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We present a density functional study of the structural behavior of zinc oxide nanostructures in basic
growth condition which consequently leads to the formation of few layers of hydroxylated rocksalt
structure over the wurtzite ZnO structure. We demonstrate the greater stability of the few layers of
hydroxylated zinc oxide polar surface in rocksalt structure as compared to wurtzite structure. This
coerces the near-surface layers of the nanostructure to acquire rocksalt structure giving rise to a
trilayer structure consisting of a layer of hydroxyls on ZnO surface, rocksalt near-surface layers,
and wurtzite bulk(or wurtzite sub-surface). The formation of coherent interface between rocksalt
and wurtzite structure forces the hydroxylated trilayer structure to have lattice constant in between
that of a rocksalt and wurtzite structure. Further, the hydroxylated rocksalt structure in the trilayer
configuration is stable up to a critical size of the trilayer above which the increasing strain due
to lattice mismatch between rocksalt and wurtzite structure overcomes the stabilizing effect of the
hydroxylated rocksalt structure. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4809526]

I. INTRODUCTION

Difference in properties of nanostructures and bulk struc-
tures is often attributed to larger surface to volume ratio and
confinement along certain directions at the nanoscale. As sur-
faces/interfaces contribute significantly to the total energy of
nanostructures, it opens up the possibility of manipulating the
structural behavior of nanocrystals by controlling the energies
of the surfaces/interfaces.1 This control can lead to structures
with significantly different electronic and structural properties
than the structures existing in the bulk regime.2–5 Structures
stabilized at nanoscale having different crystal structure than
the structure existing in the bulk will have different discrete
translational symmetries or space groups and are referred to as
non-native structures5, 6 and may have significantly different
physical and chemical properties than the bulk structures.5, 7, 8

Non-native structures may not only differ from the native
structure in terms of bulk translational symmetry, it can also
have different surface structure.5, 6 As the surface electronic
structure depends on the atomic arrangement, the properties
like adsorption energies of adsorbents, surface catalytic prop-
erties, growth rate of the nanocrystals that are dependent on
the electronic structure will have an indirect dependence on
the surface structure.9

Non-native nanostructures can be stabilized via differ-
ent chemical and physical routes, e.g., use of surfactants,
pressure, temperature, stabilizers, template assisted growth
etc.2, 4–6, 8, 10–13 While it is expected that these routes modulate
the thermodynamics and kinetic physicochemical factors, our
understanding of these factors is incomplete and insufficient
to facilitate clear-cut material synthesis protocols to engineer
a wide range of non-native structures. As the bulk of the non-
native structures is less stable than the bulk of native struc-
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tures, if the non-native structures are to be stabilized via ther-
modynamic factors, we have to modulate the energetics of the
interfaces. This can be attempted via the appropriate choice
of adsorbents or growth medium that have a greater stabiliz-
ing effect on the surface of non-native nanocrystals than on
the surface of native nanocrystal.10, 14 Kinetic stabilization of
non-native nanocrystals has also been attempted via the con-
trol of the temperature, concentration of the precursors or the
nature of the precursors.14

As precursors to the current study, large body of work has
been done on the growth of ZnO in wurtzite structure.15–18

Searson’s group studied the growth process of ZnO with the
assumption of Lifshitz, Slyozov, and Wagner (LSW) model
which is based on cubic relationship between the particle
diameter and time of the growth process.15, 16 Later, Sarma
and co-workers showed the limitations of the LSW model
and proved that it is valid only in definite regime of growth
process.17, 18 In all the models proposed above, the rate of the
growth process is dependent on the surface energy which will
play a very important role in the beginning of the growth pro-
cess due to large surface/volume ratio. The pronounced effect
of the surface energy may result in the formation of nucleus
of lower surface energy with a different crystal structure than
the bulk. This pronounced effect has not been seen only in
nanoparticles but also in thin films as well.3, 5, 12 Since the
thermodynamic stability of structures in 2D which are un-
stable in the bulk is mainly governed by the surface energy,
similar arguments can be given for the stability of nanoparti-
cles with a different crystal structure than the bulk because
the stability of these nanoparticles is also governed by the
surface energy. Kinetics may also play an important role in
stabilizing these structures but the current study focuses on
thermodynamic aspects only.

