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Here, we report a computational investigation on the role of the most common van der Waals (vdW)
corrections (D2, D3, D3(BJ), TS, TS+SCS, TS+HI, and dDsC) employed in density functional theory (DFT)
calculations within local and semilocal exchange—correlation functionals to improve the description of
the interaction between molecular species and solid surfaces. For this, we selected several molecular
model systems, namely, the adsorption of small molecules (CHs, CH4, CO, CO,, H,O, and OH) on the
close-packed Cu(111) surface, which bind via chemisorption or physisorption mechanisms. As expected,
we found that the addition of the vdW corrections enhances the energetic stability of the Cu bulk in the
face-centered cubic structure, which contributes to increasing the magnitude of the mechanical proper-
ties (elastic constants, bulk, Young, and shear modulus). Except for the TS+SCS correction, all vdW cor-
rections substantially increase the surface energy, while the work function changes by about 0.05 eV
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(largest change). However, we found substantial differences among the vdW corrections when compar-
ing its effects on interlayer spacing relaxations. Based on bulk and surface results, we selected only the
DOI: 10.1039/d2cp02663e D3 and dDsC vdW corrections for the study of the adsorption properties of the selected molecules on

the Cu(111) surface. Overall, the addition of these vdW corrections has a greater effect on weakly inter-
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1 Introduction

The adsorption of molecular species on transition-metal sub-
strates plays a critical role in improving our atomistic under-
standing of a wide range of chemical reactions, in particular the
identification of adsorption modes and active sites on
catalysts."”> The binding of molecular species on substrates
can be characterized by the formation of chemical bonds
(chemisorption, eV magnitude)® or physical bonds (physisorp-
tion, fraction of eV),? for which the adsorption energies are of
significantly different magnitudes. These interaction mechan-
isms have been recognized for decades, however, a quantitative
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acting systems (CH4, CO,, H,0), while the chemisorption systems (CHz, CO, OH) are less affected.

description of these interactions remains a challenge for theo-
retical approaches,” particularly density functional theory
(DFT) calculations employing local and semilocal exchange-
correlation (XC) functionals.

Although exact, in principle, practical applications of DFT in
computational physics, chemistry, and materials science
require approximations for the XC energy functional.>” Local
and semilocal approximations, such as the local density
approximation (LDA) or the generalized gradient approxi-
mation (GGA), have limitations in providing an accurate
description of weak binding systems, e.g., physisorption inter-
actions, in which the long-range van der Waals (vdW) interac-
tions are significant, whereas the description of chemisorption
cases is less complicated but not entirely problem-free.

Local and semilocal XC functionals cannot provide an
accurate description of vdW interactions for two primary rea-
sons: (i) the XC functional does not describe the origin of the
dispersion forces, which are instantaneous electronic density
fluctuations; (ii) the functional only describes local properties,
while vdW forces are a nonlocal phenomenon.” One approach
to account for dispersion forces is the development of a
nonlocal XC functional. These include vdW-DF by Dion et al.®
and vdW-DF2 by Lee et al.® Additional methods for accounting
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for vdW forces are based on the observation that these inter-
actions exhibit exponential decay of 1/r°. Thus, it is conceivable
to add a component with this decay adjusted by a dispersion
coefficient (C4?) to the DFT total energy.

In the past decade, several vdW corrections have been
proposed to improve the description of weak interacting phy-
sisorption systems. The progress has been remarkable, and it is
common to find several vdW corrections within the most
common DFT implementations, e.g., Grimme’s D2,'° Grimme’s
D3,""'* Grimme’s D3 correction with Becke-Jonson damped
function (D3(BJ)),"® Tkatchenko-Scheffler (TS),"* Tkatchenko-
Scheffler with self-consistent screening (TS+SCS),"> Tkatchenko-
Scheffler with iterative Hirshfeld partitioning (TS+HI),'®'” and
density-dependent dispersion corrections (dDsC)."*"®  Conse-
quently, it raises several questions regarding the optimal correc-
tion or approach to use when performing a computational study
for a particular surface science topic requiring the description of
bulk, clean surface, and adsorption properties. Therefore, the
purpose of this study is to enhance our atomistic understanding
of the effects of the most common vdW corrections for a set of
particular molecular systems.

