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ABSTRACT: A new model of bonding between radical adsorbates and lattice oxygens is
proposed that considers both the adsorbate−oxygen bonding and the weakening of the
metal−oxygen bonds. Density functional calculations of SrMO3 perovskites for M being
3d, 4d, and 5d transition metals are used to correlate the bulk electronic structure with
the surface-oxygen reactivity. Occupation of the metal−oxygen antibonding states,
examined via the crystal orbital Hamilton population (COHP), is found to be a useful
bulk descriptor that correlates with the vacancy formation energy of the lattice oxygen
and its hydrogen adsorption energy. Analysis of density-of-states and COHP indicates
that H adsorption energy is a combined result of formation of the O−H bond and the
weakening of the surface metal−oxygen bond due to occupation of the metal−oxygen
antibonding states by the electron from H. This insight will be useful in understanding
the trends in surface reactivity of perovskites and transition-metal oxides in general.

Metal oxides are ubiquitous in the study of surface
chemistry and catalysis. A better physical and chemical

understanding of these materials is consequently warranted to
meet the increased interest and pace of development. For
transition metals, widely applicable and elegant models have
been developed, such as the d-band center1−3 and the
coordination number,4,5 as descriptors of adsorption and
catalytic properties. However, metal oxides remain a challenge
to accurately characterize due to the significantly increased
complexity in electronic, magnetic, and surface structures.
Catalytic reactivity descriptors for metal oxides are

frequently found to be linked to stability. From a computa-
tional standpoint, these reactivity descriptors are generally
adsorption energies of relevant reactants or intermediates on
the metal and O sites of the surface. For example, in
electrocatalytic oxygen evolution and oxygen reduction
reactions, the main descriptors involve the adsorption energies
of oxygen-containing species (O, OH, OOH)6,7 and oxygen
molecule (O2),

8 respectively. In the homolytic C−H
activation, hydrogen adsorption energy (HAE) on the oxygen
site is a very good descriptor for the first C−H activation
energy.9−11 Meanwhile, stability descriptors are used to
characterize metal oxides, including bulk formation en-
ergy6,12 ,13 and oxygen vacancy formation energy
(VFE).10,14−19 It has been observed that HAE and VFE have
a persistent correlation,9,10,20,21 but an electronic under-
standing of the underlying relation has been lacking.
In this paper, we attempt to unravel the nature of oxygen−

adsorbate (O−X) bonding, whereby a radical group, as a result
of dissociative adsorption or activation by surface sites, forms a
strong σ-bond with a surface oxygen of a transition-metal oxide

(TMO). As the adsorption strength of these species is a prime
descriptor for an oxide’s catalytic activity, establishing an
energetic model for the oxygen−adsorbate interaction is a
necessary step toward rational catalyst design.
Because the energetics of formation of the surface O−X

bond is intrinsically linked to the electronic structure of the
TMO, we begin our study first on the metal−oxygen bond in
the TMO. TMOs can be characterized as having polar covalent
M−O bonds from the mixing of M d states and O 2p
states.16,22 We focus our efforts here on cubic perovskites,
which prove to be computationally convenient systems with a
fixed ABO3 stoichiometry and a well-defined crystal structure.
The A cation is chosen here to be Sr2+, which is ionically
bonded to the oxygen, while the B cation varies from the
transition metals in the periodic table of different orbital
occupations. The varying d-electron count of cation B will
allow us to explore the trends in the B−O bonding and its
relation to the O−X bonding from the density functional
theory (DFT) calculations of the changing electronic structure
and surface energetics.
Our DFT study was based on the Perdew−Burke−

