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Abstract: Based on density functional theory calculations, the adsorption of
fluorine was investigated on a) Cu(111), Au(111), Pd(111) and Pt(111)
surfaces, b) on Pd monolayer surfaces over Cu(111), Au(111) and Pt(111)
surfaces and c) on the surfaces of Pd(111) monocrystals with an inserted metal
monolayer (M = Cu, Au or Pt) underneath the first Pd surface layer. The results
evidenced that the adsorption did not cause significant changes of the structural
parameters of metallic substrate. The strongest adsorption, amounting to —4.49
eV, was calculated in the case of the Cu(111) surface. The Cu(111) and
Au(111) surface atoms interact with F adatoms exclusively by the mediation of
the sp-band, while the surface atoms of Pt and Pd-based surfaces interact with
F adatoms additionally by the mediation of the d-band. In the case of Pt(111)
and Pdyg/M(111) surfaces, the binding energies correlated with the d-band
center positions, which indicated a significant contribution of covalent inter-
action. These results confirmed that the nature of surface interaction of highly
electronegative F atom with metallic surfaces depends significantly on the
nature of the metal substrate.
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INTRODUCTION

Adsorption of halogen atoms and halide ions on metallic surfaces presents
important questions in different fields, which have particular importance in elec-
trochemistry. Namely, it is well known that adsorption of ions can significantly
affect the properties of metal/solution interfaces and determine electrochemical
behavior of a given electrode material.!2 The active debate in the scientific com-
munity on the nature of adsorbed halogens has lasted since the very beginning of
investigations of halogen—metal interactions. Some experiments indicated that
the nature of the bond depended on the nature of the halogen atom. For example,
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1 764 PASTI, GAVRILOV and MENTUS

Huemann et al.3 concluded that C1-Cu(100) and I-Cu(100) interaction are pre-
valently ionic and covalent, respectively.

According to a review by Koper,* the first topic of electrochemical impor-
tance investigated by ab initio calculations was the adsorption of halides on
metallic surfaces. Special care in this sense was paid to the strength of the inter-
action, the preferred geometry and the effects of solvent and electric field, being
important parameters of all metal-solution interfaces. Some of the first Hartree—
~Fock calculations for Ag,> Hg6»7 and Cu3 substrates indicated a large ionicity of
the adsorbed halogen The theoretically established trends in halide adsorption on
metallic substrates were found to oppose the experimental results, which was
explained by the absence of a solvent,” but its inclusion did not resolve the prob-
lem.!0 The theoretical approach can enable the investigation of charge-neutral
systems (corresponding to the adsorption of halogen atom) or negatively charged
systems (corresponding to the adsorption of halide ions), however, Sellers et al.ll
proposed that a simple thermodynamic cycle could be used to convert the binding
energy of adsorbed halogen to the binding energy of halide ion and vice versa.
Moreover, trends in binding energies of halide ions and halogen atoms were
often found to be identical.# Migani and Illas!2 performed a systematic study
based on the density functional theory (DFT) and provided data regarding the
structure and bonding of halogen atoms on low-index transition metal surfaces.
According to the aforementioned work, surfaces with higher work function are
associated with more covalent bonding of halogen atoms.

In a previous work,!3 the adsorption of CI, Br and I on transition metal sur-
faces and Pd-monolayer surfaces, having particular importance in electrocatal-
ysis, were investigated.!-14 The adsorption on the three-fold adsorption sites was
found to be the strongest for all the surfaces, and adsorption energies decreased
with increasing size of the halogen atom. For the case of the Pd-monolayer
surface, it was demonstrated that the energy of adsorption of halogen atoms
could be correlated to the position of the d-band of the surface atoms. The pro-
vided data enabled the rationalization of the experimentally observed effects of
chloride ion adsorption on the catalytic activity of a Pd-monolayer over Pt(111)
towards the oxygen reduction reaction. The present work is a continuation of the
previously reported studies.!3 The herein derived calculations evidenced that the
metallic substrates investigated in this work provide a possibility to separate the
effects of the electronic structure and the work function on the strength of the
adsorption of halogen atoms. As there is a debate on the nature of halogen—metal
bonds, the extreme case of fluorine, being the most electronegative element in the
Periodic Table of Elements, was investigated. Moreover, it was investigated how
the electronic structure of a metallic substrate affects the adsorption strength.
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FLUORINE ADSORPTION ON METALS 1 765