In order to evaluate the impact of vdW corrections on the
adsorption properties of the Cu(111) surface, we selected six
distinct adsorbates, including non-polar molecules (CH, and
CO,), polar molecules (CO and H,0), and radicals (CH; and
OH). Compared to other Cu surfaces, the close-packed Cu(111)
surface exhibits the lowest surface energy due to the lower
number of broken bonds.?® Furthermore, the Cu metal surface
was selected because copper-based catalysts are highly promis-
ing materials for organic synthesis**** and the direct oxidation
of methane to methanol.>***

In this investigation, we found that vdW corrections play a
significant role in the bulk properties of bulk Cu in the face-
centered cubic (fcc) structure by increasing the mechanical proper-
ties and decreasing the lattice constant, which can be explained by
the enhancement of the magnitude of the cohesion energy. Using
the d-band center model, we also observed that the vdW interac-
tions reduce the surface Cu(111) stability slightly. Furthermore, we
identified that the site preference for adsorption can change with
the vdW corrections, as the geometry of the chemical system
affects the dispersion corrections differently.

2 Theoretical approach and
computational details
2.1 Total energy calculations

All total energy calculations were carried out using the spin-
polarized DFT***® framework, as implemented in the Vienna
ab initio simulation package (VASP),”’"*° version 5.4.4, within
the Perdew-Burke-Ernzerhof (PBE)*® formulation for the XC
energy functional. To solve the Kohn-Sham (KS) equations, we
employed the all-electron projector augmented-wave (PAW)
method,**" where the KS states are described by plane-waves.
To obtain the equilibrium volume and elastic constants for the
bulk Cu in the fce structure, we used a plane-wave cutoff energy
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of 834 eV and a Monkhorst-Pack®® k-mesh of 19 x 19 x 19 for
the Brillouin zone (BZ) integration. For the remaining proper-
ties, which are less sensitive to the number of plane-waves, we
used a cutoff energy of 469 eV, which is 12.5% higher than the
maximum cutoff energy recommended for the oxygen projector.

For surface calculations, we used the repeated slab geometry
with a slab thickness of 9 layers and 16 A for the vacuum region.
To sample the BZ of the (1 x 1) surface unit cell, we used a
k-mesh of 20 x 20 x 1, which was increased to 30 x 30 x 1 for
density of state calculations. A (3 x 3) surface unit cell was used
for adsorption calculations and the k-mesh was reduced to
6 x 6 x 1 due to the smaller size of the BZ. To take advantage of
the inversion symmetry present in the Cu(111) surface, the
adsorbates were placed on both sides of the slab, and therefore
no dipole corrections were required.

For free-atom and gas-phase molecule calculations, we used
an orthorhombic box with dimensions of 19.50 A x 19.75 A x
20.00 A. Due to the lack of dispersion in the electronic states
within the BZ, only the I'-point was considered for the BZ
integration. For all bulk and surface calculations, equilibrium
structures were obtained once the atomic forces on each atom
were less than 0.025 eV A~%, with a criterion of 107° eV for the
total energy convergence.

2.2 van der Waals corrections

As mentioned in the Introduction, a well-known drawback of local
and semilocal XC energy functionals is the lack of precision to
describe weak longrange vdW interactions, which can be
explained by limitations in the description of the instantaneous
electron density fluctuations.>” Nevertheless, vdW interactions
play a critical role in the modeling of molecular adsorption
phenomena on metal surfaces,?® affecting numerous studies in
computational materials science.” To overcome these limitations,
several vdW corrections have been proposed over the years, such
as Grimmes’s family D2,'® D3,"'> and D3(BJ),"® or corrections
based on the Tkatchenko-Scheffler formulations such as TS,**
TS+SCS,"® and TS+HI,'®"” or yet corrections based on the Becke-
Johnson XC hole formulation such as the dDsC correction.'®"°

For all listed vdW corrections, the total energy is obtained by
the sum of the total DFT energy (Eqo;') and the additive
contribution of the vdW energy (E¥nog), L€,

_ DFT dwW
Bt = Eor” + E‘énergy- (1)

