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ABSTRACT: Oxides are an important class of materials and are widely used, for example,
as supports in heterogeneous catalysis. In a number of industrial catalytic processes, oxide
supports actively participate in chemical transformations by releasing lattice oxygen anions.
While this is intuitively understood for reducible oxides, the reducibility of irreducible oxides
may be modiﬁed via nanoengineering or upon inclusion of foreign species. Our calculations
predict that the ability of irreducible monoclinic zirconia to release oxygen improves
substantially upon deposition of rhodium. Through a comprehensive screening of Rh/ZrO2
with diﬀerent size of the rhodium species, we ﬁnd that a Rh adatom and a Rh4 nanocluster
have the largest impact on the reducibility of zirconia. With increasing size the eﬀect of
rhodium decays. Our ﬁndings demonstrate that the phenomenon of enhanced reducibility of
irreducible oxides in the presence of metals should be considered when interpreting
experimental and computational results, as reactions that involve release of oxygen from an
oxide support might be possible for irreducible oxides.

■

vacancy formation energy on tetragonal zirconia23,24 based on
results for a Ru10 cluster and Au metal nanostructures
containing at most 10 atoms. However, it is yet to be
determined how metal-enhanced reducibility of zirconia evolves
for even larger nanostructures than studied so far.
Herein we report computational predictions of enhanced
reducibility of monoclinic ZrO2 in the presence of rhodium
species. A monoclinic ZrO2 (1̅11) surface diﬀers from a
tetragonal ZrO2(101) surface: It presents a more diverse
surface structure, where the coordination of oxygen anions to
zirconium cations varies, whereas the oxygens considered on a
tetragonal (101) surface are identical.23 Our analysis covers all
of the oxygens present in the ﬁrst stoichiometric layer. We
demonstrate that the release of oxygen from the most abundant
ZrO2 (1̅11) surface improves even in the presence of a single
rhodium adatom. Additionally, we incorporate Rh4 and Rh13
nanoclusters as well as an inﬁnite Rh40 nanorod onto the ZrO2
(1̅11) surface to address the eﬀect of the size of the rhodium
species on the reducibility of ZrO2 (Figure 1). Because
modeling of nanometer-size supported particles is computationally demanding, the inﬁnite Rh40 nanorod was chosen to
mimic the perimeter of an arbitrarily large nanoparticle
exposing a 111-facet toward the support.

INTRODUCTION
Oxide materials are found in a variety of industrial applications
ranging from electronics to heterogeneous catalysis,1−3 where
they are widely used as supporting materials or active catalytic
components. Among the industrially important processes, the
water−gas shift (WGS) reaction is pivotal for obtaining
chemicals and fuels. 4,5 However, the precise reaction
mechanism of the WGS reaction has remained a controversial
issue, partly due to the undeﬁned role of the support. A series
of computational and experimental studies has demonstrated
that the WGS reaction proceeds via the so-called “redox”
route,6−8 where the abstraction of oxygen from the oxide is one
of the reaction steps. While the “redox” mechanism is obvious
in catalytic systems based on reducible oxides, it has also been
suggested to be viable for their irreducible counterparts.8,9
A number of reports indicates that the reducibility of oxides
may be tailored. Growth of thin ﬁlms, nanoshaping, and doping
have been shown to improve the oxygen release from oxides.
Furthermore, it has been suggested that formation of metal/
oxide interfaces upon deposition of metal species might also
impact on the reducibility. These approaches have been
extensively studied for reducible oxides.10−14 However, less
attention has been paid to irreducible oxides, such as ZrO2, a
prominent catalyst component in the WGS reaction. Several
experimental studies have suggested that the release of oxygen
is facilitated by the presence of metals in ZrO2-based catalytic
materials.6,7,15−18 These catalysts are predominantly composed
of monoclinic zirconia, which is typically the most active phase
of zirconia for the WGS reaction.8,9,19−21 Recent computational
studies predict the reduction of vacancy formation energy for
some metal/irreducible oxide combinations. The decrease is
mild for, for example, MgO,22 and is up to 60% for Au on a
highly symmetrical tetragonal ZrO2 (101) surface.23,24 Interestingly, the identity of the metal seems to have an impact on the
© 2018 American Chemical Society
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COMPUTATIONAL DETAILS
Spin-paired periodic density functional theory (DFT) calculations were carried out using the Perdew−Burke−Ernzerhof
(PBE) functional,25,26 implemented in the grid-based projector
augmented wave (GPAW) formalism.27−29 The core electrons
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Figure 1. Employed models: (A) ZrO2, (B) Rh1/ZrO2, (C) Rh4/ZrO2, (D) Rh13/ZrO2, and (E) Rh40/ZrO2. For visual clarity, polyatomic rhodium
species are shown in wireframe. Color scheme: zirconium in light gray, oxygen in orange-red, and rhodium in teal.

