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Size dependent structural and polymorphic
transitions in ZnO: from nanocluster to bulk†

Francesc Viñes, a Oriol Lamiel-Garcia, a Francesc Illas a and

Stefan T. Bromley *a,b

We report on an extensive survey of (ZnO)N nanostructures ranging from bottom-up generated nano-

clusters to top-down nanoparticles cuts from bulk polymorphs. The obtained results enable us to follow

the energetic preferences of structure and polymorphism in (ZnO)N systems with N varying between

10–1026. This size range encompasses small nanoclusters with 10s of atoms and nanoparticles with 100s

of atoms, which we also compare with appropriate bulk limits. In all cases the nanostructures and bulk

systems are optimized using accurate all-electron, relativistic density functional theory based calculations

with numeric atom centered orbital basis sets. Specifically, sets of five families of (ZnO)N species are con-

sidered: single-layered and multi-layered nanocages, and bulk cut nanoparticles from the sodalite (SOD),

body centered tetragonal (BCT), and wurtzite (WZ) ZnO polymorphs. Using suitable fits to interpolate and

extrapolate these data allows us to assess the size-dependent energetic stabilities of each family. With

increasing size our results indicate a progressive change in energetic stability from single-layered to

multi-layered cage-like nanoclusters. For nanoparticles of around 2.6 nm diameter we identify a transi-

tional region where multi-layered cages, SOD, and BCT nanostructures are very similar in energetic stabi-

lity. This transition size also marks the size regime at which bottom-up nanoclusters give way to top-

down bulk-cut nanoparticles. Eventually, a final crossover is found where the most stable WZ-ZnO poly-

morph begins to energetically dominate at N ∼ 2200. This size corresponds to an approximate nano-

particle diameter of 4.7 nm, in line with experiments reporting the observation of wurtzite crystallinity in

isolated ligand-free ZnO nanoparticles of 4–5 nm size or larger.

Introduction

Zinc oxide (ZnO) has attracted much attention from both

theoretical and experimental researchers largely due to its

huge technological potential in fields such as optoelectronics

and photocatalysis.1,2 Although in such applications ZnO is

very often used as a nanosized or nanostructured material, the

underlying atomic ordering is almost always that of a stable

bulk crystal polymorph; either wurtzite (WZ-ZnO) or zinc

blende.3,4 In this sense, the majority of experimentally fabri-

cated nanoscale ZnO structures can be thought of as top-down

(i.e. reduced size bulk-like) systems. Conversely, many theore-

tical studies and a few experimental studies of nano-ZnO

start from monomeric ZnO or nano-ZnO “building blocks”,

and investigate how the structures and properties of the

growing nano-system vary in a bottom-up manner upon the

progressive addition of the respective sub-units. Deposition of

ZnO monomers on weakly interacting surfaces, for example, is

theoretically predicted to lead to the growth of graphene-like

nanoclusters (i.e. two-dimensional sheets formed mainly by

tessellated Zn3O3 hexagonal rings).5 Other calculations have

further indicated that very thin unsupported infinite films of

ZnO energetically prefer to form a new non-bulk-like poly-

morph (layered-ZnO) formed of graphene-like layers.6 With

increasing film thickness other polymorphs (such as the Body

Centered Tetragonal phase – BCT-ZnO) are predicted to energe-

tically compete with, and become more stable than, this

layered phase, until eventually the bulk WZ-ZnO phase

becomes most stable.7,8 Particular top-down cuts of the

WZ-ZnO crystal to form nanoparticles (NPs) and nanowires

with high aspect ratios (e.g. long thin nanowires or flat wide

NPs) are likewise predicted to be unstable to layer for-

mation.9,10 The thickness dependent transition between

layered-ZnO and bulk-like ZnO thin films has been confirmed

by detailed bottom-up surface science experiments studying

the growth of ZnO on metal surfaces.11,12
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Bottom-up theoretical investigations of isolated low energy

