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Abstract

We employ global optimisation to investigate how increasingly sized oxide nanoclusters can best adapt
their structure to lower the system energy when interacting with a realistic extended metal support.
Specifically, we focus on the (ZnO)@Ag(111) system where experiment has shown that the infinite
Ag(111)-supported ZnO monolayer limit corresponds to an epitaxially 7:8 matched graphene-like (Zn;0;)-
based hexagonal sheet. Using a two-stage search method based on classical interatomic potentials and
then on more accurate density functional theory, we report global minina candidate structures for Ag-
supported (Zn0), cluster with sizes ranging from n=1-24. Comparison with the respective global minina
structure of free space (ZnO), clusters reveals that the surface interaction plays a decisive role in
determining the lowest energy Ag-supported (ZnO), cluster structures. Whereas free space (ZnO),
clusters prefer to adopt cage-like bubble structures as they grow larger, Ag-supported (ZnO), clusters
rapidly become progressively more like planar cuts from the infinite graphene-like ZnO single monolayer
with increasingly size. This energetic favourability for planar hexagonal Ag-supported clusters over their
3D counterparts can be partly rationalised by the ZnO-Ag(111) epitaxial matching and the increased
number of close interactions with the Ag surface. Detailed analysis shows that this tendency can also be

largely attributed to the capacity of 2D clusters to structurally distort to improve their interaction with
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the Ag surface relative to more rigid 3D bubble cluster isomers. For the larger sized clusters we find that
the adsorption energies and most stable structural types appear to be rather converged confirming that
our study makes a bridge between the Ag-supported ZnO monomer and the infinite Ag-supported ZnO

monolayer.

Introduction

Nanosized clusters typically containing a few tens of atoms, although often difficult to study in
microscopic detail by experiment alone, have been widely investigated by computational modelling.”*?
In the large majority of these theoretical studies the nanoclusters in question are of metals or inorganic
materials and are treated as isolated species in free space. In real world applications, however, such
nanoclusters are either on or within a supporting macroscopic material (e.g. heterogeneous catalysts,
nanocomposites). In such cases it is often the metal-inorganic interface interaction that is important,
with the oxide-supported metal nanocluster system being particularly heavily studied.’In detailed
atomistic modelling of this system, in order to assess accurately the effect of the nanocluster-support
interaction on the structure of the nanoclusters, recent work has employed global optimization
algorithms to search for the most energetically stable supported nanoclusters.”® Importantly, these
latter studies take into account the interaction with the support during the global optimization searches
(i.e. as opposed to searching for low energy nanocluster isomers in free space and then placing them on
the support). This approach is particularly important when large structural changes in the metal
nanocluster are induced by the oxide support and when energy ranking of the isomers in free space and
on the surface differs dramatically. In the present investigation we also employ this powerful approach
for studying nanoscale metal-inorganic interactions, but in the far less studied case of metal-supported
oxide nanoclusters. Specifically, we consider the case of zinc oxide (ZnO) nanoclusters supported on the
surface of silver.

Zn0O is an important semiconductor which, due to its remarkable optical and electronic
properties, is already widely used and has great promise at the nanoscale in a range of new device
applications (e.g. gas sensors, optoelectronic devices, and photocatalysis).” Although the structures and
properties of small free space (ZnO), nanoclusters have been studied by classical atomistic and quantum
electronic structure calculations by a number of groups,®* there is relatively little theoretical work on
the interaction of nano-ZnO with a support. We note that this situation lies in stark contrast to the

14,15

abundant theoretical literature on oxidation processes at transition metal surfaces. Following the
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16,17

importance of the ZnO/Ag interface in optical coatings for solar control windows, a few groups have

821 Belbruno et al. have

used electronic structure calculations to study the bulk ZnO-Ag interface.
modeled (ZnO), clusters, with n <3, supported on MgO(001)* and, with n <4, on graphite® surfaces,
but, as far as we are aware, only one theoretical study has looked at Ag(111)-supported (ZnO), for very
small n<3 species.?” In the size range between these Ag-supported sub-nanoscale molecular ZnO
clusters and ZnO-Ag interfaced bulk films, a number of interesting Ag-supported nano-ZnO systems have
been prepared experimentally. Ag-supported ZnO nanorods with diameters as small as 15-30 nm, for
example, display a strong growth dependence on the crystallographic orientation of the Ag surface.”
These systems have further been shown to be more photocatalytically active than pure ZnO nanorods,
implying that the Ag-(nano)ZnO interface helps promote the separation of photo-generated electron-
hole pairs.”® Smaller nanometer sized gas phase ZnO clusters have also been deposited on Au(111)
surfaces showing band structure quantization.”” Moving towards more two-dimensional (2D) systems,
extremely thin films of ZnO on Ag(111) have been carefully prepared and characterized by surface
science techniques.”® Interestingly, when such ZnO nanofilms are less than four monolayers thick they
exhibit a non-bulk-like layered “graphitic” phase of flat sheets, each based on tessellated hexagonal
(Zn0O); units. It is notable that this phenomenon was first predicted using electronic structure for free-
standing thin ZnO films.” More recently, we have also similarly modelled the interaction of a single
graphene-like monolayer of this layered ZnO nanophase with the Ag(111) surface.*

