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Van der Waals density functionals applied to corundum-type sesquiox-
ides: bulk properties and adsorption of CH; and C¢sHg on (0001) sur-
faces

Samira Dabaghmanesh,*“? Erik C. Neyts,” and Bart Partoens®

Van der Waals (vdW) forces play an important role in the adsorption of molecules on the surface of solids. However, the choice
of the most suitable vdW functional for different systems is an essential problem which must be addressed for different systems.
The lack of a systematic study on the performance of the vdW functionals in the bulk and adsorption properties of metal-oxides
motivated us to examine different vdW approaches and compute bulk and molecular adsorption properties of a-Cr,O3, o-Fe, O3,
and a-Al,O3. For the bulk properties, we compared our results for the heat of formation, cohesive energy, lattice parameters
and bond distances between the different vdW functionals and available experimental data. Next we studied the adsorption
of benzene and CH3; molecules on top of different oxide surfaces. We employed different approximations to exchange and
correlation within DFT, namely, the Perdew-Burke-Ernzerhof (PBE) GGA, (PBE)+U, and vdW density functionals [DFT(vdW-
DF/DF2/optPBE/optB86b/optB88)+U] as well as DFT-D2/D3(+U) methods of Grimme for the bulk calculations and optB86b-
vdW(+U) and DFT-D2(+U) for the adsorption energy calculations. Our results highlight the importance of vdW interactions
not only in the adsorption of molecules, but, importantly also for the bulk properties. Although the vdW contribution in the
adsorption of CHj3 (as a chemisorption interaction) is less important compared to the adsorption of benzene (as a physisorption
interaction), this contribution is not negligible. Also adsorption of benzene on ferryl/chromyl terminated surfaces shows an

important chemisorption contribution in which the vdW interactions becomes less significant.

1 Introduction

Density functional theory (DFT) is currently the most widely
used approach to describe the electronic structure of materials.
Despite major advantages brought by DFT, it has also resulted
in major challenges, for example in the correct description of
systems in which dispersion forces play an important role. The
challenge is to accurately describe the exchange and correla-
tion interactions. In the adsorption of atoms and molecules
on the surface of solids the Van der Waals (vdW) interactions
play an important role. This role becomes more significant
whenever the vdW forces dominate the covalent interatomic
interactions. Although this is well known, the contribution
of vdW interactions is absent in popular DFT exchange cor-
relation functionals, both in the local density approximation
(LDA) and the generalized gradient approximation(GGA).

In last decade, developing approaches that include the con-
tribution of vdW forces has been an important field of research
in both chemistry and physics communities '=>. However, the
choice of the most efficient vdW functional for different sys-
tems is still an open question. There exist several studies perti-
nent to the adsorption of weakly interacting molecules, such as
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benzene, water and noble gases, on metal surfaces 9 and phe-
nol adsorption on graphite (0001)'% as well as chemisorption
examples, adsorption of phenol on a-Al,O3 '© and glycine on
Cr,05 surfaces!'!. In these studies the inclusion of vdW forces
resulted in enhanced adsorption energies and better agreement
with experimental data. Currently, however, there are no sys-
tematic works pertinent to the role of vdW interactions in the
bulk and adsorption properties of metal-oxides, and examin-
ing the performance of the recent developed vdW approaches,
e.g. optPBE-vdW, optB86b-vdW, and optB88-vdW is absent
in these studies.

In this work we first examine the influence of several vdW
functionals on the structural and electronic properties of three
common corundum-type sesquioxides, i.e. a-M;0O3 with M
€ {Cr, Fe, Al}. These oxides have great technological signif-
icance. Chromium oxide is one of the most commonly used
materials in technological applications as catalysts, corrosion
resistance promotion, wear resistance, and stainless steel pas-
sivation layers >3, Aluminum oxide has a wide variety of
technological applications, ranging from catalysis to corro-
sion and adhesion. Due to its insulating properties, it is also
adopted in microelectronic devices, i.e., field effect transis-
tors, and integrated circuits '4. a-Fe,O3 (known as hematite)
is also used in many applications, such as oxidation catalysts,
gas sensors and sorbents'®>. The (0001) surface of these ox-
ides is the most stable surface and often occurs on naturally
grown crystals.

