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HIGH COVERAGE STATES OF OXYGEN
ADSORBED ON Pt(100) AND Pt(111) SURFACES -
G._N. Derry and P. N. Ross ;
Lawrence Berkeley Laboratory
Materials and Molecular Research Division
University of California
Berkeley, CA 94720
ABSTRACT |
Oxygen adsorption on the Pt(100) and Pt(111) surfaces was
investigated using x-ray photoemission, UV photoemission,'and thermal
desorption spectroscopies. Low pressure (ca. 10'5 Pa) oxygen dosing at
near ambient crystal temperature resulted in the formation of dissociat-
ed adsorbed species at saturation coverages of nominally 0.2-0.25 mono-

layer on both surfaces. The combination of higher pressure (ca. 10'3

‘Pa) and higher surface femperature,(570 K) dosing produced a three to

five times higher saturation coverage than the ]ow pressure dosing. The
effect of dosing condition on the saturation covérage appears to recon-
cile apparent discrepancies for the Pt(100) surface in the literature.
Characterization by XPS and UPS of the high coverage state for oxygen on
Pt(100) showed that it is a new state chemically distinct from the low
coverage state. On Pt(111), however, the low coverage and high coverage
states are chemically the same. Angle-resolved XPS has shown that in
either state the oxygen resides on the surface with>no penetration of

oxygen below the surface, as would be characteristic of ogidation.
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I. Introduction |

The interaction of_oxygen with a platinum surface has long been an
important problem in surface science. The motivation for such extensive
study of this system is both a pragmatic desire to understand the cata-
lytic and electrochemical properties of this technologically important

material and intrinsic fundamental interest in the physics and chemistry

of the interactions of oxygen with the surfaces of the Group VIII metals.

There have been numerous previous studies of oxygen adsorption on plati-
num surfaces, but in many instances the results have either been incon-
~ sistent or else have not been repeated. In some cases, however, the
results are consistent and some aspects of the problem are beginning to
be understood.

- Norton and co-workers reported photoemission (XPS and UPS) studies
of oxygen interactions with polycrystalline platinum (1,2), supported Pt
catalysts (3), and the Pt(100) surface (3). The results of the latter
study were interpreted as formation of bulk-like platinum oxides at high
O2 pressure (~103 Pa) and sample temperature (550 K) at both the single
crystal and supported catalyst surface. No other attempts to treat
single crystal Pt at such high pressukes have been reported.

The adsorption of oxygen at low pressure on the.Pt(lll) surface
has been extensively studied, most recently by Gland, et al. (4,5),
Monroe and Merrill (6), and Campbell, et al. (7). The results of these
works are fairly consistent, the consensus being that oxygen adsorbs
dissociatively on Pt(111) at room temperature via a molecular precursor
state and forms an ordered layer with a (2x2) LEED pattern and a satura-

tion coverage 0.25 monolayer. Some aspects of the UPS of oxygen on
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Pt are more controversial, however, in particular, the interpretation
of 02p emission in evaluating the nature of oxygen bondihg on different
transition metal surfaces (8,9,10,11). Another contrdverSia] topic has
been oxygen adsorption on the Pt(100) surface. The clean surface recon-
structs upon vacuum annealing to exhibit a (5x20) LEED pattern. Helms,
et al. (12), and Pirug, et al. (13) have prepared a clean Pt(100)-(1x1)
surface by following a specified sequence of gas exposures and surface
temperatures. They found the initial sticking coefficient for oxygen
to be higher on the (1x1) than on the (5x20) surfécé. Results of cluster
calculations (SCF-Xa-SW) by Balazs and Johnson (14) are consistent with
this result. The experimental situation for oxygen adsorption on Pt(100)
-(5x20) is not clear, however. Kneringer and Netzer (15) studied this
system using thermal desorption and LEED, as did Barteau, Ko, and Madix
(16). The results of these two investigations were different in almost
every respect. The thermal desorption lineshapes were radically differ-
ent; Barteau, et al. reported a significantly higher saturation coverage;
and the LEED results do not agree. The dosing pressure and surface
temperature were, however, very different, and this may have had an im-
portant effect on the results. One of the motivations for our study was
to see whether we could reconcile these very different results on Pt(100).
In this work, we characterize the oxygen adsorbate Tayer formed on
Pt(111) and Pt(100) under widely varying conditions of oxygen pressure
and surface temperature using complementory information from several sur-
face spectroscopies, viz., XPS, UPS and thermal desorption mass spectro-
scopy (TDS). The effect of surface structure is examined by using two

different crystal faces, (111) and (100), but no LEED analysis was
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performed. We did not employ the special procedures to prepare a clean
Pt(100)-(1x1) surface, so the designation Pt(100) we use hereafter should
be taken to mean the reconstructed surface. Results for different dosing
conditions were used to evaluate the discrepancies concerning 02/Pt(100)
discussed above. The question of oxide formation, as described by Norton
and co-workers, was examined by using angle-resolved XPS data to provide

information on the penetration of oxygen below the Pt surface.
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II. Experimental

The experiments were carried out in an ultra-high vacuum chamber
equipped with an x-ray source, UV lamp, mass spectrometer, ion gun,
hermispherical electron spectrometer, and sample manipulator. These are
positioned as shown in Fig. 1. The chamber is pumped by an ion pump and
a titanium sublimation pump, and has a nominal base pressure of =1x10'8
Pa. Ultra-high vacuum leak valves are used to introduce the dosing gas
and argon for ion bombardment. The x-ray tube, UV 1amp,.and ion gun are
all commercial devices from Physical Electronics. ‘The x-ray tube employs
a magnesidm anode, producing unmonochromatized MgKa radiation (hv = 1253.6
eV). The UV lamp is of the He cold cathode discharge type, also unmeno-
chromatized. The radiation is admitted to the UHV chamber via windowless

tubes separated by differentially pumped chambers. Both Hel (hv = 21.2

-eV) and Hell (hv = 40.8 eV) radiation are produced, but all the work

presented in this study was done with Hell photons.

