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ABSTRACT Within the area of surface science, one of the “holy grails” is to directly
visualize a chemical reaction at the atomic scale. Whereas this goal has been reached by
high-resolution scanning tunneling microscopy (STM) in a number of cases for reactions
occurring at flat surfaces, such a direct view is often inhibited for reaction occurring at steps
and interfaces. Here we have studied the CO oxidation reaction at the interface between
ultrathin FeO islands and a Pt(111) support by in situ STM and density functional theory
(DFT) calculations. Time-lapsed STM imaging on this inverse model catalyst in 0, and CO

environments revealed catalytic activity occurring at the Fe0—Pt(111) interface and

directly showed that the Fe-edges host the catalytically most active sites for the (O
oxidation reaction. This is an important result since previous evidence for the catalytic activity of the FeO—Pt(111) interface is essentially based on
averaging techniques in conjunction with DFT calculations. The presented STM results are in accord with DFT+U calculations, in which we compare possible
(0 oxidation pathways on oxidized Fe-edges and 0-edges. We found that the CO oxidation reaction is more favorable on the oxidized Fe-edges, both

thermodynamically and kinetically.
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he identification of active sites in

heterogeneous catalysis is essential

for a basic understanding of the
reaction mechanism(s), which is crucial for
improving the properties of industrial cata-
lysts. Active sites of a catalyst surface can be
regular, under-coordinated terrace sites,” ™
but most frequently proposed have been
defect sites such as step edges, kinks and
point defects.*~' On one hand, the step
edges on the actual catalytically active mate-
rial, such as Pt, Ru, Pd or Au particles have
been found to be highly relevant.*~68213~17
On the other hand, since heterogeneous
catalysts are typically composed of several
components such as metal particles (usually
noble metals or alloys of them) and a support
(usually metal oxides), the interfaces be-
tween these components are also possible
hosts of the active sites. Several examples are
known today, where the reactivity is largest
at the interface between metal nanoparticles
and the oxide support.'>318720
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Because heterogeneous catalysts are
complex materials and the reaction condi-
tions are usually very harsh, the study of
active sites is often undertaken by using the
so-called surface science approach. In this
approach, a heterogeneous catalyst is re-
duced to its basic components and studied
under well-controlled conditions, often in
ultrahigh vacuum (UHV).2'"% The great
advantage of this approach is that the
full pallet of surface science tools can be
utilized, including both averaging spectros-
copy and scanning probe microscopy tech-
niques, with scanning tunneling micro-
scopy (STM) being the most widely used
imaging technique.

STM studies have often been very insight-
ful for the identification of catalytically ac-
tive sites, particularly when these sites are
located on the terraces.”>~%” For example,
Wintterlin et al. have imaged adsorbed O
atoms and CO molecules on Pt(111), and
monitored their reaction to carbon dioxide
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(CO,) as a function of time.2* On the basis of the
observed microscopic mechanism, these authors suc-
ceeded to extract quantitative rate laws from the
atomically resolved surface processes, that is, to derive
the reaction kinetics. With the most stable scanning
tunneling microscopes, it is indeed possible to visualize
dynamic processes on surfaces by recording time-
resolved sequential STM images in the form of so-
called STM-movies #2834

However, when step edges come into play, the
utilization of several experimental techniques is often
mandatory,*'%12131735-3% hacayse the interpretation
of STM images of step edges and interfaces is not
straightforward.'>36384041 Thys, the visualization of
catalytic activity at step edges directly by STM remains
a challenge. As a result, to infer on the activity of step
edges, it is frequently the lack of activity that can be
evidenced when the active sites at step edges are
blocked. For example, on a Ru(0001) single crystal,
the dissociation of N, molecules can be quenched by
decorating the steps with Au® Similarly, on rutile
TiO,(110), the dissociation of water was found to be
diminished when the step edges were blocked by
ethoxy species.”? These examples illustrate why the
evidence for catalytic activity at step edges has often
been based essentially on averaging techniques in
combination with DFT calculations.

In the present work, we report on the active sites of
Pt(111)-supported, two-dimensional FeO islands in the
CO oxidation reaction. This model catalyst, denoted in
the following as FeO;/Pt(111), was introduced by
groups from Dalian and Hefei in 2010."%* It is a
so-called “inverse catalyst”, where the oxide patches
(partly) cover the metal particles.'®**~* In contrast to
continuous, ultrathin FeO films on Pt(111), the FeO—
Pt(111) interface is accessible, exposing under-
coordinated atoms at the FeO island edges. This
renders the FeO;;/Pt(111) model system more active
in the CO oxidation reaction than bare Pt(111), as
inferred from time-lapsed ultraviolet photoemission
spectroscopy measurements at 273 K, STM mea-
surements and accompanying DFT calculations.’® The
importance of the FeO—Pt(111) interface and coordi-
natively unsaturated ferrous (CUF) sites for the catalytic
activity has been emphasized,'®** 732 put direct
evidence for the island edges as hosts of the active
sites is still lacking.

