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Abstract

First principles calculations play a key role in understanding the interactions of
molecules with transition metal surfaces and the energy profiles for catalytic reactions.
However, many of the commonly used density functionals are not able to correctly
predict the surface energy as well as the adsorption site preference for a key molecule
such as CO, and it is not clear to what extent this shortcoming influences the prediction
of reaction or diffusion pathways. Here, we report calculations of carbon monoxide
diffusion on the Cu(001) surface along the [100] and [110] pathways, as well as the
surface energy of Cu(001), and CO adsorption energy and compare the performance of

the PBE, PBE+D2, PBE+D3, RPBE, BEEF-vdW, HSE06 density functionals and the



Random Phase Approximation (RPA), a post Hartree-Fock method based on many-
body perturbation theory. We critically evaluate the performance of these methods and
find that RPA appears to be the only method giving correct site preference, overall
barrier, adsorption enthalpy and surface energy. For all the other methods, at least
one of these properties is not correctly captured. These results imply that many DFT
based methods lead to qualitative and quantitative errors in describing CO interaction
with transition metal surfaces, which significantly impacts the description of diffusion
pathways. It is well conceivable that similar effects exist when surface reactions of
CO related species are considered. We expect that the methodology presented here
will be used to get more detailed insights into reaction pathways for CO conversion on
transition metal surfaces in general and Cu in particular, which will allow us to better

understand the catalytic and electrocatalytic reactions involving CO related species.

Introduction

Transition metal catalysts are among the prime candidates in the conversion of CO to various

hydrocarbons, either through thermal catalysis in the conversion of synthesis gas!™ and

6 7

the water-gas shift reaction,®% or electrocatalysis in the CO and CO, reduction reaction.
In these processes, multiple reactions take place simultaneously on the surface and only
a detailed understanding of this reaction network allows to identify predominant reaction
pathways, reaction rate, and product selectivity. In this context, first principles modeling®?
plays a key role, since it is a method that can assign reaction energies and barriers to all

possible reaction steps. When combining this information with microkinetic modeling1%-!*

or
kinetic Monte Carlo simulations, '? it is then possible to predict reaction rates and selectivities
for a specific catalytic system.

Density Functional Theory (DFT)'¥14 in its Generalized Gradient Approximation!® has

become the most commonly used method to model surface reactions, due to a reasonable

accuracy paired with a high computational efficiency. However, it is reported that many



DFT-based methods fail in capturing the correct adsorption site preference of CO on sev-

eral metal surfaces, 6719

which is often referred to as the CO-adsorption puzzle. While the
incorrect prediction of the relative stability of CO adsorption to different high-symmetry
surface sites is already concerning in its own right, it also poses the question, to what degree
other aspects of CO interactions with metal surfaces, such as surface reactions or molecular
diffusion, are influenced by this shortcoming.

A good example for these problems is the interactions of CO with Cu surfaces. CO
interactions with Cu surfaces are of particular interest, since Cu is the main component
of the industrial catalyst for methanol synthesis from synthesis gas'* and the water-gas
shift reaction,®% and plays a key role for the electroreduction of CO, into C;20722 or Cy232
products. A main controversy for Cu is the diffusion of CO on the Cu(001) surface. At an

25 report a minimum diffusion pathway from the

experimental level, Graham and Toennies
top over the bridge site, while Alexandrowicz et al.?¢ identify the diffusion over the fourfold
coordinated hollow site as energetically more favorable. Subsequently, this dispute has drawn
significant interest from the theory community, who have arrived at different conclusions
considering the shape of the potential energy surface for CO diffusion, a debate that has
not been settled so far. However, the computational efforts were made based on GGA DFT

energetics?™ %

and suffer from the wrong prediction of CO adsorption site preference.
One way to resolve this dispute is to move to post-Hartree-Fock methods.?" In particular
the Random Phase approximation (RPA),?3? a post-HF method that is based on many-

33,34 is a promising approach to address surface catalysis problems,

body perturbation theory,
since an implementation for plane waves in periodic boundary conditions exists.3%3¢ On top
of that, RPA is the only method that correctly predicts the surface energy of Cu(111) and
adsorption of CO in the top position on Cu(111) and multiple other late transition metal
surfaces. 3’

In this contribution, we use RPA to study the Cu(001) surface energy as well as the

adsorption and diffusion of CO on the Cu(001) surface. In a first step, we discuss the



challenges for RPA calculations on transition metal surfaces and propose a k-space embed-
ding scheme to reduce computational cost. Subsequently, we apply this methodology to the
diffusion of CO along the [110] and [100] directions of the Cu(001) surface. We compare
the RPA results with different DFT exchange correlation functionals including the Perdew-
Burke-Ernzerhof (PBE) functional,® the PBE functional with D23 or D34 correction, the
RPBE functional,*! the Bayesian error estimation functionals (BEEF-vdW),? the strongly
constrained and appropriately normed (SCAN) functional,® and Heyd-Scuseria-Ernzerhof
(HSE06) functional.?* All these results are then compared with experimental measurements

in the literature.