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [vol], 1-10 |1



Physical Chemistry Chemical Physics

Cr, O
Fe203 273 AI203
PBE+U (a) PBE+U DFT-D3+U (b) PBE (C)
DFT-D3+U o Xps
~
—@— Xcoh P ) g =
0.95 2 > & 3 ES
. 3 = 2 2 [ Q 3
AR &%\ 23322 g 7
& g 32 8 38 |\ 2 4 %32 3
2 h g 2 s T g g 8 T
S o g & LA \ 2 £ 8 1 &
0.9 2 a § 2 S g \ R 8 % % o o
s = 2 o \/ \E £ % w 8 g
/ % a3 \‘/ > 66 VdW-DF g 8 g
/ s 2 %
085 \' o VAW-DF+U ° 2 2
$ %2
| T 2
0.8 VAW-DF+U

Fig. 1 (Color online)y.on and xnr (Eq.(3)) for a-Cry O3, a-Fe, O3 and a-Al, O3 using different exchange correlation functionals.

As model systems to study the influence of vdW interac-
tions on the adsorption of organic molecules on these sur-
faces we consider benzene and CH3 molecules interacting
with M,O3 substrates. This choice allows us to understand
the influence of vdW corrections in both physisorption and
chemisorption bonding. An important point in an adequate
description of this adsorbate-surface interaction is a correct
description of the bonding within the substrate. Furthermore,
including nonlocal correlations in the study of solids may even
improve the description of the cohesive properties '°. For these
reasons we first start with an investigation of the appropri-
ateness of vdW functionals to describe the bulk properties of
these oxides.

Our paper is organized as follows. In Sec. II we present the
methods and formalisms used in our calculations. In Sec. III
we present the results obtained for the bulk properties of M, O3
oxides. Our results for the adsorption energies of benzene and
CH3; follow in Secs. IV(A) and IV(B) respectively. Summary
and conclusions are provided in Sec. V.

2 Methods

All density functional calculations in our work are carried out
using the DFT code VASP (Vienna Ab-initio Simulation Pack-
age)!718. The generalized gradient approximation (GGA) in
the form of Perdew et al.'° (PBE) was used to study the bulk
and surface properties of the three considered metal oxides.
Inspired by “Jacob’s ladder” for vdW functionals 2, we start
with the application of the most approximate vdW functionals
to investigate the bulk properties, namely the vdW-Grimme 2
functionals which come in the forms of DFT-D2, DFT-D3-
zero® and DFT-D3-BJ?!. In these approaches the total energy
of the system is given by

Eiot = Eprr + Edis (H

where Eppr is the DFT total energy computed with a given
exchange correlation functional. The dispersion interaction

Egis accounts for the missing long range interaction and has
the asymptotic behavior of —1/r% at large particle distances r
(see Eq. (11) in Ref. 2). These functionals differ in the way
the prefactor of this asymptotic term is determined.

Next we apply vdW-inclusive functionals which should be,
in principle, more general: the non-local vdW-density func-
tionals vdW-DF (proposed by Dion et al.!') and vdW-DF2
(proposed by Murray et al. and Lee et al. >23), as well as three
optimized versions of the non-local vdW-DF functional, i.e.
optB88-vdW, optB86b-vdW , and optPBE-vdW. The vdW-DF
functional is directly based on the electron density in which

the exchange correlation energy takes the form '°,

E, = EJS* 4 EXPA 4 ENC 2)

where the exchange energy EEGA uses the revPBE
generalized-gradient approximation (GGA) functional, and
ELPA is the local density approximation (LDA) to the correla-
tion energy. E is the non-local energy term which accounts
approximately for the non-local electron correlation effects.
The vdW-DF2 functional is an extended version of vdW-DF
which aims to improve the binding description around en-
ergy minima in comparison to vdW-DF by changing both the
exchange and nonlocal correlation components. In the opti-
mized versions of vdW-DF, the exchange functional has been
replaced by an optimized PBE (optPBE), optimized Becke88
(optB88-vdW), or optimized Becke86b (optB86b-vdW) to im-
prove the accuracy of both vdW-DF (with the revPBE ex-
change) and vdW-DF2 (with rPW86 exchange) schemes. In
order to correct the strong electronic correlation of the 3d-
electrons of Cr and Fe in Cr,O3 and Fe,;O3, the empirical
PBE+U (with U =4¢eV,J=0.58eV* and U =5¢eV,J =1
eV respectively) are applied in the form proposed by Du-
darev et al.?®. In the presence of vdW functionals, we used
DFT(vdW-DF/DF2/optPBE/optB88/optB86b)+U and (DFT-
D2/D3)+U methods for a-CryO3 and o-Fe,O3 respectively.
The combination of vdW functionals with DFT+U has already
been applied in several works, e.g. in studying the adsorption