ZnO nanoclusters have also revealed the propensity of nano-

scale ZnO to form graphene-like layers. Specifically, many

studies report calculations confirming that the most stable

structure of (ZnO)N nanoclusters in the approximate size range

8 ≤ N ≤ 28 is cage-like.13–21 These clusters can be considered

to be formed from finite graphene-like sheets which also

contain four-membered Zn2O2 rings to facilitate the necessary

curvature to form closed single-layered cages. The preference

for (ZnO)N nanoclusters for 8 ≤ N ≤ 23 to exhibit cage-like

isomers has further been confirmed by collaborative experi-

mental–theoretical cluster beam studies.22 (ZnO)N nano-

clusters for 28 < N ≤ 108 are predicted to energetically favor

either: (i) single-layered cages, or (ii) cages encapsulating

smaller nanoclusters. Especially for the larger nanoclusters in

this size range, where the interior nanocluster is itself a

smaller cage, these species can be viewed as double-layered

cages. Double-layered cages were first theoretically proposed as

low energy cluster isomers for ZnS.23,24 Cluster beam experi-

ments finding anomalously high abundances of (ZnO)N clus-

ters with N = 34, 60, and 78 were also initially taken to be evi-

dence of double-layered cages.25 Although the most stable

isomer of (ZnO)34 does not appear to be a double-layered

cage,26 the 12@48 (ref. 16, 21, 27 and 28) and 18@60 (ref. 21)

isomers—where we use the notation X@Y to indicate a

(ZnO)X+Y cluster constituted by a (ZnO)X cage encapsulated

within a (ZnO)Y cage—have been shown to be very low energy

cluster isomers. It is found that symmetry plays an important

role in the stability of single- and double-layered cages. For

example, the single-layered (ZnO)N octahedral cages for N = 12,

48, 108 (Th symmetry), N = 16, 36, 64, 100 (Td symmetry), and

N = 28 (T symmetry) are all candidate global minima.21

Similarly, double-layered cages which use these cages and

maintain octahedral symmetry (e.g. N = 32 (4@28),

60 (12@48), 80 (16@64)) are also found to be very stable.21 The

particularly high energetic stability of these symmetric species

has led to them being proposed as building blocks for cluster-

assembled ZnO bulk polymorphs.28–32 Of such materials, soda-

lite (SOD-ZnO) based on the union of single-layered octahedral

(ZnO)12 cages is found to be particularly stable (only 0.15 eV

per ZnO higher in energy than wurtzite).29 Based on this stabi-

lity, symmetric finite assemblies of (ZnO)12 cages following the

stacking pattern in SOD-ZnO, have also been proposed as

alternative global minima structures for (ZnO)N sizes N = 60,

78, 96.27 For (ZnO)N nanoclusters in the size range 108 < N ≤

168 only double-layer and triple-layer cages have thus far been

proposed as potential global minima. We note that the global

minimum for the (ZnO)168 nanocluster has been proposed to

be a triple-layer 12@48@108 cage based on three octahedral

nanoclusters.21

There have been few attempts to extrapolate from this non-

bulk-like nanocluster size regime to WZ-ZnO bulk phase in

order to estimate the cluster-to-bulk transition size. Based on

comparing the energetic stabilities per ZnO unit of single-

layered cages with respect to bulk-like clusters cut from the

WZ-ZnO crystal, the cage-to-WZ-ZnO crossover size has been

reported by Zhao et al. to be >26 units, and by Woodley et al.