All vdW corrections listed above take the form of

CciE
Egge\lygy = Z Z SnR+fd,n(RAB)7 (2)
AB n=638 AB

where R} is the distance between atoms A and B, f3, (Rap) is a
dumping function needed to avoid divergence caused by small
values of Rz C38 is a dispersion coefficient, and s, is a global
scaling factor that depends on the XC functional and the vdW
correction method. The main difference between the vdW correc-
tions considered in this work is in the terms C2% and fan (Rap)-
Grimme’s D2 approach,'® for example, is a semiempirical
method in which the dispersion coefficient is determined by
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the ionization potential and static polarizability of isolated
atoms (obtained with hybrid DFT-PBEO calculations). Despite
its simplicity, the D2 methodology works for a wide range of
scenarios;” however, this scheme has certain limitations
because the dispersion coefficient remains constant regardless
of the chemical environment.” In the case of D3, the chemical
environment is evaluated based on the atomic coordination
number. This can be accomplished by first determining the
dispersion coefficient between two atoms in distinct chemical
environments. Then, C3” is calculated by interpolating the pre-
calculated dispersion coefficients using a function that deter-
mines the number of neighbors.””'* To further improve the D3
scheme, this method can be combined with the Grimme et al.
damping function, yielding the D3(BJ) vdW correction."®

To compensate for environmental sensitivity, the TS meth-
odology uses effective atomic volumes,'* but it cannot take into
account screening effects. The TS+SCS correction attempts to
address this limitation by computing frequency-dependent
polarizabilities using the self-consistent screening equation.”
When electrostatic effects and dispersion interactions are com-
parable, the TS method also fails. To address this, the Hirshfeld
interactive scheme of the TS+HI approach could be used.'®"”
The dDsC methodology also accounts for chemical dependence
on the environment; however, this is accomplished using the
Becke-Johnson simplified XC dipole moment formalism."®"*%**

Despite the inclusion of chemical dependence on the
environment, there are still issues that methods beyond the
D2 scheme cannot solve.”™™"” Grimme’s D3 methodology is
based on the coordination number rather than the electronic
structure, which is a source of calculation errors.'? In addition
to the problems already mentioned, the selection of neutral
atoms is a major source of error in the TS approach.”'>™”
Furthermore, because all of these approaches are physical
models, they all have issues.' In the dDsC scheme, for exam-
ple, all the derivatives of density-dependent parameters are set
to zero, resulting in certain errors. Additional details on vdW
corrections are discussed in the ESI,T Section S2.

2.3 Adsorbed structure configurations

Several high-symmetry adsorption sites, including top, bridge,
hollow fcc, and hollow hcp sites, are present on the Cu(111)
surface, as depicted in Fig. 1. Thus, for all adsorbates, namely
CH;, CHy, CO, CO,, OH, and H,O0, we initially considered their
adsorption at each site approximately 2 A above the surface.
Different orientations were also investigated, e.g., for CH,, one
hydrogen atom was placed above the C atom, while the remain-
ing three hydrogen atoms were positioned at the bridge site for
the case of the top configuration, etc. All configurations were
relaxed without constraints for geometric relaxation.

3 Results and discussion

As mentioned above, the purpose of all vdW corrections is to
improve the DFT-PBE description; however, a number of nega-
tive and positive factors can influence their selection for a
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Fig. 1 Top view representation of the Cu(111) surface using a (3 x 3)
surface unit (dashed lines). The red spheres represent the most important
high-symmetry adsorption sites (top, bridge, hollow fcc, and hollow hcp).

particular application. In the following, we will summarize and
discuss the key findings based on various vdW corrections
implemented within VASP.

3.1 Bulk properties

The bulk properties are summarized in Table 1, while Fig. 2
depicts their relative changes with respect to the PBE results.
The effect of vdW corrections on the lattice constant, cohesion
energy, and mechanical properties is discussed below.

3.1.0.1 Equilibrium lattice constant. Compared with the
experimental measurement,* the equilibrium lattice constant
(ap) calculated using PBE is overestimated by 0.40%. As
expected, the addition of vdW corrections into the DFT-PBE
framework decreased the value of the equilibrium lattice. This
is consistent with the attractive nature of the vdW interactions,
which contributes to the shortening of the bond lengths in the
bulk structure. By adding the vdW correction, the agreement
with the experimental data worsens as the lattice constant
becomes underestimated by approximately 2.0%. The TS vdW
correction yielded the largest deviations from PBE (Fig. 2),
followed by Grimme’s corrections and the dDsC scheme. The
exception was PBE+TS+SCS, which was closer to PBE than the
other corrections.