2| Journal Name, 2010, [vol]1—10

This journal is © The Royal Society of Chemistry [year]

Page 2 of 10



Page 3 of 10 Physical Chemistry Chemical Physics

Table 1 Heat of formation (Ej5) and cohesive energy (E,,) in eV, optimized lattice constants a and ¢, Cr-Cr, Cr-O bond lengths in A, and
magnetic moment U in up/atom of a-CryO3 bulk for different exchange-correlation functionals, PBE+U, and experimental values.

Method Ep E.on a c u Cr-Cr/Cr-O
PBE+U -13.34 -25.28 5.06 13.77 2.97 2.70/2.00
DFT-D2+U -13.63 -26.39 5.04 13.56 2.96 2.69/1.98

DFT-D3-BJ+U -13.36 -26.31 5.00 13.74 2.95 2.69/1.98
DFT-D3-zero+U -13.39 -26.17 5.00 13.74 2.95 2.69/1.98
optB88-vdW+U -12.55 -27.25 5.05 13.74 2.95 2.70/1.99
optB86b-vdW+U  -15.15 -27.17 5.03 13.67 2.94 2.68/1.98
optPBE-vdW+U -15.80 -26.52 5.05 13.84 2.96 2.71/1.99

vdW-DF+U -1626 25105 5.12 1391 298 2.74/2.02
vdW-DF2+U -16.95 2594 513 1391 298 2.76/2.02
Experiment -11.763* 268735 4953 13563 3823 2.623/1.96%

Table 2 Heat of formation (E},y) and cohesive energy (E,,) in €V, optimized lattice constants a and c, Fe-Fe, Fe-O bond lengths in A, and
magnetic moment U in g /atom of o-Fe; O3 bulk for different exchange-correlation functionals, PBE+U, and experimental values.

Method Epr E.on a c u Fe-Fe/Fe-O
PBE+U -9.08 -24.52 5.08 13.91 4.14 1.97/2.90
DFT-D2+U -9.43 -25.65 5.07 13.62 4.13 1.94/2/90
DFT-D3-BJ+U -9.24 -25.33 5.06 13.75 4.13 1.95/2.87
DFT-D3-zero+U -9.19 -25.16 5.07 13.78 4.13 1.96/2.87
optB88-vdW+U -6.84 -22.26 5.06 13.76 4.11 1.95/2.88
optB86b-vdW+U  -7.43 -23.42 5.04 13.69 4.10 1.95/2.86
optPBE-vdW+U -6.28 -21.09 5.08 13.83 4.11 1.96/2.90
vdW-DF+U -4.59 -17.98 5.130 14.05 4.13 1.98/2.94
vdW-DF2+U -5.09 -17.99 5.15 14.12 4.09 1.98/2.97

Experiment -8.563*  -25.1737 5033 137536 463383 1.95/2.8940

Table 3 Heat of formation (E}, ) and cohesive energy (E,,) in €V, optimized lattice constants a and ¢, Al-Al, Al-O bond lengths in A of
a-Al> O3 bulk for different exchange-correlation functionals, PBE, and experimental values.

Method Eyr E.on a c Al-AV/AI-O
PBE -15.12 -31.89 4.80 13.11 2.68/1.87
DFT-D2 -15.81 -31.73 4.78 13.01 2.66/1.86
DFT-D3-BJ -15.58 -32.89 4.77 13.03 2.66/1.86
DFT-D3-zero -15.57 -32.50 4.78 13.60 2.62/1.86
optB88-vdW -13.79 -28.77 4.79 13.09 2.67/1.87
optB86b-vdW  -14.17 -31.29 4.78 13.06 2.66/1.86
optPBE-vdW -12.91 -29.88 4.80 13.12 2.68/1.87
vdW-DF -11.79 -27.93 4.83 13.20 2.70/1.88
vdW-DF2 -11.94 -28.58 4.85 13.25 2.72/1.88

