygen (/4). The present
work used a mass spectrometer to monitor
the steady-state rate of CO, production. In
these studies, the partial pressures of the
reactants, CO and O,, were varied between
1072 and 3 x 10~® Torr, and the temperature
of the single-crystal catalyst was varied be-
tween 300 and 1000 K. To determine how
ordering phenomena influence the oxidation
rate, the structure of the chemisorbed layer
was investigated with LEED. An interpre-
tation of steady-state oxidation rates will be
presented based on the kinetic expressions
which were developed earlier (14).

2. EXPERIMENTAL DETAILS

The experiments were conducted in a
stainless-steel bell jar with a base pressure
below 2 x 107! Torr. Partial pressures in
the steady-state reactions were measured
with a quadrupole mass spectrometer. The
order of the overlayer during steady-state
reactions was assessed by LEED. The sub-
strate, which was held on a precision manip-
ulator by two 10-mil Ta wires, could be

cooled with liquid nitrogen or heated resis-
tively. The temperature of the substrate
was measured with a Pt—-Pt/10% Rh ther-
mocouple. The intensity from the mass
spectrometer and the EMF from the ther-
mocouple were recorded digitally by a
PDP-11/10 computer (15), but they are pre-
sented in analog form for convenience.

The catalyst was cut from a single crystal
of Ir and was polished within 1° of the (110)
orientation. Carbon was removed from the
surface through a series of oxidation and
reduction cycles, whereas oxygen was re-
moved by annealing the substrate above
1600 K. Prior to each experiment, the sur-
face was free from impurities with 0.01 ml
(where 1 ml = 10 cm™2), as judged by
Auger spectroscopy.

Although CO does not dissociate on
Ir(110) at low pressures below 1300 K (16),
the measurement of steady-state oxidation
rates was complicated by the formation of a
surface oxide at temperatures where the
rate of oxidation is rapid (/7). The oxide is
distinct chemically from chemisorbed oxy-
gen, and it is less reactive to reduction by
CO (14). When a surface that is covered
with chemisorbed oxygen is heated to 700
K, the oxide forms irreversibly with a sat-
uration coverage of 0.25 + 0.05 ml, but de-
composes by annealing the surface above
1600 K. Since the presence of the surface
oxide is known to affect the chemisorption
of CO (16) and oxygen (I7) on Ir(110), ex-
periments were performed with both clean
and oxidized surfaces of Ir(110) for the
transient experiments mentioned (/4) and
the present steady-state experiments.

The mass spectrometer was used to mon-
itor steady-state rates of CO, production as
a function of surface temperature and of the
composition of the reactant gas. The total
pressure of the reactants was varied be-
tween 1077 and 3 x 10-¢ Torr, whereas the
partial pressure of each reactant was varied
between 107" and 3 x 10°® Torr. The
steady-state rates of CO, production were
measured in the following way. A clean
Ir(110) crystal at 300 K was exposed first to
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CO. Oxygen was not admitted into the reac-
tor until the surface had been exposed to
100 liters of CO. Following this exposure,
the surface is covered with CO, which is
typically the situation at steady state as is
shown in the following section. After the
partial pressures of CO, O,, and CO, had
equilibrated, the partial pressure of each
gas was measured. To obtain reaction rates,
the partial pressure of CO, was measured as
the temperature of the surface was varied at
a rate of 80 K min~'. The measured oxida-
tion rate at any temperature did not vary for
slower heating rates. The temperature first
was increased to 1000 K and then was re-
turned to 300 K. As the temperature of the
surface changed, the partial pressures of the
reactants, CO and O,, were not monitored

since these could be determined directly
from the change-in the partial pressure of
CO,. Moreover, the extents of reaction
were small, less than 20%, so that these par-
tial pressures did not change significantly.