Methods

Theory

In this contribution, we calculate total energies using the Adiabatic Connection Fluctua-
tion Dissipation Theorem (ACFDT)?**3% in its RPA, a method originating from many-body
perturbation theory that has been reformulated within the framework of density functional

theory. The total energy expression within RPA can be written as35-36

ERPA = BEXX((60.0]) + EFPA([boce, Buoce) (1)

where EFP4 denotes the RPA total energy. This energy is composed of EFXX the exact
exchange energy, which only depends on the occupied orbitals ¢,.., and the RPA correlation
energy B4 which depends on all occupied and unoccupied orbitals Goce, Puoce- *>4

The focus on occupied and unoccupied orbitals leads to two challenges: First, the true
orbitals are unknown, and they are typically approximated by orbitals obtained from semi-

local DFT functionals.3>47 5% Second, in principle an infinite number of unoccupied orbitals

exists, and all orbitals need to be considered to arrive at an accurate E*F4. However, evalu-



ating expressions for an infinite number of orbitals is not possible in a realistic computational

RPA
Ec

setting. In practical implementations, is evaluated at different orbital cut off energies

EX,, and is extrapolated to an infinite orbital cut-off energy using
RPA( X RPA A
Ec (Ecut) - Ec (OO) + 3 (2)
EX.?

cut

Even though EFFP4 is extrapolated to infinite orbital cut-off energy, extrapolations based
on higher EY, values improve the accuracy. At the same time, a higher EX, significantly
increases the cost of calculations and in many cases makes the modeling of extended, periodic
systems unfeasible. One option to circumvent this problem is to only model a small part of a
periodic system at a high level and embed the small part in the fully periodic system modeled
at a lower level of theory. At the most basic level, this approach has been introduced as
the ONIOM approach, %52 where the energy of the total system is corrected by the energy

53-55 However,

difference between high-level and low level methods for the cluster description.
the geometry of a small cluster does not correctly capture the symmetry of an extended
metallic system leading to delocalized wavefunctions. To address these issues, a density
embedding scheme was developed by Carter et al.’®%! to address these shortcomings and
to more accurately treat metal surfaces. However, this approach still did not address the
fundamental symmetry mismatch between the embedded cluster and the metallic surface and
required significant effort to account for the delocalized wavefunctions. Hence, an approach
that naturally matches the symmetry of the model system would be highly desirable.

In this contribution we choose such an approach: extended metals are best modeled
using periodic boundary conditions. Here, a unit cell is used, which directly interacts with
its adjacent mirror images. If only one unit cell was present, the delocalized nature of the
wave functions, which often extend far further than the dimensions of a single unit cell,

could not be correctly captured. This shortcoming is compensated by working in reciprocal

space and treating multiple k-points. From a real space perspective, the number of k-points



indicates, how many multiples of the unit cell are considered in each direction when solving
quantum mechanical equations. At the same time, the number of k-points included in the
computational modeling is directly correlated to the computational cost and in particular
for high cut-off RPA calculations, using a dense k-point mesh is often not feasible.

To address this problem, we apply an ONIOM like embedding scheme in k-space,%? as
shown in Scheme 1, named after the ONIOM scheme developed for real space embedding. %12
In this approach we start modeling our system using RPA with a maximum EY, value of

150 eV and a 3x3x1 k-point mesh. Subsequently, we embed these calculations in RPA

calculations with a maximum EX,

, value of 100 eV and an 8x8x1 k-point mesh, and finally,
we embed these two calculations in PBE model using a 15x15x1 k-point mesh. Using this

approach, we express the RPA energy as

ERPA150 eV, 15 x 15 x 1) = EfPA(150 eV, 3 x 3 x 1)+
ERPA(100 eV, 8 x 8 x 1) — ERPA(100 eV, 3 x 3 x 1)+ (3)

EPPE(15 x 15 x 1) — EPPF(8 x 8 x 1)

In this expression, the first number in brackets refers to the maximum EX

~ . value, while the

second set of numbers refers to the k-point mesh used. Since we are studying a metallic slab
extended in x and y direction, only one k-point is used in z direction.

Throughout this manuscript, we will also report values calculated using the different func-
tionals along with the energetics of each embedding step for all calculations. This approach
allows us to better understand the impact of using RPA and of potential compromises in
computational setup on the observed diffusion energetics. The convergence test of energetics

with respect to EX, can be found in the SI, table S1, and numerical validation of k-space

cu,

ONIOM like like approach is provided in the SI, Table S2. Errors from applying the k-space

ONIOM like scheme are estimated to be below 15 meV.



RPA(150 eV,
3x3x1)

RPA(100 eV,
8x8x1)

DFT(15x15x1)

Scheme 1: Schematic representation of the extrapolations applied for the RPA calculations
using different k-point meshes in this work. The applied approach shows large similarities
to the ONIOM scheme, with the embedding being performed in k-space. The text indicates
the used level of theory, and numbers in brackets indicate k-point meshes for RPA and PBE
calculations, and cutoff energy values for RPA calculations.

Computational Models

As mentioned above, we calculate three different properties and compare them to experi-
mental measurements, namely the surface energy of Cu(001), the adsorption strength of CO
to Cu(001), and the diffusion barriers along the [100] and [110] directions of the Cu(001)

surface. In this section, we describe the models chosen to calculate these different properties.



