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Abstract

The extensive research on ultrathin ferrous oxide (FeO) islands and films over the last few decades
has significantly contributed to the understanding of their structural and catalytic properties. In
this regard, the local chemical properties of FeO edges, such as their metal affinity, play a critical
role in determining and tuning the catalytic reactivity of FeO, which however remains largely
unexplored. In this work, we use scanning tunneling microscopy (STM) to study the interaction of
Pd and Pt with FeO grown on Au(111). Different Fe affinities for Pd and Pt are demonstrated by
the preferential growth of Pd on the Fe-terminated edge and Pt on the O-terminated edge of FeO
nanoislands, resulting in selectively blocked FeO edges. In addition to revealing the different metal
affinities of FeO edges, our results provide new insights into the edge reactivity of FeO/Au(111)
and suggest an approach for controlling the selectivity of FeO catalysts.

Introduction

The utility of iron oxides in surface catalysis has been recognized since the 1970s and has resulted
in extensive industrial applications like the Fischer-Tropsch reaction and the synthesis of styrene
due to their unique chemical properties.!"”” In view of its chemical instability, the synthesis and
characterization of FeO benefit from ultrahigh vacuum (UHV) conditions, where ultrathin ferrous
oxide (FeO) films are prepared by oxidizing iron on various metal surfaces, such as Pt(111)> 811,
Pt (100)'2, Pd(111),'3 Pd(100),'* Mo(100),'5 Cu(001),'® Cu(110),!” Ru(0001),' 1% Au(111),20-26
Ag(100),2”-28 and Ag(111).2% 3% The structure and properties of supported FeO are variable and
heavily dependent on its interaction with the substrate. For example, in contrast to Pt(111), the
inert Au(111) surface has proved to have a weak interaction with FeO, thereby allowing the
intrinsic structural and chemical properties of FeO to be probed.?? 26.31-35

As a prototypical reaction in heterogeneous catalysis, carbon monoxide (CO) oxidation has been
extensively studied to explore the catalytic properties of FeO.?3 342 During CO oxidation, the
coordinately unsaturated ferrous sites (CUFs)*, contribute significantly by activating O, adsorbed
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therein and then oxidizing FeO edges into highly reactive FeOy structures.?? 31> 4-45 Next, CO
oxidation occurs by reducing the FeO, at CUFs.46 Therefore, FeO edges with CUFs play an
essential role in initiating catalytic reactions of FeO. In-situ scanning tunneling microscopy (STM)
studies highlighted the importance of FeO edges to CO oxidation, which facilitate the formation
of oxidized and reduced FeO phases where CO oxidation occurs.>* 46 Early studies established a
sole type of FeO edge, i.e., Fe-terminated edges with two-fold coordinated Fe atoms, which is
associated with a triangular shape model of FeO. However, some FeO islands were later found to
have a truncated triangular (or hexagonal) shape with preferred long edges and non-preferred short
edges,’® #3 suggesting a second type of edge.*’ ¢ The second edge type was assigned to Fe-
terminated edges with single-fold coordinated Fe atoms based on STM characterizations.*’ Further
studies identified the second type of edge as O-terminated edges by X-ray photoelectron
spectroscopy (XPS) and temperature-programed desorption (TPD).*%: 49 Consequently, FeO
islands typically possess three Fe-terminated edges (Fe-edges) and three O-terminated edges (O-
edges).’® Moreover, Zeuthen et al. pointed out that under an oxygen-rich environment, O-edges
are recognized as long and preferred edges, while under oxygen-poor conditions, the long edges
are assigned as Fe-edges.!3 Furthermore, because the synthesis of FeO requires annealing the
sample to 600-700 K in UHV as the last step, the sample should be slightly reduced.?*3° Therefore,
the as-prepared FeO typically has three preferred longer Fe-edges and three non-preferred shorter
O edges.’! In addition, three more types of FeO edges have been recently observed under mild
oxidizing or reducing conditions,’' and in particular, edge-specific chemical properties were
demonstrated in the oxidation and reduction of FeQ.24 3% 51 Although these studies underscore the
distinct structural and chemical properties of FeO edges, well-controlled chemical modification of
FeO edges remains to be explored despite its promise for modifying the chemistry and interfacial
properties of FeO-based catalysts.

