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Adsorption model for atoms and molecules on doped semiconducting oxides
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Fundamental understanding of the interaction between atoms and molecules with the surfaces of oxides
including semiconducting oxides is crucial for the development of several thermo-, photo-, and electrocatalytic
reactions as well as any application where surfaces are exposed to an environment beyond vacuum. While
previous studies have postulated material features (descriptors) that to some extent suggest the adsorption energy
trends on semiconducting oxides, a physics based model to describe the interaction of atoms and molecules
with the surfaces of these materials is still lacking. In this study, we perform a series of controlled in silico
experiments involving doping of quintessential semiconducting oxides (SrTiO3, SrZrO3, and TiO2) to identify
the perturbation by the dopant to the electronic structure of the host oxide and its resultant effect on the
adsorption energies of simple atoms and molecules. We identify that a combination of three surface features:
unique surface resonance states of the host-metal and lattice oxygen atoms of the terminating surface oxide
layer as well as the gap states dominated by the introduced dopants contribute to the adsorption energy in a
concerted fashion. We find that this intricate interplay between on the one hand host-metal and on the other hand
oxygen surface resonance states with the adsorbate, respectively, results in a deviation from the well-established
adsorbate scaling relations seen for NHx (x = 0–2) and CHx (x = 0–3) but not OHx and SHx . Through this lens,
we develop a physics based adsorption model hitherto referred as the generalized concerted coupling model
(GCC model). The introduced model provides a physical understanding with an associated electronic structure
descriptor rooted in the unique surfaces resonances that accurately captures the adsorption energy trends on
doped semiconducting oxides. This paves the way for the atomistic design of doped semiconducting oxides for
different catalytic applications, including sustainable energy applications such as electrochemical water splitting.
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I. INTRODUCTION

Owing to desirable properties such as their high stability,
and large relative earth-abundance, semiconducting oxides
such as TiO2 and SrTiO3 are ubiquitously encountered in
several applications ranging from water treatment and air pu-
rification to photocatalysis [1,2]. At the crux of all of these
applications is the formation of a chemical bond between the
oxide surface and interacting atoms or molecules. Therefore
resolving scientific problems and optimizing the performance
of these semiconducting oxides requires a fundamental de-
scription of the chemisorption process, which has been an
active area of research over the past several years using both
experimental and computational approaches [2–7]. Material
features, especially those based on the electronic structure
are the most sought after in recent times, with several [8–18]
found to provide reasonable correlation with the adsorption
energies of certain atoms and molecules on oxide surfaces.
This approach has only gained further popularity with the
advent of data science and machine learning (ML) approaches
in the physical and chemical sciences [19–21]. Among these,
the oxygen O-2p band center [10] has emerged as a simple
descriptor that provides a suitable correlation with the ad-
sorption energies of typical reaction intermediates involved
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in the oxygen evolution/reduction reactions. However, the
bulk O-2p band center cannot capture the changes to the
surface electronic structure, especially involving surface or
near-surface doping, as well as surface defects that are inher-
ent to surface-mediated processes involving semiconducting
oxides.

While there are several other “correlation”-based de-
scriptors that have also been proposed, to the best of our
knowledge, there has been very little effort in the development
of a physics-based adsorption model and addressing link and
origin of the descriptors. For example, the work of Bagus
and Illas [22], which presents a novel approach to decom-
pose the different contributions to the chemisorption of atoms
and molecules, has been used to understand the interaction
of several adsorbates using simple cluster models as well as
extended surfaces of metal oxides such as MgO, TiO2, and
complex oxides such as La2CuO4 to name a few [23–28].
However, going beyond just decomposition analysis to the
identification of a surface electronic structure descriptor that is
rooted in physics, akin to what the d-band model [29] accom-
plishes for the adsorption of atoms and molecules on transition
metal surfaces, is still lacking. The development of such a
model would help unravel the important surface electronic
structure features that contribute to the surface reactivity of
oxide surfaces, providing a path toward the rational design of
these materials for their myriad applications. Herein, we de-
velop such a model for a class of oxides; specifically idealized
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doped oxides with a well-defined heterostructure formed by
substitutionally doping the subsurface of semiconducting host
oxides with 3d , 4d , and 5d transition metals. We wish to note
here that doping can involve everything from dispersed “het-
eroatoms” forming solid solutions to the precise substitution
of a monolayer of atoms. Indeed, this has given rise to a very
broad nomenclature ranging from heterostructured oxides and
oxide superlattices to δ doped oxides [30] to describe similar
systems such as the ones considered in this study. However,
we would like to refer to these systems as “idealized” doped
semiconducting oxides owing to them serving as the “ideal”
template for the construction of the proposed model.

Doped heterostructured oxides with a semiconducting host
have been shown to activate an otherwise inert host in elec-
trochemical water splitting without light illumination. In our
previous study, we have identified a generalized tuning mech-
anism by analyzing the adsorption trends of the different
intermediates using first-principles density functional theory
(DFT) [31,32]. Systematic introduction of dopants to a semi-
conducting host oxide was found to induce a perturbation to
its electronic structure. The causative effect of this pertur-
bation on the resultant adsorption energy serves as an ideal
template to explore the physical origins of the interaction
of atoms and molecules with the oxide surface. Indeed, this
was the motivation for considering the specific doping strat-
egy employed in this study. This approach also lends itself
towards deciphering the origin of the adsorbate scaling re-
lations on oxides [33,34], one crucial piece in the design of
these materials for catalytic applications. We therefore first
considered the adsorption of OHx(x = 0–1), NHx(x = 0–2),
CHx(x = 0–3), SHx(x = 0–1), and H on well-defined sur-
faces of both subsurface doped perovskite [SrTiO3 (STO)
and SrZrO3 (SZO)] and rutile oxides (TiO2), using DFT,
and established adsorbate scaling relations. We emphasize
here that the particular choice of adsorbates stems from the
seminal work of Frank Abild-Pedersen et al. [35] on the
adsorbate scaling relations of transition metals. Since our
primary motivation is the development of a physics-based
model that can provide a similar understanding of the ad-
sorbate scaling relations on idealized doped semiconducting
oxides, we focus exclusively on these adsorbates. We note that
molecules that may physisorb, including NH3, CH4, etc. are
not considered in this study and may indeed require further
refinements of the developed model, which exclusively deals
with chemisorption. Following this, we performed a series of
in silico experiments coupled with a detailed analysis of the
electronic structure to establish the causal link between the
changes to the electronic structure and the adsorption energy.
Using this approach, we identified an electronic structure de-
scriptor and established an adsorption model, hitherto referred
as the generalized concerted coupling model (GCC model) to
describe the interactions between atoms and molecules with
doped semiconducting oxides. Using the GCC model, we are
able to explain the scaling relations and deviation from their
typical expressions as well as understand the adsorption site
preference for different adsorbates.

We note, however, that more complex doped semiconduct-
ing oxides involving well-dispersed heteroatoms that form
solid solutions, including dopants acting as the active sites
on the surface are all possible, but are beyond the scope of

this current study and will be considered in future efforts. In
addition, surface defects, especially oxygen vacancies formed
under reaction conditions, are inherent to the surface chem-
istry of reducible oxides [2] and will also be accounted for
in future refinements of the model. Although the exact for-
mulation of the model may change in order to account for
these different effects; the basic concepts introduced in this
study provide a completely “generalized” description of the
adsorption of atoms and molecules on oxide surfaces. Im-
portantly, the experimental realization of the highly idealized
doped semiconducting oxides considered in this study has
indeed been achieved and has shown tremendous promise in
electrochemical water splitting [31]. Therefore the develop-
ment of the present model is relevant both to current practical
applications involving these oxides while also providing an
appropriate platform for describing more complex systems.

