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Planar Nb,,O,, Clusters on the Au(111) Surface

Shugiu Wang,* Yuhan Zhu, Maxime Van den Bossche, Jacek Goniakowski,

Claudine Noguera, and Martin R. Castell*

Planar oxide atomic clusters are of considerable scientific interest because of their
potential for enhanced catalytic activity versus their three-dimensional coun-
terparts. This enhancement is the result of the substrate stabilizing novel planar
configurations that have an extensive periphery where catalytic reactions can
occur. A class of planar Nb,,O,,, atomic clusters that are synthesized by the
evaporation of metallic Nb onto an Au(111) substrate in an ultrahigh vacuum
environment and subsequent oxidation at elevated temperatures is reported. The
atomic structures of the clusters are determined using a combination of scanning
tunneling microscopy and density functional theory. The clusters are composed
of structural units with four-, five-, and sixfold rotational symmetry and these
units can assemble to form larger planar clusters. The theoretical comparison of
supported structures with their hypothetical freestanding counterparts shows
that the atomic and electronic structures of the oxide clusters are significantly
altered by the interaction with the Au substrate. The substrate effects include
interfacial charge transfer and structural relaxation to relieve the strain in the
Nb-O bonds. The substrate interactions also reduce the energy differences
between clusters of different configurations and this enables the coexistence

of a large variety of cluster configurations.

1. Introduction

Supported oxide nanoclusters at submonolayer coverage are
attractive systems for the investigation of catalytic mechanisms
in chemical reactions,? and are effective model systems for
developing a physical understanding of “magic size effects” in
the search for optimized catalyst materials.* The interaction
between the cluster and the substrate also frequently reveals
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interesting physical phenomena relevant
to the understanding of inverse catalyst
systems.®'% Oxide clusters are of the
order of a few nanometers in size with crys-
tal structures, stoichiometries, and physical
properties that are frequently distinctly
different from bulk crystal phases. Novel
structural, chemical, and electronic proper-
ties have been observed for a variety of
supported oxide clusters of V, Fe, Co, Ti,
Nb, Mo, W, Mg, and Ni.>#11-17]

The metal supports also have a signifi-
cant influence on the oxide clusters.
Strong  cluster—substrate  interactions
significantly alter the inherent atomic
structure of the clusters. For example, a
V01, cluster is predicted to form a tetrahe-
dral cage structure in the gas phase but
forms a planar structure on metal supports
in experiments."®*! The unsupported
V601, cluster has a triangular prism struc-
ture that is composed of one V303 six-
membered ring connected to one V3;Og
six-membered ring through three bridging
oxygen bonds.'” A Rh(111) supported
V601, cluster consists of six V atoms located in Rh(111) three-
fold hollow sites, six O atoms located in Rh on-top positions,
and six dangling O atoms bonded to each V atom.'"'®! The
planar cluster structure is stabilized by the strong interaction
between the V¢O;, cluster and the Rh(111) substrate.
Similarly, the structure of a Nb;O; cluster is significantly
modified when it is supported on a Cu(111) surface.'”? An
unsupported Nb;O; cluster has a hexagonal pyramid structure
consisting of three Nb atoms and three bridging O atoms in
the basal plane, and an O atom at the apex.*”! The supported
Nb3O; cluster has a planar structure that contains three Nb
atoms located close to Cu(111) bridge sites, four O atoms located
in Cu on-top positions, and three dangling O atoms bonded to
each Nb atom.!"”! Major substrate effects on the cluster structures
have been observed in Nb, Mo, Ti, and W oxide clusters
on Cu(111) and Cu,0/Cu(111),"”*" Ni oxide clusters on
MgO/Ag(100),*! W30, on Cu(110)-0(2 x 1), and TiO,
clusters on Au(111)."" The substrate effects include changes
of the cation oxidation states, structural distortions of the
cluster and support, and modification of the interfacial electronic
structure of both the cluster and the substrate.

Here, we report on an investigation of the atomic structure
and thermodynamic stabilization mechanisms of planar Nb
oxide clusters on Au(111). Because ND has stable oxidation states
+2, +3, +4, and +75, this gives rise to various Nb-O coordination
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motifs, which can in turn result in the formation of oxide clusters
with a large range of stoichiometries and structures. In this arti-
cle, we report the discovery of a wide variety of planar Nb oxide
clusters on Au(l1l) using scanning tunneling microscopy
(STM). The clusters can be separated into distinct groups
depending on their symmetry. Modeling the clusters using
density functional theory (DFT) demonstrates the significant
influence of the substrate on the atomic structure, stoichio-
metry, cohesion energy, and electronic structure of the oxide
clusters.