CALCULATION DETAILS

DFT calculations were performed using the PWscf code of the Quantum ESPRESSO
distribution.!> The Perdew—Burke-Ernzerhof (PBE) functional within the generalized gradient
approximation (GGA) was used.!® Marzari-Vanderbilt cold smearing!” with a broadening of
0.02 Ry was used to augment convergence. The kinetic energy cutoff was 32 Ry. The equilib-
rium lattice parameter (qg) of Cu, Au, Pd and Pt were obtained by optimization of the res-
pective bulk unit cell and were found to be 3.63, 4.17, 4.00 and 4.01 A, respectively. The
calculated lattice parameters agree well with the experimentally determined ones.!3 Damped
dynamics!® was used for structural relaxation. The geometrical optimization was allowed to
run until the forces on the atoms became less than 0.02 eV A-l. The work function (&) was
calculated using the equation:

D =V (+0)—Ep 1

where V(+w) is the electrostatic potential in the middle of the vacuum region, and Er denotes
the Fermi energy of the slab. The d-band density of states was determined by projection of the
plane waves onto spherical harmonic orbitals. Léwdin population analysis'® was used to
determine the population of the d-states of the investigated transition metal surfaces.

Halogen adsorption was modeled using hexagonal (2x2) cell for the (111) oriented sur-
faces, with three metal layers in the slab. The given model corresponds to a surface coverage
of 0.25 ML. The metal atoms were placed in their fully relaxed positions, obtained by struc-
tural relaxation of the clean surfaces. The first irreducible Brillouin zone was sampled using
Monkhorst—Pack?? scheme set to 4x4x1. The applicability of this slab model to describe cor-
rectly the electronic structure of surfaces was confirmed by a number of tests involving
thicker metal slabs. In addition, a number of previously published studies demonstrated that
this simple model is applicable for the description of atomic and molecular adsorbates.!3-21
Fluorine atoms were placed on one side of the slab, and the structural relaxation was allowed
for adatoms as well as for the first surface layer only. Binding energies (Ey.y) were calculated
using the following equation:

Er-M = Eslab+luorine — (Eslab + Eftuorine) 2)

where Egap+Fluorines Eslab and Ep are the total energy of the slab with an adsorbed fluorine
atom, the total energy of the metal slab and the total energy of an isolated fluorine atom,
respectively. Although having a minor effect on the adsorption energetics, relaxation was
taken into account in order to unveil the details regarding the local adsorption equilibrium
geometry.

RESULTS AND DISCUSSION

The metallic surfaces investigated in this work as the substrates for fluorine
adsorption were densely packed (111) surfaces of Cu, Au, Pd and Pt. In addition,
Pd monolayers over Cu(111), Pt(111) and Au(111), denoted as Pdp/M(111),
were investigated. Surface models consisted of two M layers (M = Cu, Pt or Au)
over which a Pd monolayer was placed in a homoepitaxial manner with a lattice
parameter matching the one of a host metal M. Furthermore, “sandwich” struc-
tures, where a single Cu, Au or Pt layer was inserted under the first surface layer
of the Pd(111) surface, were also investigated. These were denoted hereafter as
MynpPd(111) surfaces. In this case, the surface models consisted of three metal
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1 766 PASTI, GAVRILOV and MENTUS

layers in total, with M layer inserted within two Pd layers. Lattice constant in
these three cases matched the one of Pd. The combination of these metallic
surfaces presents a suitable set of model systems to investigate the effects of the
work function and electronic structure on fluorine adsorption on metallic sur-
faces. Namely, clean M(111) surfaces (M = Pd, Pt, Cu or Au) distinguish them-
selves by different population of d-states as well as electronic structure, described
through d-band center position (E4.-pand), and work function (Table I).

TABLE I. The electronic properties of the studied surfaces: d-band center (£ ;panq), population
of d-states (d) and calculated work function (®). Reprinted!® with permission by Elsevier

Surface Ejpana/ €V d / electrons & /eV
Pd(111) -1.71 9.29 5.26
Pt(111) -2.13 8.97 5.97
Cu(111) -2.53 9.69 4.72
Au(111) -3.17 9.67 5.34
Pdyy /Pt(111) —-1.80 9.28 5.28
Pdy /Cu(111) -2.42 9.21 5.28
Pdy /Au(111) -1.37 9.27 5.29
PtynpPd(111) —1.81 9.19 5.28
CuynpPd(111) -1.76 9.29 5.25
AugnpPd(111) -1.63 9.28 5.40

Among the investigated surfaces, the Cu and Au ones have low-lying filled
d-states while the Pd and Pt ones have partially filled d-states, which enable
direct interaction with adsorbed F atoms (Fig. 1). Moreover, the differences of

