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This study investigates the reaction pathways for the conversion
of N3 to NH2 on CuFeO2 (CFO) by employing density functional
theory (DFT) calculations. Concentrating on the most stable
(012) surface orientation, two systems were examined: the
pristine (012) surface and the corresponding oxygen defective
surface. To find the thermodynamic stable pathway, the
associative Heyrovský mechanism was considered, containing
four different reaction pathways. The reaction intermediates
predominantly interact with the iron sites on the surface,
following the distal alternating reaction pathway via the
formation of hydrazine. Introducing oxygen defects changes

the reaction mechanism to a Mars� van-Krevelen-type mecha-
nism, avoiding the formation of hydrazine, while the Gibbs free
energy of the first hydrogenation step is lowered by 1.17 eV
(from 2.17 to 1.00 eV). Analyzing the charge density distribution
reveals that an oxygen defective surface enables CFO to
facilitate a p� backdonation between iron sites and the reaction
intermediates, increasing the intermediate� surface interaction.
This indicates an enhanced catalytic activity for the nitrogen
reduction reaction (NRR) by generating oxygen lattice defects in
CFO.

Introduction

The electrochemical conversion of N2 to NH2 is one of society’s
biggest challenges towards a sustainable and energy-saving
economy, as ammonia is an indispensable material widely used
in producing agricultural fertilizers, and other industrial
chemicals.[1� 3] The importance of ammonia production is
emphasized by the development of the Haber� Bosch-process
in the early 20th century, leading to a quadruple growth of the
global population.[2] However, industrial ammonia synthesis
engulfs about 2% of the world’s total energy and yields more
than 300 million tons of carbon dioxide emissions.[4,5] Based on
these considerations, there is a strong incentive to investigate
and develop an eco-friendly, ambient, and sustainable method
for N2 conversion. Several strategies have been introduced
toward environmentally friendly ammonia production, includ-
ing biomimetic, thermocatalytic, plasmacatalytic, photocatalytic,
and electrocatalytic approaches.[6,7] Among these, the photo-
electrocatalytic NRR presents a unique way of producing
ammonia under mild conditions (<300 �C, <1 MPa) by using

the inexhaustible solar energy, which could be a solution for
smaller-scale and sustainable production sites.[8,9]

Recent studies have shown that earth-abundant transition
metal carbides,[10] nitrides,[11] sulfides,[12,13] and oxides[14] exhibit
comparable NRR activity to most noble metals. In particular,
metal oxides have garnered significant attention for their ease
of synthesis, favorable catalytic properties, and high stability.
One of the promising materials is copper, as it has already
shown high activity for other reduction reactions like the CO2

reduction reaction (CO2RR).
[15,16] Further, experimental and

theoretical studies indicate high activity for copper and copper
oxide compounds for the CO2RR and the reduction of nitrate to
ammonia.[17] However, binary copper oxides show degradation
processes under reaction conditions, limiting their stability as
electrode material.[18� 20]

Beyond that, other binary metal oxides, such as iron oxide,
have shown similar catalytic NRR performance.[21,22] As Yang
et al. demonstrate, engineering the surface morphology of iron
oxides to generate a vacancy-rich heterostructure can promote
the active sites and further the NRR performance.[23] Moreover,
not only do the oxides of these two metals, i. e. copper and iron,
indicate beneficial NRR performance but doping of copper by
iron changes the d� band center, and facilitates the adsorption
of NRR intermediates.[24] By combining the advantages of metals
and their oxides, spinel oxide CuFe2O4 has demonstrated
promising catalytic behavior for nitrate reduction and the NRR,
particularly when enriched with oxygen vacancies.[17,25] CFO is
widely used in photocatalytic reactions such as water splitting
or CO2RR.

[26� 29] The p� type semiconductor has an optimal band
edge alignment for visible light absorption and belongs to the
delafossite oxides (CuMO2, M=Al, Ga, Fe, Cr, and Mn) with the
lowest band gap (1.15� 1.5 eV) among these compounds.[30� 32]

Due to the low efficiency towards the competing HER, CFO has
been implemented in photoelectrochemical setups to yield
solar fuel from CO2 for example.[33� 35] The additional metal
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inside the ternary copper-based oxide can enable a different
catalytic selectivity, leading to other bond formations and new
intermediates. As reported in recent studies, copper atoms are
predominantly involved in the charge transfer process in CFO
for the CO2RR.

[28] Hence, regarding the NRR the question arises
to which extent the copper or iron centers are involved in the
bonding of the NRR intermediates?

