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CO Oxidation at the Perimeters of an FeO/Pt(111) Interface
and how Water Promotes the Activity: A First-Principles
Study
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Introduction

Proton exchange membrane fuel cells (PEMFCs) have attracted
considerable attention, as they can efficiently convert chemical
energy into electric energy through the reaction between H2

and O2 with water as the only product and no pollutant emis-
sion. For the anode reaction of the PEMFC, the utilized H2 fuel
mostly comes from steam reforming of various hydrocarbons.[1]

The presence of CO byproduct at a concentration as low as
10 ppm would poison the Pt anode.[2] To afford purified hydro-
gen fuel for the PEMFC anode, the removal of CO from the re-
forming products under the operating conditions is required,
but remains challenging. Among others, CO preferential oxida-
tion (PROX) in excess H2 at low temperatures has been consid-
ered to be promising and studied extensively.[3] So far, experi-
mental and theoretical studies have been focused on more
active and selective bimetallic Pt-based alloy catalysts, such as
Pt/Ru,[3d] Pt/Co,[3g] Pt/Ni,[3h] and Pt/Fe.[4] Conversely, low-temper-
ature CO oxidation, as a probe reaction to understand the
structure–activity relationship of the catalysts, has also been in-
vestigated in depth on transition-metal (TM) surfaces,[5] inverse
oxide films on TM surfaces,[6] and oxide-supported metal nano-
particles.[7]

Generally, the Langmuir–Hinshelwood mechanism applies
for CO oxidation on TM surfaces, and the elementary reactions
include mainly CO and O2 adsorption, O2 dissociation, and the
reaction of CO with dissociative atomic O to form CO2. Among
these, O2 dissociative adsorption at low temperatures is crucial
and the rate-limiting step, in particular, for the late noble TM
catalysts, such as Pt. When CO and O2 competitively adsorb on
Pt, the surface is dominated gradually by CO because of its
stronger binding with Pt. As a consequence, a limited amount
of sites are available for O2 adsorption and activation, and the
activity of CO oxidation is low. DFT calculations showed that O2

dissociative adsorption on Pt(111) becomes endothermic when

CO coverage is larger than 0.44 monolayers (MLs).[8] The devel-
opment of bifunctional Pt-based catalysts free from CO poison
at low temperatures is desired. For example, the addition of Fe
on supported Pt catalysts dramatically increased the activity of
CO oxidation and has been studied extensively.[4] Based on
DFT calculations and surface science experiments on a FeO/
Pt(111) model surface, we found recently that FeO/Pt(111) was
highly active for O2 activation and CO oxidation.[6c] The pres-
ence of the Pt�Fe cation ensemble, which consisted of a coor-
dinatively unsaturated ferrous (CUF) species at the perimeters
of the FeO nanoislands supported on Pt for O2 activation and
neighboring Pt atoms for CO adsorption, was essential.

In addition, water present in the reforming products and en-
vironment greatly affected low-temperature CO oxidation. For
a Pt single crystal, Bergeld et al. observed that CO2 formation
was enhanced at approximately 200 K when H2O was added to
the co-adsorbed CO and O on Pt(111).[9] DFT calculations on
Pt(111) by Gong et al. revealed that the presence of water
could stabilize the transition state (TS) of the reaction between
CO and O by formation of hydrogen bonds.[10] Furthermore,
the reaction of CO with OH groups at the perimeters of the
FeO islands on Pt(111) was identified experimentally by Huang
and coworkers.[11] For supported Pt catalysts, Fukuoka et al.
found that CO oxidation was accelerated by the attack of OH
on mesoporous SiO2 to CO on Pt under PROX reaction condi-
tions.[12] Tanaka et al. found that the oxidation of CO was mark-

