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There has been substantial progress in the description of
adsorption and chemical reactions of simple molecules on
transition-metal surfaces. Adsorption energies and activation
energies have been obtained for a number of systems, and
complete catalytic reactions have been described in some
detail.[1–7] Considerable progress has also been made in the
theoretical description of the interaction of molecules with
transition-metal oxides,[8–19] sulfides,[20–25] and nitrides,[26–29] but
it is considerably more complicated to describe such complex
systems theoretically. Complications arise from difficulties in
describing the stoichiometry and structure of such surfaces,
and from possible shortcomings in the use of ordinary
generalized gradient approximation (GGA) type density
functional theory (DFT).[30]

Herein we introduce a method that may facilitate the
description of the bonding of gas molecules to transition-
metal oxides, sulfides, and nitrides. It was recently found that
there are a set of scaling relationhips between the adsorption
energies of different partially hydrogenated intermediates on
transition-metal surfaces.[31] We will show that similar scaling
relationships exist for adsorption on transition metal oxide,
sulfide, and nitride surfaces. This means that knowing the
adsorption energy for one transition-metal complex will make
it possible to quite easily generate data for a number of other
complexes, and in this way obtain reactivity trends.

The results presented herein have been calculated using
self-consistent DFT. Exchange and correlation effects are
described using the revised Perdew–Burke–Ernzerhof
(RPBE)[32] GGA functional. It is known that GGA func-
tionals give adsorption energies with reasonable accuracy for
transition metals.[32,33] It is not clear, however, whether a
similar accuracy can be expected for the oxides, sulfides, and

nitrides, although there are examples of excellent agreement
betweenDFT calculations and experiments, for example, with
RuO2 surfaces.[9] In our study we focused entirely on
variations in the adsorption energies from one system to
another, and we expected that such results would be less
dependent than the absolute adsorption energies on the
description of exchange and correlation.

For the nitrides, a clean surface and a surface with a
nitrogen vacancy were studied. For MX2-type oxides or
sulfides, an oxygen- or sulfur-covered surface with an oxygen
or sulfur vacancy was studied. The structures of the clean
surface considered in the present work and their unit cells are
shown in Figure 1. The adsorption energies given below are
for the adsorbed species in the most stable adsorption site on
the surface.

By performing calculations for a large number of tran-
sition-metal surfaces of different orientations,[31] it was found
that the adsorption energy of intermediates of the type AHx is
linearly correlated with the adsorption energy of atom A (N,
O, S) according to Equation (1):

DEAHx ¼ gðxÞDEA þ x ð1Þ

Here the scaling constant is given to a good approxima-
tion by Equation (2) where xmax is the maximum number of
H atoms that can bond to the central atomA (xmax= 3 for A=

N, and xmax= 2 for A=O, S), that is, the number of hydrogen
atoms that the central atom Awould bond to in order to form
neutral gas-phase molecules.

gðxÞ ¼ ðxmax�xÞ=xmax ð2Þ

We have performed similar calculations for the adsorption
of oxygen, sulfur, and nitrogen on a series of transition metal
oxide, sulfide, and nitride surfaces (Figure 2). We find that
scaling relationhips also exist for these systems, which are
considerably more complex than the transition-metal surfa-
ces. Such a correlation between the adsorption energies of O
and OH has previously been found for the MO2 oxides.

[12]

Furthermore, it can be seen that the scaling constant g(x) is
given to a good approximation by the same expression
[Eq. (2)] as for adsorption on the transition metals. We find
that the mean absolute error (MAE) is lower than 0.19 eV for
all the species considered here. The nitride surfaces present a
poorer correlation than the others, mainly because TiN(100)
is a clear outlier.
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It is interesting to compare the results of Figure 2 with the
equivalent results for adsorption on the transition metals
(Figure 3). It is found that the linear relationships for the
nitrides are essentially the same for the two classes of systems.
For the oxides, and partially for the sulfides, the results for the
compounds are shifted from those on the transition metals.
We trace this difference to a difference in the adsorption sites
on the two kinds of systems. On the transition-metal surfaces,
O and OH are generally found to coordinate with more than
one metal neighbor. On the other hand, on the oxide surfaces
the O atoms are generally coordinated to a single metal atom.
If we use the adsorption energies for O and OH on the
transition metals, where they are forced to adsorb in an on-top

