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In this work we compute high-coverage hydrogen adsorption energies and geometries on the stepped
platinum surfaces Pt(211) and Pt(533) which contain a (100)-step type and the Pt(221) and Pt(553) surface
with a (111) step edge. We discuss these results in relation to ultra-high-vacuum temperature
programmed desorption (TPD) data to elucidate the origin of the desorption features. Our results
indicated that on surfaces with a (100)-step type, two distinct ranges of adsorption energy for the step
and terrace are observed, which mirrors the TPD spectra for which we find a clear separation of the
desorption peaks. For the (111) step type, the TPD spectra show much less separation of the step and
terrace features, which we assign to the low individual adsorption energies for H atoms on this step
edge. From our results we obtain a much clearer understanding of the surface—hydrogen bonding at

rsc.li/pcecp

1 Introduction

Platinum surfaces are an important catalyst for hydrogenation
reactions in heterogeneous catalysis." In these reactions, the
interaction between the catalyst and the adsorbed, dissociated
hydrogen plays a key role in the catalytic activity. The adsorption
of hydrogen also plays an important role in electrocatalysis,”
where it is linked to the hydrogen evolution reaction. Ultra-high-
vacuum (UHV) techniques can help in gaining insight into the
adsorption properties of hydrogen and the influence of defect
sites for both these fields. Accordingly, multiple experimental studies
have focused on the interaction of platinum and hydrogen.*® These
studies investigated not only the Pt(111) facet, but also regularly
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high coverages and the origin of the different TPD features present for the two step types studied.

stepped surfaces such as Pt(211), Pt(533) and Pt(553) and the
influence of step edges on the adsorption properties of hydrogen.
A study of H, dissociation dynamics using a curved Pt single crystal
recently resolved that dissociation occurs predominantly in parallel
at steps and terraces via direct mechanisms.’® From a theoretical
standpoint several studies have dealt with hydrogen adsorption on
the Pt(111) surface, and its interaction with co-adsorbates."™*
Due to the larger complexity and higher computational cost,
until recently only limited computational work was done on
surfaces containing defects."*™'® As yet none of these studies
drew a detailed link between the temperature programmed
desorption experiments and the theoretical predictions.

A suitable experimental technique to obtain information
about interaction and adsorption energies is temperature pro-
grammed desorption (TPD). However, in this approach there is
not always a clear link between the desorption peak and the
microscopic process from which it stems. Density functional
theory (DFT) calculations can help provide this link and can
therefore give a better view of the desorption pathways involved.
One successful example of using theoretical calculations to
elucidate TPD spectra is hydrogen desorption from the Pt(110)-
(2 x 1)-reconstructed surface.'”'® In these systems, it was found
that varying desorption barriers for different coverages can play a
large role in determining the desorption pathways. However, to
date no systematic study comparing different terrace lengths and
step types has been performed.

This journal is © the Owner Societies 2019
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Previous work in our group discussed the TPD spectra of
deuterium desorbing from the Pt(211), Pt(533) and Pt(553)
surfaces.”” We observed that for deuterium desorption, the
surfaces with the (100) step type, namely the Pt(211) and Pt(533)
surfaces, exhibit a two peak spectrum. The higher temperature
peak was assigned to the desorption stemming from the step
edge, while the lower temperature peak was assumed to origi-
nate from the (111) terrace, in accordance with the original
assignment by Lu and Rye.’> In contrast, the Pt(553) surface,
which has a (111)-type step edge, shows a significantly more
complex spectrum, with up to four peaks assigned in the
evaluation process.

In order to better understand these results, here we present
DFT calculations on high-coverage hydrogen adsorption on the
Pt(211), Pt(221), Pt(533) and Pt(553) model surfaces and compare
these results with the TPD traces obtained in experiment. Further-
more, we present new experimental results on the Pt(221) surface,
which completes our dataset for comparison to the other,
previously reported, stepped surfaces. We find generally good
correlation between the adsorption energies and the peak
assignments from TPD elucidation, and are also able to finally
assign the origin of the peaks on the surfaces with the (111)

step type.

2 Computational methods

The ab initio density functional code VASP'®** and the PBE
functional® with PAW projectors®*** were used for all calculations.
The step unit cell was replicated two times along the step edge to
form a 1 x 2 super cell containing 1 step edge. The Pt(211) surface
unit cell consists of a (100) step edge and 3 atom rows in the terrace
(see Fig. 1a), while the Pt(533) surface contains the same step edge
type, but is 4 atom rows wide, as can be seen in Fig. 1c. In contrast,
the Pt(221) surface, shown in Fig. 1b, exhibits a (111) step edge and
a 4 atom-row wide terrace and the Pt(553) surface (Fig. 1d) has the
same step type, however a 5 atom-row wide terrace. The Brillouin
zone was sampled using a 4 x 4 x 1 sampling for the Pt(211)

Fig. 1 Adsorption sites on (a) Pt(211), (b) Pt(221), (c) Pt(533) and (d) Pt(553)
surfaces. Surface platinum atoms are marked in silver, first sub-surface
layer platinum atoms are represented in blue, while the atoms in the
second subsurface layer are shown in red. Golden lines indicate the Pt—Pt
connectors in the surface plane, while the purple lines indicate the Pt—Pt
connectors in the step plane. Subfigures (c) and (d) are taken from ref. 27.
Space-filling versions of the images can be found in the ESI.¥
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and Pt(221) surface, while the Pt(533) and Pt(553) surfaces used
a3 x 9 x 1 sampling. A plane-wave basis set with a cutoff energy of
550 €V was selected. First-order Methfessel-Paxton smearing®®
with a smearing width of 0.2 eV was used and all energies were
extrapolated to 0 K. Additional information, including convergence
data, about the model surfaces, which consist of 2 bottom layers
that are fixed and three layers that are allowed to relax freely, can
be found in ref. 27. Structures were relaxed until the remaining
forces were below 0.04 eV A™".

