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Abstract

We performed a series of density functional theory calculations of dissociative
oxygen adsorption on fcc metals and their corresponding rocksalt monoxides to
elucidate the relationship between the oxide electronic structure and its cor-
responding reactivity. We decomposed the dissociative adsorption energy of
oxygen on an oxide surface into a sum of the adsorption energy on the metal
and a change in adsorption energy caused by both expanding and oxidizing the
lattice. We were able to identify the key features of the electronic structure
that explains the trends in adsorption energies on 3d transition metal monoxide
surfaces.

Keywords: oxide reactivity, density functional theory, transition metals,
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1. Introduction

In the past decade, the use of density functional theory (DFT) has acceler-
ated materials discovery of new metal alloys for numerous catalysis applications
[1, 2, 3, 4, 5]. One recent strategy developed to lower computational costs is to
create predictive models that connect the known chemical properties of metals
to the electronic structure through the use of DFT calculations [6]. This al-
lows us to perform a coarse screening of hundreds of alloy systems for desirable

properties [1, 2]. The physical accuracy of these models is based on the ability
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to connect the electronic structure and reactivity through simple descriptors
such as the d-band width and center, which we can connect to known chemical
properties of the metal [6, 7]. We propose a similar strategy should also ac-
celerate computational materials design of metal oxides as well, but there still
lacks transparent and useful electronic descriptors that have the same predic-
tive power that the d-band center and width do for metals. However, recent
work on transition metal oxides suggest these descriptors should exist. Linear
scaling relationships of adsorption energies on transition metal oxides suggests
that some electronic structure feature is parametric within these relationships
[8, 9]. The discovery of simple electron counting rules for adsorption energies
on oxides also suggest a hidden electronic structure correlation [10]. Finally, a
few studies have been able to directly relate properties of the oxygen p-band
[11, 12] and bulk transition metal e, and d-band to reactivity on perovskites
[13, 14].

To understand relationships between oxide electronic structure and their
reactivities, we draw our inspiration from a seminal paper by Gelatt et al. on the
theory of bonding of transition metals to non-transition metals [15] and a recent
DFT paper that validated these results for metal rutile dioxides [16]. They
recognized that there were two primary steps to transform a bulk transition
metal into a compound with a non-transition metal: lattice expansion of the
transition metal and then subsequent bonding with the non-transition metal.
They were able to describe the formation energy of the compound as a sum of
an energy cost of expansion and an energy gain of making bonds between the
transition metal and non-transition metal. Finally, they connected physical and
electronic structure properties to explain formation energy trends. We propose a
similar approach to understand the relationship between the electronic structure
and reactivity on oxide surfaces.

In this work, we elucidate the relationship between the reactivity and elec-
tronic structure of oxides by using structural perturbations to connect the reac-
tivity of an oxide surface with that of a metal. We chose to perform this analysis

on six first row transition metals (Ti, V, Mn, Co, Ni, Cu) constrained to the fcc



structure and their corresponding rocksalt monoxides (TiO, VO, MnO, CoO,
NiO, CuO). We recognized that there were two simple structural perturbations
between the fcc and rocksalt structure: isotropic expansion and an insertion of
an interpenetrating oxygen fcc lattice. The intermediate structure then is the
expanded metal fcc lattice that has the same lattice constant as its respective
oxide. By calculating adsorption energies on the metal, expanded metal, and
oxide, we can decompose the adsorption energies on the monoxide as a sum of
the adsorption energy on the metal and the change in the adsorption energy
caused by both expanding and oxidizing the metal lattice. We can then con-
nect changes in the structure and composition of the surface to changes in the
electronic structure, which we ultimately relate to the reactivity. To interpret
reactivities from the electronic structure, we first found that adsorption energy
on both metals and oxides have the same correlation with the oxygen p-band
center. We then found that expansion of the lattice causes either a narrow-
ing or a complete breakdown of the d-band that typically leads to a weaker
surface-adsorbate bond, and oxidation of the lattice produces a downward shift
in the surface d-band which can result in stronger adsorption if the surface d-
bands and adsorbate p-bands are degenerate in energy. These conclusions shed
new insight into not only possible electronic descriptors but also their physical

origins.

