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ABSTRACT

An integrated approach combining density functional theory (DFT) calculations and atomic resolution scanning tunneling microscopy (STM)
is used to study well-defined iron-doped cobalt oxide nanoislands supported on Au(111). The focus is on the structure and distribution of Fe
dopants within these nanoislands of CoO as a function of Fe to Co ratio. The DFT and STM results agree strongly and complement each
other to allow for a more complete understanding of the dopant structure trends on the nanoscale. Using Fe as a marker, we first find that the
stacking sequence of the moiré structure of the host cobalt oxide nanoislands can be identified unambiguously through a combination of DFT
and STM. Using the distinct contrast of the embedded Fe dopant atoms as observed with atom-resolved STM, we find correlations between
Fe dopant position and the CoO/Au(111) moiré pattern at varying Fe dopant densities. Formation of Fe-dopant clusters within the
nanoislands is investigated in detail through DFT and found to agree with the dopant patterns observed in STM. We find that the structural
effects of Fe dopants throughout the nanoislands with the basal planes and the two types of edges—the oxygen and metal edges—have
different nature. Both DFT calculations and STM images show a strong preference for Fe dopants to be located directly on or near the oxygen
edge of the nanoislands as opposed to being directly on or near the metal edge. Taken together, our results illustrate that Fe dopant
incorporation and distribution within CoO nanoislands are highly anisotropic and governed by both the moiré structure of the basal planes as

well as nano-size effects present at the under-coordinated edges of different local geometry and chemistries.
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1 Introduction

Unary, binary, ternary and mixed transition metal oxides (TMOs)
in general have been shown to exhibit interesting physicochemical
properties in terms of electronic, magnetic and catalytic properties
[1, 2]. Therefore, some TMOs have been widely studied and have
found applications in industry as catalysts, electrocatalysts, supports,
lithium-ion batteries, electrochemical capacitors, metal-air batteries,
fuel cells, sensors, micro-electromechanical systems (MEMS), metal-
oxide-semiconductor field-effect transistor (MOSFET), pigments
and dyes etc. [3, 4]. However, the underlying physical and electronic
properties of such mixed transition metal oxides are in many cases
poorly understood. Herein, we focus on the properties of a class of
mixed TMOs of relevance for catalysis. Several studies have shown
that mixed TMOs exhibit better catalytic performance for the oxygen
evolution reaction than their unary counterparts (oxygen evolution
reaction (OER))[5-11]. Exploratory efforts have been made to develop
high-performance TMO systems based on addition and mixing of
different metal-components into the oxides [12, 13]. In particular
earth-abundant mixed TMOs have gained attention as catalysts. For
example, it was found that the catalytic activity of cobalt oxide, one
of the most promising catalysts for OER and CO oxidation, can be

enhanced by orders of magnitude by addition of a small amount of
other transition metals, e.g., Fe, Ni, Mn while excessive addition can
suppress the activity and stability [14-21], hinting at an optimum
ratio between the different metals in the mixed TMO for best
performance.

Besides the chemical composition of the TMOs, their structure
has been shown to have an influence on their catalytic performance.
For example, studies have shown that mixed Fe-Co oxides can be
synthesized as nanofilms, nanosheets, and nanoparticles [14, 15,
22-24]. These studies mainly discuss the potential relationship between
the overall chemical performance and the different chemical components
of the oxide taking a macroscopic viewpoint [14, 17, 24, 25]. Different
oxide systems have been used to attempt to identify relations between
the structure and activity, for example, the morphology of thin films
of Co-Fe oxides has been shown to be dependent on the Co:Fe ratio
or surface decoration, CoOx-FeOx composite oxides were used to
study the surface species, while other models assumed Fe atoms to
be incorporated into the host oxides lattice [26-29]. However, these
studies rarely provide direct and detailed atomic structure information.
In other words, the lack of structural information, i.e., the exact
location of the Fe dopants in these systems and the lack of understanding
of the potential synergistic effects, i.e., the interaction between the
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Fe dopant atoms and the host Co-oxide structure make it hard to
reach conclusions at the exact role(s) that these Fe dopants play in
the chemistry of these oxides. Hence, it is clear that an understanding
of the detailed structure of the mixed oxide is of uttermost importance
to optimize the oxide structure to be able to improve the chemistry
and catalytic activity.

