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ABSTRACT: Using angle-resolved photoemission spectroscopy,
we show direct evidence for charge transfer between adsorbed
molecules and metal substrates, ie., chemisorption of CO on
Pt(111) and Pt—Sn/Pt(111) 2 X 2 surfaces. The observed band
structures show a unique signature of charge transfer as CO atoms
are adsorbed, revealing the roles of specific orbital characters
participating in the chemisorption process. As the coverage of CO
increases, the degree of charge transfer between CO and Pt shows
a clear difference to that of Pt—Sn. With comparison to density
functional theory calculation results, the observed distinct features
in the band structure are interpreted as back-donation bonding
states formed between the Pt molecular orbital and the 27 orbital
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Energy shift band of Pt and Pt-Sn surface alloy due to CO adsorption

of CO. Furthermore, the change in the surface charge concentration, measured from the Fermi surface area, shows that the Pt
surface has a larger charge concentration change than the Pt—Sn surface upon CO adsorption. The differences between Pt and Pt—
Sn surfaces are due to the effect of Pt—Sn intermetallic bonding on the interaction of CO with the surface.

KEYWORDS: angle-resolved photoelectron spectroscopy, CO adsorption, Pt alloy, & back-donation, orbital character

B INTRODUCTION

In heterogeneous catalysis, knowledge of surface electronic
structures provides critical insight for understanding funda-
mental surface chemical reactivity of a material."* Conversely,
the desired chemical properties could be realized via modifying
electronic structures of materials. In surface catalysis, the latter
approach has been the major driving force for finding ideal
surface catalysts. In this regard, the frontier molecular orbital
model has been intensively studied to explain the basic surface
chemical reaction route.’

Later, based on the information on the d-band structure and
chemical properties, Norskov et al. suggested that the
anticipated surface chemical properties could be obtained by
tuning the electronic structures of alloys with optimum
elements.”” In this so-called d-band model, the structure of
the d-band near the Ep (Fermi level) displays strong
correlation with the surface chemical reaction. Often, the d-
band model is readily used in selecting the effective alloying
components to maximize the synergistic effects between
participating alloy elements in heterogeneous catalysts.”’

As a representative study of bimetallic alloy catalysts, the
Pt—Sn alloy has been thoroughly studied. Using XPS and DFT
calculation, Rodriguez et al. pointed out that the presence of
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charge transfer from Sn to Pt as well as subsequent
rehybridization between Pt—Sn generates unique surface
chemistry of SO,, suggesting that both ensemble and electronic
effects are important in the reaction.” In an STM study, Koel et
al. explored the sign of charge modulation near the Eg of a Pt—
Sn alloy surface, e.g,, the reduction of electron density near the
Ep at the Pt site, and interpreted the electronic structure
modulation as a measure of chemical reactivity.” On the
theoretical side, Sautet and Delbecq calculated the amount of
charge transfer from Sn to Pt depending on the surface
structure of Sn.'” It was pointed out in the work that the d-
band center is shifted downward due to the charge
rearrangement, highlighting the role of the electronic structure
due to the amount of neighboring Sn atoms.

While the major aspect of the electronic structure change
has been discussed on Pt—Sn systems, there is no decisive
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experimental evidence for the modified Pt electronic structure
due to Sn alloying and its participation on surface chemical
reactions. Detailed information on the orbital-dependent
electronic structure of Pt—Sn and charge transfer in the
chemical reaction can provide significant insight into the
nature of reactivity of Pt—Sn alloys. It in turn can be beneficial
for the development of advanced alloy catalysts. Nonetheless,
information on such an orbital-dependent electronic structure
and its effect on the catalytic reaction has not been obtained
due to the lack of a suitable tool to investigate the issue.