Surface Energy

The surface energy is calculated as

Esa_ Eu
E, = lab — T % Lopyik (4)

g

where Fg,;, is the energy of a symmetric slab with two equivalent surfaces, and n is the
number of atoms in this slab. FEjp,; is the bulk energy per atom and o is the surface area.

Bulk energies were calculated using a face centered cubic primitive unit cell containing
one Cu atom with a 14x14x14 k-point mesh. Careful tests reveal that further increasing the
k-point density only leads to small changes in energy (<1 meV). For this unit cell, lattice
parameters were determined for most functionals. Only for HSE06 and RPA calculations,
equilibrium lattice parameters reported in the literatures were used, namely 3.626 A for
HSE06% and 3.581A for RPA.% For calculations with other functionals, the equilibrium
lattice parameters were determined using a seven-point fit to a Birch-Murnaghan equation
of state, where the lattice parameter in the calculations was varied by £15%. Lattice pa-
rameters for all methods are reported in the Supporting Information, Table S3. Our PBE
lattice parameter, 3.629 A matches well with previous literatures, 3.630 A.36:63

Energies of the slab were calculated for a six layer slab exposing a 1x1 Cu(001) surface.
In this slab the two center layers were kept fixed and the outer two layers of the slab were
allowed to relax. For most functionals, we first performed the structural optimizations with
a 20x20x1 k-point mesh and reported total energies for calculations with a 30x30x1 k-
point mesh. HSE06 and RPA energies were single point energies based on PBE optimized
structures (using HSE06 and RPA lattice parameters) with a 20x20x1 k-point mesh. For
most functionals, we increased the cutoff energy of the plane wave basis to 700 eV. Only for

RPA and HSEO06 calculations a cutoff energy as 550 eV was used.



CO adsorption

We calculate interactions between CO and the Cu(001) in a 2x2 unit cell (see Fig. 1 (a)) of a
four layer slab. We use the experimental lattice constant of 3.615 A% for all the functionals.
This value is a good compromise between the PBE value, 3.629 Aand the RPA value, 3.581
A.37 This choice ensures that the RPA and PBE energetics in the embedding scheme are
corresponding to comparable structures. Repeated images of the slabs are separated by 13
A (21 A) for RPA (and DFT). In DFT calculations, dipole corrections were applied. For
RPA, dipole corrections are not available. In the past, Lébegue et al.%* have shown that the
correlation energy uncertainty is ca. 0.2 meV for vacuum separations larger than 13 A. We
performed test for slabs separated by 12/13/14 A of vacuum using RPA and find convergence
of results within 4 meV. Numerical values for convergence tests are provided in the SI Table
S4. In the optimization process, the bottom two layers of Cu atoms are kept fixed and the
top two layers are relaxed. In all calculations one CO molecule was placed in each unit cell,
which leads to a coverage of 0.25. For the CO adsorption and diffusion calculations, a cutoff
energy for the plane wave basis of 700 eV was used for SCAN calculations as it improves
the quality of diffusion profile whereas a cutoff energy of 550 eV was used for other DFT
calculations: PBE, PBE+D2, PBE+D3, RPBE, BEEF-vdW, and HSE06.

The adsorption enthalpy is calculated as

Hads = Liglab+CO — Eslab - ECO + AZPE + Ecorrectiony (5)

where the AZPFE is the difference of zero-point energy of CO in gas phase and on the
surface, which was calculated within the harmonic approximation. We calculated AZPFE
at PBE level of theory and tests using RPBE show changes in AZPFE of less than than 1
meV. Eiorrection SUMMmarizes an extrapolation from 4 layer to 6 layer results and (for RPA
and HSE06) corrections for a denser k-point mesh. Numerical values for all components of

H,qs are reported in the Supporting Information Table S5. All adsorption enthalpies are



reported for CO adsorption in the top position. Structures of the slab and CO adsorbed on
the slab for methods other than HSE06 and RPA were firstly optimized using a 10x10x1
k-point mesh. Final energies were reported for an increased k-point mesh of 15x15x1. We
assumed structural convergence for forces lower than 0.01 eV/ A. HSE06 and RPA energies
were single point energies based on PBE optimized structures using an 8x8x 1 k-point mesh.

For all DF'T methods, the energy of a CO molecule reference energy was calculated using a
11x12x13 A3 supercell to suppress the spurious interactions between periodic images. RPA
calculations relied on optimized PBE structures, and the values were extrapolated to the
isolated molecule limit based on a series of calculations with different box sizes (7x8x9 A3,
8x9x10 A3, 9x10x11 A3, and 10x11x12 A3 for EX,, =200 eV and 250 eV, and additional

C

11x12x13 A? for EX

'+ =100 eV and 150 eV). Molecular calculations were performed with a

I" point only k-point mesh. Adsorption energies were found to be converged within <1 meV

for EX

cut

=200 eV. Further details for convergence can be found in the SI table S6.