The electron spectrometer is a hemispherical analyzer with a micrq-
channel plate at the detector end and a double einzel lens at the entrance.
This arrangement allows good angular resolution (=3°) Whi]e-maintaining'
reasonable energy resoTution and count rates. This angular resolution
allows variable surface sensitivity (17) by changing the angle between the
surface and the 1ensvaxis (see Fig. 1). The channel plate, along with a
two-dimensional resistive anode, supplies the capability of multichannel
counting, which is necessary to provide high enough count rates to make
the experiments described here feasible. Counting times must be kept
less than ~103 sec due to the instability of the oxygen adlayer. Within
this restriction, we can acquire spectra with sufficient resolution for

FWHM =1.0 eV on the Pt4f lines. The timing and co-ordination of the data
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acquisition are controlled by an LSI-11 microprocessor and related
peripherals. An extensive discussion of the spectrometer and electronics
can be found elsewhere (18). The computer was also used to digitally
smooth the data for display.

The reference level for binding energies measured in this work is
the platinum Fermi level, located empirically by using the inflection i
point in the onset of valence band emission. Theoretical problems with
this choice are discussed in section IV. Experimentally, there is un-
certainty in the location of EF itself and possible small non-linearities
in the programmable ramp voltage. We estimate the overall uncertainty to
be about 0.6 eV. Relative binding energy changes are more accurate, the
major uncertainty being location of the peak in wide, noisy, or asymmetric
spectra. We estimate the uncertainty in the energy shifts to be about
0.2 eV in the worst case.

The quadruple mass spectrometer is an Inficon IQ 200 with 10 mass-
channel analog outputs. The thermal desorption experiment is also under
computer control. The LSI-11 runs a programmable power supply, while the
mass-channel outputs and amplified thermocouple signal are digitized and
stored in memory. A simp]e feedback loop promotes linearity of.the temp-
erature ramp. Data presented in this study were taken using a heating
rate of <10 K/sec.

The sample manipulator can be moved linearly in all three dimensions
for positionfng. A tilt mechanism is used to point the crystal face to-
ward the mass spectrometer for thermal desorption and toward the photon
sources for electron spectroscopy (Fig. 1). The polar angle rotation is
used to switch from XPS to UPS and to vary the take-off angle of the

electrons as described above. Note, however, that the angle between the



incident photons and lens axis is fixed at 90°. The sample azimuthal
angle is also fixed, and in the presenf work the major crystal symmetry
directions were aligned with the plane defined by the photon direction
and the lens axis. The samples are mounted onto a small 40 W heater by
means of a tantalum cub, and the temperature is measured by a Pt-Pt/Rh
thermocoupTe spotwelded to the side of the crystal. The samples were
both single crystals.of Pt cut into 0.635 cm diameter disks (plus a small
ledge for the Ta cup to hold) by spark discharge. They were cut to ex-
pose the (100) face and the (111) face, then polished by standard tech-
niques. To furthgr purify the crystals, they were heated to 1200 K in
air for 8 hrs and then chemically etched.. Surface.preparation jg_!gggg'
followed the usual methods: cycles of argon;ion_bombardment, heating fn
oxygen, and high temberatdre annealing. No contaminants were seen with
XPS after this treatment. |

The oxygen (99.997%) is introduced through a dosing tube attached to -

a precision leak valve. This tube has a fork to direct gas equivalently

towards the sample and the mass spectrometer, allowing reasonably goed
calibration at low dosing pressures. For higher pressure (~]0"3 Pa)
dosing, however, impurity gases backstreamihg from the ion pump necessi-
tated partially closing off the gate valve, and the desired pressure was
then maintained by balancing the amounts of oxygen flowing in and being
pumped out. The pressure was read on an ionization gauge, which was then
turned off. This method is inherently less accurate than the low pressure
teéhnique and exposure values quoted in this regime should be taken as

nominal.



III. Results

A. Thermal Desorption

1. Pt{(100) Surface
The first thermal desorption data we shall describe were taken for a
series of exposures at a low dosing pressure (P = 1.3 x 10-5 Pa) and
moderate surface temperature (TS < 370 K). In each case the dosing was
preceded by flashing the Crysta] to ~1000 K to desorb any or all pre-
adsorbed oxygen'and allowing the.sample to cool. Oxygen dosing was
started at TS » 370 K and maintained for a time sufficient to achieve the

desired exposure, during which the sample continued to cool (Ts'decreased

20 K in this time interval). This was a compromise to obtain near-ambient -

temperatures without waiting the long times required for complete thermal
equi]ibration,-durihg which the surface might have recontaminated. This
procedure should be assumed whenever T, < 370K is quoted. No difference
in the thermal desorption spectra was observed when equilibration to
ambient temperature was used. |

Mass 32 and mass 28 were monitored simultaneously to observe 02
desorption and check for any CO contamination (which was not seen). An
example of the oxygen data is shown in curve b of Fig. 3. The relative
oxygen coverage is obtained by numerically integrating the digital ther-
mal desorption data, and a plot of relative coverage increase with expo-
sure is shown in Fig. 2a. The absolute coverage is extremely difficult
to‘obtain with high accuracy, and we feel that values quoted in the Tit-
erature should be interpreted with caution. Based on attempts at cali-
bration with CO of the thermal desorption intensity in conjunction with

O1s XPS analysis, we estimate the saturation coverage to be (2.5 + 1.3)
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14 atoms/cmz, ~0.2 monolayers. From the data of Fig. 2a, the

x 10
initial sticking coefficient is estimated to be S0 > 0.02 using the lower
limit of saturation coverage. -This value is higher by a factor of 10
than any quoted in the literatureA(ls,IG); a point which will be pursued
further in Section IV. The theoretical curve in Fig. 2a is calculated
from the model of Kisliuk (19), which is based on generally reésonable
physical assumptions. The agreement with the data is only limited,
however, and the coverage had to be resca]ed'by'16%.