Experiment  -17.0441  -31.83%2 476% 12984  2.65/1.86%

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-10 |3
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of water on clean CeO(111) surfaces’, for water adsorption
on rutile (110) surfaces 27 and for hydrogen activation, diffu-
sion, and clustering on CeO,(111) surfaces 8. In this work we
employ the (DFT+U)+vdW approach for both the adsorption
of molecules on the surfaces as well as for the bulk proper-
ties. This approach was recently also successfully applied to
describe the structural and electrical properties of several tran-
sition metal oxides, hydroxides and oxyhydroxides.?® Klime§
et al. tested the performance of non-local vdW functionals on
the bulk properties of several elements and crystals using the
DFT+vdW method '°.

For the calculation of the adsorption energies we use
the optB86b-vdW(+U) functional from the non-local ex-
change correlation functionals and the DFT-D2(+U) method
of Grimme. All vdW density functionals are used as imple-
mented by Klime§ ef al.'® within the algorithm of Roman-
Perez and Soler®®. A plane wave cut-off of 500 eV and
Monkhorst-Pack grid with 16x16x16, and 4x4x1 k-point
grid determined by the Monkhorst-Pack method?! were used
to sample the Brillouin zone of the bulk and 2x2 supercell of
the slabs, respectively. The vacuum gap thickness between pe-
riodic slabs is set to be ~ 16 A. The number of atomic layers
along the z-axis of the clean slabs is kept in the range 13-15.
It has been shown that the precision of the DFT calculations
strongly depends on the number of relaxed layers of an ox-
ide slab3>33. To avoid spurious electronic effects which may
occur due to the non-relaxation of bottom layers of the slab
we relax all substrate layers with a residual force threshold of
0.01 eV/A. A dipole correction along the z-direction is used in
the case of adsorption studies.

3 results and discussion

3.1 Bulk properties

a-Cry03, a-Fe;03 and a-Al,Os3 crystallize in the hexagonal
corundum structure (space group R3c), with six formula units
in the bulk unit cell®>. For nine different exchange correla-
tion functionals we obtained the cohesive energy, equilibrium
lattice constants, magnetic moment and bond lengths. The re-
sults are presented in Tables 1, 2 and 3. Both a-Cr,O3 and
a-Fe; O3 are antiferomagnetic insulators. The antiferromag-
netic order of the Cr and Fe layers along the [0001] direction
is +— +— for Cr,03 and + + —— for Fe;03 %>, This magnetic
ordering is found to be stable in all applied vdW functionals.
It is clear from our results that the vdW functional has little
influence on the magnetic moment.

Tables I, IT and III show that all considered functionals over-
estimate the lattice constant and bond length values with re-
spect to the experimental data. However, the vdW functionals
slightly improve the structural properties over the PBE(+U)
functional, except for the vdW-DF(+U) and vdW-DF2(+U)

functionals, which is due to the fact that these two functionals
are very repulsive at short interatomic distances. The largest
differences with the experimental values for lattice parameters
a(c) are 0.18 A(0.344 A), 0.115 A (0.37 A), and 0.09 A (0.27
A), respectively for a-CryO3, a-FepO3 and o-Al,O3 in the
case of vdW-DF2. These errors reduce to 0.08 A (0.006 A),
0.005 A (0.06 A), and 0.02 A (0.08 A) in the case of optB86b-
vdW(+U), which confirms that the performance of this func-
tional at short separations is better than the other non-local
functionals.

Table I also shows that the different functionals give differ-
ent cohesive energy values. Among the tested functionals, the
vdW-DF and vdW-DF2 functionals are least accurate with re-
spect to the experimental results (the maximum difference is
found for a-Fe,0s, i.e. about 7 eV). This is due to the dif-
ferent structural parameters obtained using these functionals.
Overall, the performance of the DFT-D2/D3 functionals are
in better agreement with experiment than the optimized non-
local functionals. This can be explained from the fact that in
Eq. (1) the term Eppr is obtained with the same, and clearly
appropriate, PBE(+U) functional, while exchange functionals
different from PBE(+U) are used for E,. in Eq. (2). Among
the non-local exchange correlation functionals, the optB86b-
vdW(+U) functional shows the best agreement for the cohe-
sive energy with experiment for the considered oxides. From
the DFT-D family, we found that the DFT-D2(+U) method of
Grimme yields the most accurate cohesive energy in ®-Cr,O3
and a-Al,O3. Based on these results, we choose to calcu-
late the adsorption energy using both the opt86b-vdW(+U)
and DFT-D2(+U) functional in the next section.