to be between 75 (ref. 33)–120 (ref. 34) ZnO units. As is noted

in these studies, these estimates are rather approximate due

the fact that that the cluster-to-bulk crossover will not actually

be directly from single-layered cages to WZ-ZnO. Using the

most extensive set of cage-like clusters thus far reported,21

extrapolating the cohesive energies per unit of the single-

layered cages to infinite size results in a limiting “bulk” cohe-

sive energy that is much lower than that of bulk WZ-ZnO.21

This clearly indicates that other more stable species are

involved in filling the energy gap between single-layered cages

and WZ-ZnO with increasing cluster size. From the discussion

above, we know that, with increasing size, the stability of

single-layered cages will be first superseded by multi-layered

cages, and then perhaps by other cluster types at intermediate

sizes, before bulk-like WZ-ZnO clusters become the most

stable form of ZnO. Taking the energies of double- and triple-

layered cages also into account when extrapolating to infinite

size leads to a limiting “bulk” cohesive energy which is closer

to, but still significantly lower than, that of WZ-ZnO.21 Even by

selecting the few most stable “magic” clusters, containing a

small set of single-, double-, and triple-layered cages, the

extrapolated cohesive energy limit is still 0.187 eV per ZnO

above of that of bulk WZ-ZnO.21 Tens of metastable bulk poly-

morphs have been calculated to lie in the energy range <0.19

eV per ZnO relative to WZ-ZnO.8,29,35,36 The BCT-ZnO and

SOD-ZnO low density polymorphs are of particular interest in

this respect as they are both particularly low in energy with

respect to their density36 and have thus been studied with

respect to being possible targets for stabilization under nega-

tive pressure conditions.37–39 This strongly suggests that nano-

clusters based on cuts from such phases will be become ener-

getically competitive with layered cages with increasing nano-

cluster size, and may provide natural smooth crossover phases

from cluster-to-bulk.

In this study we accurately evaluate the energetic stabilities

of (ZnO)N nanoclusters with N = 10–1026 using all electron,

relativistic, density functional theory (DFT) based calculations.

In this unprecedented size range, in addition to considering

bottom-up generated single-, double, and triple-layered cages,

we also take top-down cuts from three bulk polymorphs:

SOD-ZnO, BCT-ZnO, and WZ-ZnO. By tracking the energetic

stability of these species with size we are able to follow the

gradual transition from non-bulk-like cage nanoclusters

through metastable polymorphic cuts and eventually to bulk

WZ-ZnO.

Methodology

All reported nanoclusters and nanoparticles were fully opti-

mized with no symmetry contraints employing all electron,

relativistic, density functional theory (DFT) based calculations

using the FHI-AIMS code.40 The electronic density was

expanded using a “light-tier-1” basis of numerical atom-

centered orbitals (NAO), approximately providing results of a
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similar or higher quality to those obtained with valence triple-

zeta plus polarization Gaussian type orbitals.41 In the case of

ZnO, recent work has established that the quality of this NAO

basis set is even higher than that of the aug-cc-pVDZ,42 in line

with systematic studies of these NAO basis sets.43 The Perdew–

Burke–Ernzerhof (PBE)44 Generalized Gradient Approximation

(GGA) functional was used throughout. Previous studies have

confirmed the reliability of GGA functional respect to experi-

mental data for structural, mechanical and energetic pro-

perties of ZnO in both bulk42,45,46 and nanofilms.8,12 GGA

functionals have also been extensively confirmed in their treat-

ment of structure and relative energetics of a wide range ZnO

clusters17 and low density ZnO polymorphs.35 In all calcu-

lations, scalar-relativistic effects were taken into account using

the zero order regular approximation (ZORA).47,48

Herein, we focus on five families of (ZnO)N nanostructures

of both a bottom-up type: (1) single-layered cages, and

(2) multi-layered cages; and those derived from top-down

cuts from the respective bulk polymorph: (3) SOD-ZnO,

(4) BCT-ZnO, and (5) WZ-ZnO – see Fig. 1. We found that the

structures of low energy single-layered (ZnO)N cages for sizes

N ≤ 60 could be derived using basin hopping global optimization

Fig. 1 Examples of different sized (ZnO)N species from each of the five families of nanostructures considered, where the numbers relate to the

number of ZnO units in the corresponding nanostructure. Grey and red spheres denote Zn and O atoms, respectively.
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approach49 together with an interatomic potential parameter-

