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Exploring the core level shift origin of sulfur and
thiolates on Pd(111) surfaces

Roberto Carlos Salvarezza® and Pilar Carro*®

Thiol molecules on planar metal surfaces are widely used for building sensing and electronic devices
and also as capping agents to protect and to control the size and shape of nanoparticles. In the case of
Pd the thiol molecules exhibit a complex behavior because C-S bond scission is possible, resulting in a

significant amount of co-adsorbed S. Therefore identification of these species on Pd is a key point for
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many applications, a task that is usually achieved by XPS. Here we show, from DFT calculations, that the
core level shift (CLS) of the S 2p binding energy (BE) of thiol and sulfur on different thiol-Pd(111) surface
models strongly depends on the adsorbed or subsurface state of sulfur atoms. Our results reflect the

complexity of S 2p BE behavior and contribute to understanding and reanalyzing the experimental data

www.rsc.org/pccp of thiolated Pd surfaces.

Introduction

Palladium is a platinum group metal with many applications
in fields such as hydrogen storage,’ sensing,” electronics,’
scavengers®” and catalysis.® On the other hand, thiol molecules
on planar metal surfaces are widely used for building sensing
and electronic devices and also as capping agents to synthesize
metal nanoparticles with exact control of size and shape.” Thus,
thiolate-protected Pd nanoparticles have been studied for their
use as hydrogen sensors due to the ability of Pd to absorb large
amounts of hydrogen,*® as well as for their magnetic properties."’
Concerning the catalysis field thiolate-covered Pd catalysts have
shown interesting properties such as protection against deactiva-
tion, enhanced formic acid oxidation, selectivity improvement for
the synthesis of 1-epoxybutane from 1-epoxy 3-butene,'’ and
catalyst activity for the formation of carbon nanotubes.'® The
catalytic activity of thiolate-covered Pd is surprising since
S-containing species usually act as poisons to the Pd surface."
In this context it has been recently demonstrated that sub-
surface O species are able to increase the catalytic activity of
Pd for CO oxidation under ambient conditions.'* Therefore,
elucidation of the chemistry of thiolates (RS) on Pd(111) and Pd
nanoparticles (PdNPs) is a key point for understanding the
interesting surface properties of these systems.
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However, this issue has become challenging since it results
from the interaction between a very reactive metallic surface
and a strong S-containing adsorbate.”'” This interaction can
involve different reaction pathways and surface structures depending
on reaction time, temperature, thiol chemical potential, substrate
defects and PANP size.

Today it is accepted that upon thiol adsorption the reactive
Pd surface induces the C-S bond cleavage of RS adsorbates.'*>"®
The resulting S atoms partially passivate the Pd surface allowing
further adsorption of intact RS species. Therefore, the total
amount of sulfur (S + RS) on the Pd surface after thiol adsorption
largely could exceed that found for thiol SAMs on coinage metals
where the C-S bond cleavage is an exception.”

The estimation of the total content of sulfur and the relative
amount of S and RS species on the metal surfaces is usually
performed on the basis of X-ray photoelectron spectroscopy
(XPS).'”'® XPS data for thiol adlayers on Pd(111) and PdNPs
have revealed a total sulfur coverage as large as 6 = 0.8.'® On the
other hand, determination of the relative amount of S and RS
species on the Pd surface is a more difficult task that requires a
careful deconvolution of the S 2p spectrum, and also some
assumptions to assign the components.’>'®? In fact, the peak
S 2p of XPS spectra of thiol on Pd surfaces is usually decom-
posed into at least two main doublets (S 2pss, S 2p1j,) with
binding energies (BE) for the S 2p;,, component at ~162.1 eV
and ~162.9 eV. Earlier reports'>'® have assigned the lower BE
(~162.1 eV) to adsorbed S and the higher BE (~162.9 €V) to RS,
in analogy with that found for these species on Au(111) and
Ag(111) surfaces, and also from the fact that adsorbed S on Pd
(111) and (100) faces exhibits S 2p;/, BE at x~162 eV.?° On this
basis, different surface structures have been proposed for the
complex thiolate-S interface'>*" starting with the (/3 x /3)
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R30° S (/3 S) and (/7 x /7) R19° S ({/7 S) lattices, which are
consistent with the estimated adsorbed S coverage and have
also been observed by scanning tunneling microscopy on
Pd(111),** and then including RS species to reach the total S
content. These mixed surface structures have been modeled as
(24/3 x /3) R30° S + RS and (\/7 X /7) R19° S + RS, hereafter
denoted as 2,/3 S + RS and /7 S + RS, respectively, since both
models involve S, RS and total S coverage close to that derived
from XPS measurements.