The differential adsorption energies Gais,». 1, are calculated
as Gibbs free energies and are corrected for zero-point energy
(zPE) and vibrational entropy at 100 K, following the methods
described by Loffreda® via the following procedure: the total Gibbs
free energy for each adsorption structure was calculated as

Gtot,mHads = EDFT,n<H + ZPEn»H _T'SmH,toty (1)
while the gas-phase references were calculated as

T Sg'HZ.ml(g) ! (2)

G =K

DFT2H,(¢) T ZPEny, ) —

tot5-Ha(g)
The values for Sy o; are taken from tables for gas-phase species
in ref. 29. In order to study the actual energy differences that
occur when increasing the coverage, we use the so-called
differential adsorption Gibbs free energies, mirroring previous
work on this topic.'””*® These are calculated by referencing each
energy to the structure with the most favorable energy of all
structures with one less hydrogen atom per super cell:

Gdiff,n-Hads = Gtot,n-Hads - Gtot,min,(n—ll-Hads' (3)

In order to study the influence of barriers on the desorption
characteristics of hydrogen from stepped Pt, we performed
nudged-elastic-band (NEB) calculations.*® The barrier calculations
were also performed with a cutoff energy of 550 eV, and were
relaxed until the remaining forces orthogonal to the reaction
coordinate were below 0.04 eV A™". The simulations used 7 images
along the reaction coordinate. Climbing image NEB calculations®
for the converged pathways were attempted, but had notable
convergence problems even after more than 250 structure optimi-
zation steps. The few calculations that did converge showed no
noticeable change in the barrier height compared to the standard
NEB calculations.

We note that in the following the term “coverage” is meant
to signify the ratio H: Pt between the number of adsorbed hydrogen
atoms per unit cell and the number of surface platinum atoms in
the unit cell. For this count, we consider every atom with an on-top
site marked in Fig. 1. Experimentally, a full mono-layer is usually
defined as the maximum coverage that can be obtained under UHV
conditions; however this reference can depend on the exposed
facet and also experimental limitations. We choose the ratio
between surface platinum atoms and adsorbate atoms to avoid
this ambiguity.

In Fig. 1 the naming scheme for the adsorption sites is
detailed. We also show space-filling versions of the images in
the ESL{ In the following, we will discuss the adsorption
structures suggested by our calculations for each surface facet
at gradually increasing coverage. Each of the structures shown
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is the most favorable configuration for each individual coverage,
since we expect that high diffusion rates'* allow the hydrogen
atoms to move to their most favorable positions before the
surface reaches the desorption temperature of hydrogen. For all
discussed surfaces we study coverages of up to a maximum of 1:1
H:Ptratio. From our results we conclude that this coverage in the
DFT simulations is adequate to describe the TPD results for the
following reasons: firstly, we find that increasing the coverage
beyond this point leads to very unfavorable adsorption conditions
in all studied cases. Furthermore, due to the already-present high
coverage, the adsorption process would also experience a very
high barrier, further reducing the probability of these structures
being realized. Lastly, we find that the integrals obtained from
the experimental TPD spectrum correspond favorably with the
ones predicted by the DFT model with this maximum coverage,
which implies that no coverages beyond the ratio of 1 hydrogen
atom to 1 surface Pt atom are present in the experiment.

3 Experimental procedures

Our equipment and procedures have been discussed previously.**
Summarizing the most important aspects, our home-built (UHV)
system has a base pressure of 5 x 10! mbar. It contains, among
others, LEED optics (VG RVL 900) and a differentially pumped
quadrupole mass spectrometer (QMS, Baltzers QMA 400). The
samples are 10 mm diameter disc-shaped Pt single crystals of
5 N purity or better. Sample thickness varies between 1 and 2 mm.
They are cut and polished with an alignment to expose the
indicated stepped surface, ie. (211), (221), (533), and (553), with
a precision better than 0.1° (Surface Preparation Laboratory,
Zaandam, The Netherlands). The polished side of the samples is
cleaned under UHV conditions by repetitive cycles of Ar-ion
sputtering at 1 kV and annealing at 1200 K. Low energy electron
diffraction (LEED) confirms long-range order for all samples as
shown before for Pt(211) and Pt(533).>® We verify that the expected
average terrace width and step direction are maintained across the
entire polished surface. Cleaned surfaces are exposed to molecular
H, or D, by background dosing with the surface temperature
generally maintained below 100 K until saturation is reached. The
saturation coverage is determined by increasing exposure.**> We
observe no isotope dependence for any of the surfaces in desorption
experiments. Here, we report only hydrogen desorption having used
D,. To minimize contamination by H atoms from residual H,
dissociation we start our dose of D, already at 700 K while the
crystal cools to 100 K. The results were verified for consistency by
comparison to previously gathered data from earlier studies in our
group, e.g. for Pt(533)** and Pt(553).%° The heating rate in our TPD
experiments is approximately 1.0 K s~ for all samples.

