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Abstract: We report on molecular simulations of zinc oxide nanostructures obtained within silica nanopores
of diameter D ) 1.6 nm and D ) 3.2 nm. Both the effects of confinement (by varying the pore size) and
degree of pore filling on the structure of the nanomaterial are addressed. Two complementary approaches
are adopted: 1) the stability of the three crystalline phases of ZnO (wurtzite, rocksalt, and blende) in the
silica nanopores is studied, and 2) ZnO nanostructures are obtained by slowly cooling down a homogeneous
liquid phase confined in the silica pores. None of the ideal nanostructures (wurtzite, rocksalt, blende) retains
the ideal structure of the initial crystal when confined within the silica pores. Only the structure starting
from the ideal wurtzite nanocrystal remains significantly crystalline after relaxation, as revealed by the marked
peaks in the pair correlation functions for this system. The morphology and degree of cristallinity of the
structures are found to depend on the parameters involved in the synthesis (pore size, filling density).
Nanograin boundaries are observed between domains of different crystal structures. Reminiscent features
of the bulk behavior, such as faceting of the nanostructures, are also observed when the system size
becomes large. We show that the use of nanopores as a template imposes that the confined particles
exhibit neutral (basal) surfaces. These predictions provide a guide to experiments on semiconductor
nanoparticles.

1. Introduction

Owing to their unique optical and electronical properties,
semiconductors, nanowires, or nanotubes are of crucial interest
for new technologies. These nanostructures are a key element
for the development of nanoscale applications for microelec-
tronics (ultrascaled microprocessors), chemical and biological
sensing, and energy conversion storage (solar cells, batteries).1-3

Among possible semiconductors to be brought to the nanoscale,
zinc oxide (ZnO) is a desirable candidate as it is a semiconductor
with a direct wide band gap of 3.37 eV at room temperature
and a large exciton energy of 60 meV.4 An exhaustive review
of the work done on ZnO nanostructures is a tedious task which
is out of the scope of the present paper (as noted by Klingshirn
in ref 5, more than 2000 ZnO-related articles were published
in 2005 and many of them deal with ZnO nanostructures).
Excellent reviews have been recently published on the synthesis
of ZnO nanoobjects and their use5-8 for fundamental and
applied research. From an experimental point of view, many

methods have been employed for the growth of ZnO nanoma-
terials, such as radiofrequency magnetron sputtering, chemical
vapor deposition, spray pyrolysis, thermal evaporation, elec-
trophoretic deposition, etc.9-14 Nanoporous materials used as
a template also provide a simple way to obtain ZnO nanostruc-
tures. As a result, many porous materials have been used to
prepare ZnO nanostructures: zeolites,15,16 porous silicon,17

porous alumina,18,19 porous carbons,20 porous silicas21-29

(micelle-templated porous materials). Among these nanoporous
solids, the siliceous MCM-4130 and SBA-1531 are important
materials because they exhibit pores of a simple geometry and
uniform size. These materials are obtained by a templating
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mechanism involving formation of surfactant or block copoly-
mer micelles in a mixture composed of a solvent and a silica
source. After polymerization of the silica and removal of the
organic micelles one obtains a material made up of an array of
regular pores. The pore diameter distribution is narrow with an
average value that can be varied from 2 to 20 nm depending
on the synthesis conditions. From a fundamental point of view,
MCM-41 and SBA-15 are considered as model materials to
investigate the effect of nanoconfinement on the thermodynamic
properties of fluids. In particular, the cylindrical geometry of
the pores in these materials makes it possible to address in a
simple way the effect of confinement on the adsorption, capillary
condensation, and freezing/melting of fluids in nanopores. As
a result, many experimental, theoretical, and molecular simula-
tion studies have been reported on the thermodynamics of fluids
confined in these materials (for reviews, see refs 32 and 33).

Of particular interest for the present work, some authors
clearly demonstrate formation of ZnO within the pores of the
host material. For instance, Seo et al. showed that ZnO
nanotubes obtained within porous alumina have regular mor-
phologies and well-defined diameters after selective etching of
the initial porous material.19 Using solid-state nuclear magnetic
reasonance and Fourier transform infrared spectroscopy, Schro-
der et al. also demonstrated formation of ZnO within MCM-48
by the disappearance of Si-OH groups at the surface of the
porous material.26 From a liquid precursor, Polarz et al.34

obtained monodispersed ZnO nanoclusters in the pores of a
MCM-48-like silica porous material. It is shown that confine-
ment determines the hierarchical architecture of the final ZnO/
SiO2 nanocomposites. Molecular modeling of ZnO nanostruc-
tures confined in nanopores has received considerably less
attention. Jentys and Grimes35 studied ZnO structures embedded
in a nanoporous material. Using molecular simulation, these

authors showed that small ZnO clusters confined in zeolite
(Faujasite) present significant distortions that cause energy
penalties. More recently, Kulkarni et al.36,37 and Tu and Xu38

used molecular dynamics and first-principles calculations to
study the stability of ZnO nanoobjects and found evidence for
a novel phase transformation in ZnO nanowires from wurtzite
to a graphite-like hexagonal structure. Such a new surface-driven
phase transition (for a recent review on confinement effect on
crystallization, see also ref 33) might occur in confined systems
and are, thus, relevant for studies on materials embedded in
porous matrices. Besides specific works on formation of ZnO
nanostructures, studies of confined molten salt or ionic crystals
have been reported.39-42 Using high-resolution transmission
electronic microscopy, Meyer et al.39 have shown that the
freezing of potassium iodide confined in a 1.6 nm single-wall
carbon nanotube occurs at a temperature significantly larger than
the bulk freezing point. Moreover, the lattice spacing of the
confined solid was found to be different than that of the bulk
crystal.39 Wilson compared the experimental data by Meyer et
al.39 with molecular simulations for confined potassium iodide
and found that the radius of the carbon nanotube has a crucial
effect on formation of the confined crystal.40

The present work reports a molecular simulation study of
ZnO nanostructures confined within cylindrical silica nanopores
(MCM-41). The simulations of the ZnO nanomaterial embedded
in the porous matrix were carried out using the Monte Carlo
algorithm in the canonical ensemble. We also report some
additional molecular dynamics simulations and free-energy
calculations to further test and characterize the stability of the
nanoparticles. We address both the effect of confinement (by
varying the pore size) and that of the filling density of the pores
on the dimensionality and crystallinity of the confined material.
The structure of the confined material is analyzed using pair
correlation functions, which are compared with those obtained
for ideal ZnO crystal structures (wurtzite, rocksalt, and blende).
The crystalline order of the nanoparticles is also investigated
using geometrical order parameters such as the angle between
nearest neighbors. The effect of removing the host silica solid
is also discussed. We show that the resulting nanosystems
exhibit significant structural defects compared to the bulk; for
instance, nanograin boundaries are observed between domains
of different crystal structures. Reminiscent features of the bulk
behavior, such as faceting of the nanostructure, are also observed
when the system size becomes large. The remainder of the paper
is organized as follows. In section 2 we briefly discuss the details
of the simulation techniques. Section 3 presents the results
obtained from the atomistic simulations of ZnO in our numerical
model of silica pore MCM-41 (described as a single cylindrical
silica nanopore). Section 4 contains concluding remarks and
suggestions for future work.
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2. Computational Details

2.1. Preparation of Atomic Silica Nanopores. The silica pores
used in this work were prepared according to the method proposed
by Pellenq and Levitz to prepare numerical Vycor samples.43 The
porous network is carved out of a block of cristobalite (crystalline
silica). Then, the pore surface is modeled in a realistic way using
the following procedure. We first removed the Si atoms that are in
an incomplete tetrahedral environment. We then removed all oxygen
atoms that are nonbonded. This procedure ensures that the remaining
silicon atoms have no dangling bonds and the remaining oxygen
atoms have at least one saturated bond with a Si atom. Then, the
electroneutrality of the simulation box was ensured by saturating
all oxygen dangling bonds with hydrogen atoms. The latter are
placed in the pore void, perpendicular to the pore surface, at a
distance of 1 Å from the closest unsaturated oxygen atom. Then,
we displace slightly and randomly all the O, Si, and H atoms in
order to mimic an amorphous silica surface (the maximum
displacement in each direction x, y, and z is 0.7 Å). Full details of
the preparation of atomistic silica nanopores can be found
elsewhere.44-46

