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ABSTRACT: Rutile oxides offer a promising platform for creating and
studying mixed metal oxide surfaces for catalytic applications. RuO2 and IrO2
have been used for the electrochemical oxygen evolution reaction and alkane
oxidation reactions, and they have similar lattices which promotes the
synthesis of layered structures (e.g., IrO2/RuO2) and IrO2−RuO2 solid
solutions. Their low-energy surfaces, the (110) plane, expose rows of
coordinatively unsaturated metal atoms (Mcus) which act as binding sites
during catalysis. Here, we generated single-layer IrO2 films on RuO2(110),
single-layer RuO2 films on IrO2(110), and their thick-film counterparts, and
studied their binding properties using molecular N2 and dissociative O2
adsorption. Temperature-programmed desorption measurements and com-
plementary density functional theory calculations and electronic structure
analysis show that the binding properties of Mcus sites are strongly influenced
by the identity of cations in the subsurface beneath the binding site (Msubcus), such that Msubcus identity influences binding as much as
the identity of the Mcus binding site itself. Our analysis shows that these strong effects of the subsurface cations originate from
localization of the σ system involved in adsorbate binding, and the resultant accumulation of charge on the subsurface O atom
beneath the Mcus site upon adsorbate binding. Replacing Ru with Ir at the subsurface sites stabilizes this charge and strengthens the
binding of both N2 and O with the Mcus site. We discuss a computational alchemy model that can explain both the site and ligand
effects of chemical binding on IrO2/RuO2 heterostructures and is extendable to other mixed metal oxide and metal alloy surfaces.
KEYWORDS: IrO2, RuO2, rutile oxide, adsorption, ligand effect, computational alchemy, electronic structure analysis, mixed metal oxide

■ INTRODUCTION
Combining different materials is a widely used strategy for
modifying surface chemical properties and optimizing the use
of precious metals in solid catalysts. For example, single-atom
alloys involve the dispersion of chemically reactive precious
metals (e.g., Pt, Rh, Pd) throughout less reactive coinage
metals to reduce precious metal usage and generate isolated
surface sites that can provide desirable catalytic properties
distinct from those of pure precious metals.1−3 Core−shell
structures, often covering an earth-abundant metal with a
monolayer of catalytically active metal (e.g., Pt/W), can also
minimize precious metal usage while offering the ability to tune
surface chemical properties.4−9 These architectures minimize
precious metal usage and their catalytic properties can be
modified, in principle, by altering the size of the active
ensembles and their environment.
Fundamental studies have developed extensive structure−

function relationships for bimetallic catalysts. Several factors
can alter the chemical properties of bimetallic surfaces
compared with the pure metals, including so-called strain,

ligand, and ensemble effects. As model analogs of core−shell
structures, researchers have studied single-crystal bimetallic
surfaces consisting of a monolayer of one type of metal
covering a bulk metal of another type (e.g., Pt/Ni(111)), and
shown that the surface chemical properties can be altered
through lattice strain introduced into the monolayer by the
substrate as well as by the nature of chemical bonding between
the monolayer and substrate.4,5,9 Computations using density
functional theory (DFT) have successfully explained these
strain and ligand effects in the context of the d-band center
model, showing that adsorbate binding strengths correlate with
the energy of the d-band center of the metallic surface and that
the d-band center shifts in response to changes in the strain
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and chemical bonding with the substrate.4,5,10 For dilute-alloy
surfaces, isolated atoms and small ensembles of the active
metal can exhibit atomic-like (i.e., nonmetallic) electronic
states11 and limit reactions that would typically occur on active
metal ensembles.1 Such characteristics often give rise to
distinct chemical behavior compared with the bulk metal1 that
has promoted extensive research into miscible metal alloys and
intermetallic metal compounds.12,13

Mixed metal oxides share many potential benefits to metal
alloys, have been shown as active catalysts for a variety of
chemical transformations, and continue to garner attention as
promising materials for new catalytic applications. However,
systematic investigations aimed at identifying how strain,
ligand, and ensemble effects influence surface chemical
properties are sparse for mixed metal oxides compared with
bimetallic alloys, in part due to challenges in synthesizing well-
defined mixed metal oxide surfaces. Fundamental studies have
revealed that metal-oxide clusters deposited on a second metal-
oxide can adopt unusual nanoscopic structures, and that
surface sites at the boundary between oxide clusters and the
host oxide can promote chemical reactions that are not as
efficiently brought about on the pure oxides.14 Experimental
work also reveals that ultrathin metal oxide films grown on
single-crystal metal surfaces can exhibit distinct chemical
properties compared with the bulk metal oxide due to
interactions with the metal substrate.15−17 Computational
investigations predict that cation doping can significantly alter
the adsorption and reaction properties of metal oxide surfaces.
For example, DFT calculations predict that Pt atoms
substituted into surface sites of rutile (110) oxides, such as
TiO2, can exhibit localized electronic states that promote facile
CH4 activation,18,19 while other work predicts that cation
doping into CeO2(111) can introduce states in the band gap
that alter the surface reducibility and thus chemical
reactivity.20,21 Oxide reducibility can also be influenced by
charge transfer in oxide-supported oxide systems, such as WOx
or MOx on TiO2.

22−24 Unfortunately, many of these
computational predictions have not been tested experimentally
due to difficulties in synthesizing doped or mixed metal oxides
in forms suitable for surface science investigations.
The IrO2−RuO2 system provides an ideal platform for

investigating fundamental aspects of chemisorption on mixed
metal oxides. Both IrO2 and RuO2 crystallize in the rutile
structure and the (110) facet is the thermodynamically
preferred surface for each oxide.25,26 This (110) facet exposes
coordinatively unsaturated metal atoms (Mcus) that act as
binding sites for both IrO2 and RuO2. Close lattice matching
promotes the growth of low-strain heteroepitaxial IrO2/
RuO2(110) thin films, and bulk solutions of IrO2−RuO2 can
be synthesized over the entire range of cation composi-
tions.27−29 Recent work shows that heteroepitaxial IrO2/
RuO2(110) thin films can be synthesized in ultrahigh vacuum
(UHV) using vapor deposition methods, and that the initial
growth occurs in a nearly layer-by-layer manner such that a
single layer (“1L”) of IrO2(110) develops in high coverage on
RuO2(110) before thickening into a multiple layer (“nL”)
film.27 In the present study, we utilized this characteristic of the
oxide growth to investigate O and N2 chemisorption on single-
and multilayer heteroepitaxial thin films of IrO2(110) and
RuO2(110) under well-defined UHV conditions.
Our motivation for investigating IrO2 and RuO2 in the

present study also comes from their use as catalysts for
promoting the electrochemical oxygen evolution reaction

(OER), alkane oxidation, and the potential benefits that may
be realized from employing mixed IrO2−RuO2 structures for
these applications.30−39 Pure RuO2 is well-known to be highly
active for the anodic OER but lacks the stability needed for
commercial use due to facile dissolution of Ru under acidic
conditions. In contrast, IrO2 exhibits superior stability but is
significantly less active than RuO2. The rationale for using
mixed IrO2−RuO2 as OER catalysts is thus to combine the
high activity of RuO2 with the high stability of IrO2 into a
single material. Indeed, both core−shell structures and solid
solutions of IrO2−RuO2 have shown promise as OER
catalysts,33,40,41 but the origin of the improved catalytic
performance of these materials is not fully understood. The
IrO2(110) surface also exhibits unusually high reactivity for the
activation of light alkanes, and its combination with
RuO2(110) or other oxides may provide opportunities for
developing IrO2-based catalysts for converting light alkanes to
value-added products.42−47

