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Density functional study of CO and NO adsorption on Ni-doped MgO(100)
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The adsorption of small molecules such as NO or CO on surfaces of magnetic oxides containing
transition metals is difficult to model by current density functional approximations. Two such oxides
are NiO(100) and Ni-doped MgO(100). Here we compare the results of a theoretical model of the
Ni-doped MgO(100) surface with experimental results on NiO(100), which introduces some
uncertainty into a quantitative theory-experiment comparison. In the present work, we tested seven
meta-GGA and hybrid metafunctionals, in particular, three developed by the Minnesota group (MO5,
MO6-L, and M06), and TPSS, TPSSh, TPSSKCIS, and B1B95; six GGA functionals, including
BP86, PBE, and four other functionals that are modifications of PBE (PBEsol, SOGGA, revPBE,
and RPBE); five hybrid GGA functionals (B3LYP, PBE0O, B97-2, B97-3, and MPWLYPIM); and
one unconventional functional of the generalized gradient type with scaled correlation called
MOHLYP. The Minnesota meta-GGA functionals were found in the past to be very good choices
when transition metal atoms were present; the other functionals chosen are a selection from the most
currently used and most promising sets of functionals for bulk solids and surfaces and for transition
metals. The difficulty is due to the charge transfer between open shells in the case of NO and to the
weak character of the interaction in the case of CO. It is shown that the M06 hybrid meta functional
applied to NO or CO on a model of the Ni-doped MgO(100) surface is able to provide a good
description of both adsorbate geometries and binding energies. The M06 vibrational frequency shifts

are more accurate than for other functionals, but there is still room for improvement.
© 2010 American Institute of Physics. [doi:10.1063/1.3340506]

I. INTRODUCTION

The energy and nature of the chemical bond between an
adsorbate and a surface are important factors in electrochem-
istry, catalysis, corrosion, and electronics.'> Both metal and
metal oxide surfaces are important for heterogeneous cataly-
sis. For the interaction of adsorbates with metal surfaces, a
reasonable description has been achieved with density func-
tional theory (DFT) applied to periodic slab models.*® How-
ever, when the interaction involves metal oxide surfaces, the
situation is less clear and obtaining the binding energy of
even the simplest neutral molecules such as NH3, CO, or NO
with these surfaces constitutes a complex problem both ex-
perimentally and the:01retically.7_19

Many transition metals form solid solutions with MgO,
and such metal-doped MgO materials have varying catalytic
capabilities. Ni-doped MgO is particularly interesting and is
the subject of this article. Experimentally, the use of a variety
of methods for the preparation and cleaning of metal oxide
surfaces (epitaxial metal oxide film grown on a metal
surface,”*** surfaces obtained by cleaving single crystals un-
der ultra high vacuum conditions,14 metal oxide pOWdCI‘,7 or
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sintered polycrystalline metal oxide solid solutions)"! yields
substrates with diverse compositions and different numbers
and types of defects; and the adsorbate-substrate bonding
energy, especially when weak, is very sensitive to these vari-
ables. Nevertheless, the combination of several experimental

techniques [infrared (IR) spectroscopy,' > thermal de-
sorption spectroscopy,l“’zo’21 ultraviolet  photoelectron
22,27,28

spectroscopy,21 photoelectron diffraction] and several
surface science spectroscopic techniques29 [such as x-ray
photoelectron spectroscopy,29 or high-resolution electron-
energy-loss spectroscopy]29 yielded a clear picture of the ge-
ometries and strengths of the interactions of CO, NO, and
NH; with either the Ni-doped MgO(100) surface or the
NiO(100) surface, on which, due in part to a close lattice
match of the isostructural MgO and NiO,20 Ni sites have
similar characteristics to Ni sites on Ni-doped MgO.l&zL25
The number of techniques employed to understand these sys-
tems is comparable to previous work aimed to accurately
describe adsorption of CO and NO on MgO(001).>'*?!

The same investigations traced the influence of surface
defects on the adsorbate-surface bonding properties. In the
case of CO on NiO(100), which adsorbs in C-down fashion,
the ground-state dissociation energy Dy is 0.30 %+ 0.03 ev;'
and by adding the net loss of zero-point vibrational energy
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upon desorption one obtains an estimated value for the equi-
librium dissociation energy, D, of 0.37 eV (see Sec. III for
more details). The C-Ni and C-O bond lengths are
2.07+0.02 and 1.15+0.09 A, respectively;”"** the Ni-C
and C-O bonds are aligned with respect to the surface nor-
mal with angles of ~7(+5/-3)° and ~12=*12°,
respe:ctive:ly.27’28 The shift in the C-O stretching frequency
upon adsorption is +9 cm™".%° Note that this is calculated by
subtracting the fundamental vibrational frequency, wg, of
gas-phase CO, which is 2143 em™", 3! from the experimen-
tal C-O stretching vibrational frequency for CO adsorbed on
NiO(100), at low coverage, which is 2152 cm™.%® Simi-
larly, for NO on Ni(100), quantitative structural analysis re-
veals that the molecule is adsorbed N-down, and the Ni-N
bond length is 1.88+0.02 A with the molecule tilted with
respect to the surface normal by 59(+31/-17)°.***" The ex-
periments also yield Dy=0.57+0.04 eV (from which we es-
timate D.=0.64 eV) and a vibrational frequency shift in the
N-O stretching mode of =75 cm™' (1801 cm™' IR peak ob-
served at low coverage,23 shifted with respect to the
experimental32 fundamental frequency of NO, 1876 cm™).

When an embedded cluster model is used to model ad-
sorption of CO, NO, and other adsorbates on oxide surfaces,
one needs to consider the cluster size, the type of embedding
scheme, and the basis set used to describe the electron den-
sity, and one also has to select an adequate and computation-
ally affordable electronic structure method. For the latter,
DFT is a common choice, although many popular density
functionals (i.e., exchange-correlation functionals) do not ac-
curately describe weak interactions between adsorbates and
surfaces. On the other hand, wave function theory (WFT)
methods in the form of configuration interaction (CI), many
body perturbation theory, or coupled cluster theory are re-
stricted by their cost to relatively small model systems, and
Cl is not size extensive. The successes and failures of current
theoretical methods for the description of the interaction be-
tween CO and the regular sites of MgO(100) were summa-
rized recently,19 and it was also shown that recent hybrid
metafunctionals from the M06 family33 perform well both
for the calculation of the interaction energy and for the pre-
diction of the positive and small stretching vibrational fre-
quency shift of CO. The good behavior of the M06 family of
functionals for the bonding of CO to MgO(100) prompted us
to perform the present study on the interaction of CO and
NO with the Ni-doped MgO(100) surface.