The model of silica surfaces used in the present work has been
designed to mimic real amorphous surfaces of porous silicas such
as Vycor or controlled pore glass. The surface density of OH groups
at the pore surface43 is very close to that obtained experimentally
for porous silica glasses (5-7 OH per nm2).47,48 On the other hand,
the density of OH groups at the surface of MCM-41 is usually
smaller (the values reported in the literature range from 2 to 6 OH
per nm2). However, there is a large uncertainty over the experi-
mental materials as far as their surface chemistry is concerned, and
the degree of rehydroxylation of the silica surface after synthesis
of the sample is usually unknown. In contrast, the simulated
materials obtained using the procedure above are able to capture
adsorption and condensation of fluids in nanoporous silicas,43,45,46

and we assume that they provide a reasonable description of real
silica polar surfaces which allows us to estimate the effects of
confinement and surface chemistry on the stability of confined ZnO
nanoparticles. Nevertheless, we acknowledge that significant defects
(which are not taken into account in the present work) might affect
the local stability of the nanoparticles. Along the same line,
morphological pore defects such as pore constrictions or surface
roughness might also affect the synthesis of the confined
nanoparticles.

The model of MCM-41 considered in this work is a single
cylindrical nanopore. Two pore diameters, D ) 1.6 and 3.2 nm,
were considered in order to address the effect of confinement on
the stability of ZnO nanostructures. The initial silica matrix is made
of 7 × 7 × 7 unit cells of nonporous cristobalite, corresponding to
a simulation box of 4.991 nm × 4.991 nm × 4.991 nm. Periodic
boundary conditions, which are used to avoid finite size effect, can
introduce some artifacts in the case of very small simulation boxes.
In order to test the effect of the length of the simulation box we
reproduced some of our simulations for the smallest nanopore with
a larger simulation cell of 7.843 nm × 7.843 nm × 7.843 nm.
Results of these additional simulations are available in the Sup-
porting Information.

2.2. Intermolecular Potentials. ZnO was described in our
simulations as ions interacting through interatomic pair potentials.
The formal charges +2 and -2 were used for Zn and O,
respectively. The interatomic potential energy is the sum of the
dispersion (van der Waals) interaction with a short-range repulsive

contribution and the Coulombic interactions. We use an analytical
expression of the Buckingham type to describe the short-range
repulsion and dispersion interactions between two species i and j
(Zn or O)

Uij(rij))Aij exp(-bijrij)-
C6

ij

rij
6

(1)

where Aij, bij, and C6
ij are the parameters of the repulsion-dispersion

interaction and rij is the distance between ions i and j. We used a
core-shell potential49 to account for the polarizability of the anion
O2-. In the core-shell model the ion consists of a core of charge
X and a shell of charge Y such that the total charge is the sum of
the core and shell charges (i.e., -2 for O2-). The core and shell
are connected by a harmonic spring having a constant k, so that
their energy when they are separated by a distance r is

UCS(r)) 1
2

kr2 (2)

The values for the potential parameters Aij, bij, and C6
ij and the

core-shell parameters X, Y, and k were taken from the work by
Lewis and Catlow on the calculations of lattice constant, elastic
properties, and dielectric constants for ZnO crystals.50 Table 1 lists
the model parameters for the interatomic interactions in ZnO. The
electrostatic interactions were calculated using the Ewald summation
technique in order to correct the effect of the finite size of the
simulation box. The Ewald parameter R was equal to 5.13 Å-1,
and the k vectors were such that |kb| e 7 (these parameters were
chosen according to the criteria proposed by Jackson and Catlow51).
Reasonable transferability of this interaction potential has been
found in the case of the other crystalline phases (as far as some
crystalline features or heat capacities are concerned).52-54 We note
that another polarizable model for similar systems has been
proposed by Madden and Wilson in their study of covalent effects
in ionic liquids or solids.55-57 In particular, these authors inves-
tigated using molecular dynamics simulations the mechanism
involved in the wurtzite to rocksalt phase transition.

Interactions between the Zn and O atoms of zinc oxide and the
Si, O, and H atoms of the silica nanopore were calculated using
the PN-TraZ potential as originally reported for rare gas adsorption
in zeolite58 or porous silica glass.43 The intermolecular energy is
written as the sum of the dispersion interaction with a repulsive
short-range contribution, an induction term due to the interaction
of the adsorbed atom with the local field created by the partial
charges of the atoms in the substrate, and the Coulombic interaction.
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Table 1. Parameters for Potential Functions and Core-Shell
Model for ZnO (from ref 50)a

Aij (eV) bij (Å-1) C6
ij(eV.Å6) k (eV Å -2)

Os-Os 22764.000 6.711 27.880
Zn-Os 700.30 2.959 0.000
Oc-Os 74.92

a Oc and Os denote the core and shell of the anion O2-, respectively.
The charges of the core and the shell are X ) 0.86902e and Y )
-2.86902e, respectively.
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The choice of the PN-TrAZ model to describe the ZnO/silica
interaction was motivated by the good transferability of this model
in the case of water in silica glasses59,60 and benzene in silica
nanopores.61,62 The adsorbate-surface energy Uk(rk) of the atom
k of an adsorbate molecule at a position rk is given in atomic units
by

Uk(rk)) ∑
j){O,Si,H}

[Akj exp(-bkjrkj)-∑
n)3

5

f2n(rkj)
C2n

kj

rkj
2n

+
qiqk

rkj ] -
1
2
RkE(rk)

2 (3)

where rkj is the distance between the matrix atom j (O, Si, or H)
and atom k of the adsorbate molecule. The first term in eq 3 is a
Born-Mayer term corresponding to the short-range repulsive
energy due to finite compressibility of electron clouds when
approaching the adsorbate to a very short distance from the pore
surface. The repulsive parameters Akj and bkj are obtained from
mixing rules of like atom pairs (see below). The second term in
the above equation is a multipolar expansion series of the dispersion
interaction that can be obtained from quantum mechanical perturba-
tion theory applied to intermolecular forces.63 It has been shown
that two-body dispersion C2n

kj coefficients for isolated or condensed
phase species can be derived from the dipole polarizability and
effective number of polarizable electrons Neff of all interacting
species58 which are closely related to the partial charges that can
be obtained from ab initio calculations. f2n are damping functions
that depend on the distance rkj and repulsive parameter bkj

f2n(rkj)) 1- ∑
m)0

2n [bkjrkj

m! ]exp(-bkjrkj) (4)

The role of these damping functions is to avoid divergence of the
dispersion interaction at a short distance where the wave functions
of the two species overlap (i.e., when the interacting species are in
contact).64 For each pair of interacting species they are parametrized
with the single bkj repulsive parameter. The third term in eq 3 is
the Coulombic interaction between the charge of atom k and that
of the substrate atom j. The last term in eq 3 is the induction
interaction as written in the context of quantum mechanical
perturbation theory applied to intermolecular forces.63 It represents
an attractive energy arising from the coupling of the polarizable
electronic cloud of the adsorbate atom of polarizability Rk at position
rk with the electric field E(rk) induced by the charges carried by
the framework species (O, Si, and H). The atomic parameters and
coefficients for the ZnO/silica substrate interactions are given in
Tables 2 and 3. The repulsive parameters for like pairs are taken
from the previous work by Pellenq and Nicholson on the simulation
of rare gases in silicalite58 using the Bohm and Ahlrichs combina-
tion rules.65 This type of potential function based on the PN-TrAZ
parametrization method was used in various studies of molecular
and covalent fluids at interfaces from open surfaces59,66 to
microporous zeolites67-71 and more recently in the case of
mesoporous silica materials.43,45,46,59,60,72