Additionally, we desire not only to explore how different
cation compositions affect adsorption energies, but also to
understand the electronic interactions that underlie these
effects. While approaches such as the d-band center model are
often employed to explain these element ef fects on metallic
surfaces, less work has been done on understanding these
effects in metal oxides. To this end, we have developed a novel
framework for analyzing element effects on metal oxides that is
based on computational alchemy48 and entanglement decom-
position. This approach allows us to explain the changes in
adsorption energies caused by the substitution of one metal
cation with another in terms of the electron transfer occurring
during chemisorption.
In the present study, we used temperature-programmed

desorption (TPD) to determine the adsorption energies of O
and N2 on synthesized rutile IrO2−RuO2(110) heterostruc-
tures, finding that O and N2 bind more weakly on 1L-IrO2/
RuO2 than pure IrO2, but more strongly on 1L-RuO2/IrO2
than RuO2. DFT calculations show that these differences are
caused almost entirely by the subsurface metal−oxygen ligands
directly beneath the Mcus binding site, predicting that
adsorbate binding on these oxide surfaces is determined
primarily by the cations at the surface site and two subsurface
sites, regardless of the cations in other lattice sites. From
analysis of the chemical bonding, we show that localization of
the σ system involved in adsorbate binding on these rutile
oxides causes charge accumulation on the O atom beneath the
cation binding site, and that replacing Ru with Ir in the
neighboring subsurface sites stabilizes this charge and thereby
strengthens N2 and O binding. Our findings provide new
insights for understanding the bonding of adsorbates on rutile
oxide surfaces, and reveal strong ligand effects that may be
utilized for tuning the catalytic properties of mixed metal-
oxides.

■ METHODS
IrO2(110)/RuO2(110) and RuO2(110)/IrO2(110) Film

Growth. We investigated the binding strengths of N2 and O
chemisorbed on two types of heteroepitaxial thin films as a
function of the coverage of the deposited oxide, namely,
IrO2(110) on RuO2(110) and RuO2(110) on IrO2(110).
Experimental details are provided in the Supporting
Information (SI, Section S1). N2 and O were selected for
these experiments to probe the binding properties of the oxide
films and avoid oxide reduction during TPD. Initially,
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IrO2(110) was grown in steps on RuO2(110) using Ir vapor
deposition in UHV, following a previously reported approach,
where the RuO2(110) substrate was an ∼ 13-layer film
generated by oxidizing Ru(0001) with an O atom beam.27,28

Close lattice matching facilitates the epitaxial growth of
IrO2(110) on RuO2(110) (Δa/a = +0.3%, Δc/c = +1.5%),
and mixing of the Ir and Ru cations is avoided by maintaining
the substrate temperature below 700 K.49 For each IrO2
coverage, we collected N2 TPD spectra after adsorbing N2 to
saturation at 94 K, followed by O2 TPD after dissociatively
adsorbing O2 to saturation at 300 K. The TPD measurements
were discontinued at a temperature of 650 K to avoid
reduction of the oxides. After forming a thick IrO2(110) film
(>∼5 layers), we used TPD to investigate the binding of N2
and O adsorbed on thin films of RuO2(110) grown in steps on
this thick IrO2(110) film by Ru vapor deposition in UHV (SI,
Section S1). The N2 and O2 TPD spectra could be reproduced
several times for each IrO2 and RuO2 coverage studied,
demonstrating that all of the oxide structures remained stable
during the experiments.
The quantity (“coverage”) of IrO2(110) generated on

RuO2(110) is specified in terms of “layers”, where 1-layer is
equivalent to the separation of 0.318 nm between the cation
planes of rutile IrO2 measured along the [110] direction. The
IrO2(110) coverages were estimated from the total Ir fluence
to surface, after calibrating the Ir flux from measurements of
the attenuation of Ru peaks in Auger electron spectroscopy
(SI, Section S2).28,49,50 The coverage of RuO2 grown on
IrO2(110) is defined similarly, and was also estimated by
calibrating the Ru incident flux to the surface. The
uncertainties in the IrO2 and RuO2 coverages generated by
vapor deposition are estimated as 6% and 10%, respectively,
based on the flux calibrations (Section S2). In general, the
number of layers should be regarded as an approximation of
the quantity of IrO2 or RuO2 rather than describing the
morphology of the oxide film. Importantly, previous measure-
ments using scanning tunneling microscopy (STM) demon-
strate that an IrO2(110) film grows initially in a nearly layer-
by-layer mode on RuO2(110),

27,51 such that IrO2(110)
domains of monolayer thickness (“single layer” = 1L) form
in coverages up to at least 0.6 layers, before thickening and
transforming to a multilayer IrO2(110) film (“multi-layer” =
nL). STM measurements also show that the RuO2(110)
substrate becomes completely covered after generating an
approximately 2-layer thick IrO2(110) film.21

Figure 1 shows a ball and stick model of the rutile
MO2(110) surface formed by IrO2 and RuO2. The MO2(110)
surface has a rectangular unit cell and is composed of
alternating rows of coordinatively unsaturated metal atoms
(Mcus) and bridging O atoms (Obr) along the [001] direction.
The Mcus and Obr atoms each have single coordination
vacancies due to a decrease in bond coordination relative to
bulk MO2; the Mcus atoms have 5-fold coordination, whereas
bulk M atoms have 6-fold coordination, and Obr atoms have 2-
fold coordination, whereas bulk O atoms have 3-fold
coordination. The coordination vacancy on the Mcus atom is
directed along the surface normal and lies in the axial position
of the local octahedral geometry. Because the Mcus atoms are
the active adsorption sites of IrO2(110) and RuO2(110), an
adsorbate coverage of 1 ML (“monolayer”) is defined as the
density of Mcus atoms on the (110) surfaces. Prior studies show
that molecular N2 adsorbs in an upright configuration on top
of the Mcus atoms of these oxides,28,52,53 while O2 undergoes

facile dissociative chemisorption on the Mcus rows at 300 K and
produces O atoms that adsorb directly on-top (Ot) of Mcus
atoms (Figure 1).25,26,54−56

■ RESULTS
N2 and O2 Desorption from Multilayer RuO2(110) and

IrO2(110). Adsorbed N2 binds more strongly on nL-IrO2(110)
compared with nL-RuO2(110). After generating a saturated N2
layer at 94 K, TPD experiments (Figure 2a) show that
molecularly adsorbed N2 desorbs from nL-RuO2(110) in two
distinct peaks at 130 and 175 K, and that N2 desorption is
complete by about 200 K. The higher temperature peak is
attributed to N2 that desorbs from low-coverage configurations
in which the N2 has few nearest neighbors, while the lower
temperature peak arises from N2 that is destabilized by
neighboring N2 molecules in the layer. For nL-IrO2(110), the
N2 TPD trace exhibits a maximum at 275 K and a pronounced
shoulder at 245 K. The less intense desorption features near
115 and 180 K have been attributed previously to N2
desorbing from kinetically trapped states that populate during
adsorption at low temperature (94 K); these features originate
from IrO2 since low energy ion scattering spectroscopy shows
that nL-IrO2 coverages above at least 3 layers completely cover
the underlying RuO2(110) substrate.28 A prior study also
shows that the main TPD peak at 275 K originates from N2
desorbing from low-coverage configurations on nL-IrO2(110),
while the peak at 245 K arises from N2 desorption from less
stable, high-coverage configurations.28 Thus, in the low
coverage limit, the TPD peak is 100 K higher for the
desorption of molecularly adsorbed N2 from nL-IrO2(110)
compared with nL-RuO2(110). From analysis of the TPD peak
temperatures, we estimate that the N2 adsorption energy at low
coverage is −59 vs −96 kJ mol−1 for N2 adsorbed on
RuO2(110) vs IrO2(110) (SI, Section S3), in good agreement
with prior work.28,52

Chemisorbed Ot-atoms also bind more strongly on nL-
IrO2(110) compared with nL-RuO2(110). On nL-RuO2(110),

Figure 1. Top and side view of (a) IrO2(110) and (b) RuO2(110)
with cus metal atoms (Mcus) labeled, as well as their neighbors: one at
an adjacent cus position (Madjcus), one in a 6-fold coordination site,
M6f, beneath bridging O atoms, Obr, and one in the subsurface
(Msubcus) beneath the Mcus site. Under the dashed lines represent the
bottom two layers of the MO2(110) surfaces, which were fixed at their
bulk position during DFT calculations. Green atoms represent Ru,
dark blue atoms represent Ir, and red atoms represent O.
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the recombinative desorption of Ot atoms generates a TPD
peak at 400 K and a broad trailing edge that extends to about
525 K. Chemisorbed oxygen desorbs at comparatively higher
temperatures from nL-IrO2(110), with the O2 TPD trace rising
to a maximum at 463 K and thereafter decreasing to the
baseline once the temperature reaches 600 K. The considerable
widths of the O2 TPD features is a topic for future study, and
have been previously attributed to repulsive interactions
among coadsorbed Ot atoms, site heterogeneity and kinetic
effects.25,54−61 From analysis of the TPD peak temperatures,
we estimate that the barriers for recombinative desorption of
Ot atoms are 146 and 171 kJ mol−1 on multilayer RuO2(110)
and IrO2(110), respectively, for comparable Ot coverages of
about 0.5 ML (SI, Section S3).