However, more recently, it has been suggested that the
behavior of the S 2p components follows the opposite trend,
i.e. the higher BE component corresponds to S species while the
lower BE corresponds to adsorbed RS moieties.?® Therefore, the
knowledge of the S 2p core level shift (CLS) for the different
species present in thiol self-assembled monolayers (SAMs) on
Pd surfaces becomes crucial in order to correctly estimate their
surface coverage and model the surface structures on Pd.

In this work we calculate the S 2p and Pd 3d CLS for
different models of S, RS and S + RS on Pd(111)*' from Density
Functional Theory (DFT). In fact, DFT calculations are often
used to interpret experimental shifts in core level binding

2024 In general, CLS reflects different phenomena:*

energies.
the change in the charge transfer into an atom or molecule,
screening effects by the surrounding atoms, molecules or
substrate and redistribution of charge due to bonding and
hybridization.”®*” We explore the S 2p and Pd 3d CLSs for
surface models containing adsorbed S, subsurface S, and
adsorbed RS species on Pd(111), where RS species denotes
methanethiol, although similar results were obtained for butane-
thiol on the same substrate. Our DFT calculations reveal the
complexity of the S 2p assignment in real thiolate SAMs where
different types of S atoms are present.

Methodology

DFT total energy calculations were carried out using the Vienna
Ab Initio Simulation Package (VASP) code.”®*° The Perdew-
Burke-Enzerhoff (PBE) generalized gradient approximation
(GGA)*® functional was employed to calculate the exchange-
correlation energy. The electron-ion interaction was described
by the projector-augmented wave (PAW) method.** The Kohn-
Sham one electron valence eigenstates were expanded in terms
of plane-wave basis sets with a cutoff energy of 420 eV. Optimal
grids of k-points of 9 x 9 x 1,5 x 9 x 1and 5 x 5 x 1 have been
used for the /3, 2,/3 and ./7 surface models (Fig. 1),
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respectively. The Pd(111) surface was modeled by a five-layer
slab. Surface relaxation is allowed in the top three Au layers of
the slab as well as in the atomic coordinates of the adsorbates.
In order to ensure the decoupling of the consecutive slabs, a
12 A thick vacuum region is employed. The calculated lattice
constant for bulk Pd was found to be 3.94 A which is within 2%
of the experimental value of 3.89 A.*?

The Bader analysis of the charge density has been calculated
using the code developed by the Helkelman group.*

High quality DOS plots were obtained using very fine
k-meshes of k-points of 13 x 13 x 1,9 x 13 x 1and 9 x 9 x 1
for the /3, 2,/3 and /7 surface models (Fig. 4), respectively.

Core-level binding energy shifts (CLS) are the changes in the
specific core electron binding energy (BE) between the selected
atom and reference atom, being BE the energy required to
remove this electron,

Ecis = BE — BE™ (1)

The theoretical models for CLS calculations within the density
functional theory can be classified into three groups, based on the
complete screening picture, the transition state model and
the initial state approximation, respectively. The first two models
include initial and final state effects, though total energies of the
systems are used in the complete screening scheme and energy
eigenvalues in the transition state model. In this paper we have
employed the transition model whose results are comparable with
those obtained from complete screening calculations.

The transition state model is based on an extension to DFT
made by Janak.>* If the one-electron eigen energy, &, depends
linearly upon the occupation number, 7;, and assuming that
the eigenvalues are aligned with the Fermi level zero, then:

1

Eni — Ex =J & (n;)dn (2)
0

Env1 — En ~ &(1/2) (3)

with the ¢;(1/2) evaluation at midpoint, known as Slater-Janak
transition state, carried out under the assumption that the core-
level is occupied by half an electron. Thus,

EGis = —&(1/2) + & (1/2) (4)

In order to determine the Pd 3d and S 2p CLSs within the
Janak-Slater approach, half an electron 3d(Pd) or (2p) S has
been excited from the core level to the valence region and

'2/3S+RS

Fig. 1 Top view of the initial surface models for S and RS on the Pd(111) surface. (1) (/3 S, (Il) /3RS, (1) 2,/3S + RS, (IV) \/7 S, V) /757 S + RS, (V1) \/77/7 S
+ RS. Gray: Pd, Magenta: reconstructed Pd, Yellow: S (S), Green: S (RS), Brown: C, Pink: H.
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placed in the lowest unoccupied orbital.>® The employed PAW
pseudopotential does not include spin-orbit effects, and only
the uncoupled S 2p or 3d level is provided. The Pd 3d and S 2p
CLSs were referred to as bulk Pd and bulk Pd,S, respectively.

