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We show that a simple first-principles correction based on the difference between the singlet-triplet CO
excitation energy values obtained by density-functional th€éDFT) and high-level quantum chemistry meth-
ods yields accurate CO adsorption properties on a variety of metal surfaces. We demonstrate a linear relation-
ship between the CO adsorption energy and the CO singlet-triplet splitting, similar to the linear dependence of
CO adsorption energy on the energy of the C@*2orbital found recently{Kresseet al,, Phys. Rev. B68,
073401(2003]. Converged DFT calculations underestimate the CO singlet-triplet excitation ea&gy,
whereas coupled-cluster and configuration-interactioh calculations reproduce the experimentefg 1.
The dependence @& e 0N AEg.1is used to extrapolatE ., for the top, bridge, and hollow sites for the
(100 and (111) surfaces of Pt, Rh, Pd, and Cu to the values that correspond to the coupled cluster and CI
AEg_rvalue. The correction reproduces experimental adsorption site preference for all cases andghtains
in excellent agreement with experimental results.
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[. INTRODUCTION place the unfiled CO 2* orbital too low in energy. This
makes it too close in energy to the methlband, which
The chemisorption of carbon monoxide on transitionresults in an unrealistic strengthening of ther*2d-band
metal surfaces is regarded as a prototypical system for theonding interaction. More recently, Kresse and co-worKers
study of molecule-surface interactions and has been intenselysed DFT calculations of varying accuracy and showed that
studied theoretically and experimentailior first-principles @ linear relationship exists between the difference of top and
theoretical studies, density-functional thedBFT) with the  hollow site chemisorption energies for CO or2tl) and the
generalized gradient approximati6®GA) for the exchange- gas-phase energy of the CCGr2 orbital.
correlation functional has emerged as the method of choice, By using a GGA+ U type functional, Kresset a
and DFT-GGA studies have significantly advanced underwere able to adjust the energetic position of the gas-phase
standing of surface phenomeh?. CO 27* orbital, restoring the correct prediction that
Despite these successes, two of the most basic propertié@p site adsorption is preferred on(Ptl). However, the
of CO-metal surface interactions—the chemisorption energycorrect” value of U is not knowna priori. Furthermore,
and the preferred adsorption site—cannot be reliably prethey studied adsorption on (B11) and did not address CO
dicted by DFT calculations. Theoretical CO chemisorptionon other metal surfaces. In this paper, we demonstrate that a
energies obtained by the widely used PW®ef. 4 and linear relationship exists between the CO chemisorption
PBE (Ref. 5 functionals are significantly higher than experi- energy and the CO singlet-triplet excitation energy for the
mental values, sometimes by as much as 0.4(R¥f. 6 top, bridge, and hollow sites on a variety of metal surfaces.
(30%). The RPBE function&ldoes improve the adsorption Unlike the energetic position of thezZ orbital, the CO
energetics, but at the expense of lower accuracy in metdlinglet-triplet excitation energy is rigorously well defined
lattice constants and a severe underestimation of surface ednd is accurately computed by coupled-cluéteand
ergies. Even more importantly, neither PBE nor RPBE calconfiguration-interaction  (Cl) ~ quantum  chemical
culations can correctly predict the relative energeticscalculations:® Extrapolation ofE e values to the correct
of the high symmetry sites, favoring the more coordinatedCO singlet-triplet excitation energy relies only on first-
bridge and hollow sites over the top site, and resultingPrinciples calculations, and yields chemisorption and site-
in a wrong site preference in a number of systems. This wapreference energies in excellent agreement with experiment
first discussed by Feibelmagt al” where a variety of for all systems studied.
DFT-GGA methodologies and codes predicted adsorption at
the fcc or hcp hollow si_te to be p_referred over the experi- Il. METHODOLOGY
mentally preferred top site adsorption on thél®1) surface
at low coverage. Since then this “puzzle” has been Calculations are carried out using the PBE GGA
addresseti** and the DFT-GGA inaccuracy traced to the exchange-correlation functiodaand norm-conserving opti-
incorrect description of CO electronic structure and bondnized pseudopotentidfs with the designed nonlocal
breaking. method’ for metals. All pseudopotentials were constructed
Grinberget al. showed that the inaccuracy in site prefer- using theorium pseudopotential packad®CO chemisorp-
ence was due to the poor treatment of CO bond breaking b§on is modeled at 1/4 monolayer coverage on five layer
GGA functionals. Analyzing the CO electronic structure, Gil slabs, separated by vacuum, with relaxation allowed in the
et al. found that PBE and B3LYFRefs. 12,13 functionals  top two layers. All calculations are done, and tested to be
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TABLE I. Pseudopotential details. Core radii areay, plane- 1.8 ——T T
wave cutoffsqg, in Ry. All PSPs were created from tls8p? refer- L5k S DFIGGA ]
ence configuration for carbon and te&* reference configuration il — Linear Fit |
for oxygen. For each pseudopotential set, results from gas-phase 1.7\ - Extrapolation| |
molecule calculations for the72 energy, as well as the&-27* I
. . . . 1.65 -
gap and the singlet-triplet energy are given, all in eV. = L
o 16r- .
re.re qc ,ds Bz S50-2m*  AEgt _g 1_55-_ Extrapolated CI value for |
PSP1 094109 8181 —2.10 6.01 535 7 5L B AEs.T
PSP 2 1.60,1.49 47,50 —1.90 7.01 5.53 r
PSP3 170,149 3050 —1.61 7.35 5.84 1'45_"/
PSP 4 1.65,1.49 4250 —1.94 7.04 5.56 14
PSP 5 1.70,1.49 39,50 —1.87 7.09 5.61 I T S T R TR