3. STEADY-STATE RATES OF CO, PRODUCTION

The steady-state rate of CO, production
(R,, molecules cm™2 s7') was measured as a
function of the surface temperature (7)) and
the partial pressures (Pco and Pg,) of the
reactants, CO and O,. Representative data
for total pressures (Py) of 3.0 X 1077 and 3.0
x 107% Torr are shown in Fig. 1. Oxidation
rates were measured for total pressures of
1.0 x 1077 and 1.0 10~% Torr also. For each
total pressure, the ratio of the CO partial
pressure to the O, partial pressure (Q =
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F1G. 1. Steady-state rates of CO, production as

a function of the surface temperature with the ratio of

the partial pressures of the reactants (Q = P¢o/Po,) as a parameter. Data are shown for total pressures
of: (a) 3.0 x 10~7, and (b) 3.0 x 10~ Torr. The arrows on the curves point to the right if the temperature

is increasing and to the left if the temperature is

decreasing.
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Pco/Py,) was varied between 0.1 and 10 in
separate experiments, which will be re-
ferred to as cycles. The arrows shown in
Figs. 1 and 2 for each cycle point to the
right if the surface temperature is increasing
and to the left if the temperature is decreas-
ing. Since typically less than 10% of .either
reactant gas was converted to CO, in these
experiments, the ratio Q did not vary sig-
nificantly with surface temperature. The
values of O shown in Fig. 1 were fixed at
300 K.

Several qualitative features are common
among the cycles shown in Fig. 1. The vari-
ation in the steady-state rate with the sur-
face temperature for any cycle is similar to
that reported for CO oxidation over other
surfaces of the platinum metals (/7). A
maximum in the rate appears near 600 K.
At this temperature, CO begins to desorb
rapidly from the platinum metals, suggest-
ing that CO desorption limits the oxidation
rate at lower temperatures (/). On Ir(110),
the temperature associated with the maxi-
mum rate is independent of the total
pressure in the gas phase (at least below
approximately 10~ Torr), but it is shifted to
higher temperatures as @ is increased.
From the transient studies of CO and oxy-
gen on Ir(110), regardless of the coverage of
oxygen, the rate of CO adsorption during
the steady-state reaction is approximated
by (14)

dOCO — PCO(I - 0C0)2 .
dt (ZﬂMcokTg)”z

where Cg, 0co, Mo, k, and T, are the con-
centration of adsites (10'> cm™2), the frac-
tional coverage of CO, the molecular weight
of CO, Boltzmann’s constant, and the gas-
phase temperature (taken as 300 K,), re-
spectively. Since the rate of CO adsorption
[Eq. (1)] increases with Q, this shift is fur-
ther indication that the desorption of CO
limits the rate below 600 K. Two features,
which generally are not reported for CO
oxidation, appear in the cycles in Fig. 1: (i)
A second local maximum in the oxidation
rate occurs near 800 K for larger values of

Cs (1

Q; and (ii) the oxidation rates exhibit hys-
teresis as the catalyst temperature is varied.
Moreover, a change in the maximum rate of
CO, production is associated with this hys-
teresis.

The hysteresis might result from the oxi-
dation of the surface since the rates of sev-
eral elementary reactions in the overall oxi-
dation differ for clean and oxidized Ir(110)
(14). To test this hypothesis, the maximum
temperature of the catalyst, rather than Q,
was varied among cycles. Several cycles for
values of Q of 2.7/1 and 1/4.4 are shown in
Fig. 2. In these experiments, the surface
was cleaned before the first cycle only. The
total pressure was 1.0 x 107° Torr. In the
absence of CO, the surface is oxidized near
700 K (I17), but, in the presence of CO, the
surface may be oxidized at higher tempera-
tures since the processes of CO oxidation
and oxide formation may compete for
chemisorbed oxygen.