2.3. Canonical Monte Carlo and Simulated Annealing. The
Monte Carlo (MC) technique in the canonical ensemble was used
to simulate formation of ZnO nanostructures at 300 K in the
atomistic model of MCM-41 silica nanopore. The MC technique
in the canonical ensemble is a stochastic method that simulates a
system having a constant volume V (the pore with the adsorbed
phase), number of particles N, and temperature T.73-75 Periodic
boundary conditions were used along the pore axis so that the
system is equivalent to a pore of infinite length. We calculated the
adsorbate/substrate interaction using an energy grid;76 the potential
energy is calculated at each corner of each elementary cube (about
1 Å3). An accurate estimate of the energy is then obtained by a
linear interpolation of the grid values. Such a procedure enables
simulation of materials confined in nanoporous media of complex
morphology and/or topology without a direct summation over matrix
species in the course of MC runs.45,46,77-79

The ability of MC algorithms to reach equilibrium states in the
case of solid structures is often limited by the difficulty of particles
to move in dense phases. In order to overcome such metastability
barriers, two complementary approaches were adopted in the present
work to investigate the stability of the ZnO structures. In the first
approach we study the stability of the three crystalline phases of
ZnO (wurtzite, rocksalt, and blende) embedded in the silica
nanopores. To do so, nanocrystals of each type were cut and inserted
in the silica nanopores. After relaxation at 300 K the structure of
the confined nanocrystals was studied and compared with those of
the ideal ZnO crystals. The second approach adopted in the present
work consisted of starting with a homogeneous liquid phase
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Table 2. PN-TrAZ Potential Parameters for ZnO and Silica
Species (a0 ) 0.529177 Å and Eh ) 3.1578 × 105 K)

zinc oxide silica

Zn O Si O H

q (e) +2 -2 +2 -1 +0.5
Aij (Eh) 0.792 836.549 6163.4 1543.5 1.338
bij (a0

-1) 1.004 3.552 2.395 2.19 2.11
R (a0

3) 8.416 9.980 2.36 8.03 2.25
Neff 8.373 5.656 1.529 4.656 0.324

Table 3. Dispersion and Repulsion Parameters Obtained in the
Framework of the PN-TrAZ Model with Bohm and Ahlrichs
Combination Rules for Repulsive Interactions

ZnO
species

silica
species C6

ij (Eh · a0
6) C8

ij (Eh · a0
8) C10

ij (Eh · a0
10) Aij (Eh) bij (a0

-1)

Zn O 43.773 833.019 16234.871 34.957 1.377
Zn Si 13.271 213.395 69.854 1.415
Zn H 7.808 109.107 1.029 1.361
O O 45.506 901.684 18719.081 1136.316 2.709
O Si 13.743 230.722 2270.680 2.861
O H 8.498 121.314 33.456 2.647
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confined in the silica pores and cooling the system down to 300 K
using Monte Carlo simulations in the canonical ensemble. In order
to improve the quality of the sampling in this second set of
simulations the MC method was combined with a simulated
annealing technique. The latter is a minimization technique that
consists of first melting at high temperature the structure to be
optimized and then slowly lowering the temperature. Starting with
an initial homogeneous structure at high temperature (T ) 4600
K, which is larger than the melting point of bulk ZnO), the system
runs at this temperature for a large number of moves until it reaches
equilibrium; each move consists of either randomly selecting and
displacing a Zn or a O atom to a new position or randomly
displacing the core of a O atom. Then, the temperature is decreased
and the system is again allowed to equilibrate; the difference
between two successive temperatures is such that Tnew ) 0.9Told.
The simulation is complete when the temperature reaches the
ambient temperature T ) 300 K. The use of such a high initial
temperature enables us to start with a homogeneous liquid of ZnO
which is cooled down slowly to obtain well-equilibrated nano-
structures within the pores. The silica atoms were maintained fixed
in the simulation to avoid melting of the host material. The
simulated annealing technique as well as other methods such as
the parallel tempering technique do not guarantee reaching full
equilibration of the system. However, the simulated annealing
technique has proven to be an efficient method to simulate solid
phases and materials as it drastically improves the sampling of the
phase space compared to regular Monte Carlo or molecular
dynamics simulations (as noted by Woodley and Catlow in a very
recent review paper, the simulated annealing technique is a very
robust technique in predicting crystal structures80). By monitoring
the evolution of the energy of the confined ZnO nanoparticles in
the course of the MC run combined with the simulated annealing
technique we checked that the number of MC steps between two
successive changes in the temperature is large enough to allow
equilibration of the system at each temperature (an example of the
evolution of the energy of a confined ZnO nanoparticle in the course
of the simulation run is shown in the Supporting Information). We
also checked that the nanostructures obtained in the present work
are stable when performing additional molecular dynamics molec-
ular simulations. Finally, another indication that the method used
in the present work allows reasonable equilibration of the system
is as follows. As will be discussed later, when using a larger system
size the system was found to converge toward the same nanoparticle
morphology (“0D” or “1D”) with very similar pair correlation
functions and energies per ZnO monomer. Again, although we
cannot guarantee that the global minimum has been found, the
arguments above suggest that stable states not too far from
equilibrium have been reached.

2.4. Molecular Dynamics and Free-Energy Calculations. In
order to further characterize the stability of the nanoparticles, we
performed additional molecular dynamics simulations at 300 K
using the simulation package GULP.81,82 We also characterized
the bulk crystalline ZnO phases (blende, rocksalt, and wurtzite)
using molecular dynamics in the canonical ensemble (NVT) in order
to obtain reference data to compare our results with. The leapfrog
Verlet integration algorithm was used along with the Nose-Hoover
thermostat. As for the MC simulations, periodic boundary conditions
were used to avoid finite size effects. The same intermolecular
potential functions were used as those employed in the MC
simulations, and the long-range contribution of the electrostatic
interaction was also determined using the Ewald summation
technique.

Estimating the free energy of a system is a very difficult task in
molecular simulation. In the present work, the free energy of the
isolated nanoparticles was determined as follows using the package

GULP. Within the harmonic approximation, the internal energy U
of the system can be expanded around a local minimum x as

U(x+ δx))U(x)+ ∂V
∂x

dx+ 1
2!

∂
2V

∂x2
dx2 (5)

where x ) {x1, x2,..., xi,..., x3N} is given by the 3N coordinates of
the N atoms that constitute the system. δx is an infinitesimal
variation around the local minimum x. The second and third terms
in eq 5 are the first, gi ) ∂V/Dxi, and second derivatives, Hij )
∂2V/Dxi∂xj, of the potential energy V, respectively. Hij constitutes
the Hessian matrix of the system, which contains 3N rows and 3N
columns (the Cartesian coordinates of each of the N atoms).
Diagonalization of the latter matrix allows estimating the 3N normal
modes i of vibration of the system as well as their eigenvalue hνi.
From this phonon spectrum the free energy Avib of the solid system
can be estimated by calculating the vibrationnal contribution to its
entropy Svib and energy Uvib

83,84 within the harmonic approximation
(that is valid up to one-half of the fusion temperature).82 This
approach has been used by Shen et al. to estimate the free energy
and relative stability of ZnO nanowires and nanotubes as a function
of the number of atoms in the periodic unit.85

3. Results

3.1. Starting with Ideal Crystal Phases. We first discuss the
results obtained using the first approach in which the stability
of the three ZnO crystalline phases embedded in the silica
nanopores was studied. For the rocksalt and blende structures
we orientated the axis (100) of the cubic nanocrystal along the
pore axis. In the case of wurtzite the c axis of the nanocrystal
was orientated along the pore axis as this crystal axis is known
to have the largest growth rate.86-88 This is due to the fact that
the corresponding crystallographic plane (001) is the most
reactive surface as it is composed only of O or Zn atoms (i.e.,
polar surface); in contrast, the other basal crystallographic planes
are stoichiometric and therefore less reactive. Taking into
account the different growth rates is a difficult and tedious task
in molecular simulation that motivated us to complete our study
on the stability of the confined ZnO crystalline phases by an
approach in which we slowly cool the homogeneous liquid phase
down to ambient temperature. We believe that the combination
of these two opposite and symmetrical approaches provides
interesting insights on the stability of ZnO nanostructures
confined in nanopores.