The catalytic role of the Pt�Fe cation ensemble presented at
the perimeters of the FeO film supported on Pt(111) for low-
temperature CO oxidation and the promotion of water on ac-
tivity were studied by using DFT calculations. We found that
the perimeter sites along the edge of the FeO islands on Pt
provided a favorable ensemble that consisted of coordinatively
unsaturated ferrous species and nearby Pt atoms for O2 and
H2O activation free from CO poison. A dissociative oxygen
atom at the Pt�Fe cation ensemble reacts easily with CO ad-

sorbed on nearby Pt. The OH group from water dissociation
not only facilitates activation of the oxygen molecule, more im-
portantly it opens a facile reaction channel for CO oxidation
through the formation of the carboxyl intermediate. The pres-
ence of the OH group on the FeO film strengthens interfacial
interactions between FeO and Pt(111), which would make the
FeO film more resistant to further oxidation. The importance of
the Pt�Fe cation ensemble and the role of water as a cocata-
lyst for low-temperature CO oxidation is highlighted.
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edly enhanced by the presence of water for the PROX reaction
on FeOx/Pt/TiO2 at 60 8C, and the measurement from in situ dif-
fuse reflectance infrared Fourier transform (DRIFT) spectrosco-
py indicated that the enhancement mainly resulted from the
involvement of OH groups in the reaction and formation of
the HCOO intermediate.[4c,d] Promotion of water on low-tem-
perature CO oxidation has also been found on Au catalysts.[13]

As indicated above, there are two possible roles for water
promotion on CO oxidation, namely, indirectly by stabilizing
the adsorption of reactants and/or the TS, or directly by form-
ing the COOH intermediate. For both roles, the efficient
adsorption and dissociation of water is a prerequisite. Water
adsorption on the late TM surfaces is rather weak and falls typ-
ically in the range of �0.30 eV for water monomer adsorp-
tion,[14] while the dissociation barrier is considerable, for in-
stance, 1.24 eV on Cu(111) and 1.01 eV on Pd(111).[15] This tells
us that for late TM surfaces alone, the participation of water in
the reaction would be limited and more sites available for
water adsorption and activation would be required. It was re-
ported that water activation could be facilitated at the metal/
oxide interface.[16] However, the detailed mechanistic under-
standing of low-temperature CO oxidation in the presence of
water on the metal/oxide catalysts remains unclear.

Aiming to shed light on the bifunctional role of the metal/
oxide catalysts, we studied CO oxidation on the FeO/Pt(111)
surface by using DFT calculations, and the result on Pt(111) was
included for comparison. The Pt�Fe cation ensemble at the pe-
rimeters of the supported FeO islands for O2 activation and
neighboring Pt atoms for CO adsorption (free from site compe-
tition) was illustrated. Moreover, we found that the ensemble
was reactive for water activation, and the OH formed oxi-
dized easily with CO to CO2 through the dehydrogenation of
the COOH intermediate. The role of water as a cocatalyst is
discussed.

Computational Methods

Spin-polarized DFT calculations were performed by using the
Vienna ab initio Simulation Package (VASP) based on the projected
augmented wave (PAW) method.[17] The exchange-correlation inter-
action was described by using the generalized gradient approxima-
tion (GGA)[18] and the Perdew–Wang 91 (PW91) functional.[19] The
Kohn–Sham equations were solved by using a plane-wave basis
set with a kinetic energy cutoff of 400 eV. Because of the on-site
Coulomb repulsion between d electrons, current exchange-correla-
tion functionals fail to describe the electrons of transition metal
(TM) oxides. To overcome this shortcoming, the DFT+U ap-
proach[20] was used to describe FeO with values of U = 4 eV and J =
1 eV for Fe 3d orbitals.
To model the reaction at the perimeters of the FeO film supported
on Pt(111) and take into account the lattice mismatch between
FeO and Pt(111), a slab model of a (2

ffiffiffi

3
p
� 5) rectangular supercell

was used, including three Pt(111) metal layers (20 Pt atoms in each
layer) with the optimized Pt bulk lattice constant of 3.985 �. The
three-layer Pt slab was used to simulate the Pt substrate because
the difference to that of seven layers was negligible.[21] On the Pt
substrate, a bilayer FeO ribbon with three columns of Fe atoms
(nine Fe atoms) and two columns of O atoms (six O atoms) was
used to model the perimeters of the FeO nanoislands, as shown in

Figure 1. The Fe atoms of the FeO ribbon coordinate with the top-
most Pt layer at the interface. The average Fe�Fe distance in the
ribbon is approximately 3.13 �, which agrees well with the lattice
parameter of 3.10 � in the FeO/Pt(111) superstructure observed.[22]