Fig. 1. Projected density of d-
states (PDOS) for Cu(111) and
Pd(111) surface. Thin vertical
line indicates the position of the
Fermi level.
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the work function are up to 1.25 eV, enabling investigation of the role of this
quantity on fluorine adsorption. By comparing these quantities for the Pdy/
/M(111) and MynpPd(111) surfaces, it could be seen that the population of d-
states is almost independent of the nature of metal M (M = Cu, Au or Pt). More-
over, the calculated work functions for all these surfaces are mutually similar.!3
However, these surfaces can be discriminated based on the position of the d-band
center, which is tuned by the ligand effect?? (for MynpPd(111) surface) or
simultaneously by the ligand and strain effect?? (for Pdyy/M(111) surfaces).
Hence, these surfaces could be used to analyze the effects of electronic structure
on the adsorption of fluorine, while the effects of d-band population and work
function are eliminated.

In continuation, an analysis of adsorption of F on the investigated surfaces
was performed. As the adsorption could induce structural changes of the metallic
substrate, first the adsorption geometry was characterized in terms of the vertical
distance of the F adatom from the surface (z(F—M)) and by the vertical displa-
cement of surface metal atoms from their neighbors (AM) caused by the adsorp-
tion of F (Fig. 2).

Fig. 2. Top view of a slab model used to
investigate fluorine adsorption with desig-
nated surface unit cell used in calculations
(top) and a side view of a three-layer slab
with adsorbed fluorine accompanied by a
designation of the quantities used to charac-
terize the adsorption geometry (bottom).

Among the investigated M(111) surfaces, the Cu(111) surface displayed the
strongest F adsorption, then followed Pd(111), Pt(111) and Au(111) surfaces
(Table II). This trend is in fair agreement with the one reported by Migani and
Illas,!2, although in the present study, somewhat more exothermic adsorption was
found. With the exception of Pt(111), where top adsorption site was identified as
the preferential one, three-coordinated fcc sites were found to be preferential for
F adsorption. The vertical distances of adsorbed F atoms (z(F-M)) on the
investigated surfaces were found to be correlated with the lattice parameters, and
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all adsorption sites follow this trend. On the other hand, the displacements of
surface atoms were rather small, without an obvious trend and do not exceed 4 %
of ag. This stimulates the conclusion that the adsorption geometry is predomi-
nantly determined by the relative differences in the atomic radii of the substrate
and adsorbate, while the interaction of F adatom does not disturb significantly the
substrate structure. The obtained adsorption geometries fit well to those reported
previously.12

TABLE II. Description of F adsorption geometry and calculated binding energies on M(111)
surfaces (M = Pd, Pt, Cu or Au)

Surface Adsorption site AWM 1 A Z(F-M)/ A Epy/eV
Pd(111) fce 0.03 1.60 -3.84
hcp 0.04 1.63 -3.76
top 0.04 1.99 -3.62
bridge 0.04 1.68 -3.78
Pt(111) fce 0.02 1.69 -3.32
hep 0.02 1.75 -3.20
top 0.15 1.98 -3.62
bridge 0.11 1.72 -3.37
Cu(111) fec 0.07 1.50 —4.49
hep 0.07 1.52 447
top 0.04 1.85 —4.05
bridge 0.07 1.56 —4.41
Au(111) fec 0.03 1.74 -3.29
hcp 0.01 1.75 -3.29
top 0.01 2.09 -3.13
bridge 0.03 1.80 —3.27

When calculated binding energies of F are compared with binding energies
of CI, Br and I reported previously,!3 it can be seen that F adsorbs more strongly
than the other halogens, confirming that the strength of halogen adsorption
decreases along the group of Periodic Table of Elements from top to bottom. This
corresponds with the work of Migani and Illas!! for the (111) and (100) surfaces
of fcc metals, but it does not hold for the least densely packed (110) surface.

A much more interesting situation was found in the case of Pdpq/M(111)
and MynpPd(111) surfaces, where only the d-band center positions differ mutu-
ally, while the populations of d-states and the work functions do not. The pre-
viously mentioned observations regarding the adsorption geometries also hold
here: the changes of the substrate structure are rather subtle, and vertical distance
of F adatom from the surface can be linked to the 2D lattice constant of the sub-
strate (Table III). However, the binding energy, ranging between —3.43 eV
(Pdmr/Cu(111) surface) to —3.91 eV (Pdpr/Au(111)), indicated clearly that the
d-band structure of the surface atoms played a significant role. Moreover, the
effect of surface strain, introduced by changes in the lattice constant of the under-
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FLUORINE ADSORPTION ON METALS 1 769

lying metal in the case of Pdy/M(111) surfaces, was much more pronounced
than the ligand effect, being operative for MynpPd(111) surfaces (Table III).
This clearly indicates that even for highly electronegative adatom such as Fluo-
rine, covalent interaction plays an important role and that the nature of the metal—
fluorine bond is not purely ionic.