A successful approach towards achieving a fundamental
understanding of the chemistry of these complex metal oxide and
other transition metal compound systems has involved studies of
supported single metal TMO thin films or nanoisland model systems
under vacuum conditions and more recently in-situ characterization
has enabled study of these systems under environmental (e.g.,
catalytically relevant) conditions. One well-known example is the
series of fundamental surface science characterization techniques
and theoretical modeling studies on MoS, nanoclusters with and
without dopants which revealed both geometric, i.e., location of single
and multiple dopants as well as electronic effects on their chemistry
[30-35]. Similar approaches have been applied to TMOs to fully or
partially reveal an atomic level understanding of the surface structure
of doped oxides, e.g., Sn-doped In.Os;, Mo-doped CaO, Li-doped
MgO [36-39], as well as to gain understanding of the chemistries
taking place on these nanomaterials, e.g., the reaction mechanism
of CO oxidation on FeO/Pt(111) [40-45], CoO/Au(111) in OER
[46-51], and adsorption of CO on TiO.and water on Fe;O4 [52, 53]
to name a few. In a recent study of the initial growth of mixed Fe-Co
oxide on Au(111), we examined how isolated single Fe dopant
heteroatoms on the basal plane modify the geometric and electronic
structure of pure cobalt oxide nanoislands [54]. It was found that Fe
atoms get incorporated into the basal plane of the host CoO lattice
occupying substitutional Co lattice sites resulting in a large electronic
structure modification of the surrounding O lattice as well a smaller
electronic perturbation of the nearest neighboring Co lattice atoms.

In this paper, we provide a complete picture of the Fe dopant
structure including distribution and preferential incorporation sites
within the host bilayer CoO nanoislands as a function of the Fe
content. Combining, density functional theory (DFT) and scanning
tunneling microscopy (STM), we are able to pinpoint the preferential
locations of Fe dopants with atomic precision. In doing so, we
unambiguously solve the epitaxial stacking of Fe and Co atoms of
the Fe-doped CoO/Au(111) moiré superstructure present on the
basal planes of the CoO nanoislands, which exists due to the lattice
mismatch between CoO and the Au(111) support. At low Fe densities,
we find that the Fe dopants present significant templated distribution
towards two out of three specific moiré basal plane areas. Using DFT
to study dopant clustering, we find that the basal plane distribution
of dopants changes with Fe density and that Fe-dopant clusters
within the CoO show no preferential shape pattern. Importantly,
we find that different Fe incorporation patterns are present in the
vicinity and at the O and Co edges of the nanoisland as compared
to the basal planes. These distinct preferences of Fe incorporation
suggest a high anisotropy of doping throughout the nanoisland.

2 Experimental and computational methods

The experiments were carried out in an ultra-high vacuum (UHV)
chamber with a base pressure of ~ 1 x 107° mbar. A Au(111) single
crystal (MaTecK GmbH) was used as the support and cleaned by
repeated cycles of Ar* sputtering (2 x 107 mbar Ar, 1,500 eV, 30 min)
and annealing (780 K, 15 min), which is proved by STM and X-ray
photoelectron spectroscopy (XPS) to be sufficient to prepare a clean
and crystalline Au(111) surface.

The Fe-Co oxide samples were prepared following the recipe
previously reported in Ref. [54]. Briefly the procedure is as follows.
With an e-beam evaporator (Oxford Applied Research, EGCO4), Co
metal was deposited onto the Au(111) support in O, atmosphere
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initially forming bilayer cobalt oxide nanoislands on Au(111). Next,
Fe metal was evaporated at UHV conditions onto the CoO. Finally,
a post-annealing treatment at 523 K was applied for crystallization
and Fe mixing into the two-dimensional (2D)-layered oxides. Samples
with different Co/Fe atomic ratios were prepared by varying the
deposition time for Fe while keeping the Co coverage fixed. The
STM images were recorded at room temperature (~ 300 K) using an
Aarhus-type STM (SPECS, Aarhus 150).