The qualitative features of the thermal desorption curves are
consistent with a second-order process. The line-shape is symmetrical
and the peak temperature decreases witH increasing coverage. The latter
effect is shown in Eig.'Zb, plotted in accordance with the analysis of\
Redhead (20). If oné assumes that'thé desorption kinetics are governed

by the Polanyi-Wigner equation,

where k0 and E are constants and m=2, then the slope of Fig. 2b deter-
mines E, in this case E = 113 kJ/mole. A plot of In (g%) VS. %-at fixed
coverage (variab]e initial coverage) also yields the desorption energy
(21); this was done for six coverages and the average value is E = 119

+ 27 kJ/mole. Also a plot of fn (%%) vs. In N at fixed T has a slope
equal to m, the formal reaction order. Our results are consistent with
m=2, but the data have considerable scatter. The meaning of these re-
sults will be taken up in Section IV.

A radically different thermal desorption spectrum; ‘curve a of Fig. 3,

resulted from dosing with a relatively high oxygen pressure (P - 10'3-Pa)
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for 300 sec and an elevated surface tempefature (TS = 570 K). The coverage
increased by about a factor of 3-5, and the conditions for which curves a
and b are characteristic in Fig. 3 will be referred to as the "high cover-
age" and "low coverage" regimes, respectively. Correspondingly, the
states of adsorbed oxygen on this surface which produce the desorption
spectra characterized by Figs. 3a and b will be referred to as the "high
coverage" and "low coverage" states. Several desorption spectra were
recorded for oxygen exposure under the same nominal conditions (the sur-
face temperature could be held easily to wifhin + 5 K, but the O2 pres-
sure may have varied widely, as explained in Section II). These curves
varied somewhat in detail, but all shared the same qualitative features.

A steeply rising leading edge, a sharp peak at -660 K, a second peak at
=703 K, and a slowly decreasing high temperature tail are all character-
istic of the high coverage state. The measured coverages were not always
consistent, however, and the relative heights of the two sharp peaks
varied considerably (the lower temperature peak always being as larage as or
larger than the second peak). These variations may have been due to CO
clean-off reactions rather than different initial conditions.

If the sample was exposed to oxygen at low pressure (~10'5 Pa) but
elevated surface temperature (=570 K), the thermal desorption spectrum
showed only a moderate increase in coverage, but with an asymmetric line-
shape (the low temperature side rising more steeply, though not so drama-
tically as in the high coverage regime). Conversely, if the ambient temp-

3 Pa) oxygen pressure, there was

erature surface was exposed to high (~10~
a similar asymmetry, moderate coverage increase, and about a <70 K Tower

peak temperature. Thus, while either high pressure or temperature tend
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Fig. 4. Curve b is for exposure at-TS < 370 K, using P = 1.3 x 10
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to increase the coverage, it seems that both are required for
the formation of the‘high coverage state. A few attehpts were made to
fo]]ow the transition with increasing pressure at TS ~ 570 K, but this
will be reborted‘separately along with WOrk on electrochemically induced
onyen adsorption (22). Here we conceﬁtrate on the 1imiting cases repre-
sented in Fig; 3.
2. Pt(111) Surface

Thermal desorption results for the Oz/Pt(111) system are shown in
5 pa
oxygen for 300 sec. The lineshape is symmetrical and.the coverage is.

similar to the 02/Pt(100)case The peak temperature is somewhat h1gher

than that reported previously (4), but since the heat1ng rate was also

~higher in this case, the agreement.is probably not unreasonable. 'An

extensive aha]ysis has been done for 02/Pt(111) (4), and no attempt was

made here to repeat that work. Our main interest was to ascertain: the

effect of surface crystal structure (if any) on the formation‘of the high
coverage state. | |

This result is shown in curve a of Fig. 4, a desorption spectrum
taken after dosing at Ts x 570 K for 300 sec at higher oxygen pressure

(p =103

Pa). Clearly, these exposure conditions induce a coverage
increase comparable to that shown in Fig. 3. The 1ineshape, however, 
exhibits both similarities and differences for oxygen desorption from
the high coverage state of Pt(111) and Pt(100). Curve a in Fig. 4 shows
an asymmetry toward lower desorption temperature-and a steep rise in the

leading edge. It does not have a sharp, narrow peak, .however, or any

-multiple peak structure. Exposure conditions employing high surface
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temperature or high oxygen pressure, but not both, gave rise to desorption
spectra very similar to those already described for 02/Pt(100) under these
conditions. Thus, we again find that both elevated surface temperature
and high dosing pressure are necessary to form the high coverage state,
but that its thermal desorption lineshape is less complex for the Pt(111)
surface.
3. Other Conditions

Several other experiments were attempted to test for the effects of
surface structure and exposure conditions on the thermal desorption spec-
tra. Figure 5 presents results for two of these tests. Curve a repre-
sents thermal desorption of oxygen from a Pt(100) surface which had been
sputtered with 5 kV Ar jons to disorder the surface. Dosing was carried
out at TS < 370 K for 300 sec at P ~ ]0'3 Pé oxygen. The desorption
lineshape is interesting, with the onset of desorption coming at a Tower
temperature than with-other dosing condtions. Curve b in Fig.5 was taken
after dosing with conditions which have sometimes led to the formation
of a highly stable sub-surface oxygen species (23,24). Specifically,
the surface was sputtered, heated to TS ~ 1000 K, dosed 1800 sec at

p - 103

Pa 02, and then cooled; the oxygen was pumped away at TS z 670 K.
As seen in Fig. 5, the highly stable oxygen state was evidently not
formed in this‘experiment.