II. RESULTS AND DISCUSSION

A. Adsorption of atoms and molecules:
trends and scaling relations

We first calculated the adsorption energies of simple atoms
and molecules on specific surfaces of subsurface doped semi-
conducting oxides. Specifically, we considered the (001)-BO2

surface of the perovskite oxides STO and SZO, as well as the
(110) surface of the rutile oxide TiO2. We will use the STO as
the prototypical host oxide and exemplify our findings, anal-
ysis, and model for this system (data on other systems can be
found in Ref. [36]). We also note that while the absolute mag-
nitude of the adsorption energy would critically depend on the
choice of the reference state of the adsorbate, it is not the aim
of this study or the proposed model to reproduce the absolute
magnitudes. Instead, the focus is principally on understand-
ing the relative adsorption trends across different subsurface
doped semiconducting oxides, which is independent of the
choice of the adsorbate reference state (see the Computational
Methods section for further discussion on this). Figure 1
shows the atomic structure of the (001)-BO2 surface of STO
with the subsurface substitutionally doped layer formed by
replacing the Ti atoms with 3d , 4d , and 5d metals. The inset
also shows the top view of the (001)-BO2 surface, with the
different binding sites. We considered adsorption on-top of
the surface Ti (Host-metal (HM)) and on-top of the O for
the different adsorbates. Based on our previous study [32], O,
OH, and OOH preferred to adsorb on-top the Ti (HM) atom
whereas H generally had a preference for the surface O site.
In addition, a continuous set of other surface binding sites
between the Ti and O on-top sites were covered as described in
Fig. 7. We note that the thermodynamic stability of the doped
STO systems considered in this study, characterized by the
surface segregation energy of the dopants, has been reported
in our previous work [32]. Most of the considered systems,
barring a few (V, Cr, Fe, and Ru), show a preference to remain
in the subsurface with positive surface segregation energies.
However, it is also important not to rule out the systems
that show a preference to segregate to the surface since they
may be kinetically trapped in the subsurface, as evidenced by
low energy ion scattering (LEIS) analysis performed on the
Ru-doped STO before and after the oxygen evolution reaction
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FIG. 1. Side view of the atomic structure of the (001)-BO2 doped STO surface (STMO) used in the calculations indicating the location of
the subsurface dopant layer. Top view of atomic structure of the (001)-BO2 doped STO (STMO) surface. The highlighted region in the periodic
table shows the different 3d , 4d , and 5d metals M considered as dopants in this study.

(OER) [31]. Therefore, in this study, we have considered all
the systems with the dopants in the subsurface to elucidate the
systematic changes to the surface electronic structure while
also preserving the same surface adsorption site, viz. Ti (HM).

In order to systematically probe the influence of the elec-
tronic structure on the adsorption energy of the different
adsorbates, we considered the adsorption of OHx(x = 0–1),
NHx(x = 0–2), CHx(x = 0–3), and SHx(x = 0–1) on-top of
the surface Ti (HM) atom. The resulting adsorbate scaling
relations between the central atom (A) and the different AHx

species is shown in Fig. 2. We find that the expected linear
relationship given by �EAHx = γ (x)�EA + ξ exists for all of
the adsorbates considered, as seen with metals and other tran-
sition metal compounds [33,35]. However, a closer look at the
slopes (γ (x) = (xmax − x)/xmax; where xmax is the maximum
number of H atoms that A can bind to; (i.e., 2 for O and S, 3
for N, and 4 for C) reveals a more intricate surface chemistry
on these oxides. For the adsorbate scaling relation between
O and OH, and S and SH, we find the expected slope of 0.5
[Figs. 2(a) and 2(d)], while there is significant deviation in
the slopes for the NHx and CHx species. The relations for N
and NH and N and NH2 are expected to scale with slopes of
≈0.66 and ≈0.33, respectively, as found for metals, however,
they instead scale with slopes of ≈1 and ≈0.5, respectively
[Fig. 2(b)], for doped STO. Similarly, we find that C and
CH, C and CH2, and C and CH3 also scale with different
slopes compared to the metals [≈1, 1, and 0.5 as compared to
≈0.75, 0.5, and 0.25 for metals, respectively; see Fig. 2(c)].
In addition, we considered the adsorption of OOH as well
due to its importance in the OER, and found it to follow
expected behavior with a slope of ≈0.5 (see Figs. S1 and S4
in Ref. [36]).

Similar adsorbate scaling relations as the ones identified
for STMO are found for SZMO and TiMO2 (see Figs. S4 and
S3 in Ref. [36]). This suggests that the observed adsorption

trends and adsorbate scaling relations are general across dif-
ferent doped semiconducting oxides and not just limited to a
particular host oxide. Importantly, this indicates the likely ex-
istence of a common electronic structure feature that dictates
the adsorption of atoms and molecules on the surfaces of these
doped semiconducting oxides.

B. Electronic structure analysis

We next perform a detailed electronic structure analysis
which will provide key observation that will serve as the
basis for our adsorption model development. We emphasize
our discussion around the following topics: (1) the role of
the different adsorbates on perturbing the electronic structure
of the oxide, (2) how the adsorbate geometry influences the
electronic structure, and (3) how the adsorption site affects
the binding of the adsorbate through the lens of the electronic
structure. The outcomes of the analysis are a set of hypotheses
to be considered for the model construction.

1. Perturbation to the electronic structure due to the adsorbate

We first considered the electronic structure of the adsorbate
states in their geometry optimized positions on the (001)-BO2

surface of undoped pristine STO. Figure 3 shows the projected
density of states (PDOS) of the different adsorbates; specifi-
cally, the O-2p, S-3p, N-2p, and C-2p states for adsorption
on-top the surface Ti site and the H-1s for adsorption on-top
the surface oxygen site. Considering the PDOS of the adsor-
bates on-top the surface Ti site of the undoped STO surface,
it can be seen that there are distinct differences. For example,
going from C to O, the bonding peaks are shifted lower down
in energy, with both C and N having bonding states that are
partly unoccupied as they cross the Fermi level, while for S
and O, they are just below the Fermi level. On the other hand,
H adsorbed on-top the O has a bonding state that is very low
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FIG. 2. Adsorbate scaling relations between the central atom (A) and the different AHx species for adsorption on-top the surface Ti atom
of the (001)-BO2 surface of STMO for (a) OHx (x = 0–1), (b) NHx (x = 0–2), (c) CHx (x = 0–3), and (d) SHx (x = 0–1). M corresponds to 3d ,
4d , and 5d transition metals doped in the subsurface of STO.

in energy (≈−7.5 eV), as well as a completely unoccupied
antibonding state above the Fermi level, indicating a much
stronger bond. We will first consider the adsorption on-top the
Ti-atom followed by that on-top the O atom.

In order to decipher the changes to the electronic structure
of the surface Ti and O atoms induced by the presence of
the adsorbate, we computed the �PDOS of the Ti-3d and
O-2p states with and without the adsorbate; i.e., �PDOS =
PDOS(Ti-3d and O-2p/ads) - PDOS(Ti-3d and O-2p, clean
surface). The �PDOS for STO due to the adsorption of O, N,
C, and S on-top the surface Ti atom is shown in Fig. 4. The
positive �PDOS states refer to those that have been formed
due to adsorption and the negative �PDOS refer to the states
that have been shifted relative to the clean surface. Despite
adsorption on-top of the Ti atom, it is clear that there is a
hybridization between the surface oxygen states (green) and
the adsorbate states (red) as well, potentially implying that
all of the surface atoms play a role in the adsorption to some
extent, irrespective of the adsorption site. This is especially
prominent with the bonding state of O, N, and S, and to some
extent C as well, with the antibonding states above the Fermi
level typically dominated by the Ti-3d states (blue).

We also note that between O, N, and C, in addition to
the shift in the position of the bonding states, there is a
difference in the split between the bonding and antibonding
states, which is even more pronounced as evident in Fig. 4.
The largest split is seen for O, followed by N, and finally C
with the smallest split. S does not show a distinct adsorbate
antibonding state but based on the position of the bonding
states and the newly formed Ti-3d states, the split is expected
to be somewhere between O and N. This is a consequence of
the different coupling strengths (V 2) between the adsorbate
and the surface atoms (particularly the Ti atom), as a result
of the different optimal bond lengths at which these adsorb
on the surface. The optimal bond length for O, N, and C
is found to be ≈1.65, 1.80, and 2 Å (i.e., O < N < C),
respectively, relative to the surface Ti atom adsorption site.
Since the coupling strength generally varies inversely with
distance, this implies that V 2

Ti,Oads > V 2
Ti,Nads > V 2

Ti,Cads as a
first-order approximation, which results in the largest split
between the bonding and antibonding states for O and the
smallest for C. While we may have expected that an adsorbate
which is more electron rich (i.e., O) would require a lower
optimal electron density when adsorbed on the surface, which
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FIG. 3. The projected density of states (PDOS) of the different
adsorbates in their most favored geometry optimized position on
the (001)-BO2 surface of undoped STO. From top to bottom: H-1s
(adsorbed on-top of O); C-2p, N-2p, S-3p, and O-2p (adsorbed
on-top of Ti) states. The corresponding adsorbed configurations on
the preferred surface sites are shown in the insets, and the vertical
dashed line corresponds to the Fermi level.

would be encountered further away from the surface based
on a simplistic approach such as the effective medium theory
(EMT) [37], we observe the opposite trend here. This cou-
pled with the concerted nature of the coupling between the
adsorbate and the surface atoms therefore requires the devel-
opment of an adsorption model beyond those that have been
developed for metals such as the d-band model [29], which
primarily relies on a single electronic structure feature. We
hypothesize that an adsorption model for oxide surfaces needs
to build around more than one electronic structure feature to
account for the observed concerted coupling in the complex
systems.

