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Chapter 7

Step-Type Selective Oxidation
of Pt Surfaces

7.1 Abstract

Herein, we report on a combined TPD and STM study
of Oy adsorption and dissociation on various Pt surfaces
with widely varying (111) terrace widths. Our quantit-
ative TPD results show that (110) stepped surfaces ad-
sorb considerably more oxygen at 100 K, regardless of ter-
race width, than either (100) stepped surfaces or planar
Pt(111). These results suggest that O dissociates on
the (110) stepped surfaces at 100 K, well lower than
required for temperature-induced dissociation on (111)
planes. The amount of oxygen desorbing from recombin-
ative desorption of adsorbed oxygen atoms is also greater
on (110) stepped surfaces. In addition, the partitioning
of adsorbed oxygen between molecular and dissociative
states depends on the step geometry; (110) stepped sur-
faces show an uptake plateau indicative of a threshold
surface concentration for low-temperature dissociation,
whereas (100) stepped surfaces do not. Scanning tun-
neling microscope (STM) images for various O coverages
and surface deposition temperatures confirm low temper-
ature dissociation on a (110) stepped surface. The STM
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images also show that terrace width is not a factor in
the lowered dissociation barriers for Oy on (110) stepped
surfaces.

Based on: Badan, C.; Farber R. G.; Heyrich, Y.; Koper, M. T. M.; Killelea, D. R.; Juurlink,
J. Phys. Chem. C, 2016, DOI: 10.1021/acs.jpcc.6b05482
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7.2 Introduction

The interaction of oxygen with Pt and other late transition metal surfaces is
crucial for many applications of heterogeneous oxidation catalysis such as fuel
processing and remediation of exhaust gases[1-4]. In actual industrial catalytic
systems, the degree of surface oxidation is key to the catalytic reactivity and
behavior. Therefore, numerous experimental and theoretical studies have been
conducted to determine the nature of this strong oxidation dependence. Thus far,
well defined, low defect surfaces, such as Pt(111) and Pt(100), have revealed much
about how O9 adsorbs and dissociates on Pt surfaces and how the Pt surface is
altered upon oxidation|1, 2, 5-7].

Og dissociates on Pt(111) to form adsorbed oxygen (O,q), and prolonged Oq
exposures will saturate the surface with an adsorbed oxygen coverage (6p,,) of
0.25 monolayers (ML) in a (2x2)-O adsorbate layer. Formation of O,q on Pt(111)
is a precursor-mediated process where Oq first sticks to the surface as molecularly
chemisorbed O3 (Og,44). The temperature of the surface (Ts) determines the life-
time and coverage of Oz 44 (0, ,,); dissociation into Ogq is in competition with
molecular desorption to Oz (g). Both processes are thermally activated, but the
barrier to desorption is typically lower than dissociation. This results in a surface
temperature effect where elevated T provide the energy needed for dissociation,
but shorten the precursor residence time. If the T is too low, there is insufficient
thermal energy to dissociate Oz, resulting in stable O ,5. When the surface is
warmed, Og 44 is then able to dissociate, but in competition with desorption[1}
8, 9. Og44 has also been identified on planar and stepped Pt surfaces using
scanning tunneling microscopy (STM)|10|, temperature programmed desorption
(TPD)[11], and electron-energy-loss spectroscopy (EELS)[12]. On Pt(111), re-
combinative desorption of dissociated O atoms occurs between 500 K and 850 K
in a TPD experiment|11} [13-21]. O exposure at elevated temperatures (400 - 600
K) results in excess of 0.25 ML O, the maximum coverage for oxygen adsorption
on Pt(111). Additionally, surface oxidation at coverages greater than 0.25 ML
has been observed when using oxygen sources other than O[6} |7, |13} 16, |17} 22]
such as atomic oxygen[17], electron bombardment of an Oy covered surface|l5],
or using NO3[23| or O3[24]. The reaction probability is coverage dependent; spe-
cifically at low coverages, the dissociation of O on Pt surfaces is enhanced by the
presence of Oy4[18, 23].

On the more corrugated Pt(110) surface, O dissociation also exhibits a similar
temperature dependence. Only Oz .4 forms below 180 K, but O2 can dissociate
to Ouq at higher temperatures[25]. The saturation coverage of Oyq on Pt(110) is
0.25 ML, forming a (2x1) O adlayer, that is the most stable structure for a wide
range of conditions[26]. Extended exposures to either atomic oxygen (AO) or high
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pressure O9 exposures lead to higher coverage surface structures, whose stability
is strongly temperature dependent|27, [28].