B. X-ray Photoelectron Spectroscopy

1. Pt(100) Surface
X-ray photoexcitation of the oxygen 1s core level can provide
information about the adlayer because the Ols binding energy is sensitive

to the chemical environment of the oxygen atom. Data for the 01s line
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for oxygen adsorbed on Pt(100) is presented in Fig. 6. The geometry is
identical for curves a and b, the take-off angle for the spectrometer

being about 84° from the surface normal. Cufve a was recorded after

3

dosing for 300 sec at P ~ 107" Pa 0, and T, = 570 K, conditions which

produce the high coverage state.. Spectrum b, on the other hand, was

4 Pa 02 at TS < 370 K for 300 sec. Examination of these

exposed to ~10°
spectra reveals that curve a is shifted by aAE x 0.4 eV to lower binding
energy with respect to curve b. ‘Although this shift is small and only

Jjust resolvable, it was seen in several experimental tests and is evi-

~dently characteristic of the Tow and high coverage oxygen adsorption

states on Pt(100). Although there is general agreement that XPS binding

- energy shifts are indicative of changes in the adatom chemical state,

- detailed analysis is quite complicated and further interpretation is

deferred until Section IV.

Since the high coverage gtate seems qualitatively different, it is
interesting to ask whether any of the oxygen penetrates to the subsurface
region of the p]atinﬁm. We addressed this question by varying the take-
off angle, the angle of electron emission from the sample into the anal-
yzer. Variation of the emission angle affects the surface sensitivity
by changing the effective escape depth of the photoelectrons. Although
the actual physical situation is complicated (17), the formal expression
for the distance d below the surface where an electron originates is

from simple geometrical considerations given by,

d =2 cose | [2]
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where ¢ is the distance traversed by the electron before escape into the
vacuum and g is given by Fig. 1.

Figure 7 presents data for the O1s and Pt4p. lines taken at three
different values of 8. All three spectra weré cq]Tected consecutively
after exposing the surface under the usual conditions to produce the high | =
coverage state. The data were normalized so that the Ptdp peaks are the
same height, and a spectrum at & = 84°}was repeéted after spectrum ¢ to
check for adlayer degradation, which was <7%. There is obviously a
dramatic enhancement of emission from the Ols level for glancing electron
take-off compared to 6 = 45°, indicating surface residence of the oxygen.
An attempt was made to estimate the coverage based on Fig. 7, makihg
reasonable assumptions for unknown factors; this yielded a value of N
= 1.1 (+ .3) x 101° atom/cmz.

To further explore the issue of surface sensitivity and emission
angle, Fig. 8 compares the data of Fig. 7 to spéctra for carbon monoxide
adsorption, where we are confident that all the O]s emission originates
from the surface, and to oxygen observed with new crystals before the
argon sputtering cycles (see Section II). This latter oxygen state sur-
vives heating to > 1000 K and is probably due to Si or Ca contamination;
these contaminant oxides are generally thought to reside in the subsurface
region (25). Figure 8 shows the ratio of the areas under the Qls and
Ptdp spectra plotted against cose for the three angles used in Fig. 7. o

As mentioned above, cose is a measure of Pt depth sampled, and it is

AR 3

clear that the adsorbed oxygen and CO vary similarly, while the contami-
nant oxide signal shows a quite different pattern. Thus, we conclude
that the high coverage state formed at 570 K exhibits no bulk penetration

to within the depth resolution of our experiment.
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Next we examine the effects of oxygen adsorption on the Pt4f lines.
The data in Fig. 9 are for fhe clean platinum surface, a surface exposed
to oxygen under conditions (~10'3 Pa at 570 K for 300 sec) that produce
the high coverage state, and the differénce spectrum for these two.
Curves a and b are plotted on identical vertical scales. The spectral
Tines generated from the oxygen covered surface are shifted by AE = 0.3 eV

to higher binding energy and are attenuated compared to the clean surface

data. Looking at the difference spectrum, another interpretation is that

a fraction of the core Tines has undergone a larger (AE = 1.2 eV) shift.
Results of this nature have been seen previously (3,26), and a comparison
Qf these to the present work will be preSented in a subsequent Section
along with a discussion of reasonable interpretations.