Herein, we establish an experimental strategy for chemically modifying FeO edges by selectively
exposing Fe- or O-edges by blocking the other edges with transition metals (i.e., Pd and Pt).
Specifically, UHV-STM imaging shows that deposited Pd atoms exclusively adsorb on the Fe-
edges of FeO nano islands while Pt on the O-edges due to the different metal affinities of Fe-edges
and O-edges.> The resultant FeO islands expose only Fe- or O-edges, providing a platform for
interrogating edge-specific chemical properties and gaining deeper insights into the catalytic
performance of FeO nanostructures.

Methods

Synthesis of FeO/Au(111): All experiments were carried out in a UHV chamber (~2x10-1° Torr).
Clean Au(111) surfaces were prepared by repeated cycles of Ar* sputtering and annealing to ~ 860
K and confirmed clean by STM. Fe was deposited onto Au(111) from an Fe rod (ESPI 99.999%)
using a triple electron beam evaporator (EFM 3T, Omicron GmbH), the coverage of Fe is measured
by STM images to be around 0.40 ML. The resulting Fe/Au(111) sample was then exposed to
1.2x107 Torr of O, for 15 min at room temperature. After annealing to ~ 760 K for 10 min and
cooling down, the sample was transferred to the STM for characterization.
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Preparation of Pd/Pt decorated FeO/Au(111): Pd or Pt was deposited onto as-prepared
FeO/Au(111) by evaporating a Pd or Pt rod (ESPI 99.999%) from a EFM 3T evaporator. STM
images indicate the coverage of Pd is around 0.05 ML while the Pt is around 0.04 ML. The sample
was then annealed to 550 K to generate edge-blocked FeO/Au(111).

STM image acquisition and analysis: All STM studies were performed at room temperature with
a variable temperature scanning probe microscope (VT-SPM, Omicron GmbH) using a chemically
etched W tip under constant current mode. STM images were analyzed using the WSxM?3 program
provided by Nanotech.

Fig. 1 Growth and structural properties of FeO on Au(111). (a) STM image of sub-monolayer Fe deposited
on Au(111) (Vpies= 1.2 V, 1 =0.2 nA). (b) STM topography of FeO islands (Vpi,s= 1.5 V, I =0.5 nA). (¢)
Schematic illustration of the atomic structure of FeO/Au(111).

Results

The UHV synthesis of FeO began with the deposition of Fe single layers on Au(111),2! as shown

in Fig. 1a. The sub-monolayer Fe was then exposed to O, at room temperature followed by

annealing to ~760 K. The resulting FeO nanoislands are mostly in a truncated triangle shape with

clear moir¢ superlattices (Fig. 1b), which stem from the lattice mismatch between FeO and Au(111)
(Figs. 1c and 2c¢).2! As circled in Fig. 3, moiré patterns can be imaged as a triangular lattice (Fig.

3a) or honeycomb-like lattice (Fig. 3¢), indicating a bias-dependent morphology.?’
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Fig. 2 (a) Fe islands deposited on Au(111) at room temperature (V= 1.2 V, I = 0.2 nA); (b) Line profile
of Fe/Au(111). Fe islands show a height of ~2.2 A, which fits the height of single-layer Fe atoms; (c) FeO
islands on the Au(111) surface (Vyis= 1.5 V, I =10.3 nA); (d-f) Line profiles of FeO/Au(111). FeO islands
show an average superlattice constant of ~3.84 nm, which is in the error range of the model shown in Fig.
lc when thermal drifting is considered.