We resolve the issue by studying ordered CO molecules on
Pt(111) and Pt—Sn(111) surface alloys using angle-resolved
photoemission spectroscopy (ARPES) and DFT calculations.
CO adsorption on an ordered surface enables us to monitor
the band dispersion change due to the interaction between CO
molecular orbitals and surface electronic structures of Pt—Sn
alloys. In comparison with DFT calculations, the enhanced
spectral features near the Eg are identified as d,, and d,, orbitals
of the 7 bonding. The charge transfer mechanism deduced
from the band structure near the Ey is found to be described by
a combination of the 7 and ¢ bonding interactions in the
Blyholder model."" Inspection of the band structure during a
chemical reaction reveals the key role of electronic effects in a
Pt—Sn alloy. This method can be applied to studies of other
metal-based catalyst systems.

B EXPERIMENTAL AND COMPUTATIONAL
METHODS

Experimental Methods. Clean Pt(111) surfaces were
prepared by repeating Ar sputtering and annealing at 1000 K.
A Pt—Sn/Pt(111) 2 X 2 surface alloy was fabricated by Sn
deposition and annealing on a Pt(111) single crystal surface at
1100 K. The surface arrangements of Pt(111), Pt—Sn/Pt(111)
surface alloy, and CO-adsorbed samples were monitored by
LEED (Figure S2). ARPES measurements were performed in a
laboratory-based system, equipped with a Scienta DA30
analyzer. The energy resolution was 8 meV at a 212 eV
photon energy, and the angular resolution was 0.1°, which
corresponds to a momentum resolution of 0.002 A~'. CO
molecules were dosed at 100 K for both Pt and Pt—Sn/
Pt(111) surfaces. ARPES and LEED were performed at 10 K
for pristine and 100 K for CO-adsorbed samples. All
measurements were performed in an ultrahigh vacuum
chamber with a base pressure less than 4 X 107'' Torr.
More experimental details can be found in the Supporting
Information.

Computational Details. The DFT calculations were
performed with the Vienna ab initio simulation package
(VASP)."”” The revPBE-vdW-DF exchange—correlation func-
tional was used to describe the electron—electron interaction.'?
This functional is known to correctly describe the order of
adsorption energies of CO on Pt sites.'* We also checked that
the use of the PBE functional with the Hubbard U
correction,">'® which could resolve the Pt puzzle,’” led to
similar results. A Pt slab with twelve layers was used with an
~10 A vacuum region. To calculate the Pt/Sn structure,
atomic structures were relaxed until the atomic force acting on
each atom was reduced under 0.03 eV/A. For the bare Pt slab,
the structure geometry was fully optimized. On the other hand,
for the structures of supercells (CO-adsorbed structures and
Sn-doped structures), only the top four layers were allowed to
move, while the bottom eight layers were fixed. A 10 X 10 X 1
k-point mesh for Brillouin zone (BZ) sampling was used as a
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unit cell, and for supercells, the number of mesh was reduced
in proportion to the surface area. Band unfolding was
performed using the BandUP code.'®'? The atomic models
used for DFT calculations are shown in Figure S3.

B RESULTS AND DISCUSSION

Figure 1a shows the structures of Pt(111) and Pt—Sn/Pt(111)
2 X 2 surfaces. The 1 X 1 and 2 X 2 unit cells for Pt and the
Pt—Sn/Pt(111) surface alloy, respectively, are indicated by
black dashed lines. In the Pt—Sn/Pt(111) 2 X 2 surface alloy,
Sn atoms (shown in red) replace surface Pt atoms to form a 2
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Figure 1. ARPES measurements of the k-space-resolved electronic
structure. (a) Top view showing the Pt(111) and Pt—Sn/Pt(111) 2 X
2 crystal structures. Black dashed lines represent the 1 X 1 and 2 X 2
unit cells. (b) Brillouin zone of Pt (black hexagon) and 2 X 2 folded
Brillouin zone of the Pt—Sn/Pt(111) 2 X 2 surface alloy (red
hexagons). The electronic structures of (c) Pt(111) surface and (d)
Pt—Sn/Pt(111) 2 X 2 surface alloy shown with guidelines. The red
dotted lines represent Pt—Sn/Pt(111) 2 X 2 folded bands; unfolded
bands are indicated by black dotted lines. The differences in the band
structure between Pt and the unfolded Pt—Sn/Pt(111) 2 X 2 surface
alloy are marked with blue, red, and yellow arrows.
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X 2 unit cell. The surface BZ is reduced for Pt—Sn/Pt(111)
due to the larger 2 X 2 surface unit cell (Figure 1b). The bands
outside the 2 X 2 BZ are folded about the BZ boundary to
form a new band structure, a phenomenon called band folding.