For a value of Q of 2.7, the maximum rate
of oxidation did not change if the maximum
surface temperature in the first cycle was
maintained below 750 K. However, hys-
teresis still occurred, as is shown in Fig. 2a.
This hysteresis appears not to be time de-
pendent; the oxidation rates at the two max-
ima were stable over 30 min, which was the
longest time that the stability was tested. If
after the surface temperature had returned
to 300 K and the reactant gases were
evacuated, CO was the only desorption
product observed when the surface was
heated to 1800 K. During the second cycle,
the second local maximum in the steady-
state rate appeared when the surface tem-
perature first exceeded 850 K but did not
occur subsequently. As the temperature
was returned to 300 K, the maximum rate of
CO, production increased. Moreover, the
increase was irreversible since the rate at
the maxima did not change in succeeding
cycles so long as the sample was not
cleaned. When the reactants were
evacuated following the second or succeed-
ing cycles, a (2 x 1) plg1 LEED pattern,
characteristic of CO chemisorption on
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oxidized Ir(110) only (16), was observed on
the surface. Upon flashing the surface to
1800 K, CO, 0,, and CO, were desorbed so
that the catalyst was oxidized during the
second cycle, but not during the first cycle.
Therefore, although the hysteresis cannot
be attributed solely to oxide formation on
the catalyst, the second local maximum in
the steady-state rate with increasing tem-
perature and the change in the maximum
steady-state rate of CO, production are as-
sociated with oxide formation on the
catalyst. Moreover, although the oxide
layer may be rediced by CO (14, 16), at
least a fraction of the oxide is stable be-
tween 300 and 1000 K while CO, is pro-
duced under steady-state conditions. For
values of Q greater than 2, the hysteresis is
less pronounced following the oxidation of
the surface. Also, the maximum steady-

state rate of CO, production is increased fol-
lowing the formation of the oxide. Both
trends are evident in Fig. 2a.

Data for the experiment described above
are shown in Fig. 2b, but here Q(= Pco/ Po,)
is 1/4.4. After the catalyst temperature first
exceeded 700 K, oxidation of the surface
cccurred, and it had to be cooled below 300
K to quench the production of CO,. As be-
fore, the oxidation of the catalyst was ver-
ified both by LEED and by thermal desorp-
tion. As Q decreased, the oxide layer gen-
erally formed at lower temperatures. As
shown in the curve for the first cycle, the
maximum steady-state rate of CO, produc-
tion was larger before the surface was
oxidized. For values of Q less than 1, the
maximum steady-state rate decreased after
the surface was oxidized. Moreover, sig-
nificant hysteresis was not observed for
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temperatures above the maximum but was
quite pronounced at lower temperatures.
Again, hysteresis cannot be attributed solely
to differences in the catalytic behavior
on the clean and oxidized surfaces. Hys-
teresis is observed in cycles for which the
surface is always clean, i.e., unoxidized, as
in the first cycle in Fig. 2a, or always
oxidized, as in succeeding cycles in Fig. 2b.

Hysteresis would appear in the CO oxi-
dation rate if the kinetics of the elementary
reactions that limit the steady-state rate
vary nonlinearly in the coverage of either
CO or oxygen. Hence, two or more minima
in the total Gibbs energy, each associated
with different coverages of reactants, may
exist at any surface temperature. Although
the Gibbs energy for one minimum may be
substantially smaller than the energy for all
others, a large activation energy may pre-
vent the system from attaining the lowest
possible Gibbs energy. The minimum that is
entered as the temperature changes de-
pends upon the composition of the adlayer
prior to the change and, therefore, depends
upon the rate and the sign of the change.
The ‘‘steady-state’’ rates shown in Figs. 1
and 2 did not vary with heating rate as long
as it was maintained below 4 K s~', but they
did vary considerably with the sign of the
heating rate. Although the two different
rates at the same temperature were stable,
the rates for larger values of Q tended to
become unstable and fall rapidly for tem-
peratures below 600 K as the surface was
cooled. In this and other respects, the hys-
teresis reported for CO oxidation over
polycrystalline Pt (7) is similar to that ob-
served in this study.

LEED was not only useful for indicating
that the surface was oxidized but was also
useful for showing that chemisorbed oxygen
clusters into islands when the sieady-state
rate of CO oxidation is large. On clean
Ir(110), a p(2 x 2) pattern, which appears
for oxygen coverages near 0.25 ml in the
absence of CO, is formed for temperatures
near the maximum in the steady-state rate.
On oxidized Ir(110), a c(2 x 2) pattern,

which appears for oxygen coverages be-
tween 0.2 and 0.6 ml in the absence of CO,
formed for temperatures near the maximum
also.