Two special k points were used to sample the surface Brillouin
zone integration of the (2

ffiffiffi

3
p
� 5) FeO/Pt(111) slab. To prevent arti-

ficial interactions between the repeated slabs along the z direction,
a 12 � vacuum was introduced with correction of the dipole
moment. Adsorption was allowed on the side of the slab involving
the FeO ribbon. During the optimization, the bottom two Pt layers
and three right columns (two Fe columns and one O column, as in-
dicated in Figure 1) were frozen, while the remaining atoms in the
slab and adsorbates were relaxed until the residual forces were
less than 0.05 eV ��1. The adsorption energies were calculated by
using Equation (1):

Eads ¼ Ead=sub�Ead�Esub ð1Þ

in which Ead/sub, Ead, and Esub were the total energies of the opti-
mized adsorbate/substrate system, the adsorbate in the gas phase,
and the clean substrate, respectively. The reaction energy (Er) of
the elementary step was calculated by using the total energy dif-
ference between products/substrate and reactants/substrate. Fol-
lowing convention, negative values of Eads and Er indicate an exo-
thermic and energetically favorable process. The reaction barriers
(Ea) and the transitional states (TSs) were searched by using the
climbing-image nudged elastic band (CI-NEB) method.[23] All total
energies were extrapolated to zero temperature without including
a zero-point energy correction.

Results and Discussion

In the perimeter region of the FeO ribbon on Pt(111), the ex-
posed Fe cation at the FeO edge (CUF species) and nearby Pt
form the so-called Pt�Fe cation ensemble, as indicated in
Figure 1, which is key to the chemistry and will be explored
herein.

Adsorption of CO, H2O, and O2

The optimized structures and calculated adsorption energies
for CO, O2, and H2O on FeO/Pt(111) are shown in Figure 2. For
comparison with a clean Pt surface, a Pt(111)-(2 � 2) slab was
studied. The calculations show that CO tends to perpendicular-
ly adsorb on the top of Pt (Figure 2 a), giving significant ad-

Figure 1. Structure of FeO/Pt(111). The Fe and O atoms in the yellow region
were frozen during optimization. The blue, purple, and brown spheres repre-
sent Pt, Fe, and O atoms, respectively.
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sorption with an energy of �1.64 eV. When CO approaches the
Pt�Fe cation ensemble in the perimeter region of the FeO/
Pt(111), it becomes tilted backward from the normal direction
by 138 (Figure 2 b) to minimize steric repulsion between CO
and FeO edge. The C�Pt bond length of the tilted CO is slight-
ly longer (by 0.01 �) than that of upright CO, and the calculat-
ed adsorption energy (�1.30 eV) becomes smaller. CO adsorp-
tion on the FeO(111) ribbon is endothermic. This agrees well
with the experimental results, for which it was found that
there was no CO adsorption on the Pt-supported FeO film.[24]

The adsorption and activation of O2 are critical for low-tem-
perature CO oxidation. On Pt(111), the most stable structure
for O2 adsorption is that in which the two oxygen atoms both
bind to the adjacent top sites (Figure 2 e). The O�O bond
length is elongated to 1.38 �, which is 0.14 � longer than that
in the gas phase. The calculated adsorption energy is �0.71 eV,
much weaker than that of CO adsorption on Pt(111) (�1.64 eV)
at a coverage of 0.25 ML. For O2 adsorption at the Pt�Fe
cation ensemble, it may coordinate either with one or two re-
active CUF sites. For the first one (one O atom coordinated to
one CUF site and the other to Pt, see Figure 2 f), the calculated
adsorption energy is �0.97 eV, which remains weaker than
that of CO adsorption (�1.30 eV) in the same region. For the
second one (Figure 2 g), the calculated adsorption energy is
�1.51 eV, which is stronger than that of CO adsorption. The
Pt�Fe cation ensemble in the perimeter region of the FeO
ribbon supported on Pt(111), therefore, provides new sites for
O2 adsorption free from CO poison. Herein, the optimized O�O
bond length (1.43 �) is 0.05 � longer than that in the O2/
Pt(111) system, indicating that the O2 molecule is more activat-
ed at the CUF sites along the perimeters. Finally, the presence
of a lattice surface hydroxyl (OHL) group near the edge of the
FeO ribbon (as shown in Figure 2 h) slightly enhances the O2

adsorption with an energy of �1.56 eV.
Water monomer adsorbed on Pt(111) prefers to bind to the