Adsorbate Destabilization on Single-Layer IrO2(110)
on RuO2(110). To probe the binding characteristics of single-
layer IrO2(110), TPD spectra for adsorbed N2 and Ot were

acquired as a function of the IrO2(110) coverage generated on
a thick RuO2(110) film. The evolution of the N2 and O2 TPD
spectra with the IrO2(110) coverage (Figure 3) show
isosbestic points and are consistent with the nearly exclusive
growth of 1L-IrO2(110) domains up to high IrO2(110)
coverage (∼0.7 layers), with film thickening occurring
thereafter, in good agreement with previous STM measure-
ments.27 As seen in Figure 3a, the N2 TPD peaks from nL-
RuO2(110) (130, 175 K) diminish sharply as the IrO2(110)
film thickness is increased stepwise to 0.72 layers, demonstrat-
ing that the IrO2(110) film covers an increasing fraction of the
RuO2(110) substrate during the early stages of IrO2 growth.
The shapes and positions of these nL-RuO2(110) peaks remain
largely unchanged with IrO2(110) film thickness, suggesting
that the single-layer IrO2(110) film forms large islands on the
surface and preserves RuO2 domains large enough for N2 to
influence one another through coadsorbate interactions, which

Figure 2. TPD traces of (a) N2 and (b) O2 obtained from nL-RuO2(110) (blue) and nL-IrO2(110) (red) after saturating each surface with N2 at
94 K or Ot atoms at 300 K. N2 adsorbs and desorbs nondissociatively on Mcus atoms whereas O2 desorption results from the recombination of Ot
atoms on Mcus atoms. The thicknesses of the nL-RuO2(110) and nL-IrO2(110) films were about 13 and 5 layers, respectively.

Figure 3. TPD spectra of (a−b) N2 and (c−d) O2 obtained as a function of the IrO2(110) coverage (0 to 5.4 layers) grown on a nL-RuO2(110)
surface. Prior to each TPD measurement, N2 was adsorbed to saturation at 94 K and subsequently O2 was dissociatively adsorbed to generate a
saturated Ot layer. Data are shown for IrO2(110) coverages of (a, c) 0 to 0.72 layers and (b, d) 0.72 to 5.4 layers, where 0.72 layers (purple)
coincides approximately with the maximum coverage of 1L-IrO2(110) based on TPD.
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is consistent with prior STM observations.27 A N2 TPD peak at
about 240 K intensifies while the peaks from N2 on nL-
RuO2(110) diminish, but the peak at 275 K (expected for N2
on nL-IrO2(110)) remains small (Figure 3a). This peak at 240
K represents N2 desorption from 1L-IrO2(110) domains, and
thus increases as the surface goes from 0 to 0.72 IrO2(110)
layers. As the IrO2(110) thickness is increased above 0.72
layers (Figure 3b), the N2 TPD peaks below 200 K diminish
more gradually, and the TPD intensity near 240 K remains
roughly constant. The peak at 275 K begins to intensify above
∼0.7 layers, with its intensity increasing more sharply as the
IrO2(110) coverage is increased from 0.9 to 2.3 layers. The N2
TPD spectrum obtained for an IrO2(110) coverage of 2.3
layers closely resembles those obtained for thicker IrO2(110)
films (Figures 2a and 3b),28 suggesting that the surface
chemical properties of IrO2(110) films on RuO2(110) become
similar to those of bulk IrO2(110) at a film thickness of only
about 2 layers.
The N2 TPD spectra demonstrate that N2 binds more

weakly on 1L-IrO2(110) compared with nL-IrO2(110). First,
the low intensity of the TPD peak at 275 K shows that
multilayer IrO2(110) forms in minimal quantities for IrO2
coverages below at least 0.7 layers. As such, for low IrO2
coverages (<∼ 0.7 layers), the N2 TPD peak at 240 K is
attributed to the desorption of N2 adsorbed in low coverages
on 1L-IrO2(110) domains. Similar to nL-IrO2(110), we
suggest that N2 at high coverage on 1L-IrO2(110) is
destabilized by intermolecular interactions and desorbs in the
broad TPD feature below 240 K (Figure 3a). The N2 TPD
intensity near 240 K remains constant rather than decreasing
as the film thickness increases beyond 0.7 layers and 1L-
IrO2(110) domains are replaced by nL-IrO2(110) (Figure 3b).
This behavior is consistent with the peak at 240 K arising from

both low coverages of N2 on 1L-IrO2(110) and high coverages
of N2 on nL-IrO2(110). From analysis of the TPD peak
temperatures (240 vs 275 K), we conclude that, in the limit of
low N2 coverage, the adsorption energy for N2 is 13 kJ mol−1

less exothermic (weaker binding) from 1L-IrO2(110) on
RuO2(110) compared with nL-IrO2(110).
Ot atoms, like N2, are destabilized on 1L-IrO2(110) relative

to nL-IrO2(110) and are more destabilized than N2. As the
IrO2 coverage is initially increased, the main O2 TPD peak at
400 K arising from Ot desorption from nL-RuO2(110)
diminishes and a new O2 peak at 340 K concurrently
intensifies, reaching a maximum at an IrO2 coverage of ∼ 0.7
layers (Figure 3c). A small O2 TPD feature centered at about
510 K also develops, and is likely associated with Ot atoms
desorbing from nL-IrO2(110) domains. The O2 TPD peak at
340 K diminishes sharply as the IrO2 coverage increases from
0.9 to 2.3 layers, while the TPD intensity above 450 K
increases. Similar to the behavior seen for N2, the O2 TPD
trace obtained from a 2.3-layer IrO2(110) film on RuO2(110)
closely resembles that obtained from thicker, IrO2(110) films,
further supporting the idea that IrO2(110) films adopt bulk-
like surface chemical properties after thickening to only about
2 layers.
We attribute the O2 TPD peak at 340 K to Ot atoms

desorbing recombinatively from 1L-IrO2(110) domains
because the evolution of this TPD feature with increasing
IrO2 coverage mirrors the formation and consumption of 1L-
IrO2(110) domains. The O2 TPD data thus indicates that Ot
atoms bind more weakly on 1L-IrO2(110) compared with nL-
IrO2(110), similar to N2. From the TPD peak temperatures
(340 vs 463 K), we conclude that the barrier for the
recombinative desorption of Ot atoms to form O2 is 47 kJ
mol−1 lower from 1L-IrO2/RuO2(110) compared with nL-

Figure 4. TPD spectra of (a−b) N2 and (c−d) O2 obtained as a function of the RuO2(110) coverage (0 to 3.3 layers) grown on a nL-IrO2(110)
surface. Prior to each TPD measurement, N2 was adsorbed to saturation at 94 K and subsequently O2 was dissociatively adsorbed to generate a
saturated Ot layer. Data are shown for RuO2(110) coverages of (a, c) 0 to 0.87 layers and (b, d) 0.87 to 3.3 layers. The TPD data suggests that the
maximum coverage of 1L-RuO2(110), green, is obtained at a RuO2(110) coverage between 0.65 and 0.87 layers.
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IrO2(110), corresponding to a decrease from 171 to 124 kJ
mol−1 on nL vs 1L-IrO2(110). From those O2 desorption
energies, the adsorption energies (on a per-atom basis) shift
from −86 to −62 kJ mol−1, suggesting weaker binding by 24 kJ
mol−1, demonstrating a significant destabilization of adsorbed
Ot-atoms when the IrO2(110) thickness on RuO2(110) is only
a single layer.
Among nL-RuO2, 1L-IrO2/RuO2, and nL-IrO2, we see that

N2 desorption peaks (Tp) trend as 175 < 240 < 275 K,
suggesting that N2 binds strongest to Ircus atoms, and that thin
IrO2 films on a RuO2 substrate bind N2 weaker than thick IrO2.
For the recombinative desorption of Ot, a different trend
emerges, with 1L-IrO2/RuO2 (Tp = 340 K) having weaker
binding than nL-RuO2 (Tp = 400 K), followed by nL-IrO2 (Tp
= 463 K).