We first use ARPES data to identify the band structures of
clean Pt(111) and Pt—Sn/Pt(111) 2 X 2 surfaces, as shown in
Figure 1b,c. These high-symmetry cut data show various
dispersive bands with identified bands marked with black
dotted lines. As mentioned above, band folding takes place due
to the 2 X 2 surface reconstruction of the Pt—Sn/Pt(111)
surface. This explains the greater number of bands observed for
the Pt—Sn/Pt(111) surface in Figure 1d compared to the
Pt(111) surface in Figure lc. To distinguish the original and
folded bands, guidelines are superimposed onto the Pt—Sn/
Pt(111) ARPES data in Figure 1d. Black dotted lines indicate
the original band structure, while red dotted lines indicate
folded bands. It is important to note that the folded bands at
the I point originate from unfolded bands at the M point. This
band folding effect is even more evident in the Fermi surface
map data and will be discussed later.

While the unfolded band structure of Pt—Sn/Pt(111) along
the I'=K direction in Figure 1d is similar to that of Pt in Figure
Lc, significant differences exist between these two sets of data,
indicated by blue, yellow, and red arrows. While apparent band
splitting can be seen on the Pt surface near the M point, no
such feature is discernable on the Pt—Sn/Pt(111) 2 X 2
surface (blue arrow). The band indicated by the red arrow is a
new band that is not observed at the Pt surface. In addition,
the shape of the band on the M—K line near the E; (marked by
the yellow arrow) differs between the two surfaces. These
differences in the band structure are due to the surface alloying
of Pt and Sn.

Next, we investigate the effect of CO adsorption on the
electronic structure of the metal surfaces. To better understand
the correlation between the band structure and adsorption, the
transient surface electronic structures are monitored as CO is
adsorbed onto the surfaces of Pt(111) and 2 X 2 Pt—Sn/
Pt(111). Figure 2 shows the Fermi surface evolution of these
surfaces upon CO dosing. Distinct differences in the Fermi
surface at the I" and M points are observed when comparing
clean Pt(111) (Figure 2a) and Pt—Sn/Pt(111) 2 X 2 (Figure
2d). The pocket at I on the Pt—Sn/Pt(111) surface is due to
folded bands from the M point, i.e,, the folded bands at I" in
Figure 1d, and thus looks similar to the pocket near the M
point. These folded bands around I confirm the presence of
the 2 X 2 superstructure of the Pt—Sn/Pt(111) surface. On the
other hand, the hole pocket (Fermi surface of a hole band) at
the M point, which is also seen in Figure 1, is larger for the Pt—
Sn/Pt(111) 2 X 2 surface compared to Pt. By comparing the
experimental dispersion with Korringa—Kohn—Rostoker cal-
culation results,”® we find that the enlargement of the hole
pocket at the M point is due to the hybridization between Sn
and Pt. The ARPES simulation data (Figure S4a,b in the
Supporting Information) show details of the Fermi surface
topology and match the experimental results shown in Figure
2a,d. The presence of band folding is also reproduced in the
calculation results and accounts for the multiple Fermi surfaces
of the Pt—Sn/Pt(111) 2 X 2 surface.