The difficulties of using DFT to describe the interaction
of NO with NiO(100) or with Ni-doped MgO(100) have
been described in detail by Di Valentin et al.,15 and in most
aspects the difficulties are similar to those for CO.""® How-
ever, NO provides the possibility of gathering information
about the spin distribution through electron paramagnetic
resonance measurements.”* For the particular case of the in-
teraction between NO and Ni-doped MgO(100) it has been
found that the bonding has not been well described by the
density functional approximations applied so far, and spin-
polarized DFT can give reasonable adsorption properties
only at the cost of a wrong spin distribution. Moreover, vari-
ous exchange-correlation functionals give different answers
that vary from strongly bound to strongly unbound, with the
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origin of this difference being attributable to different de-
scriptions of the Coulomb repulsion within the 3d subshell.
Therefore the accurate inclusion of dynamical correlation is
essential. The bonding is dominated by long-range electro-
static and inductive forces and is also strongly affected by
the Pauli repulsion, especially, in the case of CO adsorption,
between the 50 orbital of CO and the almost fully occupied
3d subshell of Ni2*. Furthermore, most DFT functionals are
challenged to provide an accurate treatment of the disper-
sionlike contributions to the interaction energy. Note that the
interaction of CO with the Ni-doped MgO(100) surface does
not lead to any spin redistribution—CO remains closed shell,
and Ni’* remains a local triplet—whereas the interaction of
NO with the same surface involves a significant spin
redistribution—the unpaired NO electron is transferred to
Ni?* which is reduced to Ni* and becomes locally a doublet
with a d° electronic conﬁguration.18 Thus it appears that the
simultaneously correct description of the interactions of NO
and CO with NiO(100) and with Ni-doped MgO by a single
exchange-correlation functional will be challenging.

The difficulties encountered in properly describing the
interactions of CO or NO with Ni-doped MgO(100) or
NiO(100) surfaces triggered a considerable amount of theo-
retical research work.'®*!#*°42 A selection of the most rel-
evant results is presented in Tables I and II for NO and CO,
respectively. In the works published so far, a variety of the-
oretical approaches and surface models have been used, with
some calculations including a counterpoise correction (CpC)
for basis set superposition error (BSSE) and other calcula-
tions omitting this. Most studies include the adsorbate bind-
ing energy and equilibrium geometry, and a subset of the
studies also considered the N-O or C-O vibrational fre-
quency shifts.

All DFT calculations involve a Kohn—Sham determinant
corresponding to a model system of noninteracting electrons
with the same density as the system of interest; the doubly
occupied spin orbitals of this determinant may be restricted
to have identical spatial orbitals, or they may be unrestricted.
All DFT calculations in this article are unrestricted (some-
times called spin polarized) except for four cases in Table I
where a prefix RO is used to denote restricted open-shell.

Table I shows that several of the tested methodologies,
both DFT and WFT, have severe problems in accurately de-
scribing the NO-surface interaction. Embedded cluster model
calculations using a variety of BSSE-corrected WFT and
DFT methods (ROHF, ROHFLYP,” ROB3LYP*™
ROMPW IPW91,*” and CASSCF) predict repulsive interac-
tions, while other methods (CI, B3LYP, and ROCASPT?2)
yield BSSE-corrected binding energies that are systemati-
cally lower than the experimental result (an equilibrium dis-
sociation energy D, of 0.64 eV obtained by adding the esti-
mated zero point vibrational energy to the experimental'4
zero-point dissociation energy D). Furthermore, all theoret-
ical approaches tested so far give equilibrium N-O distances
larger than the 1.12+0.05 A best-fit-experimental bond
length for adsorbed NO.% Nevertheless, the calculated Ni—
N-O angles are in excellent agreement with the reported ex-
perimental value, 59(+31/ —17)",22 with a single exception,
i.e., the work due to Kuhlenbeck et al.,29 where a model with
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TABLE 1. Comparison of computational and experimental results from the literature for NO adsorption on Ni-doped MgO(100) or NiO(100) surfaces
(for angles definition see Fig. 2).

Coverage D, without D, with R(Ni-N) R(N-O) 6(Ni-N-0) Aw,

Method Reference Basis set Model (ML) CpC (eV) CpC (eV) (A) (A) (deg) (em™)
cI 29 TZP NiO¥ +PC 0.17 2.1 (fixed) 50

ROHF 15 TZP(Ni,N,0)/DZ(Mg) NiMggO,+TIP+PC —4.29 1.85 1.153 64

ROHFLYP 15 and 18 TZP(Ni,N,0)/DZ(Mg) NiMggOy+TIP+PC -3.42 -3.53 1.82 1.148 64 —404
ROB3LYP 15 and 18 TZP(Ni,N,0)/DZ(Mg) NiMggOy+TIP+PC 0.00 —-0.11 1.85 1.164 61 —-209
B3LYP 18 TZP(Ni,N,0)/DZ(Mg) NiMggOy+TIP+PC 0.36 0.25 2.02 1.153 57 —110
ROBLYP 15 and 18 TZP(Ni,N,0)/DZ(Mg) NiMggOy+TIP+PC 1.10 0.96 1.84 1.191 60 —-292
ROMPW IPW91 15 TZP(Ni,N,0)/DZ(Mg) NiMggO,+TIP+PC —-0.20 1.83 1.158 62

ROCASPT2 15 and 18 TZP(Ni,N,0)/DZ(Mg) NiMggOy+TIP+PC 0.65 0.48 2.03 1.173 63 -101
CASPT2 39 TZP(Ni,N,0)/DZ(Mg) NiOsMg!$*+PC 0.70 0.34 1.99 1.17 58

CASPT2 39 ANO NiOsMg!¥ +PC 0.53 0.38 1.99° 1.17° 58°

CASPT2 39 TZP(Ni,N,0)/DZ(Mg) Ni;0,,Mg33"+PC 0.79 0.41 1.99* 117 58
CASSCF(3,3) 39 TZP(Ni,N,0)/DZ(Mg) NiOsMg!%*+PC -0.37 —0.46 1.9 1.17° 58°

PW91 21 PW/USPP Nig oMo 9:0(100) 0.25 0.74 1.85 1.19

Four-layer slab

LSDA 40 PAW/330 eV NiO(100) slab 0.5 1.32 1.72 1.175 54

PWO1 40 PAW/330 eV NiO(100) slab 0.5 1.24 1.76 1.185 52

LSDA+U 40 PAW/330 eV NiO(100) slab 0.5 0.67 1.78 1.168 56

PWO1+U 40 PAW/330 eV NiO(100) slab 0.5 0.40 1.98 1.174 55

Experimental 0.64° 0.64°  1.88%0.02° 1.12%0.15% 59+24¢  —75°

‘CASPT2/TZP geometry.

“Calculated from the experimental (Ref. 14) D, value of 0.57 +0.04 eV value together with the soft modes of frequencies 17, 34, 149, 169, and 225 cm™!
obtained with the MO6 functional for the NO-NiMggO, cluster, and taking into account the decrease Aw, in the NO mode.

“References 22 and 27.
dReference 22.
‘Reference 23.

a frozen Ni-N distance was used. The calculated Ni-N bond
lengths are within 0.15 A of the experimental result, %’
1.88+0.02 A. The calculated vibrational frequency shifts
(ROHFLYP, ROB3LYP, B3LYP, ROBLYP** and
ROCASPT?2) are more negative than the experimentally de-
rived shift (=75 cm™!); the B3LYP and ROCASPT?2 are 39
and 30 cm™' more negative than the experimental result
while the other three computational approaches give larger
deviations from experiment (differences of 138—333 cm™').
Interestingly, the methods that give better predictions of the
vibrational frequency shift (B3LYP and ROCASPT2) are
those that yield the largest adsorbate-to-surface distances,
i.e., largest Ni-N lengths. Globally, the ROCASPT2 ap-
proach together with the embedded NiMggOq cluster model
gives the best results of the WFT methods, in particular the
best interaction energy and vibrational frequency shift, but it
still yields a quite too long adsorbate-to-surface distance.