manner, the results now fall on the
same line as for the oxides
(Figure 3). For the sulfides, the S
atom also adsorbs at a different
site than on the transition metal. If
the same adsorption site on the
metal is considered the data agree,
as for the oxides, with the results
obtained for adsorption onto the
sulfide surface.

The results of Figures 2 and 3
are remarkable and indicate that
the nature of the adsorption bond
is similar for the transition metals
and the compounds. For the tran-
sition-metal surfaces, the scaling
relationships can be understood
within the d-band model.[34–39] The
variation in adsorption energies
for a given atom or molecule
among the transition metals is
mainly given by the variations in
the strength of the coupling of the
valence states of the adsorbate
with the d states of the transition
metal. The variations in the
adsorption energy of an atom A
from one transition-metal surface
to the next reflect this. If H atoms
are now added to atom A, the
ability of A to couple to the metal

d states decreases, either because the modified A states can
couple to fewer d states or because the bonds become
longer.[31] The principle of bond-order conservation would
indicate that the weakening of the bond strength is propor-
tional to the number of H atoms added, which corresponds to
Equation (2).[31] The scaling behavior observed in Figures 2
and 3 indicates that similar arguments should hold for
adsorption on transition-metal oxides, sulfides, and nitrides.
The key to understanding this can be found in recent work by
Ruberto and Lundqvist,[40] in which they show that a suitably
modified d-band model can be used to understand trends in
adsorption energies on transition-metal carbides and nitrides.

Figure 1. Structures used to describe the surfaces of the transition-metal nitrides, oxides and sulfides. a) Fcc-like structure for the M2N (100)
surface, M=Mo and W. Dark and light blue spheres represent metal and N atoms, respectively. b) Fcc-like rock-salt structure for the TiN (100)
surface. Dark blue and gray spheres represent Ti and N atoms, respectively. c) Rutile-like (110) surface for the PtO2 surface. Red and white
spheres represent O and metal atoms, respectively. d) Perovskite structure for the LaMO3 (100) surface, with M=Ti, Ni, Mn, Fe, and Co. Red,
purple, and violet spheres represent O, La, and metal atoms, respectively. e) Hcp-like (�1010) surfaces for NbS2, TaS2, MoS2, WS2, Co-Mo-S, Ni-
Mo-S, and Co-W-S. Yellow and green spheres represent S and metal atoms, respectively. The black dashed boxes indicate the unit cell.

Figure 2. Adsorption energies of NH and NH2 intermediates over nitrides, an OH intermediate over
oxides, and an SH intermediate over sulfides plotted against adsorption energies of N over nitrides, O
over oxides, and S over sulfides, respectively. The adsorption energy of AHx is defined as: DEAHx =

E(AHx*)+ (xmax�x)/2E(H2)�E(*)�E(AHxmax
) where E(AHx*) is the total energy of an AHx intermediate

adsorbed on the most stable adsorption site, E(*) is the total energy of the surface without the A atom
adsorbed, and E(H2) and E(AHxmax

) are the total energies of the hydrogen molecule and the AHxmax

molecule in a vacuum, respectively.
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The strength of the scaling relationships is shown by the
following example. If one has a calculated or an experimental
adsorption energy of an adsorbate AHx (DE

AHx
M1 ) for one

transition metal or transition-metal compound M1, we can
estimate the energy DEAHx

M2 of the same intermediate on
another system M2 from the adsorption energies of atom A
on the two systems, by using Equation (3).