The pair correlation functions g(r) for bulk ZnO crystals at
300 K are shown in Figure 1. Both the Zn-O and Zn-Zn partial
contributions are shown. Among these crystals (wurtzite,
rocksalt, and blende) wurtzite is the stable phase for ZnO at
ambient conditions.52,89 We also report in Table 4 some
properties of these ideal ZnO structures such as the lattice
constants (a, c), the equilibrium volumes V0, and the number
and distance of neighbors of like atoms (AA) and unlike atoms
(AB). Such numbers and distances can be used to distinguish

(80) Woodley, S. M.; Catlow, R. Nat. Mater. 2008, 7, 937.
(81) Gale, J. D. J. Chem. Soc., Faraday Trans. 1997, 1, 629.
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the different crystal phases. Figures 2 and 3 show the pair
correlation functions g(r) for the ZnO nanostructures obtained
after relaxation at 300 K of the wurtzite, rocksalt, and blende
nanocrystals confined in the silica nanopore with D ) 1.6 and
3.2 nm, respectively. Again, both the Zn-O and Zn-Zn partial
contributions are reported for each pore size. None of the
nanostructures retains the ideal structure of the initial crystal.
The structures obtained from the wurtzite nanocrystal remains
crystalline, as marked peaks remain present in the Zn-O and
Zn-Zn pair correlation functions. In addition, it can be checked
that these peaks belong to the set of peaks observed for the
bulk wurtzite crystal (see Figure 1). The structure obtained for
the pore with D ) 3.2 nm exhibits peaks in the g(r) functions
that are more marked than those for the small pore. This result
is due to the fact that the crystalline structure is less affected
by the substrate due to less significant surface constraints in
the case of the large pore (the surface to volume ratio of the
nanostructure decreases with increasing the pore size). In the
case of the pore with D ) 1.6 nm, both nanostructures obtained
from the blende and rocksalt crystals lose their crystalline
structures; for both nanostructures the g(r) functions resemble
those obtained for liquid or amorphous solids. Even in the case

of the large pore the structure obtained from the rocksalt
nanocrystal does not seem to be stable as the g(r) functions
obtained for this system after relaxation, which is also charac-
teristic of a noncrystalline structure. On the other hand, the
nanostructure obtained from the blende crystal in the pore with
D ) 3.2 nm does possess long-range crystalline order as
revealed by the Zn-O and Zn-Zn pair correlation functions
g(r) (Figure 3).

We now discuss in detail the local ordering of the nanopar-
ticles obtained above from relaxation of the ZnO crystalline

Figure 1. (top) Zn-O pair correlation function g(r) for ideal bulk ZnO
crystals: wurtzite (black line), rocksalt (dark gray line), and blende (light
gray line). For the sake of clarity, the pair correlation functions for the
rocksalt and blende crystals have been shifted by +8 and +16, respectively.
(bottom) Same as top for the Zn-Zn pair correlation function g(r).

Table 4. Some Properties for Common Phases of ZnO: Wurtzite
(B4), Rocksalt (B1), and Blende (B3)a

wurtzite (B4) rocksalt (B1) blende (B3)

V0 (Å3) 24.49 19.6 24.65
a (Å) 3.2960 4.28 4.62
c/a 1.580
N1,AA 12 (3.250) 12 (3.025) 12 (3.275)
N1,AB 4 (2.000) 6 (2.125) 4 (2.025)
N2,AA 6 (4.625) 6 (4.275) 6 (4.625)
N2,AB 1 (3.275) 24 (3.725) 12 (3.825)

a Conventional lattice constants (a, c) are related to equilibriulm
volumes V0 ) a3/4 (B1, B3) and V0 ) �3a2c/4 (the latter volumes are
different from the volumes of the unit cell). N1,AA, N1,AB, N2,AA, and
N2,AB are the number of first and second nearest neighbors of like atoms
and unlike atoms, respectively (the number in parentheses is the
corresponding distance in Angstroms).

Figure 2. (top) Zn-O pair correlation function g(r) for ZnO crystals
confined in a silica nanopore with D ) 1.6 nm: wurtzite (black line), rocksalt
(dark gray line), and blende (light gray line). For the sake of clarity, the
pair correlation functions for the rocksalt and blende structures have been
shifted by +3 and +6, respectively. (bottom) Same as top for the Zn-Zn
pair correlation function g(r).

Figure 3. (top) Zn-O pair correlation function g(r) for ZnO crystals
confined in a silica nanopore with D ) 3.2 nm: wurtzite (black line), rocksalt
(dark gray line), and blende (light gray line). For the sake of clarity, the
pair correlation functions for the rocksalt and blende structures have been
shifted by +3 and +6, respectively. (bottom) Same as top for the Zn-Zn
pair correlation function g(r).
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phases embedded in the silica nanopores. In particular, we are
interested in determining the degree of crystallinity of the
particles as well as typical defects. Global crystalline order
parameters, which can be used to distinguish bulk crystals as
they are sensitive to geometrical and orientational ordering by
measuring the coherence of the local bond order,90,91 are not
suitable for confined ZnO nanostructures as the effect of
confinement and large degre of disorder of the particles prevent
the orientational order of the confined phase from being
coherent. Thus, in a first attempt to characterize the confined
nanoparticles we followed the work by Ten Wolde et al.,92 who
proposed using local order parameters to distinguish atoms that
are crystal-like from atoms that are disordered (liquid or glass-
like). Such local order parameters have been found to be suitable
to describe freezing in disordered porous materials.93,94 Unfor-
tunately, the geometrical distortions in the local ordering of the
ZnO nanoparticles, which are caused by the small size of the
systems and the confinement effect, are too strong and make
use of local order parameters not suitable in the present work.
In contrast, the g(r) functions as well as the average angle
between nearest neighbors were found to be suitable parameters
to describe the local ordering of the ZnO confined nanoparticles.
Figure 4 shows the angle distribution between Zn-O nearest
bonds for the ZnO nanoparticles obtained after relaxation of
wurtzite, rocksalt, and blende in the silica nanopore with D )
1.6 nm. We also show in Figure 5 molecular configurations of
the nanoparticles. The angle distribution for the nanoparticle
obtained from wurtzite exhibits a single peak around ∼110°,
which indicates that zinc atoms are mainly ordered according

to the hexagonal wurtzite structure. This value is slightly lower
than that for bulk wurtzite because the ordering of the atoms at
the nanoparticle surface is distorted due to strong constraints.
The weak dispersion of the angle distribution for this nanopar-
ticle is consistent with the significant crystal ordering observed
in the corresponding pair correlation function (Figure 2). Such
a significant ordering also corroborates with the molecular
configuration in Figure 5, which shows that the nanostructure
obtained from wurtzite keeps the hexagonal structure (triangular
symmetry) of the initial nanocrystal. The high degree of
triangular symmetry for this nanoparticle is also illustrated in
Figure 5 in which we also report the molecular configuration
after coloring zinc atoms in a hexagonal-like environment. In
contrast to the nanoparticle obtained from wurtzite, those
obtained from the rocksalt and blende crystals (Figure 5) exhibit
many defects and do not seem to correspond to any known

(90) van Duijneveldt, J. S.; Frenkel, D. J. Chem. Phys. 1992, 96, 4655.
(91) Lynden-Bell, R. M.; van Duijneveldt, J. S.; Frenkel, D. Mol. Phys.

1993, 80, 801.
(92) ten Wolde, P. R.; Ruiz-Montero, M. J.; Frenkel, D. J. Chem. Phys.

1996, 104, 9932.
(93) Coasne, B.; Jain, S. K.; Gubbins, K. E. Phys. ReV. Lett. 2006, 97,

105702.
(94) Coasne, B.; Jain, S. K.; Naamar, L.; Gubbins, K. E. Phys. ReV. B

2007, 76, 085416.

Figure 4. (top) Distribution of angle between Zn-O nearest bonds for
ZnO confined in a silica nanopore with D ) 1.6 nm: wurtzite (black line),
rocksalt (dark gray line), and blende (light gray line). (bottom) Same as
top for the ZnO confined in a silica nanopore with D ) 3.2 nm.