The present work significantly extends on previous computational modelling of Ag-supported
very small n=1-3, (ZnO), molecular species* to systematically study (ZnO), clusters, both interacting
with a Ag(111) support and in free space, up to a size of n=24. Our investigation into how ZnO
nanoclusters preferentially adsorb on a metal surface provides valuable insight into the initial stages of
Zn0 thin film growth, thus helping to bridge the gap between the metal-supported ZnO monomer and
the metal-supported ZnO monolayer. Sheet-like 2D (ZnO), cluster isomers resembling the infinite Ag-
supported ZnO monolayer are not found to compete in energy with the cage-like isomers in free space.
Conversely, our global optimization calculations for Ag-supported (ZnO), clusters show that there is a
complex competition between the energetics of intra-cluster Zn-O bonding, tending to favour closed
cage-like clusters in free-space, and the Ag-ZnO metal-cluster interaction, which encourages flatter
sheet-like clusters, or wetting. This competition tends to result in more 2D ZnO,, clusters being preferred
when interacting with the Ag(111) surface, in line with the known tendency of ZnO to form infinite 2D

sheets up to coverages of 2-3 monolayers on Ag(111).%2
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In addition to being a thorough, atomically detailed examination of ZnO nanoclusters on Ag(111),
and thus being of relevance to a number of experimental studies (see above), our work more generally
provides a novel example of how global optimization can be extended to examine the interaction and

growth of clusters of inorganic materials on a support.

Methodology

Throughout this study we have modelled the Ag-supported (ZnO), nanoclusters with two
complementary approaches: in stage 1, classically, using interatomic potential (IPs); and, in stage 2,
through density functional theory (DFT) based ab initio calculations. Due to the high computational cost
of the latter, IPs were first employed during the extensive global optimization searches of the
configurational energy landscape of both free-space and Ag-supported (ZnO), cluster structures. The IPs

employed included ZnO IPs developed by Whitmore et al.**

to study ZnO surface structures, and those
developed for the Ag—Zn and Ag-O interactions between ZnO clusters and the Ag surface®’. For the
global optimisation searches we employed a Monte Carlo Basin Hopping (MCBH) approach,® which has

343536 code that also

been recently implemented into the Knowledge-Led Master Controller (KLMC)
utilizes the different analytical forms of IPs available in and the local minimization routines of the
General Utility Lattice Program (GULP).* For this study, KLMC has been extended, in particular, to enable
the global optimization of the atomic structure for a cluster in the presence of a surface. We performed
MCBH searches over the IP energy landscapes of (ZnO),nanoclusters in free space and on a Ag support
for all sizes between n=1 and 16, and two larger sizes n =21 and 24. In the first stage, the Ag surface
unit cells include either two 64-atom layers (for n = 1 and 12) or two 120-atom layers (for the larger sized
Zn0O nanoclusters) constrained to their bulk positions. Initial Zn and O positions are random, but
nonetheless constrained to a spherical region in free space or hemi-spherical region above the Ag
surface with the minimum interatomic distance greater than 80% of a typical Zn-O bond length.
Additional scans of the predicted free-space cluster structures over the Ag surfaces were also performed,
using KLMC, in which the MC steps changed both the initial position and orientation of each nanocluster
rather than each individual Zn and O atom. Note that for each trial configuration, the atomic structure of
the nanocluster was fully relaxed by KLMC via two calls to one of GULP’s local optimization routines. In
the first call to GULP, a rigid ion model with formal charges is employed; the relaxed structure is
subsequently refined during the second call, in which the polarisable shell model is employed. This

double minimisation approach has the benefit of being more robust (the shell model can fail if the
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polarization of oxygen anions is too extreme, as can happen for initial structures that are far from
equilibrium) and efficient (the shell model has six, rather than three, variables for each oxygen anion).

To find the global minimum (GM) and other low-energy local minima (LM) structures, as defined
by DFT, a selection of the best IP candidate structures for each cluster size (including the GM and
typically 15-20 LM) were refined in a second, DFT stage. Here, we employed the PW91 generalized
gradient approximation (GGA) exchange-correlation density functional®®as implemented in the VASP
code®. The projector augmented wave approach’®*' was used to describe the effect of core electrons on
the valence states. Valence states were taken as d'%s? szp4 and d*s' for zn, O and Ag atoms,
respectively. One-electron valence states were expanded in a plane wave basis up to a kinetic energy
cut-off of 400 eV for which the total energy is converged to within 0.03 eV.

