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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
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— — 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

Figure

Figure

Figure

Figure =

Figure

Figure

Figure

Figure

Figure

1s

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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a) CO-p (2x2) ON IR(110)

LEED PATTERN STRUCTURE

b) CO—(4x2) ON IR(110)

STRUCTURE
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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).)
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THE CHEMISORPTION OF OXYGEN ON THE (110) SURFACE OF IRIDIUM *

J.L. TAYLOR ** D.E. IBBOTSON and W.H. WEINBERG o

Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena,
California 91125, USA

Received 26 May 1978; manuscript received in final form § September 1978

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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J.L. Taylor et al. [ Chemisorption of oxygen on iridium

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
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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



329

J.L. Taylor et al. [ Chemisorption of oxygen on iridium

T T T T T T T T T
OXYGEN ON IR(110)
To= 300K, 8250 K /sec

v .
'E (o) CLEAN SURFACE {b) OXIDIZED SURFACE
-2 EXPOSURE (L)} EXPOSURE (L}
- .
- s O o OXIDE
o b 8,12; b 025
= c 06 c 05
£ d 08 d 10
< e 1.0 e 1.5
~ f 1.2 f 20
> g 16 g 25
- h 20 h 30
0 i 25 i 40
= i 30 i 50
L k 35 k 10.0
~ I 40 i @
pzd m 6.0
- n 100
o o @
')
%)
0 q
e g
) A
D
4 4 4 Am

700 900 11C0 1300 ISO 7O 900 1100 13100 1500
TEMPERATURE (K) TEMPERATURE (K)

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.




335

J.L. Taylor et al. [ Chemisorption of oxygen on iridium

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
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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-

t Supported by the National Science Foundation under Grant No. DMR 77-14976.
* Natjonal Science Foundation Predoctoral Fellow,
** Alfred P. Sloan Foundation Fellow, and Camille and Henry Dreyfus Foundation Teacher-
Scholar.



356

J.L. Taylor et al. [ Transient study of CO and oxygen on Ir(110)

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
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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

' Supported by the National Science Foundation
under Grant DMR77-14976.

? Present address: Proctor and Gamble Company,
Miami Valley Laboratories, Cincinnati, Ohio 45247.

3 Camille and Henry Dreyfus Foundation Teacher—
Scholar.

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 =

g T T T T T T T w7 T T T T T T
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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



386

OXIDATION OF CO OVER Ir(110)

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.
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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%.