DTF calculations with the Hubbard-U correction (DFT+U) were
performed using the projector-augmented wave (PAW) method within
the Vienna ab initio simulation package (VASP). The basal planes of
the bilayered CoO, FeO, and Fe-doped CoO (CoFeO) nanoislands
were studied using two different types of models: (1) a moiré model
that includes the variation within the CoO to Au atomic stacking
related to the lattice mismatch between the two materials which was
observed in the experimental structure, and (2) a periodic boundary
condition slab model. The moiré model was constructed using a (10x10)
unit of CoO on a (11x11) unit of Au(111), which corresponds to a
moiré superstructure of 31.680 A. The large models were used to
capture possible effects at present at the nm-scale which potentially
could be omitted in the slab models as well as to identify the validity
of the slab models (see discussion in results section below). The
slab models utilized (6x6), (5x5) and (4x4) units of thin bilayered
films corresponding to each of the specific stacking modes of CoO,
FeO, and Fe-doped CoO supported on Au(111) and strained to the
lattice parameter of Au. For the edge calculations, we used stripe
models of (2x4), (2x5), (2x6) CoO stripes exposing both the oxygen
and the metal edge ontop of Au(111). In the following main text,
we mainly focus on the results from the (6x6) slab models while
the ones from the smaller models are included in the Electronic
Supplementary Material (ESM). The thin film metal-oxide layer was
placed in an face-centered cubic (FCC), hexagonal close-packed
(HCP) or directly on top (TOP) stacking relative to the 3-layer thick
Au(111) surface (the stackings refer to Co/Fe relative to Au, see
Fig. S5 in the ESM), respectively. A cutoff energy of 400 eV was
employed for the plane wave expansion. The k-point grid was set to
1x1x1 for basal plane calculations and 4x1x1 for stripe models.
The bottom two layers of the Au(111) were frozen at their bulk
positions while the metal-oxide layer and top layer of Au(111),
unless otherwise specified, were allowed to relax until a maximum
force threshold of 0.02 eV/A was reached. The focus of this paper
is to establish the favorable thermodynamics for Fe incorporation.
Possible barriers associated with kinetic processes such as diffusion
can probably be overcome with the energetic input from the annealing
process since the thermodynamics of the final incorporated state is
highly favorable as described below in the results section. The exact
role of kinetics is beyond the scope of this paper.

It should be noted that determining the magnetic ordering for
supported oxide films on Au can be challenging especially when an
Fe dopant is present in the system. For the moiré model calculations
we used a completely ferromagnetic (FM) magnetic ordering for
both the CoO and Fe-doped CoO systems for simplicity due to the
prohibitively high computational cost because of the system’s size.
Other magnetic configurations were investigated for the moiré models
(see the ESM for details) and we found that the Fe doping preferences
remained the same for all of them. For the (6x6) slab model
calculations, we mapped out different magnetic configurations
including FM, anti-FM (AFM) stripes and a ring/hexagonal pattern
around the Fe dopant (see the ESM for more details) and reported
the lowest energies in the main text. In addition, we found that
the stripe models had a more well-defined magnetism and were all
performed as zig-zag AFM [55] unless otherwise specified. For more
details and discussion about magnetic ordering see the details in
the ESM.
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3 Results and discussion

3.1 Epitaxial properties and DFT model design of Fe-doped
CoO nanoislands

Our prior experimental investigations of the CoO on Au(111) systems
have elucidated that bilayer cobalt oxide (Co-O) synthesized under the
conditions of the experiment performed here grows as hexagonally
shaped nanoislands. In the bilayers, the Co is oriented towards the
Au and with the O-terminated basal plane pointing away from the
Au. In STM images of the basal plane, the Co oxide islands are thus
seen to expose a perfect hexagonal atomic O lattice (a0 = ~ 3.3 A).
Superimposed on this structure, a much larger superstructure
(@moire= ~ 37 A) related with the formation of a moiré pattern exists.
The moiré pattern, well-known from many epitaxial monolayer
systems, arises due to the lattice mismatch between Au(111) and CoO
which leads to coexisting stacking modes of CoO and therefore
differing interactions between the oxide and the metal support [48].
In the STM images, this shows up as long-range periodic height
modulations across the basal plane. Figure 1(a) shows a representative
STM image of cobalt oxide nanoislands with Fe dopants, where both
the O atomic lattice and the much larger moiré structure (indicated
by a white rhombic unit cell) are visible on the island. We find using
STM that the moiré periodicity after incorporation of Fe dopants
into the cobalt oxide nanoislands is 37 + 2 A and coincides with the
periodicity observed of the pure cobalt oxide nanoislands (see also
Fig. S1 in the ESM). This suggests that the Fe dopants have no
significant effect on the lateral geometric structure of the pristine
CoO lattice for the amounts of Fe incorporation investigated here.
This is expected and in line with our earlier results which identified
that individual Fe heteroatoms have substitutionally replaced the
Co atoms of the oxide lattice while at the same time only modifying
the local geometric and electronic structure of the neighboring lattice
atoms [54]. As we previously reported in our initial study of Fe
incorporation, the atomic triangular features resolved in the STM
images on the basal planes of the nanoislands reflect the location of
the Fe heteroatoms within the CoO (Fig. 1(a)) [54]. We do note that
some amount of Fe could be intermixed with the Au support during
the evaporation process in a similar manner as has been observed
for other metals, for example, Ref. [56]. More details on the STM
imaging parameters can be found in Ref. [54]. In the following, we
will analyze the location of these Fe features in relation to their
position relative to the moiré pattern and relative to the vicinity of
the edge terminations of the CoO islands. We note that bright stripes
protruding significantly from the basal plane observed in some
parts of the CoO islands (e.g., in Figs. 1(c) and 1(d)) are not related
with Fe incorporation and are instead identified as line defects
related to the incorporation of excess O atoms into the nanoisland
structure [48].

