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Adsorption of the molecule CO on metallic surfaces is an important unsolved problem in Kohn-
Sham density functional theory (KS-DFT). We present a detailed study of carbon monoxide adsorp-
tion on fcc (111) surfaces of 3d, 4d and 5d metals using nonempirical semilocal density functionals
for the exchange-correlation energy: the local-density approximation (LDA), two generalized gra-
dient approximations or GGAs (PBE and PBEsol), and a meta-GGA (SCAN). The typical error
pattern (as found earlier for free molecules and for free transition metal surfaces), in which results
improve from LDA to PBE or PBEsol to SCAN, due to the satisfaction of more exact constraints,
is not found here. Instead, for CO adsorption on transition metal surfaces, we find that, while
SCAN overbinds much less than LDA, it overbinds slightly more than PBE. Moreover, the tested
functionals often predict the wrong adsorption site, as first pointed out for LDA and GGA in the
CO/Pt (111) puzzle. This abnormal pattern leads us to suspect that the errors of PBE and SCAN
for this problem are density-driven self-interaction errors associated with incorrect charge transfer
between molecule and metal surface. We point out that, by the variational principle, overbinding by
an approximate functional would be reduced if that functional were applied not to its selfconsistent
density for the adsorbed system but to an exact or more correct density for that system. Finally, we
show for CO on Pt(111) that the site preference is corrected and the adsorption energy is improved
for the PBE functional by using not the selfconsistent PBE density but a PBE+U density. The
resulting correction to the PBE total energy is much larger for the adsorbed system than for its
desorbed components, showing that the error is in the density of the adsorbed system. This seems

to solve the Feibelman 2001 CO/Pt(111) puzzle, in principle if not fully in practice.

I. INTRODUCTION

Adsorption of inorganic and organic molecules on
different surfaces is an important problem in surface
science! 3, both in theory and in experiment. The ad-
sorption of CO on metallic surfaces is a well-known
example®®. For the past few decades, much effort has
been devoted to studying the adsorption of CO on transi-
tion metals, which is relevant to the catalytic oxidation of
CO in industry. This adsorption is considered as a proto-
type that mimics many other interesting and practically
important adsorption processes. For the cases considered
here, the CO molecule stands straight up on the metal
surface, with its carbon atom closer to the metal atoms.

Modern electronic structure theory, especially density
functional theory (DFT)%7, is widely used to describe
many surface-related problems including molecular ad-
sorption. However, in 2001 Feibelman et al.® challenged
the accuracy of GGA and LDA functionals for CO ad-
sorption on the Pt (111) surface. Their work showed that
GGA and LDA are both qualitatively and quantitatively
wrong in their predictions of the adsorption site of CO on
the Pt (111) surface, independent of the technical details
of the calculation. This study presented a “CO/Pt (111)
puzzle”, which has been investigated® ! further by many
electronic structure theory methods including different
levels of approximations within Kohn-Sham-DFT (KS-

DFT). By now, all five rungs of Jacob’s ladder!'2 of den-
sity functional approximations have been used to study
this particular problem. The non-empirical function-
als LDA”7, GGAs (PBE, PBEsol)'®!* and meta-GGAs
(TPSS, revIPPS)!516 fail to agree with the picture
of CO adsorption from low-energy electron diffraction
(LEED) and electron energy loss spectroscopy (EELS).
Many previous studies showed that the hollow adsorp-
tion site is preferred by these semilocal approximations,
while the low-coordination top site is preferred in the ex-
periments. A recent study by Janthon et al.!” reported
that the semi-empirical M06-L meta-GGA predicts both
correct adsorption site and adsorption energy. Sun et
al.'¥¥showed that a revised version (revTPSS) of the TPSS
meta-GGA significantly improves the surface energies
and adsorption energies for transition metals. These two
studies suggest that inclusion of the kinetic energy den-
sity (7), the added ingredient that defines a meta-GGA,
can be important for the surface properties of metals. A
recent study'® shows that inclusion of a vdW correction?’
to the nonempirical SCAN meta-GGA?! yields accurate
surface energies and work functions of free transition-
metal surfaces. SCAN+41VV10 also correctly predicts2’
chemisorption and physisorption minima in the binding
of graphene to Ni(111), with the physisorption minimum
in good agreement with RPA calculations??. Here we
will investigate whether constraint-satisfying nonempiri-
cal meta-GGAs such as SCAN can correctly describe CO
adsorption on transition-metal surfaces, and, if not, why



not.

Semilocal functionals that satisfy more physical con-
straints are sometimes considered to be closer than
the exact functional®®, and SCAN?! was constructed
to satisfy all 17 exact constraints that a meta-GGA
can. SCAN is considerably more accurate than PBE
for molecules?*2® and for condensed matter (defects in
semiconductors?®, structural phase transitions of solids
under pressure?’, ferroelectrics?®, ice?®, liquid water?,
formation energies and ground-state crystal structures
of solids®®, cuprates3!, etc.). But the exact constraints
embedded in SCAN can have a more directly beneficial
effect upon the energy for a given density than upon the
selfconsistent density, especially where there are charge

transfer errors®233 due to self-interaction3?.