Periodic DFT approaches using LSDA and GGA-type
exchange-correlations functionals, commonly used in surface
science and condensed matter applications, have also been
applied to the NiO surface. LSDA and GGA methods predict
that NO binds to the surface, but the addition of a Hubbard-
type on-site Coulomb repulsion term (U) to spin-polarized
(i.e., unrestricted) LSDA and PW91 (which is a GGA) sig-
nificantly improves both the calculated interaction energies
and also the optimized geometrical parameters.40 The
PWO91+U method gave better agreement.40 However, Rod-
riguez et al*' and Rohrbach and Hafner™ do not provide
vibrational frequencies for the NO-oxide systems, and there-
fore it is not possible to test their models for the N-O vibra-
tional frequency shifts.

In the case of CO on the NiO(100) and Ni-doped
MgO(100) oxide surfaces (cf. Table II), the picture is very
similar to that described above for NO. The calculated inter-
action energies are again significantly affected by BSSE
when cluster models are used, and the calculated interaction
energies are systematically lower than the experimentad14 re-
sult (D.=0.37 eV, obtained by adding the estimated zero
point vibrational energy to the experimental D,
=0.30=0.03 eV). The large number of theoretical ap-
proaches and models that have been used allow one to ex-
tract valuable information from Table II. Increasing the num-
ber of explicit O and Mg ions around the central Ni cation
and keeping the model frozen (entries 2 and 3 in Table II)
has a negligible effect on the BSSE-corrected interaction en-
ergy, but increasing the number of Ni cations in the model
(entries 3 and 4) almost doubles the calculated interaction
energy. Using the ANO basis set instead of the TZP one, also
on a frozen model, increases the calculated interaction en-
ergy by 30% (entries 2 and 5). Furthermore, both RCCSD or
RCCSD(T) give less positive binding energies when com-
pared with MP2 (entries 2, 7, and 8). The introduction of
electron correlation by DFT improves the description of the
COloxide interaction (entries 10-15). As for NO, the BLYP
approach yields the largest binding energy, but in the case of
CO the value is closest to the experimental result rather than
overshooting it. Importantly, the use of models mimicking
the Ni(100) surface or the Ni-doped MgO(100) surface no-
ticeably affects the calculated energies (entries 12-15). Fi-
nally, the ROCASPT?2 calculated vibrational frequency shift
is in very good agreement with the experimental result
(+9 cm™!, Ref. 26) and the UHF and HFLYP values are also
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TABLE II. Comparison of computational and experimental results from the literature for CO adsorption on Ni-doped MgO(100) or NiO(100) surfaces (for

angles definition see Fig. 2).

Coverage D, without D, with  R(Ni-C) R(C-0) O(Ni-C-0) Ao,
Method Reference Basis set Model (ML) CpC (eV) CpC (eV) A) A) (deg) (ecm™)
HF 35 TZP Ni(H,0),(OH), 0.51 0.08 2.86 1.11 (fixed)
RMP2 39 TZP(Ni,N,0)/DZ(Mg) NiOsMg}$*+PC 0.40 0.10 2.15 1.14
RMP2 39 TZP(Ni,N,0)/DZ(Mg) NiO;;Mg3>*+PC 0.52 0.11 2.15% 1.14*
RMP2 39 TZP(Ni,N,0)/DZ(Mg) NisO,,Mg3>*+PC 0.54 0.20 2.15° 1.14*
RMP2 39 ANO NiOsMg 5" +PC 0.28 0.13 2.15° 1.14*
ROHF 39 TZP(Ni,N,0)/DZ(Mg) NiOsMg}8*+PC —0.21 —0.29 2.15" 1.14*
RCCSD 39 TZP(Ni,N,0)/DZ(Mg) NiOsMg|3*+PC 0.33 0.02 2.15° 1.14*
RCCSD(T) 39 TZP(Ni,N,0)/DZ(Mg) NiOsMg}3*+PC 0.43 0.09 2.15° 1.14*
CASSCF(18,13) 39 TZP(Ni,N,0)/DZ(Mg) NiOsMgl$*+PC —-0.30 2.15" 1.14°
UHF 41 6-311+G(d,p) (CO)  NiyOy+TIP+PC 0.15 0.00 2.92 1.105 0
8-6411G41d (Ni)
8-411G1d (O, cluster)
HFLYP 41 TZP NigOg+TIP+PC 0.22 0.15 2.38 1.098 -10
B3LYP 41 TZP NigOy+TIP+PC 0.12 0.02 2.10 1.134 -73
B3LYP 18 TZP(Ni,N,0)/DZ(Mg) NiMggO,+TIP+PC 0.16 0.06 2.10 1.130
BLYP 41 TZP NigOo+TIP+PC 0.33 0.23 1.87 1.161 -172
BLYP 18 TZP(Ni,N,0)/DZ(Mg) NiMgzOy+TIP+PC 0.41 0.30 1.90 1.154
ROCASPT2 18 TZP(Ni,N,0)/DZ(Mg) NiMgzOy+TIP+PC 0.30 0.13 224 1.136 +16
NiO(100)
HFLYP 41 6-311+G(d,p) (CO) three-layer slab 0.25 0.29 0.17 2.40 1.095 -3
8-6411G41d (Ni)
8-411G1d (O, cluster)
PW91 21 PW/USPP Nip 06Mg0.40(100) 0.25 0.61 1.93 1.14
Four-layer slab
LSDA 42 PAW/330 eV NiO(100) slab 0.5 1.26 1.76 1.150 0
PW91 42 PAW/330 eV NiO(100) slab 0.5 0.70 1.81 1.153 0
LSDA+U 42 PAW/330 eV NiO(100) slab 0.25 0.80 1.93 1.144 11
LSDA+U 42 PAW/330 eV NiO(100) slab 0.5 0.79 1.94 1.145 18
PW91+U 42 PAW/330 eV NiO(100) slab 0.25 0.33 2.03 1.143 15
PW91+U 42 PAW/330 eV NiO(100) slab 0.5 0.26 2.04 1.145 21
Experimental 037" 2.07+0.02° 1.15+0.09%¢ 12+12% +9°

“RMP2/TZP geometry.

®Calculated from the experimental (Ref. 14) D, value of 0.30+0.03 eV for D, with the soft modes of frequencies 128, 170, 216, 318, and 318 cm™! obtained
with the MO6 functional for the CO-NiMggOy cluster, and taking into account the decrease Aw, in the CO mode.

‘Reference 27.
dReference 28.
“Reference 26.

close; the BLYP calculated value is too low, and the B3LYP
approach, which includes 20% HF exchange, is between the
calculated BLYP (no HF exchange) and the UHF (100% HF
exchange) shifts. The results obtained with periodic slab
models follow the same pattern as those already described
for NO; in particular, the inclusion of Hubbard-type on-site
Coulomb repulsion in the calculations significantly improves
the calculated interaction energies.40

The most important conclusions drawn from Tables I
and II are (i) most of the approaches used in previous works
underestimate the substrate-adsorbate bonding energy for
both NO and CO and (ii) they also fail to describe the struc-
ture of the adsorbed molecule. The latter has negative impli-
cations for the accuracy of the calculated vibrational fre-
quency shifts. The good performance of the M06 hybrid
metafunctionals in describing several difficult systemslg’48
prompted us to test their performance, and also that of the
MOS5 family, in describing the interaction of CO and NO with
the Ni-doped MgO(100) surface described by appropriate

embedded cluster models. Several other functionals that have
been proposed for solid-state and surface science studies and
for transition metals are also included in the study.