Pt(111)-supported FeO nanoislands are composed
of hexagonal Fe—O bilayer structures with the Fe layer
between the Pt substrate and the terminating O
layer,'®#3>3 exactly like in continuous FeO bilayer films
on Pt(111).>*In our recent STM study addressing FeO,/
Pt(111)>® we reported that the FeO islands occur in two
different FeO orientations that are characterized by a
distinct positioning of the O lattice. The FeO edges are
either predominantly Fe-terminated or O-terminated,
depending on the applied preparation conditions
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Figure 1. (A) STM image (550 A x 290 A) of O-poor FeO
islands on Pt(111) with O vacancy dislocations. An as-
prepared FeO,,/Pt(111) sample was annealed in 1.3 x 10°°®
mbar O, at 475 K for 2 min, followed by H, exposure at RT
(13 x 1077 mbar, 2 min) and subsequently vacuum-
annealed at 575 K for 1 min. The scanning conditions were
. = 0.61 nA and V; = 70 mV. On two islands, “f" and “n”
indicate patches of FeO in favored and nonfavored orienta-
tion, respectively. (B, C) Models of hexagonal O-poor FeO
islands on Pt(111) with the FeO being predominantly in
favored (B) or nonfavored (C) orientation. Type (1) models
are characterized by O vacancy dislocation loops and type
(2) models by O vacancy dislocations along O-edges, trans-
forming them into Fe-edges.

(reducing or oxidizing). Thus, in connection with
changes of the island shapes, the structures of the
edges change as well. In addition to the two edge types
of pristine FeO islands, Fe- and O-edges, we have
deduced the atomic structures of three further edge
types:>> (i) Oxidized Fe-edges that are formed by
addition of O atoms to original Fe-edges at oxidizing
conditions, (ii) O-edges that have formed at oxidizing
conditions by inversion of the FeO between the
boundary and O adatom dislocation lines on the island,
and (i) Fe-edges that have formed at reducing condi-
tions by inversion of the FeQ in a narrow ribbon (~10 A)
between the boundary and an O vacancy dislocation
line on the island (see further details below and in
Figure 1A).

Here we present direct STM evidence that the active
sites on FeO;/Pt(111) in the CO oxidation reaction are
indeed the CUF sites. Specifically, we show by in situ
STM measurements at room temperature (RT) that CO
oxidation occurs at oxidized Fe-edges, which are char-
acterized by O adatoms along the original Fe-edges.
Our DFT calculations addressing possible CO oxidation
pathways at O-edges and oxidized Fe-edges are in
accord with the STM results, showing that the CUF sites
are indeed the most active sites on the FeO;/Pt(111)
model catalyst.
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RESULTS

STM Results. Figure 1A depicts a high-resolution STM
image of O-poor FeO islands on Pt(111), which was
acquired in a tip-dependent imaging mode where the
Fe atoms appear as protrusions.> This STM image was
recorded after reactive deposition of Fe in a back-
ground of 1 x 107° mbar O, with the sample held
at RT [“as-prepared FeO;/Pt(111)"]. Subsequently, the
FeO;/Pt(111) sample with FeO islands covering ~25%
of the surface was exposed to reducing conditions
including vacuum-annealing at 575 K for 1 min (see
Figure 1 for details). Accordingly, we expect the FeO
islands to be dominated by Fe-rich edges, whereas
O-terminated edges should be scarce and short.>3
Whereas the edge-terminations cannot be seen di-
rectly in the STM image, the moiré superstructure with
the three high-symmetry domains [top, face-centered
cubic (fcc), and hexagonal close-packed (hcp), denoted
according to the stacking order of the atoms in each
domain]***®>7 can be recognized on the islands, and
numerous O vacancy dislocations appearing as dark
lines can be clearly seen as well. Many of these O
vacancy dislocations are running parallel to the island
edges, but triangular-shaped dislocations also fre-
quently occur. Such O vacancy dislocations have
previously been observed on both Pt(111)-supported
continuous FeO films>**® and FeO islands® and de-
scribed in great detail. Briefly, O vacancy dislocations
form upon reduction of the FeO bilayer and the shifting
of the remaining O atoms to adjacent hollow sites in
the Fe lattice, which is driven by the different stability
of FeO on the three high-symmetry domains.>®

On the FeO islands in Figure 1A, most triangular O
vacancy dislocations appear with their apexes pointing
“up”. Considering this orientation of the triangles
with respect to the supporting Pt(111) sample,>® we
conclude that the FeO outside the triangles is in the
favored orientation (see the indicated FeO orienta-
tions on two islands in Figure 1A and the models in
Figure 1B,Q). In the case of pristine FeO islands, ~75%
of the islands consist predominantly of FeO in the
favored orientation.>® The long O vacancy dislocations
running parallel to the edges create ~10 A wide FeO
ribbons along the edges that are inverted with respect
to the FeO in the center parts of the islands. In this
way, most of the (original) O-edges are converted to
Fe-edges.