Figure 5. (Color online) Typical molecular configurations of ZnO crystals
in a silica nanopore with D ) 1.6 nm: wurtzite (top), rocksalt (middle),
and blende (bottom). The red and yellow spheres are the O and Zn atoms
of ZnO, respectively. The two extremities of the pore are connected to each
other due to the use of periodic boundary condition along the pore axis.
The vertical lines in the bottom-right configuration indicate grain boundaries
between wurtzite (left- and right-hand side of the molecular configuration)
and blende (middle of the molecular configuration) nanodomains. For each
molecular configuration we also show in the right-bottom corner the same
image after coloring in yellow zinc atoms that are in a hexagonal-like
environment and in cyan zinc atoms that are in a cubic-like environment
(see text). The oxygen atoms have been removed for the sake of clarity.
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crystalline structure (although some local crystalline ordering
can be clearly seen). The angle distributions between nearest
bonds for these two nanostructures exhibit two peaks around
∼87° and 115°, respectively. These values indicate that each
of the two nanoparticles are made out of zinc atoms in a
hexagonal-like environment and zinc atoms in a cubic-like
environment. These two types of zinc environments can be
identified in the molecular configurations in Figure 5 where zinc
atoms in a hexagonal and cubic packings are distinguished. In
particular, two coexisting crystalline domains can be observed
for the nanoparticle obtained from the blende crystal, which is
a mixture of wurtzite (left and right-hand-side of the molecular
configuration) and blende (middle of the molecular configura-
tion) nanodomains. We note that such a coexistence between
crystalline domains within nanopores has been already observed
in the case of carbon nanotubes casted from AlPO4-5 zeolite.95

Figure 4 also shows the angle distribution between Zn-O
nearest bonds for the ZnO nanoparticles obtained after relaxation
of wurtzite, rocksalt, and blende in the silica nanopore with D
) 3.2 nm. As in the case of the silica nanopore with D ) 1.6
nm, the angle distribution for the nanoparticle obtained from
wurtzite in the larger pore exhibits a single peak around ∼110°.
Again, such a value indicates that zinc atoms are mainly ordered
according to the hexagonal wurtzite structure. This is supported
by the molecular configuration in Figure 6, which shows that
the nanostructure obtained from wurtzite keeps the hexagonal
structure of the initial nanocrystal (see also in the same figure
the molecular configuration in which we distinguish zinc atoms
in a local hexagonal environnement). This result also cor-
roborates with the pair correlation in Figure 3, which shows
that this nanostructure exhibits significant wurtzite-like crystal-
line ordering. In contrast, the structure obtained after relaxation
of rocksalt in the nanopore with D ) 3.2 nm exhibits many
defects and appears as a disordered nanoparticle with some
short-range cyrstalline ordering. The angle distributions between
Zn-O nearest bonds for this nanostructure exhibits two peaks
around ∼87° and 115°, which correspond to zinc atoms in a
hexagonal-like and cubic-like environments, respectively. Again,
these two types of zinc atoms can be identified in the molecular
configurations in Figure 6. Such a distorted nanostructure
suggests that even when confined in a large pore of a diameter
D ) 3.2 nm the rocksalt nanocrystal is not stable and evolves
toward a structure that exhibits both cubic and hexagonal
crystalline orders. More interesting, the angle distribution for
the nanoparticle obtained from relaxation of blende in the pore
with D ) 3.2 nm exhibits a single peak around ∼90°, which
indicates that zinc atoms are mainly ordered according to the
cubic structure. This result is consistent with the molecular
configuration in Figure 6, which shows that the nanostructure
obtained from blende keeps the cubic structure of the initial
nanocrystal (although a non-negligible number of zinc atoms
in a local hexagonal packing are also found at the particle
surface). This result also corroborates with the pair correlation
in Figure 3, which shows that this nanostructure exhibits
significant blende-like crystal order. This result, which suggests
that the blende nanocrystal confined in the nanopore with D )
3.2 nm is stable, departs from what was found for the nanopore
with D ) 1.6 nm. In the latter case, the nanostructure obtained
after relaxation of the blende nanocrystal was found to be a
mixture of wurtzite and blende crystal nanodomains. This result
as well as those reported above indicates that the stability of

the confined nanocrystals depends in a subtle way on the size
of the confining pore.

In order to gain information on the relative stability of the
ZnO nanostructures we report in Table 5 the energies (in eV)
per ZnO monomer for the ZnO nanostructures obtained atfer
relaxation of the wurtzite, rocksalt, and blende crystals in the
silica nanopores with D ) 1.6 and 3.2 nm. For all systems the

(95) Roussel, T.; Pellenq, R. J.-M.; Bichara, C. Phys. ReV. B 2007, 76,
235418.

Figure 6. (Color online) Same as Figure 5 but for the silica nanopore
with D ) 3.2 nm.
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total energy E as well as the ZnO-ZnO and ZnO-silica
contributions are presented. We also report in Table 5 the free
energy of the nanoparticle, which has been obtained using the
Hessian matrix as described in section 2. Given the size of the
Hessian matrix to be diagonalized, it is not feasible to deter-
mine the free energy of large systems and only the free energy
of nanoparticles confined in the silica nanopore of diameter D
) 1.6 nm are shown (these results are, however, the most
interesting as we expect largest effects for the small nanopar-
ticles, i.e., particles having a large surface to volume ratio). For
a given pore size the ZnO-ZnO contribution (EZnO/ZnO) to the
total energy of the structures obtained from the relaxation of
the wurtzite, rocksalt, and blende crystals are such that EW <
EB ≈ ER. This inequality suggests that the structure obtained
from the wurtzite crystal is the most stable structure followed
by that obtained from the blende crystal. This relative stability
between the different phases is not changed when one looks at
the free energy of the nanoparticle instead of the energy. This
is due to the fact that the vibrational contribution (entropy +
energy) to the total free energy is small, ∼0.04-0.1 eV/ZnO
monomer, compared to the total energy. We note that the values
reported above for the energy and free energy of the nanopar-
ticles are consistent with what is usually found for solid phases;
the energy is of the order of magnitude of kJ/mol, while the
entropy is of the order of magnitude of J/mol. These values are
also consistent with the work by Shen et al.,85 who found that
the free energy lowering (T∆S) between a ZnO nanotube and
nanowire composed of the same number of atoms is about 10
kBT (∼0.02 eV/ZnO monomer). For each initial crystalline
structure the typical value of EZnO/ZnO for the nanopore with D
) 1.6 nm is larger (less attractive) by 0.2-0.4 eV than that for
the nanopore with D ) 3.2 nm. This result reflects that the
surface to volume ratio decreases when the pore size increases.
For very large pore sizes one should recover the typical value
of the ZnO-ZnO interaction in crystal phases, ∼39.5-39.7 eV
(see Figure 5 in ref 52). The effect of surface to volume ratio
can also be seen in the ZnO-silica contribution to the total
energy (per pair of ZnO atoms), which is about 7-9 times larger
for the small pore than for the large pore.

We also report in Table 5 the energy of the ‘free’ nanostruc-
tures after removal of the host silica matrix. These energies
correspond to the energy after relaxation at 300 K of the free
nanostructures. Due to the relaxation in which the initial stresses
caused by the porous silica matrix are released, the energy of

the nanostructure after removal of the host material is lower
(more attractive) than that of the embedded nanostructure. The
decrease in the energy per pair of ZnO is about 0.1 eV (whatever
the initial crystalline structure wurtzite, rocksalt, or blende). Such
a low gain in the stability of the nanostructure suggests that the
‘free’nanostructure remains close to the embedded structure.
This result also corroborates with the Zn-O pair correlation
functions g(r) (not shown) for the free structures, which were
first obtained from the rocksalt and wurtzite crystals in the silica
nanopore with D ) 1.6 nm. The latter show that the pair
correlation functions for the nanostructures relaxed before and
after removal of the host material are almost identical.