2. Methods

A complete log of the bulk calculations and their corresponding discussion
can be found in the supporting information. Briefly, all calculations were per-
formed with the Vienna Ab-initio Simulation Package (VASP) [17, 18]. The
core electrons were described by the projector-augmented wave (PAW) method
[19, 20] and the exchange correlation functional used was the Perdew-Burke-
Ernzerhof (PBE) [21, 22] generalized gradient approximation (GGA). The Kohn-
Sham orbitals were expanded with plane-waves up to a 520 eV cutoff. All k-

points were represented on Monkhorst-Pack grids [23]. For bulk calculations,



an 8 8 8 grid k-point grid was used for metals and a 7 7 7 for the expanded
metals and oxides. Calculations of adsorption energies on all surfaces were done
with a7 7 1 k-point grid with 10 A of vacuum, and the density of states (DOS)
analysis on surfaces were done with a higher (12 12 1) k-point grid to ensure
a fine quality DOS. Surface d and p band centers (Fy) were done via the first
moment of the projected DOS about the Fermi level (Ef) and is expressed as

/pEdE
Ey="—— (1)

/ pdE

All bulk and slab calculations were done including spin-polarization in both
ferromagnetic and antiferromagnetic states (see supporting information). The
lattice constants used for slab construction were determined from the bulk calcu-
lations. Slab calculations were done with symmetric cells with six metal layers.
The middle two layers were held at fixed positions, while the outer four layers
(two for each side) were allowed to relax in the direction perpendicular to the
surface. For calculations including relaxation, the force criteria was set to 0.05
eV/A. Images of the bulk and surface structures as well as the adsorption sites
can be seen in Figure 1. The adsorption energies normalized per O atom are

calculated according to this equation:

E

ads(eV/0) = lggsiab,0, - (Bsiar + Eo,)) (2)

In Equation 2, Egap,0, and Egqp are total energies of the symmetric slab with
and without an O atom adsorbate on both sides, while Ep, is the total energy
of an oxygen molecule calculated in an asymmetric box. The 1.36 eV correction
for the overbinding energy of the oxygen molecule found by Wang et al. was

used [24].
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Figure 1: Shows the structural transformations to go from an FCC metal to a rocksalt oxide.
We also show the corresponding surface transformations on equivalent surfaces of the two
materials. Blue, green, and red circles show the top, fcc, and hcp, respectively, adsorption

sites used in this study.

3. Results and Discussion

We first performed calculations on the bulk unit cells to find the equilibrium
lattice constants and most stable magnetic ordering for metals and oxides. We
then used the equilibrium structures and stable magnetic orderings to calculate
adsorption energies on metal and oxide surfaces on the top, fcc, and hcp ad-
sorption sites. From Figure 2a, we see that, in general, the adsorption trends on
oxides and metals on the different adsorption sites are similar. As the number
of d-electrons increases, the adsorption energies decrease, which is consistent
with a number of previous works that looked at trends in adsorption energies
across first row transition metal oxides [10, 14].

To understand the contributions to the trends in the adsorption energies
on the oxides, we calculated adsorption energies on an intermediate structure:
the expanded fcc metal lattice. This expanded lattice has the same volume per

metal atom as the oxide but lacks the lattice oxygen. To study the change in the



bonding between the adsorbate and this artificially expanded lattice, only the
adsorbate was allowed to relax in these adsorption calculations. By calculating
adsorption energies on this structure, we show how the adsorption energy on the
oxide is a sum of the original metal adsorption energy, a change in the adsorption
energy caused by expanding the metal lattice, and a change in the adsorption
energy caused by oxidizing the expanded lattice. For the rest of the paper we
will refer to these changes in the adsorption energy as the ”expansion energy”
and the ”oxidation energy”. Figures 2b-d show that the trends in expansion
and oxidation energies are consistent across the different adsorption sites, and
that the expansion energy is generally positive (weakens the surface-adsorbate
bond) and the oxidation energy is generally negative (strengthens the surface-
adsorbate bond). The magnitude of both energies rises as one goes from the
beginning to the middle of the first row transition metals and then decreases
going to the late first row transition metals.