2. Results and Discussion

2.1. STM Imaging of Nb,O,,, Atomic Clusters on Au(111)

Figure 1a shows an Au(111) surface following Nb deposition at
room temperature and annealing in 10~ Pa O, at 400 °C. The
surface is covered by approximately 0.25 monolayer (ML, where
1 ML coverage is defined as corresponding to an Au surface fully
covered by a honeycomb Nb,0; monolayer) of NbO,. The two
main types of nanostructures are atomic clusters and monolayer
regions with a honeycomb (2 x 2) Nb,O5 structure.”>* The
atomic clusters consist of several bright protrusions and their
widths range from sub-nanometer to a few nanometers in size.
The (2 x 2) honeycomb structure is a well-ordered monolayer
film in perfect registry with the Au(111) substrate.232*26-27]
The honeycomb structure serves as an excellent reference and
calibration lattice to determine the exact periodicity and orienta-
tion of the other structures (Section S2, Supporting Information).
The atomic clusters are imaged in STM to be only approx. 0.2 to
0.3 A higher than the (2 x 2) honeycomb monolayer film, and
thus the clusters are in all likelihood also planar monolayer struc-
tures. A significant variety of Nb,O,, atomic clusters are ran-
domly distributed on the Au(111) surface. These atomic
clusters are stable on the Au surface at low Nb coverage and
in the temperature range from room temperature to 600 °C.
Annealing the oxide clusters to higher temperatures up to
700 °C in oxygen atmosphere results in the honeycomb (2 x 2)
structure and triangular nanocrystals (Section S3 and Figure
S2, Supporting Information). The Au(111) herringbone recon-
struction is lifted underneath the oxide nanostructures and dis-
torted in the bare regions (Figure 1a).

The clusters consist of structural units that can either appear
on their own, as in Figure 1b—e, or the units can fuse together to
form larger clusters such as those that are visible in parts of
Figure 1a. The most common structural units consist of four,
five, or six bright spots, shown at high magnification in
Figure 1b—e. For the clusters where the orientation can be deter-
mined (Section S2, Supporting Information), it matches the ori-
entation predicted by modeling (Figure 1f—i). Each of the bright
spots is associated with a Nb atom (a detailed structural analysis
is discussed in the next section). The clusters can thereby be cat-
egorized into bonding symmetry-related groups. The nomencla-
ture of each cluster is made up of the number of structural units
(if more than one), the size of the structure within the units, and
the total number of Nb atoms. The way of distinguishing the
“size of the structure within the units” that we have adopted
is to use the letter Q for quad (fourfold), P for penta (fivefold),
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Figure 1. STM images of niobium oxide atomic clusters grown on
Au(111). a) Nanostructures at a coverage of 0.25 ML following Nb depo-
sition at room temperature and annealing in O, at an elevated tempera-
ture. Atomic clusters with four- (Q4 and Q6), five- (P5), and sixfold (H6)
symmetry can be seen. The STM image is generated from 11 frames using
multiple frame averaging (MFA) to enhance the signal-to-noise ratio,
details described in the Supporting Information (Section S1). The image
width is 30 nm. b—e) Close-up views of the frequently observed Q4, P5, H6,
and Q6 clusters in STM experiments. The experimental STM parameters
are (a) Vy=1Vand ,=0.2nA, (b) V;=1.0V, |,=0.22nA, (c) V;=1.0V,
I;=0.18nA, (d) V;=0.8V, [;=0.21nA, and (e) Vs=1.0V, I;=0.21 nA.
f-i) DFT-simulated STM images of the clusters in (b—e).

and H for hexa (sixfold). To demonstrate an example of the
nomenclature Figure 1b shows a Q4 cluster, representing four-
fold bonding symmetry (Q) consisting of four (4) Nb atoms.
Alternatively, a structure termed as a 2Q7 cluster in Figure 1a
consists of two units of fourfold rings (Q) that together have
seven Nb atoms in the cluster. In our extensive study, where
we classified over 1000 clusters, the single Q4 and P5 clusters
are the most common, followed by the H6 cluster. We will
now examine each of these cluster groups in turn.

The most frequently observed single clusters are presented in
Figure 2. These clusters can be regular as shown in the left-hand
parts of each panel, slightly distorted, or highly distorted as
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Figure 2. STM images of a variety of Nb,O,,, clusters. The most common basic units consist of units of four, five, and six Nb atoms as shown respectively
in rows a) Q4 and Q6, b) P5, and c) H6. All STM images present in this figure were obtained using positive sample bias V, approx 0.5 to 1.5V with
tunneling current I, approx 0.1 to 1.2 nA at room temperature. The cluster morphologies are independent from the imaging conditions. Atomic models

are shown in the right-hand panel in each row.

shown in the other parts of the panels. Typical STM images of the
Q4 clusters are shown in Figure 2a. We most commonly observe
the slightly distorted Q4 clusters. Isolated STM images of fivefold
P5 clusters are shown in Figure 2b. The leftmost image of the
row shows a regular pentagon, and the other images are exam-
ples of how the P5 cluster can be distorted. Examples of hexago-
nal clusters are shown in Figure 2c. These can either form a
regular or distorted ring of 6 Nb atoms (H6), or have in their cen-
ter an additional bright spot (H?7).