Diffusion Barriers

For the calculation of diffusion barriers, we rely on the computational setup used for adsorp-
tion energy calculations (see Fig. 1 (a)). We study two different paths for surface diffusion,
namely along the [100] direction from the top to the bridge site, Fig. 1 (b), and along the
[110] direction from the top to the hollow position on this surface, Fig. 1 (c). For each path,
15 equally spaced points along the high symmetry pathway from the top to the bridge or
hollow site were optimized using the following methods keeping the x and y coordinate of
the C atom in CO fixed. For PBE, PBE+D2, PBE+D3, BEEF-vdw and RPBE functionals,
optimizations were performed using a 10x10x 1 k-point mesh. For SCAN, HSE06, and RPA
calculations, PBE optimized structures were used. We checked the influence of using PBE
structures by comparing the energetics using BEEF-vdW for BEEF-vdW and PBE opti-
mized structures. The values are reported in the SI table S7. Reported DFT energy profiles

correspond to single point calculations based on optimized structures at the respective level

10



of theory with a 8x8x1 k-point mesh for HSEO6 and a 15x15x1 k-point mesh for other
functionals.

As shown in Fig. 1 (d), the following geometry parameters are analyzed for the structures
along the pathways: r¢o, the distance between the C and O atom, d¢c, -, the z coordinate
difference between the C atom and the Cu(001) surface plane, docw, «/dccu, 2y, the distance
between the C and Cu atom projected along the [100]/[110] direction, and Oo¢., the angle
spanned by the axis of the CO molecule and the [001] direction. It is worth mentioning that
the docw, /docu, »y distances are calculated with respected to the fixed Cu atoms in the
third layer of the slab, since this approach mitigates the influence of structural relaxation of
the top two layers. Additionally, a potential energy surface for moving CO in the z direction
perpendicular to the surface was calculated at the RPA level, where all PBE coordinates
were kept fixed, except the z coordinate of C and O, which were shifted away from the
surface simultaneously by 0.02 A, 0.04 A, and 0.06 A in z-direction. Detailed energetics are
provided in the SI Table S8.

11



(a)

[010]

y l—
z dCCu, x/dCCu, Xy

[001]

Figure 1: (a) The unit cell of the Cu(001) surface used in this work. (b) The top-bridge-top
diffusion pathway along the [100] direction of the Cu(001) surface. (c¢) The top-hollow-top
diffusion pathway along the [110] direction of the Cu(001) surface. (d) The metal carbonyl
complex motif showing geometry parameters: rco, the distance between the C and O atom,
dccu, »» the z coordinate difference between the C atom and the Cu(001) surface plane,
docu, o/ dccu, oy, the distance between the C and Cu atom projected along the [100]/[110]
direction, and fpc., the angle spanned by the axis of the CO molecule and the [001] direction.
Cu atoms are shown as brown, O atoms red and C atoms grey.

In all our calculations periodic boundary conditions are used, which leads to all CO
molecules diffusing simultaneously, results being given for one CO molecule. To better
understand the impact of concerted diffusion and coverage effects, we performed calculations
for 4-layer slabs using 3x3 and 4x4 unit cells, which used 7x7x1 and 5x5x1 k-point meshes,

respectively.

Computational Setup

All calculations in this paper were performed using the Vienna Ab-Initio Simulation Pack-
age® (VASP), a code using plane wave basis sets, projector augmented wave% (PAW) pseu-
dopotentials, and periodic boundary conditions. In this work we rely on VASP implementa-

tions of PBE, PBE+D2, PBE+D3, RPBE, BEEF-vdW, HSE06, and RPA.

12



GW pseudopotentials were used for all calculations, and more details can be found in the
SI Table S11. First order Methfessel-Paxton smearing with sigma value of 0.2 eV was used for
all DFT slab optimizations and DFT single point energies whereas gaussian smearing with
sigma value of 0.05 eV was used for molecular references. For RPA calculations, gaussian
smearing with sigma value of 0.05 eV was used. K-point grids and cut off energies were
described in the preceding section.

RPA calculations rely on single-particle orbitals calculated at LDA, GGA, or hybrid
functional level of theory. It has been demonstrated that RPA total energies are rather

4749 and solids. 370 In this work, we rely on

insensitive to the starting orbitals for molecules
RPA calculations using PBE orbitals and PBE one-electron energies (RPA@QPBE), which
is consistent with previous RPA calculations for metals®® and metal-O37 systems. We have
further tested RPA based on RPBE orbitals and RPBE one-electron energies (RPAQRPBE)

and we find differences smaller than 1 meV for barriers and high symmetry site energy

differences. Detailed energetics are provided in the SI table S12.

Results

Surface Energy and Adsorption Enthalpy

We start the discussion of results by focusing on surface energies and adsorption enthalpies
and results are shown in Fig. 2. The adsorption enthalpy measures the adsorption strength
while the surface energy gives information about the surface stability. The correct description
of surface stability is essential as it overall affects the adsorption strength across different
adsorbates, and ensures the correct description when impurities, defects, and reconstructions
are introduced. In the past it has been shown that multiple density functional theory-
based methods exist that describe either the surface energy or the CO adsorption strength
accurately but have problems in describing both properties well at the same time.