The primary value of doing the calculations on the expanded metal lattice is
that it allows us to systematically connect changes in the atomic structure and
composition to changes in the electronic structure, which we ultimately need
to relate to the adsorption energy. However, we first need a way to interpret
changes in the electronic structure to changes in the adsorption energy. To do
this, we fall back to the original d-band model, which related the position of the
adsorbate bonding and anti-bonding states (in our case the oxygen p-states)
to the position of the center and width of the d-band [25]. These original
results suggest that one way to interpret changes in the adsorption energies
is by directly looking at the average energy of the adsorbate states. We first
show this method is valid for metals and consistent with the d-band model in
Figure 3a. Furthermore, in Figure 3b, we show the position of the adsorbate
p-states can also be used to understand the adsorption energies of not only the
metals, but also the expanded metals and oxides as well. The fact that the same
electronic structure correlation can be used for both metals and oxides is quite
extraordinary and suggests similar bonding mechanisms on both surfaces. We

note that the outliers are the adsorption energies on expanded manganese and



cobalt. The reason for these outliers is that the manganese and cobalt expanded
lattice is so large that the nature of the adsorbate surface bond resembles more
individual molecular bonds, and our simple calculation of the average p-state
energy is insufficient to capture the reactivity.

Now that we are able to correlate the electronic structure with the adsorption
energy on all surfaces, the next step is to interpret the relationship between
changes in the atomic structure and composition going from a metal to an oxide
(expansion and oxidation) to changes in the adsorption energy. The starting
point of our analysis is adsorption on metals, which is easily understood through
the original d-band model, and this is seen in the figures of the surface atom
projected, electronic structure of early (Ti), mid (Mn), and late (Cu) transition
metals with an adsorbate on the fce site (Figures 4a, ¢, and e). In Figure 4b,
d, and f, we see that expanding the lattice produces changes in the d-band that
shift the position of the oxygen p-band. On early transition metals (Figure
4a, b), expanding the lattice narrows the d-band and produces a down shift of
the d-band center, which raises (weakens) the adsorption energy. These results
are consistent with past studies that calculated strain induced changes in the
adsorption energy on early transition metals [26]. For mid transition metals
(Figure 4c, d), the expansion of the lattice is so large that the d-band splits
into bonding and anti-bonding parts. The large increases in the adsorption
energy are associated with a high amount of tensile strain (26% for Mn) and
a lack of hybridization between surface d-states and adsorbate p-states. On
late transition metals (Figure 4e, f) expansion of the lattice also narrows the
d-band, but has opposite effects on the adsorption energy between Ni and Cu.
The effect of strain on the adsorption on late transition metals has previously
been explored in numerous articles, and the main conclusion is that narrowing
of the d-band produces a shift down in energy, which decreases (strengthens)
the adsorption energy, which is consistent with our result on Ni and inconsistent
with our result on Cu [27]. To explain this discrepancy, we note that the tensile
strain we apply on Ni and Cu are 19% and 17%, which is up to four times