The distortions of the clusters in Figure 2 have several possible
physical origins, some of which are illustrated in Figure S3 of the
Section S4 (Supporting Information). A cluster can be in
different registries with respect to the Au(111) lattice. Oxygen
availability in the growth environment may result in missing ter-
minal oxygen atoms resulting in lower-coordinated Nb cations.
Additional atoms such as an Au atom or a Nb atom might be
trapped in the central hollow sites of a large ring, yielding
additional spots in the STM images, such as the H7 cluster in
Figure 2c. There is also the possibility that Nb atoms are located
in the Au surface layer at the cluster periphery.

The basic units of the Q4 and P5 clusters can merge to form
larger clusters. Two Q4 clusters joined at their corners are shown
in Figure 3a where the corner atom is either shared to form a
2Q7 cluster, or not to form a 2Q8 cluster. Edge sharing of Q4
clusters results in rectangular cluster geometries, as shown in
Figure 3b. The Q6, Q8, and Q10 clusters are observed relatively
frequently. These rectangular clusters align their long direction
epitaxially with the three <112> surface substrate directions
(Section S2 and Figure S1, Supporting Information). This ena-
bles the formation of threefold corner-sharing Q cluster assem-
blies, as shown in Figure 3c. Figure 3d shows a row of P5 clusters
that have formed pairs, by either sharing an edge (2P8) or a
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corner (2P9). When the P5 clusters are sufficiently close to each
other they can form a bond without sharing any Nb atoms, result-
ing in 2P10 clusters. Figure 3e,f shows various clusters that have
at their core three edge-sharing pentagons. The larger clusters
from 3P12 onward also incorporate Q clusters in a similar pro-
cess to those shown in Figure 3c. Figure 3g shows corner-bonded
clusters, where one is assembled from two P and one Q units
(2P14) and the other from three P units (3P15). We do not
observe the hexagonal H-type units forming into larger cluster
assemblies.

2.2. Atomic Structure of Nb,,O,,, Clusters

To analyze the atomic structure of the clusters we compare our
experimental STM images with DFT simulations. There is a good
qualitative match between the simulated and experimental
images of the Q4, P5, and H6 clusters, as shown in the STM
images in Figure 1b-e and the DFT simulations in Figure 1f-i.
Quantitative evaluation using comparators such as epitaxial
orientation with respect to the Au(111) substrate and interatomic
distances are also well-correlated.

This qualitative agreement gives us confidence in the
structural solutions of these clusters (right-hand panels in
Figure 2). The Q4 cluster is an eight-membered ring of alternat-
ing Nb and O atoms with a terminal O atom attached to each Nb.
This results in a Nb,Og cluster with NbO, stoichiometry. The Q4
cluster has a preferred epitaxial relationship with the Au(111)
substrate. The Nb atoms are preferentially located at the threefold
hollow sites of Au(111) and the O atoms are located on top sites.
There is a slight offset from the center of the sites due to a struc-
tural relaxation related to strain relief in the NDb-O bonds.
Hundreds of line scan measurements from the STM images
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Figure 3. Small units can assemble to form larger clusters. a—c) Larger
clusters based on the Q4 units. d—g) Larger clusters based on the P5 rings.
The experimental STM parameters are V;=0.8V to 1.0V, I;=0.18 nA to
1 nA. The structure of the clusters does not vary based on the conditions
under which they are imaged.

taken along the [110] direction for the Q4 cluster show a distance
of 3.74 4 0.06 A between two adjacent Nb maxima. The equiva-
lent distance is 3.5 A between the two maxima in the DFT simu-
lated STM image. We have also carried out measurements
between the Nb image maxima for the P5 and H6 clusters.
For the P5 clusters the experimental STM measurement is
4.0 £ 0.1 A compared with a value of 3.7 A from the simulations,
representing 8.1% difference. For the H6 clusters the experimen-
tal STM measurement is 3.80 + 0.10 A compared with a value of
3.6 A from the simulations, representing a 5.6% difference. The
small errors between the experiments and the simulations may
originate from differences in the temperature of simulation and
experiment, calibration errors of the STM piezo scanner, or the
finite tip radius in the experiments, but may also result from the
Tersoff-Hamann approximation used in image simulations.
In any event, we consider the match between simulation and
experiment to be sufficiently close to be confident of the
structural solutions of the Q4, P5, and H6 clusters.

There is also a good match between experimental and simu-
lated images of the larger clusters that form through the assem-
bly of two or three smaller units (Figure 3 and 4). For example, a
difference can be seen between the corner-bonded (Figure 4a)
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Figure 4. Structural solutions of large clusters assembled from structural
units Q4 and P5. a,b) Clusters assembled from two Q4 units via
a) corner-bonding and b) corner-sharing. c,d) Clusters assembled from
two P5 clusters via c) edge-sharing and d) corner-sharing. e—g) Large clusters
assembled from three Q4 or P5 units. h,i) Rectangular clusters composed of
several Q4 units. The left-hand panels are simulated STM images using DFT
and the right-hand panels are their atomic models (E — Ex = +1V, distance
from the center of the first Au substrate plane is 6 A).