The Ag surface models were constructed from the DFT optimized bulk structure. The lattice
constant of the Ag bulk unit cell was found to be 4.15 A, which is very close to a previous theoretical
result* of 4.17 A, and slightly higher than the experimental value® of 4.09 A. The Ag(111) surfaces were
modeled using a four-layered slab cut from the bulk, where only the bottom layer of atoms were
constrained to their bulk positions during relaxation. The initial Zn and O atom positions were taken from
our IP results obtained in stage one. Large surface supercells of the Ag support were chosen in order to

keep the supported ZnO clusters = 1nm apart, thus eliminating, or at least reducing, spurious
interactions between the nanoclusters and their periodic images. Specifically, a (8 x 4v/3) Ag supercell

was used for the smaller sized (ZnO), clusters (n < 16) and a (9 x5v3) Ag supercell for larger cluster sizes.
Due to the very large number of calculations and the large size of the periodic systems, the DFT
calculations were performed using only the I point in reciprocal space. In all cases the remaining atomic
positions were optimized until the forces on the atoms became less than 0.02 eV/A. Using a slightly
thicker Ag slab and a more stringent convergence criteria did not change the ranking (based on energy)
or the essential structural features. All results reported below, energies and atomic structures, are taken
after the completion of stage two, i.e. only DFT energies and DFT refined structures are presented in the
figures.

Previous GGA calculations on a full ZnO monolayer supported on Ag(111) have shown that the

interaction between metal and oxide is fairly weak (0.14-0.17 eV/Zn0O)***

and likely of mainly
electrostatic origin. Although the interaction strength between the sheet and the Ag support is increased
with the addition of extra ad hoc dispersive forces introduced via empirically parameterized two-body
interaction terms,* it is not clear that such a procedure is necessary, or in any sense “corrective” in this

case. Other work has shown, for example, that adding such two-body dispersive terms to pure GA DFT



Nanoscale

calculations significantly overestimates binding energies with the Ag(111) surface of both organic

molecules® and 2D BN sheets*®*’

compared to experiment. Our previous calculations also showed no
evidence of significant charge transfer or covalent bonding between the Ag(111) surface and the
supported infinite 2D-ZnO sheet, with both having almost indistinguishable atomically partitioned
charges in isolation and in the combined system.* This electrostatic but non-charge transferred
interaction is also confirmed by GGA DFT+U calculations which indirectly open the O 2p — Zn 4s bandgap
in the Ag(111)-supported ZnO monolayer through addition of a large onsite Hubbard U term to the Zn 3d
states, but where the oxide-metal binding energy from standard GGA DFT calculations is found to be

hardly perturbed.* Considering the above, we believe that our pure GGA based DFT approach should

provide a adequately accurate description of ZnO clusters on Ag(111).

ET{ree space. T

The total energies of the relaxed (ZnO), nanoclusters in free space are denoted as o]

compare these free-space total energies with those of Ag-adsorbed (ZnO), clusters, the energies of the

E,‘lm Surface, are defined as the total system energy of the Ag-supported cluster

Ag-supported clusters,
system, E£°, minus the energy of an isolated relaxed Ag slab, Eag siap- We define the adsorption energy
of each (Zn0), cluster with the Ag surface per ZnO unit, E,‘{ds, as the difference in energy between the
total system energy, and the sum of the total energy of the same cluster relaxed in free space and the

total energy of the relaxed Ag slab (i.e. EZ4s = (ELot — (E]Teespace Eag siap))- We note that the

total system energy can be defined as a sum of three terms: EL°t = E34S +E,{TeeSpace + Eug siabs

where the last term is a constant. The surface-induced distortion for each (ZnO), cluster, E,iurf dismrt, is
defined as the difference in energy between the relaxed free-space cluster and the energy of the cluster

in free space with a structure fixed at the Ag-adsorbed optimized geometry (i.e. Ef{urfdiswrt =

E,}:ree space(ads) _ E,{ree SPac®) "We also define the adsorption energy of a cluster with respect to the

cluster in free space with the surface adsorbed geometry, E:llds(ads), as the difference between the total

energy and sum of the energy of the cluster in free space with a structure fixed at the Ag-adsorbed
optimized geometry and the relaxed Ag slab (i.e. Eﬁds(ads) = Etot — (E,}:ree space(ads) 4 Engas))- From

these definitions we can simply derive that: E,‘{ds = E,S;urf distort | E:llds(ads). It should also be noted
that the clusters may have different orientations on the surface, which also changes their adsorption
energies. In all cases we report data for the (ZnO), cluster orientation with the highest E24S found. All
energies are normalized with respect to the number of ZnO units in the respective (ZnO), cluster in order
to compare systems with (ZnO), clusters of different sizes. The meaning of each energy term and their

inter-relations are summarized graphically in Fig. 1.
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Results and Discussion

After briefly summarizing what is known from previous work about small free-space ZnO nanoclusters,
we present our results on the ZnO nanoclusters in the presence of the Ag(111) surface for differently
sized (Zn0), clusters n=1-16, 20, and 24. Finally, we present a few preliminary results exploring the

effect of the surface morphology of the metal support on the supported ZnO nanoclusters.