The data in Fig. 9 were collected at 6 = 84° to‘maximize surface
sensitivity. Spectra‘were also taken at ¢ = 75°, ¢ = 65°, and ¢ = 45°,
with the effects of adsorption becoming progressively less pronounced.
At 6 = 45° there was essentially no difference between the Pt4f spectra
for clean and oxygen covered sukfaces. Thus we again see that the phenom-
ena are most]y localized at the surface. |

A comparison of Pt4f results for the two oxygen coverage regimes is
presented in Fig. 10. These data are also plotted on the same vertical

scales except that in this case they have been displaced for ease of

presentation. The Pt4f lines in curve b were taken after dosing with

3

-107 Pa 0, for 300 sec at T, < 370 K, and they seem to show a shift to

higher binding which is less pronounced than curve c, the high coverage

state result. The difference between spectra b and ¢ is very subtle,

however, and we cannot say unambiguously whether the Pt4f data
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demonstrate a difference in chemical state between the two cases considered.
2. Pt(111) Surface )
XPS data were also collected for oxygen adsorption on the Pt(111)
surface. In Fig. 11 we present data for the 0ls level, taken at & = 84°.
Spectrum a was taken after dosing the surface at TS = 570 K for 300 sec

at P - 1073

Pa to produce the high coverage state. Spectrum b, on the .
other hand, was taken after exposure at Ts < 370 K for 300 sec at P = 1.3
X 10'5 Pa to produce the low coverage state. 'Essentially; the only dif-
ference between these two spectra is the area under the curves, correspond-
ing to the coverage difference. The binding energy is the same in both
cases to within our resolution, but it should not be interpreted as nec-
essary that oxygen exists in the same state for both coverage regimes.
There does, however, seem to be a phenomenological difference between the
oxygen adsorption states on Pt(111) and Pt(100), as reflected in these
XPS spectra.

The Pt4f spectra for this crystal face were also examined in beth
coverage regimes, and the results are summarized in Fig. 12. The same
exposure conditions were employed to produce the low coverage (spectrum
b) and high coverage (spectrum c) states as those used for Figs. 4 and 11.
The 4f lines in spectra b and c are both shifted by about equal amounts
(=0.3 eV) to higher binding energy and are both about equally attenuated
also. Thus, as was the case with the 0ls results, there is little to
distinguish the two coverage regimes. Comparison with Pt(100) is diffi-

cult due to the ambiguity in difference between the two states for 4f

results in that case.



surface after dosing at T_ < 370 K and P - 10°
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C. U]travio]gt Photoelectron Spectroécopy

1. Pt(100) Surface

Ultraviolet radiation induces photoexcitation from the valence band
and may thus be'very sensitive to changes in the chemical environment.
A1l of the results presented here were taken using Hell radiation with
the‘geometry'such that o = 30°; In this electron kinetic energy ranée

the mean free path is only ~5A, so the surface sensitivity is still good.

Exact interpretation of angle-resolved UPS is fraught With difficulty,

but certain features are apparent in the results which follow.

In Fig. 13 we have UPS data on Pt(100) for a clean surface, a
3 Pa for 300 sec, and the
difference spectrum between them. These spectra aré plotted on idéntica]

vertical scales except for the difference spectrum, which is expanded

‘and displaced vertically. Oxygen adsorption in the low coverage regime

seems to have little effect on the valence band emission under these
particular experimental conditions. The only evident feature induced by
édsorption is a maximum at ~6.5 eV below the Fermi level. This is
characteristic of oxygen adsorption on platinum (5,13), and is thought
to be an 02p fesonance;

Data for the high coverage state 1is shown for comparison in Fig.
14. The surface was dosed at TS = 570 K with P ~ 10'3 Pa for 300 sec.

The 02p feature is seen again and is much more prominent, presumably

because the coverage is higher. Centered ~1 eV below the Fermi level,

however, is another maximum not seen in the low coverage data. 1t is
unlikely, though not strictly impossible, that this feature exists for

the Tow coverage state but is lost in the background. Assuming that this
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is not the case, then we have evidence for change in the e]eCtroni;
structure between the high coverage and low coverage states.

2. Pt(111) Surface |

A similar sequence of experiments was performed on the Pt(111)
surface, using the same photon energy and geometry. Results for the low
coverage state are shown in Fig. 15. Spectrum a was collected after 300

sec of dosing at P = 1.3 x 1075

Pa and T, < 370 K. The increase in emis-
sion at ~6 eV is again observed, although it appears to be somewhat
smeared out. There is also an increase in emission just below the Fermi
level again, even for Tow coverage. At ~2.7 eV below EF there is a mini-
mum in the difference spectrum, but it is unclear from the valence band
spectra whether that is due to a decrease in emission or a shift of the
~3.3 eV feature to higher binding energy. In general, these results are
more complex than for the Pt(100) case, with more structure in the clean
surface speétrum as well.

Results for the high coverage state are presented in Fig. 16.
Spectrum a was collected, in this case, after exposure to ~1O"3 Pé oxygen
for 300 sec at TS x 570 K. It is clear that the same spectral features
are seen here as in the low coverage case. The maxima at ~1 eV and -6 eV
are both more pronounced, indicating growth with increasing coverage; the
minimum is about the same magnitude as before. Overall, the UPS spectra
for the high and Tow coverage states Tlook very similar and we have no
evidence for a change of electronic state between the two. Note that

the similarity is apparent both in the original spectra and the difference

spectra.
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IV. Discussion

The data presented in the preceding section contains a good deal of
useful information, but must be interpreted within the constraints im-
posed by each spectroscopy employed. It is particularly valuable, then,
to compare the results for’different techniques and conditions to maxi-
mize the utility of the experiments. This is done in the present section,
along with a comparison to the relevant literature. Also, a number of
specific points need to be considered concerning the interpretation of
each data‘set. . |