We find that RPBE, HSE06, and BEEF-vdW, which describe the adsorption enthalpy

13



accurately, give significantly lower surface energies compared to experimental value. SCAN,
which leads to an accurate surface energy, significantly overestimates the adsorption strength.
Only RPA leads to surface energies and adsorption enthalpies in close agreement with ex-
perimental data. These results agree well with reports in the literature for close packed 111
surfaces, where it was found that for DF'T functionals the sum of adsorption enthalpy and
surface energy underestimates the experimentally observed values and only RPA leads to

reasonable agreement between theory and experiment.?”

ad ° RPA o
- o $ PBE v
2 -0.6- PBE+D2 &
g PBE+D3 =
= 0.7 RPBE
> -0.
= BEEF-vdw o
= SCAN
= -0.81 v HSE06 =
% exp e
S -0.9-
©
<

-1.0 - "

A

1.4 1.6 1.8 2.0 2.2 2.4
Surface Energy E (J/m2)

Figure 2: Cu(001) surface energy and CO adsorption enthalpy values of the methods used
here. Experimental values are shown with error bar. Experimental surface energy is deduced
from liquid-metal data as an average for all surfaces. Surface energy values are shown in the
unit of J/m? and CO adsorption enthalpy values are shown in unit of eV per CO molecule.
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Top-Bridge-Top Diffusion

Subsequently, we study CO diffusion along the [100] direction of the Cu(001) surface, as
shown in Fig. 1 (b). In this pathway, the CO molecule is moved from the top to the bridge
position along the docy, , direction and the corresponding energy profile is shown in Fig. 3.
In agreement with results for the Cu(111) surface,*” we find that RPA predicts a preference
for CO adsorption in the top position over the bridge position by 114 meV, hence providing
the correct site in comparison with experiments. Additionally, the top site preference in
RPA slightly increases for a higher k-point sampling (90 meV for 3x3x1 k-point mesh, 113
meV for 8x8x1 k-point mesh). PBE prefers adsorption in the bridge position over the top
position by 38 meV. D2 and D3 van der Waals corrections further stabilize the bridge site
to a total energy difference of 64 and 42 meV, respectively. SCAN agrees with PBE based
functionals on the site preference and predicts the bridge site to be more stable by 21 meV
compared to the top site. The RPBE and BEEF-vdW functionals on the other hand give the
correct site preference, with bridge-top differences calculated to be 11 and 26 meV. HSE06
leads to results most similar to RPA with a preference for the top site over the bridge site
by 108 meV.

In agreement with the significant differences in relative energies between top and bridge
positions, diffusion barriers are also vastly different. While the overall barrier for top-bridge
diffusion at RPA level is 132 meV (117 meV for 3x3x1 k-point mesh and 130 meV for
8x8x1 k-point mesh, respectively), the lowest barrier for the displacement from top to
bridge site is found using PBE-D3 (11 meV). The other values lie between these two extremes
with HSEO6 leading to a barrier most closely resembling RPA values. BEEF-vdW, even it
correctly describes the preferred top site and it adsorption enthalpy, gives a much smaller
diffusion barrier (51 meV) linked with a smaller energy difference between top and bridge
site. Functionals that prefer the bridge site over the top site (SCAN, PBE and PBE with
dispersion correction) lead to the lowest barriers. However, in this case the overall diffusion

barrier is obtained when moving from bridge to top site, and not from top to bridge, which

15



increases these barriers to 60 meV (PBE), 53 meV (PBE-D2), 84 meV (PBE-D3), and 49
meV (SCAN).

i 132
O el M7 130
135 - 114 == RPA, 15x15x1
113 = RPA, 8x8x1
100 4 108 = HSE06
90 =— RPA, 3x3x1
N
Qo
E 501
>
2 26 = BEEF-vdW
2
W gl Lo L LN S
20 11 22
-38 == PBE
501 -42 —— PBE+D3
-64 =—— PBE+D2

00 02 04 06 08 1.0 1.2
Reaction Coordinate d¢,, , (A)

Figure 3: Energy profiles for the CO diffusion from the top site to the bridge site along
the [100] direction calculated using different functionals and RPA with different k-point
meshes. The distance between the C and Cu atom projected along the [100] direction,
dccu, «, 1s utilized as the reaction coordinate. The horizontal dashed black line indicates
the experimental barrier,?¢ 135 meV. Vertical dashed lines indicate the position of transition
states calculated with different methods. Non-italicized values correspond to the barriers
and italicized values correspond to the bridge-top energy differences.

Further analysis of the potential energy surface for diffusion shown in Fig. 3 reveals that
also the position of the transition state is shifted between different methods. To keep the
discussion tractable, we report and discuss structural parameters for PBE, BEEF-vdW, and
RPA in the main text. Structural parameters for the other methods are provided in the
Supporting Information Table S13. While the PBE and BEEF-vdW transition states lie at
dccu, »=0.77 A and 0.85 A, the RPA transition state lies at deocu, »=0.94 A and therefore
later along the reaction coordinate. Given the significant difference in final state energies, a
shift in transition state coordinate between the different methods is not unexpected.