Figure 2. Reduction energy, ΔER, mapped on the corresponding lattice oxygen atoms (structure ﬁgures) and as a function of the distance between
the oxygen to be abstracted and the closest rhodium atom (plots): (A) ZrO2, (B) Rh1/ZrO2, (C) Rh4/ZrO2, (D) Rh13/ZrO2, and (E) Rh40/ZrO2.
For visual clarity, polyatomic rhodium species are shown in wireframe. For the identiﬁcation of the kinds of atoms, the reader is kindly referred to
Figure 1.

cases of the (2 × 2) repeated cells. The computational
approach has been validated in our previous papers.30,31
The reducibility of the considered systems was evaluated in
terms of reduction energy, ΔER, with respect to the gas-phase
water molecule as ΔER = Ered + (EH2O − EH2) − Estoich, where
Ered and Estoich are the respective electronic energies of reduced
and stoichiometric systems and EH2 and EH2O correspond to the
electronic energies of the gas-phase hydrogen and water
molecules. We note that the choice of the gas-phase reference
strongly aﬀects the reduction energy. Using hydrogen and
water as a reference helps us to avoid the known errors coming
from DFT calculations of gas-phase oxygen.32,33 The absolute
values of the reduction energies change when the GGA+U level
of theory is applied; however, we are mostly interested in
trends and relative energy changes that are less sensitive to the
chosen functional.

of heavy elements were represented with the PAW setups in the
frozen-core approximation. The calculations included the
following number of valence electrons: 15 for Rh, 12 for Zr,
6 for O, and 1 for H. Electron density was expanded on a
uniform real-space grid with a maximum spacing of 200 mÅ.
Each structure was allowed to relax with a threshold of 50 meV
Å−1 for the maximum residual force.
The ZrO2 (11̅ 1) surface was represented as a 2D slab
constructed from the previously optimized bulk: the P21/c
space group, a = 5.161 Å, b = 5.231 Å, c = 5.340 Å and β =
99.6°. The lateral dimensions and the slab were varied
depending on the size of the incorporated metal species to
avoid interaction between the periodic images. The surface
slabs for the pristine surface and the surface containing Rh1,
Rh4, and Rh13 species were (3 × 3) repeated cells of two
stoichiometric layers thick, that is, 72 ZrO2 units. Surface slab
that accommodated the Rh40 nanorod was a (2 × 2) repeated
cell of two stoichiometric layers thick, that is, 32 ZrO2 units.
The positions of the atoms in the bottom half of the slabs were
ﬁxed to their bulk positions.
Computational cells included enough vacuum along the
nonperiodic direction to ensure the complete decay of the
electron density at the edges. The reciprocal space was sampled
with the Γ-point alone in the cases of the (3 × 3) repeated cells
and by a (2 × 2) Monkhorst−Pack mesh of k-points in the

■

RESULTS AND DISCUSSION
Figure 2 shows the reduction energy, respectively, mapped onto
the corresponding anions and as a function of the distance
between the lattice oxygen and the closest rhodium atom. It is
clearly seen that the reduction energy of ZrO2 (1̅11) varies
slightly from one anion to the other (Figure 2A), highlighting
the diﬀerences in oxygen coordination. On average, the
computed reduction energy is 345 ± 26 kJ mol−1 and indicates
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Figure 3. Structure of the most stable reduced systems: (A) ZrO2, (B) Rh1/ZrO2, (C) Rh4/ZrO2, (D) Rh13/ZrO2, and (E) Rh40/ZrO2. For visual
clarity, polyatomic rhodium species are shown in wireframe. Color scheme: zirconium in light gray, oxygen in orange-red, rhodium in teal, and
oxygen vacancy in black.

Figure 4. Density of states projected onto the orbitals of the corresponding atoms (in diﬀerent colors) in stoichiometric (top row) and reduced
(bottom row) systems: (A) ZrO2, (B) Rh1/ZrO2, (C) Rh4/ZrO2, (D) Rh13/ZrO2, and (E) Rh40/ZrO2. For visual clarity, the values of the density of
states are scaled by 1/9 for the Zr and O atoms and by 1/n for the rhodium atoms in the cases of the Rhn/ZrO2 systems. Coloring of electronic
states: zirconium in light gray, oxygen in pink, and rhodium in teal. Vertical green lines indicate the position of the Fermi level.

Figure 5. Change in the local Bader charges upon the formation of the most stable oxygen vacancy (in black): (A) ZrO2, (B) Rh1/ZrO2, (C) Rh4/
ZrO2, (D) Rh13/ZrO2, and (E) Rh40/ZrO2. For visual clarity, polyatomic rhodium species are shown in wireframe. For the identiﬁcation of the kinds
of atoms, the reader is kindly referred to Figure 3.

