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Abstract

Adsorption, a fundamental process in heterogeneous catalysis is known to be
dependent on the adsorbate-adsorbate and surface-adsorbate bonds. van der
Waals (vdW) interactions are one of the types of interactions that have not
been examined thoroughly as a function of adsorbate coverage. In this work
we quantify the vdW interactions for atomic adsorbates on late transition
metal surfaces, and determine how these long range forces affect the cover-
age dependent adsorption energies. We calculate the adsorption energies of
carbon, nitrogen, oxygen, sulfur, fluorine, bromine and chlorine species on
Pt(111) and Pd(111) at coverages ranging from § to 1 ML using the BEEF-
vdW functional. We observe that adsorption energies remain coverage de-
pendent, and this coverage dependence is shown to be statistically significant.
vdW interactions are found to be coverage dependent, but more significantly,
they are found to be dependent on molecular properties such as adsorbate

size, and consequently, correlate with the adsorbate effective nuclear charge.
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We observe that these interactions account for a reduction in the binding en-
ergy of the system, due to the destabilizing attractive interactions between

the adsorbates which weaken its bond with the surface.
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1. Introduction

Adsorption on metal surfaces is a key elementary step in catalytic mech-
anisms. Transition metals are an important class of catalysts and a vast
amount of research has been devoted to understanding adsorption processes
on these systems [1-7|. It has been found that the activity of a catalyst can
often be described by a few simple low coverage adsorption energies [8, 9.
However, under certain conditions, the coverage of adsorbates on the surface
can be high. It is known that the adsorption energies of many adsorbates are
coverage dependent because there is bonding competition with the surface,
and the existence of adsorbate-adsorbate interactions [10, 11].

The coverage dependence of the adsorption energies of simple adsorbates
has received considerable attention over the last few years. Schneider and
coworkers [11, 12| predicted that higher coverages were suitable for the cat-
alytic oxidation of NO, due to a favorable decrease in the binding energy
of oxygen at those coverages. Hammer investigated the process of nitrogen
dissocation on a precovered Ru(0001) surface and showed that binding ener-
gies rapidly become unfavorable with increasing coverage [13]. Miller showed
changes and predicted adsorbate induced changes in the surface electronic

structure governed by the d-band model [14], and also purported the exis-



tence of configurational correlations among late transition metals for coverage
dependent adsorption of oxygen atoms [6]. Xu showed the existence of config-
urational and adsorbate configurational correlations among the same group
of metals [15]. In most cases, these investigations focus on the properties of
the surfaces in question, and not so much on the properties of the adsorbate.
They mostly employed the DFT-GGA functionals which have some limita-
tions, e.g. with respect to van der Waal forces. The bond forming ability of
an adsorbate with a surface depends also on its own electron sharing prop-
erties such as its atomic size, electronegativity and electron affinity. These
properties will also, in high coverage scenarios, affect the behavior of other
nearby adsorbates on account of long range forces like van der Waals forces.

van der Waals (vdW) forces have a universal presence in all molecules
and solids. They were first identified in 1873 by Johannes van der Waals
at Leiden University [16]. vdW forces are relevant and important for varied
systems, but their variation and difference in complexity from one environ-
ment to another still pose challenges in research. They are present in soft
matter systems, surfaces, DNA, graphenes [17|, fullerenes [18|, etc. They
are long range in nature, and are weak when compared to chemical bonding,
but not necessarily negligible. The description of vdW forces from first prin-
ciples calculations and Density Functional Theory (DFT) has proved to be
challenging.

Since the late 90’s, interest in describing vdW forces has picked up im-
mensely. Various research groups have, with varying degrees of success, in-
cluded vdW forces in DFT calculations. vdW forces are long range forces

and they are said to be included in the correlation energy contribution of the



exchange-correlation functional [19]. The commonly used functionals such as
the PBE [20] (GGA) functional and the LDA [21] fail to accurately account
for these interactions. The LDA fortuitously shows a better agreement with
some experimental values for systems with known vdW interactions, but,
the exponential decline of the local density interaction is inherently wrong
in describing these long range forces, while GGA underestimates the vdW
contributions to binding energies [22|. Over the last decade, there have been
attempts to bridge this gap in description and various approaches have been
developed [19, 23-25].