2Q8 cluster and the corner-sharing (Figure 4b) 2Q7 cluster.
Even the large clusters (Figure 4e—g) can be accurately simulated,
although here we are limited by the finite unit cell size of the
simulated images. It is also worth noting that the substrate in
the experiments may be not as regular as the ideal Au(111) ter-
mination used in the simulations.

2.3. DFT Studies of the Structure and Stability of the Nb,,O,,,
Clusters

Considering the variety of observed cluster sizes (number n of
Nb atoms in a cluster), a large span of possible stoichiometries
(different numbers m of O atoms for each cluster size n), and a
multitude of structural isomers (alternative atomic configura-
tions for each Nb,,0,, composition), we conducted our computa-
tional study in three complementary ways. First, we focused on
clusters of a fixed stoichiometry (e.g., NbsO1;) and linked the rel-
ative stability of a large variety of isomers obtained from global
optimization to the fine details of their atomic structures. Then,
we considered only the most stable isomers of the small clusters
(n=4—-06) of different stoichiometries (2n—2 <m <2n+ 1), for
which we estimated the stability under the experimental oxygen
UHV conditions. Finally, we turned to several mid- and large-
sized particles (n=8-16) with structures deduced from the
experimental results and estimated their stabilities relative to
equivalent pieces of the Nb,O3; honeycomb monolayer.
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A detailed analysis of the NbsOq; isomers, Section S5 and
Figure S4 in the (Supporting Information), highlights the essen-
tial structural characteristics shared by the energetically favored
isomers: a flat structure, threefold coordinated cations, and ter-
minal oxygen atoms at the cluster edges. The most energetically
stable isomers correspond very well to the frequently observed
rectangular Q6 cluster, and the less stable isomers are not found
among the experimentally observed particles. This suggests that
for a given cluster composition we convincingly determine the
structure that we are likely to observe experimentally.

We then searched for the minimum energy configurations of a
large variety of small Nb,O,,/Au(111) clusters. The atomic struc-
tures of the most stable isomers obtained from global optimization
are shown in Figure 5, together with their formation energies per
Nb cation, Egm. As described in Section 4.2, Eg,p, is calculated
relative to the (2 x2) Nb,O;/Au(111) honeycomb monolayer,
under the experimental UHV oxygen conditions (Apo~ —2eV)
and lower Eg,,, values indicate larger stability.

Due to the qualitative differences in their structures, the clus-
ters in Figure 5 can be split into three groups, characterized by
different oxygen content. A high oxygen content (m =2n+1 in
clusters Nb,Oo, NbsO;;, and NbgOs3) is systematically associated

Oxygen content

Low High
m<2n m = 2n+1
NbsO7 Nb4O7 Nb4Og
0.48 eV/Nb  0.49 eV/Nb 0.01 eV/Nb
(a) ® ®
[ A ) ®
- ) ® |
L ) : o "
NbsOs NbsOg NbsO11
0.45eV/Nb  0.23 eV/Nb -0.04 eV/Nb
(b) : ® ()
i (3 Q@
o ®
@ -
NbesO10 NbsO13
0.31 eV/Nb -0.09 eV/Nb
° °
© XeX o
O e
ONb @O

Figure 5. Top view of the most stable configurations of Nb,O,, clusters
(n=2, 4, 6, 2n—2<m<2n+1) resulting from global optimization
together with their formation energies Egom (€V/Nb) relative to the
(2 x 2) Nb,O3/Au(111) honeycomb monolayer. a) Clusters including four
Nb atoms. b) Clusters consisting of five Nb atoms. c) Clusters containing
six Nb atoms. The structures are classified into three groups based on
oxygen content, low in blue, moderate in yellow, and high in red. The
Nb4Og, NbsO;o, NbsO1q, and NbgOy, clusters correspond to the most
frequently experimentally observed Q4, P5, Q6, and H6 particles.
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with a quasi-three-dimensional particle shape. The O-rich clus-
ters contain one or more fourfold coordinated Nb cations and
the four oxygen neighbors form a tetrahedron which tends to lift
the central cation away from the substrate. In spite of their
favorable formation energies, such 3D cluster structures are
not observed experimentally.

At moderate oxygen content (up to NbO, stoichiometry), the
clusters remain essentially flat. The NDb cations are mostly
threefold coordinated, are located in the hollow sites of the
Au substrate, and are interconnected by twofold coordinated
(bridging) oxygen atoms and/or bound to singly coordinated (ter-
minal) ones. (Multi-) ring motifs with ring sizes ranging from 3
to 6 NDO members prevail, and niobyl groups are systematically
found at cluster edges. The ground state NbsOg, NbsO19, NbgO1,
and NbsOq, structures display relatively low formation energies
(the lowest among the flat clusters in Figure 5) and correspond to
the most frequently observed Q4, PS5, Q6, and H6 clusters.