surface Pt through the O atom with a Pt�O distance of 2.47 �

(Figure 2 c). The two O�H bonds
are parallel to the surface. The
interaction between water and
Pt is weak with an adsorption
energy of only �0.21 eV, which
is consistent with the previous
result of �0.27 eV.[25] Conversely,
we found that water adsorption
on the FeO ribbon was also very
weak with an energy gain of
�0.19 eV, which stems from the
formation of the weak hydrogen
bond between water and FeO.
This is in line with the surface
science findings of the chemical
inertness of water on a pristine
FeO film.[26] Alternatively, our cal-
culations revealed that water ad-
sorption at the Pt�Fe cation en-
semble was stronger with an
energy gain of �0.45 eV. Herein,

water tends to bind to the CUF sites (see Figure 2 d) through
Fe�O(H2) bond formation with a bond length of 2.22 �. This
agrees well with recent STM experiments, in which water mol-
ecules were found to preferably stick to the edges of the FeO
islands on Pt(111)[27] and Au(111).[28] If there is an O vacancy
inside the FeO islands, water adsorption and dissociation could
take place, as indicated in recent experiments.[29]

The above calculations show clearly that, compared to
Pt(111), the Pt�Fe cation ensemble in the perimeter region of
the FeO ribbon on Pt(111) provides active sites for O2 and H2O
adsorption free from CO poison. Moreover, the stronger bind-
ing of H2O at the ensemble also stabilizes water adsorption,
which would facilitate its dissociation, as discussed below.

Water dissociation

We now turn to water activation. As indicated before, water
dissociation on late TM surfaces could be limited due to weak
binding to the surfaces. This is particularly true when compar-
ing the considerable dissociation barrier of 0.85 eV (similar to
the previous calculation of 0.88 eV[25]) and endothermic reac-
tion energy (0.61 eV) for 0.25 ML of water on Pt(111). The OH
produced adsorbs at the top site with a binding energy of
�2.29 eV (with respect to the OH radical in the gas phase). The
O�Pt bond is 1.99 � and the O�H bond is 73.558 tilted from
the surface normal direction. The atomic H formed preferably
adsorbs at the hollow site with a binding energy of �2.77 eV
(with respect to atomic H in the gas phase). In addition, the
water adsorption energy on Pt(111) is 1.43 eV smaller than that
of CO adsorption. In other words, water adsorption and disso-
ciation on Pt(111) would be blocked by CO. These results indi-
cate clearly that, for low-temperature CO oxidation on Pt(111),
the presence of water would barely affect the activity.

In contrast to Pt(111), water dissociation at the Pt�Fe cation
ensemble is kinetically favorable. The calculated dissociation
barrier is only 0.45 eV, as shown in Figure 3. The corresponding

Figure 2. The optimized structures (top view) and calculated adsorption energies of the reactants on Pt(111)
[a) CO, c) H2O, and e) O2] and FeO/Pt(111) [b) CO, d) H2O, and f–h) O2] with Pt�Fe cation ensemble. Pt, Fe, C, O,
and H are represented by blue, purple, gray, brown, and white spheres, respectively.
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reaction energy is slightly endothermic with a value of 0.08 eV,
compared with that on the Pt(111) surface (0.61 eV). At the TS
(Figure 3, TS), one of the two O�H bonds is elongated by
0.35 �, and the abstract H atom approaches the lattice oxygen
atom OL from the FeO edge to form OHL with a bond length
of 0.97 �. The binding energy of the abstract H with respect to
OL is �2.68 eV, which is similar to that on Pt(111) (�2.77 eV).
The left hydroxyl group of H2O (denoted OHF) binds to the Pt�
Fe cation ensemble with a Fe�O(H) bond length of 1.83 �. The
calculated binding energy of OHF is �2.98 eV, which is 0.69 eV
stronger than that on Pt(111) (�2.29 eV). The stronger binding
of the OHF at the Pt�Fe cation ensemble in the perimeter
region greatly improves the reaction energy and also the kinet-
ics. Taking enhanced water adsorption into account, these re-
sults clearly show that the Pt�Fe cation ensemble is highly
active for water activation. This agrees well with recent experi-
mental findings of low-temperature water activation and the
formation of OH groups at the perimeters of FeO islands on
Pt(111)[27] and Au(111).[28] The dissociation of water at the pe-
rimeter of TiOx/Au(111) was studied previously by using DFT
calculations,[16] and the modest barrier of approximately
0.60 eV obtained was in line with this study.