A promising development towards the accurate description of vdW inter-
actions was the introduction of the Langreth-Lundquist vdW density func-
tional (vdW-DF) [26], which depends non-locally on the electron density. In
this functional, the nonlocal correlation energy E™~¢ is added to a GGA
exchange and local density approximation [27|. This approach has enabled a
more accurate description of many systems [22, 28-30|. A series of optimized
vdW functionals within the framework of the vdW-DF functional have also
been developed [31-34].

In the present work, the Bayesian Error Estimation Functional with van
der Waals Correlation (BEEF-vdW) [35] was used. This functional is con-
structed using the E™~¢ contribution from the vdW-DF functional. Devel-
oped recently, this functional has shown accurate results for a wide range
of systems, while showing a good transferability between systems like hy-
drocarbon synthesis [36], adsorption on graphene [37|, and adsorption on
transition metals [38]. It also generates error ensembles around the ground

state energy, which can provide valuable insight into the errors present in



DFT calculations and in the systems under investigation.

Our primary objective was to investigate and quantify the vdW inter-
actions present in the coverage dependent adsorption of atomic adsorbates
including carbon, nitrogen, oxygen, sulfur, fluorine, chlorine and bromine at
increasing coverages of }1 ML, % ML, % ML and 1 ML. Previous work by Xu et
al. [15] has shown that there is a breakdown of configurational correlations
between adsorption energies on the hollow and atop sites as coverages in-
crease. We wanted to investigate if the inclusion of vdW interactions would
improve the correlations between these geometrically dissimilar sites. We
found that the adsorption energies remain coverage dependent for adsorp-
tion at the hollow sites, while there is no such dependency for adsorption
on the atop sites when vdW contributions are included. The inclusion of
vdW interactions results in the systematic decrease in binding energies of
the adsorbates (less negative E,45) from that shown in previous work [15]
using the Perdew-Burke-Ernzerhof (PBE) [20] functional. We quantified the
vdW interactions for each system and we find that they correlate with adsor-
bate size and the adsorbate effective nuclear charge Z.s;. Finally, the errors
obtained from the calculations were analyzed and statistically support that
a coverage dependence does indeed exist within the 95% confidence interval.

We finally discuss the reasons for the behavior shown by these adsorbates.

2. Methods

The calculations required for this work were performed using the Vi-
enna Ab-initio Simulation Package [39-41]. VASP solves the Kohn-Sham

equations [42| in an iterative manner within a planewave basis set, while



employing periodic boundary conditions. The interaction between the core
and valence electrons was described by the application of the projector aug-
mented wave (PAW) method [43]. The exchange correlation functional used
was the Bayesian Error Estimation Functional with van der Waals Correla-
tion (BEEF-vdW) [35]. The construction of this functional is represented in
equation 1.

My—1
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m=0

This functional can be considered as a linear combination of the Perdew-
Burke-Ernzerhof (PBE) [20], the Perdew-Wang LDA correlation [44] and the
vdW-DF2 type nonlocal correlation [45].