In some cases, the lower surface energy of the non-native
structure under a given growth condition may lead to the

0021-9606/2013/138(22)/224701/6/$30.00 © 2013 AIP Publishing LLC138, 224701-1
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formation of a heterostructure in which the sub-surface has
the native structure and the near-surface regions have the non-
native structure.19 The growth of such near-surface non-native
structure may occur in two distinct ways: Case (1) The growth
condition in the early stages of growth always favor the for-
mation of non-native nanostructures as the contribution of the
surface energy is much more than that of the bulk energy at
this stage of growth.5 In instances where the growth rates
are highly anisotropic along different directions, non-native
nanostructures can be retained along some directions and na-
tive structures are formed along other directions, which may
lead to the formation of an interface between native and non-
native structure. Case (2) The growth condition at later stage
of the growth favors an interface between the non-native sur-
face and an already grown native nanocrystals. The aim of this
work study is to throw light on the thermodynamic aspects of
the growth process in the early stages of the growth where
the surface effects dominate over the bulk. Thermodynamic
stability of non-native nucleus may affect the kinetics of the
growth at later stages which is not explored in this work.

Motivated by previous methodologies of controlling
the surface energies by tuning the concentration/types of
surfactants to obtain polytypic inorganic nanocrystals of
CdSe/CdTe,20–22 we use hydroxyls as adsorbents since they
are readily available in the solution in ZnO synthesis and
their role in the growth process has been discussed in ear-
lier works.17, 18 So in the present work, we explore ZnO near-
surface non-native rocksalt structure as stabilized in case-1
in the basic growth condition with hydroxyls as primary ad-
sorbent on the nanocrystals. The density functional simula-
tions performed in the present study suggest that along the
certain surfaces, ZnO hydroxylation is more favorable with
ZnO in the non-native rocksalt structure as compared to hav-
ing ZnO in the native wurtzite structure. With greater extent
of hydroxylation of ZnO, the greater is the probability that
the nucleus in the early stage of growth will have ZnO with
a sub-surface rocksalt structure. The probability of having a
rocksalt nucleus is also increased due to the fact the rocksalt
being a cubic structure has four body-diagonals along which
(111/1̄1̄1̄) terminations can be formed, hence it has four sur-
faces which can be hydroxylated strongly and also the (001)
surface of rocksalt structure has lower surface energy than
any other wurtzite surfaces.5 The overall surface energy of
rocksalt nucleus under hydroxylated condition will be signif-
icantly lower than wurtzite nucleus thus having larger proba-
bility of formation. The growth of such a nucleus in the early
stages of growth gives rise to two possibilities for subsequent
growth. First, it is possible that as growth proceeds, it be-
comes energetically favorable to have hydroxylated ZnO with
sub-surface ZnO in the native wurtzite structure(with no pres-
ence of rocksalt structure) rather than having hydroxylated
ZnO with sub-surface ZnO in the non-native rocksalt struc-
ture. The second possibility is that as the growth proceeds, a
“trilayer” structure (Fig. 1, OH-RS-WZ trilayer) is formed in
which there is a hydroxyl layer on ZnO surface (layer-1) with
near-surface ZnO in the rocksalt structure (layer-2) forming a
coherent interface with sub-surface ZnO in the wurtzite struc-
ture (layer-3). Our calculations suggest that the latter possibil-
ity is energetically more favorable as compared to the former.

FIG. 1. Structure of coherent interface between the hydroxylated ZnO rock-
salt structure along (111) direction and ZnO wurtzite structure along the
(0001) direction. Monolayer of hydroxyls are shown on (111) surface which
leads to the formation of bulk-like octahedral coordination environment
around Zn thus stabilizing (111) surface of rocksalt structure.

The stability/instability of trilayer structure is governed
by three factors: (1) The lowering of surface energy by hy-
droxylation. (2) Relaxation of the surface stress upon hydrox-
ylation due to the phenomena commonly known as adsorption
induced stress (AIS).23(3) The bulk misfit-strain at large crys-
tal size. Among three above mentioned factors, first two
contribute toward the stability whereas the third one is a
destabilizing factor. The present study suggests that with the
increase in the thickness of wurtzite ZnO, the strain energy
in the rocksalt ZnO will increase and hence, beyond a par-
ticular thickness of wurtzite ZnO, the trilayer collapses to a
bilayer structure(OH-WZ bilayer) without any near-surface
rocksalt ZnO in between the hydroxylated layer and sub-
surface wurtzite ZnO structure.