Adsorbate Stabilization on Single-Layer RuO2(110)
on IrO2(110). DFT calculations (described below) led us to
investigate N2 and Ot binding on 1L-RuO2(110) films grown
on nL-IrO2(110). A RuO2(110) film was grown in steps on a
thick, nL-IrO2(110) film (5.4 layers), which itself was grown
on nL-RuO2(110), and TPD spectra (Figure 4) were acquired
from adsorbed N2 and Ot atoms as a function of the RuO2
coverage.
TPD experiments of adsorbed N2 show isosbestic points (as

in Figure 3) and provide evidence that the growth of
RuO2(110) on nL-IrO2(110) produces near-monolayer cover-
ages of 1L-RuO2(110) before nL-RuO2(110) forms. N2 binds
more strongly on 1L-RuO2/IrO2 compared with nL-RuO2
(Figure 4a). As the RuO2 coverage is increased to about 0.9
layers, the N2 TPD features (>225 K) arising from N2 on nL-
IrO2(110) diminish into the baseline, while TPD features
below 225 K concurrently intensify (Figure 4a). Among these
TPD features is a distinct maximum at 200 K that is not
observed in N2 TPD experiments performed with nL-
RuO2(110). The fact that the N2 TPD features arising from
nL-IrO2(110) diminish into the baseline demonstrates that
RuO2 completely covers the IrO2(110) substrate as the RuO2
coverage approaches 1 layer; this behavior is similar to that
observed for IrO2 growth on RuO2(110) and thus consistent
with the growth of high coverages of 1L-RuO2(110) on the nL-
IrO2(110) film.
As the RuO2 coverage is increased from about 0.9 to 1.8

layers, the intensity of the N2 TPD peak at 200 K decreases
sharply, while peaks at 130 and 175 K intensify (Figure 4b).
The N2 TPD spectrum obtained from a 1.8-layer RuO2(110)
film resembles those obtained from thicker RuO2(110) films,
suggesting that a film thickness of 2 layers is sufficient for the
adsorbate binding properties of RuO2(110) films on IrO2(110)

to exhibit similar behavior as thicker, bulk-like RuO2(110)
films. Analogous to our results for IrO2 growth on RuO2(110),
the N2 TPD peak at 200 K is attributed to molecularly
adsorbed N2 desorbing at low coverages from 1L-RuO2(110),
based on the fact that the evolution of this TPD peak with
increasing RuO2 coverage tracks that for the formation and
consumption of 1L-RuO2(110). For RuO2 coverages below ∼
0.9 layers, a large portion of the N2 TPD intensity below 200 K
is attributed to the desorption of N2 in high-coverages on 1L-
RuO2(110) domains. Based on the TPD peak temperatures
(175, 200 K), we estimate that the adsorption energy is 9 kJ
mol−1 more exothermic for N2 adsorbed in low coverages on
1L-RuO2(110) compared with nL-RuO2(110).
TPD shows that Ot atoms are significantly stabilized on 1L-

RuO2(110) compared with nL-RuO2(110). As the RuO2
coverage is increased to 0.65 layers, the O2 TPD peak at 463
K from Ot desorbing from nL-IrO2(110) diminishes and a new
TPD peak at 530 K intensifies (Figure 4c). The O2 TPD peak
at 400 K from Ot on nL-RuO2(110) initially remains small and
first emerges when the RuO2 coverage is increased to 0.87
layers, intensifying sharply thereafter as the RuO2 coverage is
increased to 3.3 layers. The development of the O2 TPD peak
at 400 K is accompanied by a decrease in the intensity of the
peak at 530 K, particularly as the RuO2 coverage is increased
from about 1 to 1.8 layers (Figure 4d). This behavior is
attributed to the replacement of 1L-RuO2 domains by nL-
RuO2 as the RuO2 coverage is increased above about 0.65
layers. The O2 TPD peak at 530 K is attributed to the
recombinative desorption of Ot atoms from 1L-RuO2 based on
its evolution with the RuO2 coverage. From the TPD peak
temperatures, we estimate that the adsorption energy is 27 kJ
mol−1 more exothermic for Ot atoms on 1L-RuO2 compared
with nL-RuO2, and about 13 kJ mol−1 more exothermic on 1L-
RuO2 relative to nL-IrO2.
A comparison of the adsorption energy differences estimated

from TPD reveals key influences of the first and second layers
of the IrO2/RuO2 heterostructures. Comparing these adsorp-
tion energies (Table 1) shows that replacing Ru with Ir in the
first layer (including the binding site) weakens the binding of
Ot (by about 12 kJ mol−1), and strengthens the binding of N2
(by about 26 kJ mol−1). These shifts are similar whether you
compare structures with RuO2 or IrO2 in the second layer
(substrate); the shifts brought about by changes in the first
layer are independent of the identity of the second layer. Below
we show that N2 and Ot have different preferences in their
binding metals because of electronic localization effects that
are distinct for these rutile oxides. When considering a
replacement of Ru with Ir in the second layer (beneath the

Table 1. Adsorption Energies of N2 and Ot Estimated from TPD Experiments Performed with Single and Multilayer IrO2(110)
and RuO2(110) Thin Films of IrO2/RuO2 Heterostructuresa

comparing 1st layer comparing subsurface

N2 Ot N2 Ot

nL-IrO2 Ir above Ir −96 −86 nL-IrO2 Ir above Ir −96 −86
1L-RuO2/IrO2 Ru above Ir −68 −100 1L-IrO2/RuO2 Ir above Ru −83 −62
ΔE (IrO2−RuO2)/IrO2 −28 +14 ΔE IrO2/(IrO2−RuO2) −13 −24
1L-IrO2/RuO2 Ir above Ru −83 −62 1L-RuO2/IrO2 Ru above Ir −68 −100
nL-RuO2 Ru above Ru −59 −73 nL-RuO2 Ru above Ru −59 −73
ΔE (IrO2−RuO2)/RuO2 −24 +11 ΔE RuO2/(IrO2−RuO2) −9 −27
average shift: average shift:
ΔE (IrO2−RuO2) 1st layer −26 +13 ΔE (IrO2−RuO2) subsurface −11 −25

aEnergies are given in kJ mol−1, and the Ot adsorption energy is shown on a per-atom basis (rather than per-molecule).
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binding site), we see that the binding energies of both Ot and
N2 are strengthened, by about 11 and 25 kJ mol−1, respectively,
when either IrO2 or RuO2 is in the first layer (Table 1).