Our systems were modeled by considering a supercell consisting of a (111)
oriented face-centered-cubic (fcc) slabs and adsorbate molecules placed on
top of it. A slab was represented by a 2 x 2 surface unit cell, and consisted
of 4 layers. A plane wave cutoff of 520 eV was used along with a k-point
Monkhorst-Pack mesh [46] of (12 x 12 x 1). A Gaussian smearing width of
0.01 was chosen for the for the relaxations. The slab was surrounded by 6
A of vacuum on both sides. The bottom two layers were fixed, allowing the
top two layers and the adlayer to relax. Lattice constants for the two metals,
Pt and Pd were calculated using the Stabilized Jellium Equation of State
(SJEOS) [47], and the BEEF-vdW functional. From the fit, we obtained
the lattice constants as ap; = 3.9934 A and apy = 3.9791 A. These are
in reasonable agreement with experimental lattice constants ap;, = 3.9161
A and apg = 3.8823 A [48]. The adsorbates considered in this work were

carbon, nitrogen, oxygen, sulfur, fluorine, chlorine and bromine, and they



were adsorbed in configurations of increasing monolayer coverage, % ML, %
ML, % ML and 1 ML. The adsorption sites chosen were the hollow and the
atop sites. The structures were allowed to relax till the convergence criteria
of 0.05 eV for forces was attained in the iterative process. The energies of
the adsorbates were calculated in their gas phase, and in a box of dimensions
5 x 6 x 7 A. The systems were modeled in a way similar to that shown in

figure 1.
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Figure 1: The system models under consideration. Top row, left to right : chlorine
adsorbed at a coverage of % ML, hollow sites on Pd(111)and oxygen adsorbed at a coverage
of % ML, hollow sites on Pt(111). Bottom row, left to right: nitrogen adsorbed at a
coverage of i ML, atop sites on Pt(111).

The energy of adsorption AE,4s was calculated using equation 2

1 as
Alaads(‘e‘//) = E : (Eadsorbed slab — Eclean slab — 1+ Egdsorbate) (2>

where AFE,q, is the adsorption energy of the species adsorbed, per atom of
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the species, and n is the number of the atoms of the species adsorbed on
the surface. For example, three adsorbate atoms are adsorbed in the % ML
configuration, and four atoms are adsorbed in the 1 ML configuration, on
the 2 x 2 surface. The BEEF-vdW functional employed has the capability
of generating an ensemble of errors around the ground state energy, which
enables us to derive a standard deviation in the computed adsorption energy.
In subsequent calculations, one standard deviation, or a confidence interval
of 68.27 % was used in the error bars. In addition to the standard deviation,
we also utilized the non-local correction part of BEEF-vdW functional to
analyze the vdW energy contributions captured by the calculations [28]. Tt
is to be noted that the E™~¢ contribution to the exchange correlation energy
includes a non local correction, which corresponds to the interaction beyond
the LDA correlation, thus including long range interactions like vdW forces.
The E™~¢ value can be obtained directly from the calculations, and the vdW

contributions to the adsorption energy can be calculated as given in equation

3
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which is an expression analogous to equation 2, except that the total en-
ergies are replaced by the corresponding non-local contributions from the
calculations. The database of energies from these calculations can be ac-

cessed via the supporting information file. All the plots used in this work

can be generated from data in the file.



3. Results and Discussion

We considered the adsorption of a range of adsorbates, carbon, nitrogen,
oxygen, sulfur, fluorine, chlorine, and bromine on the fcc(111) metals Pt and
Pd, to determine if the inclusion of vdW interactions in these calculations
brought about any changes in adsorption energies or in other trends. Previous
work in coverage dependent adsorption has lead to a variety of deductions
and correlations. The existence of correlations in coverage dependent atomic
adsorption energies has been previously reported [5, 10]. The existence of
configurational correlations [6, 15] in these adsorbates was also reported. We
goal was to determine if these observations would be affected by the inclusion
of vdW interactions. Figure 2 a) shows the adsorption energy of each species
on Pt(111) hollow sites, and figure 2 b) on Pt(111) atop sites, as a function
of coverage. Figure 3 shows adsorption energies for adsorbates on the a)
hollow sites and b) atop sites of Pd(111). We can observe clearly that the
adsorption energies for the fcc sites are linearly dependent on coverage, which
is consistent with previous results [10]. The error bars suggest in most cases
that the coverage dependence is statistically significant. For example, there
is a high degree of confidence the adsorption energy at 1 ML is weaker than
that at % ML for the hollow sites. For the atop sites, it is not always clear

