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ABSTRACT

Identifying and understanding relationships between the electronic and atomic structure of surfaces and their
catalytic activity is an essential step towards the rational design of heterogeneous catalysts for both thermal and
electrochemical applications. Herein, we identify a relationship between the atom-projected density of states of
surface oxygen and its ability to make and break bonds with the surrounding metal atoms and hydrogen. This
structure-property relationship is shown to hold across different classes of materials (metals, rutile metal-oxides,
and perovskite metal-oxides) and for different oxygen binding sites (i.e. different oxygen coordination numbers).
We utilize understanding from the d-band model and the simple two-level quantum coupling problem to shed
light on the physical origin of this relationship for transition metal surfaces and we hypothesize similar prin-
ciples extend to the other materials considered. Finally, we demonstrate the utility of the identified descriptor to
serve as a tool for high throughput screening of oxygen active sites for large systems where many unique oxygen
sites exist and can be computationally expensive to probe individually. As an example, we predict the reactivity
of 36 unique oxygen atoms at a kinked RuO, extended surface from a single self-consistent DFT calculation.

1. Introduction

The field of heterogeneous catalysis has benefited greatly from
physical models relating the catalytic properties of surfaces with their
electronic structure. A particularly successful example is the d-band
model for transition metals, [1-3] which has provided a simple means
for rationalizing trends in surface reactivity upon changes in composi-
tion (alloying), lattice constant (strain), and facet. [4-7] The d-band
model has also provided a physical basis for the widely used descriptor-
based analyses and scaling relationships between adsorbate binding
energies and transition state energies, which are essential tools for
catalyst design. [8-10] Building upon understanding provided by the d-
band model, the generalized coordination number has been shown to be
a good atomic structure-based descriptor of site reactivity for pure
metals, [11-13] and recently, it has been demonstrated that the binding
energy of a surface metal atom itself serves as a robust and continuous
descriptor of its reactivity. [14] By including some information about

the catalyst's electronic structure (Bader charges, electronegativities,
electron hopping integrals), researchers have devised modified co-
ordination number descriptors that can serve as prediction tools for
systems beyond pure transition metals including core-shell nano-
particles, single-site catalysts, and transition metal-oxides. [15-19]

In the case of transition metal-oxides, recent efforts have attempted
to elucidate a direct relationship linking electronic structure and cata-
lytic properties. Beyond electron-counting based approaches, [20,21]
correlations between computed adsorbate binding energies and either
the metal d-states or oxygen 2p-states have been made with some suc-
cess for rutile, perovskite, and rock-salt transition metal-oxides.
[22-27] The experimental oxygen electrochemistry rates of perovskite
catalysts, which are a function of their adsorbate binding energies, have
also been shown to correlate with formal electron occupancies and
other electronic structural properties such as the oxygen 2p-band center
and charge-transfer energy that were extracted from density functional
theory (DFT) calculations or X-ray spectroscopy measurements.
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[28-32] Insight into the covalency between metal and oxygen has also
been obtained for lithium cobalt oxide by probing oxygen excited states
by electron and X-ray spectroscopy measurements. [33,34] Despite
these observed correlations, the field has yet to develop a simple,
physical framework based on chemical bonding theory for relating the
electronic structure and binding properties of oxide catalysts akin to the
d-band model for transition-metals.

In this work, we add to the discussion by examining the reactivity
and electronic structure of adsorbed oxygen, rather than the metal atom
to which it binds. The reactivity of surface oxygen is an important de-
scriptor for oxidation chemistries such as the oxygen evolution reaction
(OER) and methane activation. [35-37] We present a correlation be-
tween the reactivity and projected density of states (PDOS) of surface
oxygen from DFT calculations that holds across metals and metal-oxides
and for different oxygen binding sites (i.e. different oxygen coordina-
tion numbers). We provide a physical interpretation of the correlation
in the case of transition-metals, and we also demonstrate the utility of
the electronic structural descriptor in screening for active sites. Speci-
fically, we will examine the case of a kinked RuO, surface, which is
relevant for the OER.