Interestingly, detailed analyses of the STM images show that the
Fe dopants are not randomly distributed. On the basal planes, we
find that the density of Fe heteroatoms differs significantly between
light and dark areas of the moiré superstructure, with the lighter
areas having a clear preference for a higher Fe density (see Figs. 1(a),
1(c) and 1(d)). The height modulation between bright and dark
moiré sections reflect the fact that Co of the islands shift between
being located at FCC, HCP and ontop (TOP) positions on the
Au(111) substrate. Intuitively, it would be expected that the Co is
pushed further away from the surface when located in the TOP
positions on the Au and therefore taken to reflect the bright regions
within the moiré structure in STM images. However, examples in
the literature (e.g., graphene on Ir(111) and MoS,/Au(111)) show
that such an assignment of the moiré is not straightforward and can be
imprecise, since electronic effects and relaxations can significantly
affect the STM contrast [57, 58]. Instead, we use DFT to accurately
determine the energetic preference for Fe dopants to be located at
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Figure 1 (a) Representative atom-resolved STM image of a cobalt oxide nanoisland
with Fe heteroatoms (Fe density 0.29 Fe /nm?). The contrast is adjusted to show
the Fe heteroatoms and STM height modulations due to the moiré superstructure.
The white rhomb indicates the moiré unit cell. (b) Theory model: a (10x10)
CoO on (11x11) Au(111) atomic model representing a single rhombic moiré
unit cell. The substitutional Fe-doping calculations are done with Fe in different
positions (HCP, TOP, FCC indicated with different colors) corresponding to
the presence of different local stacking of the oxide lattice. (c) and (d) STM
images with different Fe densities, low 0.31 Fe /nm? (c) and high 0.60 Fe /nm?
(d) ((a) Vi=-044V, I = -0.49 nA. (C) Vi=-0.20V, [ = —0.41 nA. (d) Vi=
-1.06 V, I = -0.28 nA.)

certain stacking positions, and in this way we can unambiguously
assign the stacking of the moiré sections. To perform the calculations,
we constructed an atomic model consisting of a (10x10) unit of CoO
thin film ontop of an (11x11) unit of Au(111) (see Fig. 1(b)) to
allow for representation of a full moiré structure and the different
stacking domains which reflect placing Co at FCC, HCP or TOP
position relative to the Au(111) surface. For computational reasons,
the moiré superstructure model has a slightly smaller periodicity
(~ 32 A) than the measured moiré periodicity (~ 37 A). Figure 1(b)
shows the DFT model and indicates the specific locations of the
FCC, HCP, and TOP stacking domains which all coexist within a
single rhombic unit cell of the moiré structure. We use this moiré
model and three different (6x6) unit periodic models, similar to
those we used in previous studies [54], where each moiré domain is
modeled separately as an FCC, HCP or TOP infinite film to capture
the structure of the individual basal plane regions of the nanoislands
and to determine the prefered Fe-doping incorporation in the
different regions of the nanoisland. The moiré model is used to
validate the smaller models in the restricted stackings and to justify
their use moving forward to study the more complicated Fe
incoproration patterns (see discussion in later sections). The
computational resources required to run the full moiré model are
significantly larger than the ones for the smaller models, hence
showing the validity of the smaller models gives us the ability to
explore more trends at a more reasonable computational cost.

3.2 Single Fe-atom doping in the basal planes of CoO

nanoislands

Using DFT modeling combined with an elaborate stastical experimental
analysis of the Fe position within nanoislands, we first determine

EN?V%ELQY%&% @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2019, 12(9): 2364-2372