These inversions of the FeO are illustrated in the
models depicted in Figure 1B,C, where we have drawn,
for simplicity, hexagonal-shaped islands that are
characterized by alternating Fe- and O-edges with
identical length. Models labeled “1” exhibit triangular
O vacancy dislocation loops. For both FeO orientations,
the edges of these O dislocations are running parallel
to the island Fe-edges. Models labeled “2” show O
vacancy dislocation lines that are running parallel to
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one of the original O-edges, transforming it into a
Fe-edge.

As a result, O vacancy dislocation lines are always
running parallel to Fe-edges, and are thus clear indi-
cators of the island's edge-termination.® Very similar
considerations help identifying the edge-termination
of O-rich FeO islands by means of O adatom disloca-
tions (rows of additional O atoms) that appear at
central regions and at the junctions of interconnected
FeO islands.>® In an analog way as O vacancy disloca-
tions transform O-edges into Fe-edges, the O adatom
dislocations lead to transformations of Fe-edges into
O-edges. O adatom dislocations are therefore always
running parallel to O-edges, regardless of the FeO
orientation.”® Taking additionally into consideration
that adjacent edges exhibit opposing edge termina-
tion, the observation of an O dislocation line of either
type allows the identification of all edges of a specific,
considered island.

In our in situ STM measurements addressing CO
oxidation on FeO;/Pt(111) at RT (see Figures 2—4 and
the movie on CO oxidation in the Supporting
Information), the preparation of the Pt(111)-supported
FeO islands was accomplished in a similar way as was
done in the STM experiment illustrated in Figure 1.
Specifically, an as-prepared FeO;s/Pt(111) sample was
flash-annealed up to 600 K in UHV. Thus, reduced FeO
islands can be expected, meaning that most island
edges should be Fe-terminated. Indeed, the islands
were characterized by O vacancy dislocation lines and
loops, similar to the situation in Figure 1A. Additionally,
because of the flash-anneal to 600 K quite large FeO
islands resulted, with an average diameter of ~60 A.
Before the acquisition of the STM movie, the surface
was exposed to CO at RT [~10 L (Langmuir), with 1L =
1.33 x 10~® mbar-s], which is sufficient to saturate the
bare Pt(111) regions on the FeO;s/Pt(111) surface with
C0.> This order of exposures (first CO, subsequently
0,) was chosen because the strongly bound CO mol-
ecules inhibit the dissociation of impinging O, mol-
ecules on the Pt(111) regions;*>¢! thus, the Pt-regions
are passivated. Figure 2 shows selected STM images
that were acquired within the STM movie, which was
recorded during alternating O, and CO exposures with
a rate of 40 s per image. In the STM movie, the state of
the tip apex was such that original Fe-edges and
oxidized Fe-edges (characterized by a row of O ada-
toms off the Fe-edge) could be distinguished by their
apparent heights.

In Figure 2A (image #22 of the movie on CO
oxidation), the surface was still saturated with CO, even
though O, was dosed at pressures up to 6.4 x 102
mbar (in total ~25 L O,) directly before this STM image
was acquired. On the Pt(111) regions, the presence of
CO is noticeable from the c(4 x 2)-CO structure, which
is expected following CO saturation at RT.°*®3 The few
small circular depressions on Pt(111), some of which
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Figure 2. (A—D) Selected STM images (150 A x 150 A) acquired within the STM movie on CO oxidation at alternating O, and
CO exposures at RT. The image numbers are indicated in the upper right corners. The starting situation was an as-prepared
FeO;s/Pt(111) sample that was flash-annealed up to 600 K in UHV. Subsequently, the surface was saturated with ~10 L CO at
RT. Three FeO islands labeled 1—3 were imaged. The focus is on the Fe-edges on islands 1 and 2 that are highlighted in (A) by
ellipses. On island 2, white arrows indicate O vacancy dislocations and blue arrows O adatom dislocations. In (A) and (C),
orange arrows indicate restructured regions on Pt(111) that can be formed in the presence of oxygen and subsurface Fe
atoms.®* In (D), blue circles indicate the top domains. The STM movie was recorded with a rate of 40 s perimage at/;=0.31 nA
and V, = 593 mV. In (A), the surface was still saturated with CO, even though O, was dosed at pressures up to 6.4 x 102
mbar (in total ~25 L). Following additional O, exposures (~100 L) in (B), the Fe-edges became bright, indicating the
oxidation of these edges. Further O, and subsequent CO exposures (C, ~9 L CO and D, additional ~25 L CO) led to the
restoration of bare Fe-edges on island 1 and the upper end of island 2. (E) Background pressure conditions during the

recording of the STM movie.

are marked by orange arrows, arise most likely from
a restructuring induced by oxygen adsorption and
subsurface Fe atoms.®* In principle, such depressions
could also arise from O adatom islands, since chemi-
sorbed O atoms on Pt(111) also appear in STM images
as depressions.?>®>5¢ However, chemisorbed O atoms
on Pt(111) are expected to react with CO at RT** and,
thus, changes of these features should occur upon
alternating O, and CO exposures if these were due to O
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adatom islands. Since we did not observe any changes
on the circular depressions on the Pt(111) areas during
the course of the STM movie we favor the former
interpretation. With the exception of the small circular
depressions, we can state that the Pt(111) areas in
image #22 are covered by CO.