The energy error of an approximate functional is the
sum of a functional error (the error that it makes when
applied to the exact density) and a density-driven error
(the difference between the energies of the approximate
functional applied to its selfconsistent density and to the
exact density)®®. Although in most cases the functional
error is larger than the density-driven error, the latter by
itself can produce a non-physical result3*37. For realis-
tic bonding situations, a good semilocal functional like
SCAN could have a small functional error but still have
noticeable density-driven error. In other words, even the
best semilocal functional can have a qualitatively-wrong
functional derivative. We suspect that this is the case
for PBE and SCAN applied to molecules chemisorbed on
metal surfaces.

The most serious density-driven errors are charge-
transfer errors, which are directly relevant to the strong
binding of a closed-shell molecule like CO to a metal
surface. The Kohn-Sham molecular orbitals of the free
molecule can evolve in the adsorbed molecule into energy-
broadened resonances of the bulk metallic orbitals. In
Blyholder’s model®®, bonding of CO on metal surfaces
can be described by ¢ bonding through electron trans-
fer from the filled 50 (HOMO) orbital of CO to an un-
filled d-orbital of the metal, and by 7 bonding due to the
back-donation of electrons from the filled ¢, band of the
transition metal to the unfilled 27* (LUMO) orbital of
CO. Detailed study of the “CO/Pt(111)” puzzle in the
last few decades (as referenced below) suggests the fol-
lowing picture: The semilocal functionals like LDA and
PBE yield incorrect energy levels of the highest occu-
pied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of the adsorbed CO relative
to the transition-metal Fermi level, and these incorrect
levels are responsible for the incorrect prediction that
the hollow site is the preferred or stable adsorption site.
Self-interaction error (SIE) present in the popular local
or semilocal exchange-correlation density functionals is
to be blamed for this anomaly, placing the 27* LUMO
too low relative to the metallic Fermi level. This en-
hances the back-donation of electronic charge from the
metal to the oxygen side of the molecule. This strong
delocalization of the electronic charge is the reason for

the nonphysical adsorption of CO on the fcc hollow site
of (111) surfaces of Cu, Rh, and Pt. This overestima-
tion of the back-donation of the electronic charge also
accounts for the too large adsorption energies from the
semilocal functionals.

Many methods and techniques have been prescribed
over the past few decades to correct this back-donation
problem due to the STE. Among those the most compu-
tationally economic one is the selfconsistent “DFT+U”
method suggested by Kresse et al.3® for the “CO/Pt
(111)” problem, where the empirical parameter U=0.75
eV is applied to achieve the correct top site adsorption
position by adjusting the HOMO-LUMO gap of CO up-
ward to the experimental transition energy. This method
(combined with the PW91 GGA functional) was also ap-
plied successfully for Cu (111) surfaces by Gajdo$ and
Hafner?®. Mason et al.*' reported another empirical
method to solve this back-donation problem for the CO
adsorption on many metallic surfaces. In their method,
CO singlet-triplet excitation energies from high-level
coupled-cluster and configuration-integration method are
used to obtain a linear relationship between the CO ad-
sorption energy and the CO singlet-triplet splitting en-
ergy. These authors adjusted their C and O pseudopo-
tential radii to reproduce the gas-phase coupled-cluster
singlet-triplet splitting and HOMO-LUMO energies. For
1/4 monolayer of CO on Pt(111), the correction of Ma-
son et al. changes*? the dipole moment of an adsorbed
molecule from 0.026 to 0.089 eA (top site), and from -
0.137 to -0.079 eA (fcc hollow site).

A fraction of exact exchange in the hybrid function-
als tends to reduce the SIE in most cases, at moder-
ate to very high computational cost compared to the
LDA, GGAs and meta-GGAs. The successful hybrids
PBE0* 45 B3LYP*647 and HSE***° can give more ac-
curate descriptions of the adsorption energies for some
metals but not all, and correct the HOMO-LUMO gap
of the adsorbed CO. Wang et al.®%, found that PBEO
solved or nearly solved the “CO/Pt(111) puzzle”. Gil et
al.®! had earlier found similar results from the B3LYP
hybrid functional for the CO/Pt (111) problem, within a
cluster model for Pt. These studies and those of Stroppa
et al.%? show that hybrid functionals create a near degen-
eracy between the top and hollow sites for CO/Pt(111).
However, as pointed out by Stroppa and Kresse®?, the
hybrid functionals often worsen the properties of bulk
metals.

Weak van der Waals (vdW) or dispersion interactions
are largely missing in PBE, but intermediate-range vdW
is included in PBEsol and SCAN, and long-range vdW in
SCAN+1rVV10. These interactions are not negligible for
CO adsorption on metallic surfaces. For example, a study
by Lazi¢ et al.>* found that adding a nonlocal dispersion
correction to PBE and revPBE tends to stabilize the top
configuration as the preferred adsorption site.

In some recent studies®®®% it has been reported that
statistically-fitted GGA and meta-GGA functionals can
reduce the error of CO adsorption energy on transi-



tion metal surfaces. These functionals show improved
chemisorption energies for adsorption of CO on a metallic
surface, while underestimating surface energies compared
to experiment. While the performance of the mBEEF
meta-GGA for CO adsorption energies is similar to that
of RPBE, both fail to yield the correct adsorption site
for CO/Pt (111). However, mBEEF provides its own
Bayesian error estimate.