3.2. Starting with Liquid Phases. We now discuss the results
obtained using our second approach, which consists of starting
with a homogeneous liquid phase confined in the silica pores
with D ) 1.6 and 3.2 nm and cooling the system down to 300
K. In this part of the work we also investigated for both
nanopores the effect of the filling density of the porosity. To
do so, we filled the porosity with three densities F ) 0.50F0,
0.75F0, and 1.00F0, where F0 is the density of particles in the
bulk ZnO wurtzite crystal. A filling density F means that the
total pore volume V is filled with a number of atoms N ) FV.
Investigation of the effect of the filling density on the structure
and morphology of confined ZnO nanoparticles has been
motivated by the experiments by Polarz et al.,34 who found that
most samples contain nanoparticles that are much smaller than
the pore size, i.e., even if the pore is entirely filled by the liquid
reactants, the synthesized ZnO nanoparticles do not fully occupy
the porous space. The results below were obtained with a
simulation box of a length 4.991 nm. However, we tested the
effect of the length of the simulation box by reproducing our
simulations for the smallest nanopore D ) 1.6 nm with a larger
simulation cell of a length 7.843 nm. Results of these additional
simulations are available in the Supporting Information.

Figure 7 shows the pair correlation functions g(r) for the ZnO
nanostructures obtained after relaxation for the three densities

Table 5. Energies (eV) per ZnO Monomer for ZnO Wurtzite,
Rocksalt, And Blende Confined in Silica Nanopores with D ) 1.6
and 3.2 nma

wurtzite (B4) rocksalt (B1) blende (B3)

D ) 1.6
nm (228)

D ) 3.2
nm (1311)

D ) 1.6
nm (243)

D ) 3.2
nm (1575)

D ) 1.6
nm (219)

D ) 3.2
nm (1191)

confined
E -500.8 -96.6 -472.2 -86.8 -519.7 -102.2
EZnO/ZnO -39.0 -39.4 -38.8 -39.0 -38.8 -39.2
EZnO/silica -461.8 -57.3 -433.5 -47.7 -480.8 -63.0
F -39.0 -38.9 -38.9
free
EZnO/ZnO -39.1 -39.4 -38.9 -39.1 -38.9 -39.2

a The number in parentheses indicates the number of ZnO mono-
mers for each nanostructure. For all systems the total energy E as
well as the ZnO-ZnO and ZnO-Silica contributions are shown. We
also report the free energy F of the nanoparticle which has been
determined from the Hessian matrix (see text). The energy of the
“free” nanostructure which has been relaxed after removal of the host
silica matrix is shown in the last line of the table.

Figure 7. (top) Zn-O pair correlation function g(r) for ZnO confined in
a silica pore with D ) 1.6 nm for three different densities: (from bottom to
top) F ) F0, F ) 0.75F0, and F ) 0.50F0. For the sake of clarity, the pair
correlation function for the densities F ) 0.75F0 and F ) 0.50F0 have been
shifted by +3 and +6, respectively. (bottom) Same as top for the Zn-Zn
pair correlation function g(r).
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in the silica nanopore with D ) 1.6 nm. Both the Zn-O and
Zn-Zn partial contributions are reported for each density. We
report the same curves in Figure 8 for the ZnO nanostructures
obtained for the pore with D ) 3.2 nm. For all filling densities
the structure obtained after cooling the system to 300 K does
not exhibit crystalline features, although some significant
correlations are observed for the first and second nearest
neighbors: (1) the first peak in the Zn-O g(r) function has a
large amplitude (∼6.8) compared to what is usually observed
for molecular liquids, (2) the second peak in the Zn-O g(r)
function is split into two secondary peaks, and (3) the first peak
in the Zn-Zn g(r) function presents a shoulder on its left. Such
a local ordering of the ZnO nanostructure within the pore seems
independent of the pore filling as the pair correlation functions
for the three densities are very similar. In addition, the pore
size does not seem to affect significantly the structure of the
ZnO nanomaterial as the pair correlation functions for the pore
with D ) 1.6 nm resemble those for the pore with D ) 3.2 nm.
From these pair correlation functions we estimated the number
of first nearest neighbors of like atoms (N1,AA) and unlike atoms
(N1,AB) using the following relation

Ni,AB ) 4πF∫i
r2gAB(r)dr (6)

where Ni,AB denotes the number of ith nearest neighbors of atoms
A and B (A, B ) Zn or O). The integration in eq 6 runs over
the range of distances r corresponding to the ith neighbor. The
density F is taken as F0, i.e., the density of particles in the bulk
ZnO wurtzite crystal. Although the density of pore filling is
not constant in our simulations, we used for all calculations of
nearest neighbors F ) F0 as the density of the nanostructure
obtained after relaxation is found to be close to that of the bulk
material. In fact, the density of the nanostructure (∼F0) differs
from the filling density (eF0), which is an apparent density of
ZnO within the nanopore. In the case of the filling density F )
F0 we found N1,AA ) 10.1 and N1,AB ) 3.8 for the pore with D
) 3.2 nm and N1,AA ) 8.3 and N1,AB ) 3.5 for the pore with D
) 1.6 nm. For a given pore size similar values were found for

the other filling densities. Such numbers of nearest neighbors
of like and unlike atoms are close to those for the ideal bulk
wurtzite and blende crystals, i.e., N1,AA ) 12.0 and N1,AB ) 4.0
(see Table 4). In addition, the location of the peaks correspond-
ing to the distances between nearest neighbors of like and unlike
atoms (d1,AA ) 3.275 Å and d1,AB ) 1.975 Å) are very close to
those of the bulk wurtzite and blende structures. These results
suggest that the stable phase (starting from the homogeneous
liquid phase) is closer to one of these ideal structures than to
the rocksalt structure. This result is consistent with those
reported above, showing that the confined rocksalt structure does
not remain stable when relaxed at 300 K. The fact that the
number of nearest neighbors N1,AA and N1,AB are smaller than
those for the bulk structures is due to the atoms located at the
interface between the nanostructure and the silica surface which
possess a smaller coordination number. This result also cor-
roborates with the fact that these numbers are smaller for the
pore with D ) 1.6 nm than for the pore with D ) 3.2 nm (as
the ratio of surface atoms to volume atoms increases with
decreasing the pore size).

Figures 9 and 10 show typical molecular configurations of
the ZnO nanostructures obtained atfer cooling to 300 K the
homogeneous liquids (F ) 0.50F0, F ) 0.75F0, and F ) 1.00F0)
in the silica nanopores with D ) 1.6 and 3.2 nm, respectively.
In the case of the pore with D ) 3.2 nm we found that ZnO
forms nanorods (quasi-1D systems) for all filling densities.
However, the nanostructure exhibits dispersion in its diameter
along its axis as the filling density decreases. Interestingly, the
nanostructures obtained for F ) 0.50F0 and 0.75F0 are faceted,
as is usually observed for larger bulk-like crystals. This result
suggests that the size of these nanoparticles is large enough to
recover a 3D-like behavior. The origin of such crystalline faces
differs from the octaedral shape of the particle obtained for F
) F0, which is imposed by the morphology of the silica host
nanopore. In contrast to these results for the large pore, the
morphology of the nanostructure in the case of the pore with D
) 1.6 nm depends on the filling density of the porosity. ZnO
arranges itself to form nanorods (quasi-1D systems) for F )
0.75F0 and F0, while a nanoparticle (dimensionality “0D”) is
observed for F ) 0.50F0. In the latter case, the nanostructure is
composed of (1) a nanoparticle that spreads over the diameter
of the nanopore and (2) a chain of ZnO atoms that connects the
nanoparticle through the left and right sides of the simulation
box (which are physically connected due to the use of periodic
boundary conditions). Such defects are similar to those observed
by Wilson in his study of KI confined in carbon nanotubes.41 It
must be emphasized that such a strictly 1D chain of ZnO atoms,
which is stable over the length of the simulation run, is probably
metastable and would probably disappear to merge with the
larger nanoparticle if longer simulation runs were performed.
This result is supported by our preliminary work in which we
reported formation of an isolated nanoparticle within a silica
nanopore.96 We note that for the filling density F ) 0.5F0 the
cross-section for the nanopore with D ) 1.6 nm suggests that
the pore is “more filled” than the pore with D ) 3.2 nm (for
which the cross-section shows that there is some unfilled porous
space in the cross-section). This is due to the fact that the
nanostructure is an isolated nanoparticle for the pore with D )
1.6 nm instead of a nanorod for the pore with D ) 3.2 nm. On
one hand, for the nanopore with D ) 1.6 nm ZnO fills only

(96) Mezy, A.; Suwanboon, S.; Ravot, D.; Coasne, B.; Tedenac, J. C.;
Bretagnon, T.; Lefebvre, P.; Gerardin, C.; Pichon, B.; Tichit, D.
Proceedings of the Conference “Materiaux 2006”, Dijon, France,
2006.

