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Abstract

The experimental research programs of 1950s, to understand the adsorption
of CO on W surfaces, changed to ab initio studies in 2000s. The goals were to
seek improved practical applications. Most of the studies were based on den-
sity functional theory. Many studies also used programs, such as VASP
(Vienna Abinitio simulation package) and CPMD. The computational pro-
cedures used plane wave approximations. This needed studies with selection
of K points and cutoff energy selection to assure convergence in energy cal-
culations. Observations and analysis of papers published from 2006 to 2022
indicate that the cutoff energies were selected arbitrarily without any needed
convergence studies. By selecting a published 2006 paper, this paper has
clearly showed that an arbitrary selection of cutoff energy, such as 460 eV, is
not in the range of, cutoff energies that assure convergence of energy calcula-
tions, with ab initio methods and have indicated correction procedures.
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1. Introduction

There are many published works on the ab initio studies of adsorption of CO on
W(111) and Pt(111), starting with the work if Chen, Scholl and Johnson [1] in
2006 to publications in 2022 by Goonusooria [2] and J. C Tung et a/ [3]. I have
studied all these papers and noted discussions concerning inconsistency of ab
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initio methods. I also have found one common issue in all these papers. In each
of these papers, the cutoff energy has been arbitrarily selected to be approx-
imately to be 460 eV, without any reference to any related convergence studies.
Thus, I have selected the reference [1] by Chen et al. to illustrate the importance
of convergence studies in selecting the cutoff energies as applied to Abinitio stu-
dies. This paper [1] is selected because the input variables are also clearly ex-

plained.

2. The Problem of Adsorption of CO on W(111)

Studies on the adsorption and chemisorption of CO on W started as research in
experimental studies during late 1950s. Now, returning to the works of Chen,
Scholl and Johnson, the objectives the paper are to focus on the mechanisms of
adsorption of CO on W(111) by using density functional theory , that is based ab
initio studies of the binding energy. Specifically they use VASP which is also
known as Vienna Ab Initio Simulation Package. The publications in this area
CO adsorption on W surfaces were relatively few. In a publication of 1999, Ryu
et al. [4] present a study that uses molecular orbital theory, by using three layers.
For a bcc metal three layers represent the minimum number of layers for
W(111) surface studies. In 2006, Chen, Scholl and Johnson [1] present a density
functional theory-based study of adsorption and disassociation of CO on W(111).
In their studies, they calculate binding energies, vibrational frequencies and diffu-
sion/disassociation pathways of CO on W. Specifically, they consider both clean
and carbon-preadsorbed W(111) surfaces. They use Vienna ab initio simulation
(VASP) package to perform the density functional theory-based calculations. They
use revised Perdue-Burke-Ernzerhof (rPBE) exchange-correlation functional.
Reasons for selecting rPBE, instead of PW91 are because of published results con-
cerning prediction of binding energies that are compatible with experimental ob-
servations [1]. For electron-ion interactions, they use projector augmented wave
(PAW) pseudo potentials. They also use a smearing technique, with a smearing
width of 0.1 electron volts to minimize the errors in Hellmann-Feynman forces,
due to electron free energy. The sampling of Brillouin zone is with 13 irreducible
k-points (5 x 5 x 1) of Monkherst-Pack scheme. They also consider 6 to 11 lay-
ers of W-slab. Their calculations suggest that a consideration of 6 layers yield
sufficient accuracy. However they do not perform any convergence studies with
varying cutoff energies but they select 460 eV arbitrarily.

Calculations of binding energies (E;) by Chen et al. [1] use the following defi-
nition.

Eb = Ea + Eslab -E

alslab

By definition, a positive value of £, corresponds to a stable adsorption Ey s

All calculations are at the ground state or zero degrees Kelvin. In addition to
the calculation of the binding energy, Chen, Scholl and Johnson also calculate
vibrational frequencies by diagonalizing the Hessian matrix of selected atoms.

The calculation of Hessian matrix also uses the VASP techniques. Their calcula-
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tion of diffusion and disassociation pathways is by the use of nudged elastic
band method.

Following the work of Chen, Scholl and Johnson, Scheijen et al [5] Nie-
mantsverdriet and Curulla-Ferre report a DFT-based study of the adsorption,
Desorption and disassociation of CO on W(100) surface. Calculations in this
paper follow the procedures of Chen, Scholl and Johnson for binding energies
and vibrational frequencies. In the paper they also refer to an earlier theoretical
work on adsorption of CO on W(100) by Lee et al, [5] which uses extended mo-
lecular orbital by Huckel. The DFT-based theory for the adsorption of CO on W
is still restricted to two papers.