DFT Calculations of N2 and Ot Binding on the Single,
Multilayer, and Atomically Mixed Oxides. Spin-polarized
DFT calculations (computational details in Section S4 of SI)
were performed using the PBE exchange-correlation functional
to corroborate these observed trends by calculating binding
energies of N2 and Ot on Mcus sites of (110) surfaces of IrO2,
1L-IrO2/RuO2, 1L-RuO2/IrO2, and RuO2. N2 binding strength
trends as IrO2 > 1L-IrO2/RuO2 > 1L-RuO2/IrO2 > RuO2, with
adsorption energies of −111 < −94 < −81 < −62 kJ mol−1,
respectively (Figure 5a−d). These results are consistent with
the N2 TPD results (Figures 3−4). Ot binding strength trends
as 1L-RuO2/IrO2 > IrO2 > RuO2 > 1L-IrO2/RuO2, with
adsorption energies of −124 < −109 < −103 < −93 kJ mol−1,
respectively (Figure 5e−h). As with N2, this data is consistent
with TPD measurements (Figures 3−4). To test for effects of
strain we compare adsorption energy calculations for N2 and
Ot for IrO2 using the unit cell parameters of RuO2 (and vice
versa, running pure RuO2 with the unit cell parameters of
IrO2). Strain affected N2 and Ot adsorption energies by less
than 5 kJ mol−1 (Table S3 of the SI) far less than the shifts
caused by changes in the subsurface shown in Figure 5.
Comparing adsorption energies for structures with IrO2 and

RuO2 in the first layer (with the same subsurface structure)
shows that for N2, binding is stronger with IrO2 in the first
layer, by 30 kJ mol−1, whether the subsurface is IrO2 (i.e.,
comparing IrO2 and 1L-RuO2/IrO2) or RuO2 (i.e., comparing
1L-IrO2/RuO2 and RuO2). This preference for IrO2 in the first
layer, by 30 kJ mol−1, is very close to the shift in TPD-
estimated adsorption energies (26 kJ mol−1, Table 1). For Ot
atoms, in contrast, binding is stronger with RuO2 in the first
layer, with DFT-predicted binding energies shifting by an
average of 13 kJ mol−1, identical to TPD-estimated shifts
(Table 1). In examining the effects of cations in the second
layer, DFT predicts that the binding of both N2 and Ot is
stronger with IrO2 in the second layer. For N2, the adsorption

energy gets 17 kJ mol−1 more exothermic, regardless of
whether the first layer is IrO2 or RuO2, and this is similar to the
TPD-predicted shift of 11 kJ mol−1 (Table 1). For Ot, the
adsorption energy gets 18 kJ mol−1 more exothermic (on
average), again similar to the shift estimated from TPD (25 kJ
mol−1).
Comparing DFT-calculated adsorption energies and those

estimated from TPD suggests that DFT overestimates N2
binding strength by 5−15 kJ mol−1, with the gap being largest
on strong-binding IrO2 (15 kJ mol−1) and smallest on weak-
binding RuO2 (5 kJ mol−1). For Ot, DFT also overpredicts
binding strength, and by a larger margin, with adsorption
energies being 23−31 kJ mol−1 too exothermic compared to
the TPD-estimated values. While the errors do not correlate
with binding strength, as they do for N2, they seem to be
smaller for structures with IrO2 in the subsurface (IrO2 and 1L-
RuO2/IrO2, errors of ∼24 kJ mol−1) than for structures with
RuO2 in the subsurface (RuO2 and 1L-IrO2/RuO2, errors of
∼30 kJ mol−1). Adsorption energies estimated from TPD
spectra can vary based on assumptions made in the analysis,
such as the choice of pre-exponential factors, how the effects of
coverage are considered, and experimental factors such as the
temperature ramp rate. In Table S2, we compare DFT-
predicted adsorption energies with and without spin-polar-
ization from PBE, RPBE, and BEEF exchange-correlation
functionals. All three functionals overpredict the binding
strength of Ot, with RPBE coming closest to the TPD-
estimated values; for example, RPBE predicts an adsorption
energy for Ot on IrO2 (−94 kJ mol−1), compared to PBE
(−109 kJ mol−1), BEEF (−107 kJ mol−1), and TPD (−86 kJ
mol−1). For N2, PBE overpredicts the binding strength (−111
kJ mol−1 on IrO2) compared to TPD (−96 kJ mol−1), while
RPBE underpredicts it (−83 kJ mol−1), and BEEF falls in
between (−103 kJ mol−1), closest to the TPD estimates.
Critically, the trends among materials are nearly identical
regardless of which functional is used.
DFT was also used to corroborate that two-layer films

behave like thick films, as suggested by the TPD experiments.

Figure 5. Structures, adsorption energies (Eads), and TPD peak temperatures (Tp, in K) of N2 and Ot on MO2(110) surfaces. TPD-estimated
binding energies (Table 1) are shown in parentheses for reference. N2 on (a) IrO2, (b) 1L-IrO2/RuO2, (c) 1L-RuO2/IrO2, and (d) RuO2 surfaces,
and Ot on (e) IrO2, (f) 1L-IrO2/RuO2, (g) 1L-RuO2/IrO2, and (h) RuO2 surfaces. Green atoms represent Ru, dark blue atoms represent Ir, light
blue atoms represent N, and red atoms represent O.
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DFT-calculated adsorption energies varied by <10 kJ mol−1 for
N2 and Ot between (110) surfaces of RuO2 and a two-layer
RuO2/IrO2 model, and between IrO2 and a two-layer IrO2/
RuO2 model (Figure S5 and S4 in SI). These data suggest that
two-layer films would behave as thick films, and therefore the
TPD features which arise with the coverage of IrO2/RuO2 and
the coverage of RuO2/IrO2 reflect single-layer films that are
raft-like and grow conformally over the surface rather than as
dispersed MOx sites or as multilayer MOx clusters, consistent
with prior STM experiments.27 Thus, bonding at the IrO2−
RuO2 interface has a highly localized influence on surface
adsorption properties as it can strongly affect the binding of
adsorbates on single-layer films but has a negligible influence
on the adsorption properties of films with only 2-layers of
oxide.
Next, we consider atomically mixed IrO2−RuO2 structures

(in contrast to the layered materials described above) to
understand how atomic arrangements present in those layers
influence surface binding properties. First, we show the effects
of doping a single Ir atom into a RuO2(110) surface. Mcus
binding sites have three distinct adjacent cations (Figure 1):
two in adjacent cus sites (adjcus), four in 6-fold (6f) surface
sites, and two beneath the cus site (subcus). Doping Ir at the
Mcus binding site results in a surface with nearly identical
binding energies to the 1L-IrO2/RuO2 surface�stronger
binding than RuO2 for N2, but weaker binding than RuO2
for Ot (Figure 6a). Placing the Ir in an Madjcus, M6f, or Msubcus
sites, causes the Rucus−Ot bond to strengthen compared to
RuO2, with the strongest shift occurring when Ir is placed in
the subcus site (Figure 6b−d). For N2 adsorption, the
placement of Ir in the adjcus or 6f sites has little impact,
while placement in the subcus site creates a stronger Rucus−N2
bond, as observed with Ot (Figure 6b−d). The increase in
binding strength with Ir in the subcus positions is even
stronger when both subcus sites are Ir (2subcus, Figure 6e), for
which the Ot binding energy is −123 kJ mol−1, very similar to
that for 1L-RuO2/IrO2 (−125 kJ mol−1), while the N2 binding
energy (2subcus) is −75 kJ mol−1, just shy of the −81 kJ mol−1

predicted for 1L-RuO2/IrO2. Future experiments are planned

to synthesize atomically mixed oxides and investigate their
adsorbate binding properties.
These atomically mixed surfaces suggest that the binding

properties are most strongly governed by the identity of the
metal in the Mcus binding site, as well as the identity of the
metals directly beneath (subcus). To further demonstrate this,
we show the calculated binding energies for Ot and N2 on ∼60
pure and mixed metal oxide surfaces, including the pure and
layered structures (Figure 5) as well as atomically mixed
structures (Figure 6 with more shown in Figures S4 and S5 in
the SI). The results show that Ircus−N2 bonds are ∼30 kJ mol−1

stronger than those for Rucus, while the opposite is seen for Ot,
where Ircus−Ot bonds are ∼20 kJ mol−1 weaker than those for
Rucus, as seen from the y-intercepts of Figure 7 (corresponding
to adsorption onto sites with no Ir in the subcus positions).
Examining the effect of the subsurface, increasing the number
of Ir atoms in the two subcus positions (from Ru2, to IrRu, to

Figure 6. Structures (pictured for Ot) and adsorption energies (Eads) of N2 and Ot on (110) surfaces of Ir doped into RuO2(110) at the (a) cus, (b)
adjcus, (c) 6f, (d) subcus, and (e) 2 subcus positions with analogous structures shown in (f−j) for Ru doped into an IrO2(110) surface. Green
atoms represent Ru, dark blue atoms represent Ir, and red atoms represent O.