DEAHx
M2 ¼ DEAHx

M1 þ gðxÞðDEA
M2�DEA

M1Þ ð3Þ

g(x) is a rational number given by Equation (2). If we
have a database of atomic adsorption energies for a number
of systems, we may then estimate the adsorption energy of a
number of intermediates. This opens the possibility of
obtaining an overview of adsorption energies on oxides,
sulfides, and nitride surfaces on the basis of a few calculations.

In summary, density functional theory calculations on the
adsorption of O, OH, S, SH, N, NH, and NH2 on a range of
transition metal oxide, sulfide, and nitride surfaces have been
presented. It is shown that the adsorption energies DEAHx of
AHx intermediates scale with the adsorption energies DEA of
the A atoms according to the equation DEAHx = g(x)DEA + x,
where the proportionality constant g(x) is independent of the
metal and only depends on the number of H atoms in the
molecule.

Experimental Section
The results presented herein
were calculated using self-con-
sistent DFT. The ionic cores
and their interaction with the
valence electrons are described
by ultrasoft pseudopotentials
(soft pseudopotential for S),[41]

and the valence wave functions
are expanded in a basis set of
plane waves with a kinetic
energy cut-off of 350–400 eV.
The electron density of the
valence states was obtained by
a self-consistent iterative diag-
onalization of the Kohn–Sham
Hamiltonian with Pulay mixing
of the densities.[42] The occupa-
tion of the one-electron states
was calculated using an elec-
tronic temperature of kBT=
0.1 eV (0.01 eV for the mole-
cules in a vacuum); all energies
were extrapolated to T= 0 K.
The ionic degrees of freedom
were relaxed using the quasi-
Newton minimization scheme,
until the maximum force com-
ponent was smaller than
0.05 eVC�1. Spin magnetic
moments for the oxides, Co-
Mo-S, Ni-Mo-S, and Co-W-S
were taken into account.
Exchange and correlation
effects are described using the
RPBE[32] GGA functional.

We used the periodic slab
approximation, and the unit

cells considered were modeled by a (2 D 2) unit cell for the nitrides
and perovskite-type oxides, a (2 D 1) unit cell for PtO2, a (2 D 1) unit
cell for Co-W-S and MS2 surfaces with M=Mo, Nb, Ta, and W, and a
(4 D 1) unit cell for the M-Mo-S surface with M=Ni and Co. A four-
layer slab for the nitrides and perovskite-type oxides, a four trilayer
slab for PtO2-type oxides, and an 8 or 12 layer slab for sulfides were
employed in the calculations. Neighboring slabs were separated by
more than 10 C of vacuum. The results for theMO2 surfaces withM=

Ir, Mn, Ru, and Ti are taken from Refs. [12,15] The adsorbate
together with the two topmost layers for the nitrides and perovskite-
type oxides, the two topmost trilayers for MO2 oxides, and all layers
for the sulfides were allowed to fully relax. The Brillouin zone of the
systems was sampled with a 4 D 4D 1 Monkhorst-Pack grid for the
nitride and oxide surfaces and with a 6 D 1D 1 (4 D 1D 1) grid for the
2 D 1 (4 D 1) supercell of the sulfide surfaces.
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Figure 3. Adsorption energies of NH and NH2 intermediates on transition metal nitride and transition-metal
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line is the slope g(x) obtained from Equation (2).

Angewandte
Chemie

4685Angew. Chem. Int. Ed. 2008, 47, 4683 –4686 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1103/PhysRevLett.80.3650
http://dx.doi.org/10.1103/PhysRevLett.80.3650
http://dx.doi.org/10.1006/jcat.2000.3147
http://www.angewandte.org


[4] A. LogadFttir, J. K. Nørskov, J. Catal. 2003, 220, 273.
[5] S. Linic, M. A. Barteau, J. Am. Chem. Soc. 2003, 125, 4034.
[6] S. Ovesson, B. I. Lundqvist, W. F. Schneider, A. Bogicevic, Phys.

Rev. B 2005, 71, 115406.
[7] S. Kandoi, J. Greeley, M. A. Sanchez-Castillo, S. T. Evans, A. A.