Ru-based zirconia systems, respectively. Whether the diﬀerences in magnitude of enhanced reducibility between
monoclinic and tetragonal ZrO2 are due to diﬀerent metal
species or the diﬀerent polymorph of zirconia remains to be
identiﬁed.
Figure 3 shows the structures for the studied systems with
the best reducibility. Upon removal of a lattice oxygen, the
metal part undergoes only minor changes in its geometry. As
the most mobile species, the single rhodium adatom sometimes
migrates to another surface site closer to the formed oxygen
vacancy. We note that for Rh40/ZrO2 the most reactive lattice
oxygen is located behind the rod. However, if we focus on the
front of the rod, which mimics the Rh(111)/ZrO2 interface for
large Rh nanoparticles, the reduction energy for the most
reactive oxygen is 145 kJ/mol, close to the value found for the
Rh13 cluster.
The second group of the lattice positions, that is, the anions
that are further than 4 Å away from the closest Rh atom, is
characterized by signiﬁcantly smaller changes in the reduction
energies, as seen from the plots in Figure 2B−E. On average,

poor reducibility of the surface in line with the commonly
accepted classiﬁcation of zirconia being an irreducible oxide.34
Our calculations show that metallic rhodium strongly
inﬂuences the reducibility, and the impact correlates with the
distance between the oxygen to be abstracted and the closest
rhodium atom (Figure 2B−E). We have divided the lattice
positions into two groups: the distance is (1) <4 Å and (2) >4
Å. In the ﬁrst group, the reduction energy is lowered
substantially and is at best as low as ca. 68 kJ mol−1 in the
presence of a single Rh adatom. For Rh4/ZrO2, the decrease is
>80% compared with bare ZrO2(1̅11), being as small as for the
single Rh atom. While for the larger rhodium species the eﬀect
is less pronounced, the reduction energies are still considerably
lowered being ca. 150 kJ mol−1 (>55%) and ca. 105 kJ mol−1
(>69%) for the Rh13/ZrO2 and Rh40/ZrO2 systems, respectively. Similar inﬂuence of metal species on the reducibility of
irreducible oxides has been previously evaluated computationally for Au/MgO,19 Aun (n ≤ 10)/tetragonal-ZrO2,20 and Ru10/
tetralgonal-ZrO2;21 however, the magnitude of the positive
eﬀect of metals was found to be <55% and <43% for Au- and
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experimental and computational ﬁndings for oxidation
processes over irreducible oxides.

the reduction energy for these positions in the Rh/ZrO2
systems is lowered by ca. <27% compared with the pristine
ZrO2 (1̅11) surface. These ﬁndings suggest that there is a kind
of “enhanced reduction zone” within ca. 4 Å from the Rh
species.
To gain further understanding of enhanced reducibility, we
analyzed the density of states and the local charges of the
stoichiometric and reduced systems. In the case of the reduced
systems, we considered only the structures with the lowest
reduction energies, shown in Figure 3. As seen from Figure 4A,
the band gap between the O 2p valence band and the Zr 4d
conduction band state is >2 eV in the case of ZrO2(1̅11). This
indicates that the excess electrons left into the vacancy after the
removal of lattice anions require a signiﬁcant amount of energy
to localize on the zirconium atoms. Oxygen removal from the
lattice leaves two electrons into the vacancy and introduces
vacancy-induced states into the middle of the gap. These
cations altogether gain ca. 1.11 electrons, which is nearly what
an anion in the stoichiometric surface has, according to the
Bader analysis (Figure 5A).
The presence of on-surface Rh introduces changes to the
electronic structure as the electronic states of Rh are in part
hybridized with the valence band (Figure 4B−E). This leads to
the narrowing of the band gap between the occupied oxygen
states and the unoccupied rhodium states, eﬀectively facilitating
localization of the electrons left after the oxygen removal. The
Bader analysis reveals that the adatom accepts ca. 0.90
electrons, while ca. 0.34 electrons are localized on three
zirconium atoms located next to the oxygen vacancy (Figure
5B). The larger Rh species, that is, the Rh4 and Rh13 clusters
and the Rh40 nanorod, accommodate ca. 0.77 to 0.79 electrons.
The remaining ca. 0.35 to 0.44 electrons are localized on the
support. The three bottommost atoms in the Rh4 cluster bear
practically identical charges, while the top of the cluster is
neutral (Figure 5C). In the cases of the Rh13 cluster and the
Rh40 nanorod, the transferred electrons are majorly localized on
a single Rh atom adjacent to the oxygen vacancy (Figure 5D,E).
It is worth noting that we observe a qualitative trend between
the reduction energy and the number of excess electrons
accommodated by the Rh species: The more negative the
charge on a Rh species, the lower the corresponding reduction
energy.

■
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