II. COMPUTATIONAL METHODOLOGY

Density functional theory under ultrasoft pseudopo-
tential formalism as implemented in Quantum Espresso24

has been used for total energy calculations. Perdew-Burke-
Ernzerhof (PBE) functionals have been used throughout the
calculations.25 Zn, O, and H were allowed to contain 12, 6,
and 1 “valence” electrons, respectively. Brillouin zone was
sampled with Monkhorst-Pack scheme26 and k-point grids of
8 × 8 × 6 and 8 × 8 × 8 have been chosen for wurtzite and
rocksalt ZnO, respectively, after convergence check. Kinetic
energy cutoff of 40 Ryd has been used for k-space integration.
We used higher kinetic energy cutoff of 60 Ryd and k-point
grid of 12 × 12 × 1 for the calculation of surface stresses.
Fractional occupancy of the bands was allowed with the Gaus-
sian smearing of 0.01 Ryd. Vacuum layer of 15 Å along with
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dipole correction was used to model the slabs and to avoid
the spurious interactions. Forces were converged down to
≤1 mRy/bohr for all structural optimization. Hydroxyl effects
on the surfaces were studied with a monolayer of hydroxyls
on 1 × 1 surface supercells. To quench the dipole moment of
the slab cleaved along polar direction charge transfer between
anionic and cationic sides was allowed.

III. RESULTS AND DISCUSSIONS

The structure of nanocrystals obtained via colloidal syn-
thesis depends on variety of factors, e.g., the basic or acidic
nature of the growth medium, precursors used, temperature,
concentration of the precursors, nature of the surfactants or
additives etc.13 Since additives play a crucial role in the ther-
modynamics/kinetics of growth of nanostructures, it is neces-
sary to discuss their role in the growth process. In presence
of poorly adsorbing additives or in the absence of additives,
the limiting factor in the colloidal growth process is the rate
of reaction of precursors at the nanocrystal surfaces.27 To ex-
plore the additive-free synthesis in a basic solution, we ana-
lyzed ZnO surface with monolayer of adsorbed OH. While
the aqueous water medium may also play a role, its effect
on interfacial energetics seems to be limited and is beyond
the scope of the present study.28 The other interface that is
of relevance is between the near-surface(layer-2) and the sub-
surface ZnO crystal structure(layer-3). To minimize the num-
ber of broken bonds along the interface, we have approxi-
mated this interface via a coherent interface (Fig. 1) formed
between the wurtzite(0001) plane and rocksalt(111) planes
of ZnO.29, 30 By assumption of existence of coherent inter-
face, the structure is forced to be symmetric, hence we have
not done any calculation with broken symmetries. In previ-
ous experimental and theoretical works, it has been demon-
strated that bare (111) surface of rocksalt structure in MgO
and NiO is energetically unfavorable as compared to other
surfaces whereas under hydroxylated conditions (111) surface
becomes more favorable than other hydroxylated surfaces in
the rocksalt structure.31–33 We found the same stability trends
for ZnO in rocksalt(111) surface of ZnO which corroborates
previous experimental studies in this system.34

To compare the effect of hydroxylation on the relative
stability of different surfaces, the relative energy of three layer
slab of ZnO in the wurtzite and rocksalt structures cleaved
along different directions in bare condition as well as under
hydroxylated condition is presented in Table I. As can be
seen from Table I, the trends in the relative stability is not
same in bare and hydroxylated conditions and the structures
relatively stable in bare conditions become unfavorable in
hydroxylated conditions. Rocksalt(111) facet of ZnO which
is unstable in the bare condition is favored in the hydrox-
ylated condition more than any other facets of rocksalt and
wurtzite structure of ZnO explored in the present study. The
result can be qualitatively rationalized by comparing the de-
gree of under-coordination in rocksalt and wurtzite structures
for different terminations. The formation of rocksalt(111) re-
quires the cleavage of three out of six bonds which gives the
degree of under-coordination as 3/6 whereas to create rock-
salt(001) surface, one out of six bonds is cleaved which gives

TABLE I. Total energy of three layers bare and hydroxylated slabs of ZnO
in rocksalt (RS) and wurtzite (WZ) structure. (111) and (001) directions are
taken for the rocksalt structure whereas (0001) and (1010) surfaces are taken
for wurtzite structure. The reference of energy for bare and hydroxylated
slabs corresponds to the slab with lowest energy and has been highlighted
in bolds. In all the cases, hydroxyls are adsorbed on Zn atoms only. All the
energies reported are in eV.