It is well known that steps and other defect sites increases the total react-
ivity of the surface, particularly for molecularly adsorbed species|l, [29] such as
chemisorbed Oy. Theoretical calculations and experimental studies attribute the
observed increase in reactivity to the local lowering of the dissociation barriers in
close proximity to the step sites[30, [31] as well as to changes in the d-band local
density of states of the Fermi energy at kinks on the stepped surface[l]. While
it is known that steps and kinks are an essential component for dissociation on
metal surfaces, it is unknown whether dissociation mechanisms are enhanced by
particular step geometries.

In this study, we investigated the extent to which step geometry influences oxy-
gen dissociation on Pt surfaces. We have used Pt[n(111)x(100)] and Pt[n(111)x(110)]
surfaces with n = 3 and 4, respectively. These highly corrugated surfaces have
step densities similar to those found on nanoparticles. TPD experiments on sev-
eral different Pt crystal surfaces were performed in a single UHV chamber with
identical thermocouple connections and measurement conditions allowing for dir-
ect comparison of the obtained data. As a complement to high resolution TPD
data, scanning tunneling microscopy (STM) was used to study the temperature
and coverage dependence of Oz dissociation on Pt(553), which can be further used
to explain the dissociation behavior at (110) step types.

7.3 Experimental Section

The equipment and detailed procedures used for angle-resolved TPD experiments
at Leiden University have been described elsewhere |18, 32]. Briefly, we use a
home-built UHV system with a base pressure of 5x10~'! mbar. The chamber
is equipped with a differentially pumped quadrupole mass spectrometer (QMS,
Baltzers QMA400) that only detects desorption from the polished side of our
disk-shaped Pt single crystals. The canister’s volume is ~1.5 L, most of which
is occupied by the QMS itself. It is pumped by a 240 L/s turbomolecular pump
positioned along the QMS rods, ensuring high pumping speed in the entire volume.
In this study, we have used five samples with different surface orientations, most
of which were cut from a Pt single crystal boule (Surface Preparation Laboratory,
Zaandam, The Netherlands). They are all 10 mm diameter and 1-2 mm thick, have
a purity better than 5N, and are aligned with an orientation better than 0.1° from
the indicated surface. We cleaned the polished side of our crystals under UHV
conditions by repetitive sputtering-annealing cycles. Additionally, all samples
were heated at 1200 K for 5 min after each TPD experiment. The samples were
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heated radiatively and/or by electron bombardment using a filament (Osram, 250
W) positioned ~ 2 mm behind the crystal. Liquid No was used for cooling during
surface preparation and subsequent experiments. The surface temperature, T,
was measured using K-type thermocouples; each sample has a permanently affixed
thermocouple laser welded to its top edge. We have used low energy electron
defraction (LEED) (VG RVL 900) to check the surface order and have shown the
relevant LEED patterns elsewhere [18| |19, |32]. The calculated spot-row spacing
to spot-splitting ratios of these surfaces correspond well to literature values|33].
The LEED patterns confirm long-range order with the expected average terrace
width for each of the Pt surfaces. We have also performed a beam energy analysis
of the (0,0) spot-splitting of each of the Pt surfaces to confirm that steps are of
mono-atomic height [34].

Oxygen (Messer, 5.0) was dosed directly onto the polished surface of the single
crystals between 95 K and 100 K using a leak valve with a 6 mm diameter tube
attached inside the UHV chamber. We dosed at a fixed distance between sample
and the end of this tube. This ensured localized, highly reproducible, Oy de-
position for all five single crystal samples used in this study. During dosing, all
filaments in the UHV chamber were switched off. The pressure was monitored by
a cold cathode gauge. The heating rate for all subsequent TPD experiments was
1.0 K s7!. To allow for quantitative comparison of TPD spectra obtained from
different crystals, the assembly holding our samples contains an isolated copper
stud that protrudes from the polished surface just above the crystal. We posi-
tioned the samples with high accuracy relative to the 5 mm diameter orifice in
the differentially pumped QMS’s housing by retracting the sample a fixed distance
after the copper wire made electrical contact with the housing. Coverages were
obtained from TPD experiments by integrating the QMS signal. The integrated
Oz TPD signal between 500 and 900 K from Pt(111) with saturation coverage of
0.25 ML was used as a reference|l1} |14, (15, 35, 36]. Additional details regarding
the experimental apparatus, O uptake on Pt surfaces, and calibration of the TPD
data are provided in the Supporting Information.