TABLE III. Description of F adsorption geometry and calculated binding energies on Pdy /
/M(111) and MynpPd(111) surfaces (M = Pt, Cu or Au)

Surface Adsorption site AM) /| A Z2(F-M) /A Epym/ eV
Pdyg /Pt(111) fce 0.03 1.57 -3.86
hep 0.05 1.63 -3.74
top 0.04 1.99 -3.62
bridge 0.04 1.66 -3.77
Pdy /Cu(111) fce 0.02 1.80 -3.43
hep -0.04 1.82 -3.39
top -0.15 2.07 -3.25
bridge -0.04 1.85 -3.39
Pdy /Au(111) fce 0.02 1.49 -3.91
hep 0.02 1.53 -3.78
top 0.03 2.00 -3.48
bridge 0.03 1.61 -3.77
PtynpPd(111) fee 0.03 1.61 -3.87
hep 0.04 1.65 -3.78
top 0.06 1.99 -3.67
bridge 0.05 1.69 -3.81
CuynpPd(111) fce 0.02 1.60 -3.70
hep 0.04 1.63 -3.61
top 0.03 2.00 -3.43
bridge 0.04 1.68 -3.62
AugnpPd(111) fce 0.02 1.58 -3.68
hep 0.03 1.61 -3.61
top 0.02 1.99 -3.48
bridge 0.03 1.67 -3.62

To backup these conclusions further, attention was turned to the work of
Hammer and Nerskov,23 who established a linear correlation between the
position of the d-band center and the energy of adsorption, which actually
assumed a covalent substrate—adsorbate interaction. Such a relationship was
demonstrated previously for CI, Br and I adsorption, when the slope of the Er_p
vs. E4.band line was approximately the same for all three halogen adatoms, which
was ascribed to the valence orbitals of the adatom having the same electronic
structure. The continuation of previous work!3 is clearly depicted in Fig. 3,
which demonstrates the same linearity between Ep_p and the Egpang. However,
it appears that the binding energy of fluorine is somewhat less sensitive to the
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modification of electronic structure, possibly due to higher electronegativity com-
pared to other halogen atoms and increased contribution of an ionic interaction.

Fig. 3. Correlation between the fluorine binding energy (Er_) and the d-band center position
(E 4-bang)- The linear fit is presented by the dashed line.

The states responsible for the interaction between the F adatom and the
substrate can be identified by comparison of substrate projected densities of
states prior to and after the adsorption, as introduced by Liu et al.24. The analysis
was performed in such a way that the projected density of states, in this particular
case the projected d-band density of states, for a clean metallic surface and the
corresponding counterpart with adsorbed F are subtracted. In this way, one may
perceive a redistribution of electronic states due to interaction between the
adsorbate and substrate and identify the states responsible for the interaction. In
the case of Cu(111), the d-states become redistributed, positive parts of APDOS
are located below the Fermi energy, indicating that all the bonding and anti-
bonding states arising from d—p interactions are filled (Fig. 4). Similarly, the for-
mation of bonding and anti-bonding states upon adsorption of Cl on Cu(111) was
previously observed in the same energy window by Peljhan and Kokalj.2> Com-
plete filling of bonding and anti-bonding states suppressed strong covalent bond-
ing, but the interaction was considered to be not purely an ionic one.25 This holds
also for the case of an Au(111) surface, the d-band of which is located at lower
values compared that of a Cu(111) surface (see the value of E;jpang, Table I).
These conclusions fit to the completely filled low-lying d-band of Cu and Au and
to the finding of Koper and van Saten,26 who highlighted that the strength of the
interaction of halogen p-states decreased when the d-band of the substrate atoms
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FLUORINE ADSORPTION ON METALS 1771

shifted towards lower energies. However, it could also be fitted to the results of
Hammer and Nerskov,23 which explains the weaker F-Au interaction, compared
to F—Cu interaction, by a more prominent Pauli repulsion. The performed popul-
ation analysis confirmed the transfer of charge to the F adatom for all the studied
metallic surfaces, but in the case of Cu and Au surfaces, the charge originated
from the conduction sp-band, with the d-population remaining almost the same as
for clean surfaces. In the cases of Pt(111) and Pd-monolayer surfaces, the d-states
were significantly redistributed both above and below the Fermi level (Fig. 4),
which indicated a higher contribution of covalent bonding in the interaction in
comparison to the Cu and Au surfaces. In the case of Pt(111) and Pd-based sur-
faces, the charge transfer to F adatom was mainly from d-states although sp-states
also contributed to some extent. It is also important to note that the charge redis-
tribution was limited to the adsorption site only, i.e., it did not extend to the sur-
face atoms not in contact with an F adatom.