The second column in Tables I, II and III shows our results
for the heat of formation. There is a significant difference be-
tween the heat of formation energies obtained using the non-
local density functionals with experiment and with those ob-
tained within PBE(+U) and DFT-D for all three oxides. This
discrepancy can be referred to the non-local density functional
errors in the calculation of the total energy of both oxygen
molecule and bulk oxide. For example, for the functionals
optPBE-vdW(+U) and optB88-vdW(+U) E;;}.C < EthF =D in
the case of a-Cr,O3 while this is opposite for «-Al,O3 and
a-Fe;03. Thus, in this case, an O; energy correction alone
could not reduce the discrepancy for all three oxides. It is also
instructive to investigate the contribution of the vdW interac-
tion to the cohesive energy for these bulk materials for which
the dispersion term should be small. We define the parameter
Xcoh/nf Which determines the contribution of vdW interaction
to the total cohesive energy, as the ratio

Econ/nf — EZSQ’/“M
Xeoh/nf = ——Fp —— 3
coh/hf
where EY4W

coh/hf is the cohesive energy /heat of formation that is
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evaluated using the vdW contributions to the total energy.
Fig. 1 shows Xcon/ne for (a) a-Fe>Os, (b) o-Cr03, and
(c) a-Al,O3 for the different exchange correlation function-
als. In case of the PBE functional Ycon/ne = 1 which is due
to the absence of the vdW contribution. Clearly, our results
distinguish the two different families of vdW functionals, i.e.
DFT-D2/D3 and non-local methods. The results for E,,, of
DFT-D2/D3 methods are closer to the PBE result compared to
non-local vdW functionals just as Ej¢. This highlights again
the fact that the performance of the DFT-D2/D3 methods, re-
sulting from Eg;s in Eq. (1), are better in describing short sepa-
rations compared to E, Cr,llc in the non-local functionals (Eq. (2)).

3.2 Surface stability

There have been extensive theoretical and experimental stud-
ies on the (0001) surfaces of -Cr,O3, o-Fe;O3, and -
Al,O3 due to their important applications as catalysts and sub-
strates*47 In these studies the clean surface >>*%-¢ and ad-
sorption properties of small molecules>’-%% were investigated.

For each metal oxide surface there are different possible ter-
minations for the (0001) surface orientation. Low-energy elec-
tron diffraction® and scanning transmission microscopy>°
experiments indicate that under ultrahigh-vacuum conditions
the o-Cr,O3 surface is terminated by a single layer of Cr
with a bulk-like structure. Theoretical works have shown
that depending on temperature and oxygen partial pressure,
the surface may be either oxygen or chromyl (Cr=0) termi-
nated>>2. In this work we study both the Cr and chromyl
terminated (0001) surfaces. In the case of a-Fe,O3 Wang et
al. % have shown that the Fe-terminated surface is stable un-
der low oxygen pressure. Under O-rich conditions, the ferryl
(Fe-0O) terminated surface was found to be the most stable sur-
face.? For the case of a-Al, O3, three main surface termina-
tions are known: single and double Al terminated and oxygen
terminated surfaces. We choose the non-polar Al-terminated
surface in our adsorption study since this surface is found to
be the most stable one’*%-%7_ Due to the instability of O-
terminated surfaces of a-Al,O3 56 we do not consider the O-
terminated surfaces here.

In the following we investigate the effect of these differ-
ent terminations of the metal oxide surfaces on the adsorption
properties of CH3; and benzene. As the electronegativity of
these surface atoms is very different for these surfaces we also
expect the dispersion forces to be different.

