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reconstructed polar ZnO (0001) and (000�1)
surfaces†
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Unbiased Monte Carlo procedures are applied to investigate the structure of Cu clusters of various sizes

deposited over reconstructed polar ZnO surfaces. Four distinct reconstructed polar ZnO surfaces (two

Zn terminated (0001) reconstructions and two O terminated (000�1) reconstructions) were investigated,

having previously been determined to be the most stable under typical conditions, as revealed by the

grand canonical ensemble studies. Random sampling was performed considering �400 000 random

initial structural configurations of Cu atoms over the ZnO surfaces, with each structure being optimised

using interatomic potential techniques, and the most stable resultant structures being refined using

a plane-wave DFT approach. The investigation reveals the key role of surface adatoms and vacancies

arising from the reconstruction of the polar ZnO surface in determining the morphology of deposited Cu

clusters. Strong Cu–Zn interactions play an essential role in Cu cluster growth, with reconstructed polar

ZnO surfaces featuring sites with undercoordinated Zn surface atoms promoting highly localised three

dimensional Cu cluster morphologies, whist reconstructions featuring undercoordinated O atoms tend

to result in more planar Cu clusters, in order to maximise the favourable Cu–Zn interaction. This is the

first study that evaluates the thermodynamically most stable Cu/ZnO structures using realistic

reconstructed ZnO polar surfaces, and thus provides valuable insights into the factors affecting Cu

cluster growth over ZnO surfaces, as well as model catalyst surfaces that can be utilised in future

computational studies to explore catalytic activity for key processes such as CO2 and CO hydrogenation

to methanol.
Introduction

Cu/ZnO-based catalysts have long been used for a variety of
industrially and environmentally important processes,
including methanol synthesis,1–10 methanol steam reform-
ing,11,12 and the water-gas shi reaction;13,14 yet despite the
extensive use of these catalysts, much remains to be fully
understood in terms of the role of ZnO in facilitating catalytic
activity and the effect of ZnO surface structure in determining
Cu cluster growth. The dominant facets of wurzite ZnO are the
non-polar (10�10) and (11�20) surfaces, and the polar (0001) and
(000�1) facets; clearly, the different surface structures presented
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by these four terminations will have consequences for Cu
cluster growth. However, for the polar (0001) and (000�1)
surfaces, their complexity is further enhanced by their atomic
reconstruction, which is essential for the stability of these polar
surfaces. Atomic reconstruction in polar surfaces can signi-
cantly stabilise them to the extent that their stability is able to
compete with non-polar surfaces.15 Moreover, it has been
established that high levels of disorder in ZnO polar surfaces
result in a signicant congurational entropy contribution,
enhancing stabilisation.16 Experimentally, studies have
demonstrated that the polar ZnO surfaces are highly active in
hydrogenation processes such as methanol synthesis.17,18 In
particular, ZnO polar surfaces have been shown to play a key
role in the synthesis of methanol.

STM studies reported that different Cu cluster growth
behaviours were observed for the Zn- and O-terminated
surfaces.19,20 Three-dimensional Cu cluster growth and surface
pits with O-terminated edges, which have been suggested to act
as Cu nucleation sites, were observed on the Zn-terminated
surface.20 In contrast, for the O-terminated surface, 2-D Cu
clusters were observed, although a more detailed analysis was
limited by the limitations of the STM on O-teminated surfaces.19
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 The four different reconstructed ZnO surfaces considered in
the present work, identified as representative surfaces by Mora-Fonz
et al.15 The left panels (A and C) show the Zn-terminated surface, whilst
the right panels (B and D) show the O-terminated surface. The top
panels (A and B) depict reconstructions featuring O (Zn) adatoms atop
a complete ZnO layer, whilst the bottom panels (C and D) show
complete ZnO surface layers featuring Zn (O) vacancies. Grey spheres
correspond to Zn atoms, whilst red spheres correspond to O atoms;
atoms in the topmost layer are in bold colours whilst subsurface atoms
are in faded colours. The blue circles and labels indicate the topmost
surface features, either Zn or O adatoms or vacancies originating from
the surface reconstruction. The graphics above show the extended
periodic structure of the surface with the (5 � 5) surface supercells
used in the calculations indicated by black lines.
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A wide variety of ZnO surface features are likely to be present
between different samples, thus allowing adsorbed Cu clusters
to show different morphologies.

Cu cluster growth over the non-polar ZnO (10�10) surface has
already been subject to rigorous computational investigation,
with studies utilising an unbiased Monte Carlo exploration of
the energy landscape for Cu clusters supported on ZnO (10�10)
surfaces using interatomic potentials (IP) techniques, to iden-
tify accurately global minimum energy structures, which were
then subsequently optimised using a more accurate plane-wave
DFT approach.21 The studies revealed signicantly wetting of Cu
clusters when adsorbed on ZnO (10�10), with supported clusters
having considerably different structures compared to the gas-
phase Cu clusters. This result was attributed to a strong Cu–
Zn interaction, in line with observations made in past experi-
mental work. More recently, Cu cluster growth on ZnO (10�10)
surfaces was investigated using global optimisation techniques
employing genetic algorithms in combination with high-
dimensional neural network potentials;22 the results of this
approach suggest that small Cu clusters tend to form 3-D
clusters, in contrast to the previous studies. It was also reported
that at the metal–oxide interface, facets resembling the low-
index Cu(111) and Cu(110) surfaces emerge, which could be
important in facilitating catalytic activity for CO2 conversion to
methanol. These computational studies reects the utility of IP
techniques coupled with an unbiased global optimisation
approach as an effective screening method for exploring a vast
array of surface structures, with a generally good agreement in
terms of geometric structure and relative stability of competing
stable minimum structures between IP and DFT optimised
results, allowing for a rigorous investigation of surface
structures.

In the light of the development of this new approach to
computational exploration of surface structures, a similar
method was used to rationalise reconstruction of the polar
ZnO surface which has already been identied as an impor-
tant phenomenon in surface stability.15 The studies examined
different surface reconstructions by considering a range of
different surface layer occupancies, transferring m Zn or O
atoms from the Zn- or O-terminated surfaces, to the other side
of the slab (O- or Zn-terminated surfaces, respectively),
resulting in pairs of surfaces featuring surface vacancies on
one side, and surface adatoms on the other. The studies
revealed an optimal value m ¼ 6, in order to minimise effec-
tively the slab dipole moment with the (5 � 5) supercell used,
and thus stabilise the polar ZnO surface. Applying the grand
canonical ensemble method to determine the optimal surface
occupancy revealed a drive towards full surface occupancy
under typical conditions for both the Zn- and O-terminated
reconstructed surfaces. Hence, it is expected that both
surfaces consist of essentially full surface layer occupancy,
with 6 Zn (O) vacancies or 6 O (Zn) adatoms for the Zn-
terminated (O-terminated) surface, to eliminate the surface
dipole within the (5 � 5) supercell used. These detailed
computational investigations provide an ideal starting point
for consideration of Cu cluster growth on realistic model
reconstructed polar ZnO surfaces (Fig. 1).
This journal is © The Royal Society of Chemistry 2020
The polar ZnO (0001) and (000�1) facets have already been
subject to computational investigation using hybrid QM/MM
methods,23–28 investigating the possible participation of the
ZnO surfaces in CO2 activation for methanol synthesis over the
unreconstructed O-terminated surface23 and model recon-
structed surfaces for both the Zn- and O-terminated facets,25 as
well as for Cu cluster growth. The studies identify vacant O
interstitial surface sites as being key to CO2 hydrogenation
activity over the O-terminated ZnO surface, whilst it is suggested
that Cu cluster growth is dependent on the presence of oxidised
Cu+ and Cu2+ to serve as anchors for cluster growth. Whilst
these hybrid QM/MM studies provide many useful insights into
the nature of the polar ZnO surface, the manner in which the
reconstruction of the surface is modelled has its limitations,
with surface vacancies introduced into the embedded cluster
model not accounting for the density and distribution of
surface vacancies.15 Hence, it is of interest to consider the
nature of Cu cluster growth over these latest models for ZnO
surface reconstruction.

In previous DFT studies investigating CO2 activation over
a model catalyst consisting of a Cu8 cluster supported on a ZnO
(000�1) surface,29 it was revealed that the structural exibility of
the Cu nanoparticle plays a key role in the extent of CO2
J. Mater. Chem. A, 2020, 8, 22840–22857 | 22841
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activation. Additionally, experimental studies investigating the
catalytic activity of Cu clusters on an Al2O3 support show that
catalytic activity is correlated with Cu cluster size.30 Experi-
mental investigations of the CO2 hydrogenation activity of ZnO
nanorod-supported Cu clusters suggest that the surface
morphology of the ZnO nanorods greatly inuence Cu cluster
growth and have a critical impact on CO2 hydrogenation
activity.31 Hence, it is of interest to determine precisely how
reconstruction of the ZnO surface affects Cu cluster size
morphology, and in turn, CO2 adsorption and related catalytic
activity.

In this work, the Cu/ZnO potential energy landscape was
explored using IP MC techniques, from which low energy
structures were rened with a DFT approach. Four distinct
reconstructed ZnO surface structures were selected, represent-
ing O- (Zn-) rich Zn- (O-) terminated surfaces and O- (Zn-) poor
O- (Zn-) terminated surfaces, as they were determined to be the
most stable under typical conditions as revealed by the grand
canonical ensemble studies performed previously.15 The role of
surface features arising from reconstruction of the polar ZnO
surface in determining the shape of Cu clusters is investigated.
Moreover, we provide model Cu/ZnO catalyst structures for
future studies investigating the mechanism for CO2 hydroge-
nation to methanol.