ized for MgO but with ionic charges chosen to bias the energy

landscape towards cages.29,50 For larger single-layered and

multi-layered nanoparticles we employed low energy (ZnO)N
structures from previous works.21,28 For the (ZnO)N nano-

particles of SOD-ZnO, we employed a previously reported

stable bulk-cut with size N = 60 (ref. 27) and further made

seven new larger cuts with N = 162–600. All these latter

SOD-ZnO bulk-cuts were created maintaining the low energy

symmetric (ZnO)60 nanocluster as a core. For both BCT-ZnO

and WZ-ZnO we used the Wulff construction to obtain initial

geometries for the bulk cuts. Due to the similar hexagonal

structure of WZ-ZnO and BCT-ZnO in both cases, the surface

stability ordering of WZ-ZnO was employed to build up the

Wulff-derived nanoparticles.51 We note that the (0001) polar

facets of the WZ-ZnO nanoparticles formally induce a finite

dipole over the nanoparticle. Calculations were thus carried

out with both reconstructed (i.e. with facet ion vacancies to

compensate the dipole) and clean facets. Both pristine and

reconstructed polar facets were considered for the WZ-ZnO

nanoparticles, as the energy differences between these two

scenarios were minor. For BCT-ZnO, (ZnO)N nanoparticles

with up to N = 324 were created. We note that for (ZnS)N nano-

particles of a similar size, bottom-up computational studies

have predicted the emergence of the BCT structure.24 For

WZ-ZnO, the known most stable ZnO polymorph with increas-

ing size, we extended our nanoparticle size range to N = 1026.

A selection of (ZnO)N nanoclusters from each of these five

families can found in Fig. 1.

Results and discussion

Properties of nanoclusters evolve as a function of size.

Following the spherical cluster approximation,52 where

internal degrees of freedom of the cluster are ignored, one can

show that the surface area to “bulk” ratio of a cluster is pro-

portional to N−1/3. It is found that many generic properties,

G(N), of simple closed-packed clusters (e.g. total energies, ion-

isation energies, melting temperatures) can be approximately

fitted by a scaling law of the following type:51

GðNÞ ¼ Gbulk þ a1N
�1=3; ð1Þ

where Gbulk is a characteristic constant value of the property in

question for the corresponding bulk phase of the cluster.

Taking into account that real clusters are comprised of bonded

aggregates of atoms/ions, higher order terms (i.e. a2(N
−1/3)2,

a3(N
−1/3)3 …) can become more significant contributions to

G(N).53 For the case when G(N) is the total (free) energy

of the cluster, for example, the second order term can be

largely ascribed to compressive effects due to surface

stress.54,55

In Fig. 2a and b we plot our calculated total energies of a

range of (ZnO)N nanoclusters with respect to N−1/3 together

Fig. 2 Plots of calculated relative energies of nanoclusters/nanoparticles and bulk phases with respect to N
−1/3 (lower x-axes) and approximate dia-

meter (upper x-axes, see main text for details): (a) data for single-layered cages (SC) and multi-layered cages (MC) with corresponding second order

fit lines and the calculated energy of an infinite single layer, (b) data for bulk-cut nanoparticles of SOD-ZnO (SOD), BCT-ZnO (BCT), and WZ-ZnO

(WZ) phases with corresponding first order fit lines and the calculated energies of the respective bulk phases, (c) collated plot of fit lines for all five

families of nanocluster considered.
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with lines fitted to the data. In all cases we use the energy per

ZnO unit (eV per ZnO) with respect to the calculated total

energy per unit of bulk WZ-ZnO as, obviously, obtained from

the same computational setup as indicated below. For the top-

down bulk-cut nanoclusters we found that a first order linear

fit to the data could be made with corresponding coefficients

of determination (R2) of 0.996 for SOD-ZnO, 0.993 for

BCT-ZnO, and 0.918 for WZ-ZnO. As a further check we com-

pared the energy corresponding to the extrapolated bulk limit

of each fit (i.e. for N−1/3
→ 0) with the explicitly calculated

energy of the respective bulk phase from a periodic calculation

using exactly the same level of theory and code as used for the

nanoclusters. The comparison between the extrapolated bulk

energies and the explicitly calculated bulk energies (see

Table 1) shows a very good match, with the differences

between these two values being <0.03 eV per ZnO in all cases.