Gokhale, J. A. Dumesic, M. Mavrikakis, Top. Catal. 2006, 37, 17.
[8] S. Wendt, R. Schaub, J. Matthiesen, E. K. Vestergaard, E.

WahlstrHm, M. D. Rasmussen, P. Thostrup, L. M. Molina, E.
Lægsgaard, I. Stensgaard, B. Hammer, F. Besenbacher, Surf. Sci.
2005, 598, 226.

[9] K. Reuter K, D. Frenkel, M. Scheffler, Phys. Rev. Lett. 2004, 93,
116105.

[10] Y. Yanga, M. Sushchikha, G. Mills, H. Metiu, E. McFarland,
Appl. Surf. Sci. 2004, 229, 346.

[11] S. ChrKtien, H. Metiu, Catal. Lett. 2006, 107, 143.
[12] J. Rossmeisl, Z.-W. Qu, H. Zhu, G.-J. Kroes, J. K. Nørskov, J.

Electroanal. Chem. 2007, 607, 83.
[13] M. D. Rasmussen, L. M. Molina, B. Hammer, J. Chem. Phys.

2004, 120, 988.
[14] Z. W. Qu, G. J. Kroes, J. Phys. Chem. B 2006, 110, 23306.
[15] J. Rossmeisl, K. Dimitrievski, P. Siegbahn, J. K. Nørskov, J. Phys.

Chem. C 2007, 111, 18821.
[16] T. Bredow, G. Pacchioni, Chem. Phys. Lett. 2002, 79, 753.
[17] M. Abu Halja, S. Guimond, Y. Romansyshyn, A. Uhi, H.

Kulenbeck, T. K. Todorova, M. V. Ganduglia-Pirovano, J.
DHbler, J. Sauer, H.-J. Freund, Surf. Sci. 2006, 600, 1497.

[18] G. Pacchioni, C. Di Valentini, D. Dominguez-Ariza, F. Illas, T.
Bredow, T. Kluner, V. Staemmier, J. Phys. Condens. Matter 2004,
16, 2497.

[19] K. M. Neyman, S. P. Ruzankin, N. RHsch,Chem. Phys. Lett. 1995,
246, 546.

[20] M. Neurock, R. A. van Santen, J. Am. Chem. Soc. 1994, 116,
4427.

[21] S. Cristol, J.-F. Paul, E. Payen, D. Bougeard, S. ClKmendot, F.
Hutschka, J. Phys. Chem. B 2002, 106, 5659.

[22] M. Sun, A.-E. Nelson, J. Aadjaye, J. Catal. 2004, 226, 41.
[23] M. V. Bollinger, K. W. Jacobsen, J. K. Nørskov, Phys. Rev. B

2003, 67, 084310.
[24] H. Schweiger, P. Raybaud, H. Toulhat, J. Catal. 2002, 212, 33.
[25] T. Todorova, R. Prins, T. Weber, J. Catal. 2007, 246, 109.
[26] A. Vojvodic, C. Ruberto, B. I. Lundqvist, Surf. Sci. 2006, 600,

3619.
[27] P. Liu, J. A. Rodriguez, Catal. Lett. 2003, 91, 247.
[28] G. Frapper, M. PKlisser, J. Phys. Chem. B 2000, 104, 11972.
[29] J. Ren, C.-F. Huo, X.-D.Wen, Z. Cao, J. Wang, J.-W. Li, H. Jiao, J.

Phys. Chem. B 2006, 110, 22563.
[30] O. Bengone, M. Alouani, P. BlHchl, J. Hugei, Phys. Rev. B 2000,

62, 16392.
[31] F. Abild-Pedersen, J. Greeley, F. Studt, J. Rossmeisl, T. R.

Munter, P. G. Moses, E. Skffllason, T. Bligaard, J. K. Nørskov,
Phys. Rev. Lett. 2007, 99, 016105.