Results and discussion

Fig. 2 contains the optimized surface structures of the models
depicted in Fig. 1. While models I, II, IIl and IV show only slight
changes with respect to the initial adsorbate positions, models
V and VI exhibit strong reconstruction of the Pd top layer
surface as well as changes in the adsorption site of the
adsorbates. In fact, these models have initially two RS species
placed on top of the (/7 x /7) R19.1° S lattice, and accordingly
show an RS coverage of 2/7 (Fig. 1). Note also that the /75, S +
RS has a Pd top layer coverage of 5/7 while the /7, S + RS
exhibits 7/7. After geometrical optimization both surfaces exhibit
a strong reconstruction with RS-Pd adatom complex formation
and S and RS species located at different places from their initial
positions on the Pd surface (Fig. 2).

First of all, we compare the trend in S 2p CLS and Bader
charge values for models with only one type of adsorbate (Fig. 2,
models I, Il and IV). The S 2p CLS for S atom adsorbed ina \/3 S
lattice (Table 1) exhibits BE &~ 0.77 eV below that the corres-
ponding to the S atom in the /3 RS surface structure. This is
the expected behavior considering that charge transfer from Pd
to S atoms in the /3 S is larger than in the /3 RS surface
structure, as it is shown from the Bader charge analysis.
However, the opposite behaviour is found for the \/ 7 S model

TOP VIEW

SIDE VIEW

Jss

J3 RS

:d/ RN
RS o*\tf{» o“\d_{»

2/3 S+RS

Fig. 2 Top and side view of the optimized surface models for S and RS on the Pd(111) surface.
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Table 1 S 2p core level shift and Bader charge of S atoms in S and RS

species on Pd(111) for the different surface models. Average values are
indicated (S,., RS,.)

Surface model S 2p core level shift (CLS)/eV  Bader charge/au

Pd,S bulk S: 0.0 S: —0.40

J3S S: —1.88 S: —0.28

J3 RS RS: —1.11 RS: —0.22

J78 S1 =S, =83 —0.77 S: —0.44

2/3S+RS  S:—1.87 RS: —1.30 S: —0.32 RS: —0.18

J757S+RS  S;: —1.45 RS;: —1.67 S;: —0.47 RS;: —0.21
Sy —0.76 RSy —1.56 Syt —0.39 RSy —0.21
S3: —1.09 RS,: —1.62  S3: —0.34 RS, —0.21
Savt —1.10 Savt —0.40

J7727S+RS  S;: —0.47 RS;: —1.49 S;: —0.46 RS;: —0.24
Syt —0.47 RS;: —1.49 Sp: —0.39 RSy —0.22
S3: —1.09 RSa: —1.49  S3 —0.35 RS, —0.23
Savi —0.68 Sav: —0.40

(Fig. 2, IV). In this lattice the topmost layer of Pd(111) is formed
by a mixed S-Pd structure with a packed arrangement of Pd
pentagons with one S atom inside and two triangles including
two S atoms.* In this case, the S atoms exhibit BE ~ 0.34 eV
above that found for the RS species on the /3 RS lattice, and
1.11 eV above that found for the S atoms in the /3 S lattice.
Furthermore this occurs despite the fact that the S Bader charge
on model IV is larger than in models I and II (Table 1). There-
fore, effects other than charge transfer should be relevant to
determine the complete description of S 2p CLS of this system.

Now, we turn to the more complex \/75,7 S+ RS and \/77,7 S+
RS surface structures (Fig. 2 models V and VI).** For the sake of
clarity we start the discussion comparing the average S 2p CLS
values of these species (S,, and RS,, in Table 1) in these two

TOP VIEW SIDE VIEW

Sy +S “1)