In this work, we examine the NRR mechanism on the
pristine and the oxygen defective (012) surfaces of CFO.
Furthermore, we provide structural and electronic insights into
the system along different reaction pathways. In particular, we
analyze the bonding nature of the first intermediate, in order to
fully understand the orbital contribution of the material and the
adsorbate. Our study presents a fundamental understanding
and lays the scientific grounds for design approaches that
promote CFO’s performance in multi-electron reduction reac-
tions.

Results and Discussion

Structural and Electronic Properties of Pristine and Oxygen-
Defective (012)� CFO

CFO crystallizes in the space group R3m with a planar layer of
copper cations, connected by a layer of edge-sharing FeO3

octahedra, where each O2� ion is coordinated by one Cuþ and
three Fe3þ cations. The Cu� O and Fe� O bond lengths are at
1:85 Å and 2:02 Å, respectively.[36] Based on our previous study,

we focus on the (012) surface of CFO as this is the
thermodynamically stable surface within the stability region of
the material.[36] Moreover, we introduced different oxygen
defects at the (012) surface indicated as top and low, as
visualized in Figure 1 (b) and (c), respectively.

Table 1 shows the defect formation energy values (DEdef)
and the maximum charge changes at the iron and copper sites
due to the oxygen defect. The oxygen vacancy coverage in our
work is smaller than 1%. We found similar values for other bulk
defects like copper vacancies, doping of magnesium atoms,
interstitial oxygen atoms, or other defects.[37,38] Beyond that,
oxygen deficiency in CuFe2O4 and Fe3O4 has shown significant
improvement regarding the catalytic activity in experimental
setups.[17,23]

The oxygen top defect (VO;top) is by 0:41 eV more stable
than the low defect. The defective surfaces show almost no
perturbation due to the missing oxygen atom. Only the copper
atom relaxes to a position in the hollow space below the
outermost layer. The downward shift for VO;top is about 0:61 Å,
while the downward displacement for VO;low lies at 0:71 Å.
Moreover, the number of metal� oxygen bonds that must be
broken is higher for VO;low than for VO;top, yielding a decreased
value for DEdef of VO;top. The change of Bader net charge
indicates a reduction of the metal atoms. In particular, the iron
atoms are responsible for the charge redistribution. In the case
of VO;top two superficial iron atoms are reduced to stabilize the
charge excess in the surface. For VO;low, the excess charge is
additionally distributed to the subsurface iron atom below.
Beyond that, the absolute magnitude of the iron atoms’
magnetic moments changes from 4.20 mB to 3.65� 3.80 mB. Thus,
the charge distribution due to the oxygen defect formation
results in a selective iron reduction. This negative charge
localization within the outermost surface layer can provide an
efficient charge transfer to NRR-intermediates. Together with
the cavity formed by the downshift of the copper atom the
adsorption and hence the activation of the NRR can benefit
from this effect.

In the following section, we thoroughly analyze the NRR
mechanism on the pristine and defective surface.

Gibbs Free Energy Profiles for the NRR on the Pristine and
Oxygen-Defective (012)� CFO

Many studies are investigating the activation of N2 by
modifying the catalyst such that the catalyst develops strong
interactions with the N2 molecule.[39� 41] Consequently, the
strong interaction of the catalyst with N2 yields negative Gibbs
free energy values for the adsorption of N2.

[23,42,43] In the case of
(012)� CFO, we observed a weak end-on N2 adsorption on the
iron atom with a Gibbs free energy of 0.30 eV. The low
interaction can be explained by the high coordination of the
iron atom which causes the noteworthy stability of CFO’s (012)
surface.[36] Therefore, its chemical activity is insufficient to
activate the N2 molecule. However, activating N2 by reactive
catalysts is not the only method to facilitate the NRR. Moreover,
highly reactive catalysts could experience degradation or

Figure 1. Surface structures of the pristine (012)� CFO (a) surface, the
O� defective (top) surface (b), and the O� defective (low) surface (c).

Table 1. Defect formation energy values and change of Bader net charges
of oxygen defects.

Defect DEdef /eV DqCu/e DqFe/e

VO;top 3.18 0.15 0.40

VO;low 3.59 0.15 0.41
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passivation of the active sites as soon as other compounds
approach the active center. One possibility is to perform
plasma-enhanced activation of N2 to improve N2’s interaction
with the catalyst.[44� 48] Given the ongoing and vibrant debate,
along with the variety of views and uncertainties surrounding
the activation of N2, we choose to consider N2 and NH3 in the
gas phase as reference.