[32] B. Hammer, L. B. Hansen, J. K. Nørskov, Phys. Rev. B 1999, 59,
7413.

[33] J. Greeley, M. Mavrikakis, J. Phys. Chem. B 2005, 109, 3460.
[34] B. Hammer, J. K. Nørskov, Surf. Sci. 1995, 343, 211.
[35] B. Hammer, J. K. Nørskov, Nature 1995, 376, 238 .
[36] B. Hammer, J. K. Nørskov, Adv. Catal. 2000, 45, 71.
[37] A. Eichler, F. Mittendorfer, J. Hafner, Phys. Rev. B 2000, 62,

4744.
[38] J. Greeley, M. Mavrikakis, Nat. Mater. 2004, 3, 810.
[39] A. Roudgar, A. Gross, Phys. Rev. B 2003, 67, 033409.
[40] C. Ruberto, B. I. Lundqvist, Phys. Rev. B 2007, 75, 235438.
[41] D. Vanderbilt, Phys. Rev. B 1990, 41, 1510.
[42] G. Kresse, J. Furthmuller, Comput. Mater. Sci. 1996, 6, 15.

Communications

4686 www.angewandte.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2008, 47, 4683 –4686

http://dx.doi.org/10.1021/ja029076g
http://dx.doi.org/10.1103/PhysRevB.71.115406
http://dx.doi.org/10.1103/PhysRevB.71.115406
http://dx.doi.org/10.1007/s11244-006-0001-1
http://dx.doi.org/10.1016/j.susc.2005.08.041
http://dx.doi.org/10.1016/j.susc.2005.08.041
http://dx.doi.org/10.1103/PhysRevLett.93.116105
http://dx.doi.org/10.1103/PhysRevLett.93.116105
http://dx.doi.org/10.1016/j.apsusc.2004.02.018
http://dx.doi.org/10.1016/j.jelechem.2006.11.008
http://dx.doi.org/10.1016/j.jelechem.2006.11.008
http://dx.doi.org/10.1063/1.1631922
http://dx.doi.org/10.1063/1.1631922
http://dx.doi.org/10.1021/jp065028x
http://dx.doi.org/10.1016/0009-2614(95)01150-X
http://dx.doi.org/10.1016/0009-2614(95)01150-X
http://dx.doi.org/10.1021/ja00089a034
http://dx.doi.org/10.1021/ja00089a034
http://dx.doi.org/10.1021/jp0134603
http://dx.doi.org/10.1016/j.jcat.2004.04.023
http://dx.doi.org/10.1006/jcat.2002.3737
http://dx.doi.org/10.1016/j.jcat.2006.11.023
http://dx.doi.org/10.1016/j.susc.2006.01.067
http://dx.doi.org/10.1016/j.susc.2006.01.067
http://dx.doi.org/10.1023/B:CATL.0000007163.01772.19
http://dx.doi.org/10.1021/jp0026179
http://dx.doi.org/10.1021/jp0640474
http://dx.doi.org/10.1021/jp0640474
http://dx.doi.org/10.1103/PhysRevB.62.16392
http://dx.doi.org/10.1103/PhysRevB.62.16392
http://dx.doi.org/10.1103/PhysRevLett.99.016105
http://dx.doi.org/10.1103/PhysRevB.59.7413
http://dx.doi.org/10.1103/PhysRevB.59.7413
http://dx.doi.org/10.1021/jp046540q
http://dx.doi.org/10.1016/0039-6028(96)80007-0
http://dx.doi.org/10.1038/376238a0
http://dx.doi.org/10.1103/PhysRevB.62.4744
http://dx.doi.org/10.1103/PhysRevB.62.4744
http://dx.doi.org/10.1038/nmat1223
http://dx.doi.org/10.1103/PhysRevB.67.033409
http://dx.doi.org/10.1103/PhysRevB.75.235438
http://dx.doi.org/10.1016/0927-0256(96)00008-0
http://www.angewandte.org