Atlow oxygen content, structures with twofold coordinated Nb
cations are present and energetically compete with those com-
prising buried Nb atoms. The presence of buried Nb atoms in
the Au substrate has been observed experimentally!®* and is also
consistent with favorable DFT dissolution energies. This is best
exemplified by the two quasidegenerate Nb,O, isomers in
Figure 5 which show that, due to their favored position below
a terminal oxygen atom, the onefold coordinated buried Nb
atoms allow an increase of oxygen content in the remaining clus-
ter, which is energetically favored in O-poor structures. However,
the O-poor clusters are systematically associated with relatively
large formation energies Ef,m,, and do not appear among the
frequently experimentally observed particles.

As far as mid- and large-sized clusters (8 <n <16) are con-
cerned, we have locally optimized structures representative of
a selection of experimentally observed particles (Figure 4). The
key observation is that most of their formation energies are larger
than those of simple assemblies of mostly six-membered rings of
similar compositions (Section S7, Figure S5 and Table S2,
Supporting Information). Moreover, the energy gap between
the most stable and the observed clusters increases with the clus-
ter size. We stress that, while the choice of Apg ~ —2 €V is nec-
essarily somewhat approximate, the reversal of cluster stability
such as, e.g., to make the frequently observed Nb;s0,; cluster
more stable than the never observed Nb;sO,9 one, requires
extremely O-poor conditions (Apo < —3 eV), which is inconsis-
tent with the UHV (10~® Pa) conditions in our experiments.

To summarize so far, our results show that the calculated
ground state structures and compositions of small flat clusters
with a moderate oxygen content, are an excellent representation
of the most frequently observed particles. We also stress that,
while O-rich particles with more 3D-like shapes are predicted
to be more stable under the experimental conditions, they have
not been observed experimentally. Finally, we demonstrate that
the observed larger particles are not characterized by the lowest
formation energies. These observations suggest that kinetic
effects may play an important role during cluster growth and
may hinder the formation of both small 3D particles and larger
clusters composed of six-membered rings, typical for the HC
monolayer. While an atomistic description of growth kinetics
goes well beyond the scope of the present study, in the following
section we will analyze the effects responsible for the enhanced
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thermodynamic stability of small flat clusters with a moderate
oxygen content, representative for the vast majority of the
observed small particles.

2.4. Simple Model of Cohesion: Role of the Au Substrate

We have imaged a large variety of different types of Nb,O,,/
Au(111) clusters using STM, and our DFT results enable us
to understand some of their common characteristics. For exam-
ple, we do not experimentally observe clusters with only two or
three Nb atoms, i.e., Nb,O, and Nb;O, clusters. Our DFT calcu-
lations reveal that this is because strain within the clusters plays
an important role, and flat Nb,O, and Nb;O, clusters are too
highly strained to be stable (Section S6, Table S1, Supporting
Information). A further common theme that emerges from
the calculations is that under our UHV conditions terminal O
atoms stabilize the cluster structures, but result in cluster
stoichiometries greater than that of the (2 x2) Nb,O; HC
monolayer.

We now explicitly analyze the stabilization mechanism of pla-
nar clusters by the Au substrate as well as the role of the substrate
in the reduction of the energy differences between structures of
different stoichiometry and connectivity. These two effects are
directly responsible for the coexistence of the large variety of clus-
ters in the experiments. With the help of a simplified model of
cohesion which quantifies the energetic impact of differently
coordinated Nb cations, we gain further insight into the STM
and DFT results and show that cluster energetic and structural
characteristics have their origins in the charge transfer between
the clusters and the Au substrate.

Within such a model, the cluster cohesion energy E.., is
expressed as a sum of contributions Ej associated with each
Nb cation: Ecop = Znp Ej, where i=1, 2, 3, 4 corresponds to
the cation coordination number Z and j=0, 1 is the number
of terminal oxygen atoms among its first neighbors. The relevant

Ej; parameters are Ejg, F3o, E31, Eso, and Eyy, to which Ej, has to be

@ ' '

(E,
1 2

3 4
Coordination Z
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added to account for singly coordinated cations embedded in the
gold surface. The E;; values are derived from the DFT energies of
a large number of configurations and show only a weak depen-
dence on cluster size and stoichiometry with a typical spread in
values between £0.1 and 0.2 eV. It is the consistency of the Ej;
values across all the clusters that enables this simplified model to
be reliable.

The Ej values are shown in Figure 6a as a function of Nb
coordination number Z. In the figure, the solid red line values
represent the supported clusters, and the dashed black line val-
ues represent the unsupported clusters. Figure 6a shows several
important trends that drive the relationship between cluster
structure and stability. First, the Ej parameters increase with
Z, but this increase is nonlinear, a well-known behavior?® in
insulating oxides.?” It is steep between Z=2 and Z=3, but
it weakens as a fourth Nb-O bond is created, so that
E, < E3; < E4q. Because 2 x E3; < E, + E4;, the stabilization of
fourfold coordinated cations linked to a terminal oxygen atom
becomes possible only at an oxygen content high enough to
ensure that all Nb cations have at least 3 oxygen neighbors,
i.e., that twofold coordinated Nb atoms are absent.