O2 activation

The calculated potential energy
surface for O2 activation at the
Pt�Fe cation ensemble is shown
in Figure 4. Again, it was highly
active with an O2 dissociation
barrier of 0.42 eV and a reaction
energy of �0.68 eV. The length
of O�O bond was elongated by
0.40 � at the TS (Figure 4 TS1)
with respect to the adsorbed
state. After O�O bond breaking
(Figure 4 FS1), the dissociative O
atoms coordinated with two ad-
jacent Fe cations and Pt atoms
underneath. The dissociative ad-
sorption energy is �1.10 eV per
O atom with respect to O2 in the
gas phase. For O inside the FeO
ribbon coordinated with three
Fe cations, the dissociative ad-
sorption energy is approximately
�3.0 eV, which is too strong to
be reactive. For dissociated
oxygen at the Pt�Fe cation en-
semble, one O�Fe bond is re-
placed by the relatively weak O�
Pt bond, which makes dissociat-
ed O2 more reactive.

As mentioned above, the presence of OHL near the edge of
the FeO ribbon stabilizes the adsorption of O2 by 0.05 eV. We
found that it could further facilitate O2 dissociation. The calcu-
lated dissociation barrier in the presence of OHL was 0.30 eV,

which was 0.12 eV lower than that in the absence of OHL. The
process released slightly more energy, 0.06 eV, and the disso-
ciative adsorption energy was �1.13 eV per O atom. At the TS
(Figure 4 TS2), the O�O bond was elongated further by 0.31 �;

Figure 3. a) The potential energy surface of water dissociation at the Pt�Fe
cation ensemble in the perimeter region of the FeO ribbon on the Pt(111)
surface. The insets are the structures of the b) initial state (IS), c) the transi-
tional state (TS), and d) the final state (FS), respectively.

Figure 4. The activation barriers and reaction energies for O2 dissociation at the Pt�Fe cation ensemble. The red
solid and black dashed lines represent O2 activation with and without the presence of the OH group, respectively.
The insets are the structures (top view) of IS, TS, and FS for the reaction. IS1, TS1, and FS1 represent the results in
the absence of the OH group, whereas IS2, TS2, and FS2 represent those in the presence of the OH group.
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however, it remained 0.08 � shorter than that in the absence
of OHL. In other words, the TS was approached earlier with less
extension of the O�O bond in the presence of OHL, and the
corresponding barrier became lower. The reason might be at-
tributable to the slight reduction of the CUF sites in the pres-
ence of OHL. The calculated Bader charges of Fe cations along
the FeO edge are +1.16 je j and +1.28 je j with and without
the presence of OHL, respectively. Further evidence can be
found from the projected density of states (PDOS) at the TS
(Figure 5): compared with the PDOS in the absence of the OHL

group around the Fermi level, the Fe PDOS in the presence of
the OHL group is shifted downward, and the electron popula-
tion increases. Higher Fe metallicity leads to stronger binding
with O2 and stabilizes the TS, as expected.

CO oxidation

Two types of reaction pathways for CO oxidation on FeO/
Pt(111) were studied. For the first one, CO reacts with directly
dissociated oxygen, and for the second one, CO reacts with
OH from water dissociation. For comparison, we discuss briefly
CO oxidation on a pure Pt(111) model catalyst ; the calculated
potential energy profile is shown in Figure 6. For O2 dissocia-
tion on Pt(111), the barrier and reaction energies are 0.55 and
�1.19 eV, respectively, and the TS is shown in Figure 6, TS1.
For CO oxidation with dissociated oxygen (the TS plotted in
Figure 6, TS2), the corresponding activation barrier and reac-
tion energies are 0.85 and �0.57 eV, respectively. These values
show that the elementary steps for CO oxidation on Pt(111),
such as O2 activation and the reaction of CO with atomic O on
clean Pt(111), are not difficult. However, when CO and O2 are
exposed to Pt simultaneously, for example, at low temperature,
the surface would be dominated by CO and O2 dissociative ad-
sorption is prevented.