Figure 7. Adsorption energies of N2 (blue) and Ot (red, referenced to
1/2 O2 gas) when bound to Rucus atoms (left) and Ircus atoms (right)
with varying amounts of Ir atoms in the two subcus sites. DFT-
calculated values are filled circles, energies estimated from TPD
spectra are hollow squares. Figure S4 and S5 in the SI show greater
details for the mixed-metal oxide surfaces depicted here.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.5c02708
ACS Catal. 2025, 15, 11134−11149

11141

https://pubs.acs.org/doi/suppl/10.1021/acscatal.5c02708/suppl_file/cs5c02708_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.5c02708/suppl_file/cs5c02708_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c02708?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c02708?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c02708?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c02708?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c02708?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c02708?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c02708?fig=fig7&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.5c02708/suppl_file/cs5c02708_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c02708?fig=fig7&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.5c02708?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Ir2 compositions) strengthens the adsorption of Ot and N2 to
similar extents for each Irsubcus cation (−8 and −10 kJ mol−1

Irsubcus−1 for N2 and Ot), as seen in the slopes shown in Figure
7. The scatter seen within each set of data reflects the impacts
of the identities of other cations (e.g., in adjcus or 6f positions)
in the top two layers of the surface. The strong effect of subcus
cations may be explained by the geometry of the cus binding
site. Mcus atoms coordinate with five O atoms in an octahedral
geometry with four O atoms in the equatorial plane and one O
atom located directly beneath the Mcus atom, in the position
trans to the N2 or Ot adsorbate. Each O atom in the surface
plane bonds with an adjcus and 6f surface M atoms, while the
subsurface O atom bonds to two subcus M atoms. This
suggests that these strong effects of the composition of the
subcus atoms is related to a trans-ligand effect by influencing
the O beneath the cus site, similar to those described in
organometallic literature,62 demonstrated here for an oxide
surface.

Origin of the Site and Ligand Effects. A puzzling aspect
of the DFT and experimental results is that the effect of cation
identity (i.e., the element effect) on Ot chemisorption
associated with exchanging Ru and Ir in the two subsurface
metal ligands is opposite in sign to the element effect resulting
from exchanging Ru and Ir at the binding site. Specifically,
Rucus binds Ot more strongly than Ircus (site effect), whereas
Rusubcus weakens binding of Ot compared to Irsubcus (ligand
effect). Thus, the element effect in these oxides is inverted on
the ligand with respect to the effect observed in metals for Ot
adsorption.
To understand the origin of the inverted element effect on

Ot chemisorption associated with the subsurface metal ligands
in these oxide surfaces, we start by introducing a framework for
understanding element effects in general that is based on the
concept of computational alchemy.48 Computational alchemy
treats the atomic number of each atom as a continuous
variable, allowing one to gradually transmute one element into
another. This allows the element effect associated with atom i
in the surface to be expressed as the partial derivative of the
binding energy ΔEads with respect to the atomic number, Zi, of
that atom

E
Zi

i
ads

F= +
(1)

The first term is the change in electrostatic potential at the
nucleus of atom i induced by chemisorption, accounting for
the increase in nuclear charge, while the second term is the
change in Fermi level induced by chemisorption, accounting
for the electron that must be added to maintain charge
neutrality. The change in Fermi level will vanish in the limit of
a semi-infinite surface so it can be neglected in any conceptual
understanding of the element effect; however, it is not
negligible in practical applications utilizing a periodic slab
model. In the framework of pseudopotential methods, the
atomic number can be approximately replaced by the net
charge of the ionic core (nucleus plus core electrons) of a fixed
shape, so that exchanging Ru with Ir corresponds to both an
increase in the ionic core charge by one unit with the
corresponding increase in the valence as well as a change in the
ionic core shape (going from row 4d to 5d).
The computational alchemy framework indicates that the

elemental effect for a given metal atom is positive (adsorbate
binding strengthens) if the chemisorption process decreases

the electrostatic potential at the metal nucleus and is negative if
the chemisorption process increases the potential at the metal
nucleus. For a metal oxide, the potential at the metal nucleus is
mainly determined by the partial charge on the metal atom and
somewhat less from the partial charges on the oxygen atoms
neighboring it. It can be deduced that a positive element effect
will be associated with a metal atom that gains electron density
during the chemisorption process, while a negative element
effect will be associated with a metal atom that loses electron
density during the chemisorption process. This rule applies to
any metal atom in the surface, regardless of whether it is in the
binding site itself, is a ligand of the binding site, or is further
away. This means that the negative element effect associated
with the adsorption site during Ot chemisorption arises from a
depletion of electron density on the site upon adsorption,
which is destabilized by the increase in the positive charge of
the ionic core when Ru is exchanged with Ir. Likewise, the
positive element effect associated with N2 chemisorption arises
from an accumulation of electron density on the site, which is
stabilized by the increase in ionic core charge.
To quantify charge accumulation or depletion on specific

atoms, charge is assigned to atomic orbitals using the quasi-
atomic orbital (QO) method developed by Qian et al.63 and
implemented by Plaisance and co-workers64 into VASP. The
QO method constructs a tight binding basis set (the quasi-
atomic orbitals) from a plane wave DFT calculation that
exactly reproduces the occupied bands of the latter. The
resulting QOs resemble atomic orbitals that are slightly
distorted due to the chemical environment and allow for the
use of population analysis techniques like those used in the
study of molecular systems in atomic orbital basis set codes.
Using this approach allows us to quantify the amount of charge
accumulation or depletion induced by the electronic trans-
formations described above.
This behavior is shown clearly in Figure 8, where it can be

seen that chemisorption of Ot leads to a depletion of 0.20 e on

the adsorption site, while N2 leads to an accumulation of 0.10
e. Essentially, increasing the positive charge on the ionic core
of Mcus when exchanging Ru with Ir stabilizes the electron
accumulation associated with N2 chemisorption while
destabilizing the electron depletion associated with Ot
chemisorption.

Figure 8. Changes in atomic electron occupancies induced by
chemisorption of (a) Ot and (b) N2 on RuO2(110). The gray box
illustrates the total occupancy (0.06 for Ot and 0.03 for N2) on the
two Msubcus atoms and their ten O ligands. Similar occupancy analyses
are shown in Figure S6 of the SI for adsorptions onto IrO2. Blue-green
atoms represent Ru, light blue atoms represent N, and red atoms
represent O.
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The positive element effect associated with the subsurface
metal ligands (Msubcus), whereby both adsorbates bind stronger
to an adsorption site having subsurface Ir compared to one
with subsurface Ru, is less obvious because both adsorptions
result in decreases in electron density on these metal atoms of
about 0.02 e (which by itself would cause a negative element
effect). However, the potential at the ionic core of the
subsurface metal atoms is not only determined by the partial
charge on the atom itself, but also by the surrounding oxygen
atoms (due to interatomic electrostatic interactions). In
particular, the subsurface oxygen (Osub) experiences an
increase in electron density upon chemisorption (0.13 e for
Ot, 0.08 for N2) that is significantly greater than the decrease
on the subsurface metal atoms and all of their other oxygen
ligands. If we consider the change in total electron density on
the M2O10 cluster (these two metals and their oxygen ligands,
gray box in Figure 8), Ot chemisorption leads to a net increase
of 0.06 e while N2 leads to a net increase of 0.03 e. Thus, the
electrostatic potential of both Rusubcus and Irsubcus are expected
to decrease, because of the increase of electron density on the
Osub ligand, leading to a positive element effect for these two
subsurface metals.