Free Space (ZnO), Clusters

According to their common structural features, the free space ZnO nanoclusters we find can be divided
into families which we refer to as: sticks, rings, 2D clusters, and 3d clusters (or bubbles). Sticks are
composed of one atom thick 1D chains of alternating Zn and O atoms, which can form rings by bending
in order to connect their ends. The fusion of multiple rings can result in clusters of planar 2D clusters.
The bending of these 2D patchworks can yield 3D tubes, if the ends are left open, or 3D cage-like bubble
clusters, if completely closed. Multilayer spheroids, or nested bubbles found for larger cluster sizes than
considered herein, are often referred to as onions in the literature. The coordination number of the
atoms in these clusters depends both on the dimensionality of the structure and the position of the
constituent ion in the structure (e.g. whether it is at an internal or an terminal site). Typically, the
coordination number is two for 1D clusters, three for 2D clusters and four for 3D nanostructures for the
internal ions, while it is often decreased by one in each case for the terminating ions. According to

3548 ring structures are stable up to (Zn0O),, after which, on

previous studies of isolated ZnO nanoclusters,
size increase, there occurs switch to bubble clusters that are more favourable in energy. This structural
crossover has recently been confirmed for ZnO cluster anions in a cluster beam experiment* where the
potential for bubble clusters to act as building blocks for cluster assembled bulk materials was
highlighted.”®! Neither bulk-like wurtzite nor structures related to the extended polymorphic phases of
zinc blende or rocksalt have been found to be stable for small sized nanoclusters. However, it has been
estimated that the crossover from bubble structures (via nested bubbles) to denser, more bulk-like
structures will take place at an approximate cluster size of (Zn0)120.>

Through comparison with a previous global optimization study of free space ZnO nanoclusters by

Al-Sunaidi et al*’, we find that the low-energy LM free-space nanoclusters were readily reproduced by

the KLMC code.



Nanoscale

Ag(111)-supported (ZnO), clusters, n =1-4

In general, the possible atomic adsorption locations on the Ag(111) surfaces are the symmetry unique
sites: on-top (T), above a single metal atom; bridge site (B), between two metal atoms; and hollow site
(H), where higher coordination is possible (see Fig. 2). For the simple Ag(111)-supported ZnO monomeric
stick, both atoms are above hollow site positions with a tilted orientation such that the O atom lies closer
(1.61 A) to the Ag surface plane than the Zn atom (2.00 A). In free space, the DFT calculations confirm
that the linear stick structures are less stable than the rings for n =2 and 3, with energy differences of
0.35 and 0.92 eV/ZnO, respectively. However, on the support, the linear sticks become more stable than
the rings with energy differences of 0.35 eV/ZnO for n =2 and 0.11 eV/ZnO for n = 3. These results are
also in line with the previous work of Bristowe et al.** who studied (ZnO), adsorption on Ag(111) for
n = 1-3 using DFT. The plane of the flat (ZnO), four-membered ring, the centre of which is above an on-
top position, lies parallel to the Ag surface (heights of the atoms above the surface plane are 1.92 and
1.95 A for Zn atoms and 1.97 and 2.04 A for O atoms). The (ZnO), ring is oriented so that the O atoms are
above bridge sites and the Zn atoms above hollow sites. The Ag atoms nearest the O atoms of the (ZnO),
ring also move 0.26 A outwards (i.e. towards the ring) and the Ag surface atom below the ring centre
moves 0.36 A inwards (i.e. towards inner layers of the slab) while the other surface Ag atoms exhibit
maximum displacements of 0.05 A. A similar planar on-top adsorption geometry is also found for the
(ZnO); ring, which is slightly further (by ~0.2 A) from the Ag-surface plane. As for the (ZnO), ring, Ag
surface distortions are also predicted near the (ZnO); nanocluster; the surface Ag atom nearest the
centre of the (Zn0); ring moves 0.22 A inwards, while two of the Ag surface atoms closest to two of the
O atoms (see Fig. 2) move 0.09 A outwards. The remaining Ag surface atoms exhibit maximum
displacements of 0.03 A from the surface plane. For the (ZnO), and (ZnO); stick structures, the
nanoclusters retain their linear O-Zn-O configurations as in free space but bend about the more
polarizable O atoms. Furthermore, the O atoms closest to on-top sites of the Ag surface move slightly
away from the surface. As for the ZnO monomer, we note that the terminal oxygen atoms of the (ZnO),
and (Zn0); sticks are situated above hollow sites and are considerably closer to the Ag surface plane
(1.53 A and 1.62 A respectively) than the other atoms of the cluster (>1.95 A). For n = 4, an 8-membered
ring structure is predicted to be the GM both in free-space and on the surface. A 1D stick configuration
for size n = 4 was found to be only 0.01 eV/ZnO higher in energy than the ring isomer when stabilized by
the surface. Although these isomers are close in energy, considering the trend from n = 2-4, that the Ag-