On the FeO islands, CO does not bind®”®® and thus
CO molecules cannot be present. Nevertheless, the
presence of O vacancy dislocation lines on island 2
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(marked by white arrows in Figure 2A) indicates that
the island was in a reduced state, which is consistent
with the presence of CO molecules on the Pt(111)
areas. Note that the partial pressures measured in the
vacuum chamber can differ considerably from the
partial pressures at the sample surface, since the
geometry of the Aarhus-STM instrument hinders effi-
cient pumping of the sample surface region during
STM experiments. Therefore, changes made to the
overall gas environment can be both attenuated and
delayed at the sample surface.

Figure 2B shows STM image #32 of the movie on CO
oxidation. In this image, clear signs are seen that
additional O, exposure (~100 L O,) led to O-rich
conditions on the surface. Several changes are notice-
able in image #32 (Figure 2B) compared to image #22
shown in Figure 2A. On FeO island 2, the dark O
vacancy dislocation lines disappeared and new bright
O adatom dislocations appeared instead (some are
marked by blue arrows). In addition, several edges on
islands 1 and 2 (marked by ellipses in Figure 2A)
appeared much brighter, indicating that reactions
had occurred at these island edges due to additional
O, exposure. In the Pt(111) regions, the STM contrast is
fuzzy and no clear structure can be recognized.

In the further course of the STM movie the O,
exposure was continued, but starting from image #39
the O, leak valve was closed, and instead the FeO;y/
Pt(111) sample was exposed to CO. The next two STM
images (#43 and #49 presented in Figure 2C and D)
were acquired during CO exposure (1.0 x 10”7 mbar in
the chamber). The transition from an O-rich to a CO-
saturated situation is seen in image #43, where island 2
shows O adatom and O vacancy dislocations at the
same time. Note also that the four island edges that are
marked by ellipses in Figure 2A appear no longer
particularly bright in the STM image. Finally, in image
#49, all the O adatom dislocations seen in image #32 at
O-rich conditions are absent and no sign of enhanced
apparent height is seen at all at the island edges. In all
four cases the enhanced apparent edge height could
be recovered by dosing O, again (see the movie on CO
oxidation). Regarding image #49 in Figure 2D we note
that the c(4 x 2)-CO structure on the Pt(111) regions
could be recognized again.

On the basis of the uppermost O adatom disloca-
tion line defect onisland 2 in image #32 (see Figure 2B),
it is possible to assign the island edges on the upper
part of island 2. Specifically, considering its orientation,
we can identify the bright edges of this island at this
condition as (originally) Fe-edges and the adjacent
darker ones as O-edges. Considering further the known
orientation of the Pt(111) substrate, this means that
this part of island 2 is in the favored FeO orientation.
Regarding the marked edges of island 1 on the left, we
note that they showed changes in the STM movie that
were analogous to those observed onisland 2. This and
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Figure 3. Zoom-in images selected from the STM movie on
CO oxidation: (A—C) Island 1 (32 A x 49 A) and (D—F) island
2 (48 A x 45 A). Changes in appearance and roughness of
the Fe-edges on these two islands during exposures to O,
and CO are visible. Image numbers are given in the lower
right corners. See Figure 2 for the detailed experimental
conditions. (G—1) lllustration of the changes on the Fe-edges
corresponding to the zoom-in STM images. Fe and O
atoms are shown in black and red, respectively. Four-fold
O-coordinated Fe atoms are shown in gray.

their orientations let us believe that island 1 is likewise
composed from FeO in the favored orientation and
that the island edges appearing bright at O-rich con-
ditions are (originally) also Fe-edges.

In Figure 3A—C, we zoom in on island 1, and in
Figure 3D—F on the upper part of island 2, considering
the changes on the edges in more detail. The original
Fe-edges appear brightest at O-rich conditions (see
images #26 and #32 in Figure 3B and E, respectively)
compared to less oxidizing or reducing conditions (see
the other images in Figure 3). We attribute this finding
to O, dissociation events at the Fe-edges, transforming
them into oxidized Fe-edges, which appear brighter in
STM than the original Fe-edges do.>® Since the appear-
ance of the Fe-edges switches back to their normal
state after CO exposure, we further conclude that CO
oxidation took place, leading to the removal of the O
adatoms at the Fe-edges. The addition and removal of
O adatoms at Fe-edges is shown schematically in
Figure 3G—I.