4 Results and discussion

4.1 High-coverage hydrogen adsorption on Pt(211) and
desorption characteristics

The first surface we discuss is Pt(211) which consists of a 3 atom
wide (111) terrace and a (100) step edge. We find that the first
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Fig. 2 Adsorption structures, the coverage, the newly occupied adsorp-
tion site, as per Fig. 1la, and their respective differential adsorption Gibbs
free energies for increasing coverages from (a) 1, (b) 2, (c) 3, (d) 4, (e) 5,
(f) 6 and (g) 7 hydrogen atoms per super cell on Pt(211). The atom with the
lowest differential adsorption Gibbs free energy, which is added to
increase the coverage, is marked in red. Gold connectors mark the upper
step edge.

site to be occupied is the B1 site at the step edge with a Gibbs
free energy of adsorption of —0.44 eV (see Fig. 2a). Next, the second
B1 site in the studied super cell is filled, with an adsorption energy
of —0.51 eV, which is shown in Fig. 2b, indicating a small attractive
interaction of ca. 0.03 eV per H between the two step-edge-
bound atoms.

With all the B1 sites filled, the next most favorable adsorption
sites are the on-top sites above the platinum atoms that form the
lower step edge (shown in Fig. 2c and d) with adsorption energies
of —0.29 and —0.31 eV respectively. Increasing the coverage
further, we find the site with the next most favorable adsorption
energy to be the two FCC sites next to the step edge with
adsorption energies of —0.29 eV and —0.29 eV, which are shown
in Fig. 2e and f. It should be noted that for the two OT3 and two
FCC sites the differential adsorption energies are very similar, so
there is no clear preference for either one. In order to test our
initial assumption that coverages beyond the 1:1 Pt: H ratio were
not realistic, we simulated a coverage of 7:6 H: Pt for the Pt(211)
surface. We find the next most favorable site at a coverage of
7 H-atoms to 6 Pt atoms to be the OT2 site in the middle of the
terrace. We find that this adsorption site has a comparatively
unfavorable adsorption energy of only +0.04 eV. This is a drastic
shift towards a less favorable adsorption energy and indicates
that this site will likely not be occupied under UHV conditions.

4.2 Barriers on the Pt(211) surface

Based on the adsorption configurations discussed above, we
also calculate NEB desorption pathways from selected structures
to calculate any additional barriers present, the results of which
are shown in Table 1. We chose structures with an even number
of hydrogen atoms to study the desorption from equal sites, since
we know that the flat (111) terrace part of the surface generally

This journal is © the Owner Societies 2019
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Table 1 Additional reaction barriers for the B1-B1 as well as the lowest
energy desorption pathways for increasing coverages on Pt(211). The
corresponding NEB profiles are shown in the respective figures in the ESI

H:Pt Pathway 1 Epare [€V] Pathway 2 Epare [€V]
2:6 B1-B1 0.00 — —

4:6 B1-B1 0.00 OT3-0T3 0.07

6:6 B1-B1 0.00 FCC1-FCC1 0.10

has low barriers for diffusion and desorption.™* Furthermore, the
combination of two non-equal sites will always have a higher
barrier for desorption than the combination of two less strongly
bound sites. Note that “additional barrier” in this case refers to
any energy barrier on top of the desorption energy (adsorption
energy) for the two desorbing hydrogen atoms. We observe that
the B1-B1 desorption process at the step edge exhibits no
additional barrier for any of the studied coverages. The other
pathways, namely the OT3-OT3 pathway for a 66% coverage and
the FCC1-FCC1 pathway for the 100% coverage case, both show
low additional barrier energies of 0.07 eV and 0.10 eV respectively.
We note that the OT3-OT3 pathway has quite a high native barrier,
so that the NEB calculation shifts the pathway to a diffusion +
desorption step that first moves the hydrogen atoms to the HCP2
sites from which they then desorb with the low barrier shown here.

4.3 Elucidation of TPD spectra on the Pt(211) surface

Experimentally, the TPD spectrum of the Pt(211) surface under
UHV conditions shows two peaks, one low-temperature peak at
277 K and one high-temperature peak at ca. 374 K’ (see Fig. 3b).
The two peaks exhibit an area ratio of about 30: 70 between the
low and the high temperature peak. We find that the DFT-
computed differential Gibbs free energies of adsorption show
three distinct ranges, which are shown in Fig. 3a and represented
by color codes: the first two sites at low coverage are found to be
at —0.44 eV and —0.51 eV (located in the area marked green in
Fig. 3a), which we propose to be linked to the high temperature
peak, also marked green in Fig. 3b. At higher coverages we relate
the medium adsorption energy range (located in the area marked
blue in Fig. 3a) with the 4 sites on the terrace (OT3 and FCC1) to
the low temperature peak at 260 K (colored blue in Fig. 3b). The
adsorption energies at coverages above 6H:6Pt are at very low
differential binding energies, implying that they are unoccupied.
Comparing the ratios from the DFT-calculated sites of 1:2 or
33%:66% to the experimentally obtained peak integral ratio of
30%:70% shows a good correlation between the results and
reinforces our assumption that the 1Pt: 1H ratio is the maximum
realized on this surface.