3.1.0.2 Cohesion energy. Cohesion energy (E.n) is the
energy required to take atoms in their free form and join them
to form a crystal, expressed as:

_ pbulk free atom
Ecoh - Etot - Etot ) (3)

where EPUIK

free atom
Eor

is the total energy of the crystal structure and
is the free-atom total energy. Consistent with the
experimental data given in Young’s handbook,*® all calculated
values for E.,;, were negative, indicating that the formation of
the Cu crystal is an energetically favored process. The discre-
pancy between the PBE-determined and the experimental
values is 0.62%. The use of vdW corrections decreased the
value of E.p,, which is also consistent with the attractive nature
of vdW interactions. With the exception of PBE+TS+SCS, TS
vdW corrections produce the greatest variations from PBE,
followed by Grimme’s corrections and the dDsC scheme. The

This journal is © the Owner Societies 2022



Paper

PCCP

Table 1 Effect of the vdW corrections on the bulk properties of Cu in the fcc structure: equilibrium lattice constant (ap), cohesion energy (Econ), elastic
constants (Cyy, Cia, Ca4), bulk modulus (B), Young's modulus (E), and shear modulus (G)

DFT ao (A) Econ C11 (GPa) Ci, (GPa) Cus (GPa) B (GPa) E (GPa) G (GPa)
PBE 3.630 —3.502 168.74 125.10 73.20 139.65 140.32 52.65
PBE+D2 3.565 -3.920 180.88 136.28 83.62 151.15 156.83 59.09
PBE+D3 3.563 —4.013 203.82 141.43 87.21 162.23 171.57 64.81
PBE+D3(B]) 3.563 —4.094 200.98 147.56 93.35 165.37 176.37 66.69
PBE+TS 3.542 —4.115 206.31 156.26 101.42 172.94 187.04 70.86
PBE+TS+SCS 3.602 ~3.858 164.08 145.28 69.18 151.54 123.51 45.27
PBE+TS+HI 3.544 —4.102 209.18 158.46 103.64 175.37 190.75 72.33
PBE+dDsC 3.590 -3.828 190.00 141.18 84.50 157.45 160.81 60.46
Expt. 3.615%° —3.480%° 168.3%7 122.1%7 75.7% 142.06%* 130°® 47.9%°

Aag (%)

AEcoh (%)

AC; (%)

AMechanical
properties (%)

Fig. 2 Relative changes in the bulk Cu properties compared with the PBE
results: equilibrium lattice constant (Aag), cohesive energy (AE.op), elastic
constants (ACj), bulk modulus (AB), Young's modulus (AE), and shear
modulus (AG). The dashed lines indicate the PBE values, respectively.

variations from PBE, on the other hand, were greater than those
from a,, ranging from 9.31% for dDsC to 17.53% for PBE+TS.

3.1.0.3 Elastic constants. The discrepancy between the
PBE-calculated and the experimental values for the elastic
constants ranges from 2.40% to 3.41%. The use of the vdW
corrections enhanced the magnitude of the elastic constants,
with the exception of the TS+SCS scheme, where AC;; and AC,,

This journal is © the Owner Societies 2022

were negative. These observations are also consistent with the
attractive nature of the vdW interactions. Tkatchenko-Scheffler
corrections produced the greatest deviations from PBE, fol-
lowed by Grimme’s corrections and dDsC corrections, with
the exception of PBE+D2, which yielded a smaller value than
dDsC. Overall, the AC,, values were greater than those of ACy4
and ACj,. Furthermore, our findings are consistent with those
of Freire et al.*>

From the elastic constants, we can calculate other bulk
properties such as the bulk modulus (B), Young’s modulus
(E), and shear modulus (G), which can be calculated using Hill’s
equations,*®

B = (Cy11+ 2C1,)/3, (4)
G = (C11 — C12+ 3C44)/5, (5)
E = 9GB/(G+ 3B). (6)

The bulk modulus of a material reveals its resistance to
compression, while the Young’s modulus represents its stiff-
ness or resistance to elastic deformation under load, and the
shear modulus indicates the response of the material to shear
stress. The variation of the data calculated using PBE with
respect to the experimental reference ranges from —9.02% to
1.73%. When vdW corrections were used, all mechanical prop-
erties increased in magnitude. This is also a consequence of the
attractive character of vdW interactions, which affects the
shape of the potential energy surface near the equilibrium.
The vdW corrections increase the interaction between atoms in
the crystal, making the material more difficult to deform. The
only exception to this observation is that the TS+SCS method
decreased the Young’s modulus and shear modulus. For the
variations in relation to PBE, the trend established for C,4, C;,,
and C,, was observed again. Furthermore, the values of AB were
lower than the values of AE and AG.