Considering the oxidized Fe-edges in images #26
and #32 in Figure 3B and E, respectively, it is striking
that these edges are straight and characterized by
very few irregularities. However, under less oxidizing
conditions, quite a number of irregularities are
noticeable at these edges. Thus, the illustration in
Figure 3G—1is a simplification. For example, comparing
image #26 with image #45 (see Figure 3B,Q), it is
apparent that additional changes occurred at the
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Figure 4. Zoom-in images (64 A x 73 A) selected from STM
movie on CO oxidation: (A) O-edge on island 2 under O-rich
conditions. (B) Exposing the FeO;;/Pt(111) sample to CO did
not lead to significant changes at the O-edge. Note that the
moiré domains stayed the same in the two STM images
(compare the bright top domains in the lower half of the
STM images).

Fe-edges upon CO oxidation, leading to a roughening
of the Fe-edges.

The formation of oxidized Fe-edges is accompanied
by a shift of the islands such that the bright top
domains sit at these new edges (see images #26 and
#32 in Figure 3B and E, respectively). This is further
indication, in addition to the “brightening”, that the
edge termination has changed. It is rather difficult to
conclude from the STM images whether or not the
whole island has changed the FeO orientation, but the
assignments of the edges are only consistent with our
previous results® if we assume that the FeO orienta-
tion stayed the same. Accordingly, we exclude a
switching of the FeO orientation upon oxidation of
the Fe-edges.

Finally, we consider the island edge in the lower
right part of the STM images depicted in Figure 2B—D.
Under O-rich conditions, this edge appeared quite
bright (see image #32 in Figure 2B), which might be
taken as an indication that it is an oxidized Fe-edge.
However, it is more likely that this bright appearance
originates from an O adatom dislocation that is run-
ning very close to the edge. In any case, under O-rich
conditions in STM image #33, we find a simple O-edge
at this location on island 2, which does not appear
bright (see Figure 4A). Importantly, no significant
changes occurred at this edge when exposing the
FeO;/Pt(111) sample again to CO (see Figure 4B), in-
dicating that the O-edges are unreactive at RT. Note
also that the moiré domains stayed the same in the two
STM images presented in Figure 4 and that the top
domains are sitting away from the edges, unlike that
observed on the oxidized Fe-edges (see Figure 3B,E).

DFT Results. To deepen our understanding of the CO
oxidation at the FeO—Pt(111) interface, we have car-
ried out DFT+U calculations, using the VASP code®¥7°
based on spin-polarized density functional theory and
the DFT+U approach by Dudarev et al.”" We modeled
the FeO—Pt(111) interface by using an FeO ribbon,
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Pristine FeO ribbon FeO ribbon with an

with O- and Fe-edges

Figure 5. (A) Atomic-scale structure of a pristine FeO ribbon
adsorbed on Pt(111). (B) Atomic-scale structure of a FeO
ribbon with an oxidized Fe-edge on the left. Pt, Fe, and O
atoms are shown in blue, violet, and red, respectively. (C)
Simulated STM image of a pristine FeO ribbon on Pt(111).
(D) Simulated STM image of a FeO ribbon with an oxidized
Fe-edge. A bias of +0.65 V was used to simulate these STM
images. The dashed rectangles in (C) and (D) indicate the
supercell of (A) and (B), respectively.

consisting of 4 Fe columns, that is adsorbed on the
Pt(111) substrate (see Figure 5). Figure 5A shows the
optimized structure of a pristine FeO ribbon, and the
optimized structure of a FeO-ribbon with an oxidized
Fe-edge is depicted in Figure 5B. The pristine FeO
ribbon is terminated on the left by a Fe-edge
(comprising CUF sites) and on the right by an O-edge.
Oxidized Fe-edges of the FeO—Pt(111) interface are
created by letting O, dissociate at Fe-edges of pristine
FeO islands, a process which is very facile."®*~>2 Ac-
cordingly, when modeling the FeO—Pt(111) interface
with oxidized Fe-edges, the difference to the pristine
FeO-ribbon is the row of additional O atoms on the
Fe-edges on the left (see Figure 5B). Via the addition of
the O atoms, originally 2-fold coordinated Fe atoms are
transformed into 4-fold coordinated Fe atoms.

The computed heights of the Fe atoms in the FeO
ribbons relative to the topmost Pt layer are compiled in
Table 1. Compared to the Fe atoms at fcc and hcp
domains, the Fe atoms at top domains are character-
ized by larger relative heights. This is true for both
considered FeO ribbons and very similar to the case of
a full FeO layer on Pt(111).>> Comparing the relative
heights of the Fe atoms in the pristine FeO ribbon
(Table 1A) with those of the FeO-ribbon with an
oxidized Fe-edge (Table 1B) we found noticeable
differences exclusively at the left side, that is, at the
Fe-edge, where the structures differ from each other.
Specifically, the height of the Fe atom at the top
domain of the FeO-ribbon with an oxidized Fe-edge
is smaller by 0.07 A, whereas the heights of the Fe
atoms in the fcc and hcp domains are higher by 0.16
and 0.23 A, respectively.