Decomposing Charge Perturbations upon Adsorp-
tion. Having established that the element effect is related to
the adsorption-induced change in electron occupancy at the
relevant metal atom, we now seek to understand why the two
adsorbates have similar effects on the occupancy of the
subsurface oxygen (Osub) while having opposite effects on the
electron occupancy of the adsorption site (Mcus). To do this,
we decompose the charge perturbations induced by chem-

isorption into three bonding channels (σ, πy, πx) as well as into
distinct processes.
Each bonding channel (σ, πy, πx) in the adsorbed state

(Figure 9a, right) can be characterized with an adsorbate
orbital (collectively referred to as Set A) entangled with a
surface orbital (Set B). In the desorbed state (Figure 9a, left),
the surface orbitals in Set B are instead entangled with a
second set of surface orbitals (Set C). For Ot, the orbitals in
Set A consist of an spz hybrid, py, and px, respectively, while for
N2 these are an spz lone pair on N along with the two π*
orbitals. To define changes in orbital occupancies within these
sets upon adsorption, we use the orbital occupancies of atomic
O (Figure 9b) and molecular N2 (Figure 9c) as references.
Because atomic O is an open-shell species, we use the average
of two closed-shell reference states, a π-donor reference (with
filled px and py orbitals) and a π-acceptor reference (empty px
and py).
After identifying the surface orbitals in each set, the

chemisorption process is split into four steps (three depicted
in Figure 9a) in order to decompose the associated charge
perturbations. The first step of the decomposition occurs in the
surface prior to adsorption and involves disentangling Set B
(surface orbitals that will eventually entangle with the
adsorbate) from Set C. This disentanglement can be
understood as the localization of a single electron or hole
into each of the orbitals in Set B (Figure 9a). Next, the surface
orbitals in Set C undergo rehybridization in response to their
disentanglement from Set B. Upon adsorption, bond formation
occurs by the entanglement of the relevant adsorbate orbitals
(Set A) with the surface orbitals in Set B. We also include a

Figure 9. (a) Illustration of how entanglement between orbitals in Sets A, B, and C is decomposed in order to split the charge transfer associated
with chemisorption into contributions from localization, rehybridization, and bond formation. Lines represent entanglement between sets of
orbitals. Reference states used for (b) Ot and (c) N2, with the orbitals in Set A shown in red. For Ot, the average of two reference states was used so
that the py and px orbitals each contain half an electron of each spin.
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final polarization step that accounts for electrostatic screening
of the charge perturbations induced by the electronic
transformations.
The charge perturbations (changes in electronic occupan-

cies) calculated for each of these transformations are reported
in Figure 10 for adsorption of Ot and N2 on the RuO2 surface
(and in Figure S7 of the SI for adsorption onto IrO2). Trends
in atomic partial charge perturbations induced by chem-
isorption (sum in Figure 10) are well represented by the
combination of localization and bond formation (bond+loc in
Figure 10), with the rehybridization and polarization processes
serving primarily to attenuate these perturbations. We will
therefore focus our discussion on localization and bond
formation processes.
For both adsorbates, charge transfer between the surface and

adsorbate flows in opposite directions in the σ and π systems,
with charge transfer from the adsorbate to the surface in the σ
system and charge transfer from the surface to the adsorbate in
the π system. These roughly cancel out on both adsorbates,
although the π interaction slightly dominates during Ot
chemisorption (such that Ot is electron withdrawing, Figure
8a) while the σ interaction slightly dominates during N2
chemisorption (such that N2 is electron donating, Figure
8b). The direction of σ charge transfer from the adsorbate to

the surface is not surprising since both adsorbates possess a σ
lone pair in their reference states (Figure 9) that donates into
an unoccupied surface orbital. The π charge transfer from the
surface to N2 can be rationalized as donation from occupied
surface orbitals into the unoccupied π* orbitals of N2. Because
of the relatively high energy of the π* acceptor orbitals, this
interaction is weaker than the σ interaction, explaining why the
latter dominates to make N2 a net electron donor. Additionally,
while a small amount of donation occurs from the occupied π
orbitals on N2, it is insignificant due to the low energy of these
orbitals compared to the σ lone pair. The π interaction during
Ot chemisorption is more complicated because the py and px
orbitals on Ot are half-occupied in the reference state. The py
and px acceptor orbitals on Ot are significantly lower in energy
than the π* orbitals on N2 and higher in energy than the π
orbitals on N2, making Ot both a better π donor and acceptor.
Overall, the withdrawal is significantly stronger than the
donation since it counteracts donation from the σ lone pair
while complementing the high electronegativity of Ot. We can
also see that π withdrawal is stronger than the σ donation,
making Ot a net electron acceptor.
Perhaps unexpectedly, the largest contribution to the atomic

partial charge perturbations arises from the localization step
where the surface orbitals in Set B first disentangle from the

Figure 10. Decomposition of changes in partial atomic charges on (top) Mcus and (bottom) Osub occurring during chemisorption of (a) Ot and (b)
N2 on RuO2, where positive vs negative values indicate an increase vs decrease in electron density. A similar decomposition is shown in Figure S7 of
the SI for adsorption onto IrO2.
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rest of the surface (Set C) prior to entangling with the
adsorbate. Each surface orbital in Set B that entangles with the
adsorbate in the final state is initially entangled with a surface
orbital in Set C. The orbitals form an occupied in-phase
combination BC and an unoccupied out-of-phase combination
BC*, and localization occurs by hybridization of BC with BC*
to end up with unentangled B and C (Figure 11a, left).
If orbital B is an acceptor orbital, as is the case for the σ

interaction with both adsorbates (Figure 11a), then the
unoccupied BC* transforms into the unoccupied B during
localization. In this case, B will have a higher amplitude on
Mcus than BC* in order to maximize overlap with the σ donor
orbital on the adsorbate. At the same time, the occupied BC
transforms into the occupied C, with the latter having lower
amplitude on Mcus than the former. This leads to depletion of
electron density on Mcus, as is seen for the σ channels in the
localization step for both adsorbates (−0.41 for Ot and −0.12

for N2 in Figure 10). Essentially, Pauli repulsion from the
electrons donated from the adsorbate to the metal adsorption
site partially displaces the electrons that were originally on the
metal site. If instead, orbital B is a donor orbital, as is the case
for the π interaction with N2, then the occupied BC transforms
into the occupied B during localization (Figure 11c). Since B
has a higher amplitude on Mcus than BC, localization leads to
accumulation of electron density on Mcus.
During localization associated with the π interactions with

Ot, the BC→B and BC*→C transformations do not result in a
significant change in orbital shape (Figure 11b). Nonetheless,
localization also involves the transfer of half an electron of each
spin from occupied B to unoccupied C in order for B to
entangle with the half-occupied py and px orbitals on Ot.
Because B has a significantly greater magnitude on Mcus than
C, this results in depletion of electron density on this atom

Figure 11. Illustration of orbital transformations involved in localization of (a) the σ system of N2 or Ot, (b) the π system for Ot, and (c) the π
system for N2. Mcus and Osub atoms are shown in all three parts, and surface O ligands are shown in parts (b) and (c). Note that orbitals A, B, and C
in part (b) are occupied with half an electron of each spin.

Figure 12. Depiction of orbital overlap in the vicinity of the chemisorption site. (a) In the σ system, the axial sdn hybrid on Mcus and the upward-
pointing spn hybrid on Osub (light blue) do not have substantial overlap with orbitals on the surface O ligands (magenta) or the subsurface metal
cations (orange). This results in a localized σ system on Mcus and Osub (dashed blue box) that bonds to the adsorbate. In the (b) πy and (c) πx
systems, the dyz/dxz orbitals on Mcus have overlap with both surface and subsurface O ligands, while the py/px orbitals on Osub have overlap with
Mcus as well as the two Msubcus cations.
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(−0.45 and −0.39 for πy and πx, respectively, Figure 10) during
the localization step of Ot adsorption.