1'3§.3 54 55 5.6 5.7 5.8 59 6
AE ;. (€V)

converged, using a X4X1 grid of Monkhorst-Pack hep i

k-points’® The Kohn-Sham orbitals are expanded in a F!G- 1. Ecrem for CO on PE111) vs AEsy of CO for five

plane-wave basis set truncated at either 81 or 50 Ry, th seudopotential setgircles. Similar clear linear relationships are

higher cutoff being required in calculations using C anc,j Oalso obtained for other sites and metal surfaces. First-principles
GGA

pseudopotentials with small real-space cutoffs. We calculat?

xtrapolation procedur&SSh and AESS” values are plotted and fit
the chemisorption energy for CO adsorbed on thél 0 a line (solid). This line is extended to the abscissa representing
and (100 surfaces of Pt, Rh, Pd, and Cu, in three high-

AES';. The corresponding ordinate value AES" . Chemisorp-
. ! tion on the hcp site of P111) is used in this example.
symmetry sites: top, bridge, and hollow. On tki&l11) b RL1D P
surfaces, adsorption at the fcc hollow site is not reported, ) ) .
since it is well known that differences between calculatedP ®dict aérFS-T that is too small. The correct chemisorption
fcc and hcp hollow site adsorption energies are€N€r8YEchem CaN be obtained by using the relationship be-

negligible20:21 tween Egpem @and AEg 1+ and extrapolating to the CAEg ¢

We repeat these calculations using different sets of C an¥alue,
O pseudopotentials described in Table I. We use three sets of

C and O pseudopotentials to calcul&g,., at each site on ceA
. _ =GGA Cl GGA chem

each surface. To evaluate whether three data points are ad- Eheni= Echemt (AEs:T— AEST )—5 L EGGA’ ()
ST

equate to describe trends in the chemisorption energies, we

expand the number of C and O pseudopotential sets to ﬁv?/\’/hereAEg'T andAEg?A are, respectively, the Cl and GGA
d t th Iculati for the holl it P1). ; 1 o ) : .
and repeat the calculations for the hollow site ofED. singlet-triplet excitation energies, afBSCA SAESS  is

GGA
l11he slope of the fit 0E e VErsusAEg 1.

The slope forEg,.y VersusAEg.t is unchanged on going
from three points to five, as is the goodness of fit. Based o A universal feature of the corrected chemisorption ener-
gies presented in Table Il is that they all indicate weaker

this, the remainder of our results use the first three pseudo-

potential sets. chemisorption than the corresponding uncorrected values,
with the ESpa, values for the preferred site demonstrating