Applying the Tersoff—Hamann approximation,”?
we simulated STM images of the considered FeO

\CINJANO)
VOL.9 = NO.8 = 7804-7814 = 2015 A@@L%{\)

WWwWW.acsnano.org

7809



TABLE 1. Relative Heights of Fe Atoms, §z°

(R) pristine Fe0 ribbon

at Fe-edge next to Fe-edge next to 0-edge at 0-edge
domain oz domain o0z domain oz domain Oz
top 247 fec 2.29 top 2.58 fec 231

hep 2.10 top 263 hep 230 top 2.66
fec 2.07 hep 231 fec 2.9 hep 232

(B) FeO ribbon with an oxidized Fe-edge

at oxidized Fe-edge next to oxidized Fe-edge next to 0-edge  at 0-edge

domain o0z domain 0z domain 6z domain Oz
top 240 fec 231 top 259 fec 230
hep 2.26 top 2.61 hep 232 top 267
fec 230 hep 234 fec 231 hegp 233

“(A) Relative heights of Fe atoms, Oz, with respect to the topmost Pt layer in the
case of a pristine FeQ ribbon on Pt(111). See Figure 5A for the positions of the Fe
atoms. (B) Relative heights of Fe atoms, z, in the case of an FeO ribbon with an
oxidized Fe-edge. See Figure 5B for the positions of the Fe atoms. All relative
heights are given in A.

ribbons at a bias of +650 mV (see Figure 5C,D). At this
condition, Fe atoms are imaged brighter than O atoms.
The Fe-edge (left boundary of the pristine FeO ribbon,
see Figure 5C) appears relatively dark; the apparent
height of the Fe atoms on the top domain at the Fe-
edge is much lower than that of Fe atoms on the top
domains at other places. In fact, in the simulated STM
image of the pristine FeO ribbon, the O-edge appears
brighter than the Fe-edge. However, the oxidized Fe-
edge (left boundary of the FeO ribbon on the right, see
Figure 5D) appears brighter than the Fe-edge and also
brighter than the O-edge.

How bright the Fe atoms appear in the simulated
STM images does not only depend on their heights
with respect to the topmost Pt layer. For example,
at the FeO ribbon with the oxidized Fe-edge (see
Figure 5B) the relative heights of the Fe atoms at the
top sites were found to be 2.40, 2.61, 2.59, and 2.67 A,
respectively (from left to right, see Table 1B).
The relative height of the Fe atom directly at the
oxidized Fe-edge (2.40 A) is the lowest compared to
all other Fe atoms at top sites. Nevertheless, the Fe
atoms at the top sites appear brightest in the simulated
STM images.

To examine the catalytic activity toward CO oxida-
tion, we have modeled CO oxidation reaction path-
ways at the FeO—Pt(111) interface, considering both
oxidized Fe-edges and simple O-edges (see Figures 6
and 7). Starting with the oxidized Fe-edge (Figure 6),
we found that an adsorbed CO molecule at the bridge
site [Figure 6A, CO(B2)] can easily diffuse to the top site
[Figure 6B, CO(T2)], because the energy barrier for this
process is only 0.25 eV. When the CO molecule is
adsorbed on the top side [CO(T2)] it can react with
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Figure 6. (A—E) DFT-based atomic structures of the inter-
mediates in the CO oxidation reaction at the oxidized Fe-
edge at the FeO—Pt(111) interface. (F) Potential energy
curve for the CO oxidation at the oxidized Fe-edge. The
corresponding configurations and the barrier heights are
indicated.

the nearby O atom at the FeO—Pt(111) interface,
forming chemisorbed CO, [Figure 6C, COZ‘S'(FZ)].
The energy barrier for this process is calculated to be
0.39 eV. The formed CO, molecule [CO,*(F2)] subse-
quently diffuses to a slightly more stable chemisorbed
state [Figure 6D, CO,% (F2-b)], a process which is very
facile since its energy barrier is negligible. Finally,
the chemisorbed CO, molecule [CO,*(F2-b)] de-
sorbs from the surface, ending with CO, weakly phy-
sisorbed above the surface [Figure 6E, CO,(F2)]. This
desorption process is hindered by a small energy
barrier (0.18 eV).

Figure 6F shows the calculated potential energy
surface for the CO oxidation reaction at the oxidized
Fe-edge. It can be seen that the reaction is exothermic,
with a reaction energy of —2.25 €V. In addition, the
reaction should be very facile, since the barrier of the
rate-determining step [CO(T2) — CO{”(FZ)] was found
to be only 0.39 eV.