2. Theoretical methods

This work consists of DFT calculations of FCC transition metal, rutile
metal-oxide, and perovskite metal oxide surfaces. Perovskite structures
were obtained from ref. [27] and in some cases were re-optimized as
described in the Supplementary Information. The exact computational
details vary for each of these data sets and a detailed explanation of
each is provided in the Supplementary Information. In general, a bulk
optimization was performed for each material before cutting the sur-
face. Surface geometries consisting of adsorbed O and OH were opti-
mized and the lower surface layers were fixed to their bulk positions.
All calculations were performed using the planewave code, Quantum
Espresso via the Atomic Simulation Environment python interface.
[38,39] Exchange and correlation were treated with either the RPBE or
BEEF-vdW functionals, [40,41] and spin-polarization was neglected.
We note that the inclusion of higher-level methods (GGA + U or hybrid
functionals) and spin-polarization is necessary to achieve an accurate
physical description of a subset of the materials considered in this work.
For this reason, we avoid making claims about the behavior of any
single material, and instead focus on general trends and correlations.

3. Results and discussion

3.1. Correlation between the average 2p-state energy and reactivity of
adsorbed oxygen

The primary catalytic property of interest in this study is the energy
required to deprotonate adsorbed OH to create adsorbed O
AEq — AEoy = Epsx + lEHz(g) — Eoms.
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This quantity is simply the negative of hydrogen binding energy at
an oxygen site and is thus indicative of the oxygen atom's reactivity. We
have elected to use the term AEy, — AEgy rather than —AEy to be
consistent with the OER community where AGo — AGoy is the con-
ventional activity descriptor. Additionally, this terminology explicitly
indicates that hydrogen is adsorbing/desorbing to/from an oxygen
atom rather than a metal atom.

The electronic structure-based descriptor used in this study will be
referred to as the average O 2p-state energy and is calculated as the first

moment of the DOS projected onto the atomic 2p-states of an adsorbed
oxygen atom (after deprotonation) relative to the Fermi level
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For the systems examined in this work, we generally find the O 2p-
states to lie above —10 eV relative to the Fermi level, so this value is
chosen as our lower energy bound, &y;,. The choice of an upper energy
bound, &nx, is more ambiguous because it is unclear a priori how many
of the unoccupied states are chemically relevant for the transformation
between adsorbed O and adsorbed OH. Additionally, the quantity of
unoccupied states present depends on the system and the number of
bands used in the DFT calculation. For the systems considered in this
work, we find that choosing ey, values between 1 and 2 eV relative to
the Fermi level minimizes the model error as shown in Fig. S1, sug-
gesting that unoccupied states within this range of the Fermi level play
an important chemical role. Ultimately, all reported results use an eyay
of 2eV relative to the Fermi level. We purposefully avoid use of the
term “O 2p-band center” because in many cases the distribution of O 2p-
states consists of discrete bonding and antibonding states rather than a
continuous band of states as will be shown later.

Fig. 1a shows a correlation between the average O 2p-state energy,
&y, and AEg-AEqy for oxygen atoms at various metal and metal-oxide
surfaces. The data in Fig. 1a consists of face-centered-cubic (FCC) metal
(111) surfaces, rutile metal-oxide (110) surfaces, and cubic perovskite
(100) surfaces (from Ref. [27]) and is broken down by each material
class in Fig. 1b-d. For each point in Fig. 1, &, (Eq. (2)) of a specific
oxygen atom is compared to the independently calculated AEo — AEoy
(Eq. (1)) for the same oxygen atom. This means that there may be
multiple data points for a single surface, one for each unique oxygen
binding site as illustrated in Fig. 1b-d. The coloring of the points is
related to the group of the metal that O is bound to as indicated by the
inset periodic table. We acknowledge that not all surfaces in Fig. 1 are
practically relevant, but the range of compositions and structures serves
to demonstrate the robustness of the correlation. More details regarding
the DFT calculations can be found in the Supplementary Information.

Fig. 1 shows that bound oxygen atoms with higher-lying 2p-states
have higher AEo; — AEqy, or equivalently, stronger affinities towards
binding hydrogen. In general, oxygen atoms with higher coordination
to metal atoms tend to have weaker affinities towards binding hy-
drogen. The dataset as a whole has a near-unity slope, meaning that
variations in &, translate directly into variations in AE — AEgy. This is
also true for either metal-oxide dataset on their own, but the FCC metals
are best fit with a lower slope of 0.79 as shown in Fig. 1b—d. The five
particularly bad outliers (circled in Fig. 1a) are oxygen atoms in the
MO, plane at Hf and Zr-based perovskite surfaces. These data points are
somewhat unique in that they have no density of states at the Fermi
level in the post-deprotonation (oxygen adsorbed) state. The only other
such data points are for two and three-fold coordinated oxygen at the
rutile TiO, surface, both of which fall within the scatter of the other
data.