the preferential and unfavored regions for Fe incorporation. We do
this for a low Fe dopant density by using our models to study a single
(isolated) Fe dopant in different regions. We calculate the incorporation
energy of an Fe dopant using an undoped CoO model and an
identical model with an Fe atom substituted for 1 Co atom. The
incorporation energy per Fe dopant is defined as (Ere.coo — Ecoo)/N,
where Erecoo is the energy of the Fe-doped cobalt oxide bilayer
system and Ecco is the energy of the undoped CoO bilayer system
divided by the number of dopants in the system (N is always 1 for
single dopants which model the low Fe density situation, N varies
from 1-3 for clustering and high Fe density situations). Figure 2(a)
summarizes the Fe incorporation energies based on the full moiré
model as well as the individual simplified stacking models. For low
Fe density, we find that both the moiré model and the simplified
models predict the most negative (most favored) Fe incorporation
energy to occur in the HCP and TOP regions and that the least
favored incorporation domain is in the FCC stacking. In the
experiments, the Fe dopants rarely appear in the dark areas of islands
in the STM images (see Figs. 1(a), 1(c) and 1(d)). Combining this
with the DFT results discussed above and shown in Fig. 2(a), we
can thus unambigously conclude that the dark moiré areas in the
STM images reflect FCC regions. Having resolved and identified
the FCC areas, our further analysis of STM images allows for complete
mapping of the Fe distribution within the moiré pattern and
assignment to different regions (FCC, HCP and TOP)(see Fig. S2 in
the ESM for details of the assignment). STM images of nanoislands
with different Fe densities, low (0.31 Fe /nm?) with mainly isolated
Fe dopants and high (0.60 Fe /nm?) with clustering (to be discussed
in more details below in section 3.3) are shown in Figs. 1(c) and 1(d),
respectively. A distribution count, taken from 46 such images of
different samples with various Fe densities, provides enough statistics
and a quantitative measure of the Fe distribution (see histogram plots
in Fig. 2(b)). Our statistical experimental analysis confirms that isolated
Fe heteroatoms have unfavorable incorporation sites, which are located
in the FCC regions (dark areas of the moiré pattern). The almost
equal occupation on the two other regions in Fig. 2(b) also agrees well
with the theoretical calculation, where Fe incorpoation in the HCP
and TOP regions are similarly favored (-0.73 eV vs. —0.68 eV) (see
Fig. 2(a)).

To enrich our understanding of the Fe dopant properties and the
structural relaxation induced by Fe, a structural analysis of the CoO
without and with Fe dopants in different locations of the CoO moiré
structure is provided in Fig. S3 in the ESM showing the relaxed
average nearest neighbor distances in the x- and y-directions since
it known that there is a change in the z position from our previous

50%
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Model Domain energy relative to -
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TOP 068  -037 £
FCC  -0.29 0.00 £ 0%
6x6  HCP  -0.51 -0.22 3
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Figure 2 (a) DFT calculated incorporation energies for the 3 stacking regions
(FCC, HCP and TOP) given both as the calculated incorporation energy and
incorporation energies relative to the FCC stacking (most unfavorable) for Fe
into CoO/Au(111). Note, a more negative value equates to more favored
incorporation configuration. Results for the large moiré model and the (6x6)
basal plane models are shown. (b) Histogram of Fe heteroatom distribution
related to the different moiré regions as obtained from statistical STM analysis
((b) Vi=~-1.24V, I = -0.33 nA).
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study [54]. We find that the distances between the metal atoms are
indeed the shortest in the FCC stacking regions as compared
to the HCP and TOP stackings for both the pure CoO as well as the
Fe-doped CoO, which could be partly responsible for the FCC
regions being the most unfavored for Fe dopant incorporation. Since
the geometrical metal-metal distances between different domains
remain consistent with and without Fe-dopants, we conclude that
the structural effects due to Fe doping do not significantly affect the
moiré periodicity, as in the experiment.

3.3 Clustering of Fe dopants in the basal planes of CoO
nanoislands

We next map the incorporation of Fe at different dopant densities
and discuss formation of different Fe dopant patterns. We define
clustering as the existence of Fe dopants that have at least one or
more nearest metal neighbor(s) that is(are) also Fe atom(s). We want
to understand if there are unique changes in the incorporation
energy of Fe as a function of Fe quantity, i.e., density. The Fe density
is defined as the number of Fe dopants per area of the nanoisland.
In particular, we want to know if the incorporation would cause any
changes in clustering and/or preference for incorporation in the
different regions of the basal plane.

First, we performed DFT calculations of Fe clustering arranged
in a straight line to establish what the expected favorable patterns in
each basal plane region (FCC, HCP and TOP) would be as a function
of Fe dopant amount. Figure 3(a) shows the incorporation energies
corresponding to the Fe line clustering of different sizes (Figs. 3(d)-3(g))
that we considered. As the Fe cluster size increases to 2 Fe dopants,
we find a surprising change in the preferred incorporation region
with FCC now being the favored region for a double Fe cluster as
compared to the single Fe dopant where the FCC region was the least
favorable (see discussion above in section 3.2). For larger linear
clusters of Fe beyond 2 dopants, the difference in incorporation energy
is smaller between the different regions and becomes negligible for an
infinite linear chain of Fe dopants. Based on this thermodynamic
data, we conclude that the Fe incorporation preference in the basal
planes changes as a function of the Fe density with TOP and HCP
regions incorporating single Fe dopants, then the preference for
incorporation shifts from these regions to the FCC region in the
form of single dopant followed by FCC double or multiple dopant
incorporation. This was verified in the experiment. The ratio of
Fe dopants identified in the STM images in the dark FCC regions
various Fe densities of different samples is plotted in Fig. 3(b). At
low Fe densities (less than 0.50 Fe /nm?), a very small amount (less
than 13%) of Fe dopants are found in the FCC regions. The ratio
of Fe dopants in the FCC region remains at a nearly constant value
(11%-12%) as a function of Fe density for low densities (see Fig. 3(b)).
As the Fe density increases above 0.50 Fe /nm’, there is a strong
increase in Fe dopants located in the FCC region (see Fig. 3(b))
which we attribute to favorable Fe incorporation energetics due to
dopant clustering as predicted by our DFT calculations, which we
next confirm with STM statistics.