The second trend in Figure 6a is that among the three- or
fourfold coordinated cations, those which have a terminal oxygen
neighbor are energetically favored (E3; — E3p ~ E4; — Eqo~ —1e€V).
The enhanced stability of these niobyl groups is consistent with
their presence at the edges of the most stable flat isomers, and
with the existence of branched structures with a large ratio of
edge/center Nb atoms. The terminal oxygen atoms are also
responsible for cluster stoichiometries larger than that of the
HC monolayer. The (2 x 2) Nb,O; HC monolayer has a stoichi-
ometry of 1.5 with a cohesion energy per Nb equal to the Esq
within this model. The stable flat clusters in the third column
of Figure 5 all have stoichiometries of 2. Indeed, in all flat
Nb,O,, clusters composed of only threefold coordinated
cations and one- or twofold coordinated anions, the stoichiometry
x=m/n is related to the number y of niobyl groups by

(b) 2.6

2.2

1.4

1 . .
1 2 3 4

Coordination Z

Figure 6. a) Dependence of the Ej parameters (in eV) on the Nb coordination number Z in the Au-supported (solid red) and unsupported (dashed black)
clusters. b) Average niobium charges Qn;, on the Nb cations. As a reference, the Nb oxidation states in unsupported clusters and in the HC monolayer are

indicated.
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y=2xnx (x-1.5). Since y cannot be larger than n in flat
clusters, this condition shows that the maximum attainable
stoichiometry is x = 2, and can be realized with n niobyl groups.

The final trend in Figure 6a concerns the presence of Nb cat-
ions buried in the gold surface (with E, = —2.7 eV). This occurs
in clusters of low stoichiometry and may be understood as an
alternative to configurations with one or two twofold coordinated
Nb atoms. At fixed stoichiometry, replacing a twofold coordinated
Nb by a buried Nb atom induces an increase of the coordination
number of a neighboring threefold coordinated Nb cation by one
in a quasi-iso-energetic manner (E, + E3; =~ E, + E4), as found
in the NbsO; cluster of Figure 5. Alternatively, replacing two
twofold coordinated Nb with one buried Nb atom and one three-
fold coordinated Nb leads to a much more stable configuration
(B + E31 <2 x E), as in the NbsOg cluster.

The comparison between the Ej; parameters of supported and
unsupported clusters reported in Figure 6a provides a first hint
regarding the microscopic mechanism of stabilization of the
flat clusters. It shows that the energies deduced from DFT cal-
culations on selected unsupported Nb,,O,, clusters (dashed black
line in Figure 6a) are lower in absolute value than for the sup-
ported clusters and display a more rapid evolution as a function
of Z. It should be noted that in comparison with their supported
counterparts, the unsupported cluster atomic structures were
locally relaxed to preserve their connectivity. The difference
between the supported and unsupported energies is particularly
well  pronounced for twofold coordinated cations
(E,SupPorted  punsupported) - remaing  significant for threefold
coordinated ones (E;*UPPorted < pyunsupported - napticylarly when
a niobyl group is involved), but hardly influences the energetics
of the fourfold coordinated Nb atoms (E,*"PPorted ~ E,unsupportedy
Most importantly, the much larger difference between E,, and
E;, in the unsupported case suggests that unsupported 3D clus-
ters (involving principally E,,) may already be favored at a much
lower oxygen content (thus, lower oxygen chemical potentials)
than the supported ones.

The relatively shallow gradient of Ej; values as a function of Z
for the supported clusters significantly reduces the energy
differences between clusters of different connectivity and/or
stoichiometry and thus allows the coexistence of a large variety
of planar configurations, as observed experimentally. More pre-
cisely, using the E;, parameters leads to a particularly transpar-
ent formula for the formation energies of flat Nb,O,,, clusters of
different shapes, sizes, and stoichiometries, composed of various
threefold coordinated Nb cations and one- or twofold coordinated
anions [stoichiometry x = m/n, number of edge niobyl groups
y=2xn x (x-1.5)] relative to the supported Nb,O; honeycomb
monolayer (E.on = F30, ¥ =1.5, y=0) as a function of the excess
of oxygen chemical potential Apo,

Eform = 1/” Z(Elj_ E30) - (x - 15)Aﬂ0x
Nb 1)

y/n[(Es1 — Esg) — Apoy/2]

Two terms are in direct competition: the stabilizing (negative,
since Ej; < E3) cohesive energy contribution proportional to
E3; — E3p and the destabilizing environment-driven term propor-
tional to —Apo, (positive, since Apg, < 0). Both scale with the
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ratio of edge to total Nb atoms (y/n) in the cluster. In O-poor con-
ditions (large negative Apo,), the second term prevails and large
objects (y/n < 1, and thus x~1.5), such as large honeycomb
monolayer patches minimize Ep,,,. In contrast, under O-rich
conditions (small negative Apo,) the first term drives the cluster
stability. In this case, minimization of Eg,, is obtained for small
O-rich clusters (large y/n ratio, thus x > 1.5) such as the Nb,0,,
cluster structures in the third column of Figure 5. A stoichiome-
try above 1.5 can also be achieved through small patches
composed of 6-membered rings (Figure S5, Supporting
Information) and also via the bi- and tripod clusters in
Figure 4. Interestingly, since the experimental oxygen conditions
(Apox~ —2 eV) correspond to the transition zone where the two
effects roughly compensate each other (E3; — E3p=~ Apox/2),
(E31— E39 =—1eV on the Au substrate, and thus E3; —
E30 =~ Apoy/2) there is no strong bias toward the formation of
a specific type of surface object and clusters of different sizes,
shapes, and stoichiometries may coexist, in agreement with
the experimental observations.