The fifth and highest rung of the ladder comprises
RPA-like approximations that employ the unoccupied as
well as the occupied orbitals. Ren et al.>” and Schimka
et al.?® found that the random phase approximation (ap-
plied to PBE orbitals and orbital energies) correctly de-
scribed both CO adsorption energies and site preferences,
while their tested semilocal functionals did not. A possi-
ble interpretation, consistent with similar results for the
energy barriers to chemical reactions®”, is that RPA is
relatively immune to density-driven error. In fact, Ren
et al. found that the RPA adsorption energies for CO on
Cu(111) are insensitive to the functional used to provide
the orbital inputs.

In this work we aim to discuss this CO adsorption prob-
lem using the new meta-GGA SCAN. In Section II we
discuss the details of the computational method used in
this work. Section ITI summarizes our results. Section IV
shows that the site-preference can be corrected and the
adsorption energy can be improved for CO on Pt(111)
by applying PBE not to its selfconsistent density but to
a PBE4U density. The approximate self-interaction cor-
rection +U, applied to the atomic p orbitals of C and O,
affects the total energy strongly for the adsorbed system,
weakly for the separated CO molecule, and not at all for
the separated Pt surface. This calculation strongly sup-
ports the idea that the important error in the PBE and
SCAN descriptions of adsorption is driven by a charge-
transfer error in the adsorbed system. In Section V we
present our conclusions.

II. COMPUTATIONAL DETAILS

The results presented in this work are obtained from
periodic density functional calculations performed with
the Vienna Ab Initio Simulation (VASP)%package. The
projector-augmented-wave (PAW)% method is used to
describe the electron-ion interaction, with a plane-wave
cut-off of 600 eV. Careful observation and previous stud-
ies revealed that a moderate to high cut-off energy can
be used to study CO adsorption on transition metal sur-
faces. We used a PBE-PAW pseudo-potential for GGA
and meta-GGA calculations, and an LDA PAW pseudo-
potential for LDA calculations. The substrates in this
work are modeled using 6 layers of metal with a 10 A vac-
uum region on top of 2 x 2 fcc surfaces of metals. Brillion-
Zone sampling is done with a 12 x 12 x 1 T'-centered k
mesh for the metallic surface slabs. To calculate the en-
ergetics of the CO molecule, we used a 15 x 16 x 17A
box where the CO molecule is centered in the box. The
top site is modeled by placing the C atom of CO di-

rectly on top of the metal atom, whereas the fcc and hep
hollow sites are modeled so that there is no metal atom
directly under the C atom of CO in the second and first
layer respectively. For all metallic surfaces, we chose a
1/4 monolayer for computational efficiency and consis-
tency. Table I of Lazié¢ et al.>* shows that, for the four
functionals tested there, the magnitude of the change in
the adsorption energy of CO on the top site Pt(111) from
1/12 to 1/4 monolayer coverage is less than 0.025 eV and
thus negligible for the purpose of our study.

We define the calculated CO adsorption energies as

Eaas = Ecoman — (Eco + Envan), (1)

where Eco/np(i11) is the total energy of the M (111)
(M=Pd, Rh, Pt, Cu, Au, Ag) slab model with the ad-
sorbed CO molecule, Fco is the energy of an isolated
CO molecule, and Fys(111) is the energy of the optimized
clean M (111) surface.

III. RESULTS & DISCUSSIONS

Table I, Fig.1, and the Supplementary Information
(SI)8! give a complete compilation of calculated adsorp-
tion energies and related quantities for a CO molecule on
several transition metal surfaces, including LDA, PBE,
PBEsol, SCAN values. Table I and Fig.1 also include the
adsorption energy for the experimentally observed and
thus most stable site. Figure 1 shows that all function-
als capture the correct chemical trends: Stronger bind-
ing on Pd, Rh, and Pt. where the d-bands of the metal
have more energy overlap with the frontier orbitals of
the molecule, and weaker binding on the noble metals
Cu, Au, and Ag. But there are clear discrepancies be-
tween the calculated values of adsorption energies and
the experimental data. The adsorption energy magni-
tudes are overestimated by all the functionals tested in
this work (with the exception of PBE for CO on Au and
Ag). This overestimation is greatest for LDA and least
for PBE. SCAN values fall between PBE and PBEsol.
SCAN predicts the correct adsorption site for Pd(111)
and Rh(111), and comes close to predicting the correct
site in Ag(111) and Pt(111). The difference in adsorp-
tion energies between the top and the fec site for CO/Pt
(111) from SCAN is 0.02 eV, better than the 0.15 eV from
PBE. The functionals used in this work predict the wrong
adsorption site for Cu (111), Au (111) and Pt (111). The
wrong adsorption site prediction by PBE, especially for
“CO/Pt(111)”, is a long-standing challenge®. We do not
see any changes in the PBE prediction from previously
published results'®:54:55,

The bond-length of the CO molecule and the distance
between the surface metal atom and the C atom can
be seen in Table S2 of SI. Our reported results from
SCAN are in good agreement with LEED experimental
data®2. The experimentally observed C-O bond length
(dco) of 1.15 £ 0.05A for CO/Pt (111) is well repro-



duced by SCAN for all three sites. The dp;_co distance
for the top site calculated from SCAN is within the ex-
perimental accuracy (1.85 & 0.10A)%2:63, SCAN predicts
a more accurate distance than PBE. For the other two
(higher-coordinated) adsorption sites (fcc and hep), the
dpi_co distances are comparable for both SCAN and
PBE. SCAN is more accurate than the other functionals
for the metal-to-molecule binding distances in the other
systems.
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FIG. 1: Adsorption energy (in eV) of CO at the top site on different d -metals calculated using different functionals.
Experimental adsorption energies are for the top site, except for Pd (111). For tables of calculated adsorption energies on
various sites, see the Supplementary Information. For experimental adsorption energies and calculated site dependences, see

