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C
ompounds of noble metals and
transition metal oxides are widely
used in heterogeneous catalysis.1�6

In most cases the noble metals occur in the
form of nanoparticles, while the oxides are
used as supportmaterial. Traditionally, oxide
supports have been considered catalytically
inactive. However,more andmore examples
appear in the literature showing that oxide
supports can interact with supported metal
nanoparticles and affect catalytic reactions,
particularly in the case of reducible transi-
tion metal oxides, such as titania and iron
oxide.6�13 The influence (both detrimental
and promotional) of oxides in catalytic reac-
tions can be particularly strong when the
oxides cover the metal particles, forming
so-called “inversed catalysts”.14�17 Themost
prominent example is the SMSI effect
(“strong metal support interaction”), occur-
ring when the noble metal�transitionmetal
oxide compounds are heated in a reducing

environment, such as H2.
7,8,18 The SMSI

effect has often been seen as a detrimental
effect, as the covering oxide overlayer inhib-
its the adsorption of reactant molecules
(encapsulation).7,8,18,19

There are, however, also cases where the
formation of inversed catalysts leads to en-
hanced reactivity. An example was reported
in 2010by groups fromDalian andHefei, who
prepared monolayer (ML)-thin FeO islands
on a Pt(111) substrate,6,20,21 in the following
denoted FeOis/Pt(111). The FeOis/Pt(111)
model system is particularly interesting be-
cause the FeO�Pt(111) interface is accessible,
exposing undercoordinated atoms at the
cluster edges and rendering it catalytically
very active.20 Fu et al. denoted these sites as
“coordinatively unsaturated ferrous (CUF)
sites in close proximity to Pt”,20 whereas Gu
et al.22 and Sun et al.23 in their density func-
tional theory (DFT) studies described these
sites as a “Pt�Fe cation ensemble”.
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ABSTRACT We used high-resolution scanning tunneling microscopy to study the

structure of ultrathin FeO islands grown on Pt(111). Our focus is particularly on the

edges of the FeO islands that are important in heterogeneous catalysis, as they host

the active sites on inversed catalysts. To imitate various reaction environments we

studied pristine, oxidized, and reduced FeO islands. Oxidation of the FeO islands by O2
exposure led to the formation of two types of O adatom dislocations and to a

restructuring of the FeO islands, creating long O-rich edges and few short Fe-

terminated edges. In contrast, reducing the FeO islands led to a dominance of Fe-rich

edges and the occurrence of few and short O-rich edges. In addition, for reducing

conditions we observed the formation of O vacancy dislocations on the FeO islands. Through the identification of O adatom and O vacancy dislocations

known from closed ultrathin FeO films and geometrical considerations we unraveled the atomic structure of the predominant FeO boundaries of pristine,

oxidized, and reduced FeO islands. The results indicate an astonishing flexibility of the FeO islands on Pt(111), since the predominant edge termination and

the island shape depend strongly on the preparation conditions.

KEYWORDS: iron oxide . catalysis . model catalysts . edges . O adatom dislocations . O vacancy dislocations .
scanning tunneling microscopy (STM)
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Promising applications of FeO/Pt-based catalysts are
the water-gas-shift (WGS) reaction24 and the preferen-
tial oxidation of CO (PROX),6,20,25 both of which are
important for the production of pure H2 with aminimal
concentration of CO. For use in, for example, proton
exchange membrane fuel cells26 that are prone to
deactivation due to CO poisoning, it is necessary to
use very pure H2 gas.26,27 In both these applications,
the benefit of FeOis/Pt(111) over a conventional cata-
lyst is the presence of dual adsorption sites.6,20

Despite the attention the FeO�Pt(111) interface
has attracted, only little work has been focused
on establishing the atomic structures of the edges of
FeO islands. Existing models of the FeO islands and
their edge structures have been deduced from the
structure of the closed FeO ML film and exhibit only
one or two different edge types, most of them Fe-
terminated.20�22,28�30 In their DFTmodeling, Fu et al.20

and Gu et al.22 used an FeO ribbon consisting of
three Fe columns and two O columns, which is Fe-
terminated at the relevant, optimized edge, with the
Fe atoms being 2-fold coordinated. Fu et al. assumed
that the FeO islands are bordered by this single type
of edge, which will be denoted as “Fe-edge” in the
following. This simple model for the FeO boundaries
was subsequently adopted by Xu et al.,29 who com-
bined X-ray photoelectron spectroscopy (XPS) and
temperature-programed desorption (TPD) studies ad-
dressing the involvement of hydroxyls in the catalyzed
CO oxidation reaction. In the experimental work by Yao
et al.21 a second edge type was introduced, which is
suggested to be O-terminated. However, the focus by