We furthermore analyzed the geometries of CO adsorbed in the different positions along

the diffusion path and the atomistic structures are shown in Fig. 4. In the top adsorption

16



site CO adsorbs perpendicular to the surface plane with a r¢o (the distance between C and
O atoms, see Fig. 1 (d)) value of 1.15 A for both PBE and BEEF-vdW. (RPA shares the
same rgo with PBE since the RPA geometry is only optimized by simultaneously shifting
the z coordinate of C and O atoms). This distance slightly increases to 1.17 and 1.16 A in
the bridge position for PBE and BEEF-vdW, respectively. Using PBE we find a de¢ey, » (the
difference in z coordinate between the C atom and the closest Cu surface atom, see Fig. 1
(d)) value of 1.84 A for the top position and 1.52 A in the bridge position. Optimizing dec, -
at RPA level leads to an increase of 0.02 A (top position) and 0.04 A (bridge position). For
the transition state (T'S) geometry, it is not surprising to see that RPA gives a TS geometry
closer to the bridge site one, since the TS lies later along the pathway, indicated the values

for deca, - of 1.71 A, 1.70 A, and 1.60 Afor PBE, BEEF-vdW, and RPA, respectively.

(a) (b) 1.16

[001]

1.28

ZL
y » [100]

[010]

Figure 4: Structures along the [100] diffusion pathway. (a) Top site structure. (b) Transition
state structure. (c) Bridge site structure. As defined in Fig. 1 (d), values are shown for r¢o,
the distance between the C and O atom, dccy, -, the z coordinate difference between the C
atom and the Cu(001) surface plane, docy, -, the distance between the C and bulk (fixed)
Cu atom projected along the [100] direction, and fp¢,, the angle spanned by the axis of the
CO molecule and the [001] direction. Similar to the color scheme used in the energy profile,
values shown in red, black, and green correspond to PBE, BEEF-vdW and RPA results.
Presented numbers are given in A for distances and degree for angles. Cu atoms are shown
as brown, O atoms red and C atoms grey. Numerical values for transition state geometries
of the other functionals are given in the SI Table S13.
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Top-Hollow-Top Diffusion

As a next step we focus on diffusion from the top site to the hollow site along the [110]
direction of the Cu(001) surface, as shown in Fig. 1 (c), and the potential energy surface
for this process is shown in Fig. 5. Again, a similar picture to top-bridge diffusion emerges,
where the top site is the minimum for RPA (245 meV, 234 meV, and 227 meV more stable
than the hollow site for 15x15x1, 8x8x1, and 3x3x1 k-point meshes, respectively), while
the hollow site is 8 meV more stable using PBE. Similar trends are found for PBD+D2
where the hollow site is stabilized by 31 meV compared to the top site. PBE+D3 and
SCAN give the right site preference but with a rather small difference: the top site is 13
meV more stable than hollow site. RPBE and BEEF-vdW functionals give the right site
preference with a larger difference: the top site is 89 and 123 meV more stable than the
hollow site, respectively. HSEO6 functional once again gives results similar to RPA with a
top site preference by 254 meV.

Following this trend, diffusion barriers from the top to the hollow position are increased
to 250 meV, 241 meV, and 232 meV for RPA with 15x15x1, 8x8x1, and 3x3x1 k-point
meshes and to 55 meV for PBE. However, the effective barrier for PBE, which corresponds
to diffusion from the hollow to the top site, is only slightly increased to 63 meV compared
to the barrier of 60 meV for the bridge-top diffusion. Applying D2 and D3 van der Waals
corrections gives slightly lower barriers: 44 and 49 meV, respectively for diffusion from the
top site to the hollow site. SCAN, RPBE, and BEEF-vdW functionals predict higher barriers
of 75, 106 and 132 meV, respectively. We do not find a local minimum in the hollow site
using the HSEO6 functional and the overall barrier of 254 meV is again close to the RPA

value 250 meV.
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Figure 5: Energy profiles for the CO diffusion from the top site to the hollow site along
the [110] direction using different functionals and RPA with different k-point meshes. The
distance between the C and Cu atom projected along the [110] direction, decu, oy, is utilized
as the reaction coordinate. The horizontal dashed black line indicates the experimental bar-
rier,?% 115 meV. Vertical dashed lines indicate the position of transition states calculated
with different methods. Non-italicized values correspond to the barriers and italicized val-
ues correspond to the hollow-top energy differences. Numerical values for transition state
geometries of the other functionals are given in the SI Table S13.

Similar to top-bridge diffusion, the RPA transition state lies later along the top-hollow
path than the PBE and BEEF-vdW transition state with dccy, 4, (the distance along the
[110] direction from top to hollow site, see Fig. 1(d)) values of 1.08 A for PBE, 1.44 for
BEEF-vdW, and 1.57 A (1.32 A) for RPA with 15x15x1 k-point mesh (8x8x1 and 3x3x1
k-point meshes). The difference in transition state position, also significantly affects the
transition state geometry, as shown in Fig. 5 and Fig. 6 (b). r¢o increases from 1.17 (PBE)
and 1.18 A (BEEF-vdW) to 1.19 A (RPA), docy, » decreases from 1.44 and 1.30 A to 1.20
A, and 6o¢, increases from 163 and 170 ° to 174°. For adsorption in the hollow position,

CO binds perpendicular to the Cu surface, and the geometry parameters are shown in Fig.