To build an adsorption model for oxides, we first modify
the system in a controlled way by perturbing the electronic
structure of the surface atoms of the host oxide through
the addition of metal dopants to the subsurface to estab-
lish the resulting unique trends in the adsorption energy.
Simultaneously, we also note that adsorbate induced changes
to the PDOS demonstrate shifts in the bonding and antibond-
ing states across the different doped host oxides that can
be used to better understand the adsorption energy trends
(see Figs. S5–S19 in Ref. [36]). In the forthcoming sections,
we will therefore use these unique features to quantify the
changes to the adsorption energy due to changes in the elec-
tronic structure through a set of targeted in silico experiments.

2. Role of adsorption geometry on the electronic structure

The first set of in silico experiments that we performed
involves probing the effect of the coupling strength between
the adsorbate and the surface starting with the on-top Ti
adsorption site. We considered the geometry optimized struc-
tures with the adsorbate (O for illustration) and then moved
the adsorbate both outward and inward along the surface
normal (dz = +0.3 and −0.3 Å, respectively) corresponding
to decreasing and increasing coupling strengths, respectively.
Figure 5 shows the �PDOS of the surface and dopant layer
atoms along with the changes in the O adsorbate states at
different distances away from the surface Ti atom for Mo-
doped STMO. We note that similar effects are seen across the
different adsorbates and different dopants, with the Mo-doped
system shown here for illustrative purposes (see Figs. S20 and
S21 in Ref. [36] for the other doped STMO systems). It can be
seen that relative to the geometry optimized case, increasing
V 2

Ti,Oads (i.e., dz = −0.3 Å relative to the geometry optimized
position) results in a much larger split between the bonding
and antibonding O adsorbate states, with the bonding peak
especially pushed to lower energies (≈ −6 eV compared to
≈ −2 eV below the Fermi level). Decreasing V 2

Ti,Oads (i.e.,
dz = +0.3 Å relative to the geometry optimized position)
results in a much smaller split between the bonding and an-
tibonding O adsorbate states, with the bonding states pushed
very close to the Fermi level.

The corresponding adsorption energy trends across the 4d
dopants in STO are shown in Fig. S39 in Ref. [36]. Both
increasing and decreasing the coupling strength results in a
weaker adsorption energy relative to the optimum, however,
for differing reasons. With decreasing coupling strength, the
adsorbate bonding states are shifted to higher energies closer
to the Fermi level resulting in an increase in the overall
adsorption energy, while with increasing coupling strength,
repulsion starts to dominate resulting in weaker adsorption.
It can also be seen from Fig. 5 that there is a quenching of
the dopant states (brown) in the vicinity of the Fermi level,
suggesting a charge transfer from the dopant layers to the
newly formed adsorbate bonding state, which is confirmed
through a Bader charge analysis (see Tables S3, S4, and S5
in Ref. [36]). Further, we note that such a charge transfer does
not occur in undoped STO, where the surface O contributes
the maximum amount of charge. Additionally, irrespective of
the dopant, for a given position of the O adsorbate above the
surface, the charge gained by the adsorbate is roughly constant
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FIG. 4. �PDOS of the Ti-3d and O-2p states of the surface atoms of the (001)-BO2 surface of STO induced by the presence of different
adsorbates. The corresponding adsorbate states are also shown: (a) O-2p, (b) N-2p, (c) C-2p, and (d) S-3p.

(≈ −0.5 e to −0.6 e). The charge transfer from the dopant
layer, and the equal charge on the adsorbate, were also seen
in our previous study and formed the basis for the tuning
mechanism proposed for improving the OER activity [32]. We
hypothesize that despite the position of the adsorbate above
the surface, the participation of the dopant states may be due
to the resultant hybridization in the original geometry opti-
mized system, where we also observed an upward translation
of the Ti atom on which the O adsorbs.

In order to disentangle the effect of the surface geometry
on the adsorption, we adsorbed O on a constrained surface,
allowing only the adsorbate to relax on the surface. The ge-
ometry optimized and surface constrained �PDOS due to the
adsorption of O on-top of the Ti adsorption site of Ru-doped
STMO is shown in Fig. 6 as an example. We can see that
while the features of the geometry optimized �PDOS are
similar to the ones discussed above for the Mo-doped STMO
system, the surface constrained �PDOS shows different fea-
tures. Specifically, the bonding state is shifted higher up in
energy and also crosses the Fermi level (weaker coupling;
larger bond lengths on average ≈1.8 to 1.9 Å), and the large
negative peaks of the dopant states in the vicinity of the Fermi
level seen with the geometry optimized case are now absent.
There are also significant surface O-2p states that hybridize
with the O adsorbate 2p states as seen with the bonding peak.

This is also reflected in the Bader charges shown in Table S6
where the charge given by the dopant layer is ≈0, with the
maximum amount of charge given by the surface O atoms
to the adsorbate, as observed for undoped STO. The charge
gained by the adsorbate is no longer a constant across the
different dopants, with O adsorbed on the Nb doped system
gaining the maximum charge (−0.49 e) and Ag getting the
least (−0.31 e). This is as a result of the bonding states shifting
across the Fermi level as we move across the period from left
to right due to the weaker coupling between the O adsorbate
and Ti states, with the Fermi level itself pinned by the dopant.
We note that a similar effect is observed for both N and C ad-
sorbed on the surface Ti atom even for the geometry optimized
case (see Figs. S9 and S12 in Ref. [36]), presenting a distinct
deviation from that of O. Taken together, this suggests that the
charge density above the surface is largely set by the surface
O-2p states, which in turn dictates the optimal bond length
for a given adsorbate (and therefore the coupling strengths),
which in turn affects the position of the resultant adsorbate
bonding and antibonding peaks. We also note that based on
the position of the resulting bonding state of the adsorbate,
there is a charge transfer from the dopant states at the Fermi
level, for adsorption on the surface Ti (host-metal) atom. The
role of the different surface sites and the quantification of the
changes to the adsorption energy by the perturbation of the
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FIG. 5. �PDOS of the Ti-3d and O-2p states of the surface
atoms of the (001)-BO2 Mo-doped STMO surface induced by the
presence of the adsorbate (O) at different distances above the surface
Ti atom adsorption site. The corresponding adsorbate states, as well
as the �PDOS of the dopant states (subsurface Mo and O) are also
shown.

electronic structure due to the addition of dopants is discussed
in the next two sections.

3. Role of the surface adsorption sites on the binding
of different adsorbates

To decipher the contributions of the surface Ti (HM) and
O atoms to the adsorption energy of the different adsorbates,

FIG. 6. �PDOS of the Ti-3d and O-2p states of the surface
atoms of the (001)-BO2 surface of STO doped with Ru induced by
the presence of the adsorbate (O), for the geometry optimized case
(top) and with the constrained surface (bottom). The corresponding
adsorbate states, as well as the �PDOS of the dopant states (subsur-
face Ru and O) are also shown.

we performed the following set of in silico experiments. First,
we computed the 2D charge density and electrostatic poten-
tials at ≈1.5 Å above the surface, as shown in Fig. S32 in
Ref. [36]. The regions of higher charge density are around the
surface O atoms, with the magnitudes of the charge density
roughly constant across the different 4d dopants in STMO,
as well as undoped STO. This is due to the localization of
the charge in the dopant layer in these systems as reported in
our previous studies [31,32]. Note that this observation is a
stark contrast to near surface alloys of metals where there is
expected to be a charge transfer from the subsurface to the
surface atoms based on the difference in electronegativities
of the metals making up the alloy [38]. This is expected to
also affect the charge density above the surface and therefore
also the optimal bond lengths and coupling strength between
the adsorbate and surface atoms [38]. However, we note that
as hypothesized in the previous section, the charge density
above the surface is largely set by the surface oxygen atoms
and is largely unaffected by the presence of the dopants in
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FIG. 7. �PDOS of the Ti-3d and O-2p states of the surface atoms of the (001)-BO2 surface of Ru-doped STMO induced by the presence
of the adsorbates (a) O and (b) H, when moved across the surface at a fixed distance above the surface (from top to bottom: Ti-top, in-between
Ti and O, and O-top). The corresponding adsorbate states, as well as the �PDOS of the dopant states (subsurface Ru and O) are also shown.
Inset shows the top view of the adsorption configurations. Color codes: Ti-grey,O surface-red, Sr-green and adsorbate (O or H): blue.

the subsurface. This also explains the generally constant bond
length for each adsorbate across all the doped systems as
well as the undoped host, implying that the coupling strength
(V 2

HM,ads and V 2
O,ads) is largely set by the undoped host oxide.