An additional observation in Fig. 3a, ¢ is the apparently dark FeO islands on Au(111) terraces and
step edges (highlighted by white arrows), which show the same moiré patterns as those on the
supported FeO islands (Fig. 3e-g) but -1 A apparent height with respect to the Au(111) terrace.
The 1 A dip matches the height difference between a single Au(111) atomic step (~2.4 A) and
monolayer FeO (~1.5 A), suggesting that the FeO islands are embedded into the surface plane of
Au(111).21- 25 26 Recent studies have demonstrated the growth mechanism of embedded FeO on
Au(111), which involves the diffusion of Fe atoms into the Au subsurface after annealing, the
resulting migration of the surrounding Au atoms, and the final formation of FeO islands with the
addition of oxygen.>* 33 Notably, the CUFs of embedded FeO islands on Au terraces and step edges
are all or partially buried, making the edges largely inaccessible to modification.*> %8 In contrast,
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well-defined Fe- and O-edges are exposed on the supported FeO islands,?* potentially allowing
CUFs and thus catalytic properties to be modified in a well-controlled manner.
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Fig. 3 Bias-dependent STM topography of FeO islands. (a, ¢) STM images of the same surface obtained
under Vpi,s=1.7 V (a) and -0.8 V (c) and the same tunneling current [ = 0.3 nA. The green circles highlight
the same FeO island with different moiré patterns, and the white arrows point to embedded FeO at the
center and edge of the terrace. (b, d) Line profiles along the black lines in (a) and (c), respectively. (e) A
close look at embedded and supported FeO islands (Vy;,s = 1.7 V, 1= 0.3 nA). Height profiles of embedded
FeO (f) and supported FeO (g), respectively.

Due to their strong interactions with FeO,?> some transition metals can potentially take up the
CUFs at certain FeO edges, thereby selectively exposing other edges for catalytic reactions of
interest. Similar research has been done on bi-layer CoO, where the Fe dopant will take up the
metal edges of bi-layer CoO and increase the catalysis activity of the sample.’® Here, Pd and Pt
were used due to their strong interactions with FeO.”- 37 As depicted in Fig. 3a, as-deposited Pd
atoms distribute randomly on Au(111) surfaces and FeO edges as small clusters. In particular, no
preference for Pd adsorption on a certain type of FeO edge was observed at room temperature. In
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contrast, upon annealing to 500 K, except for some Pd clusters located in the interiors of FeO
islands, the Au(111) supported Pd was exclusively found on three alternate edges of hexagonal
FeO islands, leaving the other three adsorbate-free (Fig. 4b-c and S1). A line profile of two Pd
islands (Fig. S5a and c) indicates a height at ~2.2 A, which matches the thickness of a single layer
of Pd*. Based on results from Wendt’s group®® 3!, FeO islands are slightly reduced in the
preparation process. Thereby, O-edges are often disrupted, leading to short and defective edges,
while Fe-edges are mostly perfect and longer than O-edges. We observed the same differences
between the O- and Fe-edges as shown in Fig.5, where the blue arrows point to relatively shorter
edges with many defects, while the green arrows point to the perfect long edges, which are assigned
to O-edges and Fe-edges, respectively. Therefore, the adsorbed edges are identified as Fe-edges,
as demonstrated in the caption of Fig. 5. Notably, two different orientations of FeO islands are
identified as pointed-top and pointed-bottom configurations (Fig. 4b), which have slightly different
atomic structures.?* 3! Our results show that Pd selectively grows on the Fe-edges of both pointed-
top and pointed-bottom islands, indicating that the selectivity of Pd growth is only related to the
type rather than the orientation of the FeO edges. The close affinity of Pd toward Fe-edges is also
observed on the embedded FeO islands along Au step edges (right upper part of Fig. 4b) where
exposed O-edges, Pd-FeO and Au-FeO interfaces coexist, enabling the comparison of the catalytic
behaviors of these interfaces. It is noteworthy that with increasing Pd deposition, all FeO edges
including O-edges can be covered (Fig. S3), allowing the catalytic properties of O-edges to be
explicitly identified by controlled experiments on FeO with and without exposed O-edges.