Il. COMPUTATIONAL DETAILS

The interaction of CO and NO with an isolated Ni**
impurity on the MgO(100) surface was modeled with two
different stoichiometric cluster models that are shown in Fig.
1. In the two models, a central Ni atom is surrounded by 8
Mg and 9 O atoms or by 24 Mg and 25 O atoms, keeping
(initially) an undistorted MgO rock-salt structure and with all
electrons treated explicitly. (As discussed later in this sec-
tion, the coordinates of six or more of the atoms are relaxed
in the presence of adsorbate in a subsequent optimization
step.) The resulting NiMggOqy and NiMg,,0,5 cluster models
were embedded in an environment that accounts for short-
and long-range interactions with the remainder of the
crystal,“g_56 and, in particular, that accounts for the long-
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(b)

FIG. 1. (a) NiMggOy and (b) NiMg,,O,5 cluster models (ball and stick) and
TIPs (sticks) used to simulate the Ni-doped MgO(100) surface. Large yel-
low balls, small red balls, and green medium balls denote Mg“, 02-, and
Ni?* ions, respectively. The array of PCs is not shown.

range Madelung potential. The embedding scheme consid-
ered both total ion potentials (TIPs) and a large array of point
charges (PCs). Each TIP is a pseudopotential simulating a
Mg?* cation directly coordinated to the oxygen anions at the
cluster edge. The cluster plus TIPs were further surrounded
by PCs with values of *2e. In particular, the NiMggOy clus-
ter is surrounded by 17 TIPs, 312 positive PCs, and 329
negative PCs, and for the NiMg,,0,5 cluster these numbers
are 33, 280, and 313, respectively. These two cluster models
are identical to those used in a very recent study concerning
the adsorption of CO on the MgO(100) surface but with the
central Mg atom substituted by a Ni atom,'® and they are
large enough to provide meaningful results although obtain-
ing converged results may require expanding the quantum
region further. Nevertheless, there is evidence that enlarging
the cluster model will at most increase adsorption energies
by 0.15 eV (Ref. 39) and hence will not change the main
conclusions of the present work.

FIG. 2. Definition of the angles 6 and ¢. Large yellow balls, small red balls,
and green medium balls denote Mg?*, O>-, and Ni** ions, respectively.

J. Chem. Phys. 132, 104701 (2010)

A combination of basis sets has been used. The Ni atom
was described by the new contracted LANL2TZ+ basis set,”’
which was derived from the older LANL2DZ basis set,™ and
that has been proposed to be more suitable for DFT
calculations.”” The five O atoms linked directly to the Ni
atom were represented by the standard 6-31+G(d) basis set.
The other surface O atoms as well as the Mg atoms were
described with the 6-31G basis. The Ahlrichs’ TZVP basis
set™ was used for the CO and NO molecules.

The density functionals considered here contain various
elements. An LSDA depends only on spin densities (that is,
the densities of up-spin and down-spin electrons), and a
GGA also depends on the gradients of the spin densities. A
meta-GGA adds spin kinetic energy to a GGA, a hybrid
GGA adds Hartree-Fock (HF) exchange to a GGA, and a
hybrid metafunctional adds both. Functionals without HF ex-
change are sometimes called local.

In our choice of density functionals we have been guided
by previous studies of the performance of the functionals of
the MOx family for a large number of systems and
proper‘ties.”’ak62 From these studies it was concluded that
only functionals with less than 30% HF exchange should be
used for systems involving transition metal atoms. Thus, the
MO6-L (Ref. 60) and MO6 (Ref. 61) functionals of the M06
family and the MO5 (Ref. 62) functional from the M05 fam-
ily were employed in the calculations. These functionals in-
corporate kinetic-energy density in a balanced way in the
exchange and correlation functionals. The three functionals
differ essentially in the inclusion or absence of a percentage
of HF exchange, in the functional forms used to represent
exchange and correlation, and in parametrization. The per-
centages of HF exchange in the functionals are 0%, 27%,
and 28% for M06-L, M06, and MO5, respectively.*>**-62
MO06-L is a meta-GGA, and M0O5 and MO06 are hybrid
metafunctionals.

We also tested several functionals that are frequently
used in solid-state and surface science studies, including six
GGA functionals, namely, BP86,43’63 Perdew—Burke—
Ernzerhof (PBE),64 and four modifications of PBE, namely,
PBEsol,® SOGGA.*® revised PBE (revPBE),*” and RPBE:®
five hybrid GGA functionals, including the popular B3LYP
functional, the MPWLYP1M functional with one parameter
adjusted for metals,”® PBE0®"" (the hybrid version of PBE
with 25% HF exchange), B97—2,71 and B97—3;72 and four
additional meta-GGA and hybrid metafunctionals, namely,
the meta-GGA of Tao, Perdew, Staroverov, and Scuseria
(TPSS);” its hybrid meta version with 10% of HF
exchange, called TPSSh;74 the TPSSKCIS combination
rneta-GGA;ﬁgJSf77 and the B1B95 hybrid metafunctional.**’®
Finally, the unconventional functional of the generalized
gradient with scaled correlation type, MOHLYP,”® was also
included.

The BP86 functional is a combination of Becke’s 1988
(Ref. 43) exchange functional and Perdew’s 1986 (Ref. 63)
correlation functional, and was used to study the adsorption
of CO on MgO(100) (see references cited in Ref. 19) with
moderate success. The Perdew—Burke-Ernzerhof (PBE)
(Ref. 64) functional was constructed to satisfy several ener-
getically relevant physical constraints and is, along with the
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Perdew—Wang 91 (PW91)79’81 functional, one of the most
widely employed functionals in condensed-matter studies.
The PBEsol (Ref. 65) functional modifies PBE by optimizing
one parameter to fit the jellium-surface exchange correlation.
Lattice constants were found to be more accurate with PBE-
sol than with PBE, and by construction PBEsol gives im-
proved jellium surface energies. Thus, it was hoped by its
developers that it would provide good results for interactions
on real surfaces. The SOGGA (Ref. 66) (second-order GGA)
functional recently developed in the Minnesota group intro-
duces a modification of the PBE exchange functional that
restores the density-gradient expansion for both exchange
and correlation to second order and enforces a tighter Lieb—
Oxford bound than other GGAs. The correlation functional is
the same as the PBE one. SOGGA functional has been
shown to improve lattice constants by 20% compared to
PBEsol. The revPBE (Ref. 67) functional is identical to PBE
but for a one-parameter modification in the exchange part of
PBE based on a fit to exchange-only total atomic energies.
The atomization energies given by revPBE were shown to
improve the PBE ones for a large database of small mol-
ecules. The RPBE (Ref. 6) functional is a slight revision of
PBE with a new functional form for the exchange enhance-
ment factor that, unlike revPBE, fulfills the local Lieb—
Oxford bound. The chemisorption energies of atoms and
molecules on transition-metal surfaces obtained with revPBE
and RPBE are normally very similar® and represent in many
cases a significant improvement over PBE. However, RPBE
does not improve on PBE for jellium surface energies, lattice
constants, and bulk moduli of solids®? and bond distances of
main-group compounds.66 As RPBE has been used in a
plethora of theoretical studies of solids and gas-surface sys-
tems (see for instance Refs. 5 and 83), it is very interesting to
assess its accuracy for the adsorption of CO and NO on a
Ni-doped MgO(100) surface.