Yao et al. was more on finding the best conditions for
the preparation of FeOis/Pt(111) samples. Wang et al.28

also proposed a second edge type, because these
authors found an FeO island in scanning tunneling
microscopy (STM) images characterized by edges of
different length. Wang et al.28 assigned the preferred,
longer edges as Fe-edges, as originally suggested by
Fu et al., and the less frequent, shorter edges were
suggested to also be Fe-terminated, but consisting of
undercoordinated, one-fold coordinated Fe atoms in-
stead of 2-fold coordinated Fe atoms. Generally, it has
been assumed that all FeO islands consist of FeO in only
one orientation relative to the Pt(111) surface, i.e., the
sameorientation as the closed FeOML film (see Figure 1).
Here we report on ultrathin, two-dimensional (2D)

FeO islandsgrownonPt(111) studiedbyhigh-resolution
STM. We studied pristine, oxidized, and reduced FeO
islands, which were observed in two different FeO
orientations. Following oxidation of the FeO islands we
distinguished two types ofO adatomdislocations on the
islands. At the same time, the FeO islands restructure,
resulting indominantO-rich edgeswithonly a few, short
Fe-terminated edges remaining. On the other hand,
reducing the FeO islands led to structures dominated
by Fe-rich edges and exhibiting very few and short
O-terminated edges. In addition, we observed the
formation of O vacancy dislocations on the FeO islands
with some of them running parallel to the edges. On
the basis of the identification of structures on the FeO
islands such as O adatom and O vacancy dislocations it
was possible to unravel the atomic structures of, in total,
five different edge types at the FeO�Pt(111) interface.

Figure 1. Top and side views of 2D FeOML patches on Pt(111). The moiré-type superstructure unit cell (thin white lines) and
the atomic unit cells (boldwhite lines) are indicated. Two FeOorientations are possible, distinguished by the placement of the
O layer above the Fe layer. For the closed FeOML film only the orientation on the left is observed experimentally (O atoms in
red). O atoms in the nonfavored FeO film on the right are shown in yellow. This color-coding of the O atoms and the atomic
unit cells is used throughout in the paper. The six different high-symmetry domains of themoiré superstructure are indicated.
The hexagons (bold blue lines) illustrate how hexagonal FeO islands can be “cut” from FeO in both possible orientations.
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RESULTS

Structure of the Closed Ultrathin FeO Film on Pt(111). We
first review the well-established structure of closed
FeO ML films grown on Pt(111) (see Figure 1), because
this structure is the basis for understanding the edge
structures of the FeO islands. In the experimentally
observed structure of the closed FeOML film, Fe and O
form an incommensurate FeO overlayer on the Pt(111)
substrate with a lattice spacing of∼3.1 Å, whereas the
Pt(111) substrate is characterized by a lattice spacing
of 2.77 Å. This closed FeO ML film is often denoted a
“bilayer”, since the FeO overlayer can be thought to
be composed of an Fe layer in contact with Pt and an
O layer away from it. With respect to the substrate,
the FeO ML is rotated by ∼0.6�, and the ∼10% lattice
mismatch between the two lattices leads to a moiré
structure with a ∼26 Å periodicity. The average rum-
pling (i.e., the vertical distance between the Fe and O
atoms) of the FeO film is ∼0.68 Å, with the O atoms
terminating the ultrathin film. The moiré structure
exhibits three different 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. This atomic-scale structure
of FeO/Pt(111) has been established by means of low-
energy electron diffraction (LEED), STM, XPS, near-edge
X-ray absorption fine structure (NEXAFS), and X-ray
photoelectron diffraction (XPD) measurements.31�36

Also displayed in Figure 1 is a similar but energeti-
cally slightly unfavored structure of the FeO ML film.37

This nonfavored FeO film on Pt(111) can be thought to
be formed by rotating the film in favored FeO orienta-
tion by 60� or by shifting the O sublattice to adjacent
Fe hollow sites. Considering the stacking order of the
two topmost Pt layers, the nonfavored FeO film is not
symmetrically equivalent to the film composed of FeO
in favored orientation. Instead, the two FeO orienta-
tions are distinct, because the positions of the Pt atoms
in the two topmost layers are different, as depicted by
the stacking sequences in Figure 1. The three high-
symmetry domains of the film consisting of FeO in
nonfavored orientation are denoted TOP*, FCC*, and
HCP*. For closed, stoichiometric FeO ML films, exclu-
sively the favored FeO orientation is observed experi-
mentally.37,38 However, in case of islands on Pt(111)
both FeO orientations occur, as will be shown below.

When, for example in the course of a surface reaction,
FeO in favored orientation is transformed into FeO in
nonfavoredorientation, the TOPdomains are turned into
TOP* domains, the FCC domains into HCP* domains,
and the HCP domains into FCC* domains (see Figure 1).
This means that the TOP/TOP* domains are stationary
upon FeO inversion and the FCC-type domains turn into
HCP-type domains andHCP-type domains into FCC-type
domains.38 Accordingly, for FeO in favored and non-
favored orientations, the order of the high-symmetry

domains along the long diagonal in the moiré unit cell
is different. More specifically, in our presentation of
the Pt(111) substrate in Figure 1, the order of the high-
symmetry domains along the long diagonal in themoiré
unit cell is TOP�FCC�HCP for FeO in favored orientation
(from left to right), whereas for FeO in nonfavored
orientation the order of the high-symmetry domains is
TOP*�HCP*�FCC*.