Methods and computational details

This work uses a similar MC approach to that established by
previous studies15,21 for ltering low energy Cu/ZnO structures
with interatomic potentials (IP) and a subsequent DFT rene-
ment using a plane-wave DFT approach. Details of the potential
energy exploration is given below.

Global optimisation of Cu/ZnO structures

We use the Knowledge-Led Master Code (KLMC)32–34 to perform
an unbiased Monte Carlo (MC) exploration of the energy land-
scape for Cun clusters (for n¼ 1–8, 24, 50) on four reconstructed
polar ZnO (0001) and (000�1) facets obtained by Mora-Fonz
et al.15 These four surface structures were selected as they
were determined to be the most stable under typical conditions
as revealed by the grand canonical ensemble studies performed
previously.15 The MC routine generated 10 000 initial random
Cun/ZnO structures by swapping Cu atoms over a lattice mesh
placed atop the ZnO surfaces. The ZnO slabs consisted of a 6-
layer (5 � 5) supercell model, as described previously,15 whilst
the Cu mesh consisted of 3-layer (7 � 7) Cu(111) slab, for a total
of 147 possible Cu sites. The (7 � 7) Cu(111) slab was used as
this afforded the best match to the ZnO slab dimensions based
on the DFT optimised bulk Cu lattice parameter. The Cu mesh
was placed 2.5 Å above the topmost atoms of the ZnO slab.

Interatomic potentials calculations

Optimisation of the KLMC-generated structures was performed
using the Generalised Utility Lattice Programme (GULP),35,36

applying a polarisable shell model potential to the ZnO oxygen
atoms.37 The Cu–ZnO potentials used were derived by Mora-
22842 | J. Mater. Chem. A, 2020, 8, 22840–22857
Fonz et al.,21 with Buckingham and Morse potentials
describing the Cu–O and Cu–Zn interactions, respectively,
whilst Cu–Cu interactions were accounted for using many-body
Gupta potentials.38 All of the Cu atoms were fully relaxed, as
were the top three ZnO layers. Following the established
procedure for modelling the reconstructed ZnO surfaces,15 a 2D
periodic surface model was used, with uniform charge
compensation applied to the bottom of the slab to account for
the charge mismatch inherent in the approach employed to
model the ZnO surface reconstruction, and a mesh of 100 xed
point charges at a distance of 50 Å above and below the Cu/ZnO
slab was included to eliminate the residual dipole moment.
Structural optimisation within GULP was performed using the
BGFS algorithm; the lowest ve structures obtained were iden-
tied for each Cun cluster and their relative stabilities
compared. Structures for the ve lowest energy congurations
are freely and publicly available via the SAINT database (https://
saint.chem.ucl.ac.uk/).
Periodic ab initio calculations

To verify the KLMC-GULP approach, the ve lowest energy Cu8
structures were rened using DFT methods; the DFT optimised
structures are also available via the SAINT database. Renement
of the IP-optimised structures was performed using plane-wave
DFT as implemented in the Vienna Ab initio Simulation Package
(VASP).39,40 Interactions between core and valence electrons
were described using the Projector Augmented Wave (PAW)
pseudopotential approach.41,42 The PBESol exchange correlation
functional was used throughout,43 as was a plane-wave cut-off
energy of 450 eV, which was deemed to be sufficient to obtain
accurate DFT optimised geometries. All calculations were per-
formed using G-centred k-mesh of (1 � 1 � 1). As for the IP
optimisations, all Cu atoms were allowed to relax, as were the
top three ZnO layers, until the forces on the atoms were
converged to within 0.01 eV Å�1. As a 3D periodic model was
used, a vacuum gap of 18 Å was introduced between the top ZnO
layer of the slab and the bottom layer of the adjacent periodic
image. For each of the ZnO slabs, Zn or O atoms were removed
randomly from the bottom of the slab to eliminate any charge
mismatch arising from the reconstruction (rather than applying
a uniform charge compensation as was done for the IP calcu-
lations); likewise, the xed-point charges used in the IP calcu-
lations to eliminate the residual surface dipole moment were
replaced by a dipole correction as implemented in VASP.
Results
Relative stability of minimum energy IP structures and Cu
cluster adsorption energies

Zn-rich O-terminated surface. The structures of the lowest
Cu/ZnO(000-1) energy structures are shown in Table 1, whilst the
corresponding relative energies for the ve lowest energy struc-
tures for each Cu cluster size are presented in Table 2; higher
energy structures can be found in the ESI (Table S1†). This
reconstruction features a total of 6 Zn adatoms per (5� 5) surface
supercell (hence we will describe this surface as a “Zn-rich” O-
This journal is © The Royal Society of Chemistry 2020
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Table 1 Graphics for lowest energy structures obtained for adsorbed Cu clusters of various sizes. See ESI for the remaining 4 candidate local
minimum structures (Table S1). Blue spheres represent Cu, whilst red and grey spheres represent O and Zn, respectively. The top ZnO layer (i.e.
involved in the reconstruction) atoms are highlighted with darker spheres, whilst the subsurface ZnO atoms are represented by faded spheres.
Thin green lines indicate cell boundaries. IP-calculated adsorption energies with respect to bulk Cu are listed below the graphics for each lowest
energy structure

No. Cu
1 2 3 4 5

Adsorption energy w.r.t. bulk Cu/eV
2.552 1.194 0.817 0.574 0.535

No. Cu
6 7 8 24 50

Adsorption energy w.r.t. bulk Cu/eV

0.494 0.441 0.391 0.219 0.102

Table 2 Relative energies (in eV) for the 5 lowest energy structures for adsorbed Cu clusters of various sizes. The tabulated values are calculated
with respect to the global minimum energy structure. See ESI for corresponding structures (Table S1)

No. Cu

Rank 1 2 3 4 5 6 7 8 24 50

1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
2 0.059 0.009 0.028 0.446 0.060 0.070 0.068 0.074 0.079 0.084
3 0.073 0.012 0.032 0.454 0.115 0.135 0.140 0.309 0.222 0.299
4 0.077 0.072 0.045 0.546 0.130 0.165 0.203 0.358 0.243 0.302
5 0.092 0.107 0.097 0.857 0.278 0.192 0.219 0.361 0.312 0.450
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terminated surface), which are important in Cu cluster growth.
For up to 3 Cu atoms, we see that the structures are all very close
in energy, with the 1st and 5th ranked structures being within less
than �0.1 eV of each other. This result can be attributed to the
fact that there is no signicant variation in the structure of the Cu
“cluster”, hence the different structures simply represent
different adsorption sites on the reconstructed ZnO surface.
Indeed, as can be seen from the graphics for the competing
structures presented in the ESI (Table S1†), all the structures
feature almost identical groups of Cu atoms adjacent to a surface
Zn adatom, merely in a variety of different orientations.

However, for n > 4, a greater variation is seen between the IP
lowest minimum energy structure and the competing local
minima, which is especially pronounced for the Cu4 cluster,
This journal is © The Royal Society of Chemistry 2020
whose lowest minimum energy structure is found to be
remarkably stable, by over 0.44 eV, compared to the second
most stable local minimum. Additionally, a preference for 3-
dimensional Cu cluster growth emerges; the top 3 most stable
structures feature a highly coordinated tetrahedral Cu cluster,
whereas the local minimum structures ranked 4th and 5th

exhibit a planar Cu cluster geometry, with the Cu plane lying
incommensurate with plane of the topmost complete ZnO
surface layer, coordinating with a surface Zn adatom. The
remarkable stability of the Cu4 global minimum structure can
be attributed to its optimal distance between the Cu cluster and
adjacent Zn surface adatoms; in the global minimum energy
structure, the Cu4 tetrahedron is located equidistantly between
Zn surface adatom nearest neighbours, hence maximising the
J. Mater. Chem. A, 2020, 8, 22840–22857 | 22843
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Fig. 2 Side view of the global minimum energy structures for Cu8 (left)
and Cu24 (right) clusters adsorbed on the reconstructed O-terminated
ZnO surface featuring Zn adatoms.
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favourable attractive interaction between Zn and Cu. For the
other two local minima featuring Cu4 tetrahedra, the Cu4
cluster is adsorbed such than only one surface Zn adatom is
well-coordinated with the Cu cluster.

For larger Cu clusters, the high stability of the Cu4 lowest
minimum energy structure is reected in the fact that because
the most stable local minimum energy structures are based
around the Cu4 global minimum energy structure, e.g. for the
Cu5 clusters, the 5 top-ranked local minima are identical apart
from the positioning of the 5th Cu atom, with each of the ve
clusters featuring the tetrahedral Cu4 arrangement and
adsorption site between two surface Zn adatoms as observed for
the Cu4 global minimum energy structure. Indeed, the global
minimum structures up to Cu8 represent sequential growth,
with each subsequent structure being virtually identical apart
from the additional Cu atom. We also note that the top two
most stable structures for Cu5, Cu6, Cu7 and Cu8 clusters feature
very similar Cu cluster geometries adsorbed on the same ZnO
surface site, and differ only in their rotational orientation, as is
evident in the IP-calculated relative energies, which show that
3rd, 4th and 5th ranked structures are all much closer in terms of
relative energy to each other, and are further in terms of relative
energy from the 1st and 2nd ranked structures. This sequence is
especially evident for the Cu8 clusters, with the 1st and 2nd

ranked structures being very close in relative stability (with 0.08
eV), whilst the 3rd, 4th and 5th ranked structures are all
considerably less stable (>0.22 eV difference in relative stability
between 2nd and 3rd ranked structures) and close to each other
in relative stability (within 0.06 eV).