The data in Figure 2 show that significant changes occur in
the electronic structures of the Pt and Pt—Sn/Pt(111) surfaces
as CO molecules are adsorbed. One particularly notable
change upon CO adsorption is the splitting of the large
hexagonal Fermi surface of Pt, centered at I'. This Fermi
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Figure 2. Pristine Fermi surfaces of Pt(111) and the Pt—Sn/Pt(111)
2 X 2 surface alloy shown along with changes in the Fermi surfaces
caused by CO adsorption. Fermi surface maps shown for (a) Pt(111),
(b) ~0.25 ML CO/Pt(111), (c) ~0.5 ML CO/Pt(111), (d) Pt—Sn/
Pt(111) surface alloy, (e) ~0.25 ML CO/Pt—Sn/Pt(111) surface
alloy, and (f) ~0.5 ML CO/Pt—Sn/Pt(111) surface alloy. Dashed
lines indicate the BZ boundary.

surface splitting is attributed to the differential responses of
surface and bulk bands of Pt to the adsorption of CO, resulting
in the formation of bulk and surface states. With comparison to
DFT, the splitting bands are mostly composed of in-plane
orbitals, an explicit sign of surface bands (Figures SS and S6).
Interestingly, this splitting is not observed with Pt—Sn/
Pt(111), indicating the modification of the surface band of
Pt upon Sn alloying, which leads to an entirely different
response to CO adsorption.

More importantly, the Fermi surface pocket of Pt(111)
centered at M becomes smaller as CO is adsorbed. The data in
Figure 2a—c show that the pocket at the M point of Pt almost
disappears with adsorption of the ~0.5 monolayer (ML) of
CO. This reduction in the pocket size is less dramatic for Pt—
Sn/Pt, as shown in Figure 2d—f, with a finite Fermi pocket
remaining at ~0.5 ML coverage. Since changes to the hole
bands at M occur on both the Pt and Pt—Sn/Pt surfaces with
CO adsorption, we examine the associated changes in the
electronic structure near the Fermi surfaces of both systems
more closely.

First, we calculate the charge concentrations of each system.
Previously, based on DFT calculations and within the
Blyholder model, Kalhara Gunasooriya and Saeys found that
the charge redistribution at Pt sites due to 7 and ¢ bonding
affects the CO adsorption behavior as the coverage of CO
increases.”’ In our ARPES study, the change in the surface
charge carrier was monitored using the Luttinger theorem.
According to the Luttinger theorem, the area enclosed by the
Fermi surface is proportional to the carrier number.”>** Thus,
the number of conduction electrons of a system changed by
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CO adsorption can be obtained from the change in the
electron and hole pocket sizes on the Fermi surface (Figure 2)
For Pt, the proportion of the large hexagonal pocket in the BZ
is 45.7%, and that of the M point hole pocket is 8.4%. At ~0.5
ML CO/Pt(111), the M point hole pocket vanishes, and the
surface hexagon pocket becomes 57% of the BZ. These
changes indicate an increase in electron charge concentration
of 0.394 electrons per unit cell ((57 — 45.7 + 8.4) X 2 = 394
(%)). For Pt—Sn/Pt(111), the size of the hexagonal band
before and after CO adsorption remained unchanged with a
reduction in the size of the hole band from 12.0 to 1.6%. This
indicates an increase of 0.208 electrons per 1 X 1 Pt unit cell
due to CO adsorption ((12.0 — 1.6) X 2 = 20.8 (%)). The
change in the number of conduction electrons due to CO
adsorption on Pt(111) is almost twice that of the Pt—Sn/
Pt(111) surface alloy.

Next, we closely examined the band dispersion near M,
which shows a significant change in the Fermi surface topology
upon CO dosing. Figure 3 shows the measured electronic

red dotted lines are drawn to help the comparison with the
experimental results. In addition, the simulated electronic
structures of pristine Pt(111) and Pt—Sn/Pt(111) surfaces are
shown in Figure S4c,d.