Next, we considered the adsorbate specific influence of
the different surface binding sites by comparing the O and
H adsorbate, where it is known from previous studies [32]
that O generally prefers to adsorb on-top the Ti (HM) site
and H on-top the surface O site. We placed the O and H
adsorbates at their optimized bond lengths above the surface
Ti atom of the pristine STO optimized surface and performed
calculations where the adsorbates were moved across to the
nearest oxygen atom at the same distance above the surface.
This is illustrated in Fig. 7, along with the �PDOS at each
location above the surface (Ru-doped STMO is shown as

an example; see Figs. S22–S27 in Ref. [36] for the other
doped STMO systems). Whereas in the previous section, we
explored the influence of the coupling strength with respect
to just the Ti atom, the concerted nature of the coupling
necessitates the investigation of the relative coupling strengths
between the surface Ti and O atoms and the adsorbate
(i.e., V 2

HM,ads versus V 2
O,ads), which is achieved by the above

experiment.
We observe distinct differences in the �PDOS for each

adsorbate across the three adsorption sites (Fig. 7), as well
as between the two adsorbates O and H. Generally we find
that as the adsorbate is moved across from the Ti to the O
surface atom, there is an increase in hybridization between
the adsorbate and the O atoms, seen with the newly formed
bonding states at much lower energies (<−5 eV) below the
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Fermi level dominated by the surface O-2p states, for both
O and H. This instantly reflects the higher coupling strength
between the adsorbate and surface O (i.e., V 2

O,ads � V 2
HM,ads),

as we move across from the Ti-top to the O-top adsorption
site. The biggest difference in the �PDOS between the ad-
sorbates is the appearance of localized (nonbonding) states
in the vicinity of the Fermi level for O in addition to the
bonding and antibonding peaks below and above the Fermi
level, respectively. For H on the other hand, the bonding peak
just below the Fermi level starts to shift above the Fermi level
and first becomes partly unfilled when adsorbing in between
the Ti and O atoms, and completely unfilled for adsorption
on-top of the O atom. This is simultaneously accompanied by
the formation of bonding states in the lower valence band well
below the Fermi level. This is reflected in the Bader charges
for O and H calculated for these three adsorption sites (see
Tables S7, S8, and S9 for O adsorbed on-top Ti, in-between
and on-top O, respectively; and Tables S14, S15, and S16 for
H adsorbed on-top Ti, in-between, and on-top O, respectively,
in Ref. [36]).

For the O adsorbate, the charge on the adsorbate remains
negative (i.e., charge gain) irrespective of the adsorption site,
although there is a slight decrease in the amount of charge
gained (≈ −0.1 e decrease). As discussed in the previous sec-
tion, the surface O atoms are involved in the largest charge
transfer to the adsorbate irrespective of the adsorption site.
On the other hand, H goes from accepting charge from the
oxide when adsorbed on-top the Ti atom to giving charge to
the oxide when moved over to the surface O atom (for the
Ru-doped STMO; −0.19 e on-top Ti; and +0.13 e on-top O).
We note that this change is also commensurate with the dopant
in the host oxide, and the corresponding shifts in the bonding
and antibonding peaks relative to the Fermi level pinned by
the dopant (for example, in Nb-doped STMO; H on-top Ti
has a computed Bader charge of −0.33 e and −0.01 e for H
on-top O). Taken together, there is charge transfer between
the surface O atoms and H adsorbate (with the dopant layer
also receiving some charge when H adsorbs on-top of the
surface O). All of this is reflected in the adsorption energy
trends shown in Figs. S40 and S41 in Ref. [36] for O and
H, respectively. For O, the adsorption energy becomes al-
most equal across all the dopants, and equivalent to that of
undoped STO when moved to the on-top O adsorption po-
sition from the on-top Ti position, where the characteristic
“check-mark” shape is seen with Nb-doped STMO having
the lowest adsorption energy. For H, while the check-mark
shape is seen for adsorption on the Ti atom, it changes to an
inverse ’check-mark’ shape for the adsorption on-top of the O
atom, with Nb and Mo having the higher adsorption energies
and Ag the lowest. Therefore we hypothesize that the relative
coupling strength between the surface Ti (HM) and O; and
the adsorbate, as well as the adsorbate state are intrinsically
related through the adsorption site and the electronegativ-
ity of the adsorbate itself (through their electron-affinity (or
ionization energy)) as has been suggested previously [39].
This becomes evident from the discussion above involving
the distinct differences between two adsorbates (H and O)
of disparate electronegativities and their adsorption on the
different surface sites. Additionally, we have now established
that changes to the surface states by the addition of dopants to

the subsurface also couples to this, giving an overall concerted
coupling of the adsorbate and the surface. A similar adsorp-
tion energy trend (reverse check-mark shape) is also seen for
the geometry optimized case involving H adsorption on the
O atom [32]. Further, the Bader charges on the H adsorbate
are also found to be positive (implying that it gives charge
to the oxide) and constant (≈ +0.65 e) across all the doped
systems with STMO as well as undoped STO. However, based
on the observations of the �PDOS for H adsorption on the
surface O atom (see Fig. S8 in Ref. [36]), Nb which has
the bonding peak at a lower energy (≈ −8.5 eV, as well as
a completely unfilled antibonding state), and therefore lower
one-electron energies also has the highest(weaker) adsorption
energy compared to Ag which has the lowest (bonding peak
at ≈ −5.5 eV), similar to the trends discussed above. This
therefore gives a distinct new adsorption mechanism involving
adsorption on-top the surface O atom for adsorbates with
lower electronegativity that tend to ionize such as hydrogen.
Therefore we can now classify the adsorption into two distinct
categories as electron-accepting and electron-donating based
on a combination of the adsorbate electronegativity and the
adsorption site (i.e., O/N/C/S on Ti-top: electron-accepting
and H on O-top: electron donating). Armed with the obser-
vations made in the above sections, we now proceed with the
development of the adsorption model.

C. Adsorption model

1. Quantifying the hybridization energy

In order to quantify the concerted coupling nature of the
adsorption established through the electronic structure anal-
ysis and its influence on the adsorption energy, we used the
Newns-Anderson model [40,41] to compute the hybridization
energy on STMO. We focus our analysis on the STMO with
M corresponding to 4d transition metals doped in the sub-
surface for the case of the electron-accepting adsorption (i.e.,
adsorption on the surface HM atom). The Newns-Anderson
model is discussed in detail in the Computational Methods
section along with the pertinent equations. Briefly, we consid-
ered the adsorbate defined by its ’free’ adsorbate state (εa) to
interact independently with the surface Ti-3d and O-2p states
which gives the overall hybridization energy, as defined by
Eq. (18). The changes to the Ti-3d and O-2p surface states
due to the addition of the dopants was modeled through a
semiellipse fit of the corresponding PDOS (Ti-3d and O-2p)
of undoped STO, as shown in Fig. S30 in Ref. [36]. We note
that there is no change to the filling of the surface Ti-3d and
O-2p states due to the addition of dopants (see Fig. S31 in
Ref. [36]) but only a shift in the corresponding band centers
(see Fig. S42d in Ref. [36]). This allowed us to construct the
semiellipse fit by preserving the centers of both the valence
band(VB) and conduction band (CB), as well as the filling,
with respect to the DFT computed PDOS of undoped STO.
Further, a “rigid-shift” model of the semiellipse fit PDOS was
used, by translating the O-2p and Ti-3d states independently
over the relative energy scale to approximate the changes
to the surface electronic structure caused by the addition of
dopants to the subsurface. For a fixed εa, we considered three
distinct possibilities involving the relative coupling strengths
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FIG. 8. Calculated hybridization energy (�Ehyb) using the Newns-Anderson model and two semiellipse fits for the PDOS; one for the
surface Ti and the other for the surface O atoms of STO. The 2D heat map of �Ehyb as a function of varying positions of the O-2p valence
band (VB) and Ti-3d conduction band (CB) for a given adsorbate state (εa) and different relative coupling strengths between the adsorbate and
surface O and Ti atoms. (a) Strong Ti coupling (top), comparable concerted coupling (middle) and strong O coupling(bottom). (b) �Ehyb for
the different 4d transition metal doped STMO as well as the undoped STO computed using the Newns-Anderson model for the three different
relative coupling strengths. (c) DFT computed O adsorption energy with adsorption on-top of the surface Ti atom of 4d transition metal doped
STMO.

between the Ti-3d and O-2p states, and the adsorbate: (i) a
strong coupling between the Ti-3d states and the adsorbate,
(ii) a strong coupling between the O-2p states and the adsor-
bate, and (iii) a comparable concerted coupling between both
the Ti-3d and O-2p states and the adsorbate. We also note
that in our analysis, since εa is fixed to be a constant, the naεa

contribution to the hybridization energy in Eq. (18) can be
factored out for a given adsorbate.