Table 1.
Methods Pd Rh Pt Cu Au Ag
LDA Eror 2,12 -2.49 2.22 1.34 -0.93 -0.70
ABrop_roc 0.78 0.23 0.35 0.33 0.23 0.18
PBEsol  Erop 172 2.18 -1.94 -1.05 -0.56 -0.45
ABrop_roc 0.71 0.09 0.27 0.04 0.15 0.07
PBE Eror -1.38 -1.87 -1.61 -0.72 -0.25 -0.17
ABrop_roc 0.60 -0.03 0.15 0.07 0.01 -0.05
SCAN Eror -1.64 2.07 -1.92 -0.88 -0.42 -0.21
AEBrop-rec 0.60 0.12 0.02 0.13 0.03 0.00
Expt. 1484009 (F)  —1451)" —1.37(1)*°  —050+0.05T7)"  —040(T)”  —0.28(T)*

TABLE I: The first row for each functional shows the top-site adsorption energy (in eV) for CO on the (111) surface. The
second row for each functional shows the calculated difference of top and fec-hollow adsorption energies (in eV) for CO on
(111) surfaces of different d-metals. The letter (T= top, F= fcc, H=hcp) in the parentheses of the last row indicates the
stable adsorption site from experiment. For a correct site prediction, the energy difference AErop—rcc should be negative
for the T cases and positive for the F' case. The numbers in the last row are experimental adsorption energies.



IV. CORRECTING THE DENSITY FOR CO on
Pt(111): PBE@QPBE+U

We have performed DFT+U calculations on PBE
structures in order to investigate if the localized self-
interaction correction of the DFT+U method™ can
be used to remove the density-driven error of a self-
consistent PBE calculation. To do that, we applied a
series of increasing U values. Table II shows total en-
ergies for the adsorbed system, the clean surface, and
the free molecule, for the PBE functional. These ener-
gies and thus the adsorption energies are calculated in a
non-self-consistent way, using the self-consistent PBE+U
density as shown in Eq 2. It is important to note that
U has only been applied on the atomic p- orbitals in the
free and adsorbed CO molecule. The adsorption energies
are calculated in the following way-

non—SCF _ ;pnon—SCF—-PBEQPBE+U __
Eads _ECO/Pt(lll) (2)

+(Enon—SCF—PBE@PBE+U
CcO

non—SCF—-—PBEQPBE+U
+EPt(111) )

ESCF _pSCF—PBE

SCF-PBE |, 1~SCF—PBE
ads copian — (Eco +E )

Pt(111)
(3)

In Table S3 of the Supplementary Materials, we simi-
larly apply the SCAN functional to the PBE+4U density
on the SCAN structures.

Table IT shows that the +U correction to the PBE den-
sity has no effect at all on the total energy of the clean
surface, and negligibly changes the PBE total energy of
the free molecule (by less than 0.015 eV), but it signifi-
cantly raises the total energy of the adsorbed system (by
as much as 0.5 eV). Increasing U from 0 to +0.75 eV cor-
rectly stabilizes the top-site adsorption, and brings the
adsorption energy on that site into agreement with ex-
periment. Further increases in U up to +2.00 eV have
little further effect on the adsorption energy. This shows
that U has an important and correct effect on the electron
density and total energy only when the separate systems
are brought together and allowed to exchange electrons.
We conclude that the errors of the SCAN functional for
this system are largely density-driven and arise from the
incorrect charge transfers that plague all semilocal ap-
proximations to the density functional.

The projected densities of states for C and O (see Fig.
S2 of SI) on the surface show very small changes with
U. The gross features of these plots are that the C atom
in adsorbed CO has about two p electrons and four p
holes, while the O atom in adsorbed CO has about four
p electrons and two p holes, regardless of U. Thus the
changes in the orbital energies due to U are small and
subtle, presumably due to metallic screening. We have
resisted the temptation to quantify the density change
due to U, except insofar as it changes the total ener-