SY +8 L}

() /35S, (1) 3RS, (1) 23S + RS, (V) /7S, (V) /75,7 S +

RS, (V) \/77/7 S + RS. Gray: Pd, Magenta: reconstructed Pd, Yellow: S (S), Green: S (RS), Brown: C, Pink: H. The corresponding unit cells are drawn. The
sulfur atoms in Fig. (IV), (V) and (VI) have been numbered to identify their CLS and Bader charge data in Table 1.
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models. For both models it can be observed that S,, 2p CLS of S
species is 0.52 eV (/757 S + RS) or 0.81 eV (/77,7 S + RS) higher
than the corresponding RS,, 2p of RS species. These figures are
in good agreement with the 0.8 eV BE difference between the
two S 2p components reported in the literature for thiolated
Pd(111) surfaces (162.1 and 162.9 eV). However, there are
several points in these mixed models (V, VI) that should be
outlined. On one hand, it can be observed that the values of the
Bader charge of S species are approximately constant and equal
to —0.4 au, as well as equal to that Pd,S bulk and both are very
similar to those of model IV. Otherwise the S 2p CLS values for
V and VI models show some differences. Thus, we note that
each one of the three S atoms in the unit cell of these models
exhibits quite different behavior. In fact, in the model /75, S +
RS the BE of the S atom labeled as S, practically overlaps that
estimated for RS moieties while S, and S; atoms have higher BE
values. A similar trend is observed for the \/77/7 S + RS model.
From this, one can conclude that the S atoms exhibit different
CLS depending on their relative positions with respect the Pd
surface, depending on whether they are incorporated into the
Pd substrate as subsurface atoms or they are simply adsorbed
on the Pd surface. This is more clearly seen by plotting S 2p CLS
vs. Az, where Az is the vertical distance between S atoms and Pd
atoms of the top layer (Fig. 3a). This plot shows that adsorbed S
atoms exhibit lower BE values than those corresponding to RS
species, while S atoms incorporated into the metal surface as
subsurface atoms show the opposite trend. This behavior is
confirmed by analyzing the hypothetical model 2,/3 S + RS
(Fig. 2, IIT). In this model both species, S and RS, are adsorbed
on the Pd surface and the BE of the S 2p in sulfur is lower
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Table 2 Pd 3d core level shift and Bader charge of the Pd atom for the
different surface models

Surface structures Pd 3d core level shift (CLS)/eV  Bader charge/au

Pd bulk 0.0 0.0

Pd,S bulk +0.67 +0.11
J3S +0.86 +0.12
J3 RS +0.42 +0.07
2,/3S+RS +0.64 +0.09
J78 +1.02 +0.21
757 S+ RS +0.97 +0.26
V777 S + RS +0.86 +0.18

than in the RS moiety, i.e. the behavior observed for S atoms
in the /3 S and /3 RS separated adsorption models is
recovered again.

Following now with the analysis of S 2p CLS of RS species a
decrease of x0.4/0.5 eV between model II and models V/VI is
observed, i.e. S 2p BE values of RS species adsorbed on a sulfur
passivated Pd surface (models V and VI) are lower than that on
a clean and more reactive Pd surface (model II) (Fig. 3b). We
attribute this decrease to the change in the Fermi levels of
models V and VI with respect to model II. In fact we have
obtained the differences between Fermi levels from model II to
models V and VI being 0.48 and 0.51 eV, respectively.

These results indicate that the assignment to the S 2p
components observed in the experimental XPS spectra is not
a simple and direct task. For instance, the lower S 2p BE
component could have contributions from the adsorbed (outer)
S atoms and RS species (gray region in Fig. 3a). Also, it is
possible that real systems formed by reaction of thiols and Pd
consist of mixtures of adsorbed S and subsurface S atoms

Or | | S
~ 004 = ORS
() VI C
= 05 4 VIVI
& y v ® 00
n -1.04 VI Il &
111
915 v Vo, ©0
O - 9
-2.01 = 05 I
a IR
L N v
AzZIA -]
| 2
. ne¥ e r-1.0
- 0.5- yg’ }' e
0043 & o
/ AV
o) " 4
(_),-0.5- A vVvi s
_1.0_ || T T T T T T
OI’-..O!II @ Pd 3d 3 4 5 6 7 8
-1.54 b v v ORS 2s number of S-Pd bonds
04 0.2 0.0 02

Bader charge/u.a.
Fig. 3

(a) CLS (S 2p) vs. Az for the different surface models shown in Fig. 1. (b) CLS (Pd 3d, S 2p (RS)) vs. Bader charge. The shaded gray region in Fig. 3a

indicates the CSL values where the S and RS coexist. (c) CLS (S 2p) of subsurface sulfur species vs. the number of S—Pd bonds. (0) Pd (0’) Pd,S, (1) /3 S,

() /3RS, () 2{/3S + RS, (IV) /7S, (V) /757 S + RS, (V) (/777 S + RS.
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Fig. 4 Top panel: (i) optimized structure of Pd,4S bulk (reference state for S 2p CLS values). (i) Zoom showing height Pd-S bonds of 8. (iii) Density of
states (DOS) total (grey) and projected on S sp states (yellow) and Pd d states (brown). Bottom panel DOS for the optimized models projected on S sp
states (S): yellow, S sp states (RS): green, top layer Pd d states: brown and total DOS: grey. The insets show PDOS in the region —7/-5 eV.

depending on the reaction time and the number of defects
present on the substrate surface. In fact, adsorbed S on Pd(111)
from sulfide containing solutions does not exhibit a simple S 2p
spectrum as expected for equivalent S atoms in the /3 or /7 S
lattices (Fig. 2, Table 1) but a more complex spectra with
components between 161.6/161.7 and 162.4/162.7 eV.'*** Only
after careful heating of the sample, the /7 S lattice is observed
with S 2p component at 162.5 eV.>® It means that the non-heated
Pd surface consists of a mixed layer of different S species.