Ernzerhof (PBE) functional23 within the generalized gradient
approximation (GGA). Although band gaps are usually
underestimated with GGA, it has nevertheless proven to be
robust in sufficiently replicating energetic quantities such as
formation energy,13,24,25 to reveal the relative trends.
HSE06,26 a hybrid functional, was used to validate the PBE
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results, confirming the linear trends from PBE (Figure S1). An
important concept utilized in this work is the crystal orbital
Hamilton population (COHP),27 which is a product of the
density of states (DOS) and the overlap Hamiltonian element,
an improvement28 over the classic crystal orbital overlap
population (COOP). With COHP, the chemistry of bonding−
antibonding interactions can be revealed from the solid state.
Further computational details can be found in the Supporting
Information. Relaxed geometries were used for all computed
energetics. While the basic principle for bonding on
surfaces,22,29 particularly molecular adsorbates on metals via
back-donation,30,31 has been proposed for many years, to date
there is no explicit ab initio work done to study bonding trends
on metal oxides from the perspective of the bonding and
antibonding contributions, to our best knowledge. In this work
we try to tackle the problem using COHP and the perovskite
model system, and by drawing trends from screening a large
number of elemental compositions.
Figure 1a shows the integrated crystal orbital Hamilton

population (ICOHP) of the M−O bond in the bulk SrMO3

perovskite that provides a useful, relative quantification of the
metal−oxygen bonding. One can see a clear trend between
ICOHP and the d-electron count for each of the three periods
of 3d to 5d TMs: ICOHP increases with the number of d-
electrons in M, consistent with the weakening of the M−O
bond from group 3 to 12, implying that the M−O covalent
contributions are more significant than the ionic ones. The

corresponding COHP plots are shown for several 3d
perovskites (Figure 1b). For M = Ti, all states above the
Fermi level are antibonding (positive COHP or negative
−COHP). Moving to Zn, the antibonding states become
progressively more occupied. The downward shift of the
antibonding states relative to the Fermi level from additional d-
electrons thereby leads to increasing ICOHP (Figure 1a). In
conjunction with the increasing positive COHP states, the net
bonding states also decrease from the overall destabilization of
the M−O bond.
More interestingly, we find that ICOHP correlates well with

the VFE of surface lattice oxygen for M being all the 3d−5d
metal in SrMO3 (Figure 2a). This suggests that ICOHP is a

useful bulk descriptor for the surface oxygen’s reactivity, since
the VFE of surface lattice oxygen correlates well with the
surface reactivity such as HAE and the Bader charges on the O
atom (Figure 3). This correlation is further confirmed between
the bulk M−O ICOHP and HAE (Figure 2b). To rule out the
bond-distance effect, we plotted the M−O and O−H bond
distances and found that they vary little with the number of d
electrons (Figure S2). Given the destabilizing impact of
increasing d-electron count on the M−O covalent bonding as
manifested by the ICOHP, the correlation between ICOHP
and HAE therefore suggests that adsorbate bonding can also
impact the M−O covalent bonding, as we analyze next.

Figure 1. (a) Averaged integrated crystal orbital Hamilton
populations (ICOHP) of the metal−oxygen (M−O) bonds as a
function of the number of d-electrons in the bulk perovskite, SrMO3,
with M being 3d, 4d, and 5d transition metals. (b) Crystal-orbital
Hamilton population (COHP) versus energy (relative to EFermi) for
several 3d metals; note that −COHP is used as the a-axis. The dashed
line in (b) illustrates the downshift of the separation point between
the antibonding (negative) and bonding (positive) states as more
antibonding states are populated across a period.

Figure 2. Correlation plots for perovskite SrMO3(100) M-terminated
surfaces with M being the transition metals denoted: (a) between bulk
integrated crystal orbital Hamilton population (ICOHP) and vacancy
formation energy of the lattice oxygen; (b) between bulk ICOHP and
hydrogen adsorption energy on the lattice oxygen. The dashed red
line corresponds to the linear best fit with R2 = 0.94 for (a) and 0.91
for (b).
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In an oxide surface, oxygen has a formal charge of −2 and its
2p states are situated below the Fermi level. Since the O−H
antibonding state is far above the Fermi level, the electron
from H will end up occupying the lower lying states in the
conduction band, as schematically shown in Figure 4. For a