supported ring structures become more stable while the Ag-supported sticks become less stable as the
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size increases (see E,?n surface | -lues in Fig. 2), no 1D isomer is expected to be a global minimum (ZnO),

structure for n > 4.

In terms of E,‘{ds with n increasing, the strength of interaction between the GM clusters and the
Ag surface decreases rapidly from -2.95 eV/ZnO for the ZnO monomer to -0.34 eV/ZnO for the (Zn0),
ring. The relatively high adsorption strength of the monomer, and the other linear stick isomers for
n=2-4 (E,‘{ds< -1.31 eV/ZnO in all cases), appears to be associated with charge transfer from the Ag
support to the relatively close singly coordinated terminal Zn atom in each case (~0.5 e estimated from
Bader atom partitioned charges™). For the n=4 GM ring isomer, the computed Bader partitioned
charges indicate that some charge transfer to the doubly coordinated Zn atoms also occurs, but is less
(0.29 e/ 0.07 e per Zn atom) than for the stick isomers. For all larger sized (ZnO), nanoclusters (n > 4)
considered below, all Zn atoms are either 2- or 3-coordinated and the charge transfer per Zn atom, as
estimated by Bader charge partitioning, reduces with size (0.04-0.05 e  per Zn atom at a cluster size of n =
24). Charge transfer is always found to be proportionally higher for the peripheral 2-coordinated Zn
atoms on the planar clusters, which is concomitant with them tending to be closest to the Ag surface
(see next section). For 3-coordinated Zn atoms the calculated Bader charge transfer is always relatively
less. In the case of the limit of the Ag-supported infinite ZnO sheet, for example, where all Zn and O
atoms are 3-coordinated, the Zn and O atoms are 2.8 A above the Ag(111) surface and there is a
negligible calculated charge transfer (0.025 e) per Zn atom. As atomic charge is not an observable, the
numerical values given by atomic charge partitioning analysis, such as the Bader method used herein, are
biased by the choice of the partitioning method employed. As such, although the above values should
reflect tendencies of charge from the Ag support to move to, or to strongly polarise towards, the Zn
atoms of the clusters with respect to cluster size and structure, they should not be taken as quantitative

measures.

Ag(111)-supported (Zn0O), clusters, n =5-16, 20, 24

In agreement with previous studies for free-space (ZnO), clusters, the GM candidates are found to be
rings up to n=7 and for sizes thereafter 3D cage-like bubble clusters dominate the low-energy isomer
spectra. These free space GM isomer candidates are shown in Fig. 3. For (ZnO), cluster sizes n > 12, free
space bubble clusters are so much lower in energy than 2D clusters that the latter hardly appear in the

lower energy range of the free-space global optimization searches. Such is the energetic dominance of



Nanoscale Page 10 of 26

3D free space clusters for n>7, in order to help to find possible low-energy free-space 2D cluster
candidates in this size range, we had to supplement the set of 2D clusters found in our free space
searches with 2D clusters found in the Ag-supported global optimization calculations. In global
optimizations of the Ag-adsorbed (ZnO), clusters, however, for all n >4 cluster sizes studied here, we
were always able to find a 2D cluster GM. This finding can be rationalized to an extent for (ZnO), clusters
with sizes n = 4-7 by the fact that 2D ring isomers are the free-space GM structures. We note, however,
that the lowest energy 2D clusters in free space are generally not the lowest energy 2D configuration

once adsorbed on the Ag surface. In fact, the only exceptions are found for n < 6, which are single rings.

ree space on surjace
Jreespace, g E, !