To describe the NRR mechanism, we considered only the
reaction following an associative Heyrovský mechanism, as the
dissociative pathway requires high energy for the initial N2
dissociation.[49] The associative mechanism of the NRR can be
split into four pathways: distal, distal alternating, enzymatic,
and enzymatic alternating pathway (Scheme 1).

Figure 2 summarizes the thermodynamically most stable
reaction pathway on the pristine surface. The free energy

diagram shows that the first hydrogenation step of N2 to NNH
has the highest energy of 2.17 eV, while the DG values for the
subsequent steps to two NH3 molecules are � 0:09, � 0:38,
� 0:77, � 0:34, and � 0:93 eV. Although most theoretical studies
suggest the hydrogenation of the outer nitrogen atom, the
NNH intermediate on CFO binds via the hydrogenated
nitrogen.[50� 53] We also tested the other orientation with a
slightly higher DG of 2:20 eV. Hence, depending on the material
and the orientation, the intermediate could also bind via the
hydrogenated nitrogen, leading to altering pathways. All
following hydrogenation steps are downhill, revealing higher
stability for intermediates containing more hydrogens. The
thermodynamically favorable mechanism combines the distal
and enzymatic altering pathways. Notably, the distal alternating
pathway is slightly more stable. The formation of a single
nitrogen atom and ammonia is unfavorable as it presents a
higher Gibbs free energy value of 3:10 eV compared to the
NHNH2 intermediate in the alternating pathways with
1:71 � 1:77 eV as shown in Tables S2 and S3. Thus, the metal
atoms on the surface do not offer enough stabilization for the
adsorption of N, leading to the formation NO on the surface. In
contrast, the intermediates in the alternating pathways, con-
taining more hydrogen atoms, can be stabilized by hydrogen
bonding with the oxygen atoms in the outermost surface layer.
Thus, the formation of hydrazine (N2H4) is preferred, yielding a
more negative DG value (� 0:77 eV) than the previous hydro-
genation steps. The Gibbs free energy profile for each
associative mechanism is reported in the SI together with the
zero-point energy correction and the entropic contribution
(Figures S1� S4 and Tables S2� S5).

Furthermore, the intermediates tend to adsorb on the iron
site on the pristine surface. The iron sites in the outermost layer
are missing one oxygen atom to complete their octahedral

Scheme 1. Schematical representation of the observed reaction pathways of the NRR on CFO.

Figure 2. The Gibbs free energy profile of the thermodynamic minimal NRR
pathway on the pristine (012)� CFO surface. On top of the diagram are the
optimized geometric structures of the thermodynamic reaction pathway.
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coordination sphere, while the copper atoms are satisfied with
two oxygen neighbors. Therefore, the iron site is the preferred
active site for most intermediates. In the case of NH2, the
additional bond to the copper atom results in further stabiliza-
tion of NH2. Consequently, the copper atom moves from its
original position by 0:61 Å, confirming the high flexibility of
copper atoms in the surface structure. To calculate the over-
potential h we consider h ¼ Uequilibrium � UL, where UL ¼ � 2:17 V
and Uequilibrium ¼ � 0:17 V.

[54] Thus, the overpotential of the NRR
on the pristine (012) surface yields 2:00 V.

Figure 3 shows the NRR Gibbs free energy profiles for the
two different oxygen defects. The first hydrogenation process
yields a Gibbs free energy change of 1.00 eV for the mechanism
on the VO;top surface, while the VO;low (012) surface has a Gibbs
free energy change of 1.21 eV. Thus, both oxygen defects
possess the same PDS and significantly decrease the Gibbs free
energy of the PDS by about 1 eV. Especially, the VO;top structure
indicates a larger impact on the stability of the NNH� intermedi-
ate since the Gibbs free energy value is less than half of the
original value on the pristine (012) surface. Thereby, the defect
generation provides a lowered DGPDS close to noble metals
such as ruthenium.[55]

The following DG values of the NRR on the VO;top surface are
� 0:21, � 0:42, � 0:95, � 0:47, and 0:71 eV. Hence, DG for the
formation of NH (� 0:95 eV) is more negative than the formation
of N2H4 (� 0:77 eV) on the pristine surface. This difference
indicates a strong incentive to change the associative reaction
pathway to a dissociative pathway.