3.2 Clean surface properties

The properties for the clean Cu(111) surface are summarized in
Table 2, while their relative change compared to the value
obtained with PBE are depicted in Fig. 3.

3.2.0.1 Surface energy. The surface energy is the energy
required to separate an infinite crystal into two semi-infinite
crystals, calculated as,”®**

7 = (B® — NiEGY)/24, )
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Table 2 Effect of the vdW corrections on the properties of the clean Cu(111) surface: surface energy (y), work function (@), interlayer spacing relaxations

(Adj), and d-band center (sid)

DFT 7 (J m?) @ (eV) Ady, (%) Ady; (%) Ads4 (%) ey (eV) &3 (eV) &3 (eV)
PBE 1.298 4.805 —0.901 —0.293 0.076 —2.463 —2.768 —2.760
PBE+D2 1.997 4.843 0.442 —0.192 —0.136 ~2.563 ~2.905 -2.918
PBE+D3 2.225 4.854 1.003 —0.083 —0.248 —2.556 —2.900 —2.922
PBE+D3(B]) 2.231 4.849 0.667 —0.092 —0.197 —2.563 —2.906 -2.923
PBE+TS 2.559 4.857 1.579 —0.006 —0.288 —2.589 —2.944 —-2.976
PBE+TS+SCS 0.892 4.806 —-1.155 —2.267 —2.396 —2.502 —2.846 —2.891
PBE+TS+HI 2.526 4.862 1.478 —0.007 —0.266 —2.587 —2.940 —2.970
PBE+dDsC 1.817 4.815 —0.038 —0.046 —0.051 —2.527 —2.850 —2.852
Expt. 1.825% 4.98" — — — — — —

120 g T —T v L — T

Ay (%)

AD (%)

84'0'I'I'I'I
< 420
b:b
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8
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Fig. 3 Relative changes in the surface Cu(111) properties compared to the
PBE results: surface energy (Ay), work function (A®), interlayer spacing
relaxations (AAd;), and d-band center (Ach). The dashed lines indicate the
PBE results, respectively.

where A is the cross-sectional area of the slab using a (1 x 1)
unit cell. N is the number of layers in the slab, ES2 is the total
energy of the slab, and ERY i the total energy of the bulk
unit cell.

In line with previous studies, we found that PBE under-
estimates the surface energy by 28.85% when compared to

experimental results given by Boer et al®® Accurate

20,44
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measurements of surface energies are often indirect and sub-
ject to many systematic errors,”> such as the presence of
impurities and the difficulty in distinguishing between differ-
ent surface terminations. Except for the PBE+TS+SCS scheme,
the use of the selected vdW corrections led to an increase in the
surface energy. The rise in y is related with the increased value
of the cohesion energy in the bulk phase produced by the
addition of the vdW corrections, which makes it more difficult
to break the crystal cohesion and form a surface. As the surface
energy decreases, surface stability increases; therefore, the use
of vdW dispersion forces destabilizes the formation of the
Cu(111) surface. With the exception of PBE+TS+SCS, the TS
schemes had the greatest deviations compared to the PBE
results, followed by Grimme’s corrections and dDsC correction.
The range of Ay values is between —31.34% for PBE+TS+SCS
and 97.10% for PBE+TS.

3.2.0.2 Work function. The work function () is the energy
necessary to remove an electron from the surface of the solid to
a distant point in the vacuum region, expressed as,*®

b = Ves (rvac) - EFermiy

(8)

where Ve (ryac) is the electrostatic potential in the middle of the
vacuum region of the slab unit cell and Egerm; is the Fermi
energy. Using PBE, we obtained a work function of 4.805 eV,
which is in good agreement with the experimental value of
4.98 eV determined by Michaelson.** As shown in Table 2, the
addition of the vdW correction results in a slight increase in the
work function, but the variation is less than 1.20% compared
with the PBE value. Thus, the contribution of vdW dispersion
forces is minimal, as the work function is predominantly
influenced by the chemical species present in the substrate
and the electrostatic potential far from the surface.'*>441%:47

3.2.0.3 Interlayer spacing relaxations. Surface atoms have
smaller coordination number than bulk atoms, and hence, the
distance between the atomic layers on the surface differs from
the bulk values.""*® The interlayer spacing relaxations (Ady)
can be determined by the following equation,