Xu and Kitchin have published a similar correlation between the
average O 2p-state energy, &y, and oxygen chemisorption energy, AEo,
for six 3d transition-metals and their rock-salt oxide counterparts. [24]
We have considered the correlations with AEg and AEqy in Figs. S2 and
S3, respectively and find that they are significantly weaker than the one
with AEg — AEoy, which is reflective of the imperfect scaling between
AEo and AEqy. Physical rationale for this observation will be provided
in Section 3.4.

With regards to OER catalyst screening, the optimal AGo — AGoy is
in the range of 1.5-1.7 eV based on the conventional mechanism and
scaling relations. [35,37] Assuming a constant free energy correction of
—0.3eV for AEg — AEqy (see Supplementary Information for details),
the correlation in Fig. 1 suggests that OER-active oxygen atoms have an
&, between —2 and —3eV.
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Fig. 1. (a) Correlation between the average 2p-state energy and reactivity of surface oxygen atoms adsorbed at various metal and metal-oxide surfaces. Points are
colored based on the identity of the metal atom that oxygen is bound to (see inset periodic table). The five circled outliers are in-plane oxygen at Hf and Zr based
perovskite surfaces, which have no density of states at the Fermi level. At right, the data is broken down by material: FCC metal (111) in (b), rutile metal-oxide (110)
in (c), and perovskite metal-oxide (100) in (d) with distinct oxygen binding sites represented by different marker shapes as illustrated in the top-down views for each
type of surface. In the case of FCC (111) surfaces, star symbols indicate that adsorbed O and OH were allowed to fully relax at their most stable respective sites. In the
case of in-plane oxygen atoms at perovskite surfaces (diamonds), coloring is based on the B-site cation, which shares a shorter bond with the oxygen. Structures are
available as part of the Supplementary Information and via Catalysis-Hub.org. [42]. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

3.2. Evaluating a direct analogy to the d-band model

Next, we would like to gain some physical rationale for why such a
robust correlation exists and why it holds for variations in both catalyst
composition and oxygen binding site. At first glance, a direct d-band
model analogy seems promising. According to the d-band model, sur-
faces with higher-lying d-bands relative to the Fermi level (fewer d-
electrons) are more reactive towards adsorbates. [1,2] This is not unlike
the correlation observed in Fig. 1, where oxygen atoms with higher
average 2p-state energies are more reactive towards binding a hydrogen
atom. In the case of the d-band model, this trend arises because higher-
lying d-bands lead to higher-lying, and thus less filled, antibonding
states, resulting in a stronger metal-adsorbate bond.

To investigate if a similar explanation can be applied to the corre-
lation between the average 2p-state energy and reactivity of surface
oxygen atoms, we have examined the PDOS of adsorbed O and OH.
Shown in Fig. 2 are the 2p-states projected onto adsorbed O and the 1s-
states projected onto H in adsorbed OH at Ag (111) and LaOsO3 (100)
surfaces, which are relatively weak and strong binding, respectively.
For each surface, the bonding states and antibonding states for the M—O
(double) bond are reflected in the 2p-states projected onto adsorbed O.
Notice that the M—O bonding states are well below the Fermi level
(fully occupied), while the M—O antibonding states straddle the Fermi
level (partially occupied).