These trends identied in the relative stability are present for
the larger Cu24 cluster, but less pronounced. It is notable that
these much larger clusters tend to be positioned such that up to
4 surface Zn adatoms are occluded by the Cu cluster, rather
than the Cu cluster being coordinated by only 2 Zn adatoms as
seen for the Cu4–Cu8 global minimum structures. This behav-
iour can simply be attributed to the larger cluster being more
effectively able tomaximise its favourable attractive interactions
with the Zn adatoms at this adsorption site. We also see that the
Cu24 cluster, whilst covering a signicantly greater area of the
ZnO surface, is not at an appreciably greater height than the
smaller clusters; it can be seen in the side view presented in
Fig. 2 that both the Cu8 and Cu24 global minimum supported
Cu clusters consist of 2–3 Cu layers, with the topmost Cu atoms
in the Cu24 cluster lying no more than 4.17 Å above the topmost
subsurface atoms (i.e. not the Zn surface adatom layer); the
corresponding distance for the Cu8 and Cu1 global minima were
3.04 Å and 1.72 Å, respectively. It is also worth noting that for
the Cu24 global minimum structure, the topmost subsurface
atoms were lattice Zn, whilst for the smaller Cu8 cluster, the
topmost subsurface atoms were lattice O, suggesting that the
strong Cu/Zn interaction lis the subsurface Zn above the
subsurface O for the larger cluster. Additionally, comparing the
top 5 most stable local minimum energy structures, whilst 4 of
the 5 minima correspond to discrete, isolated Cu clusters,
coalescence of the Cu clusters can be seen in the 4th ranked
structure. It is likely that this is at least in part an artefact of the
limited size of the ZnO surface supercell that can be used, as
22844 | J. Mater. Chem. A, 2020, 8, 22840–22857
identied in the previous studies on the ZnO reconstruction.15

Whilst the (5 � 5) supercell is largely sufficient to allow for near
complete elimination of the slab dipole moment through
surface reconstruction, it cannot be excluded that a larger
supercell would enable a greater variety of structures to be
sampled; such a possibility is, however, largely outside the
realm of computational exploration using present methods and
resources. Likewise, the size of the (5 � 5) supercell imposes
a limit on the size of discrete Cu clusters that can be investi-
gated in this study.

For very high Cu loading (50 Cu per ZnO (5 � 5) supercell),
the ZnO surface is saturated with Cu, achieving approximately 2
monolayer coverage. Nonetheless, the structures obtained in
this study provide insights into the nature of the interaction of
Cu with the ZnO polar surface. For all of the top ranked 5 local
minima, there is no apparent Cu coverage in the hexagonal
region – which represents the greatest expanse of the slab
surface uninterrupted by surface Zn adatoms – of the recon-
structed ZnO surface. This observation is consistent with the
fact that the Cu–Zn interaction is attractive, as shown by the IP
terms. It was also found that height of the topmost Cu50 atom is
slightly less than that of the Cu24 cluster, relative to the topmost
ZnO subsurface atoms. This observation would suggest that for
a given number of Cu atoms, upward Cu cluster growth
becomes less favourable than outward wetting of the Cu cluster,
with the further addition of Cu resulting in spreading of the
cluster to interact with additional nearby surface Zn adatoms.

The presence of Zn adatoms plays, therefore, a key role in Cu
cluster growth. Moreover, this surface feature appears to
support the growth of 3D Cu clusters, rather than at, planar Cu
arrays on the ZnO surface, with the Cu clustering around the Zn
adatoms and the growth of Cu clusters being most favourable at
surface sites that maximise contact between the Cu cluster and
the Zn adatoms. Whilst an attractive interaction between Cu
and Zn had been reported previously in experimental19,20 studies
and in computational studies of the non-polar surface using
a similar methodology to the present work,21 previous work
suggested planar Cu cluster formation, for both the non-polar
ZnO surface and for O-terminated surfaces. The 3D cluster
formation reported here provides further evidence that the
features of the reconstructed polar ZnO surface determine
adsorbed Cu cluster morphology.
This journal is © The Royal Society of Chemistry 2020
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Adsorption energies with respect to bulk Cu as calculated
using the same many-body Cu–Cu potentials are also pre-
sented in Table 1, according to the equation Eads ¼ ECun/ZnO �
EZnO � nECu, where the adsorption energy is Eads, n is the
number of Cu atoms in the cluster, the energy for the Cun

cluster adsorbed on the reconstructed ZnO surface is ECun/ZnO,
EZnO is the total energy for the clean reconstructed ZnO
surface, and ECu is the total bulk energy per Cu atom. We nd
that the Cu cluster adsorption becomes more exothermic for
increasing numbers of Cu atoms present on the surface
(Table 1), reecting the stabilisation afforded by Cu–Cu
interactions and the overall increased stability of larger
clusters, in agreement with the previous computational
studies of the non-polar ZnO surface.21 However, it can also
Table 3 Graphics for lowest energy structures obtained for adsorbed C
minimum structures (Table S2). Blue spheres represent Cu, whilst red and
involved in the reconstruction) atoms are highlighted with darker sphere
Thin green lines indicate cell boundaries. IP-calculated adsorption energi
energy structure

No.
1 2 3

Adsorption energy
1.233 �0.139 �0.3

No.
6 7 8

Adsorption energy
�0.442 �0.404 �0.3

Table 4 Relative energies (in eV) for the 5 lowest energy structures for ad
with respect to the global minimum energy structure. See ESI for corres

No.

Rank 1 2 3 4 5

1 0.000 0.000 0.000 0.000 0.00
2 0.037 0.212 0.536 0.110 0.07
3 0.047 0.296 0.624 0.259 0.22
4 0.387 0.389 0.826 0.543 0.39
5 0.749 0.559 0.874 0.607 0.46

This journal is © The Royal Society of Chemistry 2020
be seen that the calculated adsorption energy remains
endothermic with respect to bulk Cu across the whole range
of Cu cluster sizes.

O-poor O-terminated surface. We now consider the (000-1)
ZnO surface featuring 6 O vacancies in the surface layer (hence
this surface is referred to as the “O-poor”O-terminated surface).
The results are presented in Tables 3 and 4; likewise, graphics
for the ve lowest energy structures for each Cu cluster size can
be found in the ESI (Table S2†).

In the three most stable Cu1/ZnO structures, we see that
there are twomain surface pits which serve to accommodate the
Cu clusters. The 4th and 5th ranked structures, on the other
hand, feature the Cu atom in smaller O-vacancy sites. The top
three structures are all close in energy, within 0.05 eV, whereas
u clusters of various sizes. See ESI for the remaining 4 candidate local
grey spheres represent O and Zn, respectively. The top ZnO layer (i.e.
s, whilst the subsurface ZnO atoms are represented by faded spheres.
es with respect to bulk Cu are listed below the graphics for each lowest

Cu
4 5

w.r.t. bulk Cu/eV
79 �0.357 �0.398

Cu
24 50

w.r.t. bulk Cu/eV
83 �0.164 �0.020

sorbed Cu clusters of various sizes. The tabulated values are calculated
ponding structures (Table S2)

Cu

6 7 8 24 50

0 0.000 0.000 0.000 0.000 0.000
2 0.306 0.299 0.206 0.724 0.853
0 0.521 0.584 0.257 1.754 1.004
8 0.668 0.662 0.340 1.782 1.229
6 0.721 0.664 0.372 1.812 1.351
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the 4th and 5th ranked structures are considerably less stable, at
>0.38 eV less stable that the lowest minimum, which can be
attributed to the higher number of Cu–Zn interactions.

For smaller Cu clusters, up to Cu5, the lowest minimum
structures feature a Cu cluster accommodated in the smaller of
the two pits, whilst for Cu6, Cu7 and Cu8 lowest minima, the Cu
clusters are located in the largest surface indentation because of
the limited surface pit size. Structures with the Cu atom in the
larger surface pit are present amongst the top 5 ranked struc-
tures for all Cu cluster sizes (see ESI†). For larger n, however, Cu
sits in both the smaller and larger surface pits with energy
differences being within �0.3 eV. Cu clusters adsorbed in the
smaller pit persist for Cu7 but are considerably less stable
(>0.55 eV less stable than the lowest minimum), and are
completely absent from the top 5 ranked local minima for Cu8.