3.3 Adsorption energies and geometries

To study the adsorption of benzene (as model system for ph-
ysisorption) and CHjz (as model for chemisorption), we rely on
two different vdW-approaches, Grimme’s DFT-D2(+U) and
optB86b-vdW(+U), as motivated above. The adsorption en-

Fig. 2 (Color online) Adsorption of benzene on (a) Cr, Fe, and
Al-terminated surfaces, (b) Cr-O and Fe-O terminated surfaces.
Upper panel shows the top view and lower panel shows the side
view of the molecule adsorbed on the surface.

ergies on the (0001) were computed as

Eaas = Emot—siab — Emot — Estap (4)

where E,,,;_gap 1S the total energy of the adsorbed molecule,
Eg . 1s the total energy of the relaxed pure surface, and E,;,,;
is the total energy of a relaxed gas-phase molecule in the same
box used to compute the total system. The vdW contribution
to the adsorption energy is calculated as follows:

Exd = Enol s — Emol’ — Eday (5)
where EYW = E™c and E"W = E9S are obtained using
the non-local optB86b-vdW(+U) functional and the DFT-
D2(+U) functional, respectively. The subindexes ‘mol-slab’,
‘slab’, and ‘mol’ indicate the considered system: adsorbed
molecules, the relaxed bare oxides slab, and a relaxed gas-
phase molecule. Using the lattice constants of the bulk metal
oxide, we generated (2x2) supercell slabs with at least 16 A
vacuum in the z-direction. All atoms in the slab are free to
relax during the structure relaxation.

3.3.1 Benzene adsorption The obtained adsorption en-
ergies of the benzene adsorption on the different terminations
of the a-Cr,03, ¢-Fe;O3 and a-Al,O3 (0001) surfaces are
shown in Table 4. The adsorption geometries are given in Ta-
ble 5 and the relaxed structures are illustrated in Fig. 2. The
comparison between the adsorption energy and the vdW con-
tribution to it is shown in Fig. 3.

In the case of metal-terminated surfaces, the interaction
between the benzene and the surface is weak, and the vdW
contribution results in a great enhancement of the adsorp-
tion energies with respect to PBE(+U). A key observation
is that PBE(+U) yields negligible adsorption energies for all

This journal is © The Royal Society of Chemistry [year]
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Table 4 calculated adsorption energies in eV for benzene on different terminated surfaces of «-Cr,03, a-Fe;O3, and o-Al,Os3.

a-Cry, O3 a-Fe, O3 a-AlL,O3
Method Cr Cr-O Fe Fe-O Al
PBE(+U) -0.01 -2.04 -0.10 -1.09 -0.02
DFT-D2(+U) -0.52 243 -0.35 -1.10 -0.55
optB86b-vdW (+U) -0.62  -2.55 -0.74 -1.14 -0.60

Table S Calculated dcyy/co (CM for metal terminated surfaces and CO for chromyl/ferryl terminated surfaces), /cc in A as defined in Fig. 2
(a,b) for benzene adsorbed on metal terminated surfaces as well as chromyl/ferryl terminated surfaces.

Method Cr Cr-O Fe Fe-O Al
PBE(+U) dcwmjco 3.29 252 3.08 2.54 3.47
lce 1.39 1.39 1.39 1.39 1.39
DFT-D2(+U)  dcpyyco 2.68 2.23 2.63  2.13 2.82
lcc 1.39  1.40 1.39 1.39 1.39
optB86b-vdW(+U)  dry /CO 275 1.97 2.64 207 2.71
lce 1.39  1.40 1.39 1.40 1.39

Table 6 calculated adsorption energies in eV for CH3 on different terminated surfaces of o-Cr, O3, a-Fe, O3, and a-Al,Os3.

a-CrO3 a-Fe;03 a-Al,03
Method Cr Cr-O Fe Fe-O Al
PBE(+U) -1.60 -4.83 -1.16  -4.51 -0.79
DFT-D2(+U) -1.78  -5.11 -1.31  -4.62 -1.09
optB86b-vdW(+U) -1.93  -5.29 -1.67 -4.75 -1.18

Table 7 calculated d¢y, /CO and 1oy in A as defined in Fig. 4(a,b) for CH3 adsorbed on two terminated surfaces of o-Cr,O3, &-Fe, O3, and
a-Al,O3.