TM oxide, as we have shown from COHP (Figure 1), the
conduction band corresponds to the antibonding M−O states.
Using M = Ti as a case study, the filling of the conduction
band primarily onto the Ti 3d states (Figure 5a) can be seen
when H is adsorbed to O. COHP plots confirm that the filling
of the conduction band corresponds to an increase in
occupancy in the M−O antibonding orbitals (Figure 5b).
Similar reports for the phenomenon of M−O antibonding
occupancy from reduction have also been observed in the case
of metal clusters.32 We find a significant decrease in ICOHP
for the Ti−O bond from −1.86 to −1.11 eV after H
adsorption. In other words, the Ti−O bond is significantly
weakened after H adsorption. Furthermore, the O−H ICOHP
(Figure S3) is found to stay roughly constant with respect to
the different HAEs, demonstrating that the change in HAE on

different perovskites must be linked to the extent of weakening
of the M−O bond from reduction.
Traditionally, as a radical adsorbate (X) approaches a

surface, a bond is drawn between O and X, and the
neighboring metal center is reduced by one electron (Figure
6a). Our present findings suggest that such a picture may be

oversimplified. Indeed, Bader charge analysis shows that the
electron transfer from hydrogen to the neighboring metal sites
is significantly lower than expected from the traditional
bonding scheme (Table S1). Instead, we propose a revised
model (Figure 6b) where the reduction by the electron takes
place mainly at the M−O bonds. Hence the oxygen charge, the
M−O bonding states, and the M site reducibility all contribute
to the surface reactivity of the oxide. The qualitative cross-
correlation between properties such as VFE and O Bader
charge with HAE (Figure 3) can thereby be explained. The
stronger the M−O bonds, the more positive the VFE and the
more negative the O charge; consequently, the extent of
destabilization from the occupation of the M−O antibonding
states is greater, which leads to a less negative HAE or weaker
adsorption for H. Conversely, the weaker the M−O bonds, the
smaller the VFE and the less negative the O charge; in this

Figure 3. 3D scatterplot of hydrogen adsorption energy (HAE),
vacancy formation energy (VFE), and Bader charge of the lattice
oxygen on the (100) surface of the SrMO3 perovskite with varying M.
Surface relaxation was taken into account for both HAE and VFE
calculations.

Figure 4. Diagram of the O−H bonding involving O 2p nonbonding
states (pink) and one-electron reduction into the M−O antibonding
states (blue).

Figure 5. (a) Ti 3d partial density of states before and after hydrogen
adsorption on the lattice oxygen of SrTiO3. (b) −COHP plot of the
local Ti−O bond before and after hydrogen adsorption.

Figure 6. Two different models for O−X bonding on an oxide: (a)
conventional picture involving the one-electron reduction of a
neighboring metal center; (b) new model proposed in this work
showing delocalization of reducing electron into nearby surface states
centered on O and partially on M, as well as weakening of M−O
bonds.
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case, the already weakened M−O bond leaves the O atom with
more free valence to react with H, leading to more negative
HAE or stronger adsorption.
The proposed O−X bonding model can be generalized

beyond hydrogen adsorption to other radical species such as
CH3, NH2, and SH, which can also covalently bond with
oxygen and reduce the surface. We found that the adsorption
energies of these adsorbates on the lattice oxygen have close
linear relationships with HAE (R2 values close to one; Figure
S4), indicating that they will follow the same ICOHP trends
and surface reduction mechanisms. Deviations from the linear
correlations can be attributed to the different spin states,
especially for the 3d transition metals. Further and full analysis
on the spin distributions is warranted in the future.
In conclusion, analysis of crystal orbital Hamilton

population (COHP) from density functional theory calcu-
lations of SrMO3 perovskites (M being all 3d, 4d, and 5d
transitions metals) shows that reductive adsorption on oxygen
sites of perovskite surfaces is best described as a compromise
between the energetic stabilization of forming a strong O−X
bonding and the destabilizing effect of electron transfer into
the surface M−O antibonding states. On the same oxygen site,
metals with strong M−O bonds become destabilized to a
greater extent from electron transfer, and consequently, the
formation of O−X bonds becomes more energetically disfavored
compared to those with weak M−O bonds. Hence one can
understand why hydrogen adsorption energy is a universal
descriptor for any radical adsorption on perovskite surfaces and
transition metal oxides in general. With our model, the
deliberate tuning of oxygen charge, M−O bond strength, and
M sites can be rationalized in understanding adsorption
properties on lattice oxygen of metal oxide catalysts.33,34

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jp-
clett.8b02749.