Similarly, we can see the bonding and antibonding states for the
O—H bond reflected in the 1s-states projected onto H in adsorbed OH.
In both cases in Fig. 2, the bonding states of the O—H bond are fully
occupied (as for the M—O bond), but the O—H antibonding states are
completely unoccupied, resulting in an optimal O—H bond strength.
Because we see little differences in filling of O—H antibonding states
between the materials in this study, we hypothesize that the O—H bond
strength is relatively constant. Further evidence is shown in Fig. S4,

which illustrates the narrow range of observed O—H bond lengths
(0.96-1.02 A). Because AEq — AEqy can be considered to be the sum of
O—H bond cleavage and the formation of a second M—O bond, it must
therefore be the latter that distinguishes the various surfaces and active
sites in Fig. 1. In other words, we interpret Fig. 1 to mean that &, is
correlated in some way with the energy of the second M—O bond rather
than the energy of the O—H bond, and we conclude that a direct d-band
model analogy is not applicable to explain the reactivity of a surface
oxygen towards hydrogen as a function of its average 2p-state energy.
As noted above and as one might expect based on the observed
scaling relationship between O and OH binding energies, [27,43,44]
there is also some correlation between &,, and O and OH chemisorption
energies, as shown in Figs. S2 and S3, respectively. However, it is im-
portant to note that this correlation significantly weaker than the cor-
relation with AEg — AEqy. By definition, AE, itself is a function of the
M-O bond strength, so in addition to explaining the correlation be-
tween &, and AEo — AEqy, the goal of the following discussion is also to
elucidate why it is stronger than the correlation between &, and AE.

3.3. Relating variations in &,, to variations in the M—O bond strength

We restrict our discussion to transition metals for now, where the
understanding yielded by the d-band model is at our disposal.
Variations in chemical bond strength can be broken up into an attrac-
tive hybridization term and a repulsive orthogonalization term (i.e.
Pauli repulsion):

8Ey_o ~ SESY, + SES™,. 3)

As demonstrated previously, [2] variations in surface-adsorbate
bond strengths may be correlated with variations in the sum of one
electron energies within the frozen potential approximation. In this
case, the hybridization term for coupling between the metal d-states
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Fig. 2. Projected density of states for Ag (111) (left) and LaOsO3 (100) (right) surfaces. For each surface, the PDOS is shown for both adsorbed O or OH. Shown in red
are the 2p-states of adsorbed O and in gray are the 1s-states of H in adsorbed OH, which are representative of the M—O and O—H bonds, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

and O 2p-states can be written as

Zpd

SEDP = (1 —
M-0 ( f)sd—SZP @

where f (ranging from 0 to 1) is the filling of M—O antibonding states,
Vap-q is the coupling matrix element for metal d-states and oxygen 2p-
states, ¢4 is the center of the d-band, and ¢,, is the center of the re-
normalized O 2p-states after coupling to the metal's sp-band (but before
coupling to the metal's d-band). This expression is analogous to the
simple two-level quantum coupling problem and exploits that the M-O
bonding states are always filled. The orthogonalization term can be
written as a product of overlap (Szp.4) and coupling (V,,.q) matrix ele-
ments, which are assumed to be proportional to each other:

5E orth |SZp—d VZp—d | ~ szp—d- (5)

From Egs. (4) and (5), we reason that the M—O bond strength is
primarily a function of the M—O coupling strength, V5.4, and the po-
sitions of the metal d-states and renormalized oxygen 2p-states, ¢4 and
&£2p, respectively, which together determine f, the filling of M—O anti-
bonding states. Furthermore, ¢,, is a function of the 2p state energy of
atomic oxygen, which can be assumed to be a constant relative to the
Fermi level neglecting differences in work function, and the coupling
strength between the 2p states of atomic oxygen and the sp band of the
metal, Vap.gp.

In summary, 8Eyo is a function of &4, Vap.g, Vap.sp- The two coupling
matrix elements are not completely independent of one another, so we
broadly conclude that variations in the M—O bond strength are a
function of variations in the d-band center (fingerprint of the metal
surface) and in the M—O coupling strength (fingerprint of the binding
site). Next, we explain why variations in these properties have a similar
effect on both &, and AE; — AEgy.

To probe directly how surface electronic structure and M—O cou-
pling strength are reflected in both the O 2p-states and AEg — AEoy, we
turn to DFT calculations of model FCC (111) transition metal surfaces
with either O or OH adsorbed. In all cases, the metal atoms are fixed to
their bulk positions and the M—O bond distance is varied to simulate
different M—O coupling strengths. The in-plane positions of oxygen and
hydrogen are fixed to be directly above a surface metal atom, but the
O—H bond length is allowed to change. The results are displayed in
Fig. 3 as a two-dimensional grid of PDOS plots where the metal d-band
and M—O coupling strength are systematically varied along either axis.