Ady; = 100(dy; — do)/do, 9)

where dj; is the vertical interlayer spacing distance between
layers i and j, and d, indicates the vertical interlayer spacing
distance between layers in the bulk phase. As observed in
previous studies,** PBE yields tiny contractions for the two
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topmost interlayer spacings. Only the TS+SCS and dDsC vdW
corrections yielded contractions for the interlayer spacing; how-
ever, TSt+SCS resulted in roughly identical contractions for all
layers, i.e., it does not exhibit the expected oscillatory decrease in
the magnitude of the changes. Therefore, it results in a qualita-
tively incorrect behavior for interlayer relaxations. In contrast, the
remaining vdW corrections result in an increase in the interlayer
spacing of the uppermost layer, which can be explained as a
consequence of the contraction of the lattice parameter. That is, a
lateral strain in the slab implied an expansion toward the vacuum
region. Except for TS+SCS, the remaining vdW corrections
resulted in tiny contractions for the second interlayer spacing.
3.2.0.4 d-band center. The d-band center is an important
concept in adsorption studies and has been widely used to
understand activity trends in metal surface-catalyzed
reactions,*® where a shift toward the Fermi level implies lower
substrate stability and stronger adsorption.****° A shift in the
center of the d-band can lead to the filling of antibonding
orbitals in the adsorbed molecules, resulting in dissociative
adsorption; however, in this study only molecular adsorption
was observed. PBE results for the outermost layers are closer to
the Fermi level than those for the innermost layers. The use of
vdW corrections induces a shift in the d-band center away from
the Fermi level, which can be attributed to the extra compres-
sive strain added to the structure by the vdW dispersion
forces.”””'> As a result, the stability of the substrate
decreased, which is consistent with the surface energy data
calculated in this work. Furthermore, the values obtained with
TS corrections differed significantly from the PBE value, fol-
lowed by Grimme’s corrections and dDsC, with the exception of
PBE+TS+SCS: Aej® > Aedmmmes > AgdPsC > AHBETS™SCS,

3.3 Adsorption properties

Based on the results obtained for the bulk structure and clean
surface, we selected only two vdW corrections (PBE+D3 and
PBE+dDsC) for the study of the adsorption properties on the
Cu(111) surface. Six distinct adsorbates (CH3, CH,, CO, CO,, OH
and H,0) were considered to investigate the impact of vdwW
corrections on the adsorption properties. Table 3 and Table 4
summarize these effects for the most stable adsorption sites.
Several corrections yielded similar results, which are detailed in
the ESLt

3.3.0.1 Adsorption energy. The adsorption energy (E.q)
quantifies the strength of the adsorbate-substrate interaction,
which is defined by the following equation,

1
Eu =5 (B = 280 — B3, (10)

2 tot tot
where EMOV/SWP gMOl and ESS are the total energy of the
molecule-substrate, gas-phase molecule, and clean substrate

1
systems, respectively. The terms 3 and 2 are needed when

placing adsorbates on both sides of the slab. The stronger
the adsorbate-substrate interaction, the smaller E,q. The fol-
lowing  trend discovered  in  this

CHy CO, H,0 CO CHj OH  indicati
Eg*>E ?>E{ >EP>Ey " >EQ, indicating that

was work:
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the adsorbed radicals had the strongest interaction with the
Cu(111) surface, followed by polar and non-polar molecules.

The adsorption energy is closer to zero for systems with
adsorbates CO,, CH,, and H,O indicating that these systems
are weakly bonded. This is consistent with previous research in
the literature.”® In the case of CO, all simulations suggest that
the hollow fcc site is somewhat more stable than the hollow hep
and bridge sites, which is also consistent with earlier research.>
For OH, the bridge and hollow fcc sites are the most stable with
PBE; however, when vdW corrections are taken into account,
the hollow fcc site becomes the most stable adsorption site,
closely followed by the hollow hep site. Other studies in the
literature indicate that the hollow fcc site is the most stable for
OH adsorption.”> Finally, in the case of CH; PBE cannot
distinguish between the three most stable sites: bridge, hollow
fce, and hollow hcp. When PBE+D3 is used, the most stable
adsorption sites are hollow fcc and hollow hcp, but when
PBE+dDsC is used, the most stable adsorption site is hollow
hep. In this case, the literature indicates that the hollow hcp is
the most stable site.” There are no significant changes between
the top and top* configurations, except for OH.