The results from the three coupling cases are discussed
next. The calculated hybridization energy (�Ehyb) is shown
in the form of a 2D heat map [see Fig. 8(a)] as a function of
the surface O-2p valence band center(εO-2p-VB) and surface
Ti-3d conduction band center (εTi-3d-CB). These centers are
chosen since the VB is dominated by the O-2p states and CB
by the Ti-3d states. Note that the total band centers VB+CB
could also be used equivalently since the band-gap is a fixed
constant. The corresponding DFT computed O-2p-VB and

Ti-3d-CB band centers for the different doped STMO sys-
tems, as well as that of undoped STO are overlaid on the 2D
heat map. For V 2

O-2p,ads << V 2
Ti-3d ,ads, i.e., the case where there

is a much stronger coupling between the surface Ti-3d states
and the adsorbate [see Fig. 8(a)], we find that the contour lines
are almost parallel to the x axis (εO-2p-VB), meaning that �Ehyb

is varying in magnitude largely with changes in the position
of εTi-3d-CB while being nearly independent of the changes in
εO-2p-VB. On the other hand, for V 2

O-2p,ads � V 2
Ti-3d ,ads, i.e., a

strong coupling between the O-2p states and the adsorbate,
we find that the contour lines are positioned almost parallel
to the y axis (εTi-3d-CB), meaning that the largest variations
in �Ehyb are due to the position of εO-2p-VB while being
nearly independent of εTi-3d-CB. Finally, for the case where
there is a concerted coupling between the adsorbate and both
the Ti-3d and O-2p surface states, we consider a compara-
ble coupling strength, i.e., V 2

O-2p,ads ≈ V 2
Ti-3d ,ads with a slightly
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lower V 2
O-2p,ads value to reflect the adsorption geometry being

on-top of surface Ti atom for an electron-accepting adsorbate.
This coupling scenario results in a well-defined minimum
in �Ehyb that corresponds to the strongest adsorption, and
is importantly seen to be a function of the position of both
εO-2p-VB and εTi-3d-CB. The contour lines also reflect this com-
plex dependence resulting in a concerted contribution to the
adsorption energy where the adsorbate interacts with both the
Ti and O surface atoms.

The hybridization energies corresponding to the different
doped systems indicated in the 2D heat-map [Fig. 8(a)] are
plotted in Fig. 8(b). We find that for the two extreme cases
involving the very strong coupling of either the Ti-3d (black)
or O-2p (blue) states and the adsorbate, �Ehyb is nearly a
constant across all of the 4d dopants as well as the undoped
STO. However, for the concerted coupling case (red), we
obtain the distinct check-mark shape across the period with
Nb having the lowest and Ag the highest �Ehyb values. This
should be directly compared to the DFT calculated adsorption
energy trends for the electron-accepting adsorption, as shown
for O adsorption on-top of the surface Ti atom [see Fig. 8(c)].
We note that while the absolute numbers are different between
the two, i.e., calculated using the concerted coupling sce-
nario of the Newns-Anderson model [�Ehyb, see red circles
in Fig. 8(b)] versus the DFT computed adsorption energies
[see Fig. 8(c)], this is expected due to two things. First,
we have not explicitly included the repulsive contribution in
the Newns-Anderson model and second the values used for
the coupling strengths and the adsorbate state in our model
are approximate values intended to only distinguish the dif-
ferent limiting cases. However, we note that the addition of
the repulsive contribution would only result in a linear shift
of �Ehyb by an amount roughly proportional to the coupling
strength. Thus we can expect the adsorption energy trend to
be the same albeit with different absolute values. Therefore
the intention of employing the Newns-Anderson model is not
to get quantitative agreement with DFT computed adsorption
energies but rather establish fundamental insights into the
adsorption process and obtain qualitative trends. Based on the
analysis presented here, it is clear that the concerted coupling
of both the surface Ti-3d and O-2p states with the adsorbate
contributes to the adsorption, as observed in the computed
�PDOS and hypothesized in the previous section. Using this
insight, we now proceed with presenting the adsorption model
hitherto referred as the GCC model and identify a general
electronic structure based descriptor that captures the adsorp-
tion energy trends.

2. The generalized concerted coupling model

We utilized the insights obtained in the previous sec-
tion (note the indicated key findings and hypothesis) to
develop an adsorption model called the generalized concerted
coupling model that is found to be applicable to subsurface
doped semiconducting oxides. We will focus on the electron-
accepting adsorption (i.e., adsorption of, e.g.. O on-top of the
surface Ti (HM) atom) on the prototype STMO system to
develop this model. It is evident from the discussion above
that the dopant induced changes to the electronic structure of
the surface atoms plays a crucial role in the adsorption process

FIG. 9. �PDOS of the surface Ti-3d and O-2p states, as well
as the dopant states in the gap, computed by taking the difference
between the PDOS of the oxide with the dopant (STMO) and without
the dopant (STO). The Mo-doped STMO system is shown here as
an example. The surface resonance states are indicated as OSR and
HMSR. The vertical dashed line corresponds to the Fermi level.

as well as the type of charge transfer between the dopant states
and the adsorbate. To quantify these changes to the surface
states, we computed the �PDOS of the surface Ti-3d and
O-2p states with the dopants (STMO) and without dopants
(STO), i.e., �PDOS = PDOS(STMO) - PDOS(STO). One
example of this difference in PDOS is shown in Fig. 9 for
the Mo-doped STMO system. We find that addition of dopants
results in the formation of distinct features in the surface Ti-3d
and O-2p states, with the positive peaks indicating the new
positions of the states as a result of the addition of Mo. Since
these states overlap in energy with the PDOS of the surface
atoms, they are termed surface resonance states. These type of
state are similar to those that have been observed in transition
metal carbides and nitrides [42,43] as well as doped oxides
[44]. For the Mo-doped STMO, we find that the valence band
is dominated by the O-2p surface resonances (OSR) and the
conduction band by the host-metal (Ti) surface resonances
(HMSR), with the dopant states dominating the gap (identi-
fied here as the states between the largest OSR and HMSR
peaks either side of the Fermi level). We also note that while
the Mo-doped STMO system has been used as an example,
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FIG. 10. Schematic illustration of the generalized concerted coupling model (GCC model). The interaction between the adatom (adsorbate)
state and the oxygen surface resonance (OSR) and host-metal surface resonance (HMSR) results in the bonding and antibonding adsorbate
states, captured by the quenching of the surface resonance peaks. The quenching of the dopant states in the gap shows the charge transfer from
the dopant layer (Fermi level) and the newly formed bonding state. Mo-doped STMO is used as an example.

similar features are seen across all dopants and among all the
host oxides considered in this study (see Figs. S33–S37 in
Ref. [36] for 3d , 4d , and 5d transition metal dopants in STO,
4d transition metal dopants in SZO, and TiO2, respectively).
We hypothesize that it is the states characterized by these
surface resonances that are involved in the interaction with the
adsorbate contributing significantly to the adsorption energy.

In order to determine the link between the surface reso-
nances and the resultant adsorption states (by extension the
adsorption energy as well), we considered the PDOS changes
due to the adsorption of O on-top of the surface Ti atom of
STMO as an example. The surface �PDOS(STMO - STO)
for the Mo-doped STMO is shown in Fig. 10 along with
the �PDOS obtained due to the adsorption of O on-top
the surface Ti atom, i.e., �PDOS(O/STMO-STMO). If we
consider the free adsorbate level to be characterized by a
single energy level, it can interact in a concerted fashion with
both the OSR’s and the HMSR’s, giving rise to the resultant
bonding and antibonding adsorbate states. This is evident by
the quenching of the surface resonances [negative peaks in
�PDOS(O/STMO - STMO) in Fig. 10] that correspond in
energy to the positions of the OSR’s and HMSR’s in the
valence and conduction band, respectively. Further, as es-
tablished previously, the quenching of the dopant states in
the vicinity of the Fermi level is also seen, indicative of the
charge transfer from these states to the newly formed bonding
level of the adsorbate. We note that the identification of the
specific regions of the PDOS of the surface atoms is enabled
by the perturbation of the electronic structure due to the addi-
tion of dopants to the subsurface of the oxide, aiding their

quantification in the adsorption process. The schematic il-
lustration shown in Fig. 10 also suggests that the adsorption
can now be viewed as a two-level problem involving the
interaction of the adsorbate state with the OSR’s and HMSR’s
resulting in the bonding and antibonding levels.