We note that although the high R2 values tend to indicate that

these linear fits are formally “good”, as shown in Table 1,

second order fits also give very similar R2 values but can also

give significantly different limiting energies. For WZ-ZnO and

BCT-ZnO, for example, the bulk limiting energies from

extrapolated second order fits are >0.125 eV per ZnO higher

than the respective explicitly calculated bulk energies. This

clearly shows that these fits are not trustworthy as guides to

the trends in energetic stability for increasingly larger nano-

clusters. For SOD-ZnO we find that both first and second order

fits to the nanocluster data give exactly the same R2 values and

respectively extrapolate to slightly above (+0.017 eV per ZnO)

and slightly below (−0.005 eV per ZnO) the explicitly calculated

bulk energy of SOD-ZnO. Although either fit is physically

acceptable, examining the second order fitting equation

reveals that it is dominated by the linear first order term.

Importantly, this implies that both fit lines are negligibly

different over the size range where SOD-ZnO nanoclusters

could be energetically competitive with the lowest energy

nanoclusters, and thus does not affect our results.

For the bottom-up generated single- and multi-layered

nanoclusters, linear fits to the respective data also resulted in

high R2 values (see Table 1). In the case of the single-layered

cages we can also take the infinite “bulk” limit to correspond

to a flat, infinite in two dimensions, single layer of ZnO.

Comparing the explicitly calculated energy of this layer with

that obtained from the extrapolated limit of the linear fit

results in a large mismatch (−0.352 eV per ZnO), showing that

a linear fit is physically inappropriate. Conversely, a second

order fit to the single-layered nanocluster energy data gives a

very slightly improved R2 value, but, more significantly, has an

extrapolated infinite limiting energy that is relatively close

(+0.079 eV per ZnO) to the calculated energy of a single ZnO

layer. Considering that single-layered cages are, in a sense,

only made from bonded networks of surface atoms, it is

perhaps not surprising that higher order terms related to the

surface stress contributions to the total energy are required for

a physically improved fit.

For the multi-layered cages, unlike in the case of the single-

layered cages, size increase does not imply a corresponding

overall layer flattening, as, with growth, one retains more and

more closed inner layers of ZnO, all concentric around a single

point. As such, a limiting infinite onion-like cage is not amen-

able to calculation via periodic DFT calculations and we

cannot provide an explicit calculation of the bulk limit in

order to guide the physical appropriateness of our fit to the

data. First and second order fits to the multi-layered cage data

both give high R2 values but yield very different extrapolated

bulk limiting energies of 0.085 eV per ZnO and 0.314 eV per

ZnO respectively with respect to WZ-ZnO. Double- and triple-

layered cages are clearly energetically preferred over single-

layered cages for the largest cage-like nanoclusters sizes we

consider, which is understandable due to the attractive inter-

layer interactions between concentric cages. This strongly

implies that the infinite bulk limit of multi-layered cages

should be lower in energy than a single infinite layer; a con-

straint that is satisfied by both fits. We also note that the limit-

ing infinite extrapolations of both fits also yield energies lower

than that from the corresponding limit of the second order fit

to the single-layer cage data (see Fig. 2a). The set of multi-

layered cages we employ only contains a limited number of

double- and triple-layered cages and thus does not sample

cages with higher numbers of layers. Infinite limiting extra-

polations to only these sub-classes of multi-layered cages is

complicated by the fact that free-standing bilayers and trilayers

of ZnO tend to relax to very weakly interacting planar layers6,56

which do not capture the stronger distortion-inducing inter-

actions between the layers in multi-layered cages.28 However, a

bulk ZnO polymorph with strongly interacting planar hexa-

gonal layers, known as the 5–5 (ref. 57) or hexagonal29,37 phase,

Table 1 Limiting bulk energies per ZnO unit from extrapolated fits to the calculated size versus energy data are reported for first order fits (column