In 2008, Yang et al [6] report on experimental studies of the adsorption beha-
vior of CO on W(110) [6] at elevated temperatures by using synchrotron radia-
tion. Both the technique and observations at elevated temperatures pose new
questions than answers, suggesting that additional ab initio studies are necessary
to understand the mechanisms of adsorption, desorption and disassociation of
COonW.

3. Background of Binding Energy of Adsorption, and Cutoff
Energy Convergence Study

The chemical reaction of CO with hydrogen is of interest in producing synthetic
fuels [7] [8] [9]. The chemical reaction of interest involves the following types of

chemical reactions.

(2n+1)H, +nCO=C,H,,, +nH,0

The resulting hydrocarbons are alkanes. All hydrocarbons other than n = 1 are
of interest in producing synthetic fuels. The chemical mechanisms require conver-
sion of CO to C-O bonds via possible initial formation of surface bound metal
carbonyls. Thus, catalysts, such as cobalt, iron and ruthenium are necessary to
complete the required chemical reaction through disassociation of CO, at temper-
atures varying between 150 to 300 degrees Celsius. Other catalyst, such as Nickel
usually favors an undesirable product, such as methane (2 = 1). During the past
few years other catalysts, including tungsten, are subjects of investigation.

The original process is the result of studies by Franz Fischer and Hans
Tropsch [8] during 1920s. Historically, the process benefits coal-rich geographi-
cal areas.

For example, Germany is the beneficiary of the process in producing fuel for
trucks in 1930s. Other beneficiaries include South Africa. More recent explora-
tion of the process is by U. S. Air force. Thus, the subject of adsorption is im-
portant.

There are many reported studies on the subject of the adsorption of CO on W
since the 1960s. More specifically, CO adsorption on transition metal surfaces
has been subject of significant interest from the point of view of understanding
catalysis. Of special interest in studies related to W and CO is because of the

opinion of many researchers that W is the borderline of disassociative adsorp-
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tion as we move from left to right of the periodic table, of transition metals.
There are significant amount of discussion concerning the disassociation and
non disassociation of CO on W as a function of it’s or different b states. Kim,
Boo and Lee discuss this subject in 2009. Their discussions point in the direction
of disassociative adsorption. In their paper, which is experimental in nature, they
also display binding energies as a function of the temperature.

Calculations of binding energies (£) by Chen et al use the following defini-

tion.

Eb = Ea + Eslab -E

alslab

In this equation, £, is the energy of the isolated molecule of CO. The term Ey.s
is energy of the W(111) slab and the term Ej s is the energy of the slab with ad-
sorbed CO. With this definition, a positive value of E;, corresponds to a stable
adsorption. All calculations are at the ground state or zero degrees Kelvin in ad-
dition to the calculation of the binding energy.

Chen, Scholl and Johnson also calculate vibrational frequencies by diagona-
lizing the Hessian matrix of selected atoms. The calculation of Hessian matrix
also uses the VASP techniques. Their calculation of diffusion and disassociation
pathways is by the use of nudged elastic band method.

Following the work of Chen, Scholl and Johnson, Scheijen, Niemantsverdriet
and Curulla-Ferre [8] report a DFT-based study of the adsorption, Desorption
and disassociation of CO on W(100) surface. Calculations in this paper follow
the procedures of Chen, Scholl and Johnson for binding energies and vibrational
frequencies. In the paper they also refer to an earlier theoretical work on adsorp-
tion of CO on W(100) by Lee et al, which uses extended molecular orbital by
Huckel. The DFT-based theory for the adsorption of CO on W is still restricted

to two papers.

4. The Issue of Convergence and Cutoff Energy Selection

To illustrate the point, we selected the adsorption CO on W(111) surface. In this
paper, the adsorption of CO In the first part, the needed convergence studies are
presented to select the cut-off energy and the K-points, (K point convergence’s
been discussed in [1]). The calculations are based on plane wave based density
functional theory calculations. The specific numerical procedure is based on
VASP and CPMD. Following the convergence studies, the next item of discus-
sion is the accuracy of the presented binding energy. The binding energy calcu-
lation follows the standard procedure.

Density functional theory by Hohenberg and Kohn is the foundation for
energy calculations in this paper. Specifically, the Kohn-Sham (KS) approach
forms the basis for numerical calculations. The KS approach modifies the Ha-
tree-Fock (HF) approach, to benefit from the single electron wave function ap-
proach of HF and leads to the following calculation of the ground state energy.