higher than the tensile strain used in past studies on Cu [27]. Similar to mid



transition metals, it is apparent that the high amount of tensile strain pushes
up the adsorbate p-band bonding states to higher energies and also lowers the
amount of hybridization between the surface d-band and adsorbate p-states,
both of which would result in a weaker bond and higher adsorption energy.
Following expansion, the lattice goes through oxidation, which is an insertion
of an interpenetrating fcc oxygen lattice and the formation of six metal-oxygen
bonds per metal. This bonding is apparent through the hybridization of the
lattice oxygen p-states with the metal d-states to create hybridized states at
lower energies (Figure 5). The position of these new hybridized states indicates
how much energy can be gained by an oxygen bonding to an under-coordinated
surface. In addition, the adsorbate bonding states are shifted up in energy
with respect to their energies on the expanded lattice. We observed that when-
ever the energy of the adsorbate bonding states on the expanded lattice are
degenerate in energy with the new hybridized lattice metal-oxygen states, the
surface-adsorbate bond is strengthened through additional hybridization be-
tween adsorbate p-states and surface d-states. This is most prominent for mid
(Figure 5c, d) and late transition metal oxides (Figure 5e, f). Furthermore, as
one goes from mid to late transition metal oxides, these new hybridized bonding
states move up in energy, thereby lowering the amount the surface-adsorbate
bond can be strengthened through oxidizing the lattice. In contrast to mid and
late transition metal oxides, the early transition metal oxide hybridized states
are deeper in energy than the adsorbate bonding states, which led to little hy-
bridization between the adsorbate bonding states and surface states (Figures
5a, b). The lack of hybridization in addition to the upshift in energy of the
adsorbate states led to an overall increase (weakening) of the adsorption energy

on early transition metal oxides.

4. Conclusions

We identified key features of oxide electronic structure that determine the

strength of the dissociative adsorption energy of oxygen. We did this by per-



forming structural perturbations to transform a fcc metal into a rocksalt monox-
ide, tracking changes in both the adsorption energy and electronic structure and
how they relate to changes in the surface atomic structure and composition. We
found that expanding the metal lattice narrowed and produced shifts in the d-
band, and the effect on the adsorption energy depended on both the magnitude
of the volume expansion and the position of the metal on the periodic table. We
also found that oxidizing the lattice allows the surface to form stronger bonds
with the adsorbate if the energies of the bulk bonding d-band states created
through hybridization with bulk oxygen p-states are degenerate with the adsor-
bate p-band states. The position of the bulk bonding d-states formed through
oxidizing the lattice also determines the strength of this effect. To interpret
these relationships between the electronic structure and adsorption energy, we
found a common correlation between the energies of the adsorbate p-bands and
adsorption energy for both metals and oxides. These results elucidate the mech-
anism of adsorption and provide insight into the relationship between electronic

structure and reactivity on oxide surfaces.
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Figure 2: a) shows the adsorption energies on metals and oxides on all the sites. b), ¢), and d)
show the contributions of expansion energy and oxidation energy to the adsorption energies on
oxides. The expansion energy is the change in the adsorption energy caused by expanding the
metal, while the oxidation energy is the change in the adsorption energy caused by oxidizing
the expanded metal. The top halves of b), ¢), and d) show the absolute adsorption energies
on the metal, metal with the expanded lattice, and oxide, while the bottom halves show the

change in adsorption energy caused by lattice expansion (green) and by lattice oxidation (red).
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Figure 3: a) shows the correlation between the surface projected d-band center and the average
energy of the adsorbate p-states on the top, fcc, and hep adsorption sites on metals. b) shows
the correlation between the adsorption energy and the average energy of the adsorbate p-states

on metals, expanded metals, and oxides on all sites.
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Figure 4: a) and b) show the density of states of Ti and expanded Ti with oxygen adsorbed
at the fcc site. ¢) and d) show the density of states of Mn and expanded Mn with oxygen
adsorbed at the fcc site. e) and f) show the density of states of Cu and expanded Cu with

oxygen adsorbed at the fcc site.
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Figure 5: a) and b) show the density of states of expanded Ti and TiO with oxygen adsorbed
at the fcc site. ¢) and d) show the density of states of expanded Mn and MnO with oxygen
adsorbed at the fcc site. e) and f) show the density of states of expanded Cu and CuO with

oxygen adsorbed at the fcc site.
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