Our findings indicate that site preference for adsorption
varies with the vdW dispersion corrections. In fact, the geome-
try of the chemical system can affect the dispersion corrections
in different ways. For example, the coordination number is the
main geometric factor that affects the dispersion energy in the
D3 framework,”'? while in the dDsC scheme, the chemical
environment is considered through the dipole moment gener-
ated by the XC hole around each atom.>* As noted above, the
specific atomic arrangement can lead to differences in the most
stable sites for adsorption. Here, despite the effect of vdW
corrections on site preference for adsorption, the same order of
adsorption energy was observed for all adsorbed species:
EFBE » pPBEHDSC o pPBEADS \poreogver, the use of vdW correc-
tions decreased the value of E,4, which is also consistent with
the attractive nature of the dispersion forces of vdw.

3.3.0.2 Vertical adsorbate-substrate distance. The vertical
distance between the adsorbate and the copper surface (dyor-cu)
is directly proportional to the adsorption energy, e.g., non-polar
molecules are weakly bound to the substrate at greater
distances from the substrate, whereas strongly bound
adsorbates, such as radicals, are observed at shorter
distances. The use of the vdW corrections has no effect on
the adsorption systems of CO, OH, and CHj;. However, for
weakly bound systems, the use of the vdW corrections
decreases the value of dyo.cy. The greatest discrepancy was
observed in the results for CH, and H,O. When PBE and
PBE+dDsC are used for CH,, the variation in dy.cu between
sites is less than 0.05 A; however, when using PBE+D3, dyol-cu
at the hollow fcc site is at least 1.65 A greater than dyor.cy for
the other sites. For H,O in the absence of vdW corrections, the
molecule at the top site is closer to the surface than at the
hollow fcc site; however, after applying the vdW corrections,
there is almost no difference between the sites.

3.3.0.3 Average bond length and average angle. We calcu-
lated the variation in bond lengths (Ady,) and angles (Aa) for
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Table 3 Adsorption properties for the most stable sites using PBE, PBE+D3 and PBE+dDsC: vertical adsorbate—substrate distance (duol-cu), average
bond length (dp), average bond angle («), variation in the average bond length (Ad,) and variation in the average bond angle (Aa) in relation to the gas-

phase molecules, and adsorption energy (E,q)

Adsorbate DFT Site dyolcu (A) dy (A) Ady, (%) « (%) Aa (%) Eaq (€V)
CH; PBE Hollow fcc 1.769 1.108 1.85 105.8 —11.82 —-1.527
PBE+D3 Hollow fcc 1.742 1.106 1.74 106.2 —11.52 —1.917
PBE+dDsC Hollow hcp 1.746 1.107 1.79 106.1 —11.59 —1.708
CH, PBE Top* 3.389 1.097 —0.01 109.5 0.00 0.005
PBE+D3 Bridge 3.079 1.098 0.08 109.5 0.00 —0.276
PBE+dDsC Hollow hcp 3.137 1.098 0.06 109.5 0.00 —0.163
CO PBE Hollow fcc 1.482 1.178 3.47 — — —0.935
PBE+D3 Hollow fcc 1.492 1.177 3.38 — — —1.115
PBE+dDsC Hollow fcc 1.475 1.177 2.86 — — —1.056
CO, PBE Top 3.546 1.173 0.03 179.9 —0.06 —0.009
PBE+D3 Bridge 3.198 1.173 0.06 179.8 —0.13 —0.229
PBE+dDsC Hollow hcp 3.305 1.173 .03 179.8 —-0.10 —0.161
OH PBE Hollow fcc 1.364 0.972 —1.31 — — —3.089
PBE+D3 Hollow fcc 1.399 0.972 —1.41 — — —3.185
PBE+dDsC Hollow fcc 1.381 0.972 —-1.39 — — —3.125
H,0 PBE Top 2.399 0.978 0.72 104.3 0.21 —0.185
PBE+D3 Top 2.364 0.979 0.81 104.3 0.15 —0.427
PBE+dDsC Top* 2.319 0.977 0.65 104.7 0.54 —0.328
Table 4 Adsorption properties for the hollow fcc site using PBE, PBE+D3 ~ corrections did not significantly affect the variation in the

and PBE+dDsC: change in work function (A® in eV), and change in the
Bader charge of the adsorbate (AQuq, in €) and the substrate (AQsyp in €)