In comparing the band features near M in Figure 3a,g, we
note that the bands of Pt—Sn/Pt(111) are generally broader
than those of Pt. The broader bands of the Pt—Sn/Pt(111)
alloy, which are consistent with theoretical results (Figure
S4c,d), arise from hybridization with Sn and further indicate
the modification of the electronic structure. Adsorption of CO
results in a downward shift of the hole bands at the M point for
both Pt and Pt—Sn/Pt(111) surfaces, as indicated by the
yellow dotted lines. Note that this shift occurs only for the hole
bands at the M point, indicating that only certain bands
participate in bonding during adsorption. The band shows a
rigid shift, with little or no broadening. This downshifted band
is also identified in the DFT results in Figure 3d—f. We found
that the orbital character of the band shows an increased
contribution from out-of-plane orbitals, as listed in Table 1.
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Figure 3. CO-induced band shifts for Pt and the Pt—Sn/Pt(111)
surface alloy. Band structures of (a) Pt(111), (b) ~0.25 ML CO/
Pt(111), (c) ~0.5 ML CO/Pt(111), (g) Pt—Sn/Pt(111) surface
alloy, (h) ~0.25 ML CO/Pt—Sn/Pt(111) surface alloy, and (i) ~0.5
ML CO/Pt—Sn/Pt(111) surface alloy shown at the M point. Yellow
dotted lines are provided as the guide to the eyes for significant shifts
induced by the CO adsorbate. Theoretical (d) Pt(111), (e) ~0.33
ML CO/Pt(111), and (f) ~0.5 ML CO/Pt(111) band structures
shown for comparison. Red dotted lines are duplicated from yellow
dotted lines in (a—c).

structures of Pt(111) and Pt—Sn/Pt(111) 2 X 2 along the M—
K high-symmetry cut for CO coverages of 0, 0.25, and 0.5 ML.
To identify the molecular orbitals participating in the charge
exchange between CO and Pt, the results of DFT calculations
are shown in Figure 3d—f. In DFT calculation results, the
contribution from only the top surface layer is shown, and the
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Table 1. Orbital Character Change of the Energy Shifting
Band and the Calculated Orbital Contribution for the
Energy Shifting Band of Pt during CO Adsorption on Figure
3a—c”

binding
ener d,, d +d, dy +d,,
material [eV%y contribution contribution  contribution
Pt 0.08 0.592 0.180 0.107
0.33 ML CO/Pt 0.35 0.388 0.276 0.076
0.5 ML CO/Pt 0.48 0.297 0.420 0.038

“Binding energy represents the position of the energy shifting band at
the M point.

This finding clearly supports the z bonding characteristics of
the back-donation, which occurs near the Ey, ie, d,, and d,,
components from Pt to CO in the picture of the Blyholder
model."'

While the downward shift of hole bands is similar between
Pt and Pt—Sn/Pt(111), a close examination of the band
behavior reveals several distinct differences. While the hole
band of Pt shifts downward continuously with CO coverage,
that of Pt—Sn/Pt(111) does not shift until the CO coverage
reaches ~0.5 ML. This suggests that CO molecules on Pt—Sn/
Pt(111) form an ordered surface only above a certain coverage
as only the ordered structure is expected to contribute to the
dispersive bands. This observation agrees with the result of a
previous report,”* wherein the LEED pattern of a Pt—Sn/
Pt(111) surface does not change with CO coverage below a
certain level. In addition, the Pt hole band shift for 0.5 ML CO
is about 500 meV (yellow line in Figure 3c), while that for Pt—
Sn/Pt(111) is only 200 meV (Figure 3i); that is, at 0.5 ML of
CO, the hole band shift of the Pt surface is 2.5 times larger
than that of the Pt—Sn/Pt(111) surface alloy, which again
reflects the difference in the chemical bonding state between
the two surfaces. In fact, DFT calculations show that the
adsorption energy of CO on Pt(111) is larger than that of CO
on the Pt—Sn alloy surface by 0.45 eV on average (see Table
S1). This value is comparable to that of Dupont et al, which
varies from 0.16 to 0.33 eV depending on the CO coverage,
adsorption site, and calculation method.””