Moving from left to right across a row corresponds to moving from left
to right across the transition metal d-block, from higher lying d-bands to
lower lying d-bands relative to the Fermi level. Moving from top to
bottom corresponds to decreasing the M—O bond distance and thus
increasing the M—O overlap and coupling strength.

In each element of the grid, two PDOS spectra are shown: in gray,
the d-states of a surface metal atom before oxygen is adsorbed and in
color, the 2p-states projected onto adsorbed oxygen. Also indicated in
each grid element are AE; — AEoy and &, as defined by Egs. (1) and
(2), respectively. Examining the O 2p-states in the top left grid element,
Ti, the presence of M-O bonding states primarily below the Fermi level
and M—O antibonding states primarily above the Fermi level are ap-
parent. The peak due to bonding states is much stronger compared to
the peak due to antibonding states, suggesting the bonding states are
quite O 2p-like in character while the antibonding states are quite Ti 3d-
like in character. The d-band model contends that as we move across
the periodic table to the right, the metal's d-band shifts down, and as a
result, the bonding and antibonding states also shift down. [2] This
behavior is observed clearly by examining the top right grid element,
Au, where the antibonding states are now mostly occupied, indicative
of a weak Au—O bond. Also note that in the case of Au, the bonding
states are very metal d-like while the antibonding states are very O 2p-
like, in contrast to the picture on the more reactive Ti. In general, as the
d-band shifts up (moving from right to left in the grid), bonding states
become more oxygen-like and antibonding states become more metal-
like, which is also manifested as a decrease in &,,. This is exactly as one
would reason from the simple two-level quantum coupling problem and
is illustrated schematically in Fig. 4. We note that in this schematic, it is
assumed that the position of the renormalized O 2p-states is constant
with respect to the Fermi level, i.e. that the nature of the interaction
between metal sp-band and O 2p-states is similar between metals and
that differences in metal work functions is negligible as has been as-
sumed previously. [2] Considering differences in work function would
likely magnify the described effect as metals with higher work functions
(Au for example) have lower lying d-bands relative to the atomic O 2p-
states, resulting in higher-lying renormalized O 2p-states and thus more
O 2p-state character in the M—O antibonding states. Finally, because
higher d-bands lead to stronger (more negative) M—O bonds, we arrive
at a correlation between the M-O bond strength (AEp — AEoy) and &,
with respect to variations in the metal d-band. This is our understanding
for how the average 2p-state energy of an adsorbed oxygen atom is
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Fig. 3. Variation in AE; — AEqy and DOS projected onto adsorbed O as a function of transition-metal surface and M-O bond length. Each element of the grid shows
the DOS projected onto either the valence d-states of a clean transition-metal surface (gray) or the 2p-states of an oxygen atom adsorbed at an on-top site of a
transition-metal surface (color). Each column of the grid represents a different transition metal surface (Ti in purple, Mo in green, Ru in orange, and Au in yellow) and
each row represents a different M-O bond length (2.38, 2.36, 2.25, 2.08 A from top to bottom). The average O 2p-state energy, &y, is numerically indicated in the top
left of each grid element and also by the vertical dotted line in each grid element. The negative of the energy associated with adding a hydrogen atom to the adsorbed
oxygen (AEg — AEqy) is also shown at the top left of each grid element. Grid elements along the diagonal are highlighted because they all have the same &,, to within
0.01 eV and the same AEg — AEgy to within 0.1 eV. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

reflective of the electronic structure of the metal atom to which it is Variations in the O 2p-states upon variations in bond length are subtle,
bound. but the dominant effect is an increase in oxygen-character for the

Next, we consider how changes in M—O coupling strength affect the bonding states for shorter bond lengths, resulting in a decrease in &,,.
average O 2p-state energy and the M—O bond strength. Moving down a We hypothesize this effect is due to an increase in coupling between O
column of the grid in Fig. 3 represents shortening the M—O bond 2p-states and the metal's sp-band, resulting in lower lying renormalized
length, thereby systematically increasing the M—O coupling strength. O 2p-states (before coupling to the metal's d-band). In terms of the M—O