To obtain apparent activation energies for
CO oxidation under steady-state condi-
tions, the logarithm of the steady-state rate
of production of CO, was plotted as a func-
tion of the reciprocal of the surface temper-
ature for each cycle, as in Fig. 3. For all
cycles shown, the surface was clean ini-
tially, but it was oxidized as the tempera-
ture was decreased (i.e., for curves with ar-
rows pointing to the right). The slope of the
linear part of each plot gives an apparent
activation energy divided by the Boltzmann
constant (E,/k), whereas the intercept
gives the logarithm of the apparent preex-
ponential factor (In v,), recognizing that the
rate of production of CO, may be written as
R, = v, exp(—~E,/RT), where T is the sur-
face temperature. '

In the region where the rate increases
with temperature of the clean surface, the
apparent activation energy (E,) is between
13 and 16 kcal mole™!, regardless of the
total pressure and the value of Q. In the
same region for the oxidized surface, the
activation energy is between 5 and 20 kcal
mole™', and tends to increase with Q. In the
region where the oxidation rate decreases
with temperature of clean or oxidized
Ir(110), the apparent activation energy (E,)
is between —6 and —3 kcal mole~!, regard-
less of the total pressure and the value of Q.

The apparent preexponential factors for
the oxidation reaction may be related em-
pirically to the reactant partial pressures
(Pco and Py,) by

vy = v;Pco"Py," 2
where v;,, m, and n are constanis. In the
region where the rate increases with tem-
perature on the clean surface, the apparent
preexponential factor is proportional to
Py 2/ Pco (=Py,/Q), as shown in Fig. 4. For
this region, the oxidation rate (R, in mole-
cules cm™2 s7') is given by
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Ry = vi(Po2/Pcolexp[~E,/RT], (3)

where FE, is between 13 and 16 kcal mole™’,
and v,, from the intercept of Fig. 4, is 2 X
10%=! molecules cm~? Torr~' s™'. The scat-
ter in the data of Fig. 4 is not surprising
since an error of 2 kcal mole™! in E, causes
a tenfold variation in »;,. The apparent
preexponential factors were proportional to
P:0Q and P, also, but these correlations
fit poorly at the extremes in the abscissa. In
the region where the rate increased with
temperature on the oxidized surface,. no
correlation could be found since the appar-
ent activation energy varied markedly with
the partial pressures of the reactants.

In the region where the rate decreases
with the temperature of the clean or
oxidized Ir(110) surface, the apparent
preexponential factor is proportional to P ¢,
as shown in Fig. 5. There, the factors for
the clean surface are shown as empty sym-
bols, whereas the factors for the oxidized
surface are shown as filled symbols. No
other correlation in the form of Eq. (2) that
fits the data could be found. For this tem-

perature regime, the oxidation rate (R,,) is
given by

Rl‘z = VZPCO exP[_Ez/kT], (4)

where E, 'is between —6 and -3 kcal
mole™!, and v,, from the intercept of Fig. 5,
is 2 x-10'**! molecules cm~2 Torr~! s~'.
As is clear from Fig. 3, Egs. (3) and (4)
intersect at temperatures near the maxi-
mum in the steady-state oxidation rate. If
the intersection coincides exactly with the
maximum, the temperature at the maximum
(T1max) would be a function of Q(= Pco/Pow)
only, and it would be given implicitly by