These energetic characteristics are consistent with the
dramatic difference between the present observation of
Nb,O,, clusters grown on the Au surface and that of mass-
selected Nb,,O,, clusters soft-landed on Cu and Au substrates
from the gas phase.'”?%*! While the terminal niobyl groups
remain a universal characteristic, some three-dimensional tetra-
hedral structures of soft-landed clusters are observed as well as
dendritic structures made of weakly bound small Nb;O, units.
However, under annealing the soft-landed Nb;O,/Au clusters
do not transform into flat particles similar to those observed
in our STM experiments. This observation tends to confirm that
the absence of 3D particles in our experiments is due to kinetic
hindrance toward cluster formation on the Au substrate, as
already deduced from the DFT formation energies (Figure 5).

To understand the origin of the energetic differences between
the Au-supported and unsupported Nb,O,, clusters, we analyze
the Nb charges as a function of their coordination number Z. As
shown in Figure 6b, the way that the charges behave is strikingly
similar to those of the E; parameters in Figure 6a. We find that
when Au-supported, Q;, and Qo values approximately corre-
spond to a 3+ oxidation state found in the unsupported
Nb,O; ML In contrast, Q. is close to a 5+ oxidation
state found in unsupported tetrahedral O-rich clusters.
Interestingly, the remaining threefold coordinated Nb atoms
in supported flat clusters are in an oxidation state between 5+
and 4+, which is much higher than that of their counterparts
in, e.g., the unsupported Nb,O3; ML, and is also larger than what
could be deduced from the cluster stoichiometry. Such an
enhancement of Nb charges occurs by means of an important
electron transfer from the clusters toward the Au substrate
and becomes possible due to the ability of this electronegative
substrate to accept substantial negative charges (Figure S6,
Supporting Information). Similar strong oxide-metal interac-
tions and large interfacial charge transfer have been reported
in TiO, clusters supported on Au,!'® as well as in Au-supported
Nb,03; HC monolayers and other 2D oxide HC layers on met-
als.***3 The charge transfer was assigned to the offset between
the Fermi levels of the oxide deposits and metal substrates.**!
In the present case, due to the Mott-Hubbard character of
the Nb,O,, clusters revealed by the position of the Fermi level
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inside the Nb d band (Section S8 and Figure S7, Supporting
Information), the charge transfer is associated with a depletion
of the ND d states and a correlated filling of empty Au states. Its
variation as a function of Z results from Madelung potential
effects which shift the d states toward higher and higher energies
as the number Z of neighboring oxygen atoms increases.

To summarize this section, analyzing the cluster cohesion
with local contributions associated with each cation allows us
to rationalize structural features found in the observed Au-
supported clusters, such as the competition between the various
Nb environments in favor of threefold coordination, the exis-
tence of terminal niobyl groups, and the prevalence of flat cluster
structures. The stabilizing effect of the Au substrate, which nar-
rows the energy differences between particles of different con-
nectivity and/or stoichiometry, is driven by charge transfer at
the oxide/metal interface which induces a strong depletion of
the cation states. Charge transfer to the substrate is most pro-
nounced for the 3- (and lower-) coordinated cations, but has a
much weaker effect on the 4- (and higher-) coordinated ones.

3. Conclusion

A large variety of 2D niobium oxide atomic clusters were grown
on the Au(111) surface by thermally driven oxidation of metallic
Nb and characterized using STM and DFT. The clusters are
composed of basic units of four-, five-, and six-membered rings.
The supported clusters form novel planar structures because of
the strong oxide cluster—metal substrate interaction associated
with the large electron transfer from the oxide clusters to the gold
substrate. Under our experimental thermodynamic conditions,
the coexistence of an extended range of cluster structures
originates from the Au substrate interaction that narrows the for-
mation energies of clusters consisting of threefold coordinated
Nb. This report highlights the peculiarity of atomic clusters of
reduced dimensionality compared with the extended continuous
films. The chemical reactivity of different clusters to small mol-
ecules, such as H,0 and CO, is yet to be explored in this system
and will be the subject of future investigations with relevance to
catalytic applications.