The popular B3LYP* ™ hybrid GGA functional has
been the density functional most widely used by chemists for
many years, and it still represents about 80% of the total
occurrences of density functionals in the chemical
literature.** However, in applications to surface science stud-
ies, B3LYP is rarely the best-performing functional. The
MPWLYPIM (Ref. 68) hybrid GGA functional is a combi-
nation of 95% MPW exchange plus 5% HF exchange and of
LYP correlation, with one parameter optimized for metals.
This functional was optimized against a data set of metal-
ligand and metal-metal bond energies (with both main-group
and transition metals), main-group atomization energies,
atomic ionization potentials, and bond lengths. The
PBE0®° hybrid derives from PBE and contains 25% HF
exchange. PBEO has been shown to be a better compromise
than PBE for both molecular atomization energies and solid-
state properties. The functional form of the B97-2 (Ref. 71)
and B97-3 (Ref. 72) functionals is a generalization of that of
Becke’s 1997 (B97) (Ref. 85) exchange-correlation func-
tional, adding more parameters that are fitted to experimental
data (mainly thermochemical quantities and reaction barri-
ers).

J. Chem. Phys. 132, 104701 (2010)

As mentioned above, in addition to the M06-L meta-
GGA functional and the M05 and M06 hybrid metafunction-
als of the MOx family, two other metafunctionals and two
other hybrid metafunctionals were included in the present
study. TPSS (Ref. 73) is a meta-GGA designed in an attempt
to give a balanced overall description of both molecules and
solids.”*86 Furthermore, TPSS has been shown to be, along
with PBEsol, one of the best functionals for jellium surface
energies.65’74 The hybrid version of TPSS with 10% HF ex-
change, TPSSh,” represents an improvement to TPSS for
some thermochemical properties, bond lengths, and frequen-
cies of the molecules in the G3/99 test set. The
TPSSKCIS® > functional is a combination of TPSS ex-
change with the KCIS correlation functional and was found
to be one of the best functionals for a database of energies of
main-group and transition metal compounds.68 The
B1B95**" functional is a one-parameter hybrid meta-GGA
that combines Becke’s 1988 exchange43 and 1995 kinetic-
energy-dependent correlation,”® and it was shown in one
study87 to be among the best general-purpose hybrid func-
tionals tested for thermochemical kinetics.

Another functional tested in the present work is the
MOHLYP (Ref. 68) functional. In MOHLYP, “HLYP” stands
for 50% LYP correlation (i.e., “half-LYP”) and “MO” means
a metal-optimized OptX functional. This functional was op-
timized against a database of energies and bond lengths con-
taining transition metals.

An important question we wanted to address in the
present study and which partly motivated our choice of den-
sity functionals is whether, and to what extent, a good de-
scription of jellium surface energies implies good gas-
surface adsorption energies. A detailed discussion of this
point is presented below.

For all the density functionals employed and for the two
cluster models considered [CO(NO)/NiMggOy and
CO(NO)/NiMg,,0,5], the coordinates of the central Ni
atom, of the five O atoms surrounding Ni, and of the adsor-
bates (NO or CO) have been fully optimized, with the rest of
the atoms and TIPs kept frozen at the bulk geometry. Geom-
etries were optimized without a CpC (Ref. 88) for BSSE, and
then the CpC was applied at this geometry. Vibrational fre-
quencies were calculated with the PCs fixed but with all
atoms and TIPs allowed to relax. Thus, the dimension of the
block of the Hessian matrix considered is 111X 111 for
CO(NO)/NiMggOqy. The frequencies for the large cluster,
CO(NO)/NiMg,,0,5, were not calculated due to computa-
tional limitations. No corrections for anharmonicity were
considered for the theoretical frequencies. All the calcula-
tions were performed with a locally modified version of
GAUSSIANO3 Revision D.01,* employing the MN-GFM
module.”

lll. RESULTS and DISCUSSION

The calculated results for the NO species interacting
with each of the cluster models considered in the present
work are reported in Tables III and VI, where Table III has
the results for the larger model (frequency and shifts calcu-
lated with the small model) and Table VI shows the results
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TABLE III. Calculated results for gas-phase NO (values in parentheses) and for N-down adsorbed NO at a Ni**

site on the Ni-doped MgO(100) surface. (For angles definition see Fig. 2; NiMg,,0, model for ($2), D., R, and
6; NiMggOy model for w, and Aw,. Values in parentheses are for separated NO.)

) D, R(Ni-N) R(N-0) #(O-Ni—-N) 6(Ni-N-0) Aw,

Method (8% (eV) (A) (A) (deg) (deg) (em™)  (em™)

B3LYP 155 0.27,0.15" 2.09 1.149 3 57 1887  —87
(1.147) (1974)

MO06-L 118 0.92,0.79 1.89 1.165 3 59 1772 —198
(1.150) (1970)

MO06 149  0.58,0.46 2.03 1.143 3 58 1928  —101
(1.141) (2029)

MO05 1.48 0.38,0.25 2.03 1.144 4 58 1936  —94
(1.144) (2030)

SOGGA 0.87 1.55,1.38 1.79 1.175 3 60 1699  —225
(1.156) (1924)

PBE 0.94 1.10,0.94 1.83 1.178 3 59 1679  —210
(1.160) (1889)

PBEsol 0.87 1.51,1.34 1.79 1.176 3 60 1691  —226
(1.155) (1917)

revPBE 0.99 0.79, 0.64 1.85 1.180 4 58 1974  —197
(1.163) (1871)

RPBE 1.01  0.77,0.62 1.86 1.181 4 58 1671 —193
(1.164) (1865)

TPSS 1.09 0.88,0.74 1.86 1.177 3 59 1684  —205
(1.160) (1889)

BP86 0.93  1.00, 0.86 1.83 1.180 4 59 1663 —214
(1.161) (1877)

PBEO 1.60  0.33,021 2.10 1.142 3 56 1967  —65
(1.142) (2032)

TPSSh 1.40  0.53,0.39 1.95 1.160 4 57 1803  —140
(1.152) (1942)

MOHLYP 0.96 0.66, 0.47 1.86 1.186 4 58 1660  —185
(1.169) (1845)

B97-2 154 0.24,0.13 2.08 1.144 3 57 1939 78
(1.143) (2017)

BY97-3 1.64 0.17,0.07 2.23 1.142 2 57 1976 —16
(1.143) (1992)

TPSSKCIS 101 0.90, 0.76 1.85 1.177 4 59 1678  —206
(1.160) (1884)

MPWLYPIM 115 0.70, 0.55 1.89 1.174 3 58 1689  —185
(1.160) (1874)

B1B95 159 0.32,0.19 2.10 1.140 3 57 1969  —65
(1.140) (2034)

Experimental 0.64° 1.88+.02¢ (1.151)*  +3/-8°¢ 59+24°¢ 18011  -75
(1876)%

“First value calculated without CpC; value after comma calculated with CpC.

"Calculated from the experimental (Ref. 14) D, value of 0.57 =0.04 eV value together with the soft modes of
frequencies 7, 34, 149, 169, and 225 cm™! obtained with the M06 functional for the NO-NiMggOyq cluster, and

taking into account the decrease Aw, in the NO mode.
“References 22 and 27.

dReference 31.

“Reference 22.

"Reference 26.