Q2 = V3 exp[_E.'x/kTmax]’ (5)

where v, is equal to v,/v, or approximately
105=2 and E; is equal to (E, — E,), approxi-
mately 19 = 3 kcal mole™'. This equation
does not predict T ., correctly since T, is
to the left of the intersection for values of Q
less than 2 and is to the right of the intersec-
tion for values of Q greater than 2. How-
ever, as shown in Fig. 6, aplot ofIn Q as a
function of T~ ! gives approximately lines
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temperature are hollow whereas points associated with a decreasing surface temperature are solid.
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for both clean and oxidized Ir(110). There,
points for the respective surfaces are empty
and filled. In either case, the slope is —9000
+ 1000 K, which is nearly equal to E;/k.
Also, the intercepts, 3 x 10° for the clean
surface and 1 x 107 for the oxidized sur-
face, are nearly equal to v;. Hence, the
temperature at the maximum in the steady-
state rate is approximated by Eq. (5) if the
exponent of Q is changed from 2 to 1.
Moreover, the rate at the maximum is gen-
erally within a factor of 2 lower than the
rate given by the intersection of Eqs. (3)

and (4).

4. KINETIC MODEL OF STEADY-STATE
OXIDATION RATES
A kinetic model will be developed to
interpret the steady-state oxidation rates in
light also of the transient studies presented
elsewhere (/4). The rates of three elemen-
tary reactions—the desorption of CO,, the
desorption of oxygen, and the oxidation of
CO via the E-R mechanism—are not in-

cluded in this model. In the temperature
range where the steady-state rates were
measured, the rate of CO, desorption is ex-
tremely rapid and the rate of oxygen de-
sorption is extremely slow, so that both
processes do not affect the overall oxidation
rate. Studies with modulated molecular
beams (6, 10, 11) have shown that CO oxi-
dation over the platinum metals between
300 and 1000 K occurs predominantly
through the L-H mechanism, whereas the
oxidation rate via the E-R mechanism is
undetectable. Moreover, the decrease in
the oxidation rate observed above 600 K on
Ir(110) cannot be attributed to a decrease in
the coverage of oxygen and can be ex-
plained only if oxidation occurs by the L-H
mechanism.

Four processes—the desorption of CO,
the oxidation of CO via the L-H mecha-
nism, the adsorption of CO, and the adsorp-
tion of oxygen—may limit the steady-state
rate of CO, production. The rate expres-
sions for the respective processes, deter-
mined from transient experiments (/4), are
given by Egs. (6), (7), (1), and (8).

Ry = —v4(6c0,00)Csbco

exp[—Ey(0co,00)/kT], (6)
R, = —v(6co,00) C3%0c000
exp[_Er(OCOaOO)/kn, (7)
dd
S dt
- 250(02)1)02(1 - 004 — 9(‘0)2 . (8

(m Mo kT '

Here, $,0,), 6y, and M, are the initial
sticking probability of oxygen, the frac-
tional coverage of oxygen, and the molecu-
lar weight of oxygen, respectively. The dif-
fusion of oxygen and CO on the surface also
may influence the steady-state rate, but
these effects are included empirically in
Egs. (6) and (7). When CO oxidation is pro-
ceeding under steady-state conditions, the
time dernivatives of the oxygen and CO cov-
erages are each zero. That is, the rate of CO
oxidation is equal to the rate of oxygen ad-
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sorption, and the sum of the rates of CO
oxidation and CO desorption is equal to the
rate of CO adsorption. Hence, Egs. (6), (7),
(1), and (8) may be reduced to three equa-
tions

)
(10)
an
in three unknowns—~co, 8o; and R,. Here,

ki = Qua McokT) ™2,

k, = v4Clexp —E4/kT],

ky = 28(0:) 27 Mo, kT, ] '3,
ky = v.C2 exp[—E,/kT].

R, + k08¢0 = kiPcoll — 0co)?,
R, = k:xpoz“ = Bco)*(1 — 00)%,
R, = k-leOoCO

It

The temperature in the gas phase for the
steady-state data is 300 K, 5,(0,) is approx-
imately equal to 0.25 (/7), and C; is 10"
cm™2. Hence, the values of k, and &, are
approximately 4 x 10?° and 2 x 10*° mole-
cules cm~2 Torr™! s7', respectively. Aver-
age values of vy, Eq, v,, and E, that are per-
tinent for the steady-state data are 1(P->*%->
s~', 14-17 kcal mole™!, 3 x 107'° cm?* s7',
and 12 kcal mole™' (14). Although Egs.
(9—<(11) may be solved exactly for the
steady-state rate under any conditions, the
data are analyzed best by using these equa-
tions to describe the asymptotic rates above
and below the maximum.