In Fig. 4a-c we show plots of £ for the eleven (ZnO), cluster isomers

on surjace
ESmswrS

found with the lowest (i.e. most negative) values for cluster sizes n=8, 12, and 16. In all

on surjace
ot

three plots there is little variation in the values throughout the eleven isomers. In Fig. 4a the

ree space . P P . .
E,{ PA€ values for size n =8 also all lie in a similar narrow range of values with neither 2D nor 3D

clusters being generally more stable. We note here that the least stable free space (Zn0O), cluster (of the

eleven plotted) turns out to be the most stable Ag-supported cluster (i.e. lowest E,‘Zn surface value). For

size n=12 in Fig. 4b we start to see a tendency for the 2D free space (ZnO), clusters to be less stable

than free space 3D clusters. For n =16, in Fig. 4c, this trend results in a clear separation between the

E,{ree SPACalues of the more stable 3D free space clusters with respect to those of the less stable 2D

free space clusters.

For n 2 8, the higher energetic stability of Ag-supported 2D clusters can be partially explained by
their significantly more negative E2%S values with respect to 3D bubble clusters with increasing size. This,
in turn, can be rationalized by the relatively higher number of close Ag-cluster atomic interactions in a
supported sheet-like 2D (ZnO), cluster with respect to a more cage like (Zn0O), cluster. Clearly, however,
there is also trade-off between the energetic stabilization due to the adsorption on the surface and the
energy destabilization in distorting away from the relaxed free space geometry to improve the

interaction with the surface. Stated more formally, we recall from above that the magnitude of E,‘{ds can

be partitioned into a sum of two terms related to distortion and adsorption (i.e. E,‘{ds = E,Slurf_diswrt +
Esds(ads)). In Fig. 5 we plot E24S versus E,slurf distort g o large set of the larger sized (ZnO), clusters

(n =2 10). For adsorption to be energetically favorable overall, the magnitude of the energy increase from

surf—distort ads(ads
g (ads) _

distortion must be less than the energetic stabilization from adsorption (i.e. +E,

surf—distort

0). This is true for all data points in Fig. 5 as they are below the grey line defined by E, +
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E:llds(ads) = (. The data also show that a relatively higher surface distortion leads to a more strongly

adsorbed cluster. The 2D and 3D isomers are clearly separated into two groups: the 3D clusters undergo
smaller distortions and do not benefit as much from adsorption, whereas the 2D clusters, which distort
moderately more, are stabilized more significantly upon adsorption than the 3D clusters. Thus, although
the 2D clusters experience greater strain (distortion, or energy cost) than 3D clusters, they are able to
induce a greater increase in their adsorption strength with the surface, which leads to a relatively lower

total system energy for surface-supported 2D clusters.

Efree space
n

In Fig. 6 we show the separate variation in E,‘{ds and with respect to cluster size for

the lowest energy 2D and 3D Ag-supported (Zn0O), clusters, where the sum of these two terms for each

onsurface

ES™S¥ITac Note that EY differs from E;°" by the constant value of Eyg 505 (see

cluster gives
above), and thus the variation in both terms is the same. For the most stable Ag-supported 3D (ZnO),

Tee space . . o . . .
clusters, E,{ P4 decreases rapidly with increasing cluster size, whereas EZ%S becomes less negative

E,{ree SPAC€ decays slower than for the 3D

with increasing n. For the Ag-supported 2D (ZnO), clusters,
case, but the 2D E%9% values stay relatively constant for all n. For both 2D and 3D clusters all respective

energy values appear to be stabilizing for the largest three cluster sizes considered (i.e. n =16, 20, and
24) The sum of E4%% and E,{Tee Space (je. E,Z” Surface) is plotted for the 2D and 3D GM clusters in Fig. 7a.

In Fig. 7b we plot the difference in the E,‘Zn surface, alues for the 2D and 3D GM (Zn0), clusters for each
size. Although for small sizes (~n < 10), there are strong variations in the 2D versus 3D energy difference,

for larger sizes (~*n > 10), the difference appears to be stabilizing around a value of approximately -

0.035 eV/ZnO in favor of supported 2D isomers. This stabilization of E,‘lmsurface is in line with the

tendencies of both E,‘{ds and E,{Tee SPA€ 16 level off for the largest cluster sizes (n 2 16) considered in Fig.
6.

The most energetically stable Ag-supported 2D structures tend to be those with a high
proportion of Zn;0; hexagonal rings which allow the Zn and O atoms to follow the hexagonal pattern of
hollow sites on the Ag(111) surface. This adsorption mode is clearest in Figs. 2 and 3 for the 2D GM
structures for sizes n=3, 7, 11, 12, 15, 16, 20 and 24. Of these structures, those with sizes n =12, 15, 16,
20, and 24, can all be regarded purely as cuts from an infinite single graphene-like ZnO sheet. The infinite
single graphene-like ZnO hexagonal sheet has been shown in experiment to form when one monolayer
(1 ML) of ZnO is deposited on the Ag(111) surface, and has a 7:8 epitaxial matching.?® Our results thus
clearly confirm that that this 2D hexagonal growth mode is energetically favored for even the very small

nanoclusters. In Fig. 6 we include a black horizontal line to show the calculated adsorption energy for an
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infinite 1 ML ZnO hexagonal sheet on Ag(111). All 2D GM clusters have an E,‘{ds value below this line (e.g.
0.20-0.21 eV/ZnO lower for n = 16, 20, and 24) showing that they adsorb more strongly on the Ag(111)
surface than the ZnO monolayer. In contrast to the infinite 2D sheet, the finite 2D clusters have a doubly
coordinated terminating edge which interacts more strongly with the surface and, in turn, causes a slight

peripheral bending of the 2D clusters towards the Ag surface (see side views of the 2D supported