In addition, the calculations use plane waves as the basis functions, for use with
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metallic catalyst W and associated periodic boundary conditions. Because it is
necessary to use finite number of plane waves in any practical calculation of
energies, it is necessary to ensure that the selection of a finite number of plane
waves. (For the corresponding k-point grid in the reciprocal space) and the as-
sociated cut-off energy leads to a satisfactory convergence of the calculated
energies by the KS approach. Such convergence studies are especially impor-
tant. Thus, first series of our calculation is to select the cut-off energy and the
k-point grid. In the calculations, the exchange-correlation functional is the re-
vised Perdue-Burke Ernzerhof functional. The k-point grid is 5 x 5 x 1 of
Monkherst-Pack Scheme. Further finer grid does not improve the accuracy.
Following Chen et al, we select 8 layers. In the calculations by Chen et al, The
CO is on the top of W(111) surface, with use of (1 x 1) rhomboidal cell as the
primitive cell.

In all the present calculations, in this paper, the unit cell is rectangular 2 x
V3 unit cell (or 2 x 2 for convenience in presentation). There are 4 W atoms
per layer, in comparison to one W atom of the paper by Chen et al Then, we
proceed to discuss the convergence studies as a function of the cut-off energy.
Without any strain, Figure 1 illustrates the variation of binding energy with the
cut-off energy.

Some details of the calculations are as follows. A first step is the geometry op-
timization.

Figure 2 illustrates the BCC sections that were used in the convergence stu-

dies.

Clean W(111)- relaxed Isolated CO CO and W: “On-Top” adsorption

a a/slab

Figure 1. Geometry optimization.

bee (100) bee (111) bee (110)

[100] [111]

1 t
001] B
% %[ml

Figure 2. Three different surfaces of Tungsten (BCC).
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E . [Ryl| E,;[AU]
30| -214.859954
40| -214.884989
50| -214 885893
60| -214.886345
70| -214.886464
80| -214.886736
90| -214.887082

100| -214.887242
110| -214.887156
120| -214.886798

Figure 3 illustrates the comprehensive results of the calculated energies as a
function of selected cutoff energies. The different methods that were used are
also indicated in the figure.

In Figure 3, 8 means 800 eV. Also In the paper by Chen et al, the cut-off
energy is only 400 eV (or approximately 29.4 Ry), which is not in the range of
convergence. Yet, the resulting binding energy calculations are within 5%. Fig-
ure 3 clearly indicates that, for convergence of the binding energy, at least 700
eV or 50 Ry is necessary. The figure illustrates a summary of convergence of
VASP/CPMD energy convergence, with increase in the selection of cutoff ener-
gy, Before the calculations were done for Figure 3, it was necessary to study
convergence on W surfaces, convergence if CO alone, convergence of combined
W and CO and the location of adsorption sites on W. Some details of the calcu-

lation are illustrated in Figures 4-7.

¢ VASP,2x2
W +C ® Chen 2006, pnimitive|
u —&—CPMD, 2 x 2

1.6 —0—CPMD. 1 x2

x CPMD, 2 x 2 cell
1.5 e CPMD, 2 x 2 cell
1.4

&
1.3
1.2
1.1 -
1.0
0.9
2 4 6 8 10 12 14
Cutoff Energy

Figure 3. Calculated energy for selected cutoff energy.

W(111)
214.855 - le-6
2214.860 \
2214.865
é 214.870 \\
& 214.875
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-214.880 \\

-214.885 —— e, .
-214.890 T T r : !
20 40 60 80 100 120
Cutoff [Ry]
Figure 4. Energy convergence of W(111) with Cutoff energy selection.
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E.yr [Ry]| Egor [A.U.] | bond-length CO
30| -20.988396| 1.215224 le-7
40| -21.325701] 1.154511 -20.9 1
50| -21.506361] 1.140757 21.0 <
60| -21.600847| 1.141831 \
70| 21.646731]  1.138271 -21.1 \
80| -21.666691]  1.136239 212
90| -21.674822] 1.135798 T 13 \
100| -21.677581] 1.135590 = : \
110| -21.678292 1.135265 m&’ 214
120] -21.678414]  1.135335 215
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Figure 5. Energy convergence of CO with cutoff energy selection.
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Figure 6. W(100) adsorption sites studies.

ot
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Figure 7. Adsorption site studies with CO and W surfaces.

1-fold (on top) 2-fold (bridge)

5. Conclusion

This paper discusses the issue of selection of the cut-off energy when we use
program packages, such as VASP or CPMD, that uses plane wave expansion. It is
important that we check if the selected cut-off energy leads to converging energy
solutions or we need to change the selection kf the cut-off energy. In the selected
paper, the selected cut-off energy was approximately 400 eV while the needed
cut-off energy is at least 700 eV for converging energy solution. The same con-
clusion applies to all other papers, in the period from 2006 to 2022 where cut-off

energy was selected without investigating for convergence.
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