2) and second order fits (column 3). Note: all energies are given with respect to that for bulk WZ-ZnO. The R
2 values for each corresponding fit are

given in parentheses. Relative energies for explicit calculations of bulk phases are reported in column 4. The differences in energy between the

extrapolated values and the explicit bulk calculations are reported in column 5 with respect to the first and second order fits, respectively

Nanocluster type

Bulk limiting energy from
extrapolated first order fit
(eV per ZnO)

Bulk limiting energy from
extrapolated second order fit
(eV per ZnO)

Explicit calculation of
bulk energy (eV per ZnO)

Energy differences
(eV per ZnO)

WZ-ZnO cuts 0.016 (0.918) 0.155 (0.925) 0.00 +0.016/+0.155
BCT-ZnO cuts 0.074 (0.993) 0.174 (0.995) 0.046 −0.028/+0.128
SOD-ZnO cuts 0.146 (0.996) 0.124 (0.996) 0.129 +0.017/−0.005
Multi-walled cages 0.085 (0.992) 0.314 (0.999) — —/—
Single-walled cages 0.113 (0.979) 0.386 (0.987) 0.465 −0.352/−0.079
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hereafter referred to as hex-ZnO, has been shown computation-

ally to be stable. The hex-ZnO phase can be thought of as a

limit to which the outer layers of multi-layered particle

approach with increasing size. Clearly, however, any such par-

ticle will always retain its growing concentric core of closed

layers and thus will always be higher in energy than a perfect

stacking of interacting planar layers as in hex-ZnO. Consistent

with previous reports8,29 herein we calculate the (bulk) hex-

ZnO polymorph to be metastable with respect to WZ-ZnO by

0.14 eV per ZnO, which we thus take as a lower bound for the

limiting energy for multi-layered cages. Following the above,

the extrapolated infinite limiting energy of any fit to the data

for multi-layered ZnO cages should ideally lay between

0.14–0.465 eV per ZnO. As the second order fit is most consist-

ent with this criterion, we consider this fit in the remainder.

We note that the set of multi-layered cages, although classed

as a single family herein, is unlike the other families con-

sidered as it really corresponds to a range of cages of with

different shapes and numbers of layers. As such, a higher

order fit may be better able to account for this variability (e.g.

as used to track the energetics of (TiO2)N nanoclusters35) and

yield an even more physically realistic extrapolated value.

However, without more criteria to use as a guide, we use the

second order fit.