Fig. 4 STM topography of Pd modified FeO/Au(111). (a) As-deposited Pd on FeO/Au(111) (Vpis= 1.5V,
I1=0.3 nA). (b) Selective growth of Pd on FeO edges following annealing at 550 K (Vy;,s=-0.8 V, 1=0.3
nA). The green arrows point to Fe-edges while blue arrows point to O-edges, black and red hexagons
indicate pointed-top and pointed-bottom configurations of FeO islands, respectively. (c) Schematic
illustration of the atomic structure of Pd-FeO/Au(111).
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Fig. 5 Edge assignments for (a) FeO/Au(111) (Vs =-1.0 V, 1=10.3 nA) and (b) Pd-FeO/Au(111) (Vs =
-0.8 V, I =0.3 nA). The blue arrows point to the O-edges while the green arrows point to the Fe-edges.
Based on the literature, the short and long edges are O-edges and Fe-edges, respectively. Therefore, the
edge assignment is done by first assigning the shortest edge of an island to an O-edge, then identifying the
other two alternate O-edges by symmetry, and finally assigning the rest of the edges to Fe edges. The black
and red hexagons indicate pointed-top and pointed-bottom configurations of FeO islands.

In addition to Fe-edges, it is desirable to realize the selective exposure of O-edges to enable a
comparative study of the two edges. To this end, we investigated the growth of Pt on the
FeO/Au(111) surface. Comparing to Pd, Pt has very similar chemical properties, but slightly
different metal affinities, which may lead to different selectivity.?> 32 3%-6! Similar to Pd, Pt clusters
adsorb uniformly on Au(111) surfaces and FeO edges at room temperature (Fig. 6a). However,
after annealing to 500 K, single-layer Au(111) supported Pt islands®? are found to grow along the
short edges of FeO islands that are identified as O-edges (Fig. 6b-c, S2 and S5c¢). In contrast, all
the Fe-edges are exposed. Considering that Pd and Pt have similar affinity to O, the different
selectivity between Pd and Pt may be attributed to the relatively weaker interaction of Pt with Fe
than O, which results in Pt blocked O-edges.>? Consequently, under the same conditions, Pt and
Pd have opposite selectivity to the edges of FeO.

Fig. 6 STM images of Pt modified FeO/Au(111). (a) As-deposited Pt on FeO/Au(111) surfaces (Vyis = 1.5
V,1=0.2nA). (b) Selective growth of Pt on FeO edges following annealing at 550 K (Vs =1.6 V,1=0.2
nA), the green arrows point to Fe-edges while the blue arrows point to the O-edges. (c¢) Schematic
illustration of the atomic structure of Pt-FeO/Au(111).
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It is notable that although the CUFs of FeO islands are buried, due to the high reactivity of Pd and
Pt, CO oxidation could occur through catalysis by Pd/Pt63-6°. Under such circumstances, our model
can still be used to evaluate the effect of Pd/Pt. As schematically shown in Fig S4, there are four
different types of FeO coexisting in the same sample: FeO with all edges exposed, FeO with O or
Fe edges blocked, embedded FeO with all edges blocked, and Pd/Pt decorated embedded FeO. By
comparing the reactivity of these types of FeO islands, the catalytic activities of pure FeO and
Au/Pd/Pt decorated FeO can be evaluated. Meanwhile, as shown in Fig S4d, the selective growth
of metals on the edge of embedded FeO results in the coexistence of Au-FeO and Pd/Pt-FeO
interfaces, which provides a platform for interrogating the catalytic properties of various metal-
FeO interfaces.

Conclusion

In this work, by taking advantage of their different metal affinities, Pd and Pt were selectively
grown on the Fe-edges or O-edges of Au(111) supported FeO islands. Our STM studies
demonstrated that O-edges and Fe-edges could be exposed separately in a well-controlled manner
by the preferential growth of Pd on Fe-edges and Pt on O-edges, respectively. We observed the
coexistence of various types of interfaces in one FeO island, which provides a model for comparing
the catalytic behaviors at complicated interfaces. With the selectivity growth that we demonstrate
here, edge-specific catalytic properties of FeO can be evaluated, thereby shedding light on possible
ways to improve catalytic performance.
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