4.4 High-coverage hydrogen adsorption on Pt(221) and
desorption characteristics

In this section we will discuss our findings for the case of high-
coverage adsorption on the Pt(221) surface, which consists of a
4-atom-wide (111) terrace and a (111)-type step edge. At the
coverage of 1 H per 8 Pt we observe a preference for the FCC1
site with a differential Gibbs free energy of adsorption of —0.30 eV
(shown in Fig. 4a). It should be noted that the FCC1 site is only
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Fig. 3 (a) Differential adsorption Gibbs free energies for Pt(211). The two

ranges of adsorption energies discussed below are marked in green (step
adsorption) and blue (terrace adsorption), (b) TPD spectrum with the
colored areas indicating the origin of the peaks in subfigure (a). The inset
in (b) shows the integrals of the deconvolution fits (blue and green) as
percentages of the total deconvolution integral (black).

about 0.01 eV more stable than its neighboring B1 site for a single
adsorbed hydrogen atom. Filling the step edge, we observe a
noticeable attractive interaction of ca. 0.07 eV per H, leading to a
differential adsorption Gibbs free energy of —0.44 eV for the
second adsorbed hydrogen atom. Also we observe that the
preferred site for the adsorption of the second hydrogen atom
shifts away from the FCC1 site and to a B1-B1 structure, as
shown in Fig. 4b.

Additional hydrogen then prefers to sit in the two FCC2 sites
in the middle of the terrace with Gibbs free energies of adsorption
of —0.28 eV and —0.27 eV, respectively, which are shown in Fig. 4c
and d. Increasing the coverage above the 4H:8Pt point, we calculate
that the FCC3 sites (shown in Fig. 4e and f) on the terrace closer
to the lower step edge are exhibiting the next-best Gibbs free
energy of adsorption of —0.19 eV each. Increasing the coverage,
again, above 6H:8Pt, we find that the FCC-based structures that
we saw up to this point are no longer the most favorable
adsorption geometries. We find instead that a surface with all
terrace-bound hydrogen atoms shifted to the HCP sites is more
stable (Fig. 4g). This change is caused by the initially already
small adsorption energy difference between HCP and FCC
sites, combined with the repulsion from the upper step edge

Phys. Chem. Chem. Phys., 2019, 21, 17142-17151 | 17145
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Fig. 4 Adsorption structures, the coverage, the newly occupied adsorption
site, as per Fig. 1b, and their respective differential adsorption Gibbs free
energies for increasing coverages from (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, (f) 6, (g) 7
and (h) 8 hydrogen atoms per super cell on Pt(221). The atom with the lowest
differential Gibbs adsorption energy, which is added to increase the cover-
age, is marked in red. Gold connectors mark the upper step edge.

hydrogen atoms and the reduced adsorption energy of the lower
step edge region.

4.5 Barriers on the Pt(221) surface

In order to gauge the influence of additional barriers on the
desorption, we calculated minimum energy pathways of desorption
for four different coverages. Similar to the Pt(211) surface, we only
consider coverages with an even number of hydrogen atoms present
on the surface. Our results are tabulated in Table 2. We find that the
B1-B1 desorption pathway has no additional barrier at any of the
studied coverages, similar to the Pt(211) surface. At medium
coverages, the FCC2-FCC2 and FCC3-FCC3 pathways exhibit low
additional barrier energies of 0.08 and 0.15 eV respectively. For the
very high coverage case of 8H:8Pt, we find that the HCP2-HCP2
pathway has the lowest overall activation energy due to the weak
binding of the two HCP2-bound hydrogen atoms; however it
exhibits an additional barrier of 0.25 eV due to the unfavorable

Table 2 Additional reaction barriers for the B1-B1 as well as the lowest
energy desorption pathways for increasing coverages on Pt(221). The
corresponding NEB profiles are shown in the respective figures in the ESI

H:Pt Pathway 1 Epare [€V] Pathway 2 Epare [€V]
2:8 B1-B1 0.00 — —

4:8 B1-B1 0.00 FCC2-FCC2 0.08

6:8 B1-B1 0.00 FCC3-FCC3 0.15

8:8 B1-B1 0.00 HCP2-HCP2 0.25
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repulsive interaction with the neighboring adsorbates that is
hindering the desorption pathway.

4.6 Elucidation of TPD spectra on the Pt(221) surface

Comparing our results to the experimental TPD data shown in
Fig. 5b, we find that the deconvolution of the spectrum predicts
4 main peaks: the first peak (marked orange in Fig. 5b) relates
to the step-edge adsorption (marked orange in Fig. 5a) while
the three low-temperature peaks correspond to the terrace-
based sites, which are represented by the black, green and blue
areas in Fig. 5a and b. The integrals of the deconvoluted peaks
are roughly equal (within the experimental accuracy) for the two
high-temperature peaks and the step edge peak, while the low-
temperature peaks show a lower combined integral.