£Reference 30.

for the smaller cluster model. Similarly, Tables IV and VII
show results for CO species interacting with the larger and
with the smaller cluster models, respectively. For both adsor-
bates, these tables allow one to compare the results calcu-
lated with three meta-GGA exchange-correlation functionals
from Minnesota (MOx functionals) with those obtained with

the widely employed B3LYP hybrid GGA, and with the four
other PBEO, B97-2, B97-3, and MPWLYPIM hybrid GGAs;
with the BP86, PBE, PBEsol, SOGGA, revPBE, and RPBE
GGAs; with the TPSS and TPSSKCIS meta GGAs; and with
the TPSSh and B1B95 hybrid metafunctionals, as well as
with the results in Tables I and II.
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TABLE IV. Calculated results for gas-phase CO (values in parentheses) and for C-down adsorbed CO at a Ni**
site on the Ni-doped MgO(100) surface. (NiMg,,0,5 model for D, R; NiMggOq model for w, and Aw,. Values
in parentheses are for separated CO. The O(Ni—C-0) angle, Fig. 2, is in all cases close to zero degrees and is

therefore not reported.)

D, R(Ni—C) R(C-0) , Aw,
Method (eV) A) A) (em™) (ecm™)
B3LYP 0.18, 0.06" 2.12 1.130 2174 —45
(1.127) (2219)
MO6-L 0.55, 0.42 1.98 1.138 2131 -77
(1.130) (2208)
MO06 0.42, 0.30 2.09 1.132 2210 -37
(1.125) (2246)
MO5 0.20, 0.10 2.14 1.132 2195 -26
(1.129) (2220)
SOGGA 1.00, 0.82 1.83 1.152 2029 -123
(1.136) (2152)
PBE 0.63, 0.47 1.89 1.151 2018 -116
(1.138) (2134)
PBEsol 0.95, 0.77 1.84 1.151 2027 -123
(1.137) (2150)
revPBE 0.37,0.23 1.92 1.154 2009 -107
(1.142) (2116)
RPBE 0.36, 0.21 1.92 1.154 2006 -105
(1.143) (2111)
TPSS 0.54, 0.41 1.93 1.148 2038 -105
(1.137) (2143)
BP86 0.53, 0.38 1.89 1.152 2013 114
(1.139) (2127)
PBEO 0.31, 0.19 2.09 1.128 2209 -39
(1.125) (2248)
TPSSh 0.41, 0.28 2.01 1.138 2117 —67
(1.131) (2184)
MOHLYP 0.14, —0.01 1.91 1.161 1976 -110
(1.148) (2086)
B97-2 0.17, 0.09 2.11 1.129 2189 42
(1.126) (2231)
BY7-3 0.12, 0.03 223 1.126 2225 -5
(1.125) (2220)
TPSSKCIS 0.50, 0.36 1.93 1.148 2030 -106
(1.137) (2136)
MPWLYPIM 0.35, 0.20 1.97 1.144 2053 -90
(1.135) (2143)
B1B95 0.39, 0.16 2.12 1.126 2219 -36
(1.123) (2255)
Experimental 0.37° 2.07 +0.02 1.15+0.09 ©¢ 2152° +9
(1.128)f (2143)2

“First value calculated without CpCs; second value calculated with CpC.

"Calculated from the experimental (Ref. 14) D, value of 0.300.03 eV value together with the soft modes of
frequencies 128, 170, 216, 318, and 318 cm™! obtained with the MO06 functional for the NO-NiMggOy cluster,
and taking into account the decrease Aw, in the CO mode.

“Reference 27.
dReference 28.
“Reference 31.
"Reference 26.
£Reference 30.

First, the reported results show that the computed param-
eters are well converged with respect to the size of the model
used to describe the Ni-doped Mg(100) surface. In fact, the
maximum difference between the interaction energies calcu-
lated with the same exchange-correlation functional is 0.05
eV for NO and 0.02 eV for CO, both for the uncorrected or

counterpoise-corrected bonding energies. Small variations
are also found for other quantities, for example, a maximum
of only 0.5 deg for O-Ni-N and Ni-N-O angles and a maxi-
mum difference of 0.003 A for N-O bond lengths. In the case
of the Ni-N distance, the largest difference found is 0.009 A
(for B3LYP). The results in the Appendix (Tables VI and
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VII) may be consulted for further such comparisons, and we
will discuss only those in Tables III and IV in the following
discussion.

A. NO adsorbate

The second column of Table IIT shows the expectation
value of S? for the Kohn—Sham determinant, where S is the
total electron spin. The table shows substantial spin contami-
nation of the Kohn—Sham determinant, for which (S?) varies
between 0.87 (SOGGA and PBEsol) and 1.55 (B3LYP), sig-
nificantly higher than the correct value of 0.75 for a doublet
state. This is not necessarily an error since the Kohn—Sham
determinant is not physical and, in principle, need not be a
spin eigenfunction, but it is a measure of the complex open-
shell character of the electronic states involved.

The experimental studies all report adsorption of the di-
atomics on NiO, whereas in the present work calculations are
for adsorption on the Ni-doped MgO surface. Previous works
compared results obtained with cluster models of the NiO
and of the Ni-doped MgO surfaces.'™"™ For interaction of
NO with the surfaces, it was found"? that for a given method
(i.e., a combination of density functional, basis set, and spin
treatment, either polarized or unpolarized), the computed
properties were the same within 0.12 eV for binding ener-
gies, 0.04 A for the Ni—-NO distance, and 2° for the tilt angle.
An analogous comparison for adsorption of CO (Ref. 18 and
entries 10—15 on Table II) shows that results for the two
surfaces differ by at most 0.07 eV for binding energies and
0.03 A for the Ni—CO distance. A similar effect on the bind-
ing energies (0.035 eV/Ni atom for NO to 0.025 eV/Ni atom
for CO) was found in RMP2 calculations where calculations
were performed for clusters with different numbers of Ni
atoms (1-3 for NO and 1-5 for CO),39 as noted above in Sec.
II. Therefore, the differences between the models of the
NiO(100) surface and of the Ni-doped MgO(100) surface are
large enough that only a semiquantitative comparison can be
established between the performance of the Ni-doped MgO
theoretical model presented here and the NiO experimental
results.

The comparison of the present B3LYP results with those
reported previously by Pacchioni et al.,'® which are included
in the fifth row of Table I, shows small but noticeable differ-
ences caused by the use of different basis sets, a fixed ad-
sorption tilt angle, and no relaxation of the cluster structure
in the work of Pacchioni et al.'® This is in agreement with
the tiny but important energetic and geometric variations ob-
served recently in the case of the CO/MgO(100) system.19
The present energies are ~0.1 eV smaller than those re-
ported by Pacchioni er al.,'® i.e., farther from the experimen-
tal interaction energy, but the calculated vibrational fre-
quency shift is now much closer (—87 cm™!, this work,
versus —110 cm™!, Ref. 18). This is probably due to the 0.06
A longer Ni-N distance calculated in this work.