coverage dependence is significant.
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Figure 2: Energies of adsorption of adsorbate species on a) hollow sites and b) atop
sites of Pt(111). The adsorbates are oxygen (red circles), sulfur (green triangles), carbon
(blue triangles), nitrogen (magenta hexagons), fluorine (yellow rhombus), chlorine (black
squares) and bromine (cyan pentagons). The linear fits to the data points are solid lines
of the same color as the corresponding adsorbate. The first standard deviation obtained

for each system is shown in similarly colored error bars.
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Figure 3: Energies of adsorption of adsorbate species on a) hollow sites and b) atop
sites of Pd(111). The adsorbates are oxygen (red circles), sulfur (green triangles), carbon
(blue triangles), nitrogen (magenta hexagons), fluorine (yellow rhombus), chlorine (black
squares) and bromine (cyan pentagons). The linear fits to the data points are solid lines
of the same color as the corresponding adsorbate. The first standard deviation obtained

for each system is shown in similarly colored error bars.
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Next, we discuss the errors in adsorption energy calculated by the BEEF-
vdW functional. These have been depicted as the first standard deviation
on the adsorption energy obtained at each coverage. Figures 2 and 3 show
these errors in adsorption energy as transparent colored boxes. It can be seen
that, in the range of the first standard deviation, these errors could be used to
account for various discrepancies in calculations, which can arise from usage
of a different XC functional etc... The first standard deviation includes all
these variations, which makes the use of the BEEF-vdW functional quite
attractive. The main conclusion from these figures is the validation of the
concept of coverage dependent adsorption energy model for adsorption on
the hollow sites. On visual inspection of the plots for adsorption at hollow
sites, we say that within the 68% confidence interval or the first standard
deviation, the energy of adsorption at the %L ML coverage is different from
that at % ML and so on. It can be observed here that there is a definite slope
to the linear coverage fit, with the fit passing through, or very close to the
four data points. There is a small probability that the energy of adsorption
for a system at % ML of adsorption could erroneously be that at % ML
or % ML. This validation is significant because it provides a theory derived
statistical evidence of the existence of this linear coverage dependence, which
has often been observed and used in kinetic models. There appears to be no
general linear trend observed for species adsorbing on the atop sites, and
a substantial overlap of errors at each coverage suggest that the adsorption
energies on the atop site are independent of coverage.

We generally observed that the adsorption energies calculated with the

BEEF-vdW functional were weaker than those calculated with the PBE func-
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tional, especially at lower coverages. To quantify the general reduction in
adsorption energy due to the inclusion of long range forces like vdW inter-
actions, we compared the energies of adsorption obtained in this work, with
those obtained in the work done by Xu and coworkers, who used the GGA-
PBE functional [15]. This is shown in the parity plot in figure 4. On close
inspection, we observe that the inclusion of vdW forces through the BEEF-
vdW functional results in less negative adsorption energies than what is re-
ported in the earlier work, and that the deviations are coverage dependent.
The variation of E,4, values reported in this work decreases with increasing
coverage, and at very high coverage is nearly equivalent to those reported in
earlier work. These results are not entirely intuitive; vdW interactions are
usually believed to be attractive, yet including them here weakens adsorption
energies. However, the PBE functional is known to overbind adsorbates, and
these deviations therefore do not have any physical meaning. They simply
show that the quantitative coverage dependent trends in adsorption energies

are different if one uses the PBE functional, or the BEEF functional.
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Figure 4: Parity plot showing the energies of adsorption obtained in this work, with respect
to those obtained in Ref 15. Red squares indicate adsorption at the hollow sites and green

circles indicate adsorption at the atop sites.