From this result and our calculations, we conclude that the
individual deconvoluted peaks correspond reasonably well to
the individual sites observed in our calculations. However,
for this surface we find that the lower-energy sites are not
fully occupied, which we base on the reduced integral for the
low-temperature peak obtained from the deconvolution. This is

T
S

S
e e Et R ChR R 100 ©
b) ] Hs0 &
He0 &
w0 8
=20 ©
=
0.7 S
506
Sos
2
B4
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*20.3
0o.2
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Fig. 5 (a) Differential adsorption Gibbs free energies for Pt(221) with the

step adsorption regime marked in orange and the terrace adsorption
regimes marked in green, black and light blue respectively. (b) TPD spectrum
with the colored areas indicating the origin of the peaks in (a). The inset in
(b) shows the integrals of the deconvolution fits (orange, green, black and
light blue) as percentages of the total deconvolution integral (dark blue).
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probably due to low adsorption energy of these sites, combined
with the prohibitively high barriers associated with a complete
shift of the adsorption structure to an HCP-based structure.
This implies that the experimentally occupied sites will have
an even lower adsorption energy than the HCP-based sites we
show here. Furthermore, the increased barriers for HCP-based
desorption also imply an increased barrier for adsorption into
these sites, which further reduces the coverage under experi-
mental conditions.

4.7 High-coverage hydrogen adsorption on Pt(533) and
desorption characteristics

In this section we will discuss adsorption structures for increasing
coverages of hydrogen on Pt(533), which consists of a 4-atom-wide
(111) terrace and a (100) step edge.

The most favorable adsorption site on the Pt(533) surface for
a single isolated hydrogen atom is the B1 site at the step edge,
as shown in Fig. 6a, with a differential adsorption energy of
—0.55 eV. We find that the site favored for the adsorption of the
second hydrogen atom in the super cell is the other B1 site at
the step edge. The differential adsorption Gibbs free energy for
this site is —0.58 eV and the resulting adsorption geometry can
be seen in Fig. 6b. The increase in differential adsorption Gibbs
free energy indicates that there is a slight attractive interaction
of 0.015 eV per atom between hydrogen atoms absorbed at the
step edge of Pt(533). This attractive interaction mirrors the one
found on the Pt(211) surface (however the absolute value per
atom is smaller by about 0.015 eV per H, which we assume to be
within the error of DFT). Further increasing the coverage to
include 3 hydrogen atoms per super cell, we find the most

H:Pt1:8 H:Pt2:8 H:Pt 3:8 H:Pt 4:8
B1 +B1 +OT4 +OT4
Gd,'ff =-0.55eV Gd,'ff =-0.58 eV Gd,'ff =-0.36 eV Gd;ff =-0.35eV

H:Pt 5:8
+FCC1

H:Pt7:8
+FCC2
Gd,‘ff =-0.31eV Gd,-ff =-0.31eV Gd,‘ff =-0.31eV Gd,'ff =-0.30 eV

H:Pt 8:8
+FCC2

H:Pt 6:8
+FCC1

Fig. 6 Adsorption structures, the coverage, the newly occupied adsorp-
tion site, as per Fig. 1c, and their respective differential adsorption Gibbs
free energies for increasing coverages from (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, (f) 6,
(g) 7 and (h) 8 hydrogen atoms per super cell on Pt(533). The atom with the
lowest differential adsorption Gibbs free energy, which is added to
increase the coverage, is marked in red. Gold connectors mark the upper
and lower step edge.
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favorable site to be the OT4 site with a differential absorption
Gibbs free energy of —0.36 eV (see Fig. 6¢). It should be noted
that, as can be seen in the figure, the OT4 site is located atop
the lower step-edge Pt atom and can also be viewed as a bridge
site between the upper and lower step-edge platinum atoms.
For 4 hydrogen atoms per unit cell we find a preference to
occupy the second OT4 site (the resulting adsorption geometry
can be found in Fig. 6d). A differential adsorption Gibbs free
energy of —0.35 eV was found for this structure. At this point
the step edge is completely covered and no further step-related
adsorption sites can be occupied without causing strong,
unfavorable interactions.

Increasing the coverage beyond 4 hydrogen atoms per super
cell leads to the occupation of terrace sites. We find that for 5
hydrogen atoms per super cell, the FCC1 site adjacent to the
upper step edge is preferred with a differential Gibbs free
energy of adsorption of —0.31 eV. The corresponding adsorption
geometry can be seen in Fig. 6e. The second terrace-bound atom
is found to bind preferentially to the second FCC1 site on the
terrace with a differential adsorption Gibbs free energy of —0.31 eV
(see Fig. 6f). Increasing the occupation of the super cell further, the
two FCC2 sites will be filled next. They exhibit differential adsorption
Gibbs free energies of —0.31 eV for the first adsorbate and an
identical —0.30 eV for the second adsorbate. The resulting adsorp-
tion geometries can be seen in Fig. 6g and h. Note that the
differential adsorption Gibbs free energy differences between these
4 sites are very small, independent of the exact order of filling. This
observation, combined with the low diffusion barriers for hydrogen
on the (111) terrace," leads us to conclude that there is no fixed
order for filling of, or desorbing from, the terrace.