6 (c).
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Figure 6: Structures along the [110] diffusion pathway. (a) Top site structure. (b) Transition
state structure. (c) Hollow site structure. As defined in Fig. 1 (d), values are shown for r¢o,
the distance between the C and O atom, dccy, -, the z coordinate difference between the C
atom and the Cu(001) surface plane, docy, oy, the distance between the C and bulk (fixed)
Cu atom projected along the [110] direction, and fp¢,, the angle spanned by the axis of the
CO molecule and the [001] direction. Similar to the color scheme used in the energy profile,
values shown in red, black, and green correspond to PBE, BEEF-vdW and RPA results.
Presented numbers are given in A for distances and degree for angles. Cu atoms are shown
as brown, O atoms red and C atoms grey.

Discussion

The results presented in this work agree with data in the literature that RPA is able to
predict both, adsorption enthalpies and surface energies correctly, which is not achieved by
the other functionals studied in this work. Additionally, RPA and HSEO6 correctly predict
the preference of CO adsorption in the top position of the Cu(001) surface, which is shared
with the BEEF-vdW and RPBE functionals, even though the latter two methods show a
smaller preference compared to the former methods. PBE based functionals and the SCAN
functional, on the other hand predict the stabilization of CO in the bridge and hollow sites.
Qualitatively, these results agree with the work of Schimka et al.,?” who showed that RPA
correctly predicts CO adsorption on the top site on Cu(111), while for the (111) surface
PBE shows a preference for CO adsorption in the hollow site. In the following, we restrict

the discussion of the diffusion barriers on PBE, BEEF-vdW and RPA, since they provide
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qualitatively different descriptions.

The impact of the difference in site preference on the diffusion behavior is significant and
becomes apparent when studying the full energy profiles for diffusion along [100] and [110]
directions from top to top position, as displayed in Figure 7. At the PBE level, the CO
molecule is most of the time at the bridge site and we consider three diffusion pathways: (1)
The bridge-top-bridge diffusion pathway in the [100] direction with a barrier of 60 meV. The
top site is a local minimum with a barrier of 22 meV to leave it. (2) A bridge-hollow-bridge
diffusion pathway in the [100] direction of the surface. (3) A direct bridge-bridge diffusion
pathway generally along the [110] direction. We performed climbing image nudged elastic
band (CI-NEB)%" calculations to determine the barrier of pathways (2) and (3). A barrier
of 50 meV is found for the bridge-hollow-bridge diffusion pathway and the energy profile is
shown in the SI Figure S1. No bridge-bridge diffusion along the [110] direction is found.
Considering the barrier values at PBE level, bridge-hollow-bridge diffusion is favored.

At the RPA level, the CO molecule is most of the time at the top site, which agrees with
experimental observations.® Diffusion along the [100] direction corresponds to a top-bridge-
top path with a barrier of 125 meV and the bridge site is metastable, with a barrier of 18
meV to leave it. Diffusion in the [110] direction corresponds to a top-hollow-top path with
a barrier of 250 meV, with a very shallow minimum at the hollow site: 5 meV is required to
leave it. For both directions, the residence time in the intermediate position is very short,
and the diffusion is effectively a single jump from top to top. Considering the barrier values
at RPA level, two successive top-bridge-top diffusion processes will be more favored than one
top-hollow-top diffusion process, which indicates that the diffusion in the [110] direction may
correspond to two combined diffusion processes in perpendicular [100] and [010] directions.

Using the BEEF-vdW functional, the qualitative behavior is similar to the results at
RPA level but the barrier values are significantly lower. Diffusion along the [100] direc-
tion corresponds to a top-bridge-top path with a barrier of 51 meV and the bridge site is

metastable, with a barrier of 25 meV to leave it. Diffusion in the [110] direction corresponds
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to a top-hollow-top path with a barrier of 132 meV, with a very shallow minimum at the
hollow site, where only 9 meV are required to leave it. However, at BEEF-vdW level, the

THT barrier is still higher than the TBT barrier.
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Figure 7: Full energy profile for PBE, BEEF-vdW and RPA for diffusion from top to top
site along the [100] (a) and [110] (b) direction. PBE profile is shown as red, BEEF-vdW is
shown as grey and RPA is shown as green.

Comparing our results to work in the literature is not entirely straightforward. Initial
DFT calculations by Ge and King?” show a very similar energy profile to our PBE calcula-
tions, while Fouquet et al.?® found a significantly different behavior using localized basis sets,
with a maximum at the bridge position, but a significantly lower diffusion barrier compared
to this study. Marquardt et al.?? used potential energy surface achieved by fitting DFT
energies and observed a significantly narrower barrier compared to other works and to this
study, which lead them to the assumption that tunneling is a significant contributor to the
diffusion processes. The shape of the barriers calculated using RPA in this work exclude

significant contributions of tunneling to diffusion. The CO molecule would have to tunnel
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almost the entire distance between top sites along either direction, which is highly unlikely,
due to the high mass of the molecule.

Experimental results for the diffusion barriers for CO on the Cu(001) surface are quite
ambiguous. Initial measurements performed by Graham and Toennies?® suggest a total
diffusion barrier of 31+£10 meV. However, more refined measurements in combination with

1.25 suggest two diffusion pathways with

molecular dynamic modeling by Alexandrowicz et a
barriers of 135420 meV along the [100] direction and 115420 meV along the [110] direc-
tion. For the diffusion along the [100] direction RPA leads to quantitative agreement with
experiment. At the same time, barriers for diffusion along the [110] direction calculated
at BEEF-vdW level of theory show excellent agreement with experimental data. However,
both methods agree on a roughly 1:2 ratio in diffusion barriers between the [100] and [110]
directions. This disagrees with the observations of Alexandrowicz et al.,?® which indicate a
roughly 1:1 ratio between those two barriers.