Fig. 4. APDOS analysis of the modification of the d-band electronic structure of Cu(111) (top
left), Pt(111) (top right), Pd(111) (bottom left) and Pdyy /Pt(111) (bottom right) surface upon
adsorption of fluorine. Pale vertical lines indicate the position of the Fermi levels.
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CONCLUSIONS

In this contribution, fluorine adsorption was investigated on Cu(111),
Au(111), Pd(111) and Pt(111) surfaces, as well as Pd monolayer surfaces
involving Pd monolayers on Cu(111), Au(111) and Pt(111) surfaces and “sand-
wich” structures, denoted as MynpPd(111). The selection of the analyzed sub-
strates was made in such a way that the effects of electronic structure and work
function on fluorine adsorption could be mutually discriminated. It was observed
that fluorine adsorption did not result in significant structural changes of the
metallic substrate. Among the investigated surfaces, F adsorbs most strongly on
the Cu(111) surface with Ep p; amounting to —4.49 eV. In the case of Pt and
Pdmi/M(111) surfaces, it was found that binding energies scale with the d-band
center position, which is characteristic for a significant contribution of covalent
interaction. Cu(111) and Au(111) interact with F adatom through the sp-band,
while Pt and Pd-based surfaces interact through the d-band too. The obtained
results indicate that the nature of interaction of the highly electronegative F atom
with metallic surfaces depended significantly on the nature of the metal, making
possible to tailor the adsorption characteristics of metallic surface solely through
modification of the d-band structure, while the population of the d-states and
work function can be kept approximately constant. In spite of its large electro-
negativity, it can be concluded that the F—metal interaction is not purely ionic.
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H3BO[
ATCOPIIIIUJA ®JIYOPA HA ITOBPIIMHAMA TIPEJTIASHUX METAJIA — DFT CTYIUJA

WTOP A. TTAIITH', HEMAIbA M. TABPHJIOB' 1 CJIABKO B. MEHTYC'?

1 Yuwnsepsnrer y beorpagy, ®axyuter 3a Qpusaky xemujy, Crygearckn Tpr 12—16, 11158 Beorpag i
Cpiicka akagemrja HayKka H yMeTHOCTH, Kre3 Mrxajrosa 35, 11000 beorpan

Ha Da3u Teopuje (yHKUHOHaNA yCTUHE HUCNMTHBaHA je aficopnudja ¢yopa Ha MOBp-
muHama a) Cu(111), Au(111), Pd(111) u Pt(111), 6) Ha MoHOCIOjeBUMa Pd mpexo moBpuinHa
moHokpucrana Cu(111), Au(111) u Pt(111) u c) Ha noBpuIMHaMa MoHoKpucTana Pd(111) ca
ybaueHUM MOHOCTIOjeBUMa MeTasa M (M = Cu, Au wiu Pt) ogmax ucnopn npsor Pd croja.
Hucy naheHe 3sHauajHe NMpOMeHe CTPYKTYDHUX IapameTapa MeTana HOJIore Mocje afcopl-
uuje. Hajseha enepruja Bese on —4,91 eV Hahena je y ciyuajy mospunne Cu(111). ITop-
muHCcKkH atomu Cu(111) u Au(111) unreparyjy ca agaToMoM ¢iyopa NOCPesCcTBOM Sp-TPake,
IoK MOBPUIMHCKK aToMu Pt u Pd uHTeparyjy u nocpencrsom d-tpake. Y ciaydajy Pt u mosp-
muHa tina Pdy /M(111), yodyeHo je nma ce eHeprdje Be3e KOPEJHILY Ca IOJIOXKajeM IIeHTpa
d-Tpake, LITO je WHAMKallMja 3HAyajHOr NONPHUHOCA KOBAJEHTHE WHTepakLuje NpPHIUKOM
ancopnuyje. lodujeHH pesynTaTH ykasyjy fa IPHUPOJa MHTEpaklHje U3pasuTo eJeKTpOHera-
TUBHOT ¢Iyopa ca MeTaJIHUM TOBPLIMHAMa 3aBUCH 3HauajHO Ofl IPUPOZie MeTaa.

(TTpumsseHo 29. jyna, pesuaupano 21. centemdpa 2013)
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