CO/Pt(111) Pt(111) CO  Eags

non-SCF-PBE

QPBE+U

(U = 0.00) TOP -157.70 -141.46 -14.63 -1.61
FCC -157.85 -141.46 -14.63 -1.76
HCP -157.83 -141.46 -14.63 -1.74

non-SCF-PBE

QPBE+U

(U = 0.40) TOP -157.49 -141.46 -14.63 -1.40
FCC -157.42 -141.46 -14.63 -1.34
HCP -157.42 -141.46 -14.63 -1.33

non-SCF-PBE

QPBE+U

(U =0.75) TOP -157.45 -141.46 -14.63 -1.36
FCC -157.37 -141.46 -14.63 -1.28
HCP -157.37 -141.46 -14.63 -1.28

non-SCF-PBE

QPBE+U

(U = 1.00) TOP -157.44 -141.46 -14.63 -1.35
FCC -157.35 -141.46 -14.63 -1.26
HCP -157.35 -141.46 -14.63 -1.26

non-SCF-PBE

QPBE+U

(U = 1.25) TOP -157.44 -141.46 -14.64 -1.34
FCC -157.35 -141.46 -14.64 -1.26
HCP -157.35 -141.46 -14.64 -1.26

non-SCF-PBE

QPBE+U

(U = 1.50) TOP -157.43 -141.46 -14.64 -1.33
FCC -157.33 -141.46 -14.64 -1.23
HCP -157.34 -141.46 -14.64 -1.24

non-SCF-PBE

QPBE+U

(U = 1.75) TOP -157.42 -141.46 -14.64 -1.32
FCC -157.33 -141.46 -14.64 -1.23
HCP -157.29 -141.46 -14.64 -1.19

non-SCF-PBE

QPBE+U

(U = 2.00) TOP -157.42 -141.46 -14.64 -1.31
FCC -157.32 -141.46 -14.64 -1.22
HCP -157.27 -141.46 -14.64 -1.17

SCF-PBE

QPBE
TOP -157.71 -141.46 -14.63 -1.61
FCC -157.85 -141.46 -14.63 -1.76
HCP -157.83 -141.46 -14.63 -1.74

TABLE II: Total energies and adsorption energies (in eV)
of an adsorbed CO molecule on Pt (111) surfaces for three
different configurations, computed non -selfconsistently with
a self-consistent PBE+-U density with nonzero U values.
The energies for a non-selfconsistent calculation with U = 0
and a self-consistent PBE calculation agree very well, as
expected. These energies are determined from the total
energies of the combined CO/Pt (111) system, clean Pt(111)
surface, and free CO molecule, using Eqgs. 2 and 3.



gies and their differences, since all density partitioning
schemes are somewhat arbitrary. A change in dipole mo-
ment is not arbitrary, but there is no unique way to sep-
arate it into a contribution from charge transfer within
the molecule and another from charge transfer between
the molecule and the surface.

V. CONCLUSION

The adsorptions we discuss are mostly overbound by
the PBE GGA!3, and are overbound even more by the
SCAN meta-GGA?!, in self-consistent calculations. Self-
consistent PBE normally overestimates covalent bond
strengths (while underestimating vdW bond strengths),
and SCAN is normally much more accurate than PBE
for all kinds of bonds in both molecules and condensed
matter (as detailed in section I). Any deviation from
the self-consistent density of the bonded system for a
given functional will by the variational principle reduce
the computed binding, as needed for CO on a transition-
metal surface. In most practical calculations the error in
the DFT energy is primarily functional-driven. However,
in a few special situations (e.g., when a good semilocal
functional is applied to a system with a small or zero
HOMO-LUMO gap and possible charge transfer)3¢ the
error is primarily density driven. Here we might say
that the zero energy gap of the metal allows a large den-
sity response to errors in the PBE or SCAN exchange-
correlation potential of the adsorbed molecule. It is
known that the density-driven error can be sensitive to
the specific exchange-correlation potential, and can be
cured by using a more accurate density then the self-
consistent density of DFT. Often, the Hartree-Fock (HF)
density®® serves this purpose for molecules and anions.
Hartree-Fock theory is self-interaction-free and greatly
reduces charge-transfer errors.

When this article was first submitted, it ended with
this statement: “We would have liked to apply SCAN
to a Hartree-Fock or hybrid-functional density for CO
on transition-metal surfaces, to check if this procedure
yields the correct binding energies and adsorption sites.

But the computational cost of such a calculation is high.
We are looking for alternatives, e.g., the self-interaction
correction®*7! or the local orbital scaling correction.””
Both referees suggested that we try the PBE+U method
for the electron density. Without an expensive first-
principles determination of U7, this is an empirical but
computationally efficient method. The results of its im-
plementation in section IV strongly support the con-
tention of this paper, that the errors of SCAN (and
other semilocal functionals) for CO adsorption on tran-
sition metal surfaces are largely density driven. A fully-
satisfactory solution to the CO/Pt(111) puzzle might re-
quire a good nonempirical self-interaction correction to
the semilocal functionals.

For a given functional like PBE, and for a given en-
ergy difference like the adsorption energy or the differ-
ence of adsorption energy among competing adsorption
sites, there is a density error. If correcting that er-
ror makes a big improvement in that energy difference
for that functional, we can say unequivocally that the
energy-difference error is density driven. Density-driven
error depends upon the functional and upon the energy
difference. For a particular energy difference, some func-
tionals (like RPA) may be less sensitive to density error
than other functionals (like PBE). This fact could ex-
plain why RPA@PBE is much more correct®® for the site
preference and adsorption energy of CO on Pt(111) than
is PBEQPBE, even though the density error is the same
for both.

VI. ACKNOWLEDGMENTS

The work of AP and JPP was supported by the U.S.
National Science Foundation under Grant No. DMR-
1607868 (CMMT Division of Materials Research, with a
contribution from CTMC Division of Chemistry). The
work of HP and JS was supported by the U.S. Depart-
ment of Energy, Office of Basic Energy Sciences, through
the Energy Frontier Research Center Center for Com-
plex Materials from first Principles, under grant DE-
SC0012575.

1 J. K. Ngrskov, F. Abild-Pedersen, F. Studt, and T. Bli-
gaard. Density functional theory in surface chemistry and
catalysis. PNAS, 108:937, 2011.