In the region where the steady-state oxi-
dation rate increases with the surface tem-
perature, the reaction rate is limited by the
desorption of CO and the competitive ad-
sorption of oxygen and CO (I-3, 6, 10-13).
In this region, the coverage of oxygen is
small and may be ignored in Eq. (10) since
chemisorbed CO is present to block sites
for oxygen chemisorption. Also, the flux of
CO molecules to the surface always ex-
cceds the measured oxidation rate by one or
two orders of magnitude. Thus, the desorp-
tion rate must be large compared to the oxi-
dation rate. (From the average values of the
rate parameters for CO oxidation and de-
sorption, the predicted ratio of the rates is
nearly unity between 500 and 1000 K. How-

ever, an error of 2 kcal mole~! in either of
the activation energies would change the
ratio by tenfold, so the experimentally de-
termined rates are more appropriate for in-
terpreting the steady-state data.) If the cov-
erage of oxygen is small, and if the desorp-
tion rate of CO substantially exceeds the
oxidation rate, Egs. (9) and (10) reduce to

R, = (kyva G/ k) Q™" exp[—Eq/kT]. (12)
Inderiving Eq. (12), the coverage of CO was
assumed to vary negligibly in temperature
and to be near one. These assumptions are
appropriate since, as was shown previously
(14), the variation in the rate resulting from
the change in the activation energy with
coverage may overshadow completely the
variation resulting from coefficients that de-
pend on coverages to integral exponents.
Moreover, the coverage of CO is near unity
for the onset of the steady-state reaction.
Equation (12) is identical to the expression
derived by Langmuir (/) to describe the
oxidation rate on Pt in the same tempera-
ture regime. Although the adsorption kinet-
ics given by Egs. (1) and (8) differ from the
expressions used by Langmuir, the same
expression describes the steady-state rate
in either case since the desorption of CO is
rate limiting in both models.

For clean Ir(110), the empirical activation
energy from Eq. (3), 13-16 kcal mole™’,
agrees closely with the predicted value
from Eq. (12), 17 kcal mole™!, which was
estimated from transient experiments, de-
scribed elsewhere (I14). However, the pre-
dicted and empirical dependences of the
rate upon the reactant partial pressures are
different. The rate is proportional to the
pressure of oxygen in the model expression,
but varies as the pressure of oxygen
squared in the empirical expression. This
squared dependence, which is observed
also for CO oxidation over Pd(111) for simi-
lar temperatures (6), may be related to the
diffusion of chemisorbed oxygen. Oxygen
diffusion on Ir(110) becomes rapid at tem-
peratures where the oxidation rate becomes
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rapid (17). Moreover, chemisorbed oxygen
must diffuse since the Op (2 X 2) and the
O-<(2 x 2) LEED patterns are observed
during the steady-state reaction. Oxygen
atoms may diffuse in pairs so that the diffu-
sion rate depends upon the square of the
coverage (18). In the regime where oxygen
competes with CO for adsorption sites, the
coverage of oxygen is proportional to the
pressure of oxygen as indicated by Egs. (10)
and (12). Hence, if the diffusion of oxygen
limits the overall oxidation rate, the rate
would vary as the square of the partial
pressure of oxygen. (This variation in the
rate cannot be explained by the reaction
being limited to the edges of islands of
chemisorbed oxygen atoms, for the rate
would then vary as the square root of the
oxygen pressure.) Information concerning
the kinetics of oxygen diffusion is needed to
relate the empirical preexponential factor in
Eq. (3) to a predicted value, like that in Eq.
(12).

For oxidized Ir(110), no empirical ex-
pression for the overall oxidation, similar to
Eq. (12), could be found. The data for the
oxidized surface were obtained in the part
of the hysteresis cycles where the surface

- temperature is decreasing, rather than in-
creasing, so that the model presented in the
previous two paragraphs may not be appro-
priate for this region. Moreover, the oxide,
which is reactive to reduction by CO, may
be decomposed partially as the temperature
is decreased, but this conjecture was not
tested.