4.8 Barriers on the Pt(533) surface

In order to estimate the influence of possible desorption
barriers, NEB calculations were performed for the B1-B1 and
lowest-energy desorption pathway at each ratio of H:Pt: 2:8,
4:8, 6:8 and 8:8. The results are shown in Table 3. We
considered the B1-B1 pathway for each coverage and we find
that the additional barriers are consistently below 0.05 €V, with no
observable barrier at the higher coverages. At a coverage of 4:8 we
considered the OT4-OT4 desorption pathway, for which we were
unable to achieve a converged minimum energy pathway; however
all attempts indicated high remaining additional barriers due to an
unfavorable desorption geometry. We expect that the most favorable
pathway for desorption from this geometry follows a similar

Table 3 Additional reaction barriers for the B1-B1 as well as the lowest
energy desorption pathways for increasing coverages on Pt(533). The
corresponding NEB profiles are shown in the respective figures in the ESI

H:Pt Pathway 1 Epay [eV] Pathway 2 Epy,, [€V] ESI

2:8 B1-B1®  0.05 — — Fig. S1

4:8 B1-B1 0.00 0T4-0T4 >0.4° Fig. S2-S5
6:8 B1-B1 0.00 FCC1-FCC1 0.07° Fig. S6 and S7
8:8 B1-B1 0.00 FCC2-FCC2 0.08 Fig. S8 and S9

¢ NEB did not converge with the conventional NEB setup. Calculation
details are discussed in the ESI ” Calculation did not converge past
0.1 eV A" remaining forces.
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trajectory as for the Pt(211) surfaces, where we observed diffusion to
the neighboring HCP site, followed by desorption from these HCP
sites. At a coverage of 6:8 we considered the FCC1-FCC1 pathway,
for which we observed a small additional barrier of 0.07 eV. However,
it should be noted that these calculations did not converge to the
force threshold set for the rest of the NEB calculations. At the
coverage of 8: 8 we calculated the FCC2-FCC2 pathway, for which we
obtained an additional barrier of 0.08 eV.

4.9 Elucidation of TPD spectra on the Pt(533) surface

Experimental TPD spectra show that on Pt(533) there are two main
desorption peaks, one at 260 K and another, high-temperature
peak at 370 K. The low-temperature peak is generally assigned to
the flat Pt(111) terrace.’® Fig. 7a plots the DFT-computed differential
adsorption Gibbs free energies as a function of the coverage. We
observe two general regimes of adsorption energies, namely one
regime for the highly favorable B1-bound hydrogen (green area in
Fig. 7) and one regime for the rest of the adsorption sites, which
have less favorable adsorption energy (blue area in Fig. 7). The step
edge related OT4 sites also fall into the latter regime, leading to a
1:3 ratio between the green and the blue areas, which mirrors the
experimentally observed ratio of 23:77 or ca. 1:3.° This implies that

# of H atoms per super cell

5.l 3\

ity
T

300
Temperature (K)

=4
=)

400

Fig. 7 (a) Differential adsorption Gibbs free energies for Pt(533), the two
general ranges of adsorption energies discussed below are marked in
green (step adsorption) and blue (terrace adsorption), (b) TPD spectrum
with the colored areas indicating the origin of the peaks in (a). The inset in
(b) shows the integrals of the deconvolution fits (light blue and green) as
percentages of the total deconvolution integral (dark blue).
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hydrogen on Pt(533) reaches the ratio of 1H:1Pt and therefore a
true 100% coverage, mirroring the findings on Pt(211). Fig. 7b
shows the corresponding temperature regions in the experimental
TPD spectrum.

4.10 High-coverage hydrogen adsorption on Pt(553) and
desorption characteristics

Lastly, we will describe our findings for the Pt(553) surface. In
our earlier publication,” we identified the FCC1 site (see
Fig. 8a) at the upper step edge with a differential adsorption
Gibbs free energy of —0.38 eV as the most favorable adsorption
site for a single hydrogen atom on Pt(553). However, when
increasing the occupation to 2 H per super cell, we find that a
combination of two B1 sites (see Fig. 8b), the same as on the Pt(211),
Pt(221) and Pt(533) surface, is the most favorable adsorption
geometry. A differential adsorption Gibbs free energy of —0.50 eV
is observed. Note that this indicates a strong attractive interaction of
~0.06 eV per H. This behavior mirrors the case on Pt(221) where we
also observed a strong attractive interaction combined with a shift
in the preferred adsorption site, suggesting that this is a general
feature of the interaction of the (111) step edge and hydrogen.
Increasing the occupation beyond 2 hydrogen atoms per
super cell, we find that now the FCC3 site (see Fig. 8c) in the
middle of the terrace is the most favorable site with a differential
adsorption Gibbs free energy of —0.35 eV. This preference for
the sites in the middle of the terrace was also visible for the

H:Pt1:10 H:Pt2:10 H:Pt 3:10 H:Pt 4:10 H:Pt 5:10
FCCA B1-B1 +FCC3 +FCC3 +FCC2
Gd,'ff =-0.38 Gd,'ff =-0.50 Gd,'ff =-0.35 Gd,‘ff =-0.33 Gdiff =-0.29

eV eV eV eV

H:Pt9:10 H:Pt 10:10

H:Pt 8:10

H:Pt6:10 H:Pt7:10

+FCC2 +FCC4 +FCC4 +0T1 HCP-based
Gd,'ff =-0.29 Gdiff =-0.19 Gdiff =-0.19 Gdiff =-0.14 Gdiff =-0.17
eV eV eV eV eV