ESUTT=AIStOTt 504 lowers EZ4S (see Fig. 5).

clusters in Fig. 3). It is this bending distortion that increases
Structurally, the Zn and O atoms in the 2D Ag-supported clusters lie between 2.1 and 3.5 A above the
Ag(111) surface; the smaller distance corresponds to the heights of the peripheral atoms in the clusters
and the larger distance to the height of the atoms near the centre of the ZnO cluster. This height range
corresponds to a distance of 0.7 A above and below those in the infinite Ag-supported ZnO 1ML sheet.
We note that the lowest energy Ag-supported 2D (ZnO), clusters found for n=6 and n=15 are
particularly strongly adsorbed to the Ag(111) surface. The relatively more negative E,‘{ds values for these
two clusters are compensated by correspondingly relatively high E,{ree SPAC yalues and thus they do not

have particularly low E,Z” surface (

EL°%) values.

Although the closed curved surfaces of bubble clusters are not as topologically well suited as 2D
clusters for maximizing the number of atoms interacting with a surface, the lowest energy surface
supported 3D (ZnO), clusters also tend to exhibit Zn;0; hexagonal matching with the Ag(111) surface. In
particular this adsorption mode can be seen in the lowest energy Ag-supported 3D cluster isomers for
sizesn=6,11, 12, 13, 15, 16, 20, and 24 (see Fig. 3). Smaller 3D clusters are only able to have one Zn;0;
hexagonal ring above a surface Ag atom (e.g. n =12), whereas larger 3D clusters tend to flatten away
from their open free space bubble structures to become more akin to partial double hexagonal layers
with 5-6 Zn;0; hexagonal rings above the Ag surface (e.g. n = 20 and 24). In Fig. 6 we also include a light
grey line to indicate the calculated adsorption energy of the infinite 2 ML hexagonal ZnO film on Ag(111).
Here we find that, indeed, the E,‘{ds values for the Ag-supported 3D clusters rapidly approach this value
with increasing cluster size. For (ZnO), cluster sizes of n =20 and 24, for example, the corresponding
E,‘{ds values are only 0.04 eV/ZnO and 0.02 eV/ZnO lower than the limiting adsorption energy value for
the 2 ML ZnO hexagonal film. Unlike the case of the 2D clusters, the 3D Ag-adsorbed flattened (ZnO),
bubble clusters do not exhibit under-coordinated terminal atoms (i.e. all atoms are 3-coordinated as in
an infinite hexagonal film) and thus mimic well the adsorption mode of the 2 ML infinite film.

The energy associated with monomeric growth of the (Zn0O), cluster, with respect to a smaller
cluster (Zn0),.;, can be estimated by considering the first order energy difference between the (Zn0),

GM cluster and the sum of the (Zn0O),.; GM cluster and a ZnO monomer. This energy is also termed the

Page 12 of 26



Page 13 of 26 Nanoscale

nucleation energy; for Ag-adsorbed GM clusters we have E,?ucsurf = Ezflsurface - (E,?nsurface +

free space nuc free _ freespace free space free space
E] Ey = E; - (B} +E] )- In

), and for free space GM clusters,

both cases, for ease of comparison, we assume the additive monomeric species to be a free space

nuc sur. nuc jree
7 and E, 4

species. Both E, are plotted in Fig. 8 for (Zn0O), cluster sizes n = 5-16. The average

nucleation energies over this size range are very comparable; Avg(E,Tlmcsurf) = 4.63eV and

Avg(E:lmeree) = 4.57 eV. Within the cluster size range considered here, the values of E,’:ucfree vary

over a range of 1.68 eV, with the most significant variation occurring from n = 12-13. This behavior is due

to the anomalously high “magic” energetic stability of the (ZnO),, highly symmetric T, bubble cluster,

. The (Zn0),3 isomers formed from adding a monomer breaks the

. . nuc jree
which causes a large drop in E, r

high symmetry and thus leads to a relatively reduced energetic stabilisation, and to a peak in E,Tlmc free

For the adsorbed clusters, the E,?ucsurf values vary by only 0.68 eV over the cluster size range

considered and do not significantly change after any n->n+1 increment. Thus, indicating that growth in
this size range would not tend to favour any particular Ag-supported cluster isomer.
The coordinates of all lowest energy Ag(111)-supported (ZnO), clusters found are given in the

Supplementary Information.