In the region where the steady-state rate
is decreasing with the surface temperature,
the empirical expression for the rate over
clean and oxidized Ir(110) [Eq. (4)] may be
derived from Eqgs. (9)-(11). As determined
from desorption rates of CO calculated
elsewhere (14), the coverage of CO is small
for this temperature regime. As shown pre-
viously, the desorption rate of CO is much
larger than the oxidation rate. Hence, Eq.
(9) is approximated closely by 60k, =
k,Pco. Using this expression to give the
coverage of CO, Eq. (11) becomes

R, = (kxcseoVr/Vd)Pco
expl(Eq — E;)/kT].

Both the activation energy (6) and the
pressure dependence (5-7, 19-21) for the
oxidation rate in this expression have been
derived previously for other platinum metal
catalysts. The coverage of CO is too small
to inhibit the adsorption of oxygen, and, as
determined from the data in Fig. 1, the oxi-
dation rate is not limited by the flux of oxy-
gen to the surface. Thus, the coverage of
oxygen in this temperature regime ap-
proaches the saturation value, 0.5 ml. Using
the average values for v4 and v, that were
given previously, the predicted value of the
preexponential factor from Eq. (13), £, C
Oope/vqa = 2 X 10?°*'molecules cm~2 Torr™'
s~!, is quite close to the empirical value
from Eq. (4), 2 x 10'"*' molecules cm™2
Torr™' s~'. Moreover, the pressure depen-
dences of the two expressions are identical,
and the predicted value for the activation
energy, —5 to —2 kcal mole™, is quite close
to the observed value, —6 to —3 kcal
mole™.

(13)

CONCLUSIONS

The heterogenously catalyzed reaction of
gaseous CO and O, to form CO, over
Ir(110) has been studied through measure-
ments of the steady-state rate of CO, pro-
duction and of the transient Kkinetics of
elementary reactions that may limit the
steady-state rate (/4). Both clean and
oxidized Ir(110) were used as catalysts. The
surface oxide, which is distinct chemically
from chemisorbed oxygen, forms irreversi-
bly at temperatures where the steady-state
rate of CO oxidation is rapid. The desorp-
tion of CO, the oxidation of CO via the
Langmuir-Hinshelwood mechanism, the
adsorption of CO, and the adsorption of
oxygen may limit the steady-state rate of
CO oxidation, whereas the desorption of
oxygen, the desorption of CO,, and the oxi-
dation of CO via the Eley-Rideal mecha-
nism do not affect the rate significantly for
catalyst temperatures between 300 and 1000
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K. The rates of the four elementary reac-
tions that may limit the steady-state rate
depend complexly on the composition of
the adlayer. Moreover, the steady-state
rate may depend critically upon the diffu-
sion rates of chemisorbed oxygen and CO,
which were not measured directly in this
study.

Models for the steady-state oxidation
rate, based on the rate expressions devel-
oped from the transient experiments (14),
give a consistent interpretation of the rate
data for surface temperatures from 300 to
1000 K and for partial pressures of the reac-
tants between 1 x 107% and 3 x 10~® Torr.
Below 600 K, where the oxidation rate in-
creases with the surface temperature, the
rate is inversely proportional to the partial
pressure of CO, but is proportional to the
square of the partial pressure of oxygen.
The unusual variation in the rate with the
oxygen pressure may be associated with the
diffusion of chemisorbed oxygen on the sur-
face. If the steady-state rate is measured as
the surface temperature is increased below
600 K, the apparent activation energy and
preexponential factor for the steady-state
rate on clean Ir(110) are 14 = 2 kcal mole™
and 2 x 10%*' molecules cm™2 Torr™' s™'.
However, if the rate is measured as the
temperature is decreased, the apparent ac-
tivation energy and preexponential factor
vary considerably due to hysteresis in the
rate of CO, production. Since the rates of
the elementary reactions that limit the
steady-state rate are nonlinear functions of
the coverages of CO and oxygen, the Gibbs
energy for any surface temperature may
have several local minima so that hysteresis
may occur. Above 600 K, where the
steady-state rate decreases with the surface
temperature, the oxidation rate is propor-
tional to the partial pressure of CO, but is
independent of the partial pressure of oxy-
gen. Regardless of whether the surface is
clean or oxidized, and whether the surface
temperature is being increased or de-