By a direct counting of the triangular features, originating from the
Fe dopants as explained above, in the atomic resolved STM images,
we also perform an analysis to establish if the Fe dopants are isolated
or clustered. As shown in Fig. 3(c), at low Fe densities (0.31 /nm?),
a very small amount (~ 10%) of Fe dopants are clustered (as seen in
Fig. 3(c), 1" column) and explained by the DFT results in Fig. 3(a).
As the Fe density increases, however, clusters begin to form and at
an Fe density of 1.10 /nm’, the majority (more than 85%) of the Fe
dopants are clustered (see Fig. 3(c), 3* column). The transition at
which ~ 40% of the Fe dopants are being clustered is observed to
happen at an Fe density of 0.57 /nm? (see Fig. 3(c), 2™ column). This
transition occurs at the Fe density where the percent of dopants in
FCC increases (see Fig. 3(b)), which is in good agreement with our
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Figure 3 (a) Incorporation energy of Fe dopants per Fe for 1, 2, 3 dopants and infinite chain for FCC, HCP, TOP stacking. (b) Histogram of ratio of Fe atoms in FCC
vs. Fe density. (c) Counting data for Fe atoms in isolated or in a cluster for different Co/Fe ratios. (d)—-(g) DFT stacking models: single, dimer, trimer-line, and infinite

chain, respectively.

DFT calculation results showing that the Fe clustering is the driving
force that causes an increase in dopants in FCC locations.

We performed further DFT analysis of Fe dopant clustering to
understand if there is a driving force for Fe clustering with a specific
favored Fe-Fe interaction that extends beyond the linear chain
geometry and location in the nanoisland discussed above. Since we
found that Fe clustering is likely to occur in all moiré regions, we
here limited our investigation of these more complex Fe clusters by
modeling the incorporation in a (6x6) FCC unit cell because it is
the most stable stacking. In addition to 2 Fe-dopant clustered in a
line (see Fig. 3(e)), we also investigated the distance and geometry
dependence of the interaction between the two Fe dopants (see Fig. S12
and Table S2 in the ESM). There is an interaction between the two
Fe dopants present even when they are positioned beyond nearest
neighboring sites which is favorable over the Fe dopants being
spread apart i.e. being isolated. This is one of the causes leading to
Fe clustering even with apparently favorable Co sites in HCP and
TOP regions that are available for substitution. For the 3 Fe dopant
clusters, we found that Fe can dope in four unique 3 dopant (trimer)
shapes, straight line, L-shape, triangle up, and triangle down (see
Figs. 4(c)-4(f)). The line clustering pattern was found to be the most
favored amongst the trimer shapes, however, the small energetic
preference from DFT is not significant enough to make this the
most dominant cluster shape and exclude existence of the other
shapes. In agreement, a variation of 3 dopant large Fe clusters with
the L-shape (Fig. 4(d)), triangle up (Fig. 4(e)) and triangle down
(Fig. 4(f)) configurations are observed in the experiment, with no
strong preference for any of these configurations. Experimentally,
lager doping clusters (more than 3 Fe dopants), as can be seen in
Figs. 4(b) and 4(h), do not show any particular shape preference.
Computationally, larger doping clusters, besides the infinite chains
discussed above, have not been considered since they would require
significantly larger simulation models and increasing number of
shapes, which is computationally prohibitive. We conclude that Fe
incorporation into clusters consisting of 2 or more Fe dopants is
highly driven by the CoO stacking on Au(111), preferring the FCC
stacking, but show no significant shape preferences.