Method Cr Cr-O Fe Fe-O Al
PBE(+U)  dcwmyco 1.99 1.45 2.01 1.39 2.08
len 1.09 1.09 1.09 1.10 1.09
DFT-D2(+U)  dcwmyco 1.99 1.44 2.01 1.39 2.06
lew 1.09 1.10 1.09 1.10 1.09
optB86b-vdW(+U)  dey/co 1.99 143 1.99 1.38 2.05
len 1.10 1.10 1.09 1.10 1.09

6| Journal Name, 2010, [vol]1-10 This journal is © The Royal Society of Chemistry [year]
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Fig. 3 (Color online) Total adsorption energies (thick blue bars) and
E“l’gfv (Eq.(5))(thin yellow bars) of benzene molecule adsorbed on
the Cr, Fe, Al, Cr-O, and Fe-O terminated surfaces. Three different
density functionals are considered: PBE(+U), DFT-D2(+U), and

optB86b-vdW(+U).

Fig. 4 (Color online) CH3 molecule adsorbed on the (a) Cr, Fe, and
Al terminated surfaces, (b) Cr-O and Fe-O terminated surfaces.
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Fig. 5 (Color online) Total adsorption energies (thick blue bars) and
E“l’gfv (Eq. (5))(thin yellow bars) of CH3 molecule adsorbed on the
Cr, Fe, Al, Cr-O and Fe-O terminated surfaces. Three different
density functionals are considered: PBE(+U), DFT-D2(+U), and
optB86b-vdW(+U).

three metal-terminated oxides, while in contrast, the adsorp-
tion energies are significant for PBE(+U)+vdW. The adsorp-
tion of benzene on these metal terminated surfaces indeed cor-
responds to a physisorption type of attraction. We note that
E;j!v is larger than the total adsorption energy. These larger
values of the vdW contribution (i.e. both E™¢ and E9*) with
respect to the total adsorption energies can be explained by the
repulsive nature of the non-vdW terms which reduces the total
adsorption energy after adding the vdW contribution (see Eq.
(1) and (2)). Our results show that the inclusion of the vdW
dispersion surmounts the PBE(+U) total adsorption energies
up to 0.53 eV for the DFT-D2 in the case of the Al-terminated
surface and 0.64 eV for the optB86b-vdW(+U) functional in
the case of the Fe-terminated surface.

In case of the chromyl/ferryl terminations, one might also
expect a weak physisorption for benzene. However, our results
shown in the lower panels of Fig. 3 even show a much stronger
adsorption compared to the metal terminated surfaces. This is
due to the reactivity of oxygen atoms on top of the surface.
In contrast to the adsorption on metal-terminated surfaces, the
vdW contribution is smaller than the total adsorption energy.
Larger E;‘L’js“l and smaller dcp compared to M-terminated sur-
faces (see Tables 4 and 5) suggest that the adsorption is thus
more chemisorption-like. For this type of adsorption we ob-
tained comparable values for the total adsorption energies with
the vdW functionals as with the PBE(+U) functional. How-
ever, the differences in E;‘[’I’S“l obtained using PBE(+U) and
vdW functionals are still not negligible. This difference is up
to 0.5 eV in the case of the optB86b-vdW(+U) functional for
benzene adsorbed on the chromyl terminated surface. This
energy difference indicates that vdW contributions are impor-
tant even in chemisorption dominated adsorption. Compar-
ing our results for the adsorption energy of benzene on metal
terminated surfaces (see the lower panels in Fig. 3) we find
smaller adsorption energies and larger vdW contributions for
ferryl terminated compared to chromyl terminated surfaces.
This means that the interaction of the benzene molecule with
the ferryl terminated surface is weaker than with the chromyl
terminated surface.