In Fig. 2c we collate all fit lines for the five considered

families of nanoclusters in order to provide an approximate

guide to the evolution of nanocluster structure/polymorph and

energetic stability with respect to size. We note that the nano-

cluster diameters with respect to N−1/3 on the upper x-axes in

Fig. 2a–c are approximate values which take the diameter of a

sphere of N units of ZnO, where the volume occupied by a ZnO

unit is taken to be that in bulk WZ-ZnO. Although only provid-

ing an approximate estimate of size, this measure is used as it

is generally applicable to all nanocluster families. We note

also that this approximation is clearly most accurate for the

case of spherical WZ-ZnO nanoparticles. For the very smallest

nanocluster sizes in the range 12 ≤ N ≤ 14 the fit line with the

lowest energy appears to imply that the SOD-ZnO polymorphic

phase is most stable. This, however, is rather misleading as it

really is just a result of the high energetic stability of the N =

12 single-walled sodalite cage which was used in the fit for

SOD-ZnO. For N ≥ 15 the fit line corresponding to the single-

layered cages is found to persistently be the lowest in energy

up to N = 37, where we find a stability crossover to multi-

layered cages. We note that this crossover size corresponds

quite well with the size of the first double-layered cage global

minimum for N = 32 (i.e. 4@28). The fit lines predict that

multi-layered cage nanoclusters are the most stable type of

nanocluster up to a crossover to BCT-ZnO occurring at N = 364,

where the nanocluster diameter is approximately 2.6 nm. In

this sense the crossover represents a transition from aperiodic

bottom-up nanoclusters to top-down bulk cuts from periodic

crystal polymorphs. Interestingly, at this nanocluster size, the

fit line for SOD-ZnO nanoclusters comes within 0.014 eV per

ZnO of the point of crossover (see inset to Fig. 2c) indicating

that SOD-ZnO nanoclusters are energetically competitive

around this size. Due to the uncertainty involved in the fits, it

could well be that SOD-ZnO nanoclusters in this size regime

are the most energetically stable species, or at least potentially

realizable metastable species. Previous work has indeed

suggested that SOD-ZnO nanoclusters could become more

stable that other types of clusters for specific sizes for N <

100.27 For nanoparticle diameters in the approximate range

2.6–4.7 nm those based on cuts from the BCT-ZnO polymorph

are predicted to be the most energetically stable. As noted

above, the emergence of the BCT phase has also been pre-

dicted to occur in bottom-up modelling studies of ZnO nano-

films7,8 and in moderately sized (ZnS)N nanoparticles up to

∼4 nm diameter.24 Experimentally, a reversible phase tran-

sition between the BCT-ZnO lattice and WZ-ZnO could be acti-

vated in ZnO(101̄0) surfaces,58 further confirming the small

energy difference between the two phases. Finally, our fits

predict nanoparticles based on cuts from the bulk WZ-ZnO

polymorph to be most energetically favored for nanoclusters

with N > 2200 corresponding to nanoclusters with approximate

diameters >4.7 nm. We note that the smallest isolated ligand-

free ZnO nanoparticles reported to exhibit the wurtzite crystal-

lographic structure are of typically 4–5 nm diameter,59,60 con-

sistent with our prediction.

Although our study is not exhaustive with respect to the

nanostructure types considered, our selection is based on the

most probable low energy structures and polymorphic phases

likely to be encountered for nanoscale ZnO based on the

current literature. Likewise, although our fits are necessarily

based on sets of data points which are limited by current

knowledge and computational constraints, our calculations

represent the most comprehensively broad collection of DFT-

optimised ZnO nanoclusters and nanoparticles yet reported.

Moreover, considering that our collection includes all electron,

relativistic, DFT calculations of nanoclusters with up to 2052

atoms, our work makes available an accurately calculated

dataset for nanoscale ZnO up to an unprecedented size (the

full set of calculated data is made available in the ESI†). On

the basis of our data, and the fits thereof, our work thus pro-

vides the first attempt at a comprehensive description of the

size-dependent structural and polymorphic evolution of low

energy ZnO species from nanocluster to bulk.

Conclusions

We consider a comprehensive set of all-electron, relativistic,

DFT based calculations of five families of ZnO nanoclusters:

(A) single-layered nanocages, (B) multi-layered nanocages,

(C) SOD-ZnO bulk-cuts, (D) BCT-ZnO bulk cuts, and (E) WZ-ZnO

bulk-cuts. Using these data and explicit calculations of relevant

bulk phases, we use appropriate fits and their extrapolations to

estimate the size-dependent energetic stability of each nano-

cluster family. Our fits indicate a progressive change in ener-

getic stability of the nanocluster families following the series

A → B → (B/C/D) → D → E, where (B/C/D) indicates a region of

transition (ø ∼ 2.6 nm) where multi-layered cages and bulk-
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cuts of both SOD-ZnO and BCT-ZnO are very similar in ener-

getic stability. This transition size also marks the point at

which bottom-up clusters give way to top-down bulk-cuts.

Eventually, our results indicate a final crossover to cuts from

the most stable WZ-ZnO polymorph will occur at about 2200

ZnO units corresponding to an approximate nanoparticle dia-

meter of 4.7 nm, in line with previous experiments reporting

wurtzite ZnO for nanoparticles of 4–6 nm size or bigger.58,59
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