For the mechanism on the VO;low surface the DG values of
the NRR are � 0:40, � 0:64, � 0:37, � 0:79, and 0:65 eV. Here, DG
for the formation of NH (� 0:37 eV) is less than half as on the
VO;top surface. The NH2 intermediate is the only mononitrogen
intermediate strongly bound in the vacancy, creating an ender-
gonic step for the last hydrogenation. The DG values differ for
each defect because of the distinct coordination environments
of the defect sites, leading to a different intermediate during
the second hydrogenation step. As shown in Figure 3, the
pathway on the VO;top surface begins with a distal orientation of
the intermediates as the NNH� intermediate is hydrogenated at
the outer nitrogen, forming NNH2. On the contrary, the pathway

on the VO;low surface prefers the enzymatic alternating mecha-
nism, forming a NHNH� intermediate instead of the NNH2.
Hence, the intermediate is orientated horizontally on the
defective surface. Although the hydrazine formation is favorable
for the mechanism on the pristine surface, both defective
surfaces prefer the dissociative step by desorbing NH3 and
forming mononitrogen intermediates. Beyond that, the down-
ward shift of the copper atom in both defects is reversed as the
bond formation with the intermediates rearranges the copper
atom back to its original position like in the pristine surface
(Figure 1a). This results in a reaction mechanism similar to the
Mars� van-Krevelen (MvK) pathway, whereas the reactants
repair the defective site in the catalyst.[56,57] The MvK mechanism
is observed on transition metal nitrides (TMN) where the
hydrogenation of the nitrogen atoms in the surface leads to the
formation and eventually to the desorption of ammonia.[58]

Thus, the oxygen defects enable the MvK mechanism by
providing vacancies, which can be filled with adsorbates. Similar
trends have been observed in other oxygen vacancy-enriched
iron oxides, although the decrease of DGPDS was less
pronounced.[25,59]

Furthermore, the negative DG values of the mononitrogen
intermediates lead to the reaction profile not being exergonic
for all steps in contrast to the mechanism on the pristine
surface. In particular, the last step could be a competing
hydrogenation step to the PDS. Moreover, the overpotential of
the NRR on the VO;top (012) surface yields 0:83 V, and 1:04 V for
the VO;low (012) surface.

Electronic Properties of the (012)� CFO Surface along the NRR

Besides the thermodynamic analysis of the NRR on the pristine
and oxygen-defective surface, we investigated the electronic
properties of the NRR intermediates, evaluating the projected
density of states (pDOS), charge density differences, and Bader
net charges. Figure 4 shows the pDOS of the pristine surface,
after the first hydrogenation step, and after the last hydro-
genation. The corresponding charge density differences are
presented on the right-hand side of the figure. As shown in
literature and our previous study, the conduction band consists
mainly of iron 3d� states, while the valence band maximum
exhibits copper 3d� and oxygen 2p� states. The DOS of the
surface with NNH adsorbed is very similar to that of the pristine
surface. However, there is an additional nitrogen 2p� state at
0.7 eV and another at 0.95 eV at the conduction band minimum
below the iron 3d� states. Transition-metal oxides containing
iron exhibit empty 3d� orbitals, which can accept the lone pair
electrons of N2, NNH, and further intermediates, leading to an
activation of the inert N2 triple bond.

[50] The overlapping of the
nitrogen 2p� states and the iron 3d� states indicates a hybrid-
ization, weakening the N� N bonding of the dinitrogen inter-
mediates, which can be seen in the charge accumulation
between the iron and the nitrogen atom. Additionally, the N� N
bond is elongated to a value of 1.18 Å, and the Bader net
charge value of the nitrogen atom bonded to the iron atom is
reduced to a value of � 0.49 e, indicating the acceptance� dona-

Figure 3. The Gibbs free energy profile of the thermodynamic minimal NRR
pathway on the pristine and both O� defective (012)� CFO surfaces. Next to
the diagram are the optimized geometric structures of the reaction
intermediates on the O (top) defective surface.
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tion interaction between the adsorbed NNH-intermediate and
the catalytic site. The interaction of the iron� 3d and nitro-
gen� 2p orbitals gives rise to iron being the active site for the
first hydrogenation step. The high activity towards the NRR for
compounds containing iron has already been reported in
literature.[23,39,60] Moreover, contrary to the proposed NRR path-
ways in literature, where NNH binds via the non-hydrogenated
nitrogen atom, we find NNH to adsorb via its N� H group.[23] The
pDOS for the other intermediates is reported in Figure S5 in the
Supporting Information.