much better agreement with experimentally determined ad-

For CO on Pt111), our calculations show a linear rela- sorption energies. For example, BfCn for the experimen-
tionship betweenE'C‘ﬁgm and CO AEg excitation energy tally seen CO/PA1]) hollow site is 1.96 eV, as compared to
(Fig. 1), similar to the linear relationship between CO/ 1.47-1.53 eV obtained by temperature programmed desorp-
Pt(111) AE,qp.1cc Site preference energy and the energy of thdtion measurements.This rather large 0.46 eV error is elimi-
CO 27* for the P{(111) adsorption observed by Kresse and nated by the use of the extrapolation, wff¢, of 1.60 eV,
co-workers' A linear fit also describes well the behavior of in very close agreement with experimental results. For
chemisorption energies on the seven other substrates ithe experimentally observed top site on(CL) the results
cluded in the present work. Since the CO triplet state isare less dramatic but still noticeable, Wi %h of 0.746 eV
produced by an excitation of an electron from the érbital  changed toEg.,, of 0.621 eV in better agreement with
to the 27* orbital, the singlet-triplet excitation energy the experimental value of 0.49 é¥.Overall, comparison
is closely related to the &2#* gap and to the position of of PBE and corrected results shows an improvement from
the 27* orbital. This gives rise to a similar linear depen- 0.38 eV (30%) average overestimation for the PBE
dence ofEg,em ON the energy of CO 2* orbital and on  functional to 0.16 eM13%) average error for our corrected
AEg . results.

Coupled-clustéf and ClI (Ref. 15 quantum chemical Examination of the data in Table Il shows that there is a
calculations accurately reproduce the experimertlls;  strong correlation between the magnitude of the correction
of 6.095 eV?? On the other hand, regardless of theand the chemisorption site. This is due to the different
pseudopotential set, our DFT-GGA calculations alwaysstrengths of the metal-CO interactions in different local ge-

Ill. RESULTS
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TABLE II. Results of linear regression of chemisorption energy ' " T " T
versus singlet-triplet splitting energy. The smallest correlation coef-
ficient of all linear fits is greater than 0.95. The DFT-GGA values
for the chemisorption energies are given, along with the corrected>

energies obtained by extrapolation. Positive valu€&gf indicates = |
that top site is preferred. For each substrate, the site found to b% 04
o U

preferred by experiment is marked with an astefigk Experimen- E
tal values forEgeny, are: 1.43-1.71 for P111), Refs. 28-30, 1.43- © 03
1.65 for Rh(111), Refs. 31, 32, 1.47-1.54 for PHL1), Refs. 35, 23, £
0.46-0.52 for C(111), Refs. 33, 34, 1.62-2.18 for @00, Refs. © 0
36-38, 1.24-1.65 for RH100), Refs. 39,40, 1.3-1.71 for PHOO g |
Refs. 38,41, and 0.55-0.57 for Q00), Refs. 42, 43. 0.1
Site S|Ope EcGr.gﬁ] gggm A \ | L 1 L 1 \ | L
fs00 1700 1800 1900 2000 2100
PY(111) Top*  -0211 1717 1560 —0.157 CO Stretch Frequency (m™)
Bridge —0.435 1.758 1.433 —0.325
hcp —0.532 1.793 1.397 —0.396 FIG. 2. Graphical guide for estimatingSon, from CO stretch
Een 0.321 -0.076 0.164 0.240 frequency. Correction energy as a function of the adsorbed CO
Rh(111) Top* 0259 1.866 1673 —0193 stretc_h frequency prgvides_ a simpler, more user-fr_iendly method of
Bridge —0.456 1.920 1.581 —0.339 applying the correction. Lines represent boundaries for suggested
hcp —0.559 2.059 1.644 —0.415 correction values, average correction values for high-symmetry
Een 0.300 -0.193 0.030 0.223 sites for our highest quality DFT-GGA results in this study are
shown as circles.
Pd111) Top —0.185 1.385 1.247 —0.138
Bhr:%ge _8:222 i:;gg i:gg; _8:528 the threefold hcp hollow site on th@11) surfaces and the
Een 0.350 -0.577 —0.355 0.222 fourfold hollow on the(100 surfaces. This ranking is evi-
dent in the tabulated results. In the chemical language, the
Cu11y Top*  -0169 0746  0.621 —0.125  CcQ pond weakening is smallest for the top site and largest
Bﬂgge :gg;g 8'2%5 8‘218 :8%‘718 for the fourfold hollow site.
Ecn 0206 —0.143 0.011 0.154 The DFT-GGA errors in the prediction of the preferred
site are a direct outcome of the unequal treatment of the CO
Pt(100 Top*  —0.212 1.954 1.796 —0.158 bond weakening at the top and hollow sites due to the unre-