Considering the interaction energies with CpC included,
it is found that the functionals showing the smallest devia-
tions with experiment are, in that order, revPBE and RPBE,
which provide almost exact interaction energies, followed by
MPWLYPIM, TPSS, TPSSKCIS, M06-L, MOHLYP, and

J. Chem. Phys. 132, 104701 (2010)

MO06. However, the CpC is known to often overestimate the
BSSE, and sometimes the counterpoise-corrected interaction
energy is farther from the complete basis set limit than is the
uncorrected value. A prudent approach is often to include
only half the CpC, i.e., to use the average of the corrected
and uncorrected results. If we use that approach, the most
accurate functionals for D, are, in order, MPWLYPIM, fol-
lowed by RPBE, revPBE, MOHLYP, M06, TPSS, TPSSh,
TPSSKCIS, and M06-L. One sees in Table I that the CpCs
for CASPT2 are much larger than those for DFT, but if we
again take half the counterpoise and if we average the four
CASPT?2 results in Table I, CASPT2 would fit in the above
list between TPSS and M06. Thus it is no longer true, as was
sometimes claimed'*'>"** in the past (where only older
functionals were considered) that DFT is uncompetitive with
WFT for this binding energy. This is especially important
because DFT is more practical than correlated WFT for com-
plex systems.

In the case of the local functional, M06-L, the binding is
overestimated, a behavior similar to that presented by the
ROBLYP approach (sixth row in Table D, although the
overestimate by MO6-L is only about half as large. The
overbinding by BLYP is associated with a too short
adsorbate-to-surface distance, which results in a strong over-
lap of the NO 7" occupied orbital with the Ni 3d orbitals and
in an excessive back donation of charge into the antibonding
levels of NO, as already described by Pacchioni et al.”® In
contrast, the MO6-L predicted value for the Ni-N distance is
very accurate. The N-Ni distance calculated with most func-
tionals, although generally close to experiment, is correlated
with an exceedingly large N-O distance and a vibrational
frequency shift differing by more than 100 cm™' from the
B3LYP and experimental values. This is true, in particular,
for the functionals that give the best estimates of the inter-
action energy but it is not true for M06. For the latter, the
Ni—N distance is much longer than the experimental one, but
the frequencies are much smaller in absolute value and quite
close to experiment. Importantly, the functionals that get vi-
brational frequency shifts closer to experiment have a Ni-N
distance much longer than the experimental 1.88 A. The best
frequency shifts are those given by B97-2 followed by
PBEO, B1B95, B3LYP, and MOS5.

Of two functionals that have been shown to give accu-
rate jellium surface energies, PBEsol and TPSS, the first
strongly overestimates the NO-NiMgO interaction energy,
whereas TPSS gives a rather good interaction energy. On the
other hand, the RPBE functional, the second best functional
for the NO-NiMgO interaction energy, does not reproduce
the jellium surface energy.82 The mean absolute value of the
relative error in the jellium surface exchange correlation en-
ergy is known®? for three of the functionals in the tables, in
particular, BLYP, 35%; PBE, 4.9%; and RPBE, 8.5%. There
is no straightforward correlation of these values for the arti-
ficial jellium system with the errors for the real adsorption
systems studied in this article.

The addition of some HF exchange to the M06-L local
functional plus reoptimization of the functional form pro-
duces the M06 functional, which significantly improves the
agreement between the calculated and experimental vibra-
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TABLE V. Direct comparison of PW91+U method to five density functional methods without a +U correction.
(See Tables I-1V and text for details not repeated here.)

NO co
D, R(Ni-N)  6(Ni-N-0) Aw D, R(Ni-C) Aw
Method x*® (eV) (A) (deg) (em™) (eV) (A) (em™)
PW91+U 0 0.40 1.98 55 NA® 0.33 2.03 NA®
MO6-L 0 0.86 1.89 59 —198 048 1.98 -77
revPBE 0 0.72 1.85 58 —197 030 1.92 —107
MPWLYPIM 5 0.62 1.89 58 —185  0.28 1.97 —-90
TPSSh 10 046 1.95 57 —140 034 2.01 —67
MO06 27 052 2.03 58 —101 0.36 2.09 37
Experiment 0.64 1.88 59 =71 0.37 2.07 +9

X is the percentage of HF exchange.
°NA denotes not available.

tional frequency shift (from —198 cm™' with M06-L to
—-101 cm™! with the M06 approach) although at the expense
of a relatively more contaminated Kohn—Sham determinant
(for the MO06 functional, (%) becomes 1.49). The M06 Ni-N
bond length is elongated by 0.14 A with respect to the
MO6-L value while the N-O bond is shortened by 0.02 A.
The optimized angles differ by less than 1°. It should be
pointed out here that similar trends are observed in the cal-
culated N-O distances of gaseous or adsorbed NO, i.e., the
MO6-L functional yields a larger N-O bond length than the
MO6 functional does for the free molecule and also for the
supported NO species. Thus, for adsorption of NO on the
Ni-doped MgO(100) surface, the MO6 functional seems to be
the best compromise since it gives reasonable binding ener-
gies and particularly because it provides a satisfactory NO
vibrational frequency shift.

B. CO adsorption

Let us now turn our attention to what happens when the
same functionals are employed to study the interaction of CO
with the Ni-doped MgO(100) surface, with results given in
Table IV. We see that the computational approaches consid-
ered in the present work predict negative vibrational fre-
quency shifts (ranging between —5 and —123 cm™!) while
the experimental frequency shift is positive (+9 cm™). The
counterpoise-corrected interaction energy calculated with the
B3LYP approach (0.06 eV or, if only half the correction is
used, 0.12 eV) is rather small when compared with the ex-
perimental result (0.37 eV) but the geometrical parameters
are in excellent agreement with the experimental ones.?”?!
The calculated B3LYP vibrational frequency shift is
—45 cm™'. The MO6-L functional still predicts a 0.1 A too
short Ni—C distance, but, as for NO interacting with the Ni-
doped MgO(100) surface, it agrees better with experiment
than all of the local GGA functionals and the TPSS, meta-
GGA, which give significantly too short distances, whereas
at one time?*® DFT was thought to overestimate this dis-
tance. The best Ni—C distances are predicted by PBEO, M06,
B97-2, B3LYP, BIB95, and M0S. With respect to the perfor-
mance of the Minnesota functionals for the binding energy, it
appears that the M06-L functional slightly overestimates the
binding energy between CO and the oxide substrate

(>0.4 eV), that the M06 functional yields very good inter-
action energies (0.36 eV if one uses half the CpC), and that
the MO5 functional gives the vibrational frequency shift
(=26 cm™!) closest to experiment, in agreement with the
findings discussed above for NO interacting with the same
substrate. With full CpC, the best interaction energies are
those given by BP86, TPSSKCIS, TPSS, M06-L, and MO06.
Nevertheless, the M06-L binding energy is only ~0.1 eV
larger than the experimental value. The MO5 energies are
similar to those calculated with the B3LYP approach and,
hence, they are too low. Again, PBEsol and SOGGA give a
strong overbinding when compared with experiment. If one
uses half the CpC, the nine best functionals for D,, in ranked
order, are M06, TPSSh, TPSSKCIS, revPBE, BP86, RPBE,
MPWLYPIM, TPSS, and M06-L, which are the same func-
tionals as appearing on the corresponding list for NO, except
that MOHLYP appears only in the first list and BP86 appears
only in the second list. MOHLYP would be number 17 in the
second list and BP86 would be number 10 in the first list.
Averaging these functionals in order of their average rank on
the two lists gives MO06, revPBE, RPBE, TPSSh, and
MPWLYPIM, TPSSKCIS, TPSS, BP86, and MOG6-L.
CASPT2 has an error for CO that is twice as large as M06-L
and so is not competitive in this ranking. This shows the
great progress that DFT has made!