For higher Cu loadings (Cu24), the lowest minimum has two
smaller separate clusters, consisting of a smaller, atter Cu9
cluster in the larger surface pit, and a larger, taller Cu15 cluster
in the smaller pit. The structure suggests that the larger
(smaller) surface pit can accommodate up to 8 (5) Cu atoms;
subsequent Cu cluster growth predominantly takes place atop
Cu atoms in the smaller pit and is driven primarily by Cu–Cu
interactions, since the undercoordinated Zn is no longer
accessible to Cu and Cu–O interactions are repulsive. We also
nd that the other local minimum energy structures for Cu24
show single, contiguous Cu clusters, spreading across the two
surface pits that serve as nucleation sites for Cu cluster growth.
Table 5 Graphics for lowest energy structures obtained for adsorbed C
minimum structures (Table S3). Blue spheres represent Cu, whilst red and
involved in the reconstruction) atoms are highlighted with darker sphere

No.
1 2 3

Adsorption energy
1.710 0.414 0.08

No.
6 7 8

Adsorption energy
�0.065 �0.043 �0.0

22846 | J. Mater. Chem. A, 2020, 8, 22840–22857
For very high Cu loading (Cu50), as with the Zn-rich O-
terminated reconstructed surface, we see that the ZnO surface
is saturated with Cu, with a few islands present on the surface
devoid of Cu growth. Comparing the local minimum energy
structures for the Zn-rich and O-poor O-terminated surfaces, we
see that the Cu50 structures for the O-poor surface leaves
a greater area of the ZnO surface exposed and free of Cu. We can
attribute this behaviour to the initial Cu cluster growth being
predominantly within the surface pits, and thus smaller clusters
do not take up an appreciable proportion of the total slab
surface area, since initial Cu cluster growth is essentially
vertical; hence for very high Cu loading, where Cu cluster
growth begins to spread beyond the connes of the surface pits,
the area of the slab covered is less than that for the Zn-rich
surface, for which smaller clusters are more spread out on the
surface initially.

The IP adsorption energies with respect to bulk Cu are also
presented in Table 3. The calculated adsorption energies, in
contrast to the Zn-rich O-terminated surface, are generally
exothermic, with only the system containing a single adsorbed
Cu atoms being unstable with respect to the bulk. This is
probably due to high energetic cost associated with separating
a single atom, rather than a cluster of atoms, from the bulk
structure. For smaller Cu clusters, there is a general trend of
increasingly exothermic adsorption energies with respect to
bulk Cu as the cluster size grows, although we note that there
are maxima in adsorption energies for Cu3 and Cu6 clusters. It is
notable that the Cu3 cluster represents the largest Cu cluster
u clusters of various sizes. See ESI for the remaining 4 candidate local
grey spheres represent O and Zn, respectively. The top ZnO layer (i.e.
s, whilst the subsurface ZnO atoms are represented by faded spheres

Cu
4 5

w.r.t. bulk Cu/eV
4 �0.031 �0.057

Cu
24 50

w.r.t. bulk Cu/eV
40 �0.095 �0.086

This journal is © The Royal Society of Chemistry 2020
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Table 6 Relative energies (in eV) for the 5 lowest energy structures for adsorbed Cu clusters of various sizes. The tabulated values are calculated
with respect to the global minimum energy structure. See ESI for corresponding structures (Table S3)

No. Cu

Rank 1 2 3 4 5 6 7 8 24 50

1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
2 0.007 0.032 0.014 0.153 0.266 0.353 0.119 0.054 0.510 0.462
3 0.012 0.190 0.188 0.243 0.422 0.396 0.245 0.113 0.552 0.493
4 0.019 0.209 0.255 0.323 0.426 0.452 0.285 0.132 0.552 0.496
5 0.027 0.222 0.295 0.442 0.452 0.462 0.336 0.201 0.673 0.533

Fig. 3 Graphic illustrating the “hexagonal surface region” defined by
surface O adatoms on the reconstructed Zn-terminated ZnO surface;
the region is defined by the yellow lines.
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size where the global minimum IP structure features the Cu
cluster positioned within the smaller of the three O-vacancy
surface pits; hence one can infer that the particular stability
of the Cu3 and Cu6 clusters is related to the dimensions of the
surface pits, which happen to be commensurate with the Cu
clusters of these sizes to maximise attractive Cu–Cu and Cu–Zn
interactions – with clusters consisting of greater numbers of Cu
atoms being too large to accommodate optimally in these
surface pits. This behaviour is further reected in the consid-
erably less exothermic adsorption energy relative to bulk Cu for
the Cu24 and Cu50 systems, since clearly clusters of these sizes
are far too large to t within the O vacancy pits. Hence, the
presence of these vacancy sites can be inferred as key to the
stability of Cu clusters adsorbed on this particular surface
reconstruction.

O-rich Zn-terminated surface. Turning now to the Zn-
terminated surfaces, we will consider rst the surface recon-
struction featuring O adatoms distributed over the ZnO surface,
(which we refer to as the “O-rich” Zn-terminated surface). The
ve lowest energy structures are presented in Table 5, with
relative energies reported in Table 6; higher energy structures
can be found in the ESI (Table S3†). Surface O adatoms form
large hexagonal regions on the reconstructed surface (Fig. 3).
For Cu1, we note that the local minimum energy structures are
all very close in terms of energy (all within 0.025 eV), reecting
the fact that the favoured 3-coordinate hollow site between
three surface Zn atoms is very similar for the different struc-
tures, with the small variations in stability being attributable to
the marginal repulsive effect of nearby surface O adatoms. For
Cu2 and Cu3 clusters, the range of stability is greater across the
top 5 ranked local minimum energy structures, with all being
within �0.3 eV, as the larger Cu cluster size limits the number
of distinct surface sites that afford minimal repulsive interac-
tions between Cu and O atoms; however, the observed struc-
tures reveal that there are still many surface sites that can
accommodate clusters of up to 3 Cu atoms. For larger clusters of
4 or 5 Cu atoms, the lowest minima feature planar Cu clusters in
the large hexagonal region enclosed by surface O adatoms,
although planar Cu clusters outside this region still appear
amongst the top 5 ranked structures. This behaviour can be
attributed to the hexagonally enclosed region representing the
greatest uninterrupted expanse of exposed surface Zn uninter-
rupted by surface O adatoms; hence larger (i.e., more than 3 Cu
atoms) are more easily accommodated within this region to
maximise attractive Cu–Zn interactions. Notably, in contrast to
This journal is © The Royal Society of Chemistry 2020
the two reconstructions of the O-terminated surface already
discussed, for this Zn-terminated surface, larger planar struc-
tures are favoured, whereas for the O-terminated surfaces, the
lowest minima for Cu4 and larger clusters are invariably 3D
structures, although a mixture of planar and 3D structures are
observed amongst the top 5 ranked structures for all of the
reconstructed ZnO surfaces discussed so far. The preference for
planar Cu cluster growth on the O-rich Zn-terminated surface
can be attributed simply to the fact that the unreconstructed
surface presents essentially a close-packed sheet of surface Zn
which necessarily would result in planar Cu cluster growth to
maximise Cu–Zn attractive interactions; in this particular
reconstruction, the O adatoms merely serve to interrupt planar
Cu cluster growth.

For intermediate Cu cluster sizes (Cu6 and Cu7), the larger
cluster size limits the number of surface sites that avoid
repulsive Cu–O interactions, with the structures featuring Cu
clusters within the large hexagonal region being more stable.
Examining the top 5 ranked local minimum structures for Cu6,
the effects of the attractive Cu–Zn interaction, and repulsive Cu–
J. Mater. Chem. A, 2020, 8, 22840–22857 | 22847
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O interaction, are especially pronounced; the global minimum
energy structure, featuring a planar monolayer Cu6 cluster
within the hexagonal region, is considerably more stable that
the 2nd ranked structure (0.35 eV), which is also located within
the hexagonal region, but rather adopts a 3D structure featuring
a plane of 5 Cu atoms in contact with the ZnO surface and a 6th

Cu atom located atop this Cu5 cluster. Hence, the difference in
stability between the two structures can be largely attributed to
the more strongly attractive Cu–Zn interaction over the
comparatively weaker Cu–Cu interaction. Comparing the global
minimum energy structure for the Cu6 cluster, with the 5th

ranked local minimum, illustrates well the impact of the
repulsive interactions between Cu and O; whilst the structure of
the Cu clusters are identical, consisting of two rows of 3 Cu
atoms in a close-packed arrangement, the lowest minimum
energy structure is more stable by 0.46 eV. Measuring the
shortest distance between Cu and adatoms O reveals that in the
global minimum structure, Cu atoms are separated from
surface O adatoms by at least 3.1 Å; however, for the 5th ranked
local minimum structure, the minimum separation is only 3.0
Å. Simply put, for Cu clusters consisting of at least 6 Cu atoms,
the most stable planar conguration of Cu atoms is too large to
be comfortably accommodated in the surface regions outside
the hexagonal region dened by the surface O adatoms; hence
the hexagonal region is the favoured site for adsorption of
intermediate size planar Cu clusters.

For Cu8 clusters, a change in behaviour is observed as 3D Cu
cluster structures begin to emerge as the most favourable
conguration, with the global minimum structure featuring
a Cu7 planar cluster resembling that of the 4th ranked local
minimum structure for Cu7 clusters, with an additional Cu
atom on top. Moreover, the global minimum energy structure is
located outside the hexagonal region which was previously
identied as being a favourable site for adsorption of smaller
planar Cu clusters, whilst the remaining top candidate local
minimum energy structures all feature 2D planar structures
only, with the 2nd, 3rd and 4th ranked structures being located
within the hexagonal region. Additionally, the range of stabili-
ties for the minimum energy structures is smaller than that
obtained for smaller Cu6 and Cu7 clusters, with all structures
being within 0.2 eV; only the local minima obtained for a single
Cu atom are closer in energy than this. This result strongly
suggests that the favourable hexagonal region can only
comfortably accommodate up to 7 Cu atoms in a planar
arrangement, hence for larger clusters consisting of at least 8
Cu atoms, there is a degree of competition between larger
planar clusters, which maximise the attractive Cu–Zn interac-
tion, although at the expense of increasing repulsive interac-
tions between Cu and O adatoms, or alternatively the formation
of 3D clusters, which avoid such repulsive interactions to
a greater extent, but sacrice attractive interactions between Cu
and Zn in favour of the attractive Cu–Cu interactions between
the rst and second layers of the 3D structure.