The Pt�Fe cation ensemble provides active sites for O2 and
H2O adsorption and dissociation free from CO poison. The po-

tential energy surfaces for the reaction of CO with dissociated
oxygen and OH at the Pt�Fe cation ensemble are plotted in
Figure 7. The calculated activation barrier and reaction ener-
gies for the reaction between CO and dissociated oxygen are
0.71 and �0.36 eV, respectively. During this reaction, CO ad-
sorbed on Pt first diffuses toward the perimeter region and
tilts backward to facilitate C�O bond formation. At the TS
(Figure 7, TS1), the C�O bond formed is 1.87 � long, which is
0.69 � longer than that of CO2 in the gas phase. However, the
barrier reported in this study is slightly higher, by 0.08 eV, than
our previously result of 0.63 eV.[6c] In that work, the CUF sites
of the FeO ribbon were completely saturated with dissociated
oxygen, and the stronger repulsive interaction between these
O atoms led to them being more reactive. Once the CO2

formed desorbed from the surface, the Pt�Fe cation ensemble
was free for O2 adsorption and activation, and thus, the catalyt-
ic cycle was closed. In this cycle, the rate-limiting step was the
reaction between CO and atomic O with a barrier of 0.71 eV.

Compared with the reaction of CO directly with dissociated
oxygen, the reaction of CO with OHF from water dissociation
to form the carboxyl intermediate is kinetically more favorable.
Although this step is endothermic by 0.16 eV, the activation
barrier is only 0.33 eV, which is 0.38 eV lower than that of the
reaction of CO directly with dissociated oxygen, as shown in
Figure 7. This is in line with experiments conducted by Huang
and coworkers,[11] who found that CO reacted easily with the
interfacial OH at the boundary between the FeO island and
supported Pt(111). To form the carboxyl intermediate, CO tilts
backwards and binds to the O atom of OHF. The distance be-
tween C and O is 1.89 � at the TS (Figure 7, TS2), which is
0.44 � longer than the bond in the carboxyl intermediate
formed.

Figure 5. The PDOS of Fe 3d (black) and O 2p orbitals (red) at the TSs for O2

activation. The right and left panels represent the results with and without
the presence of OHL, respectively.

Figure 6. The potential energy profile for O2 dissociation and reaction with
CO on the Pt(111) surface. TS1 and TS2 are the structures of the TSs of O2

dissociation and CO oxidation, respectively.
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For CO2 formation, the carboxyl intermediate formed could
dehydrogenate to either dissociated oxygen or OHF at the Pt�
Fe cation ensemble. We found that both reaction pathways
were facile. The calculated barrier for the former was 0.14 eV
with a reaction energy of �0.46 eV, forming CO2 and OHF, as in-
dicated in Figure 7. The barrier for the latter one to form CO2

and H2O was 0.17 eV with a reaction energy of �0.90 eV. The
dehydrogenation of the carboxyl intermediate toward Pt is ki-
netically unfavorable. Gong et al. found that the corresponding
barrier was 1.02 eV, which was much higher than those of the
two reaction channels considered at the Pt�Fe cation ensem-
ble.[10] For the two reaction channels considered herein, the by-
products formed are either OHF or H2O. Both are the active
species involved in the reaction and could participate again in
subsequent reactions. In this cycle, the rate-limiting step is
water dissociation with a barrier of only 0.45 eV (Figure 3),
which is much lower than that of the reaction of CO directly
with atomic O (0.71 eV).

The results so far show that water is involved in the reaction
and promotes the activity of CO oxidation. Because the OH
group and/or water are regenerated during the reaction, there
is no consumption of the OH group and/or water in the whole
catalytic cycle. In other words, water acts as a cocatalyst for
CO oxidation on the FeO/Pt surface studied. This has been pro-
posed in the past for CO oxidation on Au(111).[13f] In that work,
to activate the water, Au(111) was precovered with atomic O;

this is unlikely to occur under realistic conditions. On FeO/
Pt(111), water adsorption and activation could be easily
achieved at the Pt�Fe cation ensemble because of its strong
binding with water molecules. The efficient activation of water
at the metal cation ensemble was also found in the water-gas
shift reaction at the perimeters of the inverse CeOx/Au(111)
and TiOx/Au(111) model catalysts.[16] The scenario described,
namely, the metal cation ensemble as the active site hosts in
the perimeters of the metal oxide interface, which was also
highly active for CO oxidation on the inverse PtO2/Pt(111)-[30]

and TiO2-supported nano-Au catalysts,[31] should apply, in gen-
eral, to various catalytic reactions and metal/oxide catalysts.