J. Greeley. Theoretical heterogeneous catalysis: Scaling re-

lationships and computational catalyst design. Annual re-

view of chemical and biomolecular engineering, 7:605, 2016.

3 J. K. Ngrskov, T. Bligaard, J. Rossmeisl, and C H. Chris-
tensen. Towards the computational design of solid cata-
lysts. Nat. Chem., 1:37, 2009.

4 B. Hammer, Y. Morikawa, and J. K. Ngrskov. CO
chemisorption at metal surfaces and overlayers. Phys. Rev.
Lett., 76:2141, 1996.

5 G. Doyen and G. Ertl.
chemisorption on transition metals.

Theory of carbon monoxide
Surf. Sci., 43:197,

1974.

P. Hohenberg and W. Kohn. Inhomogeneous electron gas.

Phys. Rev., 136:B864, 1964.

W. Kohn and L. J. Sham. Self-consistent equations in-

cluding exchange and correlation effects. Phys. Rev., 140:

A1133, 1965.

8 P. J. Feibelman, B. Hammer, J. K. Ngrskov, F. Wagner,
M. Scheffler, R. Stumpf, R. Watwe, and J. Dumesic. The
CO/Pt(111) Puzzle. J. Phys. Chem. B, 105:4018, 2001.

9 1. Grinberg, Y. Yourdshahyan, and A. M. Rappe. CO on
Pt(111) puzzle: A possible solution. J. Chem. Phys., 117:
2264, 2002.

10°R. A. Olsen, P. H. T. Philipsen, and E. J. Baerends. CO
on Pt(111): A puzzle revisited. J. Chem. Phys., 119:4522,



11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

2003.

J. P. Perdew. Climbing the ladder of density functional
approximations. MRS Bulletin, 38:743, 2013.

J. P. Perdew and K. Schmidt. Jacobs ladder of density
functional approximations for the exchange-correlation en-
ergy. AIP Conference Proceedings, 577:1, 2001.

J. P. Perdew, K. Burke, and M. Ernzerhof. Generalized
gradient approximation made simple. Phys. Rev. Lett., 77:
3865, 1996.

J. P. Perdew, A. Ruzsinszky, G. I. Csonka, O. A. Vydrov,
G. E. Scuseria, L. A. Constantin, X. Zhou, and K. Burke.
Restoring the density-gradient expansion for exchange in
solids and surfaces. Phys. Rev. Lett., 100:136406, 2008.

J. Tao, J. P. Perdew, V. N. Staroverov, and G. E. Scuse-
ria. Climbing the Density Functional Ladder: Nonempir-
ical Meta-Generalized Gradient Approximation Designed
for Molecules and Solids. Phys. Rev. Lett., 91:146401, 2003.
J. P. Perdew, A. Ruzsinszky, G. I. Csonka, L. A. Con-
stantin, and J. Sun. Workhorse semilocal density func-
tional for condensed matter physics and quantum chem-
istry. Phys. Rev. Lett., 103:026403, 2009.

P. Janthon, F. Vifes, J. Sirijaraensre, J. Limtrakul, and
F. Illas. Adding Pieces to the CO/Pt(111) Puzzle: The
role of dispersion. J. Phys. Chem. C, 121:3970, 2017.

J. Sun, M. Marsman, A. Ruzsinszky, G. Kresse, and J. P.
Perdew. Improved lattice constants, surface energies, and
CO desorption energies from a semilocal density func-
tional. Phys. Rev. B, 83:121410(R), 2011.

A. Patra, J. E. Bates, J. Sun, and J. P. Perdew. Proper-
ties of real metallic surfaces: Effects of density functional
semilocality and van der Waals nonlocality. PNAS, 114:
E9188, 2017.

H. Peng, Z. H. Yang, J. P. Perdew, and J. Sun. Versa-
tile van der Waals Density Functional Based on a Meta-
Generalized Gradient Approximation. Phys. Rev. X, 6:
041005, 2016.

J. Sun, A. Ruzsinszky, and J. P. Perdew. Strongly Con-
strained and Appropriately Normed Semilocal Density
Functional. Phys. Rev. Lett., 115:036402, 2015.

T. Olsen and K. S. Thygesen. Beyond the random phase
approximation: Improved description of short-range corre-
lation by a renormalized adiabatic local density approxi-
mation. Phys. Rev. B, 88:115131, 2013.

M. G. Medvedev, I. S. Bushmarinov, J. Sun, J. P. Perdew,
and K. A. Lyssenko. Density functional theory is straying
from the path toward the exact functional. Science, 355:
49, 2017.

L. Goerigk, A. Hansen, C. Bauer, S. Ehrlich, A. Najibi,
and S. Grimme. A look at the density functional theory
zoo with the advanced GMTKN55 database for general
main group thermochemistry, kinetics and noncovalent in-
teractions. Phys. Chem. Chem. Phys., 19:32184, 2017.

D. Hait and M. Head-Gordon. Communication: xDH
double hybrid functionals can be qualitatively incorrect
for non-equilibrium geometries: Dipole moment inversion
and barriers to radical-radical association using XYG3 and
XYGJ-0OS. J. Chem. Phys., 148:171102, 2018.

J. Sun, R. C. Remsing, Y. Zhang, Z. Sun, A. Ruzsinszky,
H. Peng, Z. Yang, A. Paul, U. Waghmare, X. Wu, M. L.
Klein, and J. P. Perdew. Accurate first-principles struc-
tures and energies of diversely bonded systems from an
efficient density functional. Nat. Chem., 8, 2016.