The blue hexagons in Figure 1 illustrate how hexa-
gonal FeO islands can be “cut out” from the FeO films
of the two orientations. Assuming that highly under-
coordinated O- and Fe-edge atoms do not occur, it can
be recognized that hexagonal FeO islands are charac-
terized by alternating O- and Fe-terminated edges.
Moreover, it is clear that the island edges running
along the same directions are terminated differently
on the two FeO orientations. As for the closed FeO ML
film, a hexagonal island consisting of favored FeO can
be transformed into a “nonfavored” island by rotating
it by 60�.

Pristine FeO Islands. We prepared “pristine” FeO is-
lands by reactive deposition of Fe in an O2 background
(1 � 10�6 mbar) with the sample held at room tem-
perature (RT). The coverage of FeO in all preparations
was ∼25% ML (where 1 ML = ?). Samples prepared
in this way are denoted “as-prepared FeOis/Pt(111)”.
Figure 2A shows a typical large-scale STM image
acquired on an as-prepared FeOis/Pt(111) sample that
was flashed to 480 K. It can be seen that most
FeO islands are of similar size and homogeneously
distributed on the ∼500 Å wide Pt terraces, the only
exception being FeO islands along the Pt step edges
on the lower terraces. The FeO islands obtained in
this work resemble those previously described in the
literature.20,21,28

The shape of the FeO islands can be described as
irregular hexagons or truncated triangles. We found
twomain types of “truncated triangles”, pointing either
“up” or “down” at the given orientation of the sub-
strate, corresponding approximately to the [112] and
[112] directions on Pt(111). Analyzing the complete
data set from which the STM images in Figure 2 were
selected, we classified all 183 observed FeO islands as
pointing either “up” or “down”. In the example shown
in Figure 2B, “down”-pointing FeO islands are indicated
by white triangles, whereas “up”-pointing islands are
indicated by blue triangles. We found that∼75% of the
FeO islands were pointing “down” and∼25% pointing
“up”. As will be shown in the following, the predomi-
nant “down”-pointing FeO islands consist of FeO in
the favored orientation, whereas “up”-pointing islands
consist of FeO in the nonfavored orientation (see
Figure 2C).

Figure 3 presents examples inwhich the orientation
of the FeO in the islands could be revealed based
on the observed order of the high-symmetry domains.
The STM image in Figure 3A and the enlarged cut-outs
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in Figure 3B,C were recorded on an as-prepared FeOis/
Pt(111) sample that was flashed to 480 K in 1 � 10�6

mbar O2 and subsequently vacuum-annealed at 473 K

for 4 min. Following this preparation, the FeO islands
were more ordered and their shapes were closer to
perfect triangles than obtained without the annealing
step. Figure 3B and C depict interconnected FeO
islands, presumably formed from two single islands
during the preparation. In both examples the island on
the left points “up” and the island on the right points
“down”. At the junction of the interconnected islands
a bright line defect is visible in both examples. These
line defects are identified as O adatom dislocation
loops known from Pd(111)-supported FeO ML films.39

Accordingly, the bright protrusions in the STM images
at the junction originate from 4-fold O-coordinated
Fe atoms.39 Note that the formation of an O adatom
dislocation is associated with inversion of the FeO
at one side of the dislocation, which agrees with the
finding that the two parts of the interconnected FeO
islands point in opposite directions.

The STM image in Figure 3A was recorded in a
known imaging mode (“mixed imaging mode #1”),40

where the different domains can be distinguished by
their apparent height and corrugation. In Figure 3B
and C, the three high-symmetry domains are indicated
by a square (FCC/FCC*), a triangle (HCP/HCP*), and a
circle (TOP/TOP*), respectively. The order of the do-
mains across the long moiré unit cell diagonal in the
islands on the left is FCC�TOP�HCP (Figure 3B) and
TOP�HCP�FCC (Figure 3C), respectively. Comparison
with Figure 1 reveals that both these “up”-pointing
islands are composed of FeO in nonfavored orienta-
tion. Analogously, we revealed that the “down”-
pointing islands on the right in Figure 3B and C are
composed of FeO in favored orientation. The sche-
matic depicted in Figure 3D illustrates the structure of
the FeO islands observed experimentally if the inter-
connected islands were perfect hexagons.

Figure 2. (A, B) STM images of pristine FeO islands acquired
on as-prepared FeOis/Pt(111) samples that were flashed to
480 K (A) and 466 K (B), respectively. (C) Schematic of the
favored and nonfavored FeO orientations in hexagonal
islands. In (B), superimposed, enclosing triangles highlight
the O-edges. Arrows in (A) and (C) indicate the approximate
directions on the Pt(111) substrate.