Figure 8. (top) Zn-O pair correlation function g(r) for ZnO confined in
a silica pore with D ) 3.2 nm for three different densities: (from bottom to
top) F ) F0, F ) 0.75F0, and F ) 0.50F0. For the sake of clarity, the pair
correlation function for the densities F ) 0.75F0 and F ) 0.50F0 have been
shifted by +3 and +6, respectively. (bottom) Same as top for the Zn-Zn
pair correlation function g(r).
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one-half of the porous space along the pore axis but spreads
over the entire cross-section. On the other, for the nanopore
with D ) 3.2 nm ZnO fills only one-half of the cross-section
of the pore but spreads over the entire pore length. As a result,
although the two pores are filled with the same filling densi-
ty, the cross-section for the nanopore with D ) 1.6 nm gives
the misleading visual impression that the pore is fully filled as
the cross-section of the pore seems to be entirely obstructed by
the ZnO nanoparticle.

Another important finding of the present work concerns the
surface polarity of the resulting nanostructures. Density profiles
(not shown) show that all of the nanoparticles in this work
exhibit neutral (basal) faces, i.e., faces terminated with both
Zn and O atoms in the same stoichiometry (in contrast to polar
surfaces terminated by a plane composed entirely of atoms of
the same species). This is due to the symmetry of the cylindrical
nanopore that imposes that the Zn and O atoms must be

distributed equally along the radial direction. This prevents the
system from having surfaces of different polarities (the same
argument also holds for a slit pore).

Table 6 reports the energies (in eV) per ZnO monomers for
the ZnO nanostructures obtained after cooling to 300 K the
homogeneous liquids (F ) 0.50F0, 0.75F0, and 1.00F0) in the
silica nanopores with D ) 1.6 and 3.2 nm. For all systems,
the total energy E as well as the ZnO-ZnO (EZnO/ZnO) and
ZnO-silica (EZnO/silica) contributions are presented. We also
report in Table 6 the free energy of the nanoparticle which has
been obtained from the Hessian matrix as described in section
2. Again, due to the size of the Hessian matrix to be minimized
we show only the results of our free energy calculations for
confined nanoparticles with less than ∼900 ZnO monomers (see
the discussion above). Independent of the pore size, EZnO/ZnO

decreases (becomes more attractive) as the number of pairs of
ZnO increases. In contrast, EZnO/silica increases (becomes less

Figure 9. (Color online) Cross-section (left) and transverse (right) views of typical molecular configurations of ZnO confined in a silica nanopore with D
) 1.6 nm for three densities: (from bottom to top) F ) F0, 0.75F0, and 0.50F0. The red and yellow spheres are the O and Zn atoms of ZnO, respectively. The
small white and dark gray spheres connected by segments are the O and Si atoms of the silica nanopore (the H atoms at the pore surface of the host material
are not shown for the sake of clarity).
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attractive) with increasing the number of ZnO monomers. Again,
these results reflect that the surface to volume ratio decreases
when the pore size increases or when the number of ZnO
monomers increases. In the case of the pore with D ) 3.2 nm,
EZnO/ZnO is constant about at -39.1 eV for all densities. This
result suggests that the bulk-like behavior is recovered for these
particles containing more than 600 monomers, in agreement with
our previous conclusion on the observation of faceted nano-
particles. This result is also supported by the fact that the typical
value for EZnO/ZnO is close to those for ideal crystal phases,
39.5-39.7 eV (see ref 52). As observed above for the nanoc-
rystals confined in the silica nanopores, the vibrational contribu-
tion (entropy + energy) is found to be small, ∼0.04-0.1 eV/
ZnO monomer, compared to the total free energy. These values
suggest that this contribution is not the key parameter in
determining the relative stability of the different particles (the

energy is on the order of magnitude of kJ/mol, while the entropy
is on the order of magnitude of J/mol as expected for solid phases).

We also report in Table 6 and Figure 11 the energy of the
‘free’ nanostructures after removal of the host silica matrix.
These energies correspond to the energy after relaxation of the
nanostructure. Again, due to the relaxation in which the initial
stresses caused by the porous silica matrix are released, the
energy of the nanostructure after removal of the host material
is lower (more attractive) than that of the embedded nanostruc-
ture. The decrease in the energy per pair of ZnO is about
0.1-0.2 eV for the small pore (large surface to volume ratio)
and 0.05 eV for the large pore (small surface to volume ratio).

4. Discussion

This paper reports a molecular simulation study of ZnO
nanostructures confined within cylindrical silica nanopores of

Figure 10. (Color online) Cross-section (left) and transverse (right) views of typical molecular configurations of ZnO confined in a silica nanopore with D
) 3.2 nm for three densities: (from bottom to top) F ) F0, 0.75F0, and 0.50F0. The red and yellow spheres are the O and Zn atoms of ZnO, respectively. The
small white and dark gray spheres connected by segments are the O and Si atoms of the silica nanopore (the H atoms at the pore surface of the host material
are not shown for the sake of clarity).
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diameter D ) 1.6 and 3.2 nm. The simulations of the ZnO
nanomaterial embedded in the porous matrix are carried out
using the Monte Carlo algorithm in the canonical ensemble.
Both the effect of confinement (by varying the pore size) and
that of the degree of pore filling on the structure of the
nanomaterial are addressed. The pores used in this work are
carved out of an atomistic block of silica in order to obtain
fully atomistic nanopores (then the pore surface is modeled in
a realistic way by saturating the oxygen dangling bonds at the
pore surface by hydrogen atoms). In order to overcome
metastability barriers in formation of dense nanostructures, two
complementary approaches are adopted in the present work. We
first study the stability of the three crystalline phases of ZnO
(wurtzite, rocksalt, and blende) embedded in the silica nanop-
ores. To do so, nanocrystals of each type are cut and inserted
in the silica nanopores and then relaxed at 300 K. The second
approach consists of starting with a homogeneous liquid phase
confined in the silica pores and cooling the system to 300 K
using Monte Carlo simulations combined with a simulated
annealing technique.

None of the ideal nanostructures (wurtzite, rocksalt, blende)
retains the ideal structure of the initial crystal when confined
and relaxed within the silica pores. Only the structure obtained
from the wurtzite nanocrystal remains crystalline, as revealed
by the marked peaks in the pair correlation functions for this
system. In the case of the pore with D ) 3.2 nm the peaks in

the g(r) functions are more marked than those for the small
pore. This result is due to the fact that the crystalline struc-
ture is less affected by the substrate due to less significant
surface constraints in the case of the large pore. In the case of
the pore with D ) 1.6 nm both the nanostructures obtained from
the blende and rocksalt crystals seem to lose their crystalline
structures; for both nanostructures the g(r) functions resemble
those obtained for liquid or amorphous solids. Even in the case
of the large pore the structure obtained from the rocksalt
nanocrystal does not seem to be stable as the g(r) functions
obtained for this system after relaxation are also characteristic
of a noncrystalline structure. For a given pore size the
ZnO-ZnO contribution to the energy (EZnO/ZnO) of the structures
obtained from the relaxation of the wurtzite, rocksalt, and blende
crystals are such that EW < EB ≈ ER. This inequality suggests
that the structure obtained from the wurtzite crystal is the most
stable structure followed by that obtained from the blende
crystal. This result is consistent with the typical molecular
configurations of these systems; the nanostructure obtained from
the wurtzite crystal keeps the hexagonal structure (triangular
symmetry) of the initial material, while that obtained from the
rocksalt crystal exhibits many defects and does not seem to
correspond to any obvious crystalline structure. Finally, the
structure obtained from the blende crystal presents an interesting
structure which is a mixture of wurtzite and blende nanodomains.