Fig. 8 Adsorption structures, the coverage, the newly occupied adsorp-
tion site, as per Fig. 1d, and their respective differential adsorption Gibbs
free energies for increasing occupations from (a) 1, (b) 2, (c) 3, (d) 4, (e) 5,
(f) 6, (@) 7, (h) 8, () 9 and (j) 10 hydrogen atoms per super cell on Pt(553).
The atom with the lowest differential adsorption Gibbs free energy, which
is added to increase the occupation, is marked in red. Gold connectors
mark the upper and lower step edge.
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single-adsorbate picture.?” Increasing the occupation to 4 hydro-
gen atoms per super cell, the second FCC3 site (see Fig. 8d) is
occupied. A differential Gibbs free energy of adsorption of —0.33
eV is calculated for this site. Further increasing the occupation
to 5 and 6 hydrogen atoms per super cell leads to the filling of
the two FCC2 sites on the terrace. The respective differential
Gibbs energies of adsorption are —0.29 €V in both cases. The
adsorption geometries can be seen in Fig. 8e and f. Note that the
step-edge adjacent FCC1 sites are not occupied due to the
repulsive interaction with the filled B1 sites. Further increasing
the occupation beyond 6 H per cell we observe a drastic decrease
in differential adsorption Gibbs free energies, to the point that
there is little to no energy gain for additional adsorbed H atoms.
We will discuss these sites here to arrive at the same 1H:1Pt
ratio as for Pt(533); however, we want to point out that it is
highly unlikely that these occupations can be reached in the real
physical system. For this, we have two main reasons: firstly, for
any occupation above 7 atoms per unit cell, we see a distinct
shift towards less favorable adsorption energies, which should
be reflected in a clearly distinguishable new peak appearing below
ca. 180 K, similar to the one seen on Pt(221); however no such peak
is observed. Secondly, for the higher occupations of 9 and
10 hydrogen atoms there are no areas in the unit cell that allow
for easy dissociative adsorption of the hydrogen molecule (requiring
2 neighboring, empty FCC or HCP sites), leading us to believe that
these coverages are seemingly not reached under UHV conditions
using molecular hydrogen.

However, for the sake of completeness, we will discuss the
adsorption geometries beyond the point which we expect to be
reached in experiment. We find that the first adsorption sites to
be filled in this regime are the two weak-binding FCC4 sites at
the lower step edge both with adsorption energies of —0.19 eV.
Their respective adsorption geometries can be seen in Fig. 8g
and h. Increasing the occupation further forces the hydrogen
to occupy the OT1 site at the step edge (see Fig. 8i), which
interacts strongly with the other step-bound hydrogen atoms,
especially the B1 site reducing the differential adsorption Gibbs
free energy to —0.14 eV. Increasing the occupation to 10 H per
super cell, we find that shifting the complete adsorption
structure to occupy HCP sites instead of FCC sites leads to a
small increase in total adsorption energy compared to the FCC-
based 10 H structures. Applying the differential adsorption
Gibbs free energy methodology, which is somewhat ill-defined
in this case, we arrive at a value of —0.17 eV for this adsorption
geometry. Note that the HCP-based geometry for 9 hydrogen
atoms per super cell is less favorable than the one containing
the OT1-adsorbed hydrogen atom.

4.11 Barriers on the Pt(553) surface

Also for the Pt(553) surface, NEB calculations were performed,
the results of which can be found in Table 4. As described
earlier, “barrier” denotes any additional barrier that needs to
be overcome beyond the desorption energy. We find that with-
out exception all barriers are below 0.1 eV for all adsorption
geometries. The B1-B1 pathway generally shows no additional
barrier, while the FCC-FCC desorption pathway usually shows
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Table 4 Additional reaction barriers for the B1-B1 as well as the lowest

energy desorption pathways for increasing coverages on Pt(553). The
corresponding NEB profiles are shown in the respective figures in the ESI

H:Pt Pathway 1 Ep,, [eV] Pathway 2  Epay [eV] ESI

2:10 B1-B1 0.00 — — Fig. S10

4:10 B1-B1 0.00 FCC3-FCC3 0.03 Fig. S11 and S12
6:10 B1-B1 0.03 FCC2-FCC2 0.05 Fig. S13 and S14
8:10° B1-Bl 0.00 FCC4-FCC4 0.08 Fig. S15 and S16

“ Occupations beyond the ratio of 8:10 were not investigated with NEB
calculations. The reasons for this are discussed in the section of the text
dealing with these occupations.

very low barriers ranging from 0.03 eV to 0.08 eV. From this we
conclude that on the Pt(553) surface additional desorption
barriers play no crucial role during the desorption process.

4.12 Elucidation of TPD spectra on the Pt(553) surface

For the Pt(553) surface the experimentally obtained TPD spectrum
(see Fig. 9b) is quite complex, consisting of a sharp feature at ca.
300 K, followed by a broad peak in the region of 250 K and ending
in a broad peak at ca. 210 K. However, a clear indication as to
which peak stems from which region of the surface has been
elusive. In the following we will try to combine our knowledge
from TPD and DFT to arrive at an assignment for the origin of
the peaks.