None of the functionals give the correct sign for the
frequency shift. The physical effects involved in the CO fre-
quency shift are discussed in a previous paper,91 which also
showed that this provides a difficult test.

As mentioned in the introduction, some workers ob-
tained the best agreement with experiment for NO with a
PWO91+U calculation where +U denotes adding an empirical
on-site Coulomb interaction term;40 they also obtained their
best agreement with experiment for CO with the PW91+U
treatment™? (for CO, the LSDA +U method could not provide
a good fit to all properties examined with the same physi-
cally reasonable U). How does this method compare with the
results obtained here with better functionals without resort-
ing to a U parameter? To answer this question, Table V pre-
sents a direct comparison of the PW91+U results to the re-
sults for four of the five best performing density functionals
for D, (RPBE is not included in Table V because its results
are always very similar to the similar but older revPBE func-
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TABLE VI. Calculated results for gas-phase NO (values in parentheses) and for N-down adsorbed NO on top
of a Ni** site on the NiMgzO, model of the Ni-doped MgO(100) surface.

D, without CpC D, with CpC R(Ni-N) R(N-O) #(O-Ni-N) @(Ni-N-0)

Method ($?) (eV) (eV) (A) (A) (deg) (deg)

B3LYP 1.54 0.25 0.16 2.08 1.150 4 57
(1.147)

MO06-L 1.18 0.91 0.80 1.89 1.167 3 59
(1.150)

MoO6 1.49 0.56 0.46 2.02 1.145 3 58
(1.141)

MO5 1.48 0.36 0.26 2.03 1.145 4 57
(1.144)

SOGGA 0.87 1.54 1.40 1.79 1.178 3 60
(1.155)

PBE 1.22 1.08 0.96 1.83 1.180 4 59
(1.160)

PBEsol 0.87 1.50 1.36 1.79 1.178 3 60
(1.156)

revPBE 1.00 0.76 0.64 1.86 1.181 4 58
(1.163)

RPBE 1.01 0.74 0.62 1.87 1.182 4 58
(1.164)

TPSS 1.33 0.87 0.76 1.86 1.179 4 59
(1.160)

BP86 0.93 0.99 0.87 1.83 1.182 4 59
(1.161)

PBEO 1.59 0.30 0.21 2.09 1.143 3 56
(1.142)

TPSSh 1.40 0.50 0.39 1.95 1.162 5 57
(1.152)

MOHLYP 0.96 0.61 0.48 1.86 1.186 5 57
(1.169)

B97-2 1.54 0.22 0.14 2.08 1.144 3 56
(1.143)

B97-3 1.64 0.15 0.08 2.22 1.143 3 57
(1.143)

TPSSKCIS 1.02 0.89 0.77 1.85 1.179 4 59
(1.160)

MPWLYPIM  1.15 0.67 0.56 1.90 1.176 4 58
(1.160)

B1B95 1.59 0.29 0.19 2.10 1.141 4 57
(1.140)

tional) and for M06-L because its good predictions for one of
the geometries. The PW91+U functional is not better than
these functionals that do not have a +U parameter.

IV. CONCLUSIONS

The adsorption of NO or CO on the Ni-doped MgO(100)
surface has been studied using the B1B95, MO05, MO6,
and TPSSh hybrid metafunctionals, the MO06-L, TPSS,
and TPSSKCIS meta-GGA functionals, the B3LYP,
MPWLYPIM, PBEO, B97-2, and B97-3 hybrid GGAs, and
the BP86, PBE, PBEsol, revPBE, RPBE, MOHLYP, and
SOGGA GGAs. The three Minnesota functionals included in
the present study are those with percentages of HF exchange
below 30, which are the only ones recommended for appli-
cations to systems containing transition metals.

The comparison to experiment has uncertainties due to
BSSE and the assumption that the Ni-doped MgO theoretical

model developed here can be compared with the reported
NiO experimental results. Nevertheless, our best attempt to
judge the methods despite these difficulties yields the follow-
ing conclusions. We found that none of the density function-
als explored is able to simultaneously provide accurate Ni-X
and X-O (X=C or N) distances, interaction energies, and
vibrational frequency shifts for either CO or NO adsorption
on the surface. In the case of NO, MPWLYP1M, revPBE,
RPBE, and M06 provide the best estimates of the interaction
energy, while the best vibrational frequency shifts are pre-
dicted by the B97-2, PBEO, B1B95, and B3LYP methods. In
the case of CO, the best estimates of the interaction energy
are obtained with the M06, TPSSh, TPSSKCIS, and revPBE,
and the best vibrational frequency shifts are predicted by the
B97-3, M05, B1B95, and M06 functionals (which, however,
all give the wrong sign). Overall, the binding energy is best
described with (in order) M06, revPBE, RPBE, TPSSh,
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TABLE VII. Calculated results for gas-phase CO (values in parentheses)
and for C-down adsorbed CO on top of a Ni** site on the NiMgzO,y model
of the Ni-doped MgO(100) surface. [The §(Ni—C-O) angle is in all cases
close to zero degrees.]

D, without CpC D, with CpC ~ R(Ni-C) ~ R(C-O)
Method (eV) (eV) A) A)
B3LYP 0.16 0.06 2.10 1.131
(1.127)
MO06-L 0.55 0.44 1.96 1.139
(1.130)
MO06 0.40 0.29 2.07 1.128
(1.125)
MO5 0.20 0.09 2.11 1.132
(1.129)
SOGGA 0.99 0.82 1.83 1.153
(1.137)
PBE 0.62 0.48 1.88 1.152
(1.138)
PBEsol 0.93 0.77 1.84 1.153
(1.136)
revPBE 0.37 0.24 1.91 1.154
(1.142)
RPBE 0.35 0.23 1.92 1.155
(1.144)
TPSS 0.54 0.41 1.92 1.149
(1.137)
BP86 0.53 0.39 1.89 1.153
(1.139)
PBEO 0.29 0.18 2.07 1.128
(1.125)
TPSSh 0.39 0.27 1.99 1.139
(1.131)
MOHLYP 0.13 0.00 1.92 1.161
(1.148)
B97-2 0.17 0.07 2.09 1.129
(1.126)
B97-3 0.11 0.02 2.20 1.127
(1.125)
TPSSKCIS 0.50 0.37 1.92 1.149
(1.137)
MPWLYPIM 0.33 0.20 1.96 1.145
(1.135)
B1B95 0.26 0.14 2.10 1.126
(1.123)

MPWLYPIM, TPSSKCIS, TPSS, BP86, and M06-L, but
several of these functionals strongly overestimate the magni-
tude of both the NO and CO vibrational frequency shifts on
adsorption. An important general conclusion is that a func-
tional that produces a good jellium surface energy might give
large errors for molecule-surface interaction energies.

The comparison of the results obtained with each of the
exchange-correlation potentials considered here on the NO
and CO interaction with the Ni-doped MgO(100) surface al-
lows us to conclude that the MO06 functional is the best
choice overall for the simultaneous description of geom-
etries, interaction energies, and X-O (X=C or N) vibrational
frequency shifts. But further improvement is needed for cal-
culating vibrational frequency shifts with any of the func-
tionals.
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APPENDIX: RESULTS FOR CO AND NO ADSORPTION
FOR NiMggOy MODEL CLUSTER

The appendix presents tables of results with the smaller
clusters. These results, Tables VI and VII, are presented
mainly to show that the values discussed in Sec. III are well
converged with respect to cluster size.
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