Scanning tunneling microscopy (STM) experiments were performed at Loyola
University. Equipment and procedures have been described previously in detail
[37]. Briefly, the Pt(553) surface was cleaned following published procedures|20].
Surface cleanliness was confirmed via Auger electron spectroscopy and a sharp
LEED pattern|19]. The cleaned Pt(553) surface was dosed at either T, = 100
K or 400 K by backfilling the chamber with Oy. The exposure was verified with
a QMS monitoring the Oy partial pressure. After Oy exposure, the crystal was
cooled to around 90 K, inserted into the STM, and then further cooled to 30 K
for imaging. Oxygen coverage was measured via TPD, and agreed well with the
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TPD measurements taken in Leiden, as reported in a previous publication.
TPDs taken after imaging showed neither any decrease in Oy desorption nor the
accumulation of background gases on the sample. All STM images were obtained
with Pt/Ir tips in constant-current scanning mode.

a)

d N
(100) stepped (110) stepped

L c) d)

J

Figure 7.1: Schematic representation of a) Pt(111), b) Pt(533), ¢) Pt(211), d)
Pt(221) and e) Pt(553). The LEED patterns are shown elsewhere .

Figure shows a schematic representation of Pt(111), Pt(533), Pt(221),
Pt(553) and Pt(211) surfaces used in this study. Pt(211) and Pt(221) surfaces
consist of three atom wide (111) terraces truncated with (100) and (110) step sites,
respectively. Pt(533) and Pt(553) surfaces have four atom wide (111) terraces with
(100) and (110) step geometries. Surfaces having 'n’ atom wide (111) terraces with
(110) step geometries can also be described as surfaces with 'n+1’ atom wide (111)
terraces truncated with (111) steps.
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7.4 Results and discussion
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Figure 7.2: Oz TPD spectra for Pt(111), Pt(211), Pt(221), Pt(553) and Pt(533)
at 0.25 ML of recombinative oxygen coverage. n = terrace length of the (100) or
(110) stepped surfaces.

Figureshows TPD spectra for the recombinative desorption of Og from Pt(111),
Pt(533), Pt(211), Pt(553), and Pt(221) after dosing with molecular oxygen at T's
= 100 K. The value of 'n’ shown in Figure indicates the terrace width of the
Pt surfaces with (100) or (110) step geometries. As shown in previous work, Os
desorption from Pt(111) occurs in a single, broad desorption peak[11} (14} |15, |35,
30, 139, |40] centered between 550 K and 750 K. This feature shows typical char-
acteristics of second-order desorption kinetics. The maximum desorption rate for
Ogq shifts to lower temperatures with increasing coverage and saturates at 6o,
= 0.25 ML. The TPD peak shape and the relative desorption kinetics are in good
agreement with previous reports for Pt(111). Figure S2 in the supporting inform-
ation quantitatively compares the uptake curve for Pt(111) to previous studies|11,
15).

On stepped surfaces, the broad desorption peak seen on Pt(111) separates
into two desorption features. For both Pt(211) and (221), the lower temperature
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feature is from recombinative desorption of O,y from (111) terrace sites, whereas
the higher temperature peak results from recombinative desorption from step
sites . At 0p,, = 0.25 ML, the peak desorption rate occurs at
varying temperatures depending on step geometry. Oo desorbs at a ~ 25 K lower
temperature from (110) stepped surfaces than from (100) stepped surfaces, as
reported previously. The difference in desorption temperature was explained
by density functional theory (DFT) calculations[44) as arising from O atoms
binding more strongly to (100) step sites than (110) step sites. Figure S1 in the
supporting information provides additional information on the comparison and
quantification of coverages for the various Pt surfaces.

T T T T T T T |. .| T T - |
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Figure 7.3: Os TPD spectra for a range of Oy coverages obtained for Oy doses at
Ts = 100 K. The panels correspond to Pt(111) in the top panel, Pt(211) with (100)
steps in the middle panel, and Pt(221) with (110) steps in the bottom panel.The
left column shows desorption of molecularly adsorbed Os, the right column shows
recombinative desorption of Oq.

Oy dissociation at high temperature is not the only way oxygen can stick to
Pt surfaces. At lower temperatures (Ts < 150 K), Oy can molecularly adsorb as
O2,44; an intact Oz molecule chemisorbed to the surface. At low temperatures,
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dissociatively chemisorbed O goes through an Og 44 precursor and both O,y and
O2,4q will be present on the surface. The total oxygen coverage (HtOOt) and the
fraction of Oy and Og 4q are strongly dependent on T,[1, |8]. In order to thor-
oughly compare the Oo adsorption behavior for the various crystal faces, TPD
experiments were carried out in the O ,q and O,q temperature regimes; results
are shown in figure O34 desorbs from Pt(111) at 160 K, as seen in the
top-left panel of figure [7.3] and O,4 atoms recombinatively desorb in the previ-
ously discussed broad, second-order desorption peak[19] (figure shown in the
top-right panel of figure On Pt(111), exposures of up to 900 Langmuir (1
Langmuir = 1076 Torr s~1) O demonstrate that 00, ., saturates at 0.28 ML, just
slightly greater than the saturation coverage of 0.25 ML for Ogq, yielding 625" of
0.53 ML. We note that after extended Oz exposures, the O ,q4 desorption peak
slightly shifted to a higher temperature, but the integrated intensity (total O) was
unchanged. The total coverage of 0.53 ML is in good agreement with previous
work done by Steininger et al., which, however, only explored O2 exposures up to
40 Langmuir, so the desorption temperature shift was not observed|[15].