3.4 Fe-doping on edges of CoO nanoislands: edge sites
preference
The STM image shown in Fig. 5(a) illustrates the full perimeter region
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of a highly Fe-doped Co-oxide nanoisland. Interestingly, we observe
a strong enrichment of the Fe content near the edges as indicated
by the numerous triangular Fe features close to the perimeter of
the island. Clearly, this suggests that there is a thermodynamically
favorable effect for Fe doping incorporation at edge sites compared
to the basal planes. Based on the crystal structure of CoO, a hexagonal
Co oxide island and an Fe-doped CoO nanoisland, can be terminated
by two types of edges: the O edge and the Co edge. We use DFT
to establish a complete mapping of the Fe dopant incorporation
thermodynamics at the two different edges present on the nanoislands.
In order to perform this study, we use stripe models previously
utilized to study reactivity of edges of CoO [49]. Here, we have
modeled the edges using slightly wider CoOx stripes (length of 6
instead of 4) in an FCC stacking. We examine the thermodynamically
favored incorporation of Fe relative to the edge by positioning Fe
throughout the stripe models. Figures 5(c)-5(e) show the atomic
models and Fig. 5(b) summarizes the Fe incorporation energetics.
Interestingly, we find that a single Fe dopant and an infinite linear
Fe dopant chain are most stable at the oxygen edge (row 1) or right
by it as compared to the Fe doping on the FCC basal plane (see
Fig. 2(a)). This should be contrasted to a single Fe dopant and an
infinite linear Fe dopant chain on the Co-edge which is less stable
than the Fe doping on the FCC basal plane. In reality, the edges of a
CoO nanoisland are not completely in an FCC stacking (or HCP or
TOP stacking) like we have used in these models so far but rather
a mixture of these stackings which leaves some room for further
investigation of different types of edge effects for different stackings.
We performed a series of calculations of single and infinite linear
chain Fe doping in an HCP stacked stripe and found the same
incorporation energetic trends as for the FCC stacked stripe, with
an even more pronounced dopant incorporation preferences towards
the oxygen edge vs. the metal edge and non-edge sites (see Fig. S10
in the ESM). This lends further evidence that the oxygen edge is the
preferred site for Fe dopant incorporation.

Experimentally, one can distinguish between the two different
edge type by means of the triangular features induced by the Fe
dopants. Similar to the previous edge structure analysis of the pure
cobalt oxide bilayer islands, parallel edges on opposite sides of an island
display opposite edge structure and the sidelines of the triangular
features are parallel to the O edge of an islands [50]. We note
that the existence of O-defect lines adds complexity to the edge
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Figure 4 (a), (h), and (i) Observed representative STM images containing some of the cluster shapes identified by DFT. (g) Table of DFT calculated incorporation
energies per Fe for clusters consisting of 3 Fe dopants corresponding to the trimer dopant shapes in a (6x6) unit FCC DFT model. (b) Zoom in and atomic ball model
overlay of some of the DFT probed 3 Fe dopant configurations: (c) line, (d) L-shape, (e) triangle up, and (f) triangle down.
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Figure 5 (a) A representative STM images showing Fe dopant chains close to O edge and at the 3™ row close to Co edge, indicated by red and blue lines, respectively
(Ve = -0.07 V, It = —1.07 nA). (b) Fe incorporation energy throughout (2x6) CoO stripe edge models. Atomic representation of stripe model used to simulate Fe
doping from a side view (c) and top view of example models showing a single dopant in row 1, i.e., O edge (c) and infinite Fe chain in row 6, i.e., metal edge. Examples
of doping models, (d) single dopant row 1 (oxygen edge) and (e) infinite chain dopants row 6 (metal edge).

identification (see detailed discussion of the relations between Fe
dopant features, O-defect lines and island edge types in Fig. S11 in
the ESM and corresponding discussion). With this knowledge, the
island edge type can, however, be easily identified as shown in Fig. 5(e)
with red and blue lines indicating O and metal edges, respectively,
allowing for a statistical quantification of Fe dopants at the two
different edges vs. the basal plane. We find in the experiment that
more Fe dopants are located at or close to the O edge areas. As can
be seen from Fig. 5(a), almost all the O edges are decorated with Fe
dopants while the metal edges seem to be Fe free. An extreme
example can be found in the left bottom corner of Fig. 5(a), where
there is a long Fe-dopant chain formed while there are no Fe dopants
at the quite large area in the vicinity of the metal edge.

We can also investigate how the shape and location of the dopants
in the nanoisland relative to the edges influence incorporation
energies at higher Fe densities when Fe clustering occurs. We use
stripe models to investigate the incorporation energy of some of the
above studied Fe cluster sizes and shapes on the basal planes to now
investigate if there is an effect of the oxygen and metal edges on the