3.3.2 CHj; adsorption In Fig. 5 we show the comparison
between the adsorption energies and the vdW contribution to
it for the adsorption of CH3 on Cr, Fe, Al, Cr-O and Fe-O ter-
minated surfaces. The adsorption energies are also listed in
Table 6, the interatomic distances are listed in Table 7, and
illustrated in Fig 4. For all investigated surfaces the vdW con-
tribution E;fj?’ is smaller than E;‘;’S"I, which is due to the fact
that the CH3—M and CH3—MO (M € {Cr, Fe, Al}) bonding
is dominated by covalency. Although Eavgfv is much smaller
than the total adsorption energy, the vdW correction in E;’C’;f’
is still considerable. Our results show a difference in adsorp-
tion energy up to ~ 0.2 (~ 0.18) eV, ~ 0.51 (~ 0.15) eV, and
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~0.39 (~0.3) eV for Cr/Fe/Al terminated surfaces in the case
of optB86b-vdW (+U)(DFT-D2(+U)) functionals, in compar-
ison to PBE(+U). The energy difference between E'4W and
E'?4! is larger in the adsorption of CH3 on chromyl/ferryl ter-
minated surfaces compared to Cr/Fe/Al terminated surfaces.
This shows that the interactions between molecule and sur-
face in chromyl/ferryl terminated surfaces are stronger than in
the case of the metal terminated surfaces. These stronger in-
teractions cause shorter C-O bonds, i.e. ~1.45 A for chromyl
and ~1.39 A for ferryl terminated surfaces, compared to C-
Cr (~1.99 A), C-Fe (~2.01 A) and C-Al (~2.08 A) in metal
terminated surfaces. Furthermore, the strong covalent bond
between the methyl radical and the oxygen atoms in the sur-
face, which leads to the small vdW correction, results in rather
small relative changes in the total adsorption energies be-
tween the PBE+U and vdW approaches. In both benzene and
CHj3 adsorption and for all examined surfaces, the optB86b-
vdW(+U) functional yields to a larger adsorption energy than
the DFT-D2(+U) approach.

3.3.3 Additional test using optPBE-vdW+U functional
Finally, we note that the surface adsorption properties may
differ from bulk properties, resulting in different behaviors of
functionals in surface and bulk. Therefore we also test the
performance of the optPBE-vdW+U functional, which is less
promising in bulk, for the adsorption energies of CH3 and ben-
zene molecules on top of both Cr- and chromyl-terminated
surfaces. Our results show that optPBE-vdW+U functional
adsorption energies are in between the PBE+U results and
those obtained using optB86b-vdW+U and DFT-D2+U func-
tionals. The optPBE-vdW+U adsorption energies are EHC;? =
—1.70 eV and Egjfze”e = —0.39 eV for the Cr-terminated

surface and Eﬂ? = —4.85 ¢V and E;’;?ze”e = —2.23 eV for
chromyl terminated surface.

4 Concluding remarks

Using the combination of PBE(+U) and two classes of vdW
functionals (i.e. DFT-D and non-local density functionals) we
have investigated the performance of different vdW methods
by comparing the structural parameters, heat of formation,
and cohesive energies of -Cr,03, a-Fe;O3, and o-Al,O3
bulk with experiment. Next, we adsorbed CHj3 and benzene
molecules on top of different terminations of these oxides.
We compared the computed adsorption energies and geome-
tries using (DFT+U)-D2 and optB86b-vdW+U, with PBE+U
in the case of a-CryO3, a-Fe; O3 and with PBE in the case
of a-Al,O3. The vdW correction is essential for an accurate
description of the bulk and adsorption properties of solids.
Our results for the bulk calculations demonstrate that
among the examined functionals, DFT-D2(+U) (from the

DFT-D based approach) and optB86b-vdW(+U) (from non-
local correlation functionals) have the most accurate cohe-
sive energies and lattice parameters compared to experiment.
We found vdW-DF and vdW-DF2 functionals have the largest
discrepancies for lattice parameters and cohesive energies.
This indicates the importance of choosing an appropriate vdW
functional in the study of metal oxides.

In the adsorption of benzene on top of Cr/Fe/Al terminated
surfaces, as typical for physisorption, we found a significant
increase in adsorption energies by including vdW contribu-
tions. Specifically, while PBE(+U) yields almost no adsorp-
tion energy, the vdW contributions increase the adsorption
energies by ~ 60%. In the adsorption of benzene on top of
chromyl/ferryl terminated surfaces we found a chemisorption-
like interaction. In this case, comparing the adsorption ener-
gies calculated by PBE(+U) with those including the vdW cor-
rections demonstrate the importance of the vdW terms even
for the strong interaction between the molecule and surface.

Adsorption of CH3 on top of both surface terminations leads
to chemisorption but even in the presence of such strong ad-
sorption we found the vdW corrections to be not negligible. In
both benzene and CH3 adsorption and for all examined oxides,
we found that optB86b-vdW(+U) functional yields a larger ad-
sorption energy then the DFT-D2(+U) method. This indicates
the more attractive nature of non-local vdW functionals in the
studied metal oxides.
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