The center panels of figure show Oy TPD data for Pt(211), 3-atom wide
terraces with (100) steps, for three different 625%, 0.54 ML, 0.55 ML, and 0.77 ML.
The partitioning between 6p,,and 6o, ,, developed in an interesting fashion with
increasing 655°. At 619" = 0.54 ML (figure light blue), O2 4q desorbs in a single
desorption peak at 155 K corresponding to 6o, ,,= 0.29 ML (figure center,
left). The higher temperature TPD features (figure center, right) arise from
recombinative desorption of O, and exhibit the saturation coverage of 0.25 ML
discussed previously. With slightly larger exposure of Oz, the total O coverage
modestly increased to 0.55 ML; however, the TPD features changed dramatically
(ﬁgure blue). At 6" = 0.55 ML, the intensity of the original Og 44 peak at 155
K diminished significantly, 6o, ,, decreased from 0.29 ML to 0.21 ML, and appears
to split into two components; the original 155 K peak and a new peak at 174 K.
The higher temperature desorption features also changed. The shoulder at 647
K develops into a sharp, well-defined peak while the higher temperature feature
at 667 K did not increase with oxygen coverage. Likewise, the desorption of O,q4
from steps between 700 K and 900 K was unchanged for all coverages discussed
here. Continued exposure of Pt(211) to O at T = 100 K saturated at 85" = 0.77
ML (figure dark blue), and the TPD features were unaltered with additional
05 exposure. At Qto"t = 0.77 ML, 6o, ,, increased to 0.33 ML and the shape of
the desorption peak is similar to the peaks seen for 65" = 0.55 ML. Likewise, a
monotonic increase in the higher temperature features is evident. The sharp peak
at 647 K increased in intensity, and the other features remained the same. We have
previously found that the stoichiometry and sharp desorption feature at 647 K
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indicates formation of PtO lines on the (100) steps[18]|. The general similarity that
both Pt(111) and Pt(211) reach a saturation coverage suggest that dissociation
of molecularly adsorbed oxygen only occurs during the temperature ramp. The
sudden change in peak shape and distribution over molecular versus recombinative
desorption around 0.55 ML indicates threshold behavior for dissociation. Above
0o,, = 0.25 ML dissociation is enhanced during the temperature ramp at the
expense of molecular desorption.

We now discuss Oz desorption from Pt(221), which also has 3-atom wide
terraces, like Pt(211), but the arrangement of the atoms along the step edges differ.
Pt(221) has (110) step geometry instead of (100) as was the case for Pt(211). The
lower panels in figure show TPD data for Oy desorption from Pt(221) with
65" = 0.92 ML (light green), 0.93 ML (green), and 1.08 ML (dark green). It
is worth noting that the oxygen coverages are significantly greater on Pt(221)
than either Pt(211) or Pt(111). For %' 0.92 ML and below, the TPD features
uniformly increase in intensity with exposure. For 6o, ,, up to 0.68 ML, O3 4q
desorbs in two desorption peaks, a larger one near 140 K and a shoulder at 163 K.
The higher temperature O,4 recombinative desorption peak at 6p,, = 0.24 ML is
broad with a sharp feature around 650 K. Once 0p,, reached 0.24 ML, sticking of
O2 at Ts = 100 K formed O3 ,4. However, once HtOOt reached 0.92 ML, a dramatic
change in the relative amounts of O, and O ,q was observed. Recombinative
desorption suddenly increases in size at the expense of molecular desorption. The
sharp peak seen at 650 K intensifies and the peak temperature shifts upward
towards 680 K. Additionally, a peak sharpens at 647 K. The molecular desorption
regime also shows a concomitant shift toward higher desorption temperatures, and
a new peak grows in at 173 K. For the highest coverage studied, %" = 1.08 ML,
desorption is evenly split over the molecular and recombinative regimes with 6o, ,,
= 0o,, = 0.54 ML. This behavior is in marked contrast to what was observed on
Pt(211) with (100) step geometry, and planar Pt(111). Whereas both Pt(111) and
(211) reached a terminal surface coverage with similar exposures, the continued
evolution of Oy 44 and O,q desorption features indicates the Pt(221) surface is not
saturated. Further details can be found in figure S2 in the supporting information.