With the results of the DFT calculations (see Fig. 9a) we find
that the most favorable adsorption sites (two B1 sites, located in
the orange-marked area) must be linked to the highest-
temperature desorption feature, marked orange in Fig. 9b. Also,
the sharpness of this peak, suggesting strong attractive interactions,
supports this conclusion. Therefore, we associate the high-
temperature peak with the step edge sites and from this obtain an
estimate for the full occupation by comparing the site-count from
DFT to the total integral obtained from the experiment.

Following the same fitting procedures as for the previously
discussed surfaces, we observe a significantly changed elucidation
of the spectrum compared to the closely related Pt(221) surface.
This is probably due to the fact that the Pt(553) spectrum has few
obvious maxima in the region from 200 K to 275 K to which
Gaussian peaks can be fitted. Furthermore, the low temperature
tail below 200 K does not exhibit a clear peak, making a clear
peak temperature assignment even harder. Due to this, we also
reproduce the initial deconvolution by van der Niet et al® in
order to allow for a more clear picture.

We find a ratio of 1:4.85 for the integrals of the high-
temperature peak and the sum of the integrals of the two low-
temperature peaks, suggesting a maximum occupation of ca. 9-10
hydrogen atoms per super cell, which contains 10 surface Pt
atoms, in our calculations. As we established for the other
surfaces, an occupation beyond 1Pt:1H leads to very unfavorable
adsorption energies, leading us to conclude that the surface, at
most, reaches a coverage of 1Pt:1H on the Pt(553) surface. The
features at temperatures below 300 K (marked in black, green
and blue respectively in Fig. 9a and b) are then found to be
originating from the terrace sites, with the low-temperature tail
caused by the sites located at the lower step edge.
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Fig. 9 (a) Differential adsorption Gibbs free energies for Pt(553), the four
general ranges of adsorption energies discussed in the text are marked in
black (step adsorption), light blue and orange (terrace adsorption) and
green (low adsorption energy regime), (b) TPD spectrum with the colored
areas indicating the origin of the peaks in (a). The inset in (b) shows the
integrals of the deconvolution fits (black, light blue, orange and green) as
percentages of the total integral (dark blue). (c) Deconvolution of the
Pt(553) spectrum done via differential fitting, reproduced from ref. 6.

5 Conclusions

From the results described above we conclude that for facets
containing a (100) step edge, namely the Pt(211) and Pt(533)
surfaces, the TPD analysis is relatively straightforward: the
high-temperature feature is associated with the step-edge
desorption due to its more favorable binding energy. The low-
temperature feature in both cases corresponds to the desorption
from the terrace sites. Comparing the predicted adsorption site
count of 2:4 for Pt(211) and 2:6 for Pt(533) corresponds very
favorably to the observed peak integrals for the low-temperature
peaks of 33:66 for Pt(211) and 23:77 for Pt(533) and also
suggest that on the surfaces with (100)-step type a full ML of
H coverage is reached.

Our calculations for Pt(221) predict a total of four adsorption
sites per single surface unit cell combined with a strong attractive
interaction at the step edge. The elucidation of the TPD spectrum
uses a total of four peaks, where the lowest-temperature peak has
a noticeably reduced total integral compared to the other 3, for
which the integrals are comparable. From this we conclude that
each of the deconvoluted peaks corresponds to one of the
desorption peaks, with the last site not being fully occupied,
resulting in a total coverage of between 6H:8Pt and 7H:8Pt.

The TPD spectrum for the Pt(553) surface is modeled using
similar features as the one on the Pt(221) surface, with a sharp
high-temperature feature, a drawn-out medium-temperature
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feature and a broad low-temperature peak. We combine this
knowledge with our calculations, in which we find a strong
attractive interaction at the step edge, mirroring the Pt(221)
result and assign the high temperature peak to the step-edge-
bound hydrogen atoms. Using the peak integral ratios between
the high- and the low-temperature features from the TPD
measurements, we conclude that we only reach a total coverage
of ca. 100%, corresponding to a ratio of 9-10H:10Pt in our
super cell.

More generally, we observe that for both surfaces with the
(111) step-type the elucidation of the spectra was significantly
more complex than for the (100) step-type. From the results
presented here, we conclude this to be for two reasons: firstly,
the adsorption energy for the step-edge binding site is reduced
for the case of Pt(221) and Pt(553). This means that the step-
related peaks are also located inside the general temperature
range of the peak observed in the Pt(111) TPD experiments,
which makes a clear assignment from purely experimental
results more challenging. Secondly, the adsorption energy for
the binding sites at the lower step edge is qualitatively different
for the two step edge types: the (100) step edge has a strongly
binding lower step edge, which is the second most favorable
site on the surface, while the (111)-type has a weak-binding
lower step edge, which is the least-strongly binding site on the
surface. This means that under UHV conditions the (100) step-
type will have 2 hydrogen atoms sitting at the step edge, while
the (111)-type has only one.

Furthermore, as previously observed,* we find that while
step adsorption is relatively invariant to the length of the terrace,
adsorption on the terrace itself is affected by the presence of the
edge for the Pt(211) and Pt(221) surfaces. Thus, Pt(211) and Pt(221)
surfaces are not ideal prototype surfaces for studying high-coverage
adsorption in reference to large terrace sizes/isolated steps.

This difference in the effective occupation of hydrogen in
the step-edge region will then influence other adsorbates the
surface comes into contact with, allowing for a rationalization
of the different co-adsorption behavior for the two step-types.
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