Fermi Level

Raise
d-band

Renormalized  Bonding and Metal
O 2p-states antibonding states d-band

Fig. 4. Schematic illustrating how changes in the metal d-band are manifested in the 2p-states of adsorbed oxygen at a transition metal surface. Before coupling to the
metal d-band, the O 2p-states couple to the metal sp-band, resulting in the renormalized O 2p-states shown at left of each energy diagram. These states couple with the
metal d-band (shown at right) to form bonding and antibonding states (shown at center). These bonding and antibonding states are projected onto either the O 2p-
states or metal d-states as indicated by the left-facing red peaks and right-facing blue peaks, respectively. The horizontal red line at center represents the average
energy of the bonding and antibonding states projected onto the O 2p-states, &y,. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 5. Correlation between either AE; — AEqy (filled) or AE, (unfilled) and &,
for all grid elements in Fig. 3. An analogous figure comparing AEo — AEoy and
AEqy is shown in Fig. S6.

bond strength, decreasing the M—O bond length (increasing coupling)
results in a steady decrease of AE; — AEqy (a stronger M—O bond).
Thus, we observe a positive correlation between &, and AEq — AEoy
with respect to variations in M—O coupling strength.

The combined effect of the surface electronic structure and M-O
coupling strength on the average &, and AE; — AEqy are illustrated in
the diagonal of the grid in Fig. 3. Elements along the diagonal experi-
ence a trade-off between metal reactivity and M—O coupling strength
such that they all exhibit the same AEo — AEoy to within 0.1 eV. Most
importantly, through a convolution of the effects discussed above, they
also have nearly identical average O 2p-state energies despite sig-
nificant variations in the overall shape of the O 2p-state distributions.
As shown in Fig. 5, all elements of the grid follow a nearly perfect
correlation similar to those in Fig. 1 meaning that variations in &,
translate directly to variations in AEg — AEqy even for non-equilibrium
geometries. We note that while the metal's d-band center also serves as
a good descriptor of for variations in AEqg — AEoy with respect to var-
iations in the metal's electronic structure, it is indifferent to changes in
the M-O bond length as shown in Fig. S5.

This analysis illustrates the strength of the correlation between &,
and AEo, — AEoy and provides some physical basis as to why it is robust
to changes in oxygen binding site, which can be thought of as a specific
mechanism of varying the M—O coupling strength. Although we have
primarily made a physical argument for transition metals, we hy-
pothesize that this notion of &, being reflective of the surface electronic
structure and M—O coupling strength is responsible for its ability to
describe the reactivity of oxygen at the surfaces of both metals and
metal-oxides.

3.4. Rationalizing the enhanced correlation of &, with AE; — AEoy
compared to AEg

Fig. 5 shows that the correlation between &, and AE; — AEoy is
much stronger than the correlation between &, and AE; (also see Figs.
S2 and S3). If variations in AEg — AEoy are truly due to variations in
the M-O bond strength, then the question remains: why is &, a sig-
nificantly better descriptor of AEg — AEoy than AEqG? Fig. 6, which
shows AEg, AEqy, and their difference as a function of M—O bond
length for Ti (111) over a wider range than in Fig. 5, provides some
insight. While AE; and AEqy show typical chemisorption wells char-
acteristic of the tradeoff between attractive hybridization and repulsive
orthogonalization terms, AEg — AEqy remains concave down across all
the way down to a bond length of 1.2 A (as does &,). This suggests that

Energy (eV)
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1.2 1.4 1.6 1.8 2.0 02.2 2.4 2.6
M-O Bond Length (A)

Fig. 6. AEo, AEoy, AEg — AEoy, and &, as a function of the M—O bond length
above a Ti (111) surface. As in Fig. 3, the in-plane coordinates of oxygen are
fixed to that of a surface metal atom. All energies are relative to their values at a
bond length of 2.5 A.

variations in AEg — AEoy are primarily due to variations in hy-
bridization energy of the M—O bond, or equivalently, that the ortho-
gonalization energy of adsorbed O and adsorbed OH are similar. This is
as expected since the orbital overlap between oxygen and metal is si-
milar for either O or OH at a given M—O bond length. Ultimately, be-
cause &, is consistently a better descriptor of AE; — AEoy compared to
AEq or AEqy, we propose that the fundamental link identified in this
work is between the average energy of the O 2p-states and the hy-
bridization energy of the M—O bond (for which AEg — AEqy is a good
proxy):

88y ~ SEf" ~ 8 (AEo — AEop). 6)