The decrease in binding strength due to the presence of multiple adsor-
bates on the surface occurs because the interactions of adsorbates with the
surface and with each other are affected by vdW interactions. Adsorbates

have only a limited number of valence electrons and any additional interac-

14



tions it experiences only weakens its general bonding capability. This is the
basis of the Bond-order Bond-length correlations [49, 50]. The effect of vdW
interactions can also be rationalized by the Effective Medium Theory (EMT)
[51]. This theory states that the bonding of an atom to other atoms in its
vicinity can be simply be approximated as the interaction of the atom with
an effective medium (homogeneous electron gas). The density of this medium
is given by the spherical average n of the density provided by the surrounding
atoms [52]. The ground state of this atom can be obtained by virtue of an
optimum electron density ng. This electron density is obtained by an adsor-
bate, through its interactions with the surface and other adsorbates. vdW
interactions are said to exist in the space of surface-adsorbate, as well as
adsorbate-adsorbate interactions, and can be considered as attractive forces.
It is intuitive that these interactions, however small or large, contribute to
the optimum electron density ng, and hence, the electron density required
from the surface atoms ng,, s participating in bond formation is lower. The
metal surface is nearly an infinite sink of electrons, and so, ng, s is a key
contributor to the optimum electron density of the adsorbate. Hence, the
reduction in its contribution results in lower adsorption energetics, weaker
bonding and larger bond lengths. We also try to account for lower energies
of adsorption on atop site, when compared to hollow sites. Hollow sites are
three-fold sites, where the adsorbate bonds to three metal atoms, while atop
sites are one-fold sites and the adsorbate bonds to one metal atom. Natu-
rally, the contribution to ng from threefold sites is more than that from the
one-fold sites, and this reduction in contribution, in addition to the prevalent

vdW forces accounts for weaker adsorption energetics on atop sites.
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We next quantify the vdW interaction contributions to the adsorption
energies. The non-local correlation energy E™~¢ was determined for each
calculation for each adsorbed system, and plotted with respect to coverage.
It should be noted that this quantity contains the vdW contribution to the
total energy, but also contains some double counting contributions from the
correlation energy. The contributions were calculated by using equation 3.
The plot is shown a) for hollow sites in Fig. 5 b) for atop sites of Pt(111)
and for Pd(111) in Fig. 6.
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Figure 5: vdW interactions for adsorption on a) hollow sites and b) atop sites of Pt(111).
The adsorbates are oxygen (red circles), sulfur (green triangles), carbon (blue triangles),
nitrogen (magenta hexagons), fluorine (yellow rhombus), chlorine (black squares) and

bromine (cyan pentagons). The dotted lines serve to highlight the trend
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Figure 6: vdW interactions for adsorption on a) hollow sites and b) atop sites of Pd(111).
The adsorbates are oxygen (red circles), sulfur (green triangles), carbon (blue triangles),
nitrogen (magenta hexagons), fluorine (yellow rhombus), chlorine (black squares) and

bromine (cyan pentagons). The dotted lines serve to highlight the trend.

A more negative value corresponds to a higher magnitude of attractive
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vdW interactions. We see that the vdW contribution generally increases (gets
more negative) with an increase in number of adsorbate atoms. A closer look
at the data points suggests that larger adsorbates like sulfur, chlorine and
bromine show a larger vdW contribution with increasing coverage than the
smaller adsorbates. This can be explained by the fact that larger adsorbates
have electron clouds that occupy a larger volume and are more polarizable.
The significance of these weak interactions increase with increasing coverage
and their contribution to the vdW interactions increases.

For the adsorption at the hollow sites, the interactions due to vdW forces
in the oxygen and nitrogen adlayers on Pt and Pd are approximately con-
stant with increasing coverage, likely due to screening by the metal electron
density. The interactions in the fluorine adlayer follow a trend similar to the
other halogens under consideration. The vdW interactions at }l ML for fluo-
rine is the least, on both Pt and Pd. This suggests that its interaction with
the surface is extremely unidirectional, with the the binding energy mostly
accounted for by the bonding to the three-fold site. This rationale can be
clearly seen for fluorine adsorption across different systems we have consid-
ered, where it shows the lowest vdW contributions among all the adsorbates.