We start by considering the kinetics of the low coverage state on
Pt(100). Two different ahalyses yield a desorption energy E = 115
kd/mole; only one (20) assumes that E and k0 are coverage independent,
but both assume kinetics governed by the form of equation [1].Y‘The iso-
therm analysis indicates that m = 2, but this canﬁot be implicitly relied
on due to scatter in the data. Using the desorption energy and coverage
estimate to calculate the pre-exponential, kd’ we obtain k0 ~ 10'8 cm2/
sec. While this is in general agreement with a previous estimate (4) |
for 02/Pt(111), it is anomalously Tow compared to the usually expected
value (27) by several orders of magnitude. It is now well known (28) that
transient precursor states, lateral adatom interactions, etc., ican cause
radical deviations from the Arrhenius form, equation [1]. If this is the
' case, then it could account for the low k0 value (which would mean the
desorption energy is significantly in error). There is no independent
evidence on which to base that assumption, so we tentatively quote our
value of E with the ggxgg;_thatkfuture work may show conclusively that

it was calculated from erroneous premises. We note, in passing, that
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recent work by Alnot and Cassuto (29) left the impression that the

constant-coverage method should give reasonable energy values even with
the existence of a precursor state.

As mentioned in Secfion III, the initial sticking coefficient we
estimate is an order of magnitude higher than any previously quoted (15,
16). Also, several earlier workers reported very low coverage and ini-
tial sticking coefficients for 02/Pt(100). The most probable explanation
for these discrepancies is the influence of clean-off reactions, especial-
ly due to CO. We have noticed that the integrity of the adlayer is ex-
tremely sensitive to the CO background pressures, and it is reasonable to
think that workers who have seen little or no oxygen adsorption on Pt(100)
were plagued by that problem. These comments apply to the reconstructed
Pt(100) surface; higher values of the initial sticking coefficient were
reported for oxygen adsorption on Pt(111) (6) and Pt(]OO)-(]x])v(12).

The kinetics of the high coverage state cannot be characterized at
this time. It is obvious that this is not a simple first or second order
reaction, but we need more information to model the mechanism causing
the asymmetric lineshape. Barteau, et al. (16) fit their data using a
coverage dependent energy, but this was an ad hoc assumption not based
on a physical model.

It is very interesting to compare the 02/Pt(100) thermal desorption
results of Kneringer and Netzer (15), Barteau, et al. (16), and the pre-
sent study. Kneringer and Netzer exposed the sample at ambient tempera-
ture to ~10'3 Pa oxygen. They observed a major thermal desorption peak
centered at 790 K and two smaller features at higher temperature (960 K

and 1070 K) and identified all three as second order reactions with a

2
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total coverage of 0.25 monolayers. Barteau, et al. dosed their sample
with ~10'4 Pa oxygen at TS = 585 K and observed quite different behavior:
a very sharp peak at 676 K (which they call "autocatalytic") and another
feature at 709 K (denoted as first order), the total coverage quoted aé
0.66 monolayers. Clearly, the present work partially reéonciles these
two previously cbntradictony reports. It is still not known, however,
why Kneringer and Netzer failed to see the high coverage state (they do
note a slight coverage increase for 570 K exposure) and why Barteau, et
al. did not see the Tow coverage state for 300 K exposure (the CO clean-
off reaction is.a probable explanation for this). Despite these remain—
ing discrepancies, we feel the bresent results tie together these pre-
viously published reports.

Considering now the Pt(111) surface, we note that Gland, et al.
(4,5) have extensively characterized what we call the low coverage state.
No attempt was made to reproduce their work here. We are not aware of
any previousvreports-COncernihg the prodﬁction of the high coverage state
of oxygen on Pt(111). Giand.and Korchak (30) show a similar lineshape
for high oxygen coverage on a Pt(S)[12(111)X(111)] surface, and
this is later attributed (4) to external atomization of the oxygen mole-
cules by hot filaments. It is intriguing that external atomization may
have an effect analogous to increasing the surface temperature and
exposure pressure.

For oxygen adsorbed on Pt(100), the 0ls bindiﬁg energy shows a
small shift between the low and high coverage states. In principle, this
conveys information about their respective chemical states,

but in practice this information is difficult to extract. The reason is
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that the shifts arise from several sources (31), viz.

AE = AE; + 4Ef + AEp (3]

In equation [3], AEi_is the initial state change containing the chemical
information, AEf is the final state change, basically a relaxation term
due to core-hole screening, and AEp is the change in the dipole part of
the work function. If AE = AEi were true, the shift to lower binding
energy in the high coveragevstate would imply greater charge transfer,
but possible changes in AEf and/or AEp make the interpretation of shifts
in core-level binding energies ambiguous. Data on the work function
change might provide some information on the dipole term, and work is fn.
progress to obtain these data.

In the case of 01s emission for oxygen on Pt(111), the high coverage
and low coverage states exhibit the same Ols binding energy. Examination
of equation [3] reveals that AEi = 0 need not be true since cancellation
may occur. waever, we have seen in Section IIIC that the UPS spectra
are virtually identical (except for magnitude) for the Tow and high cover-
age states on Pt(111). This tends to suggest that the chemical state is
the same in both coverage regimes. If that conclusion is accepted, thenv
all three terms in equation [3] are probably small rather than large terms
that cancel each other. We will return to this point for both crystal
faces later, after examining the UPS data in more detail.

To look for chemical shifts in the core levels of the substrate
atoms, we can compare the binding energy before and after adsorption. A
small shift to higher binding energy was observed in the Pt4f levels

upon adsorption of oxygen along with attenuation that is probably due tb
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scattering off the adsorbate layer. The appearance of the difference
spectrum suggests a possible larger shift for some fraction of the total
Pt emission. Similar behavior has been observed before, e.g. by Fuggle
and Menze] (26) for the influence of oxygen adsorption on the W4f peak.
Also, very similar results were obtained by Norton, et al. (3) for a
Pt(100) surface using extremely large doses (107 L 02) at T = 550 K.