¥

creased, the apparent activation energy and
preexponential factor for the overall rate
coefficient are —4 + 2 kcal mole™" and 2 X
10'*=' molecules cm™2 Torr™! s~'. The tem-
perature associated with the maximum oxi-
dation rate at steady state occurs near the
intersections of the asymptotic curves
above and below 600 K, and it is inversely
proportional to the logarithm of the ratio of
the CO partial pressure to the oxygen par-
tial pressure.
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APPENDIX H
ADDITIONS TO THE POL OPERATING SYSTEM
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Two additions to the Peripheral Oriented Language (POL)
operating system, used for the experiments described in this
thesis, were implemented that are worthy of mention. The
first described is a new command added to the existing soft-
ware(l) and the second is the description of an additional

digital-to-analog converter (DAC) wired to the POL system.

(A) SHI(FT) n, n = 1-10

SHI(FT) is the 69th command for the POL program. It is
used as an immediate command to shift data contained in a
file by n data slots. Useful applications of this data analy-
sis command are: (1) to align the elastic beam energy of
several EELS files at a constant channel number (zero of
energy) and (2) to align XPS or UPS files that are offset
from one another by an integral multiple of the energy in-
crement used in an experiment. SHI(FT) operates on the file
that is last referenced in the immediate mode. Data are
always shifted to lower slot numbers, where the first n slots
are lost and the last n slots are duplicated. The label is
not altered by the command, so the user must be aware of this
fact when analyzing data.

To implement this command entries were appended to var-

ious Fixed Reserve Addresses as deiimited below.



390

Fixed Reserve Table- COMADD COMNAM LIMIT1 LIMIT2 COMFL1 COMFL2
(Entry) SSHIFT 26063 0 10 4 201
The command subroutine, SSHIFT, was added to the source file,

POLNUM.MAC, and is given below.

SSHIFT: JSR PC,NUMONE
MOV R5,R2
1%: ADD #4 ,R5
DEC R3
DEC R1
BGT 1%
2%: MOV (R5)+,(R2)+ (one slot = two words)
MOV (R5)+,(R2)+
DEC R3
BGT 2%
JMP NEWCOM
Reference

1. J. L. Taylor, Ph. D. Thesis, California Institute of

Technology, 1978.
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(B)
A 16-bit digital-to-analog converter (DAC) was added to

the POL system to control the mass filter of the UTI 100C
mass spectrometer and the electron energy sampled by the PHI
double-pass cylindrical mirror analyzer. The motivation be-
hind this addition was to improve the stability and resolution
available for measuring several mass peaks in one experiment
(such as in thermal desorption mass spectrometry) and for
setting a constant electron energy that is desired(such as

in XPS), respectively, over a period of several hours.
Resolutions available using 16 bits are 0.0046 amu and 0.061
eV, respectively, corresponding to (0 - 10 V) a least sig-
nificant bit resolution of 153 #V. In order to maintain this
resolution, it was necessary to eliminate any possible ground
loops by tying the grounds of the unit controlled and the

DAC at a single point. Furthermore, the experimental system
and the POL operating system must have isolated grounds from

one another as well. With these considerations the schematic

for the DAC unit is shown in Fig. 1.
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200 uF/25 V Ta

¢

C, 1 uF/35 V Ta

Ry 470 Q@

R, 5 kQ

R3 270 Q

Ry 200 @

L1 7414 Hex Inverter

0.P. 4N32 Optical Isolator, Darlington Pair
L 8838 Line Driver

DAC 1136J Analog Devices
SHA-5 Sample-Hold Amplifier, Analog Devices

A1l resistors are % W/1%.