Next we examined the CO oxidation reaction at an
O-edge; see Figure 7. As in the case of reaction on the
oxidized Fe-edge, a CO molecule first diffuses from the
bridge site [Figure 7A, CO(B5)] to the top site [Figure 7B,
CO (T5)], which lies closer to the O-edge at the FeO—
Pt(111) interface. This process is hindered by an energy
barrier of 0.27 eV (see Figure 7E). Subsequently, the
actual CO oxidation reaction may occur, when the CO
molecule [CO(T5)] reacts with a neighboring O atom of
the O-edge, forming chemisorbed CO,, see Figure 7C,
CO,%(F5). The reaction barrier for this process was
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Figure 7. (A—D) DFT-based atomic structures of the inter-
mediates in the CO oxidation reaction at the O-edge at the
FeO—Pt(111) interface. The same color code is used as in
Figure 6. (E) Potential energy curve for the CO oxidation at
the O-edge (red, dotted line). The corresponding configura-
tions and the barrier heights are indicated. For direct
comparison, the potential energy curve for the CO oxida-
tion at the oxidized Fe-edge is also plotted (black line).

computed to be 0.48 eV. To complete the reaction, the
bond between the C of the CO, molecule [CO,* (F5)]
and the Pt atom and the bonds between the reactive O
and Fe need to be broken, a process which is hindered
by a barrier of 0.44 eV.

As can be seen from Figure 7E, the CO oxidation at
the O-edge on the FeO—Pt(111) interface is exothermic
by —1.49 eV. Accordingly, at the O-edge the CO oxida-
tion reaction is 0.76 eV less favorable than at the
oxidized Fe-edge. The energy barrier of the rate-deter-
mining step at the O-edge, CO(T5) — CO,°~(F5), is 0.48
eV, which is 0.09 eV higher in energy than the barrier of
the corresponding rate-determining step, CO(T2) —
CO,*(F2), at the oxidized Fe-edge. Clearly, oxidized
Fe-edges are more reactive in the CO oxidation than
O-edges.

DISCUSSION

The presented in situ STM data (Figures 2, 3, STM
movie on CO oxidation, and an additional STM data set
in the Supporting Information) show directly that the
oxidized Fe-edges are reactive in the CO oxidation
reaction at RT. This is an important result since, regard-
ing the reactivity, previous reports on FeO;/Pt(111)
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relied on an averaging technique in conjunction
with DFT calculations,'® or exclusively on DFT calcu-
lations.*® > The actual evidence that the catalytically
active sites are the CUF sites was still lacking. Because
the used substrate, Pt(111), is itself a catalytically active
system, averaging techniques may be misleading
and not be considered as absolutely conclusive. Never-
theless, we found direct evidence by STM for the
proposed high catalytic activity of the CUF sites,
strongly supporting the conclusions put forward by
Fu et al. in ref 10.

Furthermore, our direct view on the FeO;,/Pt(111)
model catalyst revealed that the FeO—Pt(111) interface
is not composed exclusively of CUF sites, as originally
anticipated. Instead, Fe-edges and O-edges alternate
on pristine FeO islands and their lengths depends on
the preparation conditions.>® This result implies that
the CUF sites are, on a per site basis, even more reactive
than previously thought.'® Whereas STM evidence
for activity in the CO oxidation reaction at oxidized
Fe-edges was found at RT, the O-edges did not show
characteristic changes at the same conditions (see
Figure 4), suggesting that they are much less reactive,
or unreactive.

The basis for the in situ observation of catalytic
activity at the oxidized Fe-edges lies in the possibility
to distinguish between bare and oxidized Fe-edges in
STM. This possibility is related to the fact that the
heights of the Fe atoms with respect to the topmost
Pt layer depend critically on how highly the Fe atoms
are O-coordinated. Generally, the higher the coordina-
tion of Fe atoms to O atoms the larger is the distance
between Fe and Pt atoms (see Table 1). In the used tip
state and the applied scanning conditions, this led to a
brighter appearance of the oxidized Fe-edges in the
STM images. Considering that the tip state plays a
strong role in STM imaging, simulated STM images
such as the ones shown in Figure 5C,D need to be
treated with caution. Nevertheless, the simulated STM
images reflect the main features of the experimental
STM images quite well. Regarding the bright appear-
ance of the oxidized Fe-edges we further note that the
O adatom dislocations on FeO,,/Pt(111)>* and contin-
uous FeO films on Pd(111),”> which show the same
structural arrangements (including 4-fold coordinated
Fe atoms) as oxidized Fe-edges, also appear very bright
in the STM images. Notice that the only difference
between O adatom dislocations and oxidized Fe-edges
is that the latter are located at the islands boundaries,
whereas O adatom dislocations occur on the FeO
islands and continuous FeO films.