Here, we wish to discuss the implication of our observations.
The most significant change due to the Sn alloying is observed
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at the M point in Figure 3. The M point band shows a
significant energy shift upon CO adsorption on both Pt and
the Pt—Sn surface alloy. Considering the dominant contribu-
tion of d-band orbitals to the near Eg electronic structure
(Figure SS) and the increasing contribution from out-of-plane
orbitals to the downward shifting hole band at M, shown in
Figure 3, the observed band downshift is a clear indicator of a
7 bonding between d orbitals of the metal and the 27 orbitals
of CO during chemisorption of CO on the metal surface.
Furthermore, the different amount of the downshift of the hole
band between Pt and Pt—Sn surfaces clearly shows that the
degree of participating back-donation charge is different, i.e.,
weaker bonding of the Pt—Sn surface, as schematically shown
in Figure 4. In fact, this is indicated in the different changes in

1 oo

Sn modified d-band

9909

Weak 11 bonding

%

d-band

Strong 1 bonding

50

Figure 4. Schematic illustration of the role of Sn on the CO
adsorption mechanism in Pt and the Pt—Sn alloy.

the number of conduction electrons calculated based on the
Luttinger theorem in Figure 2. It is also to note that the
increase in the conduction electron does not necessarily mean
charge transfer from CO to Pt since what we observe in
ARPES on the CO-adsorbed Pt surface are hybridized states
between CO and Pt orbitals. In published DFT calculations, ¢
bonding states are identified at high binding energies (5—9
eV), while 7 back-donation states exist near the Fermi
level.”* ™ Considering the energy positions of the states, the
modification of the band structure that we observed at near the
Fermi surface should mostly originate from 7 bonding states,
which consist of Pt d-band and CO 27 states. The lesser
change in the number of conduction electrons in Pt—Sn than
Pt near the Fermi surface indicates a weaker charge interaction
in the case of the Pt—Sn surface, consistent with the above
picture of the smaller back-donation of d-bands in Pt—Sn. In
addition, a theoretical study of CO on Pt clusters predicted
that the downward shift of Pt d-bands participating in the back-
donation is a few hundred meV, which is consistent with our
experimental observations.”® Overall, these observations
indicate that Sn plays an important role in the determination
of CO adsorption properties by modifying the electronic
structure of Pt.

B CONCLUSIONS

In summary, high-resolution ARPES measurements are used to
directly observe transient bonding states of CO molecules on
Pt and Pt—Sn/Pt(111) alloy surfaces. Energy shifts of hole
bands and changes in the Fermi pocket size near the M point
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of both Pt and Pt—Sn/Pt(111) show the band structure with
specific orbital characters participating in the bonding process.
The observed electronic band structure change indicates the
role of Sn as a modifier of the Pt electronic band structure.
Moreover, the amount of charge transferred from adsorbed
CO is measured from the Fermi surface pockets sizes, which
can be related to the different CO bonding strength between
Pt and the Pt—Sn surface alloy. Our ARPES results reveal the
mechanism on how Sn affects the CO adsorption process on Pt
and show the important role of the surface electronic structure
in molecular adsorption reactions. Our results show how the d-
bands with specific orbital characters participate in chemical
bonding with CO molecules on surfaces, which is highly
valuable information for understanding catalytic reactions at
the molecular level. Furthermore, our methodology, i.e.,
ARPES on surface reactivity of Pt—Sn surface alloys, can be
systematically expanded to other Pt-based bimetallic alloys,
which can then unveil the nature of modified catalytic activity
of alloy catalysts.
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