We can therefore write a generic expression for the adsorp-
tion energy on undoped STO or any other oxide host as

�Eads,STO = �Ehyb,STO + �Eorthog,STO + �Ees,STO

= −αωSTO + �Eorthog,STO + �Ees,STO, (1)

where �Ehyb,STO is the hybridization energy of the adsorbate
on undoped STO, �Eorthog,STO is the Pauli repulsion contri-
bution due to orbital orthogonalization, and �Ees,STO is the
electrostatic contribution to the adsorption energy. The hy-
bridization term is given by −αωSTO with α being related to
the filling of the surface states. As identified in our electronic
structure analysis above, we have established that the changes
to the charge density above the surface due to dopants in
the subsurface are minimal and largely set by the surface O
atoms. This suggests that the decay length of the surface O-2p
states are roughly the same across all the doped systems and
equivalent to that of the host oxide. Further the charge local-
ization in the subsurface dopant layer [32], coupled with no
changes to the filling of the surface atom states (see Fig. S31 in
Ref. [36]), imply that to a first approximation we can consider
the coupling strength (i.e., V 2

O-2p,ads and V 2
Ti-3d ,ads) to be equal

to that of the host oxide across all the dopants, for a given
adsorbate. Therefore we can now write a generic expression
for the adsorption energy on the doped STMO or any other
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oxide as

�Eads,STMO = −αωSTMO + �Eorthog,STMO + �Ees,STMO

= −αωSTMO + �Eorthog,STO + �Ees,STMO, (2)

where the terms have the same meaning as above but now for
the doped system. The repulsive contribution is assumed to be
identical to that of the host oxide, since it is largely ∝ V 2

O-2p,ads

and V 2
Ti-3d ,ads, which can be approximated to be equivalent to

that of the host oxide as discussed above. As established in the
discussion above, the interaction of the adsorbate states with
the surface resonances results in the bonding and antibonding
adsorbate states, whose positions are shifted with the OSR
and HMSR, which in turn is induced by the pinning of the
Fermi level by the introduced dopant. Therefore, if we assume
based on the evidence presented in Fig. 10 that the position of
the OSR in the valence band and that of the HMSR in the
conduction band are approximate indicators of the resultant
bonding and antibonding states, respectively, we can now
consider a perturbation expansion of the hybridization term
(−αωSTMO) to reflect the shift in the bonding and antibonding
adsorbate states in the doped STMO system relative to the
undoped STO host oxide. In order to obtain the perturbation
parameter, we define a mean OSR (εOSR), and mean HMSR
(εHMSR), similar to that of the d-band center [29] and εCCM

[43] used for transition-metal carbides and nitrides previously.
The exact formulation of εOSR and εHMSR are provided in the
Computational methods section. Therefore Eq. (2) can now be
rewritten as

�Eads,STMO = −αωSTO(1 + ε)n + �Eorthog,STO + �Ees,STMO,

(3)
where ε << 1 is the perturbation parameter of an n term
perturbation expansion. We define ε formally as

ε =
∣∣∣∣ εOSR − εOads,bond,STO

εHMSR − εOads,antibond,STO

∣∣∣∣, (4)

where εOads,bond,STO and εOads,antibond,STO are the bonding and
antibonding, respectively, peak positions of the adsorbate
(O for example) in the host-oxide (STO for example). This
essentially reflects the shift in the bonding and antibonding ad-
sorbate states and their contributions to the adsorption energy
in a consistent manner across the different doped systems.
Since ε << 1 by definition, we can perform a Taylor series
expansion about ε = 0, which gives

�Eads,STMO = − αωSTO

(
1 + nε + 1

2
n(n − 1)ε2 + · · ·

)

+ �Eorthog,STO + �Ees,STMO. (5)

Neglecting the higher order terms in the expansion, Eq. (5)
can be rewritten as

�Eads,STMO = �Eads,STO − nαωSTOε + ��Ees, (6)

where �Eads,STO is the adsorption energy on undoped STO
(host oxide) as defined in Eq. (1), and ��Ees is the difference
in electrostatic energy between the doped (STMO) and host
(STO) oxides. The ��Ees term is formally computed using
Eq. (19) in the Computational Methods section, and shown in
Figs. S53–S56 in Ref. [36] for the different adsorbates. Across

the different adsorbates, its magnitude is very small compared
to the other terms in Eq. (6) and can therefore be neglected.

Finally, we note that the ε can be split into two terms:

ε =
∣∣∣∣ εOSR

εHMSR

∣∣∣∣ ∗
∣∣∣∣∣

1 − εOads,bond,STO

εOSR

1 − εOads,antibond,STO

εHMSR

∣∣∣∣∣ =
∣∣∣∣ εOSR

εHMSR

∣∣∣∣ ∗ δ. (7)

Figure S43 in Ref. [36] shows the magnitudes of the two terms
in Eq. (7) for the O adsorbed on-top of the Ti surface atom for
doped STMO systems. It can be seen that δ is a constant and
can therefore be factored out, resulting in

�Eads,STMO ≈ �Eads,STO − γads,STO

∣∣∣∣ εOSR

εHMSR

∣∣∣∣ (8)

or more generally,

�Eads,doped ≈ �Eads,host − γads,host

∣∣∣∣ εOSR

εHMSR

∣∣∣∣, (9)

where

γads,host ≈ nαδωhost ⇒ γads,host ∝ ωhost ∝ V 2
surf,ads. (10)

The derived Eqs. (8)–(10) suggest that (i) the adsorption
energy on the doped STMO oxide varies linearly with respect
to the ratio of the surface resonances (OSR to HMSR), (ii) the
intercept is equal to the adsorption energy on the STO host
oxide, and (iii) the slope is given by γads,STO (γads,host), which
is a constant for a given adsorbate and host oxide combination,
but crucially depends on the coupling strength between the
surface atoms of the host oxide and the adsorbate. Importantly,
this shows that |εOSR/εHMSR| can serve as a unique electronic
structure descriptor for the electron-accepting adsorption on
doped semiconducting oxides. We use this insight in the next
section to correlate the adsorption energies and provide an
interpretation of the adsorbate scaling relations. We also note
that while STO and O have been used as the host oxide
and adsorbate respectively for developing the model, other
semiconducting host oxides and adsorbates may also be used
equivalently.

D. Origin and interpretation of the adsorbate scaling relations

We next test the above introduced GCC model and its
key finding. Figure 11 shows the correlation between the
adsorption energy of OHx(x = 0–1) and NHx(x = 0–2) for
the different doped STMO systems with respect to the iden-
tified descriptor |εOSR/εHMSR|. We note that as per the GCC
model, the intercept in the linear fit was set to the adsorption
energy of the corresponding species on undoped STO host
oxide. We find a very good linear fit for all of the different
adsorbates considered, validating the GCC model and the
identified descriptor for the electron-accepting adsorption on
doped semiconducting oxides. Interestingly, we can also see
that the slopes reflect the observed scaling relations shown in
Figure 2 for both OHx and NHx, i.e., a slope of ≈1 and 0.5
for O and OH, respectively, and ≈1, 1, and 0.5 for N, NH, and
NH2, respectively. Thus the origin of the scaling relations can
be traced back to the common electronic structure feature that
governs the adsorption of the different adsorbed species on the
surface of these oxides. We can now use this result to make
a generalized statement regarding the origin of the scaling
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FIG. 11. Correlation between the adsorption energy of (a) OHx (x = 0–1) and (b) NHx (x = 0–2) adsorbed on-top of the Ti surface atom
of the (001)-BO2 surface of STMO and the identified descriptor |εOSR/εHMSR| in the GCC model. M corresponds to 3d , 4d , and 5d transition
metals doped in the subsurface of STMO. The intercept corresponds to the adsorption energy on undoped STO. The corresponding correlation
plots for SZMO and TiMO2 are shown in Figs. S50 and S51 in Ref. [36], respectively.

relations for semiconducting oxides. Finally, we note that a
similar correlation is also seen for CHx(x = 0–3), SHx(x = 0–
1), H, and OOH adsorbed on-top of the Ti surface atom on
STMO; as well as OHx(x = 0–1), NHx(x = 0–2), and OOH
adsorbed on-top of the host-metal surface atom on SZMO
and TiMO2, establishing the generality of the descriptor and
model across doped semiconducting oxides (see Figs. S45–
S52 in Ref. [36]).

While this is by no means a rigorous proof, and most likely
one may not exist, using the key observations that lead to
the development of the GCC model, we can approximate that
�Ehyb,doped and �Eorthog,doped ∝ V 2

O-2p,ads ∝ V 2
HM−d,ads, where

the coupling strength is largely set by the host oxide and
remains unperturbed by the addition of dopants to the subsur-
face of the oxide. As established previously, this suggests that
�Eorthog,doped ≈ �Eorthog,host, and �Ehyb,doped ∝ �Ehyb,host but
scaled by a perturbation parameter (ε) for a given dopant-host
combination, which explains the observed slopes in the cor-
relation, since γads,host ∝ �Ehyb,host [see Eq. (1)]. Therefore,
for the systems considered here, we suggest that the scaling
slope γ (x) ∝ V 2

O-2p,ads and V 2
HM−d,ads, set primarily by the host

oxide for a given adsorbate. However, we note that the relative
coupling strengths is a function of the distances between the
adsorbate and the surface atoms (V 2[r]). Since the oxide sur-
face is composed of two disparate adsorption sites in the form
of the host metal surface atoms and the oxygen surface atoms,
changes in the relative position of an adsorbate relative to one
site has an inverse effect with respect to the other. Ideally, the
optimal bond lengths are set by where the adsorbate gets the
optimal charge density from the surface, but on an inhomoge-
neous surface composed of metal and oxygen atoms, there is
a difference in charge density across the surface as shown in
Fig. S32 in Ref. [36]. This we note has a profound impact
on the optimal bond length when comparing adsorbates of
different electronegativities.