stability of these clusters. In order to avoid cluster interaction, we
employ larger stripe models by doubling the size of the stripe in the
x-direction making a wider stripe of (4x6) units CoO (see Fig. S9 in
the ESM for examples). We have investigated the stability of 2 Fe
dopant and 3 Fe dopant shapes (see Fig. S9 in the ESM) at different
locations throughout these stripe models to simulate the position of
the clusters at different proximities to the edges. Figures 6(a)-6(c)
show the incorporation energies per Fe of the following configurations:
a single Fe dopant, 2 Fe-dopant cluster, and 3 Fe-dopant shapes (L
shape, triangle up, and triangle down) throughout the (4x6) stripe
model. In general, we find the same trend as we identified for the
single Fe dopant and infinite Fe chain, namely, Fe-dopant clusters
prefer to form on or near the O edge. Overall, we find that the
experimental data (see Fig. 5(e)) agrees with our DFT energy trends.
To analyze the experimental data, we first define the edge area as
the region from the outermost row to the 3" row in the metal lattice
and the rest as basal plane. The ratios of Fe dopants at the basal
plane and edge areas are counted from three representative STM
samples with typical Fe densities. The statistical results are plotted
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Figure 6 Calculated incorporation energy for clustering vs. the location of (a) single Fe dopant, (b) 2 Fe dopants, and (c) 3 Fe dopant shapes for the (6x4) stripe edge
models. Single numbers mean that all dopants are in the same row, double numbers imply one in each row, and triple digits have a dopant distribution of as labeled.
Example models and shapes are shown in Fig. S8 in the ESM. (d) Amount of Fe at edges vs. basal plane at different Co/Fe content based on statistical quantification of
STM images (the edge area is defined as the outmost to 3™ rows in metal lattice and the rest is basal plane).

in a histogram (see Fig. 6(d)), which shows that Fe dopants tend
to be incorporated at the edge area as the Fe density increases
predominantly on the O edge. Combining this statistical information
of dopants at the edges vs. the basal plane at different Fe contents
and DFT calculations, we conclude that clusters prefer to form at
the oxygen edges of the nanoislands. This leads to a higher ratio of Fe
on the edges to Fe on the basal plane with increasing Fe content.

DFT results show that the Fe doping is primarily driven by the
dopant location in the nanoisland in reference to both the location
relative to the edges and location on the basal plane. The doping of
Fe on the basal plane in TOP and HCP regions is competitive with that
of the single Fe dopant on the FCC edges. At low Fe concentration
there will be Fe primarily on/near the oxygen edge and in the TOP
and HCP basal plane regions. At higher Fe densities HCP and TOP
basal plane regions become unfavorable locations for Fe and
clusters begin to form primarily near the oxygen edge and also in
FCC regions. The oxygen edges are the most favored site for Fe
incorporation, as seen in Fig. 5(e), and will therefore get the largest
amount of Fe clusters. The full Fe dopant chains are the most
preferred clusters at a given row when compared to single dopants
or other non-linear shapes at the same locations. We conclude that
at high Fe densities, the O edge and several rows in from the O edge of
the nanoisland will be completely substituted with Fe. Fe incorporation
on the metal edge is less favored than on the O edge but is competitive
with the basal plane regions. Figure 7 indicates expected Fe percentage
(assuming all regions have the same area) at different locations based
on these incorporation energy trends.

4 Conclusions

A combination of complementary DFT calculations and STM
images clearly elucidate the patterns of Fe incorporation into CoO
nanoislands. DFT calculations predicted the unfavorable region for
Fe doping at low Fe densities to be the FCC stacking region helping
identify the different moiré domains in the STM images. The ratio
of Fe dopants in the FCC regions increases dramatically at low Co/Fe
ratios (high Fe content) which by DFT is attributed to clustering
preferences of Fe in different regions. No dominant clustering shape
preference was identified leading to the conclusion that doping on
the basal plane is driven solely by the regions of the moiré pattern. In
addition to the Fe dopant distribution within the moiré superstructure,
the phenomena of doping near the edge was investigated through
DFT and STM. DFT calculations indicated a clear Fe incorporation
preference at or in the direct vicinity of the oxygen edge compared
to the metal edge and basal plane regions. Presence of different Fe
clusters were shown to be similarly driven by location relative to the
edges regardless of shape or size. The combination of basal plane
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Figure 7 Atomic-model of a high density Fe-doped CoO nanoisland illustrating
the predicted Fe distribution and dopant clustering based on DFT and STM. A
Boltzmann weight distribution graph (low and high Fe density correspond to
DFT incorporation energetics of single Fe dopant and three Fe-dopant clusters,
respectively) illustrates the anisotropic Fe incorporation throughout the nanoisland
with the highly preferred Fe incorporation at the oxygen edge (O-edge) and how
clustering changes the Fe incorporation preference in the basal plane regions.

distribution and an understanding of the edge preference for Fe
incorporation provides a clear picture for predicting the Co/Fe
nanostructure of the nanoislands, which is important for a complete
understand of further studies of binary oxide systems. These results
can be used to isolate the effects that Fe dopants have on other CoO
and CoO; nanoisland systems. Efforts are currently underway to
examine if these unique modifications are capable of OER reactivity,
and what cooperativity may exist between metal species in this
Au(111) supported binary oxide system.
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