The results of our DFT+U calculations are in very
good agreement with the presented STM results. The
computed energy barrier of 0.39 eV for the CO oxida-
tion at the oxidized Fe-edges is sufficiently low for
reactions to occur at RT, as observed experimentally.
Furthermore, the DFT+U calculations revealed that the
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CO oxidation reaction at the oxidized Fe-edges is both
thermodynamically and kinetically more favorable
than on the O-edges. Also this result is in good accord
with the experimental results, although a reaction
barrier of 0.48 eV for the CO oxidation reaction at
the O-edges seems not impossible to overcome at
RT. Comparing our DFT+U calculations with previous
DFT results,**>° there is generally good agreement.
However, Sun et al.>® reported a reaction barrier of only
0.2 eV for the CO oxidation at the oxidized Fe-edges,
which is about half as high as ours of 0.39 eV. We
believe that this discrepancy is largely related to the
ways how the FeO—Pt(111) interface was modeled. For
example, whereas a FeO ribbon consisting of 4 Fe
columns and 4 O columns was used here, Sun et al.
modeled the FeO—Pt(111) interface by means of a FeO
ribbon consisting of 3 Fe columns and 2 O columns.
A more detailed discussion of the DFT models and the
DFT+U calculations will be presented in a separate
publication.

METHODS

Experimental Details. The STM experiments were performed in
a UHV chamber with a base pressure of ~1 x 107'® mbar

equipped with a home-built, variable-temperature Aarhus scan-
ning tunneling microscope,”*”* an electron-beam evaporator

(Oxford Applied Research, EGCO4), and standard facilities for
sample cleaning and preparation. The Pt(111) sample was
cleaned by cycles of Ar-sputtering at RT and vacuum-anneal-
ing at temperatures up to ~1100 K. When needed, the sample
was annealed in 5 x 10~ mbar O, at 850 K to oxidize any
carbon species on the surface. FeO islands covering ~25%
of the surface were grown by reactive deposition of Fe
(Goodfellow, 99.99%) in a background of 1 x 10~% mbar 0,
with the sample held at RT [“as-prepared FeO;s/Pt(111)"]. The
STM measurements were carried out in the constant current
mode at RT using mechanically cut Pt/Ir tips.

Computational Details. All calculations were performed using
the VASP code®7° based on spin-polarized density functional
theory and the DFT+U approach by Dudarev et al.”' The
projector augmented wave potentials’®’” were used for de-
scribing the electron—ion interactions, and the generalized
gradient approximation (GGA-PW91)”® was used to describe
the exchange-correlation functional. The electron wave func-
tion was expanded with plane waves with an energy cutoff of
400 eV. The parameters describing the on-site Coulomb inter-
action between Fe 3d orbitals were chosen as U=4 eV and J =
1€V (Ueis=U — J=3 eV).To model an FeO island on Pt(111), we
used a FeO(111)—(4 x 3) ribbon/Pt(111)—(7 x 2+/3) unit cell,
with the supporting Pt(111) slab containing three layers of Pt
atoms. A vacuum layer of ~12 A was used to separate the
periodically repeated images in the z-direction. The Brillouin
zone was sampled with a (1 x 2 x 1) k-point mesh. A row-wise
antiferromagnetic (RW-AFM) ordering was used as an initial
guess of the magnetic structure of the FeO island. The FeO
island, adsorbates, and the top Pt layer were fully relaxed,
whereas the two Pt layers at the bottom were kept fixed.
All structures were relaxed until the Hellmann—Feynman
forces on nonfixed atoms were smaller than 0.02 eV/A. The
optimized Pt lattice constant of 3.99 A was used, corresponding
to a Pt—Pt spacing of 2.82 A in the (111) plane. This lattice
constant is in good agreement with the experimentally deter-
mined lattice constant for Pt (3.92 A).”° The climbing image
nudged elastic band (CI-NEB) method®® was used to calculate
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CONCLUSIONS

In summary, by means of in situ STM measurements,
we have obtained direct evidence that oxidized
Fe-edges at the FeO—Pt(111) interface are active sites
for the CO oxidation reaction at Pt(111)-supported
ultrathin FeO islands. This was achieved by scanning
in a tip state in which original Fe-edges and oxidized
Fe-edges (characterized by a row of O adatoms off the
Fe-edge) can be distinguished on the basis of their
apparent STM heights. We conclude that CO oxidation
occurred at the oxidized Fe-edges at RT, because the
appearance of the Fe-edges was reversible, depending
on whether the gas environment in the tunnel junction
was oxidizing (O,) or reducing (CO). Whereas the CO
oxidation reaction occurred at the oxidized Fe-edges at
RT, no sign for a reaction was found at the O-edges at
identical condition. These results strongly support the
high catalytic activity of the CUF sites at the FeO—Pt(111)
interface and represent a very scarce example for direct
insight into catalytic activity occurring at an interface.

the activation energy barriers for the CO oxidation, with the
transition states verified through a rigorous vibrational fre-
quency analysis.
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