While highly electronegative adsorbates, e.g., O and S,
adsorb optimally on the surface host-metal site resulting in

an optimal coupling with the host metal, less electronega-
tive adsorbates, e.g., N, C (and H) may move closer to the
surface oxygen resulting in an electropositive adsorption in
the extreme case (as seen for H which prefers to adsorb on-
top of the O surface atom over the host metal). The higher
bond lengths relative to the surface Ti atom seen for N and
C (see the electronic structure analysis discussion above) is
essentially a consequence of this effect, where they now end
up being closer to the surface oxygen site compared to O. This
results in a weaker coupling with the surface host metal which
consequently results in a smaller split of the bonding and
antibonding adsorbate states ultimately resulting in the bond-
ing states becoming partially unfilled as they cross the Fermi
level. In addition, this also results in optimal bond lengths that
are almost identical to more electron rich adsorbates as they
start getting saturated with the addition of H, as seen with
N and NH for example with average bond lengths of ≈1.8
and 1.75 Å, respectively (versus O and OH with ≈1.65 and
1.82 Å, respectively). This essentially results in similar
coupling strengths for N and NH (versus stronger cou-
pling for O versus OH as would be expected), also
resulting in a scaling slope of ≈1 (versus a scaling
slope of ≈0.5 for O and OH), since γ (x) ∝ V 2

O-2p,ads

(and V 2
HM−d,ads). This establishes the origin of the anoma-

lous scaling relations observed in these systems. In
the final section, we will explore the extension of the model to
the electron-donating adsorption, exemplified by the adsorp-
tion of H on the surface O atom.

E. Adsorption on-top of the surface oxygen atom sites

In order to understand the electron-donating adsorption as
observed for H adsorbed on-top of the O surface atom, we
again performed a set of in silico experiments to decipher
the link between the electronic structure and the adsorption
energy. Here we build from the set of calculations performed
by moving H adsorbate across the surface from on-top of the
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FIG. 12. The changes in the �PDOS, with increasing coupling
strength (top to bottom) between the H adsorbate and surface O atom
on Ru-doped STMO. The �PDOS of the surface atoms, dopant layer
atoms and the adsorbate are shown.

Ti to on-top of the O atom (see Fig. 7). Once H has been
moved on-top of O we then pushed it closer towards the sur-
face. Specifically, we calculated the changes of the �PDOS,
with increasing coupling between the H adsorbate and surface
O, until we approached the distance above the surface O
atom that corresponds to that of the geometry optimized bond
length of H adsorbed on O (≈1 Å). We illustrate the changes
in interaction by considering the Ru-doped STMO system as
an example (Fig. 12), however, the same behavior is observed
for other doped STMO systems (see Figs. S28 and S29 in
Ref. [36]).

Going from top to bottom in Fig. 12, decreasing the dis-
tance (along the surface normal) between the H adsorbate
and the surface O results in increasing the coupling strength
between the two (see top to bottom subfigures in Fig. 12).
The top subfigure in Fig. 12 corresponds to that of H placed
on-top of the surface O at a distance 1.642 Å away [note this
is equivalent to the bottom subfigure in Fig. 7(b)] showing
the formation of a low lying adsorbate bonding state, with
the adsorbate antibonding state just above the Fermi level
due to the poor splitting caused by a lower coupling strength.
Pushing H towards the surface O (1.342 Å distance above
the O), increases the split between the bonding and anti-
bonding adsorbate states, with the bonding state pushed to
even lower energies (≈ −8 eV), and the antibonding state
pushed slightly further above the Fermi level. Further, the

predominantly strong H-1s character of the antibonding state
starts to diminish and is accompanied by the sharp O-2p char-
acter of the bonding state, as well as appearance of positive
peaks associated with the dopant states in the vicinity of the
Fermi level suggesting a charge transfer from the H-adsorbate
to the dopant layer. This becomes even more prominent at
a H binding position 1.042 Å above the O surface atom
(bottom subfigure in Fig. 12) as the bonding state is pushed
to ≈ −10 eV below the Fermi level, with the antibonding
state becoming diffuse and predominantly of Ti-3d character,
suggesting a concerted coupling effect. This charge transfer
is also reflected by the calculated Bader charges, where the
H adsorbate donates more charge to the oxide as it is pushed
towards the surface (for Ru-doped STMO; the charge on H
goes from:+0.13 e to +0.32 e to +0.53 e corresponding to
the three probed distances above the surfaces in Fig. 12), and
the surface atoms and the dopant layer atoms gaining charge.
While the charge on the H adsorbate is almost constant across
the dopants when placed at the optimized bond lengths, its
change as H is pushed toward the surface is very different.
For example, in the case of Nb-doped STMO the charge on H
goes from −0.01 e to +0.22 e to +0.55 e corresponding to the
same distances above the surface as for the Ru-doped STMO.
The adsorption energy trends also reflect these changes in the
charge transfer, with the “reverse check-mark” shape main-
tained (Nb and Mo highest, and Ag lowest among the 4d
transition metal dopants) with increasing coupling between H
and O, and the adsorption becoming stronger as the coupling
strength increases.

Based on these observations, we hypothesize that a crucial
piece of the electronic structure that contributes to the ob-
served adsorption energy trend is the charge transfer from the
H-1s antibonding states as they start to get unfilled to the states
at and in the vicinity of the Fermi level which is dominated by
the dopant states, and the surface atom states below the Fermi
level. We find that the position of the H-1s antibonding states
seem to be correlated to the positions of the host-metal sur-
face resonances (HMSR) in the conduction band (see Figs. 9
and 12). This naturally suggests that the adsorption energy
should be inversely related to the position of the oxygen
surface resonances (OSR) in the valence band, since the shift
in the surface resonances is linear across the different doped
systems (from left to right along a period). This also agrees
with the observations made with the �PDOS of the geometry
optimized system, see Fig. S8 in Ref. [36] where the filled
bonding peaks are much lower in energy for Nb-doped STMO
compared to that of Ag-doped STMO (and antibonding states
are unfilled), yet with the opposite trend in the adsorption
energy (Nb highest and Ag lowest) [32]. Extending this idea
within the context of the GCC model, we hypothesize that
the inverse of the descriptor for the electron-accepting ad-
sorption, i.e., |εHMSR/εOSR| should be a suitable descriptor
for the electron-donating adsorption. Figure 13 shows the
adsorption energy plotted versus the descriptor |εHMSR/εOSR|
for the case where the surface atoms were constrained (to
avoid any surface geometry effects which were pronounced
for the adsorption of H on-top the surface O atom); with the
intercept fixed to that of the adsorption of H on-top the surface
O atom of undoped STO. We obtain a very good correlation
between the adsorption energy and the identified descriptor
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FIG. 13. Correlation between the DFT calculated adsorption en-
ergy of H adsorbed on-top of the O atom of the (001)-BO2 surface
(constrained) of STMO and the inverse of the identified descriptor
in GCC model. M corresponds to 3d , 4d, and 5d transition metals
doped in the subsurface of STO. The intercept corresponds to the
adsorption energy on undoped STO.

suggesting that the general concepts of the GCC model are
applicable to the electron-donating adsorption as well. The
analysis for the adsorption of H on-top of the surface O atom is
not too dissimilar to the antibonding electron transfer concept
suggested for the adsorption of hydrogen on MoS2 surfaces
recently, where a similar behavior is observed [45]. Therefore
we have established that the principles of the GCC model are
applicable across subsurface doped semiconducting oxides for
different adsorbates interacting with the surface atoms.

III. CONCLUSION

We developed a physics based adsorption model that cap-
tures the interaction between atoms and molecules with the
surface of semiconducting oxides with dopants added to the
subsurface. The addition of dopants served as a controlled
tuning parameter to perturb the electronic structure of the
surface states of the host oxide, resulting in unique surface
resonances of both metallic and oxygen character whose in-
teraction with the adsorbate was found to play a critical role
in the adsorption. This coupled with a series of precise in
silico experiments enabled the identification of the concerted
coupling nature of the adsorption on these oxide surfaces,
leading to the development of the generalized concerted cou-
pling model (GCC model). The model allowed us to identify
an electronic structure descriptor based on the surface specific
states that was found to correlate very well with the DFT
calculated adsorption energies. Interestingly, we also found
deviations from the adsorbate scaling relations for certain
set of adsorbates, e.g., NHx(x = 0–2) and CHx(x = 0–3) as
compared to the ones previously found for adsorption on
metals and transition metal compounds. The origin of the
adsorbate scaling relation is explained within the context of
the developed GCC model.

We emphasize that the development of the GCC model and
the electronic structure descriptor was made possible due to
the identification of the relevant states in the PDOS of the
surface atoms that participate in the interaction with the adsor-
bate, which remains the major impediment towards the further
generalization of our understanding of adsorption on surfaces
across different material groups. We think that the recipes
presented here can be used in the analysis of the adsorption
process on other transition metal oxides, and more generally
transition metal compounds where a physics based predictive
understanding is still lacking. It is also our hope that with the
ever increasing availability of large datasets across different
materials, it may soon be possible to further generalize the
approach presented in this study.