The halogens all follow similar trends except for hollow site adsorption
on Pt(111), with chlorine and bromine showing larger vdW contribution at
each coverage than fluorine. This behavior is concurrent with the larger size-
higher polarizability of the chlorine atom, compared to the fluorine atom.
Sulfur, for both metals shows the highest contributions at the hollow sites,
and a minor increase with increase in coverage. Bromine shows an even

higher contribution than chlorine. We attribute this to to a trade-off be-
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tween the atomic size of chlorine and its electronegativity, while in bromine,
polarizability dominates, which accounts for higher vdW contribution. Ad-
sorption of fluorine and chlorine at the hollow sites of Pt(111) denotes a
peculiar case, where the adatoms started off at the hollow sites and finally
converge at an atop site. This behavior is a direct contradiction of existence
of relaxed adatoms on hollow sites reported in literature [15, 53]. The inclu-
sion of vdW interactions in the calculations can be seen as a driving forces
for this occurence, and evidence of this is seen in the vdW contributions for
these particular systems, which show reduced attractive vdW interactions.
Wu et al. [54] reported that CI-Cl interaction depends strongly on the dis-
tance between two adatoms, and showed that the interaction was smallest
at the atop positions. Our results, for the case of Pt(111) corroborate this
particular finding.

All of the observations presented earlier are also observed on the atop
sites, except for the behavior of the small adsorbates carbon, nitrogen, and
oxygen which also show a larger increase in vdW contribution with increasing
coverage. This was not observed in the plots for adsorption at the hollow
sites. The bond formed by these adsorbates on atop site is not as stable
as that formed at the hollow site, and this bond is prone to the destabiliz-
ing effect of increased vdW interactions, which is possibly due to increased
adsorbate-adsorbate interactions. Omne final observation we would like to
make is that there is a negligible difference in the quantification of these in-
teractions, between the hollow and the atop sites. This leads us to believe
that vdW interactions are mainly dependent on adsorbate properties, and in

the systems examined here do not depend on the nature of the surface.
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One such adsorbate property of interest is the adsorbate effective nu-
clear charge Z.s¢y. The effective nuclear charge is the valence shell charge
an electron experiences after accounting for the shielding of charge by the
inner electrons of the atom. As the atom under consideration gets bigger in
size, it possesses more inner electrons which result in larger shielding, and
consequently, a lower Z.rs. Z.ss also increases across a period, due to the
addition of valence electrons and nuclear protons, while keeping the filling
of the inner shells constant. The shielding effect increases as s < p < d <
f. Our calculations show that vdW contributions for an adsorbate correlates
well with its Z.r; which increases as F > O > N > C, in the same period,
and [F > O > N > C] > Cl > Br > S for all the adsorbates considered. This
correlation gives credence to the fact that coverage dependent adsorption

energetics does depend on the molecular properties of the adsorbate.

4. Conclusions

To summarize, we performed a set of calculations of atomic adsorbates on
on Pt(111) and Pd(111) surfaces, with a wide range of adsorbates, at various
coverages starting from i ML up to 1 ML. Our main objective was to investi-
gate the inclusion of long range forces like vdW interactions in the energetics
of the adsorption process and its impact on the coverage dependence of the
adsorption energy. We found that vdW forces are indeed quite important in
adsorption energetics, and particularly more significant in quantity at higher
coverages. We also noticed larger vdW contributions for larger adsorbates
like as sulfur, chlorine and bromine. This observation was explained in the

context of the Effective Medium Theory and bond order-bond length correla-

21



tions. These interactions are found to strongly correlate with the molecular

properties of the adsorbate namely, its effective nuclear charge Z ;. Lastly,

we also employed the Bayesian error ensemble generated by the BEEF-vdW

functional to statistically validate the observed linear coverage dependence

for adsorption at hollow sites for both Pt(111) and Pd(111).
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