The partitioning of oxygen into O,¢ andO3 4q with respect to GtOOt is shown
in figure for Pt(111), Pt(211), Pt(553), and Pt(221). Pt(553) and Pt(221)
have (110) step geometry and the step geometry is (100) on Pt(211). Figure 4
shows how the total amount of oxygen adsorbed during Oy exposures at = 100
K desorbs either molecularly or recombinatively during TPD. All coverages are
expressed with respect to the TPD integral for §p,, = 0.25 ML on Pt(111). Al-
though the angular desorption characteristics vary for different desorption peaks
on Pt(111)[46], these effects are not significant in our measurements and do not
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interfere with directly comparing the relative coverages of the different surface
species, as demonstrated in the Supporting Information. In each of the four plots
in figure[7.4] the solid lines are local fits to data while dotted lines indicate critical
oxygen coverages. The gray areas in figures and indicate the highest
obtained oxygen coverage on Pt(111) and Pt(211) under background dosing con-
ditions. It is clear that Pt(111) and Pt(211), with (100) step geometry, have
substantially lower saturation coverages than Pt(211) and Pt(553) surfaces with
(110) step geometry. Neither Pt(221) nor (553) showed evidence of saturation in
our TPD experiments and the abscissa are the limits of total coverage probed in
our experiments.
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Figure 7.4: Integrated O9 TPD signals for molecular and recombinative desorption
as a function on initial Oy coverage on a) Pt(111), b) Pt(211)[18], ¢) Pt(553) and
d) Pt(221). The inset images show the surface representations and the solid lines
are the fitted to the experimental data. The dotted lines emphasize the critical
regions on the surfaces. The grey areas in figure [7.4a] and figure [7.4D] express the
saturation coverage on Pt(111) and Pt(211).

We first consider the possible origins for the increase in O uptake from planar
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Pt(111) to the (100) stepped surfaces, which retain (111) atomic arrangements on
the flat terraces. As discussed, Og adsorbs molecularly at 100 K on Pt(111), with
a terminal 09" = 0.53 ML. Dissociation only occurs during the temperature ramp,
resulting in at most 0.25 ML O,q4, as shown by red triangles in figure [7.4al It is
important to note that dosing Pt(111) with Og at Ty = 400 K exclusively yields
Ouq which saturates at 6o, = 0.25 ML. On Pt(211), saturation 6o, is increased
by 0.24 ML compared to Pt(111), representing a 45% increase in coverage. The
number of Pt atoms per unit surface area is greater on corrugated Pt(211) than
Pt(111). The ratio of geometric surface areas is 1.10, respectively, as described in
detail in the Supporting Information. Now, if only Os 44 is packed on the Pt(211)
surface at Ty = 100 K, then the packing density must be correspondingly higher
on Pt(211) than on Pt(111), because of the increased surface area. This difference
in geometric surface area accounts for, at most, 30% more Og 44 per unit area on
Pt(211) than on Pt(111). Although attributing the increase in 6" exclusively to
the changes in geometric surface is seemingly straightforward, it does not entirely
account for the 45% increase observed. Low temperature dissociation of Og 4q
could lead to the increase in 6/, but the differences are small enough that the
observed uptake could be accounted for by the increased surface area.