The projected COHP shown in Figure 4 (b) enlightens the
bonding nature between the iron being the active site and the
nearby nitrogen atom of the adsorbed NNH. Hence, the
bonding orbitals are more occupied than the antibonding
orbitals, indicating the stabilization of the NNH intermediate
with the help of the iron. Notably, the iron� 3d and nitrogen� 2
p states at 0.95 eV in the pDOS are assigned to the bonding
orbitals in the pCOHP in Figure 4 (b), suggesting an improved
stability upon electron transfer. Moreover, the interaction
between NNH and the iron atom is supported by charge
donation from the s� and p� states of the nitrogen 2
p� orbitals to the partially-occupied t2g and eg orbitals of the
iron atom. The NH2 intermediate changes the electronic
structure of the system, as it is bound to a copper and an iron
atom. Thus, the copper atom is oxidized as the Bader net
charge increases from 0.52 e to 0.98 e. Accordingly, the pDOS
shows the formation of an empty 3d� eg state at 0.5 eV and an
unoccupied oxygen 2p� state. The charge is distributed among
the surface atoms to stabilize the catalytic sites on the surface.
Consequently, the charge is transferred to the NH2 intermedi-
ate, as the Bader net charge value results in � 1.22 e. The NH2
intermediate is the only intermediate interacting with the 3

d� orbitals of copper. Hence, copper seems to play an inferior
role during the NRR mechanism. Depending on the environ-
ment, the copper atoms seem to have higher flexibility within
the crystal lattice as they can rearrange their position by more
than 0.6 Å.

Figure 5 presents the pDOS of the VO;top (012) surface, and
with NNH and NH2 adsorbed. There are two small iron 3d� t

2g� states at the valence band maximum at � 0.5 eV and
� 0.25 eV, indicating the partial occupation of the iron t

2g� orbitals and thus the reduction of the Fe
3þ to Fe2þ due to

the oxygen defect. The formation of the oxygen defect causes a
shift of the Fermi level towards the conduction band. The
adsorption of NNH induces a charge transfer from the Fe2þ to
the bonded nitrogen atoms in the adsorbate. Thereby, the two
iron states in the valence band maximum fade, while 2p� states
of the nitrogen atoms are occupied and appear in the valence
band maximum.

Moreover, the Bader net charge transfer from the iron
atoms to the nitrogen atoms amounts to 0.23 e and 0.36 e. The
pCOHP illustrates the decrease of antibonding orbitals and the
increase of bonding orbitals between the iron and nitrogen
atoms. Hence, the integrated COHP (ICOHP) between the iron
and the nitrogen atom of NNH is at � 1.68, while the ICOHP
value for the interaction on the pristine surface lies at � 1.02.
Thereby, the iron� nitrogen interaction is enhanced and NNH
stabilized. Beyond that, the antibonding character of the
nitrogen� nitrogen bond increases on the defective surface
(ICOHP: � 13.18) compared to the pristine surface (ICOHP:
� 18.82). Looking at the antibonding orbital contribution in
Figure 5 (b), one notices that there is a peak at � 0.25 eV in the

Figure 4. The projected density of states (pDOS) (a) and the projected crystal
Hamilton populations (pCOHP) (b) of the pristine (012)� CFO surface of the
first intermediate and the charge density difference of NNH (c) and NH2 (d).
The isosurface level was chosen at 0.007 eÅ� 3.

Figure 5. The projected density of states (pDOS) (a) and the projected crystal
Hamilton populations (pCOHP) (b) of the oxygen (top) defective (012)� CFO
surface of the first intermediate and the charge density difference of NNH (c)
and NH2 (d). The isosurface level was chosen at 0.007 eÅ

� 3.
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nitrogen� nitrogen bond but also in the iron� nitrogen bond,
indicating a p� backdonation of the 3d� t2g� iron orbital to the
nitrogen’s antibonding 2p orbital. Thus, this p� backdonation
strengthens the iron� nitrogen bonding and weakens the
nitrogen� nitrogen interaction. Consequently, the charge den-
sity difference presents a charge depletion between the nitro-
gen atoms and a large charge accumulation between the inner
nitrogen atom and the neighboring copper and iron atoms.
Beyond that, the outer nitrogen atom forms a bond with the
other iron atom, leading to an elongated N� N bond of 1.31 Å in
NNH at the oxygen vacancy. The oxygen (low) defect exhibits a
weaker activation of the NNH intermediate as reported in
Figure S7.