OH-promoted interfacial interactions between FeO and
Pt(111)

The high activity and flexibility of the Pt�Fe cation ensemble
comes from the simultaneous exposure of distinct sites (metal-
lic Pt and low-valent Fe cations) in a constrained space. The
absence of either of them would lead to lower activity. For ex-
ample, if the Pt substrate is completely covered by a FeO film
and there is no Pt and low-valent Fe cation exposed, the activi-
ty is low.[32] Conversely, if the Fe valent state is rather high, its
activity, for example, in O2 activation, would also be limited.
Previous experiments showed that under higher O2 partial
pressures, FeO films supported on Pt(111) was oxidized further
to the trilayer structure (O�Fe�O).[6a,b] Correspondingly, the ac-
tivity for CO oxidation became pronounced only at tempera-
tures higher than 430 K. This is contrast to the room-tempera-
ture activity observed on FeO/Pt(111),[6c] for which the lower
valent Fe cations exposed at the edge of the dispersed FeO is-
lands are available. To maintain the activity of FeO islands, it is
desirable to stabilize the supported FeO islands, which makes
it more resistant to complete oxidation.

In this context, we note that the formation of a bilayer of
FeO on Pt(111) comes from the strong interface interaction.
This can be deduced from the calculated interfacial adhesion
energy of �1.40 eV per FeO between FeO and Pt(111).[6c] It is
expected that enhanced interfacial adhesion between FeO and
Pt(111) would stabilize the FeO film and make it more resistant
to complete oxidation. Interestingly, we found that interfacial
adhesion between FeO and Pt(111) could be enhanced dramat-
ically by the presence of OH groups on the FeO film. To illus-
trate this, we considered an epitaxial FeO/Pt(111)-(3 � 3) surface
by assuming a Pt(111) lattice constant. The calculated interfa-
cial adhesion energy in the absence of the OH group is
�1.53 eV per FeO. The difference from our previous calcula-
tions[6c] comes from the different supercell used. If there is cov-
erage of a 1/3 ML of OH on FeO/Pt(111)-(3 � 3), the calculated
interfacial adhesion energy becomes �2.00 eV/FeO, and the in-
terfacial interaction between FeO and Pt(111) becomes stron-
ger. The interfacial interaction becomes even stronger with a
further increase in OH coverage, as plotted in Figure 8 and
summarized in Table 1. The underlying mechanism is rather
straightforward. In the presence of the OH group, the interac-
tion between Fe and the oxygen overlayer is weakened. As
compensation, the interaction between Fe and Pt is enhanced,

Figure 7. The potential energy surface and calculated activation barriers for
the reaction of CO with dissociated oxygen (blue dashed line) and OH (red
solid line) at the Pt�Fe cation ensemble. The insets of TS1, TS2, and TS3 are
the TSs for the reaction of CO with dissociated oxygen and the reaction of
CO with the OH group to form COOH and COOH dehydrogenation to prod-
ucts, respectively.
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as seen from the increase of electron accumulation at the Pt�
Fe interface (not shown herein). The enhanced interfacial inter-
action between FeO and Pt(111) by the OH group would make
FeO more resistant to the complete oxidation and maintain
the stability of the Pt�Fe cation ensemble.

Conclusions

Low-temperature CO oxidation on the inverse FeO/Pt(111)
model surface, as well as the promotion of water on the activi-
ty, were investigated by using DFT calculations. We found that
the presence of the Pt�Fe cation ensemble hosted in the pe-
rimeter region of the FeO islands on Pt(111) played a critical
role for the low-temperature reactivity. The Pt�Fe cation en-
semble was highly active for O2 and H2O activation free from
CO poison. The dissociative O2 at the ensemble reacted easily
with CO adsorbed on nearby Pt. The OH group formed
through water dissociation at the Pt�Fe cation ensemble
opened a new facile reaction channel for CO oxidation through
the formation of the carboxyl intermediate, which was more
reactive than that of CO oxidation with dissociated oxygen at
the same site. During the reaction, water participates in the re-
action as a cocatalyst without being consumed. Moreover, we
found that the interfacial interaction between FeO and Pt
could be enhanced greatly by the presence of OH groups,
which prevented the complete oxidation of active low-valent
Fe in the Pt�Fe cation ensemble. The unique activity and flexi-
bility of the active-site metal cation ensemble stems from the
simultaneous exposure of the distinct sites (metallic Pt and
low-valent Fe cation) in a constrained space. Further studies of

metal-cation ensembles in supported metal catalysts with im-
proved activity and selectivity are worth exploring in the
future.
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