Energy Energy
Surface (bare surface) (hydroxylated surface)

RS (111) 1.75 0.00
RS (001) 0.69 1.06
WZ (0001) 0.00 0.07
WZ (1010) 0.86 0.36

the degree of under-coordination as 1/6. The same argument
gives the degree of under-coordination for wurtzite(1010) and
wurtzite(0001) as 1/4. Saturation of surface dangling bonds
with hydroxylation will have a stabilizing effect on the sur-
face, the extent of which will be directly proportional to the
degree of under-coordination of the surface. Since the rock-
salt(111) has highest degree of under-coordination among all
the terminations mentioned, the hydroxylation will have high-
est stabilizing effect on this surface. This argument also as-
sists in rationalizing the trends for other surfaces mentioned in
Table I. In addition to the effect of saturating dangling bonds,
the relaxation of the surface stress with hydroxylation will
also assist in the stabilization of one structure over the other
depending upon the extent of release of stress in different sys-
tems. Additionally we also explored systems having greater
number of rocksalt layers but they were found to be unstable
due to the higher sub-surface energy of rocksalt structure and
greater contribution of sub-surface energy to the total energy
in bigger nanocrystals.

To explore the stability of near-surface non-native nanos-
tructures, the energetics of bare bilayer system(RS-WZ
bilayer, as in Fig. 1 without OH) and trilayer system(OH-
RS-WZ trilayer, as in Fig. 1) is presented in Figs. 2(a) and
2(b), respectively. Figure 2(a) shows the total energy of the
ZnO RS-WZ bilayer system containing three surface layers of
rocksalt(111) and varying number wurtzite(0001) sub-surface
layers with respect to the energy of a wurtzite(0001) single
crystal (with lattice constant same as ZnO wurtzite bulk) hav-
ing equal number of layers as the entire RS-WZ bilayer sys-
tem. The abscissa represents the lattice constant of the RS-
WZ bilayer system and the lattice constant is varied between
that of the rocksalt ZnO to that of wurtzite ZnO. The pos-
itive total energy of the RS-WZ bilayer structure with re-
spect to bare wurtzite(0001) slab shows the greater stability
of the latter. These results suggest that in the absence of ad-
sorbents or in experiments under UHV condition, there is no
energetic reason to expect the presence of near-surface non-
native nanostructure.3 Greater stability of bare three layer of
wurtzite(0001) than rocksalt(111) as mentioned in Table I can
be mapped to the instability of RS-WZ bilayer structure. The
greater stability of wurtzite(0001) than RS-WZ bilayer struc-
ture can be ascribed to two reasons: (1) It is energetically
favorable to have the native wurtzite, rather than non-native
rocksalt, as the structure in the sub-surface regions. (2) Since

 Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  192.38.90.17 On: Fri, 07 Oct 2016

09:39:04



224701-4 M. Pandey and R. G. S. Pala J. Chem. Phys. 138, 224701 (2013)

FIG. 2. (a) Variation of total energy of RS-WZ bilayer system of ZnO with respect to the energy as bare wurtzite(0001) system having equal number of
layers as RS-WZ bilayer system. The lattice constant of the wurtzite(0001) has been fixed to the bulk lattice constant. The RS-WZ bilayer system contains
three surface layers of rocksalt(111) and varying number of layers of wurtzite(0001) sub-surface identified with different line style and number of layers. The
abscissa represents the lattice constant of the RS-WZ bilayer varying from the lattice constant of the rocksalt ZnO to that of wurtzite ZnO. (b) Variation of total
energy of OH-RS-WZ trilayer structure of ZnO with respect to the energy as hydroxylated wurtzite(0001) system having equal number of layers as the trilayer
structure. The trilayer system contains a monolayer of hydroxyl on Zn atoms (layer-1), three surface layers of rocksalt(111) structure (layer-2, near surface
nanostructure) on varying number of layers of wurtzite(0001) structure (layer-3, sub-surface region) identified with different line style and number of layers.
The abscissa represents the lattice constant of the trilayer varying from the lattice constant of the rocksalt ZnO to that of wurtzite ZnO.

the surfaces are bare, wurtzite(0001) is left with less number
of surface dangling bonds(degree of under-coordination 1/4)
than rocksalt(111)(degree of under-coordination 3/6). Both
these facts favor the wurtzite structure over the rocksalt/RS-
WZ bilayer structure. Further, as can be seen from Fig. 2(a),
the total energy of the RS-WZ bilayer system decreases
monotonically with the lattice constant. In the range of lat-
tice constants between that of rocksalt to wurtzite structure,
the greater stability of the RS-WZ bilayer at the wurtzite lat-
tice constant indicates that the energetics of the structure is
dominated by the sub-surface native wurtzite structure.