Effect of different surfaces: Ag(100) and Ag(110)

In order to check the generality of the energy trends between 2D versus 3D supported clusters we
observed, the effect of the type of surface exposed by the Ag support was investigated for a selection of
(Zn0), cluster sizes. In particular, we performed global optimization runs for (ZnO), nanoclusters on both
Ag(100) and Ag(110) for n = 6-8, and compared the results with those obtained for clusters adsorbed on
Ag(111). The resulting GM atomic structures for Ag-supported (ZnO), nanoclusters are shown in Fig. 9. As
in the Ag(111) case, the results show that for Ag(100)-supported and Ag(110)-supported (ZnO), clusters,
2D structures are the most stable. For n =6, the GM structure on the Ag (111) and Ag(100) surface is
found to be the same. On the corrugated Ag(110) surface, however, the GM (ZnO); cluster is a different
planar structure. For sizes n =7 and 8, the GM (ZnQ), 2D structures are found to be different on each of
the Ag(111), Ag(100) and Ag(110) surfaces. Clearly, although 2D clusters are energetically the most stable
type of isomer in all three surface cases considered, the type of surface plays a very significant role in
determining the specific structure of the supported GM cluster. In this preliminary extension of our main

investigation, we cannot confirm whether hexagonal sheet-like 2D clusters will also dominate the low
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energy landscape for larger sizes on Ag(110) and Ag(100), as they do for (ZnO), supported on Ag(111).

Further work in this direction is currently in progress.

Conclusions

Global optimization calculations using interatomic potentials with subsequent refinement using DFT
optimizations were performed for (ZnO), clusters, both in free space and in the presence of a Ag(111)
support, for sizes n=1-16, 20 and 24. With increasing size, although 3D bubble (ZnO), isomers are
quickly established as the most stable free space cluster type, on the Ag(111) surface, 2D (Zn0O), clusters
are found to be more energetically stable for n>4. Although 2D clusters are not energetically
competitive with 3D bubble clusters in free space, on the Ag(111) surface this lower stability is more
than compensated by the fact that 2D clusters interact more strongly with the support, thus lowering the
total system energy. The relatively strong surface adsorption of the 2D GM clusters with respect to 3D
clusters is due to three properties of the 2D GM clusters, which: (i) have a relatively high number of close
Ag-cluster interactions, (ii) tend to form Zn;0; hexagonal rings to match better the symmetry of the
Ag(111) surface, (iii) readily distort to increase the interactions between their terminal 2-coordinated
atoms and the Ag surface while lowering the total system energy. For the larger (ZnO), clusters studied
(including n = 16, 20, and 24) the separate energy contributions to the total energy per ZnO formula unit
appear to be varying only slightly with increasing cluster size. For supported 3D clusters this is due to the
formation of flattened bubble clusters which mimic well the adsorption mode of an infinite double
hexagonal layer. For the supported 2D GM clusters the most stable isomers found can structurally be
regarded as cuts from the Ag(111)-supported 1 ML hexagonal ZnO sheet known from experiment. In this
way our work provides a link between the supported ZnO monomer and the supported single ZnO

monolayer.
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Fig. 2. Structures of stick and ring Ag(111)-supported (ZnO), isomers for n=1-4. Energies (eV/Zn0O)
relative to the GM Ag-supported cluster isomer are given immediately below each figure. Energies
(eV/Zn0) in parentheses relate to the same cluster isomers relaxed in free space relative to the free

space GM isomer. GM energies (bold) are set to zero. The top left figure shows the locations of the top
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Fig. 3. Structures of lowest energy 2D and 3D (Zn0), isomers for n = 5-16, 20, and 24: (i) in free space (far

left and far right in each figure) and, (ii) Ag(111)-supported (central left and central right in each figure).

Values immediately below all cluster isomers relate to the energies (eV/Zn0O) of each respective cluster

when on the Ag(111) support relative to that of the the GM Ag-supported cluster isomer (set to zero and

marked in bold). Values in parentheses relate to the energies (eV/ZnO) of each respective cluster when

relaxed in free space relative to that of the GM free space isomer (set to zero and marked in bold).



Page 19 of 26

Fig. 4. Plots of E,{ree SPAce (grey data points) and

cluster isomers found with the lowest (i.e. most negative)

(b) and 16 (c).
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Ag(111)  Ag(100)  Ag(110)

Fig. 9. Lowest energy (Zn0), atomic structures found on the Ag(111), Ag(100) and Ag(110) surfaces for
sizes n = 6-8.
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