IV. COMPUTATIONAL METHODS

A. Density functional theory (DFT)

First-principles DFT calculations were performed using
the QUANTUM ESPRESSO software package [46,47], and setup
using the atomic simulation environment (ASE) [48]. Kohn-
sham wave functions were expanded using a plane-wave basis
set with a kinetic energy cutoff of 500 eV. Spin polariza-
tion was neglected since we are interested in generalized
trends in this study. Exchange and correlation were described
within the generalized gradient approximation (GGA) using
the Perdew-Burke-Ernzerhof (PBE) functional [49]. Ultrasoft
pseudopotentials were used to describe the core electrons [50].
While corrections such as the Hubbard-U parameter [51] may
further improve the description of the electronic structure, we
have shown in our previous study that they are not necessary
to gain generalized trends across the doped semiconduct-
ing oxides considered [32]. Further tests of the Hubbard-U
parameter on the electronic structure, and in particular the
identified descriptor in the GCC model was performed for
the rutile TiO2(110) surface doped with 4d transition metals in
the subsurface. An effective U value of 2.0 eV was applied to
the Ti atoms as validated in prior studies [44]. The correspond-
ing �PDOS of the surface atoms with the application of the
Hubbard-U corrections and the computed descriptor values
are shown in Fig. S38 and Table S2 in Ref. [36], respectively.
It can be seen that the addition of the Hubbard-U param-
eter only has a very negligible influence on the identified
descriptor.

The (001)-BO2 termination of the perovskite oxides (STO
and SZO), and the (110) surface of the rutile oxide TiO2 were
considered for computing the adsorption energies of all the
adsorbates considered in this study. A 2×2×4 supercell was
used to represent all the surfaces with the bottom two layers
fixed to their bulk-lattice positions. Additional tests involving
the influence of the number of layers in the slab model on the
adsorption energy was also performed for the undoped rutile
TiO2(110) surface and is provided in Table S1 in Ref. [36].
It can be seen that the change in adsorption energy of O is
only ≈0.05 eV between four- and five-layer slab models. We
used the geometry optimized surfaces and lattice constants
reported in our previous study [32] to compute the adsorp-
tion energies of the different adsorbates. Periodic boundary
conditions were applied in all directions with a vacuum
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spacing of at least 14 Å separating the surfaces in the z direc-
tion to prevent interaction between periodic images. Dipole
corrections were also applied along the surface normal to
account for the surface asymmetry. The Brillouin zone was
sampled using a (4×4×1) Monkhorst-Pack grid [52] for the
geometry optimization calculations, with a finer grid used for
the electronic structure calculations. The relaxed geometries
were considered optimized when the maximum force on all
atoms in the system was less than 0.03 eV/Å. Bader charge
analysis was performed using a grid-based decomposition
scheme of the electron density [53].

Adsorption energy was computed as

�Eads = Esurf,ads − Esurf − Eads, (11)

where �Eads is the adsorption energy, Esurf,ads is the energy of
the geometry optimized surface with the adsorbate, Esurf is the
energy of the geometry optimized pristine surface and Eads is
the energy of the adsorbate in its reference state. We used the
same reference for the OHx(x = 0–1), OOH and H adsorbates
as in our previous study [32]. NHx (x = 0–2) species were
referenced to N2 and H2 in the gas phase. CHx(x = 0–3)
species were referenced to CH4 and H2 in the gas phase.
SHx(x = 0–1) species were referenced to H2S and H2 in the
gas phase.

Specifically, the following equations were used to compute
the adsorption energies of the NHx (x = 0–2), CHx(x = 0–3),
and SHx(x = 0–1) species:

�ENHx = Esurf,NHx − Esurf −
[

1

2
EN2 + x

2
EH2

]
, (12)

�ECHx = Esurf,CHx − Esurf −
[

ECH4 − 4 − x

2
EH2

]
, (13)

�ESHx = Esurf,SHx − Esurf −
[

EH2S − 2 − x

2
EH2

]
. (14)

Additional tests involving gas-phase radicals as the reference
state were also performed for the NHx(x = 0–2) adsorbates.
The adsorption energy scaling relations for adsorption on-top
the Ti atom of the (001)-BO2 surface of STMO and the corre-
lation of the adsorption energy with the descriptor identified
in the GCC model using these reference states are shown in
Figs. S2 and S49, respectively, in Ref. [36]. It can be seen that
the scaling slopes and the correlations are identical to those
shown in Figs. 2(b) and 11(b), indicating that the choice of
reference state has no influence on the GCC model.

B. Electronic structure analysis and adsorption models

The atom projected electronic density of states (PDOS)
for the various different systems were obtained from DFT. In
general, the nth moment of the distribution was computed as

mn =
∫ ∞
−∞ εnρ(ε)dε∫ ∞
−∞ ρ(ε)dε

, (15)

where the first moment gives the band center and the zeroth
moment integrated up to the Fermi level gives the filling. In
all of the analysis in this study, the electronic density of states
are calculated relative to the Fermi level of the system which
is set as 0 on the relative energy scale.

The first moment of the oxygen (OSR) and host-metal
states (HMSR) characterized by their respective surface
resonances identified from the �PDOS are defined as

εOSR =
∫ εgap

εOVB
ερO,2p(ε)dε∫ εgap

εOVB
ρO,2p(ε)dε

(16)

and

εHMSR =
∫ εHMCB

εgap
ερHM,d (ε)dε∫ εHMCB

εgap
ρHM,d (ε)dε

, (17)

where εOVB is the first moment of the positive surface reso-
nance of the O-2p states in the valence band, εHMCB is the first
moment of the positive surface resonance of the HM-d states
in the conduction band, and εgap is the first moment of the
gap states composed of both the dopant metal and the lattice
oxygen in the dopant layer in the subsurface of the host oxide.
The gap states are identified by the positive surface states
composed of the dopant d states and oxygen (dopant-layer)
p states between the highest surface O-2p resonance in the
valence band and the highest surface HM-d resonance in the
conduction band.

In order to develop the generalized concerted coupling
model, we draw inspiration from existing adsorption mod-
els; namely the Newns-Anderson [40,41], d-band [29], and
the concerted coupling models [43]. Specifically, the iden-
tification and definition of the first moment of the surface
resonances follow directly from the concerted coupling
model developed for transition metal carbides and nitrides
[42,43,54]. To establish the concerted coupling nature of the
interaction of adsorbates with the doped semiconducting ox-
ides considered in this study, we utilize the Newns-Anderson
model by assuming that the adsorbate interacts independently
with both the surface HM-d and O-2p states, characterized
by different coupling matrix elements. Thus the resultant hy-
bridization energy is given by

�Ehyb = 2

π

[∫ 0

−∞
Arctan

(
�d (ε)

ε − εa − �d (ε)

)
dε

+
∫ 0

−∞
Arctan

(
�p(ε)

ε − εa − �p(ε)

)
dε

]
− naεa,

(18)

where εa is the adsorbate state which is treated as a constant
in our study, for a given adsorbate. �d (ε) and �p(ε) are
the chemisorption functions which describe the interaction
between the adsorbate and the surface HM-d and O-2p states,
respectively. For a qualitative discussion of the adsorption
energy trends in this study, the average coupling matrix el-
ement may be used in the chemisorption function, as used
previously for metals [55]. Therefore the chemisorption func-
tions are defined as �d (ε) = πV 2

HM,adsρHM,d (ε), and �p(ε) =
πV 2

O,adsρO,2p(ε), where V 2
HM,ads and V 2

O,ads are the average cou-
pling strength between the adsorbate and the surface HM-d
and O-2p states, respectively. ρHM,d (ε) and ρO,2p(ε) are the
projected density of states of the surface HM-d and O-2p
atoms in the pristine surface unperturbed by the adsorbate.
�d (ε) and �p(ε) are obtained from the Hilbert transform
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of the corresponding chemisorption functions, �d (ε) and
�p(ε).

Electrostatic contributions to the adsorption energy were
considered in the model relative to that of the host oxide
without the addition of dopants. This relative electrostatic
energy is given by

��Ees = 1/2
∫

�nads,host (z)�Vdop(z)dxdydz, (19)

where �nads,host (z) is the x − y averaged charge density dif-
ference induced by the adsorbate on the host oxide (STO,
SZO or TiO2); i.e., �nads,host (z) = nads,host − nhost − nads, and
�Vdop(z) is the x − y averaged change in the electrostatic
potential due to the addition of dopants to the host oxide. The
integration should be performed over the volume correspond-
ing to the region of the adsorbate. In this study, we instead

approximate this to be over the entire cell, as used previously
on metal surfaces [56].
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