To investigate this correlation more closely and understand whether a theoretical method
exists that can reproduce a 1:1 ratio in barrier heights, we study the following three relation-
ships, namely (i) energy differences between top/bridge and top/hollow sites, (ii) diffusion
barrier in [100] direction and top/bridge energy difference, and (iii) diffusion barrier in [110]
direction and top/hollow energy difference. We find that all three parameter groups follow
linear relationships with R? values larger than 0.96 (see SI Fig. S2). Using these relation-
ships, it is now possible to plot forward and backwards barriers for diffusion in [100] and
[110] direction with respect to the top/bridge energy difference. We find that no point exists,
where a 1:1 ratio in activation energies in both diffusion directions can be found, when CO
preferentially adsorbs in the top position (see SI Fig. S3). Additionally, it is important to
notice that the TBT barriers are always lower than the THT barriers, which disagrees with
experimental findings.

The reasons for the discrepancy between experimental data and results from our study are

not entirely clear. One potential reason for the mismatch is a difference in coverage. While
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our computational work focuses on a 2x2 unit cell with a coverage of §=1/4 monolayers (ML),
experimental results were measured for a coverage of #/=0.1 ML. Matching the experimental
coverage would require modeling a 3x3 unit cell, which is beyond our current computational
capability at RPA level. To estimate the impact of coverage effects, we extrapolated them

based on the impact of PBE calculations by using

1 1 1 1
ERPA( = ;ML) = ERPA(G = ML)+ EPBE(G = EML) — EPBE(g = ML) (6)

The low coverage calculations are performed on 3x3 surface, § = %, and 4x4 surface, 6 = %.
The results are shown in the SI Fig. S2. For the diffusion along the [100] direction, no
significant changes are observed: the energetic differences are always smaller than 10 meV.
For the diffusion along the [110] direction, coverage effects slightly decrease the barrier from
250 meV at 0 = i to 232 meV at 0 = % and 219 meV at 6 = %. Even though this change in
energetics when extrapolating results to lower coverages is not sufficient to reach agreement
between our calculations and experiments, coverage effects seem to lower barriers along the
top-hollow-top pathway more than along the top-bridge top pathway. Additionally, the
significant change of the TS position (dccw, 4y values from 1.62 A to 1.37 A) and the overall
profile shape for diffusion along the [110] direction indicate that non-trivial coverage effects
might exist. It is possible that these coverage effects cannot be fully captured at PBE level.
In future work it will be interesting to see how the coverage effects are present at RPA level,
which are not accessible for us at the moment due to the excessive computational cost. That
being said, diffusion barriers still follow the linear trends discussed in the SI section S12,
which indicates that coverage effects cannot recover the behavior described by Alexandrowicz
et al..?¢

Results presented in this work reveal a significant mismatch between all theoretical meth-

ods and experimental data. At this moment in time the source of this mismatch is not

entirely clear. One possibility is that a non-trivial diffusion pathway in either direction has
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been missed in our study. Another possibility is that experimental measurements will need

to be revisited and reinterpreted based on the findings in this work.

Conclusion

In this work we describe our efforts to model the diffusion of CO on the Cu(001) surface
using RPA and compare the results with calculations using different GGA, metaGGA, and
hybrid functionals. In a first step we present a k-space embedding strategy for RPA cal-
culations, which significantly reduces the computational cost. We consider the adsorption
enthalpies and surface energies using the aforementioned methods. Subsequently we ap-
ply this methodology to CO diffusion along two high-symmetry directions of the surface,
namely (i) top-bridge-top diffusion along the [100] direction and (ii) top-hollow-top diffusion
along the [110] direction. We find that RPA appears to be the only method giving the cor-
rect site preference and adsorption enthalpy for CO, and surface energy for Cu(001). DFT
methods that give correct site preference (RPBE, BEEF-vdW, and HSE06) may suffer from
underestimated surface energies. Our results furthermore reveal qualitative differences in the
description of diffusion barriers compared to experiments. While RPA and BEEF-vdW are
able to quantatively correctly predict one of the diffusion barriers, no functional reproduces
the experimentally observed ratio for diffusion barriers. Since this is a phenomenon shared
by all methods, we conclude that it might be necessary to revisit the interpretation of the
experimental data.

The results presented in this work show that the incorrectly predicted adsorption site
preference for CO on transition metal surfaces using different functionals can qualitatively
and quantitatively alter predictions for diffusion pathways of CO on transition metal sur-
faces. It is well conceivable that similar differences exist for other reactions that involve
CO on transition metal surfaces. The shortcomings of the functionals considered, especially

the underestimated surface energies indicate that it is necessary to move to more accurate
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methods, such as RPA, when modeling adsorption across different species. We expect that
the methods and results presented here will encourage further investigations on fundamental
interactions between CO related species on transition metal surfaces, which are necessary to
understand thermocatalytic and electrocatalytic reactions involving CO related species on

Cu and other transition metal surfaces.
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