Figure 3. (A) STM imageof pristine FeO islands, someofwhich are interconnected. IslandswithO adatomdislocations are also
imaged. An as-prepared FeOis/Pt(111) samplewas flashed to 480K in 1.3� 10�6mbarO2 and subsequently vacuum-annealed
at 473 K for 4 min. Indicated areas in (A) are shown enlarged in (B) and (C), respectively. In (B) and (C), the high-symmetry
domains are indicated. (D) Schematic of two interconnected hexagonal FeO islands, one composed of FeO in nonfavored
orientation (left) and the other in favored orientation (right). Note the formation of an O adatom dislocation line at the
interface (arrow). The atomic unit cells are indicated.
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From the examples discussed in Figure 3 and further
high-resolution STM images where the different do-
mains on the FeO islands could be distinguished, we
found that islands consisting of FeO in favored orienta-
tion always point “down”, and islands consisting of FeO
in nonfavored orientation always point “up”. On this
basis we conclude that an island's shape can be taken as
a reliable indicator of the FeO orientation. Accordingly,
even in cases where our STM images were not of the
highest possible resolution it was possible to infer the
FeO orientations based solely on the islands' shapes.

If the FeO orientation is known, it is also possible to
assign the edges of the pristine FeO islands on well-
ordered FeOis/Pt(111) samples. With a look at the
hexagons in Figures 1 and 3D as simplified models of
the FeO islands, it becomes clear that the longer edges
are O-terminated, whereas the shorter edges are
Fe-terminated. This is valid for these interconnected
FeO islands but also for most of the other FeO islands
observed in Figure 3A. Accordingly, pristine FeO is-
lands are characterized by the occurrence of both
O-edges and Fe-edges. Under these preparation con-
ditions the O-edges of these FeO islands are in most
cases longer than the Fe-edges. This result, implying
that “pristine” FeO islands exhibit a net excess of
oxygen, is consistent with the occurrence of O adatom
dislocation loops on some of the FeO islands and at the
junctions between interconnected islands.

O-Rich FeO Islands. The STM image in Figure 4A was
acquired on an as-prepared FeOis/Pt(111) sample that
was annealed at 475 K in 1.3� 10�6 mbar O2 for 2 min.
The STM image shows a small FeO island with a bright,
triangular line defect that is pointing “down”. This
triangular line defect resembles the known O adatom
dislocation loops found on the closed FeO ML film
grown on Pd(111),39 which is structurally very similar
to the FeO ML film grown on Pt(111). In addition, we
observed O adatom dislocation loops on closed FeO
ML films supported on Pt(111) appearing exactly like
this,41 thus further supporting that the triangular de-
fect is indeed an O adatom dislocation loop. Figure 4B
shows the suggested atomic structure of the FeO
island. It can be seen that the Fe atoms along the O
dislocation loop are 4-fold O-coordinated (gray Fe balls
in Figure 4B), which explains their bright appearance in
the STM images.39

A striking feature of the FeO island in Figure 4A is
that three of its edges appear with bright contrast,
which is comparable to the STM contrast characteristic
for the triangular O adatom dislocations. This similar
STM contrast and the oxidizing preparation conditions
suggest that 4-fold O-coordinated Fe atoms occur
also along these edges. Accordingly, we propose that
the three edges with bright contrast are Fe-edges that
have been oxidized, formingO-terminating edges. This
interpretation is illustrated by the additional rows of
O atoms in Figure 4B (depicted in yellow) along the

edges that would be Fe-terminated on pristine FeO
islands, resulting in 4-fold O-coordinated Fe atoms.
Accordingly, we denote this type of edge as an
“oxidized Fe-edge”.

The indentations appearing along the O edges of
the FeO island depicted in Figure 4A could be caused
by missing O atoms, represented by the blue disks in
Figure 4B. Alternatively, the observed indentations
might be explained bymissing Fe atoms, since Fe atoms
can diffuse relatively easily into the Pt substrate.21,42 It is
interesting to note that similar defects along the edges
have been observed previously by Yao et al.21 and
Wang et al.28

Figure 4C presents a high-resolution STM image of
another O-rich FeO island, acquired on an as-prepared
FeOis/Pt(111) sample that was exposed to 1.3 � 10�6

mbar O2 for 5min at RT. On this large, O-rich FeO island
a moiré pattern can clearly be discerned. In addition,
dark dislocation lines are recognized that run parallel
to three of the island's edges. Note that dislocations
of this kind have also been observed on closed FeOML
films on Pt(111).41 Similar to the bright dislocations
in Figure 4A, these dark dislocations are formed upon
exposure to O2, and they are running along the same

Figure 4. (A) STM image of an FeO island with a bright,
triangular O adatom dislocation loop. This island is com-
posed of FeO in favored orientation. An as-prepared
FeOis/Pt(111) sample was annealed in 1.3 � 10�6 mbar O2

at 475 K for 2 min. (B) Atomic-scale model of the FeO island
imaged in (A). (C) STM imageof an island (FeO in nonfavored
orientation) with dark and bright dislocations running
parallel to the edges. In this case an as-prepared FeOis/
Pt(111) sample was exposed to 1.3� 10�6mbar O2 at RT for
5 min. In (C), the high-symmetry domains are indicated.
(D) Atomic-scale model of the inversion of the FeO island
along the edges brought about by O dislocations. Note that
the sketched island is only half the size of the FeO island
depicted in (C).
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directions as the bright dislocations. Because of the
known imaging mode and the large size of this FeO
island, it is possible to assign the three high-symmetry
domains, as indicated in Figure 4C. The order of the
domains, HCP�FCC�TOP (from left to right), indicates
that the central part of this island consists of FeO in the
nonfavored orientation.