Computational details; validation with the HSE06
hybrid function; variation of M−O and O−H distances
with the number of d electrons; variation of O−H
ICOHP with hydrogen adsorption energy; linear
correlation between radical adsorbates; Bader charges
after hydrogen adsorption (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*D. Jiang. E-mail: djiang@ucr.edu. Tel: +1-951-827-4430.
ORCID
Victor Fung: 0000-0002-3347-6983
Zili Wu: 0000-0002-4468-3240
De-en Jiang: 0000-0001-5167-0731
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This research is sponsored by the U.S. Department of Energy,
Office of Science, Office of Basic Energy Sciences, Chemical
Sciences, Geosciences, and Biosciences Division. This research
used resources of the National Energy Research Scientific
Computing Center, a DOE Office of Science User Facility

supported by the Office of Science of the U.S. Department of
Energy under Contract No. DE-AC02-05CH11231.

■ REFERENCES
(1) Nørskov, J. K.; Abild-Pedersen, F.; Studt, F.; Bligaard, T. Density
Functional Theory in Surface Chemistry and Catalysis. Proc. Natl.
Acad. Sci. U. S. A. 2011, 108, 937−43.
(2) Nørskov, J. K.; Bligaard, T.; Rossmeisl, J.; Christensen, C. H.
Towards the Computational Design of Solid Catalysts. Nat. Chem.
2009, 1, 37−46.
(3) Hammer, B.; Nørskov, J. Why Gold is the Noblest of all the
Metals. Nature 1995, 376, 238−240.
(4) Calle-Vallejo, F.; Martínez, J. I.; García-Lastra, J. M.; Sautet, P.;
Loffreda, D. Fast Prediction of Adsorption Properties for Platinum
Nanocatalysts with Generalized Coordination Numbers. Angew.
Chem., Int. Ed. 2014, 53, 8316−8319.
(5) Calle-Vallejo, F.; Loffreda, D.; Koper, M. T.; Sautet, P.
Introducing Structural Sensitivity into Adsorption-Energy Scaling
Relations by Means of Coordination Numbers. Nat. Chem. 2015, 7,
403−410.
(6) Calle-Vallejo, F.; Díaz-Morales, O. A.; Kolb, M. J.; Koper, M. T.
Why is Bulk Thermochemistry a Good Descriptor for the Electro-
catalytic Activity of Transition Metal Oxides? ACS Catal. 2015, 5,
869−873.
(7) Rossmeisl, J.; Qu, Z.-W.; Zhu, H.; Kroes, G.-J.; Nørskov, J. K.
Electrolysis of Water on Oxide Surfaces. J. Electroanal. Chem. 2007,
607, 83−89.
(8) Suntivich, J.; Gasteiger, H. A.; Yabuuchi, N.; Nakanishi, H.;
Goodenough, J. B.; Shao-Horn, Y. Design Principles for Oxygen-
Reduction Activity on Perovskite Oxide Catalysts for Fuel Cells and
Metal−Air Batteries. Nat. Chem. 2011, 3, 546−550.
(9) Latimer, A. A.; Kulkarni, A. R.; Aljama, H.; Montoya, J. H.; Yoo,
J. S.; Tsai, C.; Abild-Pedersen, F.; Studt, F.; Nørskov, J. K.
Understanding Trends in CH Bond Activation in Heterogeneous
Catalysis. Nat. Mater. 2017, 16, 225−229.
(10) Fung, V.; Tao, F. F.; Jiang, D. E. General Structure-Reactivity
Relationship for Oxygen on Transition-Metal Oxides. J. Phys. Chem.
Lett. 2017, 8, 2206−2211.
(11) Deshlahra, P.; Iglesia, E. Reactivity and Selectivity Descriptors
for the Activation of C-H Bonds in Hydrocarbons and Oxygenates on
Metal Oxides. J. Phys. Chem. C 2016, 120, 16741−16760.
(12) Zeng, Z.; Calle-Vallejo, F.; Mogensen, M. B.; Rossmeisl, J.
Generalized Trends in the Formation Energies of Perovskite Oxides.
Phys. Chem. Chem. Phys. 2013, 15, 7526−7533.
(13) Calle-Vallejo, F.; Martínez, J. I.; García-Lastra, J. M.;
Mogensen, M.; Rossmeisl, J. Trends in Stability of Perovskite Oxides.
Angew. Chem., Int. Ed. 2010, 49, 7699−7701.
(14) Lee, Y.-L.; Kleis, J.; Rossmeisl, J.; Shao-Horn, Y.; Morgan, D.
Prediction of Solid Oxide Fuel Cell Cathode Activity with First-
Principles Descriptors. Energy Environ. Sci. 2011, 4, 3966−3970.
(15) Ganduglia-Pirovano, M. V.; Hofmann, A.; Sauer, J. Oxygen
Vacancies in Transition Metal and Rare Earth Oxides: Current State
of Understanding and Remaining Challenges. Surf. Sci. Rep. 2007, 62,
219−270.
(16) van Santen, R. A.; Tranca, I.; Hensen, E. J. Theory of Surface
Chemistry and Reactivity of Reducible Oxides. Catal. Today 2015,
244, 63−84.
(17) Kumar, G.; Lau, S. L. J.; Krcha, M. D.; Janik, M. J. Correlation
of Methane Activation and Oxide Catalyst Reducibility and its
Implications for Oxidative Coupling. ACS Catal. 2016, 6, 1812−1821.
(18) Krcha, M. D.; Mayernick, A. D.; Janik, M. J. Periodic Trends of
Oxygen Vacancy Formation and C−H Bond Activation Over
Transition Metal-Doped CeO2 (111) Surfaces. J. Catal. 2012, 293,
103−115.
(19) Derk, A. R.; Li, B.; Sharma, S.; Moore, G. M.; McFarland, E.
W.; Metiu, H. Methane Oxidation by Lanthanum Oxide Doped with
Cu, Zn, Mg, Fe, Nb, Ti, Zr, or Ta: the Connection Between the
Activation Energy and the Energy of Oxygen-Vacancy Formation.
Catal. Lett. 2013, 143, 406−410.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.8b02749
J. Phys. Chem. Lett. 2018, 9, 6321−6325