Changes in the TPD spectra could indicate low temperature dissociation of
Og2,q4. Lower 902@ , do not show any changes in the molecularly adsorbed O2 TPD
desorption features on Pt(211) (ﬁgure up to 0o, ,, = 0.29 ML. The absence of
any changes in peak shapes suggests no coverage effects in the interactions between
adsorbates. On Pt(211), the O3 44 molecular desorption peak is only 5 K lower
than Pt(111), suggesting only small differences in the interadsorbate interactions.
However, as 615" increases, the shifts in desorption features clearly shows changes
in the interadsorbate interactions. For molecular desorption on Pt(211), the shift
in intensity between the two desorption peaks, and the accompanying changes in
the O,q desorption features, point towards evolution in the nature of the surface.
Although 6o, ,, does not increase very much, the 6o, ,, desorption peak shifts
to 174 K. It is possible that these shifts are caused by the presence of atomic
oxygen on the surface at low temperatures. As noted before, for Ts = 100 K Oo
exposures, dissociation of Oz occurs during the TPD ramp, and above the Og 44
desorption temperature. Therefore, in order for O,4 to alter the interadsorbate
interactions, it must dissociate at much lower temperatures than occurring for
thermally induced dissociation on Pt(111). Although some dissociation may have
occurred at the dosing temperature or early on in the ramp as a consequence of
the combined presence of the (100) steps and a densely packed initial O overlayer,
we do not find that the changes on desorption peak temperature or 6" in our
data to be particularly convincing to argue for or against dissociation at 100 K.
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Alternatively, for the surfaces with (110) step geometry, the changes in the TPD
spectra strongly indicate dissociative adsorption at 100 K. As shown in figure
the changes in oxygen uptake on Pt(221) are far more pronounced. Not
only does the desorption shift from single peak at 140 K to two peaks at 164 K
and 173 K, but 0" increases by at least 655" = 0.50 ML, an 85% increase from
Pt(111). A similar increase is observed for Pt(553), shown in figure The
increased number of adsorption sites because of the larger geometric surface area,
while close for Pt(211), is far from sufficient to account for the increase in 6" on
Pt(221). Pt(221) has a 16% larger geometric surface area that Pt(111), so in order
to account for the 85% increase in oxygen coverage, a 60% increase in packing
density of O 4q would be required. This is not a plausible expectation because the
majority of the surface is still regular (111) terraces. Formation of a second layer
of Og,4q at 100 K is not supported by the TPD data; an overlayer would exhibit
a significantly decreased desorption temperature[47, 48], which was not observed.
As increases in geometric surface area, packing density, or overlayers are not
adequate to account for the excess oxygen adsorption observed, low temperature
dissociation of Oz on (110) steps must be considered. Dissociation of Og 44 results
in an overlayer consisting of Og 44 and O,4 covering the terraces and steps of the
surface. This conclusion is supported by significant changes in the predominant
Og2,44 desorption peak. At 0o, ,, = 0.68 ML, the peak desorption temperature
is 20 K lower than on Pt(111); the temperature difference was only ~ 5 K on
Pt(211). A Redhead analysis of the larger difference for Pt(221) suggests a drop
in desorption energy from the molecular state of 7.0 kJ mol™!, when assuming
a prefactor of 1x107 s~1. Both Pt(221) and Pt(553) surfaces display similar
O uptakes and distributions between molecular and recombinative desorption,
suggesting the narrow step widths on Pt(221) are not the cause of the enhanced
uptake. As the marked change in O uptake is more prominent going from Pt(211)
to Pt(221), with similar step-widths and abundance of (111) terraces, it is the
(110) step geometry that dissociates Og 44 and causes the increase in O uptake.
With the (110) surfaces inducing O 44 dissociation at moderate to high cov-
erages established, we now consider whether dissociation occurs for low 6%¢, i.e.
along the initial increase in figure and The plateau in both traces at
0o,, ~ 0.25 ML supports the notion that this is indeed the case. For the low-
est 05, Oy adsorption is evenly split between Ouq and Ogqq. After this initial
period of rapid O dissociation, dissociation is self-limited to a maximum of 0.25
ML O/Pt. For 0" greater than ~ 0.6 ML on Pt(221), or 0.5 ML for Pt(553),
recombinative desorption plateaus while molecular desorption increases linearly
for either surface. This suggests that the adsorption energy (E,45) is independent
of o, ,, in this coverage regime, and the chemical species present and surface
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structures are invariant. However, we are unable to unambiguously attribute the
increase in coverage to low-temperature Og 44 dissociation from the TPD results
alone, because this argument holds true if dissociation for smaller initial coverages
occurs between 100 K and 140 K. To resolve this issue, we must determine if O,q
is present on a Pt surface with (110) step geometry at 100 K.

The threshold behavior is the last point we wish to address regarding figure
Sudden additional dissociation at the expense of desorption occurs for both
(110) and (100) stepped surfaces at 6p,, = 0.25 ML. For both step types, the
increase in dissociative adsorption is associated with an increase in the desorption
temperature of Og ,q as well as the appearance of sharp desorption peaks in the
recombinative desorption regime. The latter have been connected to formation
of PtO2 along the (110) steps, as shown in previous work on Pt(111)[13]. The
formation of PtOs is also supported by the overlapping leading edges of the TPD
features, which is characteristic of a phase transition. As Oz has also been shown
to bind more strongly on the metal oxide than the metal surface|22], we interpret
the thresholds as the minimal 6p,, required for additional oxidation of the Pt
surface, i.e. dissociation beyond regular dissociative adsorption on (111) terrace
sites and step edges. Stabilizing interactions between Oz .4 and the previously
formed O,y phase causes the temperature upshift for the molecular desorption
feature occurring at the higher exposures. The increased binding leads to ad-
ditional dissociation and formation of local metal oxides that decompose in the
sharp desorption features in the recombinative regime, further supporting the
formation of PtOg. As previously argued for the (100) stepped surface, our data
does not require the initial dissociation to occur at 100 K. However, dissociation
must happen at all initial coverages somewhere between 100 K and 150 K. If it
does not happen at 100 K, or at most to a small extent for the highest exposure,
the limited total uptake for (211) makes sense. Most dissociation only occurs
during the temperature ramp, leading to significant loss of Qo through parallel
molecular desorption and prior to the onset of local surface metal oxide forma-
tion. As initial dissociation is better facilitated by the (110) step at 100 K, more
O- binds at a lower temperature, in part as a 0.25 ML O,4. With a minimal
additional concentration of O, that spans the plateau, molecular adsorption
locations and/or geometries are present that facilitate local formation of a surface
metal oxide.