At that exposure level, they see a clear difference between the Pt4f
results at TS = 550 K and TS = 295 K, but they are probably seeing cqn-
siderable bulk emission also. They report a shift in the difference
spectrum of 1.3 eV, essentially the éamé as in the present work. Norton,
et al. interpréted their result as the formation of platinum oxide at the
surface. However, our photoemission data show the high coverage state

is not like the surface of a bulk Pt oxide. The variable éng]e studies
show that the oxygen resides on the surface, and the 01s and Pt4f chemi-
cal shifts are smaller than values reported in the literature (32) for PtO
and.PtOz. Norton, et al. also performed that experiment on supported
platinum particles and observed a larger (-2 eV) shift, closer to the ex-
pected value for bulk oxidation. The interpretation of these shifts may
be aided by recent work by Apai, et al. (33) and Shek, et al. (34) on
CO/Pt. They report Pt4f levels for surface atoms are shifted by -0.4 eV
re]ativerto fhe bulk 4f value, and that CO chemisorption induces a ~1.1
eV shift to higher binding energy in these levels. Analogously, the
decreases and increases in intensity shown by the difference spectrum in
Fig. 9 can also be interpreted as the shift of a feature from an energy
lower than the main peak to an energy higher thén the main peak, i.e.

a surface atom core level shift. We feel the most reasonable
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interpretation-of the Pt4f data is in terms of a chemisorption induced
surface core level shift characteristic of an electronegative adsorbate.
The theoretical interpretation of angle resolved UPS spectra of
adsorbate-substrate systems is complex and.beyond the scope of our study.
No assignments of specific features in the spectra of Figs. 13-16 were
attempted, nor can an empirical mapping be made due to geometrical
constraints.. On the other hand, it is instructfve to compare spectra
taken for different exposure conditions and at a fixed geometry. The
differences and similarities therein contain much useful information.
Both the low coverage and high coverage states on Pt(100) display an
increase in emission at ~6>eV below the Fermi level relative to clean
Pt. This is a common feature of oxygen adsokption on transition metal
surfaces, although there is a controversy over whether the 3d metals
and 5d metals exhibit a qualitative difference in the 02p resonance
emission (10,11). Our observation of a strong feature seems to support
the contention of Kiippers and Ertl (10), although enhanced emission in
our geometry cannot be ruled out. The Pt(111) results also exhibit
this feature, although it is less pronounced and somewhat smeared out by
emission in the 4-5 eV range. The spectrum for a high coverage state on
Pt(100), however, exhibits a prominent increase in emiésion just below
the Fermi level, centered at ~1 eV. This is in striking contrast to
other reports in the literature (3,5,9,10,12,13) which typically show
decreased emission below the Fermi level. There is no actual contra-

diction here because the emission intensity can vary greatly with angle
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(the above cited work was at various geometries with intensity uSUal]y
integrated over azimuthal angle). On Pt(111) both coverage states of
oXygen gave rise to an increase in intensity just below the Fermi level.
In fact, the UPS spectra are virtually identical except for the magni-
tudes of the aécompanyihg adsorption. It is highly unlikely that this
would be caused by fortuitous cancellation of initial and final state
effects, and we are thus led to the conclusion tﬁat the Tow and high
coverage states of oxygen on Pt(111) are the same chemically.

Similarly, the appearance of a new feature in the spectrum ffom the high
coverage state on Pt(]OO) suggests that a new adsorbed state is formed

that is chemically different from the low coverage state. This conclu-

sion must be qualifiedvagainst other phenomena, e.g., if the increase

at ~1 eV were aétua]]yvpresent'in the low coverage case but lost in the
background, -or if the increased emission at higher coverage were due to

a scattering process dependent on adsorbate density. ‘These possibilities

cannot be rigorously excluded, but they seem unlikely, especially when

the observations ffom XPS are also considered.

The XPS and UPS results taken together point to a consistent picture.
For Pt(111), the 01s binding energies are the same, the changes in UPS
differ only in magnitude, and the Pt4f shifts are the sahe for both the
low coverage and high coverage states. All of these facts support the
conclusion that no change of electronic state occurs in the oxygen as
the coverage increases. In the Pt(100) case, the 0ls binding energy

decreases by 0.4 eV in the high coverage state and a new feature (at

= eV) appears in the UPS spectrum not seen at low coverage. This evi-

dence is consistent with the conclusion that two distinct states of
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adsorbed oxygen are associated with the two coverage regimes on the (100)
surface. |
The interpretation of the thermal desorption data is aided by these

conclusions. The lineshape for high coverage Oz/Pt(111) is probably
caused either by lateral interactions or by a precursor state since the
state of the adsorbate is invariant with coverage. Gland, et al. (4,5)
have identified a precursor state for 02/Pt(111) adsorption and qualita-
tively similar lineshape changes with coveragé have been generated theo-
retically by inclusion of a precursor in the analysis (29). The desorp-
tion lineshape for the high coverage state on Pt(100) is much more com-
plex, which may be consistent with the existence of more than one adsorb-
ate state. The energetics of interconversion between states may be in-
volved, as computer simulation of one such interconversion model produced
a sharp spike. Other'complicated kinetic and structural factors would
need to be accounted for, however. It is worth noting that McClellan, et
al. (35) observed a "spike" structure for thermal desorption of oxygen at
high coverage on the Pt(321) surface (stepped, kinked) and showed by HREELS
that two dissociated oxygen states were present that did not correspond to
individual desorption features. A reliable and complete explanation of the
thermal desorption phenomena presented here probably awaits further data
from complementary experiments (e.g. molecular beam scattering, vibration
spectroscopy).