This journal is © the Owner Societies 2015

We have also analyzed the Pd 3d CLS for all the models
depicted in Fig. 2 (Table 2). In the case of models containing
on-surface adsorbed S atoms (I, IT and III) the Pd 3d CLS values
fairly correlate with the Bader charge indicating that the BEs
shift positively following the magnitude of the charge transfer
from the Pd atoms to the S atoms. In contrast the CLSs values
remain nearly independent of the Bader charge for models
containing subsurface S atoms (IV, V, and VI) (Fig. 3b). This
suggests that other effects such as screening by surrounding S
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atoms should be involved. Note that the experimental 3d CLS
measured for the Pd surface after reaction with S and thiolate
species is in the 0.2-0.65 eV range, also suggesting the presence
of different species.'®??

In order to best understand the different behavior of the
CLSs we have plotted the projected density of states (PDOS) for
sulfur and palladium atoms in the surface models depicted in
Fig. 2 and compared them with Pd,S bulk, which is the
reference state for the S 2p CLS (top panel, Fig. 4). Therein is
shown the optimized structure for Pd,S bulk. The analysis of
the —5 eV to —7 eV energy range (bottom panel, Fig. 4) shows
clear differences between S atoms in the adsorbed state and
those incorporated into the Pd surface as subsurface atoms.
Also, it is worthwhile to outline the good match between the
PDOS of Pd,S and model VI in the —5 eV to —7 eV range. In the
models with subsurface S (/7 S, /7 S + RS models) the 3s and
3p valence states of the S atoms are hybridized with the 3d
states of Pd atoms to form better bonds with Pd neighbors,
stabilizing the metal surface and approaching a “palladium
sulfide” layer. In this case the valence electrons of S atoms
redistribute the charge on the 3d more diffuse states that
cannot screen the nuclear charge as effectively as 3s and 3p
states, ie. it is more difficult to extract the S 2p core electrons,
explaining the higher BEs of these models. Thus, the variation
in the local valence electron density and sp-d rehybridization
upon adsorption revert the trend of charge transfer to the
S atoms. Note that CLSs for adsorbed species on metal surfaces
have already been assigned to hybridization effects.*® This
behavior is absent in the \/3 S and 2\/3 S + RS species where
the S atoms are in an overlayer on the Pd(111) surface. In this
sense, there is an interesting correlation between S 2p CLS on
models IV, V and VI, i.e. where the S atoms are incorporated
into the Pd surface with respect to the number of metal atoms
that are bonded to S (Fig. 3c). The higher number of Pd
coordinated to S implies best redistribution of charge due to
bonding and hybridization and therefore the higher S 2p CLS.
Our results demonstrate that the presence of subsurface S can
induce remarkable changes in the electronic properties of Pd.
In fact, it has been recently reported that subsurface O induces
the electronic decoupling of the few Pd layers with the O atoms
from the rest of the bulk metallic Pd, thus dramatically enhancing
the catalytic activity for CO oxidation at room temperature.'* The
presence of subsurface S atoms has been also predicted by
molecular dynamic calculations for S and RS covered Pd nano-
particles where S atom are located at the first and second Pd layers
promoting strong reconstruction of the Pd surface.’”

Conclusions

Our results shed light on the S 2p XPS spectra of thiolated
Pd(111) surfaces. We have demonstrated that the relative S 2p
BE value of RS with respect to the S species, arising from the
C-S bond cleavage, strongly depends on the vertical position of
the S atom with respect to the topmost surface layer, above
(adsorbed configuration) or below (subsurface configuration)
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the Pd(111) surface. Also, the components in S 2p spectra could
have mixed contributions from RS species as well as adsorbed
S atoms. Finally, charge transfer effects dominate the CLS of
S 2p and Pd 3d for models containing adsorbed S, while
hybridization and screening effects become more relevant
when subsurface S atoms are present on the Pd(111) surface.
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