E'riclilge* :8-233 i-égg i-gig :giég alistically smallAEs.t and low 27* energy. Using our first-
ollow : ' : ' principles extrapolation to eliminate the CO bond weakening

E. 0.395 0.256 0.551 0.295 . .
e errors, our corrected DFT results give the highest value of
Rh(100) Top* —0.246 1.905 1.723 —0.182 Echem for the experimentally observed sites in all cases. For

Bridge*  —0.427 2.092 1774 —-0.318 Pt(111), our raw DFT data show an incorrect site preference
Hollow  —0.651 2.087 1.603 —0.484 with an energy of 0.076 eV. The corrected energies agree
Een 0.405 —0.182 0.120 0.302 . \ . 30 ;
with experimental site prefereniée® with an energy differ-
Pd(100 Top ~0.196 1.494 1.348 —0.146 ence of 0.163 eV. Likewise, our raw DFT data disagree with
Bridge* —0.384 1.927 1.641 —0.286 experimental site preferente?while our corrected energies
Hollow —0.583 1.937 1.503 —0.434 are in agreement. For Q:U]_l) the use
Een 0.387 —0443 -0.155 0288 . the correction gives the experimental site preferéfcg,
Cu(100 Top* ~0.170 0.830 0.703 —0.147 though the corrected DFT results predict smaiiq.1 eV)_
Bridge —0.286 0.834 0.620 —0.214 differences between the top, bridge and hollow sites.
Hollow —0.523 0.831 0.441 —0.477 Both the raw DFT and the corrected results fo(Hd) agree
Etn 0353 -0.001 0262  0.263 ijth the site preference observed by experinférif:3>Our
corrected results for thél00) surfaces agree with experi-

ometries. While the chemisorption bond is formed throughMentally observed preferred adsorption sites for(Refs.
both o donation andr* back donation, the contribution of 36—38, Rh (Refs. 39,40, Pd (Refs. 38,41, and Cu(Refs.

7* back donation to the adsorption bonding in the system§2’43- ) .

considered here is dominant because the fillings of the late A less exact but simpler correction can be extracted from
transition metals studied here are greater than fiaihe  our data and applied to any CO/metal surface system. The
back-donation mechanism is strongly enhanced by goin§lata in Table I show that for any given site the
from top site to polycoordinated adsorption site&22627  SESSASAEST values and the consequent correction en-
Accordingly, the incorrect DFT-GGAEg_7 (or the incorrect  ergy are fairly constant with scatter of about 0.1 eV across a
placement of the 2* orbital) will require the smallest cor- range of systems.

rection forEem Of the top site, followed by the bridge site, ~ As discussed above, the similarities for the same site and
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the differences among the sites are consequences of the dginglet-triplet excitation energies can then be used to
ferent degrees of CO bond weakening. The degree of C@xtrapolate to chemisorption energies with the CO error
bond weakening can be estimated from the frequency shift alemoved. The corrected values are in good agreement
adsorbed CO relative to the gas phase CO molecule, whicwith experimental results. The correction also eliminates
can be easily calculated for any system. Then the frequenayie GGA errors in site preference. We find a strong correla-
can be compared to those of top(typically tion between the amount of CO bond breaking and the
2000-2100 cm?), bridge (1850-1950 cm'), hcp  correction magnitude. This suggests that an estimate of

(1750-1800 cm?) or fourfold hollow (1600—-1700 cm')
sites and a corresponding correction applied.
For example, for CO adsorption on (111), DFT-GGA

the GGA error due to the incorrect description of CO
electronic structure can be readily obtained through the
frequency shift of adsorbed CO at any site on a metal sur-

calculations with PBE or PWO91 functionals find the face. The demonstrated method should be applicable to vari-

preferred site to be hcp or féé,in agreement with experi-
mental result4® However, theE ey are in 1.9-2.0 eV
range, in contrast to experimentBlye, of 1.12—1.55 eV.
Since the hollow site CO/N111) stretch frequency of
1800 cmi ! (Ref. 44 is similar to the 1830 cm! frequency
for CO on Pd111) hollow site?! we expect thé ,emerror to

be similar, and the corrected value &g, is about

ous adsorption systems where the charge transfer responsible
for chemisorption is sensitive to the adsorbate electronic
structure.
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