PBE PBE+D3 PBE+dDsC
System A®  AQmol AQsub AP AQmol AQsub AP AQmol AQsub
CHj; —0.57 —0.34 0.34 —0.62 —0.33 0.33 —0.46 —0.30 0.30
CH, —0.19 —-0.03 0.03 —-0.24 —0.03 0.03 —0.24 —0.03 0.03
CO 0.31 —0.36 0.36 0.30 —0.35 0.35 0.33 —0.35 0.35
CO, —0.08 —0.04 0.04 —-0.15 —0.05 0.05 —0.12 —0.05 0.05
OH —-0.76 —0.59 0.59 —-0.79 —0.58 0.58 —0.76 —0.58 0.58
H,0 —0.02 —0.02 0.02 —-0.43 0.00 0.00 —0.51 0.00 0.00

each molecule after adsorption. Except for CH3, which changed
from trigonal planar to trigonal pyramidal, all molecules main-
tained their gas-phase geometry. The bond length was not
affected by the vdW corrections, all deviations compared to
PBE remained smaller than 3.50%. The same holds for bond
angles in which the variation in relation to PBE was smaller
than 0.60%.

3.3.0.4 Work function and Bader charge. All results shown
in Table 4 were obtained at the hollow fcc site. The hollow fcc
site was chosen because it is the most stable for the adsorption
of CO, OH, and CH; on the Cu(111) surface, with the exception
of when PBE+dDsC is used for the adsorption of CH;. The
change in the work function was calculated as,

AD = @Mol/Sub _ (pSub, (11)

@MoV/sub are the work functions of the adsorbed

where and ¢5"P
system and the clean surface, respectively. Except for CO, all
values for A® were negative. To better understand the change
in the work function, the variation in the effective Bader charge
was calculated for the adsorbed molecule (AQ,,.) and for the
substrate (AQsyp) in relation to its isolated configurations.>> >’
These results indicate that there is an effective transfer of
charge from the substrate to adsorbates, which supports the

negative values of the change in the work function. The vdW

20300 | Phys. Chem. Chem. Phys., 2022, 24, 20294-20302

Bader charge.

4 Conclusions

In this work, the effects of several vdW corrections (D2, D3,
D3(BJ), TS, TS+SCS, TS+HI, and dDsC) on the adsorption
properties of CH;, CH, CO, CO,, OH and H,O on the
Cu(111) surface were examined. For the Cu fcc bulk, our results
demonstrate that the attractive nature of the vdW interaction
reduced the lattice constant and increased the mechanical
properties of the material, including elastic constants, and
bulk, Young’s and shear modulus. The C;; and C,, elastic
constants, on the other hand, decreased when PBE+TS+SCS
was used in the calculation. Furthermore, the magnitude of the
cohesion energy increases when the vdW corrections were
employed, which is also due to the attractive nature of the
vdW corrections. The surface energy of Cu(111) increased as a
result of the enhancement of the cohesion energy, except for
the TS+SCS correction. We also observed a slight shift away
from the Fermi level in the d-band center induced by the
inclusion of vdW corrections. Regarding interlayer spacing
relaxations of the Cu(111) surface, we found that the use of
vdW corrections decreases its magnitude, except for TS+SCS,
which increased Ad,, and Ad,;. In fact, TS+SCS yielded unphy-
sical interlayer relaxations for deep layers within the slab. The
contribution of vdW correction to the work function is negli-
gible, as @ is mainly affected by adsorbed chemical species.
Based on the performance of the vdW corrections for the
bulk and surfaces, we selected only two vdW corrections
(PBE+D3 and PBE+dDsC) for the study of adsorption on the
Cu(111) surface. For all adsorbed systems, the adsorption
energy and the adsorbate-substrate distance decreased with
the inclusion of vdW corrections in the calculation. Our find-
ings also indicate that the atomic arrangement of the chemical
system can lead to differences in site preference for adsorption

This journal is © the Owner Societies 2022
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when different vdW corrections are compared. The strength of
the adsorbate-substrate interaction was also reflected in the
vertical distance between the adsorbate and substrate. Because
CH; and OH interact more strongly with the surface, dyorcu
was smaller in these systems than for polar and non-polar
molecules. The bond lengths and angles remained relatively
unchanged upon adsorption, with the exception of CH;. From
the effective Bader charge analysis, all adsorbed systems had
positive charge variations in the substrate (AQg,p), indicating
an effective charge transfer from the substrate to the adsorbate.
This finding is in line with the negative values observed in the
work function change. With the exception of CO, all A® values
were negative. Furthermore, the use of vdW corrections had a
negligible effect on A®, AQu01, and AQgyp.
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