Our TPD results clearly indicate that Oo dissociation depends strongly on the
step geometry at low temperatures. In the supporting information, we present
an alternate means to support this point. Whereas we could not conclude this
with any certainty for Pt(211), both (110) stepped surfaces dissociate molecular
oxygen, at least for higher coverages, at 100 K. For lower initial coverages, we
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could not argue this based on TPD results, although the coverage-dependencies
seem to suggest it. In order to resolve this we have taken images of the Pt(553)
surface using STM in the Chicago laboratory.
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Step Width (nm)

Figure 7.5: The left panel (A) shows an STM image of the clean Pt(553), Tsrs
=30K, V=10V, I=250pA, 40 nm x 40 nm. The statistical analysis of the
step width Pt(553) leads to the histogram shown in the right panel (B).

400 K

100 K

Figure 7.6: 4nm x 4 nm STM images of oxygen covered Pt(553) taken at Tgpas
=30 K. A) 3 L O2 exposure at 400 K, V. = 0.92 V, I = 160 pA, B) 0.6 L O,
exposure at 400 K, V.= 0.70 V, I = 150 pA, C) 2 L. Oy exposure at 100 K, V =
0.15 V, I =90 pA, D) 0.6 L. Oz exposure at 100 K, V = 0.78 V, I = 190 pA.

In order to obtain a reliable standard for the structure of Pt(553), we first
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imaged the clean Pt(553) surface. A typical image is shown figure . Due to
surface relaxation and slight misalignment during the crystal preparation process,
the surface is not uniformly comprised of five atom wide (111) terraces separ-
ated by monotonic steps. While the LEED pattern corresponding to Pt(553)
has a spot-splitting to row-spacing ratio that indicates an average terrace width
of five atoms, describing this surface as Pt[5(111)x(111)] which is equivalent to
Pt[4(111)x(110)], the sub-nanometer scale resolution of STM shown in figure
allows us to determine the actual distribution of terraces widths. Figure 5B shows
this distribution of terrace widths in the form of a histogram. Over 60% of the
steps are either 5 or 4 atoms wide with the 5-atom wide terraces being the most
abundant. This distribution of terrace widths allows us to study O adsorption on
a (110) step type surface with known terrace variances; knowing that there is a
distribution of terrace widths allows us to relate adsorption behavior to step type
rather than terrace width. It is also important to note the variance in contrast
across the clean metal surface. As has been shown when imaging other stepped
metal surfaces, the high corrugation of the surface, coupled with inherent imaging
limitations, causes steps to display with varying contrast in the STM image|[38|
49| 150].

Ogq is the only oxygen species after Oy exposure at 400 K, so the Pt(553)
crystal was exposed to 3 L of Oy at Ts = 400 K to provide a reference image for
00,, = 0.25 ML and no Oy ,4. After exposure, the sample was transferred to the
STM and cooled to 30 K for imaging. Figure[7.6]A shows an image of the oxidized
surface along with an illustration of the positions of oxygen and Pt atoms. The
oblong rectangular features present in figure are highlighted with a white
rectangle and correspond to four oxygen atoms resting in fcc tetragonal hollow
sites; the arrangement of oxygen on Pt(553) has been determined by previous
work[44]. As molecularly adsorbed oxygen is not stable at the 400 K exposure
temperature|[8], the oblong features must result from the presence of O,4. As seen
in figure [7.6]A, each of the three terraces imaged possess the rectangular features.
The terrace on the left hand side is slightly wider than the two remaining terraces.
Despite the difference in terrace width, the appearance of the step in the image
is the same. The step terrace has the same rectangular feature characteristic of
four Oyq on a (111) terrace. We also imaged the surface after exposure to 0.6 L
O at Ty = 400 K to determine if the surface structure is coverage dependent. As
shown in figure [7.6]B, the surface is now mostly clean terraces with bright features
aligning along the step edges instead of the rectangular features spanning the
steps. The orientation of the images is such that the steps move downward from
right to left across all four images. The location of the bright oxygen features
along the edge of the step, with a slight dark region behind the bright feature,
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suggests that the oxygen is also aligning in the tetragonal hollows of the fcc surface
at low coverages.