For larger Cu24 systems, we immediately note that the global
minimum structure almost totally covers the ZnO surface
outside the large hexagonal regions previously identied as
being the ideal adsorption sites for intermediate sized Cu
22848 | J. Mater. Chem. A, 2020, 8, 22840–22857
clusters. The remaining 4 top ranked local minimum energy
structures are substantially similar, in all cases with the large
hexagonal region devoid of Cu atoms, with only small variations
in the connectivity between Cu-covered areas on the remainder
of the surface. These results suggest that for larger amounts of
Cu deposited on the surface, which cannot possibly be accom-
modated in the distinctive hexagonal region, the remainder of
the Zn-terminated surface, outside the hexagonal region, is
favoured for Cu adsorption, since it allows for improved Cu–Cu
interactions. Hence, it is evident that the relative importance of
the three different kinds of interactions present (attractive Cu–
Zn, attractive Cu–Cu, and repulsive Cu–O) changes depending
on the extent of surface loading of Cu.

For very high Cu loading (Cu50), almost total coverage of the
ZnO surface is observed, both within and outside the hexagonal
region, with the surface being essentially saturated with Cu at
this point, in common with the O-terminated surfaces already
discussed; the main difference is the higher proportion of the
ZnO surface covered by Cu for the Zn-terminated surface, which
can be attributed simply to the fact that the Zn-terminated
surface necessarily contains more Zn atoms which are evenly
spread across the surface, rather than Cu atoms being initially
concentrated at either Zn adatom or O vacancy sites, as was
observed for the two O-terminated surfaces.

The IP-calculated adsorption energies for Cu clusters on this
surface are also presented in Table 5. For the O-rich Zn-
terminated surface, Cu clusters consisting of 4 or more Cu
atoms are adsorbed exothermically. For the smaller clusters (up
to Cu8), there is a maximum in exothermicity of adsorption for
Cu5, as larger clusters are less easily accommodated within the
favoured hexagonal surface region dened by the O adatoms,
without incurring repulsive interactions between Cu and
surface O. For high numbers of adsorbed Cu atoms (i.e. the Cu24
and Cu50 systems), the adsorption energy with respect to bulk
Cu is even more exothermic, probably due to the extensive
attractive Cu–Cu interactions which make these systems more
stable with respect to bulk Cu. We also nd that the adsorption
energies with respect to bulk Cu are less exothermic compared
to those for the O-poor O-terminated surface, which can be
rationalised by considering the stronger Cu–Zn attractive
interaction for the highly undercoordinated Zn atoms present
in the surface pits resulting from O vacancies.

Zn-poor Zn-terminated surface. The fourth reconstructed
ZnO surface is the Zn-terminated surface featuring Zn vacancies
(hence we will refer to this as the “Zn-poor” Zn-terminated
surface), leaving pits in the surface layer containing under-
coordinated O atoms; the remainder of the surface substan-
tially resembles the unreconstructed Zn-terminated surface,
consisting of interconnected small Zn3 triangular surface plat-
forms, intermediate sized Zn4 platforms, and a larger hexagonal
Zn7 surface platform (Fig. 4). The global optimisation studies
show that these at Zn-terminated surface platforms are the
favoured adsorption sites for small Cu clusters, as summarised
in Tables 7 and 8; graphics for the ve lowest energy structures
for each Cu cluster size can be found in the ESI (Table S4†). For
a single Cu atom, all of the top ranked local minimum struc-
tures feature Cu adsorbed in a 3-coordinate hollow site dened
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Graphic illustrating the different surface adsorption sites on the
reconstructed Zn-poor Zn-terminated surface (i.e. featuring Zn
vacancies). The yellow lines define the three different surface plat-
forms consisting of either 3, 4 or 7 surface Zn atoms. Within each of
these surface platforms, two types of 3-coordinate Zn adsorption site
exist, with the adsorbed Cu atom either eclipsing a surface O atom
(indicated by green circles) or not (indicated by blue circles).
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by surface Zn. Two types of 3-coordinate Zn sites are present on
the surface, either with or without the added Cu eclipsing a O
atom below; the sites without Cu eclipsing O were found to be
more stable, attributable to a minimisation of repulsive Cu–O
interactions. The three most stable minima consisted of struc-
tures in which the Cu atom is accommodated in such a site in
each of the three different surface platforms identied, with the
global minimum energy structure featuring the Cu atoms
adsorbed on a triangular site. This nding can be attributed to
the fact that the triangular site is bound by three Zn surface
vacancy pits, resulting in a stronger interaction between the
undercoordinated O atoms dening the edge of the surface pits,
and the three Zn atoms forming the 3-coordinate adsorption
site, which in turn induces a stronger interaction between the
Zn and Cu. Similarly, the 2nd and 3rd ranked structures consist
of Cu adsorbed in the non-eclipsed site of the paral-
lelogrammical and hexagonal surface platforms, respectively.

For two Cu atoms, the triangular site is too small to
accommodate both Cu atoms comfortably, hence this site only
appears as the 5th ranked local minimum; on the other hand,
the intermediate parallelogrammical surface platform is the
Cu2 adsorption site for both the global minimum and 4th

ranked structure, whilst two distinct Cu2 structures are
observed on the larger hexagonal platform in the 2nd and 3rd

ranked structures. As we move to larger Cu3 and Cu4 clusters,
the triangular adsorption site no longer appears in any of the
top 5 ranked local minimum structures, with the hexagonal site
becoming predominant for larger clusters, owing to its larger
This journal is © The Royal Society of Chemistry 2020
size, although for both Cu3 and Cu4, structures featuring Cu
adsorbed on the parallelogrammical sites persist amongst the
local minima. Notably, there is a conspicuous absence of 3D
clusters for Cu4, in contrast with both the O-terminated recon-
structed surfaces, and also the O-rich Zn-terminated surface;
although for the latter, the global minimum structure did
indeed feature a planar arrangement of adsorbed Cu. For Cu5
clusters on the present reconstructed surface, 3D clusters begin
to emerge, appearing as the 2nd and 5th ranked local minimum
structures, but planar Cu congurations dominate. The results
suggest that whilst planar Cu cluster formation is favourable
due to the maximised interaction with the at Zn-terminated
surface platforms (similar to that observed for the Zn-
terminated surface decorated with O-adatoms), once the Zn-
terminated surface platforms are sufficiently covered by
monolayer Cu, 3D Cu cluster formation begins to appear; that
planar cluster formation is favoured until the boundaries of the
Zn-terminated surface platforms are reached is reected further
by the fact that of the top 5 ranked local minimum structures for
Cu5 clusters, all are located atop the large hexagonal platform,
with the smaller triangular and parallelogrammical Zn-
terminated platforms being too small to accommodate Cu
clusters of this size. The tendency towards planar Cu cluster
formation persists for Cu6, although the relative energies pre-
sented in Table 8 show that 3D Cu cluster formation is more
competitive compared to that for Cu5; for both Cu5 and Cu6, the
global minimum structure features a planar Cu cluster, whilst
the second ranked local minimum structure shows a 3D Cu
cluster geometry; however for Cu6, the 1st and 2nd ranked
structures are closer in energy by �0.15 eV compared to that for
Cu5. This trend continues for Cu7 and Cu8, with the planar
cluster geometry remaining evident in the global minimum, but
for increasing amounts of Cu, the alternative 3D Cu cluster
geometry becomes increasingly competitive, with the 1st and 2nd

ranked structures for Cu8 being separated by only 0.05 eV.
For larger Cu24 clusters, the emergence of 3D Cu clusters is

clearly evident, as expected for such a high Cu loading. The
global minimum structure and the 2nd ranked local minimum
structure both show discreet Cu clusters, whilst the remaining
structures show coalescence of the Cu clusters, forming bars of
Cu across the periodically repeated surface; however we see that
the discreet Cu24 clusters are more stable, with the 2nd ranked
structure being within only 0.03 eV of the global minimum,
whilst the 3rd ranked structure, which exhibits coalescence of
the Cu clusters is 0.22 eV less stable than the global minimum.
In all of the top ranked structures, we nd that the Cu clusters
form as a result of the cluster spreading beyond the connes of
the distinct at ZnO surface platforms identied, with clusters
on the large hexagonal and intermediate parallelogrammical
platforms merging together. Whilst the large size of the Cu24
cluster means that some O vacancy surface pits are covered by
the Cu cluster, we still nd that the boundaries of the at
surface platforms largely dene the boundaries of the Cu
cluster. For the very high Cu loading in the Cu50 system, the
surface is essentially saturated with Cu, in common with the
other three reconstructed surfaces investigated. For each of the
top 5 ranked structures, the regions of the surface not covered
J. Mater. Chem. A, 2020, 8, 22840–22857 | 22849
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Table 7 Graphics for lowest energy structures obtained for adsorbed Cu clusters of various sizes. See ESI for the remaining 4 candidate local
minimum structures (Table S4). Blue spheres represent Cu, whilst red and grey spheres represent O and Zn, respectively. The top ZnO layer (i.e.
involved in the reconstruction) atoms are highlighted with darker spheres, whilst the subsurface ZnO atoms are represented by faded spheres.
Thin green lines indicate cell boundaries. IP-calculated adsorption energies with respect to bulk Cu are listed below the graphics for each lowest
energy structure

No. Cu
1 2 3 4 5

Adsorption energy w.r.t. bulk Cu/eV
1.873 0.760 0.424 0.303 0.227

No. Cu
6 7 8 24 50

Adsorption energy w.r.t. bulk Cu/eV
0.187 0.160 0.185 0.136 0.052
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by Cu correspond to the Zn-vacancy sites; however it is notable
that the global minimum structure shows a greater degree of Cu
wetting, with only two Zn surface vacancies being le exposed,
compared to the remaining 4 local minima in which three
surface Zn surface vacancies remain visible and are not sub-
ducted beneath the Cu layer. This observation suggests that for
high Cu surface concentrations, Cu–Cu interactions become
relatively more important in determining cluster morphology,
with any repulsive Cu–O interactions arising from coverage of
the Zn surface vacancies being compensated by the favourable
Cu–Cu interactions.