The bright line defect at the top of Figure 4C looks
very much like the triangular dislocation in Figure 4A,
and, accordingly, we ascribe this line defect to an
O adatom dislocation. The predominant, dark line
defects on the same FeO island are also ascribed to
O adatom dislocations; however, because of their dark
appearance we believe that in these dislocations the
Fe atoms are missing. Again, the appearance of the
O adatom dislocations is connected with transforma-
tions of the edge types. In this case, Fe-edges were
transformed into O-edges. The model sketched in
Figure 4D is not a one-to-one model of the experimen-
tally observed FeO island depicted in Figure 4C. Rather,
an idealized, smaller FeO island is sketched, with
O adatom dislocations running parallel to three of its
edges. In these O adatom dislocations the Fe atoms

(light gray balls) are missing. Within the three narrow
FeO ribbons between the O adatom dislocations and
the island edges, the O atoms (red balls) are shifted.

Figure 5A,B illustrate that the edges of triangular
O adatom dislocation loops are running parallel to the
original O-edges and that the corners of the O adatom
dislocations point to the Fe-edges [favored FeO orien-
tation, see Figure 5A(1); nonfavored FeO orientation,
see Figure 5B(1)]. At the applied preparation condi-
tions, the Fe-edges are mostly oxidized (blue balls).
The two models marked (2) in Figures 5A,B illustrate
that O adatom dislocation lines running parallel to
Fe-edges invert the narrow FeO ribbons between the
adatom lines and the edges. As a result, the (original)
Fe-edges are transformed into O-edges.

On the basis of the geometrical considerations
illustrated in Figure 5A,B we assign the edges of the
islands in Figure 5C as follows (see Figure 5D): Blue lines
running parallel to the O adatom dislocation loops
correspond to O-edges, and the white triangles mark
the O-edges of mostly triangular islands in favored (full
lines) and nonfavored (dashed lines) FeO orientations.
Thus, again we find that most of the edges are
O-terminated. Many of the remaining edges appear
bright and thus are most likely oxidized Fe-edges, as
shown in blue in Figure 5A,B models (1). Only a few
edges of the FeO islands in Figure 5C could not be
assigned unambiguously; the others are clearly identi-
fied as O-terminated.

Finally, we note that upon extended exposure toO2,
some FeO islands also showed bright patches consist-
ing of the O�Fe�O trilayer structure.10,11,43 Examples
of such patches are seen in the STM image in Figure 5C.
However, O�Fe�O trilayer structures were mostly
minor features at our preparation conditions, and, thus,
they will not be discussed further.

We conclude from the STM data in Figures 4 and 5
that the O-rich FeO islands predominantly exhibit O
edges. Specifically, the FeO islands depicted in Figure 4
are O-terminated along all their edges. This is caused
by maintaining the original O-edges and either oxidiz-
ing the Fe-edges (Figure 4A,B) or inverting narrow FeO
ribbons along the Fe-edges, thus transforming them
into O-edges of inversely oriented FeO (Figure 4C,D).

O-Poor FeO Islands. Figure 6A shows a typical large-
scale STM image acquired on an FeOis/Pt(111) sample
that was exposed to reducing conditions. More speci-
fically, we started with an as-prepared FeOis/Pt(111)
sample that was exposed to CO at RT and finally
vacuum-annealed at 580 K for 1 min (see Figure 6 for
the precise preparation protocol). In Figure 6A, one
part of the STM image (blue rectangle) is shown
with different contrast to emphasize the presence of
the O vacancy dislocations on the FeO islands. The
O vacancy dislocations appear as dark lines, angles,
and loops on the islands. Some of the present authors
have previously studiedOvacancy dislocations in great

Figure 5. (A, B) Atomic-scale models for hexagonal FeO
islands on Pt(111) with O-rich edges. Type (1) models are
characterized by O adatom dislocation loops and oxidized
Fe-edges. Type (2) models are characterized by O adatom
dislocations along Fe-edges (blue arrows), transforming
Fe-edges into O-edges. The atomic unit cells are indicated.
(C) STM image of O-rich FeO islands. An as-prepared FeOis/
Pt(111) samplewas annealed in 1.3� 10�6mbar O2 at 475 K
for 2 min. The white arrow indicates an O�Fe�O trilayer
island. The image in (C) is duplicated in (D) for clarity. In (D),
blue lines are drawn parallel to O adatom dislocations to
indicate O-edges. White triangles mark O-edges of FeO
islands with the FeO in favored (full lines) and nonfavored
orientation (dashed lines), respectively.
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detail on closed Pt(111)-supported FeO ML films that
were reduced by atomic hydrogen.37,38