6324

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.8b02749/suppl_file/jz8b02749_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.8b02749/suppl_file/jz8b02749_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jpclett.8b02749
http://pubs.acs.org/doi/abs/10.1021/acs.jpclett.8b02749
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.8b02749/suppl_file/jz8b02749_si_001.pdf
mailto:djiang@ucr.edu
http://orcid.org/0000-0002-3347-6983
http://orcid.org/0000-0002-4468-3240
http://orcid.org/0000-0001-5167-0731
http://dx.doi.org/10.1021/acs.jpclett.8b02749


(20) Fung, V.; Tao, F. F.; Jiang, D. E. Trends of Alkane Activation
on Doped Cobalt (II, III) Oxide from First Principles. ChemCatChem
2018, 10, 244−249.
(21) Fung, V.; Polo-Garzon, F.; Wu, Z.; Jiang, D. E. Exploring
Perovskites for Methane Activation from First Principles. Catal. Sci.
Technol. 2018, 8, 702−709.
(22) Hoffmann, R.. Solids and Surfaces: a Chemist’s View of Bonding
in Extended Structures; Wiley-VCH: New York, 1988.
(23) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865−3868.
(24) Mowbray, D.; Martinez, J. I.; Calle-Vallejo, F.; Rossmeisl, J.;
Thygesen, K. S.; Jacobsen, K. W.; Nørskov, J. K. Trends in Metal
Oxide Stability for Nanorods, Nanotubes, and Surfaces. J. Phys. Chem.
C 2011, 115, 2244−2252.
(25) Martinez, J. I.; Hansen, H. A.; Rossmeisl, J.; Nørskov, J. K.
Formation Energies of Rutile Metal Dioxides Using Density
Functional Theory. Phys. Rev. B: Condens. Matter Mater. Phys. 2009,
79, 045120.
(26) Krukau, A. V.; Vydrov, O. A.; Izmaylov, A. F.; Scuseria, G. E.
Influence of the Exchange Screening Parameter on the Performance of
Screened Hybrid Functionals. J. Chem. Phys. 2006, 125, 224106.
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