As opposed to the trends for stability of RS-WZ bilayer
mentioned in Fig. 2(a), the trend in stability of the ZnO
trilayer structure can be anticipated to be different in ba-
sic growth condition due to greater degree of stabilization
of the non-native rocksalt(111) than native wurtzite(0001)
in hydroxylated condition as mentioned in Table I. We ex-
plore these trends in Fig. 2(b), which shows the variation
of total energy of the ZnO trilayer structure consisting of a
monolayer of hydroxyl on Zn atoms (layer-1), three layers of
rocksalt(111) structure (layer-2, the near-surface nanostruc-
ture), and varying number of layers of wurtzite(0001) struc-

ture (layer-3, the sub-surface region). The combined effect
of greater stability of the hydroxylated near-surface of the
rocksalt structure and favorable sub-surface of native wurtzite
structure stabilizes the hydroxylated trilayer structure. Figure
2(b) indicates that the trilayer structure has the characteristic
of both wurtzite and rocksalt structures as the highest stabil-
ity at a lattice constant is intermediate to that of the wurtzite
and rocksalt structures. From Fig. 2(b), it can be observed
that as the contribution of the wurtzite structure in the tri-
layer increases the stability of the trilayer structure decreases
and the equilibrium lattice constant of the structure starts ap-
proaching the lattice constant of the wurtzite structure. As
the lattice constant increases to that of the wurtzite structure,
the near-surface rocksalt structure is elastically strained mak-
ing the hydroxylated rocksalt near-surface(or trilayer struc-
ture) less energetically stable compared to the OH-WZ bi-
layer structure. Therefore presence of hydroxyls or other
suitable adsorbents having greater stabilizing effect on non-
native structure may help to stabilize non-native surface in
the near-surface regions up to a critical size of the nanocrys-
tal above which the whole structure prefers to be in native
structure.
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FIG. 3. (a) Variation of the stress of RS-WZ bilayer system of ZnO versus the lattice constant of the bilayer (Fig. 2(a)). (b) Variation of the stress of OH-RS-WZ
trilayer structure of ZnO versus the lattice constant of the trilayer structure.

The stabilizing effect of AIS phenomena on the trilayer
is shown in Fig. 3. As can be seen from Figs. 3(a) and 3(b),
there is a significant relaxation of stress upon hydroxylation
which shows that stress relaxation is also a contributing factor
in the stabilization of the trilayer structure. Figure 3(a) shows
that the stress is higher for thicker slabs and order of stress
from thinner to thicker films almost reverses when the lattice
constant is increased which means the thicker slabs are under
greater compression than the thinner slabs. The two spikes in
the stress corresponds to the thickness where the phase tran-
sition to graphitic structure3, 12 takes place. On the left side
of the spike, there is strong inter-layer bonding which leads
to relatively less stress in orthogonal direction whereas at the
spike or on the right side of it, the structure is planar with
weak interplanar interaction, so it needs to expand to relax the
stress since there is no strong inter-planar bonding present to
relax the stress in orthogonal direction due to which it shows
a monotonic dependence on the lattice constant. Figure 3(b)
clearly shows that hydroxylation releases the stress from the
film. And as can be seen from Fig. 1 it also prevents the struc-
tural transition to graphitic structure. So the only way, the
stress can be released is by the expansion of the lattice hence
there is a monotonic decrease in stress with increasing lat-

tice constant with no reversing of order as observed in
Fig. 3(a). Beyond a certain value of the lattice constant, the
stress changes sign and increases in magnitude indicating
that the competing bulk-misfit strain dominates over the re-
laxation of the stress by adsorption. Thus it is clear from
Figs. 2 and 3 that the combined effect of AIS and saturation
of dangling bonds upon hydroxylation provide stability to the
trilayer structure and the bulk-misfit strain acts as a destabi-
lizing factor which dominates at larger size.

In conclusion, the present study suggests an approach
towards stabilizing non-native structures in the near-surface
regions. Though the present work is focussed on ZnO, the
arguments presented are not restrictive and can be extended
to other systems. In the basic growth condition, the greater
stability of the hydroxylated non-native structure compared
to hydroxylated native structure is the decisive factor for the
stability of non-native structure in the near-surface regions.
In general if the growth environment has greater stabilizing
effect on the surface of non-native structure, then the near-
surface non-native structure may arise. Having a different
crystal structure in the sub-surface and near-surface region
will lend dual-property to such nanocrystals, i.e., the prop-
erty dependent on the sub-surface regions will be governed by
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crystal structure of that region whereas the nature of the crys-
tal structure in the near-surface region will govern its surface
properties. An application in which such a behavior is use-
ful is in the photoelectrochemical activity of nanocrystals in
which it is important to simultaneously modulate sub-surface
regions and near-surface structure as to simultaneously opti-
mize optical absorption and surface electrocatalysis. In such
applications, it is important to have a control over the size
and subsequently the properties of the near-surface and the
sub-surface regions of the nanocrystal and the current work
provides a rationale for designing such nanocrystals.
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