Following a very similar preparation, we acquired
the high-resolution STM image depicted in Figure 6B.
A quite large FeO island is imaged with several trian-
gular O vacancy dislocations, most of which are point-
ing “up” (examples of triangular O vacancy dislocations
are labeled 1). However, inside a large “up”-pointing
dislocation loop a small triangular O vacancy disloca-
tion is pointing “down” (labeled 2). This STM imagewas
recorded in a tip-dependent imaging mode where the
Fe atoms appear as protrusions.40 From this and similar
atomically resolved STM images recorded in known
imaging modes we analyzed the registry of the FeO in
and outside of the dislocations in a way described

previously.37 This analysis verified that the dislocations
seen in Figure 6B are indeed O vacancy dislocations
known from closed FeO ML films on Pt(111).

The orientation of the O vacancy dislocations pro-
vides information on the FeO orientation of the islands
(see Figure 6C for an illustration). On the FeO patch
in favored orientation on the left, the triangles are “up”-
oriented with the apex pointing toward the [112]
direction, whereas on the FeO area in nonfavored
orientation on the right, the triangles are oriented
“down” with the apex pointing toward the [112] direc-
tion. Accordingly, in the STM image depicted in
Figure 6B, the dislocations indicated by arrows 1 are
embedded in FeO in the favored orientation. Inside the
O vacancy dislocations, the FeO is inverted. This inver-
sion is confirmed by the enclosed, “down”-pointing
triangular O vacancy dislocation (indicated by arrow 2).

Patches of FeO with inverted orientation were also
frequently observed close to the edges of O-poor FeO
islands. Examples for such inversions are presented in
Figure 7. The high-resolution STM image depicted in
Figure 7A shows an FeO island with several small
triangular O vacancy dislocations with the apexes
pointing “up”. Accordingly, the large FeO island con-
sists predominantly of FeO in the favored orientation.
In addition to the small triangular O vacancy disloca-
tions, the FeO island depicted in Figure 7A is charac-
terized by long O vacancy dislocations running parallel
to the edges, three of which are indicated by blue
arrows. Because of these dislocations, the FeO within
the ∼10 Å wide ribbons between the edges and the
line defects is inverted with respect to the FeO in the
center part of this island. Thus, the (original) O-edges
are converted to Fe-edges.

Another example of inversion of the FeO in proxi-
mity to the edges was observed on the FeO island
depicted in Figure 7B. In this STM image a small, single,
hexagonal FeO island (favored FeO orientation) is seen
with O vacancy dislocations along three of its edges.
The model in Figure 7C illustrates the proposed
atomic-scale structure of the small FeO island. Along
the original O-edges, O vacancy dislocation lines have
formed via the removal of O rows and the shifting of a
narrow ribbon of O atoms along the edges (O atoms in
yellow). Thus, the O-edges are inverted into Fe-edges.
As a consequence, all the edges of the FeO island are
Fe-terminated.

The bright, round protrusions at the edge of the
FeO island depicted in Figure 7B are omitted in our ball
model of the atomic-scale structure. These protrusions
at the ends of the inverted FeO ribbonsmight originate
from reconstructions or adsorbates, e.g., water or an-
other species from the residual gas. As depicted in the
model (Figure 7C), the areas where two inverted FeO
ribbons meet are characterized by highly undercoor-
dinated Fe atoms. It can be envisaged that these
configurations shown in our model do not exist

Figure 6. (A) STM image of O-poor FeO islands on Pt(111)
with O vacancy dislocations. An as-prepared FeOis/Pt(111)
samplewas annealed in 1.3� 10�6mbarO2 at 475K for 2min,
followed by 2 min exposure to CO at 1.3� 10�7 mbar during
scanning at RT and vacuum-annealing at 580 K for 1 min.
A part of the STM image (indicated by the blue rectangle) is
shown with different contrast to emphasize the presence of
the O vacancy dislocations. (B) STM image acquired on an as-
preparedFeOis/Pt(111) sample thatwasexposed to1.3� 10�6

mbarO2at476K for 2min, followedbyexposure to1.3� 10�7

mbar H2 at RT for 2 min and vacuum-annealing at 575 K for
1 min. (C) Ball models of O vacancy dislocation loops on
islands with the FeO in favored (left) and nonfavored (right)
orientations. O vacancy dislocation loops (large triangles) and
the atomic unit cells are indicated.
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experimentally, because they are probably not stable,
leading to an unknown reconstruction or clustering of
residual material.