We now look at the Pt(553) surface after low temperature exposures to Os
to determine if the features characteristic of O,q are present, indicating low tem-
perature dissociation of Og 4q on (110) stepped surfaces. The Pt(553) surface was
exposed to 2 L O (08" ~ 0.7 ML) at T; = 100 K, and the STM images are shown
in figure [T.6(C. At this temperature, Ty is too low to activate dissociation, and
O3 qq is most stable on (111) terraces|8]. If Oy qq does not, in fact, dissociate, we
would not expect to see the surface uniformly covered by the rectangular features
identified in figure [7.6]A. This is clearly not the case. As shown in figure[7.6C, the
Pt(553) surface after T = 100 K exposure to Og is very similar to the surface
after 400 K Oz exposure. This suggests that Og 4 dissociated, forming O,q on
the terraces. This is shown in figure as the presence of rectangular features
along the center-left terrace while the center-right terrace appears to be covered
in uniformly bright adsorbates. Post-imaging TPD of the sample confirms that no
appreciable accumulation of contaminants occurs during imaging, so the bright,
rectangular features must be O,4. The coexistence of O,q and Og .4 accurately
represents TPD data which indicates the presence of both oxygen species. Because
the sample was exposed to Os at 100 K, below the temperature needed for disso-
ciation of oxygen on Pt(553), the oxygen must dissociate upon adsorption to the
surface. This cannot be because of the direct channel for dissociation, because the
translational energy of the incident Og is insufficient to activate dissociation|8].
To check for coverage effects, the Pt(553) surface was also exposed to 0.6 L (65" ~
0.2 ML) at 100 K. A representative STM image is shown in figure . Although
the exposure is the same as for the image in figure [7.6]B, the structures along the
terraces after the 100 K exposure well-resolved. Rather than oblong rectangular
features, a striped pattern near the step edge presents itself. The orientation of
the dark contrast in figure corresponds well to the dark contrast near the
bright feature along the step edge in figure[7.6]B. The presence of similar structural
features for 0.6 L Oo exposure at 100 K and 400 K shows that O, dissociation
occurs at 100 K even for very low Og coverages. Finally, the actual terrace widths
on the Pt(553) crystal are not uniform (see figure [7.5B), so it can be determined
that the dissociation observed at low temperatures on Pt(553) is due to the (110)
step geometry rather than the terrace width. The STM images clearly support
the findings from the TPD experiments. This demonstrates that the height of
dissociation barriers is sensitive to step geometry.

Summarizing, (100) stepped Pt surfaces exhibit high reactivity at lower oxygen
coverages (= 0.6 ML), however, the reactivity decreases with increasing coverage.
On the other hand, (110) stepped Pt surfaces require more oxygen to achieve the
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high reactivity but they maintain the high reactivity up to higher coverages (> 0.8
ML). Additionally, extended O9 exposures saturated the (100) stepped surfaces
whereas on the (110) steps, no such saturation was observed.

7.5 Conclusion

Our results show low-temperature dissociation of Oz on Pt surfaces is strongly
dependent on the arrangement of Pt atoms on monoatomic steps. This demon-
strates the complexities of Oy adsorption behavior that arise when defect sites
are accounted for on catalytically active surfaces. A combination of TPD and
STM experiments show that (100) and (110) step types have very different ad-
sorption and desorption behaviors. Although surfaces with (100) steps show an
increase in oxygen coverage compared to Pt(111), this can be attributed to the
increased areal density of Pt atoms on the corrugated surfaces. However, on sur-
faces with (110) step geometries, this increase in surface area cannot account for
the increased oxygen coverage. STM images after exposures of Pt(553) to O9 at
Ts = 400 K or 100 K clearly show similar surface structures. Only O,y can be
on the surface after Ty = 400 K O exposures; because the surface structures are
similar, O,q must also be present after T; = 100 K O9 exposures. Therefore, O9
dissociates upon adsorption on surfaces with (110) steps and not only during the
TPD ramp. The presence of O,4 confirms that Os dissociation at low temperat-
ures causes the increased oxygen uptake. This demonstrates that step geometry is
the determining factor in low temperature Os dissociation. The (110) steps must
lower the dissociation barrier in ways steps with (100) geometry cannot.
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