The IP adsorption energies for the Cu clusters on this
surface with respect to bulk Cu are also presented in Table 7.
The general trend in adsorption energies resembles that of
Table 8 Relative energies (in eV) for the 5 lowest energy structures for ad
with respect to the global minimum energy structure. See ESI for corres

No.

Rank 1 2 3 4 5

1 0.000 0.000 0.000 0.000 0.00
2 0.003 0.070 0.091 0.357 0.32
3 0.121 0.144 0.184 0.397 0.49
4 0.349 0.375 0.466 0.418 0.50
5 0.362 0.382 0.569 0.535 0.82

22850 | J. Mater. Chem. A, 2020, 8, 22840–22857
the Zn-rich O-terminated surface, with adsorption being
endothermic across the full range of Cu cluster sizes, but
becoming less so for larger Cu clusters, which can be
attributed to the greater number of attractive Cu–Cu inter-
actions for larger Cu clusters. The exception to this trend is
the Cu7 cluster, which is the least endothermically adsorbed
of all of the smaller Cu clusters up to Cu8, which is adsorbed
slightly more endothermically, which can simply be attrib-
uted to the limited size of the hexagonal Zn-terminated
surface platform that serves as the favoured adsorption
site; the larger Cu8 cluster spills over the boundaries of this
site, thus incurring a repulsive Cu–O interaction as the
additional Cu is forced closer to the undercoordinated O
associated with the Zn vacancy.
sorbed Cu clusters of various sizes. The tabulated values are calculated
ponding structures (Table S4)

Cu

6 7 8 24 50

0 0.000 0.000 0.000 0.000 0.000
9 0.174 0.078 0.048 0.036 0.057
7 0.433 0.362 0.107 0.219 0.079
1 0.450 0.447 0.128 0.247 0.182
4 0.656 0.511 0.368 0.600 0.194

This journal is © The Royal Society of Chemistry 2020
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DFT renement of IP structures

Having obtained structures for the ve lowest energy IP struc-
tures for each of the surface reconstructions and a variety of Cu
cluster sizes from the global optimisation studies, DFT rene-
ment of these structures is required to verify the validity of the
global optimisation approach, and to allow for a more detailed
analysis. For this purpose, the Cu8 clusters for each of the four
surface reconstructions were subject to DFT renement. In
alignment with previous studies,15,21 it was found that, in
general, the morphology of the IP optimised structures is
retained by the DFT optimisation and that the lowest minimum
IP structure is also found to be the most stable local minimum
aer DFT renement, therefore conrming that the potentials
used in this study for the exploration of the potential energy
surface are suitable for these types of systems. A full discussion
is provided in the ESI.† Nonetheless, there are a few important
instances where the DFT rened systems deviate from the IP
structures and relative stability ordering of lowest energy
minima, which we will discuss here.

For both of the O-terminated surfaces, and for the Zn-poor
Zn-terminated surface, good agreement between the IP and
DFT optimised structures and ordering of relative stability of
low energy structures is obtained. However, for the O-rich Zn-
terminated surface, DFT renement results in a signicant
deviation in terms of both Cu cluster structure, and relative
stability (Table 9). Perhaps the two most striking structural
features evident post-renement are the close proximity of Cu
and surface O adatoms, and the considerable displacement of
Table 9 Structure and relative stability for the top 5 ranked low energy IP
terminated ZnO surface, before and after DFT refinement

IP ra
1 2 3

IP relative e
0.000 0.054 0.11

DFT r
4 2 5

DFT relative
2.086 1.063 2.45

This journal is © The Royal Society of Chemistry 2020
these surface O adatoms with respect to their positions in the IP
optimised structures; during IP optimisation, these atoms
largely remain unperturbed from their positions on the clean IP
optimised surfaces. These differences can be rationalised by
considering that the highly undercoordinated surface O ada-
toms are likely to be considerably less reduced compared to
their bulk and subsurface counterparts, owing to having fewer
Zn neighbours. Not only would this factor reduce the repulsive
interaction between Cu and O implied by the potentials used
(i.e. both species being comparatively electron rich), but also
open the possibility for electron transfer from Cu to O (that is to
say, partial Cu oxidation), which clearly cannot be accounted for
explicitly using the IP unlike the DFT approach. In tandem,
these two conclusions support the observed changes upon DFT
renement, which suggest a stronger and more attractive
interaction between the surface O adatoms and the Cu cluster
atoms.

To examine the extent of charge transfer between Cu and
surface O adatoms, Bader charge analysis was performed for the
lowest energy DFT-optimised structure (corresponding to the
5th ranked IP structure). The calculated Bader charges show
a moderate decrease in electronic charge compared to bulk Cu
for all except two of the Cu atoms, with Db ranging from �0.17e
to �0.28e, averaging �0.23e. The remaining two Cu atoms
showed negligible changes in the Bader charges with respect to
bulk Cu, with Db ¼ �0.00017 and Db ¼ +0.003. As illustrated in
Fig. 5, the two Cu atoms with least signicant Db are the only
two Cu atoms coordinated only by other Cu atoms, and not
coordinated with any surface O adatoms, strongly suggesting
structures for Cu8 clusters adsorbed on the reconstructed O-rich Zn-

nk
4 5

nergy/eV
3 0.132 0.201

ank
3 1

energy/eV
3 1.183 0.000
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Fig. 5 Graphic depicting the lowest energy DFT-optimised structure
for a Cu8 cluster adsorbed on the O-rich Zn-terminated reconstructed
polar ZnO surface. The values superimposed on the Cu atoms
correspond to Db, the difference in the calculated Bader charge for
that Cu atom relative to bulk Cu.
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that charge transfer from coordinating Cu atoms via surface O
adatoms plays a key role in stabilisation of the adsorbed Cu
cluster.

The higher mobility of the surface O adatoms (which may be
attributed both to a weaker O–Zn interaction and stronger Cu–O
interaction for these surface O adatoms compared to that
assumed by the IP approach) appears to play an important role
in the re-ordering of the lowest energy structures aer DFT
optimisation. For the IP optimised Cu8 clusters, the surface O
adatoms present a barrier to the favoured planar Cu cluster
growth across the at Zn-terminated surface observed for
smaller Cu clusters, hence the IP global minimum features a 3D
Cu cluster (consisting of a highly coordinated Cu7 planar base,
with an additional Cu atom on top), whilst the remaining 4
lowest energy structures all feature at Cu8 clusters that
compromise Cu–Cu coordination in order to minimise close
contact with the O surface adatoms. However, upon DFT
renement, no such condition appears to be present, hence the
DFT global minimum (which was obtained from renement of
the 5th lowest energy IP structure) features a distinctive planar
Cu cluster with a minimal perimeter (maximising Cu–Cu
coordination), with the surface O adatoms positions at the
corners of the at Cu cluster (i.e. interacting with the least
coordinated Cu atoms). By contrast, the IP global minimum
structure is only the 4th lowest energy DFT structure (whilst
retaining its 3D morphology), with only the 3rd lowest energy IP
structure being found to be less stable upon DFT renement,
which can be attributed to the low Cu–Cu coordination evident
in the initial IP structure, which is preserved upon DFT
optimisation.
22852 | J. Mater. Chem. A, 2020, 8, 22840–22857
Clearly, in this case, the IP global optimisation approach
cannot be used alone to approximate DFT global minimum
energy structures. However, the present results illustrate the
limitations of the approach and provide key insights that will be
invaluable in the tailoring of the interatomic potentials to meet
the needs of more complex systems.