As was the case for the O-rich islands, geometric
considerations are helpful for unraveling the edge
type of O-poor FeO islands. In Figure 8A,B, hexagonal
islands labeled 1 exhibit triangular O vacancy disloca-
tion loops, and the edges of these O dislocations are
running parallel to the Fe-edges. The islands labeled
2 show O vacancy dislocation lines that are running

parallel to one of the edges (original O-edges). The
O atoms in the narrow ribbons of FeO between the
O vacancy dislocation and the edges are shifted inward
to adjacent hollow sites. In this way the (original)
O-edges are transformed into Fe-edges. Hexagonal
FeO islands are characterized by alternating Fe- and
O-edges (as seen for the islands labeled 1 in Figure 8A,B
and in Figure 2C), whereas perfectly triangular FeO
islands are characterized by the occurrence of only
one edge type. O-Deficient triangular FeO islands are
bounded solely by Fe-edges (see Figure 2C). Accord-
ingly, such islands with the FeO in favored and non-
favored orientations point in opposite directions.
Specifically, triangularly shaped, Fe-terminated FeO
islands are characterized by apexes pointing “down”
and “up” for FeO in favored and nonfavored orienta-
tions, respectively.

Next, we describe the edge structures of the
O-deficient FeO islands observed in Figure 8C. This
STM image was acquired on an as-prepared FeOis/
Pt(111) sample that was first flashed to 475 K in O2

and subsequently vacuum-annealed for 2min at 457 K.
The FeO islands observed after vacuum-annealing are
more elongated than their nonannealed counterparts.

Figure 8. (A, B) Models of hexagonal O-poor FeO islands on
Pt(111). Type (1) models are characterized by O vacancy
dislocation loops, and type (2) models are characterized by
O vacancy dislocations along O-edges, transforming them
into Fe-edges. (C) STM image acquired on an as-prepared
FeOis/Pt(111) sample that was flashed to 475 K in 1.3� 10�6

mbar O2 and subsequently vacuum-annealed at 457 K for
2min. The image in (C) is duplicated in (D) for clarity. Lines in
(D) mark different types of Fe-terminated edges. Blue lines
mark O-edges transformed into Fe-edges by a nearby
parallel dislocation, and white lines mark pristine Fe-edges
in the favored orientation (full lines) and nonfavored
orientations (dashed lines), respectively.

Figure 7. (A, B) STM images of O-poor FeO islands on
Pt(111) with O vacancy dislocations, both of which are
composed of FeO in the favored orientation. In (A), an as-
prepared FeOis/Pt(111) sample was 2 min annealed in 1.3�
10�6 mbar O2 at 475 K, followed by 2 min H2 exposure at RT
(1.3 � 10�7 mbar) and subsequently vacuum-annealed at
575 K for 1 min. The STM image in (B) was acquired on an
as-prepared FeOis/Pt(111) sample that was flashed to 475 K
in 1.3 � 10�6 mbar O2 and subsequently vacuum-annealed
at 475 K for 2 min. (C) Schematic of an FeO island with
O vacancy dislocations along O-edges. The O vacancy
dislocations along O-edges invert the FeO, transforming
the O-edges into Fe-edges.
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The elongation occurs along the directions of the Fe-
edges ([110], [101], and [011] for islands consisting of
FeO in favored orientation) and allows the FeO islands
to terminate with more Fe-edges, and thus fewer
O-edges. Furthermore, many of the islands exhibit long
O vacancy dislocation lines running parallel to their
edges. In Figure 8D, the STM image shown in Figure 8C
is duplicated, and the assignments of the edges are in-
dicated. Blue linesmark edgeswith a parallel O vacancy
dislocation in proximity. These edges are assigned as
O-edges that have been transformed into Fe-edges by
the nearby O vacancy dislocation. Triangular islands are
assumed to be Fe-terminated at the applied prepara-
tion conditions, and the Fe-edges on the islands con-
sisting of favored and nonfavored FeO are marked by
full and dashed bright lines, respectively. It can be seen
that Fe-edges, either the original ones or transformed
ones runningparallel toOvacancydislocations (original
O edges), are preferred at O-deficient conditions.

We conclude from the STM data in Figures 6, 7,
and 8 that O-poor FeO islands are characterized by
predominant Fe-terminated edges. Original O-edges
are inverted to Fe-edges by the formation of O vacancy
dislocations. Both the formation of triangular O va-
cancy dislocations on the FeO islands and O vacancy
dislocation lines running parallel to original O-edges
were observed. The orientation of triangular O vacancy
dislocations indicates whether the FeO occurs in
favored or nonfavored orientation.

DISCUSSION

Above we have shown that Pt(111)-supported ultra-
thin, 2D FeO islands occur in both possible orientations
of FeO, which are distinct by the placement of the O
layer above the Fe layer. This contrasts the situation
found for stoichiometric, closed FeO ML films on
Pt(111), where exclusively the favored FeO orientation
is observed experimentally. We propose that this dif-
ference is related to the fact that the two FeO orienta-
tions are energetically almost degenerate. Upon
reactive Fe deposition, islands grow simultaneously
composed of FeO in both orientations, since the FeO
orientation is initially defined by the nucleation sites at
which the island growth starts. Both FeO orientations
outlast the completion of the FeOis/Pt(111) prepara-
tion, because no or few interactions occur between
individual FeO islands at this low coverage. The situa-
tion is different for closed FeO ML films, where FeO
patches grown from different nucleation sites on the
substrate, characterized by different FeO orientations,
will inevitably interact with each other (because of the
higher FeO coverage), finally leading to the occurrence
of only one FeO orientation. Of course, this will be the
energetically slightly favored FeO orientation.
Because of the strong interaction between the FeO