4. Application: Screening of active sites

Lastly, we will demonstrate some practical utility of &, as a de-
scriptor, which allows one to predict the reactivity of any number of
oxygen atoms present in a DFT calculation. This can be an effective
screening tool for complicated oxide surfaces or nanoparticles con-
sisting of many inequivalent oxygen sites. We take for example from our
previous work a kinked RuO, (121) surface, which we have hypothe-
sized is representative of the active site for OER. [45] As shown in
Fig. 7, there are many inequivalent oxygen sites present at this surface.
Ignoring sites in the bottom two layers (which are fixed to their bulk
positions), there are more than 30 unique surface and subsurface
oxygen sites. The DOS projected onto each of these oxygen atoms was
extracted from a single self-consistent DFT calculation and used to
calculate the average O 2p-state energy, &,, which is indicated by the
coloring of each oxygen in Fig. 7.

The slope of ~1 for the correlation in Fig. 1 suggests that the var-
iations in &, should directly translate into variations in AE; — AEgy. In
other words, based on the electronic structure of the oxygen covered
surface RuO, surface, we expect there to be a ~1.5 eV range in oxygen
reactivity across its various oxygen sites. This prediction is confirmed at
right in Fig. 7, where &, and AE; — AEoy are shown to track each other
across the various sites.

As mentioned at the outset, AEg — AEqy is the primary descriptor
for determining the theoretical overpotential for the OER. Using the
average O 2p-state energy, one can predict the OER activity for any
number of oxygen atoms using the density of states from a single self-
consistent DFT calculation. Additionally, the &, of each site could be
used in an iterative process to determine the most stable surface
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Fig. 7. (Left) Visualization of the average 2p-state energy, &;, for each oxygen atom at a kinked RuO, (121) surface. White bars are added to give perspective and help
guide the eye along the kink/step edges). The average 2p-state energy for each oxygen (as extracted from a single self-consistent DFT calculation) is indicated by its
color. Oxygen atoms colored gray were unable to support a hydrogen atom without transferring it to another site. (Right) A parity plot between variations in &, vs
variations in AEy — AEoy. The oxygen site chosen as reference is indicated by a star and has an absolute &, of —2.95 eV and an absolute AE; — AEqy of 1.26 eV. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

coverage under reaction conditions as explained in the Supporting
Information. For large systems such as this one with many possible
active sites, high accuracy predictions can yield significant savings of
computational resources. For instance, structural relaxation of hy-
drogen adsorbed at each oxygen site in Fig. 7 required on average 2400
CPU hours, totaling 86 k CPU hours for all 36 sites as compared to
<100 CPU hours for a single self-consistent calculation of the oxygen
covered surface. Active site screening on metal-oxide nanoparticles
could be made feasible using the descriptor identified in this work, in a
way analogous to generalized and orbitalwise coordination numbers for
metal nanoparticles. [11,13,15,16]

5. Conclusions

In this work, we have demonstrated a robust correlation between
the average 2p-state energy, &, and reactivity of surface oxygen atoms,
AEs — AEgy, that holds across metal and metal-oxide surfaces and
different oxygen binding sites. In other words, &, is a site-specific de-
scriptor for surface oxygen reactivity possessing greater resolution than
the bulk/subsurface O 2p-band center or charge-transfer energy, which
have both been shown previously to correlate with experimental cata-
lytic rates. [27,29,30,32] We have utilized the d-band model to provide
a physical basis for this correlation by considering how variations in
M—O coupling strength and the metal d-band center result in changes to
both M-O bond strength and O 2p-states at transition metal surfaces.
Based on the fact that &, is a significantly better descriptor of
AEo — AEoy than AEq and that the former remains concave down as a
function of M—O bond length, we hypothesize that a fundamental link
exists between the average O 2p-state energy and M—O hybridization
energy, for which AEg — AEqy is a good proxy. Finally, we have de-
monstrated some practical utility of &, as a descriptor by predicting the
reactivity of every oxygen site on an extended, heterogeneous surface
structure, kinked RuO, (121), from a single self-consistent DFT calcu-
lation. Such a strategy has the potential to significantly accelerate the
identification of active sites at complex metal-oxide surfaces or nano-
particles where individually measuring the reactivity of each oxygen
site comes with significant computational cost.
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