Hence, the Gibbs free energy is significantly lowered for the
first hydrogenation step in the oxygen� defective surface. While
NNH oxidizes the two iron atoms close to the oxygen defect,
the other dinitrogen intermediates NNH2 and NHNH2 are
bonded only to one of the iron atoms, leaving the other iron
atom reduced. Thus, there is an iron 3d� t2g state at � 0.25 eV in
the valence band maximum as reported in the supporting
information (Figure S6). The pDOS of the NNH2� intermediate
indicates a partially occupied 3d� eg orbital whereas the
NHNH2� intermediate exhibits an iron 3d� t2g orbital in the
valence band maximum. Accordingly, the NRR intermediates
interact primarily with the iron 3d� orbitals on the oxygen� -
defective surface, suggesting the acceptance� donation mecha-
nism works via the iron atoms at the surface.

Conclusions

In summary, we studied the NRR activity of CuFeO2 using
electronic structure simulations. We explored four different
types of mechanisms on the pristine (012) surface of CFO,
whereby our study suggests the thermodynamic stable path-
way is a combination of the distal alternating and enzymatic
alternating pathways via the formation of hydrazine. The first
hydrogenation is the most energetically demanding step with a
limiting potential of UL ¼ � 2:17 V. The Gibbs free energy values
of the following hydrogenation steps are all downhill. Beyond
that, all intermediates predominantly interact via s� or
p� charge donations with the iron sites at the surface.
Introducing oxygen vacancies can significantly decrease the
limiting potential UL to � 1.00 V. In particular, the reaction
pathway changes to a MvK-type mechanism, avoiding the
formation of hydrazine on oxygen-defective surfaces. Mono-
nitrogen intermediates impact the oxygen vacancy by repairing
the defective surface to its pristine structure. Hence, oxygen
lattice defects change the reaction pathway notably.

The high activity of the oxygen defective surface results
from the localized iron 3d� t2g states near the Fermi level
induced by the oxygen vacancy. As shown in the pDOS and
pCOHP analysis, the iron atoms in the oxygen defective surface
enable the p� backdonation. Therefore, oxygen vacancies
enhance the activation of dinitrogen intermediates. Conse-
quently, the iron atoms in CuFeO2 contribute predominantly to
the bonding of NRR intermediates.

This work developed a detailed description of the thermo-
dynamic activity of this ternary copper� based oxide. Moreover,
we shed light on the nature of the active sites and the structural
and electronic influence of oxygen defects on the NRR.
However, further experimental and theoretical studies are
necessary to obtain realistic assessments regarding defect
stabilities and other effects on the reaction, such as solvation
properties. Thus, our results may encourage further experimen-
tal and theoretical efforts to explore other ternary copper- or
iron-based oxides and their potential applications and provides
insights for defect engineering.

Computational Details
All calculations were performed using the Vienna Ab Initio
Simulation Package (VASP) version 6.2 to facilitate DFT-based spin-
polarized simulations with the projector augmented wave (PAW)
approach.[62� 64] The Perdew-Burke-Ernzerhof (PBE) exchange� corre-
lation functional was used in connection with Hubbard’s U� correc-
tion (PBE+U) in order to improve the description of the electronic
structure of the oxide systems.[65] To handle the Coulomb
interaction of the d electrons of the material the DFT+U method
with the rotationally invariant formulation of Dudarev was intro-
duced to the d electrons of Cu (U=8 eV) and Fe (U=4 eV).[66] The U
values have been optimized in our previous study and agree with
published U values for mixed transition metal oxides in
literature.[33,36]

The Brillouin Zone (BZ) of the surface unit cell was sampled with a
4� 2� 1 Monkhorst-Pack k� point grid. For the density of states
results, we chose a denser k� point grid (8� 4� 1). Calculations
were considered to be converged when the Hellmann� Feynman
forces and self-consistent total electronic energy convergence
thresholds reached 0.02 eV Å� 1 and 10� 5 eV, respectively. For the
basis sets, the plane wave cut-off was set to 500 eV. The surface
slabs were replicated with a 10 Å vacuum region added in the
direction perpendicular to the surface to avoid artificial interactions
between periodic replicas. The surface was modeled with a (3� 1)
three-layer supercell, containing 108 atoms. Only the upper two
layers and the adsorbed species were fully relaxed, while the
bottom layer was fixed to the bulk-truncated structure. Side views
of the geometries have been created with Vesta.[67]

Supporting Information

The authors have cited additional references within the
Supporting Information.[61]
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