overlayer and the Pt(111) substrate,20,44 the FeO�Pt-
(111) interface has previously been considered as

rather firm. In other words, the suggested “interface
confinement effect”6,20 has led to the assumption that
FeO boundaries, and with this the proposed active
CUF sites, would be very stable.20 In addition, only few
edge types have been considered at the FeO�Pt(111)
interface,20�22,28�30 as outlined in the introduction.
However, the presented high-resolution STM data
show that this view is incomplete. First, a rich variety
of edge structures exist depending on the preparation
conditions, as summarized in Figure 9. In addition
to simple Fe- and O-edges we identified “oxidized
Fe-edges”. Second, it appears that the FeO�Pt(111)
interface is quite dynamic,meaning that the FeO edges
cannot be considered as static, very stable sites as
anticipated previously. For example, the Fe-edges can
be transformed into O-edges and vice versa via FeO
inversion within narrow FeO ribbons running parallel
to the edges. The astonishing flexibility of the 2D FeO
islands on Pt(111), depending on the applied prepara-
tion conditions, is based on several points: (1) two
possible FeO orientations exist for the FeO islands, (2)
O vacancy and O adatom dislocations can be formed
rather easily, and (3) the changes occurring at the edges
and on the FeO islands are interconnected. These
interesting phenomena can be understood essentially
by considering that each single FeO island interacts
“individually”with its environment and that some of the
constraints existing in closed FeO ML films are absent.

CONCLUSIONS

We have studied ultrathin FeO islands grown on
Pt(111) by high-resolution STM. Surprisingly, we found
that the FeO islands occur in two different FeO orienta-
tions, in contrast to what is known for closed FeO ML

Figure 9. (A, B) Summary of the identified structural fea-
tures on ultrathin 2D FeO islands on Pt(111). In addition to
the various edge-types, two types of O adatom dislocations
and one type of O vacancy dislocation lines were identified.
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films. The ratio between islands with FeO in favored
and nonfavored orientation is ∼3:1. Furthermore, we
revealed the detailed atomic structure of five different
edge types, two of which are characteristic for pristine
FeO islands. Following their initial preparation, the
pristine FeO islands were either oxidized by exposing
them to O2 or reduced using various methods includ-
ing vacuum-annealing. Oxidation of the FeO islands
resulted in substantial changes. For example, two types
of O adatom dislocations were formed: one appearing
bright that is analogous to the O adatom dislocations
observed on FeO/Pd(111) and another, new type that
appears dark in the STM images. In addition, the
boundaries changed upon oxidation: Fe-edges were

oxidized or transformed into O-edges by formation of
O adatom dislocations, and the shape of the FeO
islands changed, exposing fewer of the Fe-terminated
edges. Reducing the islands led to different shapes
of the FeO islands, exposing fewer O-rich edges.
Furthermore, O vacancy dislocations similar to those
found on the closed FeO ML film grown on Pt(111)
formed on the FeO islands and along the edges. On the
basis of the known structures of both O adatom and O
vacancy dislocations, we deduced the atomic struc-
tures of the predominant FeO boundaries. The knowl-
edge of these edge structures is not only interesting
for fundamental research but very crucial in catalysis,
as they host the active sites.5,11

METHODS
The STM experiments were conducted in a UHV chamber

with a base pressure of 1� 10�10 mbar equipped with a home-
built Aarhus STM,45,46 an electron-beam evaporator (Oxford
Applied Research, EGCO4), and standard facilities for sample
preparation and characterization. The Pt(111) sample was
cleaned by cycles of Arþ-sputtering and subsequent vacuum-
annealing up to∼1100 K. If necessary, the sample was annealed
in 5 � 10�8 mbar O2 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 � 10�6 mbar O2 with the sample held at RT
(“as-prepared FeOis/Pt(111)”). Subsequently, the samples were
flash-annealed to achieve the wanted size of the FeO islands
and to remove excess O from the Pt(111) substrate. Gas
exposures were accomplished by backfilling the chamber and
determined from the background pressures and the exposure
times.
Oxidation of pristine FeO islands was achieved by backfilling

the UHV chamber with O2. During the O2 exposures, the sample
was either held at RT or annealed at temperatures between
400 and 500 K. Contrary to what is known for closed FeO ML
films, neither atomic oxygen39,41 nor high O2 pressures10,11,43

were required to oxidize the FeO islands. Reduction of
as-prepared FeOis/Pt(111) samples was achieved either solely
by vacuum-annealing or by H2 or CO exposure, followed
by vacuum-annealing. Annealing in UHV was conducted at
temperatures up to 580 K, similarly to that by Yao et al.21

Throughout, the samples were imaged in constant current
mode and STM imaging was conducted at RT. A mechanically
cut Pt/Ir tip was used. STM images were acquired in different,
known imaging modes, which could be recognized based
on our previous work.40 Typically, scanning parameters were
chosen in the range 0.25�1.1 nA and 40�800 mV.
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