4. Experimental and Theoretical Methods

Experiments: The experiments were conducted in a system under ultra-
high vacuum (UHV) conditions with a base pressure of 1078 Pa. A JEOL
JSTM 4500XT scanning tunneling microscope (STM) was used to carry out
measurements. Polished Au single crystals with a (111) termination, sup-
plied by SurfaceNet GmbH in Germany, were cleaned through multiple
sputtering and annealing cycles. Mica-supported Au(111) crystal films,
produced by Agilent Technologies in the UK, were also utilized as sub-
strates. Both versions of Au(111) substrates underwent sputtering with
Art ions ranging from 0.75 to 1kV, followed by UHV annealing at
600 °C for a period of 1.5 h. This process resulted in a herringbone recon-
struction. Niobium vapor was produced using an Oxford Applied Research
EGN4 e-beam evaporator with a 99.99% pure Nb rod from Goodfellow,
UK. After the deposition of Nb, the Au(111) substrates were annealed
between 400 and 700 °C for 15-60 min in an O, atmosphere ranging from
1077 Pa to 10° Pa. This procedure led to the formation of niobium oxide
clusters. Scanning tunneling microscopy was carried out at room temper-
ature using etched tungsten tips.
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The majority of STM images shown in this article were obtained
through the method of multiple frame averaging (MFA) using the
Smart Align software package. The general method and its specific appli-
cation to STM are explained in the study of Jones et al.**3*! For details
regarding image processing methods, refer to the Section S1 (Supporting
Information).

Theoretical Calculations: All final computational results were obtained
within the plane waves density functional approach (DFT), using the spin-
polarized gradient-corrected PW91 exchange-correlation functional®® and
the projector augmented wave method®” implemented in Vienna Ab initio
simulation package (VASP).#3% Standard niobium (including 4p elec-
trons in the valence band) and gold, and soft oxygen (energy cutoff of
300 eV) pseudopotentials provided with VASP were used. The applicability
of the soft oxygen pseudopotential was validated on several small sup-
ported clusters with results obtained with a standard pseudopotential
(energy cutoff of 400 eV). Simulated STM images were obtained within
the Tersoff-Hamann approximation.*?! Atomic charges were estimated
according to Bader's method.[*!*?!

The Au substrate was represented by a slab composed of four (111)
atomic planes with the experimental in-plane lattice parameter (2.88 A).
We checked that adding a 5" metal layer resulted in negligible corrections
on the reported quantities. The oxide clusters were deposited on one side
of the slab and dipole corrections were applied. (41/3 x 4/3)-Au(111) and
(5+/3 x 54/3)-Au(111) surface unit cells were used in calculations of
smaller (3-8 cations) and larger (9 and more cations) clusters, respec-
tively. The Brillouin zone was sampled with a single T" point. The atomic
coordinates of all anions, cations, and Au atoms in the surface layer were
allowed to relax until forces dropped below 0.01eVA™". Apart from the
bottom-most slab layer which was kept in its bulk position, atoms in
the remaining metal layers were allowed to relax only perpendicular to
the surface.

Formation energies (per Nb atom) of Au-supported clusters were
estimated with respect to the infinite Nb,O3/(2 x 2)/Au(111) honeycomb
monolayer®*!

Eform(anom) = 1/”

2
[E(ND,0,,/Au)~n/2 E(Nb;Os /Au) — Ano(Apo + E)/2)]

where E(Nb,O,,,/Au), E(Nb,O3/Au), and E(O,) are the total energies of
an Au-supported Nb,O,, cluster, of a formula unit of the Au-supported
Nb,O; honeycomb monolayer, and of a free oxygen molecule, respectively.
Ano =m—3n/2 is the difference of oxygen content in the cluster and in
the Nb,O3; monolayer. The oxygen chemical potential Apo~ —2.0eV
represents the annealing conditions in the experiments.

As a preliminary step, the atomic structures of small Au-supported
Nb,O,, clusters (six cations and fewer) were globally optimized with
the help of a genetic algorithm (GA)!*** implemented in the atomic sim-
ulation environment,>*®! similar to that employed in recent studies on
free and NiAl-supported Al,O5 films.[474%]

In the present case, for each composition of the supported Nb,O,,
cluster, it first consists of generating and relaxing an initial set of random
cluster structures on a (3y/3 x 34/3)-Au(111) substrate. The following
steps are then repeated 100 times: 1) selection of “parent” structure(s)
from the previously relaxed clusters (with a bias toward the most stable
ones), 2) selection and application of a genetic operator (cut-and-splice
crossover or rattle mutations) to the parent structure(s) to create a
new “child” cluster, which is then relaxed. Each GA run is furthermore
performed 20 times, with different random seeds, to maximize the prob-
ability of finding all relevant low-energy structures. The most stable relaxed
“child” structures issued from such a set of GA runs are then kept as a new
generation of “parents” for the next GA iteration, and the overall conver-
gence is monitored with the 30 most stable structures of each generation,
which are locally optimized with DFT.

Such a global optimization procedure is made possible by an efficient
simplified self-consistent-charge linear combination of atomic orbitals
DFT scheme called density functional tight-binding (DFTB),“®! the
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empirical components of which are fitted to a DFT training set using the
Hotcent v1.0%% and Tango v0.9" software packages. The initial training
set consists of DFT energies and forces of several ordered and randomly
generated Nb,O,, clusters on the Au(111) substrate, and is further
upgraded with DFT data at each subsequent step of the genetic
optimization.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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