| An important question raised by the results of this study concerns
the nature of the similarities and differences between oxygen interactions
on these two crystal faces of platinum. Both surfaces show a significant

increase in saturation coverage at elevated surface temperature,
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suggesting an activation process of some sort. While this leads to
increased population of the same adsorbate state on Pt(111), however,
it promotes formation of a new state on Pt(100), demonstrating the in-
fluence of surface structure on the chemistry. This influence was also
apparent in the thermal desorption lineshape changes for oxygen on a
sputtered surface. The change of chemical state of oxygen on Pt(100)
may be associated with the reconstruction this surface undergoes. Al-
though we-did not do a stnuctqra] study, preliminary evidence in the
literature supports this hypothésis. Kneringer and Netzer (15) report
results similar to our low coverage state and they observe no changes
in LEED pattern upon oxygen adsorption. Barteau, et al. (16) report
‘results similar to our high coverage state and they observe a compTica?
ted series of LEED patterns with increasing oxygen éovérage. These re-
sults are suggestive, but more work is needed in order to-resolvé the
remaining questions. A comprehensive structure analysis, vibrational
spectrGSCOpy data, and molecular beam scattering results would all be
valuable (some of these (5,7) studies have already been performed for
Pt(111)). Knowledge of the change in work function with éoverage would
help determine the nature of these adsorbate states and also aid inter-
pretation of the core level binding energy shifts. A study of the work

function change is underway and will be reported when available.
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V. Conclusion

The major finding of this paper is that conditions of higher exposure
pressure and surface temperature induce the formation of new higher cover-
age states of oxygen adsorbed on platinum. This occurs on both the Pt(100)
and Pt(111) crystal faces. Characterization of the high coverage state
for 02/Pt(100) by x-ray and UV photoelectron spectroscopy shows that it
is a new state chemically distinct from the low coverage state. On Pt(111),
however, the Tow coverage and high coverage states are chemically the same.

Thermal desorption of the high éoverage states from both crystal faces
yields asymmetric line-shapes, very narrow in the case of Pt(100). The
kinetics of desorption are complex and not fully understood at present.
Therma]ldesorption results for the low coverage state of 02/Pt(100) are
amenable to analysis by an Arrhenius form, however, with a formal order of
2 and‘an energy of about 115 kdJ/mole. The initial sticking coefficient is |
higher than previously reported; a fact we attribute to CO clean-off re-
actions in earlier work. Two previous papers reporting very contradictory
results for thermal desorption of oxygen on Pt(100) (15,16) aré now recon-
ciled by the present observation of a high coverage and low coverage state
forming under different conditions of pressure and temperature. |

The high coverage state is clearly not an oxide. Angle resolved XPS
demonstrates that the oxygen resides on the surface with no observable
bulk penetration. Moreover, the chemical shifts of the Pt4f lines at high
coverage are too small to be consistent with an interpretation of oxide
formation, and are more likely to be chemisorption induced surface core

level shifts.
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Fiqure Captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

Schematic of the apparatus, looking down from the position of

the spectrometek (a), looking across from the position of the
quadrupole head (b), and defining the polar angle 6 (c).

Analysis of the low coverage thermal desorption data for Pt(100),
showing coverage dependence with exposure (a) and peak temperature
variation with coverage (b); the curve in a is based on the Kisliuk
model, the line in b is a least squares fit to the data points.
Oxygen thermal desorption from Pt(100) for the high (curve a) and
low (curve b) coverage states (see text for exposure conditions).
Oxygen thermal desorption from Pt (111) for the high (curve a)

and low (curve b) coverage states (see text for exposure
conditions).

Oxygen thermal desorption from a sputtered Pt(100) surface for
ambient temperature (curve a) and high temperature (curve b)
exposure (see text for specific conditions).

XPS data on the Ols level for oxygen on Pt(100) in the high
coverage (curve a) and low coverage (curve b) states; data

taken at o = 84°.

XPS data for.the high coverage state on Pt(100) collected at
varying electron emission angles; curve a is for 6 = 84°, curve

b is for 8 = 70°, curve c is for & = 45°.

Comparison of the areas under the Ols and Pt4p curves at

g = 84°, 70°, and 45° for the high coverage oxygen state, CO

adsorption, and a subsurface contaminant oxide.
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XPS data on the Pt4f Tines at 6 = 84° for the clean surface

(curve a), the high coverage state (curve b), and the difference

spectrum (curve c).

Comparison of Pt4f data from Pt(100) for a clean surface (curve
a), the Tow coverage state (curve b), and the high coverage
state (curve c). | |

XPS data on the 01s level for oxygen on Pt(111) 1in the high
coverage (curve a) and low coverage (curve b) states (6 = 84°).

Comparison of Pt4f data from Pt{(111) for a clean surface (curve

" a), the low coverage state (curve b), and the high coverage

state (curve c).

Valence band spectra from Pt(100) at & ='30° for the clean
surface (curve b), thé low coverage state (curve a), and the
difference spectrum (curve c).

Valence band spectra from Pt(100) at & = 30° for the clean
surface (curve b), the high coverage state {curve a), and the
difference spectrum (curve c).

Valence band spectra from Pt(111) at e = 30° for the clean
surface (curve b), the low coverage state (curve a), and the
difference spectrum (curve c).

Valence band speétra from Pt(111) at e = 30° for the clean
surface (curve b), the high coverage state (curve a), and the

difference spectrum (curve c).
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