Unique Role of Subsurface O and Metal Cations. We
now turn to the origin of the significant positive element effect
of Msubcus and why it is unique to certain metal oxides. As was
discussed, this results from an accumulation of electron density
on Osub upon adsorption, which is electrostatically stabilized
when the positive charge of the ionic core on Msubcus increases
as Ru is exchanged with Ir. According to the variations in
partial atomic occupancies reported in Figure 10, this electron
accumulation is associated with charge transfer to and
localization of the unoccupied σ acceptor orbital. This results
in an accumulation of 0.24 e on Osub during Ot chemisorption
and an accumulation of 0.12 e during N2 chemisorption in σ
orbitals, consistent with the greater magnitude of the Msubcus
element effect on the former compared to the latter (Table 1).
For both adsorbates, this accumulation arises both from charge
transfer from the adsorbate lone pair to the unoccupied surface
orbital as well as from localization of this orbital onto Mcus.
While the electron accumulation during bond formation is

self-explanatory, the accumulation resulting from localization is
less obvious. As shown in Figure 11a, it results from
localization of the occupied BC orbital onto Osub (as it
transforms to orbital C) at the same time as the unoccupied
BC* orbital localizes onto Mcus (as it transforms to orbital B).
This can be interpreted as Pauli repulsion from the donated
adsorbate lone pair pushing electron density from Mcus onto
Osub via polarization of the Mcus−Osub σ bond. As depicted in
Figure 12a, the Mcus−Osub σ bond mainly involves an axial sdn
hybrid on Mcus and an upward-pointing spn hybrid on Osub.
Due to their directional nature, these two orbitals are only
weakly involved in the other bonding interactions of Mcus and
Osub in the surface that predominantly involve the equatorial
sdn hybrid on Mcus and the downward-pointing spn hybrid on
Osub. This implies that the Mcus−Osub bond is fairly localized
on Mcus and Osub so that the redistribution of electron density
occurring during localization is concentrated on these two
atoms. This explains the relatively large electron accumulation
on Osub during localization, which is analogous to the trans
effect observed in coordination complex chemistry.62

In contrast to the σ system, the π system is far more
delocalized. If we define the degree of localization as the
combined fraction f n n( )loc

1
4 B C= + , where nB and nC reflect

the occupancies of orbitals B and C that reside on Mcus and
Osub, we can see that while the σ system is 61% localized, the πy
and πx systems are only 38 and 33% localized. As depicted in
Figure 12b,c, this is a consequence of only single orbitals on
Mcus and Osub contributing to each π system (dyz/dxz on Msubcus
and py/px on Osub for the πy/πx systems, respectively) so that
the same orbitals involved in π bonds between Osub, Mcus, and
the adsorbate are also involved in bonding to Msubcus and the
surface O ligands. As a result, localization in the π systems
leads to electron flow between Mcus and multiple atoms, rather
than being focused on Osub, precluding a significant
contribution to the ligand effects.
A localized Mcus−Osub σ bond can exist at metal oxide

surfaces in which the O atoms bond to four or fewer metal
centers in the bulk and will thus occur for many metal oxide
structures. In such structures, a unique spn hybrid can be
formally associated with each of the O−M bonds so that no
two bonds share a single oxygen orbital. In metals, no such
electronic separation exists between the different M−M bonds

so that the σ bonding is delocalized. We expect this to be a
general trend that should result in a significant positive Msubcus
element effect for any adsorbate that can be considered a σ
donor.

■ DISCUSSION
The site and ligand effects identified in this work can provide
opportunities for tuning the catalytic properties of IrO2/
RuO2(110) mixed-metal oxides, particularly because nearly
conformal single layer oxides can be grown in this system. For
example, the difference in Ot binding strength (∼25 kJ/mol)
causes a difference of several orders of magnitude in the O2
desorption rate from the 1L vs nL oxides, and could
significantly alter the energy barriers of catalytic oxidation
reactions as well, allowing catalytic properties to be modified
by synthesizing 1L vs nL IrO2/RuO2 heterostructures.
Additionally, differences in binding energy could drive
adsorbate interchange among coexisting surface oxide domains
(e.g., between 1L-IrO2 islands and the RuO2 substrate),
potentially giving rise to catalytic behavior that differs from
that obtained on uniform oxide surfaces. Atomically dispersed,
solid solutions (IrxRu1−xO2) could also produce site ensembles
with variable chemical properties, though further study is
needed to assess how the local environment influences
adsorbate binding on IrxRu1−xO2(110) surfaces of varying
composition. Significantly, our results show that the layered
IrO2/RuO2 heterostructures undergo negligible mixing at the
temperatures needed to promote catalytic chemistry (∼450−
650 K) on these oxides.45−47,57,65,66 This stability suggests that
the oxide structures will be preserved under catalytic
conditions, and thus that catalytic properties can be modified
by synthesizing various layered IrO2/RuO2 heterostructures.
Our results also demonstrate a computational framework

that can explain the origin of element effects for adsorbate
binding on materials with both localized and delocalized
bonding. This development is significant because it can
provide a unified description of both site and ligand element
effects on adsorption properties for a wide range of catalytic
materials. By using the framework of computational alchemy,
one simply needs to rationalize the direction of charge flow
between atoms during chemisorption in order to explain these
effects. As such, there is no need to explicitly decompose the
energetic changes associated with chemisorption, which is a
considerably more difficult task. Indeed, our analysis shows
that the strong influence of Msubcus cations originates from the
localized nature of the σ bond between Osub and Mcus, an effect
that is distinct for these rutile oxide surfaces compared with
metals. The computational alchemy framework also explains
the opposing site and ligand effects identified for the binding of
oxygen on Mcus sites of these oxides, further demonstrating its
utility. Future work could apply this framework to explain the
origin of site and ligand effects on metal surfaces and for
different classes of adsorbates to determine if the conclusions
presented here are more broadly applicable.

■ SUMMARY
The binding of N2 and Ot atoms was investigated on single-
layer IrO2 films on RuO2(110), single-layer RuO2 films on
IrO2(110) and their thick-film counterparts grown epitaxially
in UHV. TPD measurements show that the binding energies of
N2 and Ot atoms are lower on 1L vs nL-IrO2/RuO2 films by
∼11 and 25 kJ mol−1, but higher on 1L vs nL-RuO2/IrO2 by

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.5c02708
ACS Catal. 2025, 15, 11134−11149

11146

pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.5c02708?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the same amounts, demonstrating that the identity of the oxide
in the second layer has a significant influence on adsorbate
binding. DFT calculations and electronic structure analysis
corroborate these trends, and show that the binding properties
of the Mcus sites are mainly determined by the identity of the
Mcus site and the two Msubcus cations beneath the binding site,
with other nearby cations having less impact. Our results
demonstrate that Msubcus cations have a positive element effect
on the binding of both N2 and Ot atoms on Mcus sites, such
that increasing the valence (i.e., ionic core charge) of the
Msubcus cations enhances binding. The Mcus binding site also
has a positive element effect on N2 binding, but a negative
element effect on Ot binding, demonstrating that the Mcus and
Msubcus atoms have similar vs opposite element effects on N2
and Ot binding, respectively. A framework based on computa-
tional alchemy and entanglement decomposition rationalizes
both the site and ligand effects observed for these adsorbed
species, showing that the positive element effect of the Msubcus
atoms originates from the adsorbate lone pair pushing
electrons in the Mcus−Osub σ bond from Mcus onto Osub due
to Pauli repulsion. This interaction is found to be particularly
strong owing to the localized nature of the Mcus−Osub σ bond
that largely confines electron redistribution in the σ-system to
these two atoms. The increase in positive ionic core charge
upon replacing Ru with Ir at the Msubcus sites electrostatically
stabilizes the electron accumulation on Osub, thereby
strengthening the binding of both N2 and O with the Mcus
site. Overall, our results provide a new framework for
understanding site and ligand effects in chemical binding on
metal oxides, and suggest possibilities for modifying catalytic
properties with layered IrO2/RuO2 heterostructures.
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