Another interesting observation pertains to the O-poor Zn
terminated surface. Whilst the overall trend in stability is
reproduced, with the lowest energy IP structure being found to
also be the lowest energy DFT structure, the DFT-rened lowest
minimum structure is considerably more stable than the other
low-energy DFT-rened structures compared to the IP relative
energies. The enhanced stability of the DFT global minimum
structure compared to its IP counterpart can be linked to the
lesser degree of O reduction for the O atoms that dene the Zn
surface vacancy pit. Whilst the highly coordinated planar Cu8
structure is largely retained aer DFT optimisation of the IP
global minimum, we see that the position of the cluster has
shied such that the least coordinated Cu atom (having only 2
Cu neighbours) is located within the Zn vacancy pit, implying
a degree of Cu oxidation from interaction with the O atoms
within the surface pit that lack a full complement of Zn
neighbours (Fig. 6). To test this, Bader charge analysis was
performed; we nd that the Cu atom located within the Zn
vacancy surface pit is signicantly more oxidised than the
remaining 7 Cu atoms in the cluster, with a Bader charge
increase of Db¼�0.57e, with respect to a single isolated neutral
Cu atom. By comparison, for the remaining 7 Cu atoms, Db
ranges from �0.21e to +0.06e, averaging Db ¼ �0.09e, consis-
tent with essentially unoxidized Cu0, with this small deviation
being attributable to the charge delocalisation owing to the
metallic character of Cu. The Db calculated for the Cu atom
located within the Zn vacancy site is consistent with previous
studies which determined the Bader charges for Cu and O in
bulk Cu2O, determining Db ¼ �0.53e using the PBE GGA
functional.44 Hence, there is strong evidence that in the present
system, the Cu atom which is located within the Zn surface
vacancy site aer DFT renement corresponds to a Cu+ cation,
in line with previous DFT studies which suggest that oxidising
Cu atoms within surface Zn vacancy sites can serve as anchor
sites for Cu cluster growth.26 This nding is consistent with our
rationalisation of the more drastic changes observed for DFT
renement of the Cu clusters on top of the O-rich Zn-terminated
surface. For the other DFT rened structures, no suchmigration
of the Cu cluster to accommodate one Cu atom in a Zn vacancy
site is observed, which is reected in the gap in stability
between the global minimum and all 4 of the remaining DFT
optimised structures. Nonetheless, in all of the other structures,
it is still the case that aer DFT renement, the Cu clusters
adopt slightly more planar clusters; whilst none of the cluster
geometries deviate signicantly from their IP optimised posi-
tions atop the large hexagonal surface ZnO platform, the DFT
optimised structures show Cu atoms much closer to the edges
of the hexagonal platform, decreasing the distance between the
Cu atoms at the edge of the cluster and the undercoordinated O
atoms dening the edges of the Zn vacancy pits. This result
further suggests that the interaction between Cu and
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Graphics depicting the lowest energy IP structure (left) and the DFT-refined lowest energy structure (right) for a Cu8 cluster adsorbed on
a Zn-poor Zn-terminated surface (i.e. featuring Zn vacancies). Note the shift of the Cu8 cluster such that one of the Cu atoms is locatedwithin the
Zn vacancy in the DFT-refined structure (indicated with yellow circles). Thin green lines indicate cell boundaries.
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undercoordinated surface O is perhaps not as repulsive as that
described using IP methods, agreeing with the rationalisation
for the impact of DFT renement on the O-rich Zn-terminated
surface.

For comparison, Bader charge analysis was also performed
on the lowest energy DFT optimised Cu8 conguration for the
remaining two surfaces. Whilst we do not observe the same
extent of Cu oxidation observed for the Cu atom located within
the Zn vacancy of the Zn-poor Zn-terminated surface, a similar
trend is noted whereby more signicant charge transfer from
Cu atoms is observed for Cu atoms which are more highly
coordinated with surface O atoms.

For the O-poor O-terminated surface, the most stable DFT
structure consists of the Cu8 located largely within the surface
pits arising from the O vacancies, with most of the Cu atoms
lying below the topmost ZnO layer. Bader charge analysis
reveals that whilst the topmost three Cu atoms are not signi-
cantly oxidised (average Db ¼ �0.04e), the 5 Cu atoms located
mostly below the topmost ZnO layer were signicantly more so
(average Db ¼ �0.28e). For the topmost ZnO layer, whilst the
Bader analysis showed little deviation between the electron
count for surface O atoms and that of O atoms in the ZnO bulk,
some of the surface Zn atoms were considerably reduced
compared to Zn atoms in bulk ZnO (average Db ¼ +0.31e for the
3 most reduced Zn atoms). This suggests that stabilisation of
the Cu cluster involves some degree of charge transfer from Cu
to surface Zn atoms which are necessarily undercoordinated
owing to the missing surface O atoms arising from the vacancy.
Whilst the electron count values are insufficient to suggest full
oxidation of Cu by surface Zn, the observations are consistent
with delocalisation of electron density between the adsorbed Cu
and the less oxidised undercoordinated Zn atoms which are
thus more metal-like.

For the Zn-rich O-terminated surface, we see a very similar
trend, with three of the eight adsorbed Cu atoms having small
Db (average +0.02e), and the remaining ve being moderately
oxidised (average Db ¼ �0.27e). Again, the three relatively
This journal is © The Royal Society of Chemistry 2020
unperturbed Cu atoms are located in the topmost layer of the
3D Cu cluster observed on this surface, and thus have no direct
contact with the surface ZnO atoms, thus more closely resem-
bling bulk Cu. Conversely, for the surface Zn adatoms, whilst
four of the six present have relatively small Db values relative to
Zn atoms in bulk ZnO (average Db ¼ +0.08e), the remaining two
surface Zn atoms show a marked increase in electronic charge
(average Db ¼ +0.60e). These two surface Zn adatoms are those
directly adjacent to the adsorbed 3D Cu cluster, strongly sug-
gesting that undercoordinated surface Zn adatoms are able to
stabilise the Cu cluster by accepting electrons from Cu.

Overall, the Bader charge analyses show that there is indeed
an electronic component to the stabilisation of adsorbed Cu
clusters, and that the surface features arising from reconstruc-
tion of the polar ZnO surfaces, namely O and Zn adatoms and
vacancies, are of importance in mediating this stabilisation
mechanism.
Discussion
Structure of Cu clusters adsorbed on reconstructed polar ZnO
surfaces

The global optimisation studies show very clearly that the Cu
cluster morphology is closely linked to the different surface
sites presented by different ZnO surface reconstructions. In
general, we nd that, at least for smaller Cu clusters, planar
growth is favoured on the Zn-terminated surface, whilst 3D
cluster growth is favoured for the O-terminated surfaces. This
difference can be attributed to the highly attractive Cu–Zn
interaction modelled by the IP method used; in the absence of
any surface reconstruction, the Zn-terminated surface presents
a at plane of surface Zn atoms, hence Cu clusters form by
spreading evenly over this surface to maximise the attractive
Cu–Zn interaction, with the surface features arising from the
reconstruction (Zn vacancies and O adatoms) merely serving to
impede complete Cu monolayer formation due to the repulsive
Cu–O interactions. On the other hand, the unreconstructed O-
J. Mater. Chem. A, 2020, 8, 22840–22857 | 22853
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terminated surface conversely presents as a at plane of O
atoms which is not conducive to Cu cluster growth; however the
surface features arising from reconstruction (O vacancies and
Zn adatoms) provide undercoordinated Zn atoms at the surface
which can serve as a nucleation site for 3D Cu cluster growth.

Whilst the observed Cu cluster morphology determined in
the present work appears to contradict previous experimental
STM studies, which reported 3D Cu cluster growth on the Zn-
terminated surfaces,19 and 2D planar Cu cluster growth on the
O-terminated surface,20 the rationalisation for the observed
cluster morphologies in these works and the present work has,
in fact, the same basis, and the apparent contradiction arises
from the difference in cluster size. Dulub et al. rationalise the
3D Cu cluster growth over the reconstructed Zn-terminated
surface as being the result of a high kinetic barrier to exten-
sive planar Cu cluster growth resulting from repulsive interac-
tions between Cu and undercoordinated surface O at surface
ZnO terrace edges and Zn vacancy pits, implying then that Cu
cluster growth is indeed 2D planar up until the point at which
the Cu monolayer becomes larger enough to reach the barriers
imposed by the undercoordinated surface O atoms, at which
point subsequent Cu cluster growth results in the 3D clusters
observed experimentally.19 This argument is entirely consistent
with the observed patterns of Cu cluster growth on the Zn-
terminated surface obtained from the global optimisation
studies performed in the present work; for both the O-adatom
and Zn-vacancy reconstructions, planar Cu growth does
indeed occur for smaller numbers of Cu atoms, and as can be
seen for the larger Cu8, Cu2 and Cu50 systems, 3D Cu cluster
growth does indeed take place instead of continued planar
cluster growth once the Cu cluster meets the boundaries
imposed by the undercoordinated surface O atoms. This effect
is particularly noticeable for the Zn-poor Zn terminated surface;
Cu cluster growth is almost exclusively planar up to and
including the Cu8 system, whilst the Cu24 cluster shows distinct
3D growth, and the boundaries of the Cu24 are observed to be
consistent with that dened by the edges of the surface Zn
vacancy pits which consist of undercoordinated O atoms.
Hence, the apparent contradiction between the present work
and previous experimental studies is merely a consequence of
the inability of experimental studies to observe Cu cluster
growth at a level of sequential atomic growth of small clusters,
and conversely the limitation imposed by ZnO surface cell size
in the present work that prohibits the modelling of very large Cu
clusters conned to ZnO surface terraces, as observed in the
experimental studies. Taken in tandem, however, the present
work and the previous STM studies provide a detailed illumi-
nation of the factors controlling Cu cluster growth on the
reconstructed Zn-terminated polar (0001) surface. Hence, upon
closer inspection, there is in fact no true contradiction between
the previous STM studies and the present work, since the Cu
cluster sizes investigated are of vastly different orders of
magnitude. The rationalisation for the observed Cu cluster
morphologies put forward in the present work conrm those
suggested by the previous experimental studies, illustrating
how these factors can affect the structures of small and large
adsorbed Cu clusters in different ways.
22854 | J. Mater. Chem. A, 2020, 8, 22840–22857
The ndings of the present work concerning Cu cluster
morphology over the O-terminated reconstructed polar ZnO
surface are more difficult to reconcile with those of the experi-
mental STM studies, owing to the various technical challenges
inherently associated with the O-terminated polar ZnO
surface.19,20 Whilst the experimental studies concluded that
planar Cu cluster growth takes place on the O-terminated
surface, a maximum Cu cluster height of �4.7 Å was
observed, which is consistent with Cu clusters consisting of
more than one layer of adsorbed Cu, and corresponds well with
the 3D Cu clusters on the O-terminated surface obtained in the
present work, such as the Cu24 cluster adsorbed on the recon-
structed O-terminated surface featuring Zn adatoms, for which
the topmost Cu atoms were positioned at 4.17 Å above the
topmost complete ZnO surface layer and consisted of 2–3 layers
of Cu atoms. Moreover, it was observed for this system that the
strong Cu–Zn interaction between the cluster and the surface
resulted in the surface Zn atoms being lied above their equi-
librium positions on the clean surface, hence with respect to the
clean O-terminated surface, the height of the topmost Cu atoms
would be even greater than 4.17 Å, bringing the computationally
determined cluster height closer to the experimentally reported
value. It is possible, then, that the apparent contradiction
between the Cu cluster height and supposed planar Cu cluster
growth observed in the experimental STM studies could
essentially be a result of saturation of the O-terminated surface
with Cu, resulting in a coalescence of discrete Cu clusters (cf.
the Cu50 systems), which might present experimentally as a at
surface consisting of 2 or 3 layers of adsorbed Cu. In any case,
whilst the comparison between the STM studies and the
computational results in the present work may be less complete
for the O-terminated surface than for the Zn-terminated
surface, the rationalisation for the 3D Cu cluster growth on
the O-terminated surfaces in the present work is simply
a consequence of the well-established attractive Cu–Zn inter-
action, and the presence of surface sites featuring under-
coordinated Zn (i.e. Zn adatoms or O vacancies) which were
found to be the favoured sites for Cu cluster growth, as opposed
to Cu atoms spreading over the surface to maximise Cu–Zn
interactions as observed for the Zn-terminated surfaces, thus
promoting 3D Cu cluster growth. Once again, it can be seen that
the conclusions drawn from our studies are consistent with
those obtained from previous experimental studies; hence, no
true contradiction between the present work and these previous
studies exist, with any apparent discrepancies linked to the
vastly different Cu cluster sizes being modelled here, compared
with those being observed in STM studies.
Adsorption of Cu clusters