C. Shahi, J. Sun, and J. P. Perdew. Accurate critical pres-
sures for structural phase transitions of group IV, III-V,

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

and II-VI compounds from the SCAN density functional.
Phys. Rev. B, 97:094111, 2018.

Y. Zhang, J. Sun, J. P. Perdew, and X. Wu. Comparative
first-principles studies of prototypical ferroelectric materi-
als by LDA, GGA, and SCAN meta-GGA. Phys. Rev. B,
96:035143, 2017.

M. Chen, H-Y. Ko, R. C. Remsing, M. F. Calegari An-
drade, B. Santra, Z. Sun, A. Selloni, R. Car, M. L. Klein,
J. P. Perdew, and X. Wu. Ab initio theory and modeling
of water. PNAS, 114:10846, 2017.

Y. Zhang, D A. Kitchaev, J. Yang, T. Chen, S. T. Dacek,
R. A. Sarmiento-Pérez, M. A. L. Marques, H. Peng,
G. Ceder, J. P. Perdew, and J. Sun. Efficient first-
principles prediction of solid stability: Towards chemical
accuracy. npj Comp. Mat., 4:9, 2018.

J. W. Furness, Y. Zhang, C. Lane, I. G. Buda, B. Bar-
biellini, R. S. Markiewicz, A. Bansil, and J. Sun. An ac-
curate first-principles treatment of doping-dependent elec-
tronic structure of high-temperature cuprate superconduc-
tors. Commun. Phys., 1:11, 2018.

J. P. Perdew, R. G. Parr, M. Levy, and J. L. Balduz.
Density-Functional Theory for fractional particle number:
Derivative discontinuities of the energy. Phys. Rev. Lett.,
49:1691, 1982.

A. Ruzsinszky, J. P. Perdew, G. I. Csonka, O. A. Vydrov,
and G. E. Scuseria. Spurious fractional charge on dissoci-
ated atoms: pervasive and resilient self-interaction error of
common density functionals. J. Chem. Phys., 125:194112,
2006.

J. P. Perdew and A. Zunger. Self-interaction correction to
density-functional approximations for many-electron sys-
tems. Phys. Rev. B, 23:5048, 1981.

M-C. Kim, E. Sim, and K. Burke. Understanding and
Reducing Errors in Density Functional Calculations. Phys.
Rewv. Lett., 111:073003, 2013.

M-C. Kim, E. Sim, and K. Burke. Ions in solution: Density
corrected density functional theory (DC-DFT). J. Chem.
Phys., 140:18A528, 2014.

S. Song, M-C. Kim, E. Sim, A. Benali, O. Heinonen, and
K. Burke. Benchmarks and Reliable Dft Results for Spin
Gaps of Small Ligand Fe(II) Complexes. J. Chem. Th.
Comp., 14:2304, 2018.

G. Blyholder. Molecular orbital view of Chemisorbed Car-
bon Monoxide. J. Phys. Chem., 68:2772, 1964.

G. Kresse, A. Gil, and P. Sautet. Significance of single-
electron energies for the description of CO on Pt(111).
Phys. Rev. B, 68:073401, 2003.

M. Gajdo$ and J. Hafner. CO adsorption on Cu(1l 1 1)
and Cu(0 0 1) surfaces: Improving site preference in dft
calculations. Surf. Sci., 590:117, 2005.

S. E. Mason, I. Grinberg, and A. M. Rappe. First-
principles extrapolation method for accurate CO adsorp-
tion energies on metal surfaces. Phys. Rev. B, 69:
161401(R), 2004.

P. Deshlahra, J. Conway, E. E. Wolf, and W. F. Schnei-
der. Influence of DipoleDipole Interactions on coverage-
dependent adsorption: CO and NO on Pt(111). Langmuir,
28:8408, 2012.

J. P. Perdew, M. Ernzerhof, and K. Burke. Rationale for
mixing exact exchange with density functional approxima-
tions. J. Chem. Phys., 105:9982, 1996.

M. Ernzerhof and G. E. Scuseria. Assessment of the
PerdewBurkeErnzerhof exchange-correlation functional. J.
Chem. Phys., 110:5029, 1999.



45

46

47

48

49

50

51

52

53

54

55

56

57

58

C. Adamo and V. Barone. Toward reliable density func-
tional methods without adjustable parameters: The PBEO
model. J. Chem. Phys., 110:6158, 1999.

A. D. Becke. Densityfunctional thermochemistry. ITI. The
role of exact exchange. J. Chem. Phys., 98:5648, 1993.

P. J. Stephens, F. J. Devlin, C. F. Chabalowski, and M. J.
Frisch. Ab Initio calculation of vibrational absorption and
circular dichroism spectra using density functional force
fields. J. Phys. Chem., 98:11623, 1994.

J. Heyd, G. E. Scuseria, and M. Ernzerhof. Hybrid func-
tionals based on a screened coulomb potential. J. Chem.
Phys., 118:8207, 2003.

J. Paier, M. Marsman, K. Hummer, G. Kresse, I. C. Ger-
ber, and J.G. Angyén. Screened hybrid density functionals
applied to solids. J. Chem. Phys., 124:154709, 2006.