In this paper, we also considered the case of confined
nanostructures obtained by cooling down to 300 K a homoge-
neous liquid phase. In this case, the effect of the filling density
of the pore was also investigated for both the nanopores with
D ) 1.6 and 3.2 nm. Starting with the homogeneous liquid phase
we found that the structure obtained after cooling does not
exhibit clear crystalline features, although some significant local
ordering is observed. Our results suggest that the pore size does
not affect the structure of the ZnO nanomaterial as the pair
correlation functions for the pore with D ) 1.6 nm is very close
to those for the pore with D ) 3.2 nm. In addition, based on
the number and distances of first nearest neighbors of like and
unlike atoms we found that the local ordering of the confined
nanostructures is close to that for ideal bulk wurtzite and blende
crystals. This result is consistent with those obtained when
starting with ideal crystal phases, which show that the confined
rocksalt structure does not remain stable when relaxed at 300
K. An interesting result of the present study is that the
morphology and dimensionality of the nanostructure depends
on the filling density of the silica pore with ZnO monomers. In
the case of the large pore we found that ZnO forms nanorods
(dimensionality 1D) for all filling densities and the nanostruc-
tures are faceted, which suggests that the size of the nanopar-
ticles is large enough to recover a bulk-like behavior. In contrast,
the morphology of the nanostructure in the case of the smaller
pore depends on the filling density of the porosity. ZnO arranges
itself either as nanorods for large filling densitites or as an
isolated nanoparticle for low filling density. Another finding is
that the use of confining materials (such as cylindrical or slit-
shaped pores) imposes that the nanoparticles exhibit basal
surfaces only.

Our results show that, independent of the pore size, the
ZnO-ZnO contribution to the total energy (EZnO/ZnO) becomes
more attractive as the number of pairs of ZnO increases. In
contrast, the ZnO-silica contribution (EZnO/silica) becomes less
attractive with increasing number of ZnO monomers. These
results reflect the decrease in the surface to volume ratio of the
nanoparticles as the pore size increases. In the case of the large

Table 6. Energies (eV) per ZnO Monomer for Nanostructures
Obtained in Silica Nanopores with D ) 1.6 and 3.2 nm Filled with
Three Densities F ) 0.50F0, 0.75F0, and F0

a

D ) 1.6 nm D ) 3.2 nm

0.50F0

(108)
0.75F0

(161)
F0

(215)
0.5 F0

(610)
0.75F0

(915)
F0

(1220)

confined
E -1013.7 -692.9 -528.8 -162.1 -121.1 -100.7
EZnO/ZnO -38.6 -38.7 -38.8 -39.1 -39.1 -39.1
EZnO/Silica -975.2 -654.2 -490.0 -123.0 -82.0 -61.6
F -38.7 -38.8 -38.9 -39.0
free
EZnO/ZnO -38.8 -38.9 -38.9 -39.1 -39.1 -39.1

a The number in parentheses indicates the number of ZnO mono-
mers for each nanostructure. For all systems the total energy E as
well as the ZnO-ZnO and ZnO-Silica contributions are shown. We
also report the free energy F of the nanoparticle which has been
determined from the Hessian matrix (see text). The energy of the
“free” nanostructure which has been relaxed after removal of the host
silica matrix is shown in the last line of the table.

Figure 11. Energy per ZnO monomer as a function of the number of
monomers ZnO for nanostructures obtained in silica nanopores with D )
1.6 and 3.2 nm filled with three densities F ) F0, 0.75F0, and 0.50F0. For
all systems the energy corresponds to the ZnO-ZnO contribution per ZnO
monomer. The black symbols correspond to the energy when the nano-
structure is embedded in the pore. The white symbols correspond to the
energy of the nanostructure which has been relaxed after removal of the
host silica matrix.
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pore (D ) 3.2 nm), EZnO/ZnO is constant at about -39.1 eV for
all filling densities, which suggests that the bulk-like behavior
is recovered for these particles containing more than 600
monomers (EZnO/ZnO for ideal crystal phases is about 39.5-39.7
eV). For all systems studied in this work the nanostructures
embedded in the nanopores were relaxed after removal of
the host silica matrix. Due to the relaxation that suppresses
the stresses caused by the porous silica material, the energy
of the nanostructure after removal of the host material is
lower (more attractive) than that of the embedded nanostruc-
ture (for all systems the decrease in the energy per pair of
ZnO remains small as the decrease in the energy per pair of
ZnO atoms is at most 0.1-0.2 eV).

5. Conclusion and Future Work

None of the nanoparticles otbained in the present work exhibit
clear crystalline features, although some significant local geo-
metrical ordering is observed. Even nanoparticles obtained after
relaxation of ideal nanocrystals (wurtzite, blende, rocksalt)
exhibit significant defects. This result is in agreement with the
work of Jentys and Grimes,35 who performed atomistic simula-
tions of ZnO in siliceous zeolites and observed significant
geometrical disortions of the confined clusters. The results
obtained in the present work are also in agreement with the
experimental work by Polarz et al.,34 who studied ZnO
nanoclusters confined in the pores of a host silica porous material
by means of X-ray diffraction and EXAFS. In agreement with
our results on the effect of pore size on the structure of confined
ZnO nanoparticles, these authors showed that the degree of
crystallinity of the synthesized nanostructure decreases as the
pore size decreases (see Figure 7 in ref 34). Polarz et al. also
found that ZnO nanoparticles obtained for a nanopore of a
diameter of D ) 1.8 nm are nearly amorphous and exhibit much
less long-range crystalline order,34 in agreement with our results
for a pore of a diameter D ) 1.6 nm.

In this work we also found that that confined relaxed
nanocrystals (wurtzite, blende, rocksalt) have different relative
stabilities. In particular, in the case of the smallest nanopore
we were able to observe a particle which is composed of a
mixture of wurtzite and blende nanodomains. This result is
consistent with the experimental work by Seo et al.19 These
authors showed by means of field-emission scanning electron
microscopy and X-ray diffraction that ZnO nanoparticles
obtained within the channels of porous alumina have polycrys-
talline structural properties. The observation of different possible
crystalline phases is also consistent with the work of Kulkarni
et al.,36,37 who found that crystalline phase transitions in ZnO
nanowires occur under uniaxial tensile loading. In the case of
confined nanoparticles such as those in the present work, the
non-negligible interaction with the pore surface introduces an

anisotropic constraint on the nanostructure, which may trigger
transformations similar to those reported by Kulkarni et al.
Finally, shifts in the relative stability of crystalline phases upon
confinement is also in agreement with experiments39 and
molecular simulations41 on confined salts showing that freezing
occurs at a temperature different from the bulk and that phase
stability is affected by confinement. Depending on the filling
density of the pores we also observed different particle mor-
phologies such as an isolated nanoparticle or nanowires. In
contrast, no hollow particle such as ZnO nanotube has been
observed. This result is consistent with the work by Shen et
al.,85 who investigated the stability of small one-dimensional
ZnO nanostructures using ab initio calculations. These authors
found that the nanorod (filled particle) has a lower energy (more
stable) than the nanotube (hollow particle) when it is composed
of a number of atoms larger than 38 (the smallest ZnO particle
in the present work has 216 atoms).

In future work, we plan to extend the present work as follows.
The pair potentials we used were developed to reproduce the
structural properties of ZnO wurtzite. Although reasonable
transferability of this interaction potential has been found in
the case of the other crystalline phases (as far as some crystalline
features or heat capacities are concerned),52-54 care must be
taken when discussing the relative stability of the different ZnO
nanocrystals. In order to gain information independent of the
validity of the potential used to describe the interactions between
the Zn and O atoms, we plan to study in future work the stability
of the ZnO nanostructures confined in the same atomistic models
of silica pores using other potentials. For this purpose we note
that another polarizable model for ionic systems has been
proposed by Madden and Wilson.55,56 Finally, more ZnO
realistic potentials have been also proposed in the literature,
including a bond-order potential97 and a tight-binding potential.98

We also envisage performing first-principles calculations on the
ZnO nanostructures obtained in the present work in order to
estimate their electronic and optical properties. Finally, other
porous materials (such as carbon nanotubes) can be also
considered to vary the nature of the host matrix and determine
the role of the surface chemistry in formation of confined
nanostructures.

Supporting Information Available: Additional simulation
results obtained using a larger simulation box. This material is
available free of charge via the Internet at http://pubs.acs.org.

JA806666N
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