The IP calculated adsorption energies for the global minimum
structures with respect to bulk Cu show that Cu clusters of the
same size are more strongly adsorbed on the O-poor O-
terminated surface, and on the O-rich Zn-terminated surface,
compared to the remaining other two reconstructed surfaces. In
both cases, this behaviour can be attributed to these recon-
structions affording undercoordinated Zn environments that
This journal is © The Royal Society of Chemistry 2020
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maximise the opportunity for attractive Cu–Zn interactions
upon adsorption of the Cu cluster. However, whilst the Cu
cluster adsorption energies with respect to bulk Cu were found
to be endothermic for the Zn-rich O-terminated and Zn-poor Zn-
terminated surfaces, this nding can be attributed to the high
energetic cost of cleaving small Cu clusters from bulk, hence we
might expect small, isolated Cu nanoclusters to interact
strongly and exothermically with the reconstructed polar ZnO
surfaces discussed in the present work. As we might expect that,
under real conditions, reconstructed surfaces will feature
a mixture of surface sites resembling the various Zn and O
adatom and vacancy sites explored in the present work, we can
expect that Cu cluster growth might take place at any of these
sites.
Validation of IP approach

The interatomic potentials used in the present work have
already been demonstrated to be highly successful in obtaining
low-energy structures for Cu clusters adsorbed on the non-polar
ZnO surface, and are an effective means of screening potential
structures in a computationally expedient manner. However,
the reconstructed polar ZnO surface explored in the present
work shows surface features that consist of undercoordinated
Zn and O atoms that deviate considerably from typical surface
and bulk Zn and O coordination environments present in the
non-polar ZnO surface that was used as a model for tting the
Cu–ZnO potentials. Hence, it is of interest to assess the extent to
which these potentials successfully identify global and local
minima which are reproduced upon DFT renement. Overall,
the results show that in most cases, these potentials perform
very well, with the global minimum energy IP structure for a Cu8
cluster being retained upon DFT optimisation for three of the
four surface reconstructions investigated. Furthermore, in
those cases, the general trend in stability for the remaining top
4 local minima was broadly reproduced, with only minor
changes in stability ordering being observed. The O-rich Zn-
terminated surface was the only surface reconstruction for
which the IP approach failed to identify a global minimum
energy structure or retain any reasonable agreement in terms of
stability ordering of the local minimum energy structures upon
DFT renement. This problem can be attributed to the highly
exothermic electron affinity of O, resulting in stronger Cu–O
attractive interactions than that supposed by the IP approach,
owing to partial oxidation of Cu by undercoordinated surface O
adatoms, which is also reected in the signicant displacement
of the surface O adatoms from their positions on the clean
surface, since any energetic cost associated with this process is
compensated by exothermic electron transfer from Cu to O
adatoms. Furthermore, it is noted that the IP approach utilised
Cu/ZnO potentials tted to DFT calculations performed for
small Cu clusters approaching relaxed, unreconstructed, non-
polar ZnO (10�10) and (112�0) surfaces, and thus were not tted
to systems that have signicantly undercoordinated surface O
atoms, which are present in some of the reconstructed surfaces
discussed in the present work. Hence, given that potentials used
do not account for undercoordinated surface O atoms, which
This journal is © The Royal Society of Chemistry 2020
can be understood to be less reduced than typical surface O
atoms that have more Zn neighbours, it is worth considering
that perhaps an IP approach including potentials for Cu+ and
Cu2+ would perform far better in identifying global minima
which are reproduced upon DFT renement, if there is indeed
a more signicant extent of Cu oxidation taking place in this
system. Whilst deriving new potentials for Cu+ and Cu2+ is
outside the scope of the present work, an IP approach consid-
ering different Cu oxidation states would additionally be of
interest to afford comparison with previous computational QM/
MM studies which found oxidised Cu to play a key role in Cu
cluster growth by functioning as an anchor site, in particular at
surface Zn vacancy sites.26,28

Conclusions

The IP global optimisation approach employed in the present
work is largely successful in identifying low-energy structures
for Cu cluster growth upon different O- and Zn-terminated
reconstructed polar ZnO surfaces, as largely veried by the
DFT renement. Only the O-rich Zn-terminated reconstructed
surface posed a signicant challenge, which we conclude is
a result of electron transfer, namely from adsorbed Cu to
undercoordinated surface O adatoms which are not fully
reduced, which is not well-accounted for by the IP model
applied. Hence, future studies will consider applying a similar
methodology including potentials for Cu+ and Cu2+, in order to
be able to conduct a more effective screening of potential Cu
cluster adsorption geometries. Nonetheless, for all four of the
reconstructed surfaces investigated, IP and DFT structures
largely agreed upon typical Cu cluster morphologies, with
planar Cu cluster growth being favoured for Zn-terminated
reconstructions, whilst 3D Cu cluster growth was observed for
the O-terminated reconstructed surfaces. Whilst at rst sight
these ndings do not appear to agree with previous experi-
mental STM studies, upon closer examination it is clear that the
discrepancies are probably a consequence of the differences in
the size of the clusters modelled in the current study compared
with those investigated in the experimental work. Moreover, the
rationalisation for the observed behaviour, namely that a strong
Cu–Zn attractive interaction and Cu–O repulsive interactions
are responsible for the observed Cu cluster morphology, is
consistent with the rationalisations proposed for previous
experimental studies. Hence, the results obtained in the present
work corroborate the previous STM experimental studies and
illustrate how surface features of the reconstructed polar ZnO
surfaces can affect the morphology of adsorbed Cu clusters of
different sizes. The IP-calculated Cu cluster adsorption energies
show that Cu clusters adsorbed on the O-poor O-terminated
surface, and the O-rich Zn-terminated surface, are especially
stable, with highly exothermic adsorption energies, although
for Cu clusters adsorbed on all four ZnO reconstructed surfaces
investigated, the attractive interaction between Cu and the ZnO
surface means that all of the investigated Cu cluster morphol-
ogies are potentially feasible.

The present work represents a detailed and thorough
investigation of the growth and morphology of Cu clusters over
J. Mater. Chem. A, 2020, 8, 22840–22857 | 22855
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reconstructed polar ZnO surfaces, providing additional
evidence for the efficacy of the IP global optimisation approach
used in this work and in related previous computational
studies, and revealing new insights into the structure of Cu
clusters on ZnO surfaces that is complementary to existing
experimental studies. Furthermore, the Cu/ZnO structures ob-
tained in the present work are an ideal starting point for future
computational investigations exploring key processes, such as
CO2 adsorption and activation, and subsequent catalytic
hydrogenation processes, providing model catalysts that exhibit
interesting surface features, especially at the Cu/Zn interface,
that could play an important role in the behaviour of the
industrial Cu/ZnO catalyst used for methanol synthesis. We
intend that this comprehensive and exhaustive computational
study will provide valuable insights into the role of support
surface structure in determining metal nanoparticle growth,
and thus continue the drive towards a more complete and
accurate model for complex multi-component catalyst
materials.
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