Y. Wang, S. de Gironcoli, N. S. Hush, and J. R. Reimers.
Successful a priori modeling of CO adsorption on Pt(111)
using periodic hybrid density functional theory. J. Am.
Chem. Soc., 129:10402, 2007.

A. Gil, A. Clotet, J. M. Ricart, G. Kresse, M. Garca-
Hernadndez, N. Rosch, and P. Sautet. Site preference of
CO chemisorbed on Pt(1 1 1) from density functional cal-
culations. Surf. Sci., 530:71, 2003.

A. Stroppa, K. Termentzidis, J. Paier, G. Kresse, and
J. Hafner. CO adsorption on metal surfaces: A hybrid
functional study with plane-wave basis set. Phys. Rev. B,
76:195440, 2007.

A. Stroppa and G. Kresse. The shortcomings of semi-local
and hybrid functionals: what we can learn from surface
science studies. New Journal of Physics, 10:063020, 2008.
P. Lazi¢, M. Alaei, N. Atodiresei, V. Caciuc, R. Brako,
and S. Bliigel. Density functional theory with nonlocal
correlation: A key to the solution of the CO adsorption
puzzle. Phys. Rev. B, 81:045401, 2010.

J. Wellendorff, K. T. Lundgaard, A. Mggelhgj, V. Petzold,
D. D. Landis, J. K. Ngrskov, T. Bligaard, and K. W. Ja-
cobsen. Phys. Rev. B, 85:235149, 2012.

J. Wellendorff, K. T. Lundgaard, K. W. Jacobsen, and
T. Bligaard. mBEEF: An accurate semi-local bayesian
error estimation density functional. J. Chem Phys, 140:
144107, 2014.

X. Ren, P. Rinke, and M. Scheffler. Exploring the ran-
dom phase approximation: Application to CO adsorbed
on Cu(111). Phys. Rev. B, 80:045402, 2009.

L. Schimka, J. Harl, A. Stroppa, A. Griineis, M. Mars-
man, F. Mittendorfer, and G. Kresse. Accurate surface and
adsorption energies from many-body perturbation theory.
Nat. Mat., 9:741, 2010.

59

60

61

62

63

64

65

66

67

68

69

70

71

72

J. Hafner. Abinitio simulations of materials using VASP:
Densityfunctional theory and beyond. J. Comp. Chem.,
29:2044, 2008.

P. E. Bléchl. Projector augmented-wave method. Phys.
Rev. B, 50:17953, 1994.

Supplementary Information.  The Supplementary In-
formation (SI) contains tables for adsorption energies
and adsorption distances from self-consistent LDA, PBE,
PBEsol and SCAN calculations. It also contains non-
self-consistent SCAN total energies calculated using self-
consistent PBE+U densities for hubbard u value of 0.75
eV. The atom projected density of states (pDOS) from for
the “TOP”, “FCC” and “HCP” configurations are also in-
cluded here to demonstrate the shift in HOMO and LUMO
position of the adsorbed molecule in PBE+U calculation.
It uses Refs. 62-72.

D. F. Ogletree, M. A. Van Hove, and G. A. Somorjai.
LEED intensity analysis of the structures of clean Pt(111)
and of CO adsorbed on Pt(111) in the c¢(4 x 2) arrange-
ment. Surf. Sci., 173:351, 1986.

G. S. Blackman, M. L. Xu, D. F. Ogletree, M. A. Van Hove,
and G. A. Somorjai. Mix of molecular adsorption sites de-
tected for disordered CO on Pt(111) by diffuse low-energy
electron diffraction. Phys. Rev. Lett., 61:2352-2355, 1988.
J. Szanyi, W. K. Kuhn, and D. W. Goodman. CO ad-
sorption on Pd(111) and Pd(100): Low and high pressure
correlations. J. Vac. Sci. Techn. A, 11:1969, 1993.

D.H. Wei, D.C. Skelton, and S.D. Kevan. Desorp-
tion and molecular interactions on surfaces: CO:Rh(110),
CO:Rh(100) and CO:Rh(111). Surf. Sci., 381:49, 1997.
H. Steininger, S. Lehwald, and H. Ibach. On the adsorption
of CO on Pt( 111). Surf. Sci., 123:264, 1982.

J. Kessler and F. Thieme. Chemisorption of CO on differ-
ently prepared Cu(111) surfaces. Surf. Sci., 67:405, 1977.
G. S. Elliott and D.R. Miller. Proc. of 14th Int. Symp. on
Rarefied Gas Dynamics, Tokyo. University of Tokyo Press,
1984.

G. McElhiney, H. Papp, and J. Pritchard. The adsorption
of Xe and CO on Ag(111). Surf. Sci., 54:617, 1976.

M. Cococcioni and S. de Gironcoli. Linear response ap-
proach to the calculation of the effective interaction pa-
rameters in the LDA+U method. Phys. Rev. B, 71:035105,
2005.

M. R. Pederson, A. Ruzsinszky, and J. P. Perdew. Com-
munication: Self-interaction correction with unitary invari-
ance in density functional theory. J. Chem. Phys., 140:
121103, 2014.

C. Li, X. Zheng, N. Q. Su, and W. Yang. Localized orbital
scaling correction for systematic elimination of delocaliza-
tion error in density functional approximations. Nat. Sci.
Rev., 5(2):203-215, 09 2017.



