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We carried out molecular dynamics simulations to investigate the process of adsorption in the near-
surface layers of ZnO nanoclusters. To describe the interaction between atoms, we used the reactive
force �eld (ReaxFF). Two ZnO nanoclusters � one without defects and one with them � were the
object of research. Several computer experiments with di�erent initial conditions were performed.
The study found that the defects have a signi�cant e�ect on the structural and physical properties of
ZnO nanoclusters, which is primarily due to the greater number of bonds in ZnO nanoclusters with
defects than in pure ZnO. The adsorption process in di�erent systems with di�erent initial conditions
occurred di�erently. It was found that the whole process of adsorption was divided into two stages:
the �rst stage was characterized by a rapid increase in the number of adsorbed molecules, the second
� an increase in �uctuations in the change of adsorbed molecules on the surface over time. The
higher gas pressure in the system corresponds to a larger number of O2 molecules, which di�use
into the volume of the ZnO nanocluster; therefore, the crystal structure of the surface of the ZnO
nanocluster becomes amorphous. Also, it was found that the distribution of the dependence of the
central symmetry parameter on the oxygen concentration in the system with a small amount of O2

molecules was similar. The situation was completely di�erent when the number of oxygen molecules
increased: the value of the central symmetry parameter of the surface atoms was distributed more
evenly, which cannot be considered as a crystalline state of the ZnO nanocluster.
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I. INTRODUCTION

The development of nanotechnologies has aroused
great interest in studying the properties of nanoparticles
and their synthesis. The study of nanoparticles will allow
a more complete understanding of the processes of phase
transitions and self-organization in complex dispersed
systems. Currently, the study of individual nanoparti-
cles is one of the fastest growing areas of research in
physics, chemistry and engineering. The huge scienti�c
and practical interest in such research is the result of the
unusual properties of nanoparticles, which are already or
will be widely used in the future for the manufacture of
miniature electronic devices and the production of new
materials.

Of all the metal oxides nanomaterials that are now
widely used, zinc oxide occupies a special place. ZnO
is a very interesting material with a wide range of
technical applications. Zinc oxide is a wide-bandgap
semiconductor with band gap (Eg = 3.37 eV); it
is suitable for application in optoelectronic devices
with short wavelengths, such as UV light-emitting diodes
and transparent �eld-e�ect transistors. It has several
favorable properties, including good transparency, high
electron mobility, wide bandgap, and strong room-
temperature luminescence. Zinc oxide crystallizes in two
main structures � hexagonal wurtzite (a = 3.24992 �A,
c = 5.20658 �A) and cubic zincblende (a = 4.463 �A)
[1]. Nanopowdered zinc oxide is a promising material as
a working environment in lasers. Thin �lms and other

nanostructures based on zinc oxide can be used as sensors
of gas and biological sensors [2�7].
The shape of nanoparticles depends on the method and

conditions of synthesis. One of the simplest and most
popular methods of obtaining nanoparticles is the gas-
phase evaporation of the solid target material in an inert
atmosphere, followed by condensation on the substrate
surface. This method has a fairly high e�ciency and is
widely used on an industrial scale. The technology of this
method is quite well developed for the production of a
large number of powdered non-ferrous metals, such as
aluminum, copper, antimony, zinc, palladium, silver. In
this method, the material is evaporated by pulsed laser
ablation. In recent years, pulsed laser ablation (PLA)
has become a promising method for the synthesis of
nanoclusters for photonics, electronics and medicine. We
proposed a method for the synthesis of nanopowder of
metal oxides by pulsed laser ablation of a metal target
(Zn, Sn, etc.) in a chemically active environment [8].
The laser pulse heats the material of the metal target
to a high temperature, and the atoms evaporate into the
background gas. The inert gas reduces the kinetic energy
of evaporated atoms and the formation of nanoclusters.
By carefully selecting the parameters of the laser radi-
ation and the background gas pressure, we can control
the structure and the size of the particles. Understand-
ing the physical and chemical processes that in�uence
the evolution of nanoparticles in the presence of gas is
extremely important for the further development of this
technology.
It is known that the properties of nanoparticles are
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determined by their structure, and the structure � by the
growth of nanoparticles. Depending on the technologi-
cal features of particle synthesis, the formation processes
can di�er signi�cantly. Experimental study of the mecha-
nisms of nanoparticle formation is a technically complex
and time-consuming task due to the small size of these
objects. Under the conditions of experimental synthesis,
it is sometimes di�cult to study in detail the in�uence of
the basic parameters of synthesis on the physical, chemi-
cal and structural properties and the external shape of
the derived particles. However, computer modeling is an
alternative and promising way to study the mechanisms
of nanoobject formation. Modeling of molecular dynam-
ics has made a signi�cant contribution to improving
the fundamental understanding of physical and chemi-
cal mechanisms on the nanoscale. It can be used to
study many important unanswered questions concern-
ing nanoparticles that cannot be solved directly by
continuous approaches. Using the methods of computer
modeling, we can investigate in detail the processes of
synthesis of nanoparticles upon condensation from the
gas phase, which was done in our previous work [9].

II. MODEL AND METHOD

We simulated adsorption processes on ZnO nanoparti-
cles using the method of molecular dynamics. This
method consists in the numerical solution of Newton's di-
�erential equation of motion for each atom of the system
under given initial conditions. In the classical form of the
method of molecular dynamics, the interaction between
atoms is described by empirical force �elds, and the
particles that interact with each other are represented
in the form of point masses [10, 11]. The de�ning step in
creating a correct model is the choice of the potential of
interatomic bonds in the system. By analyzing the nature
of the formation of such nanostructures and referring to
sources about the potentials of interatomic bonds, we
chose the potential of Reactive Force Field (ReaxFF)
[12, 13]. This potential has been developed for a wide
range of chemical compounds, including ZnO, and has
already been used by us in the previous work on model-
ing the processes of formation of ZnO nanoparticles in a
chemically active environment [14�16].

ReaxFF is an empirical potential that comes from
quantum mechanical calculations. The ordinal bond is
directly calculated from the interatomic distances and
updated with each iteration for all related interacti-
ons, including the covalent bond, valence, and torsi-
on angles. In addition, ReaxFF describes unrelated van
der Waals and Coulomb interactions. Such interactions
are calculated for all pairs of atoms, and by includi-
ng a shielding term, extremely close interactions can be
variable. Polarization e�ects are also considered using a
geometrically dependent charge distribution derived by
the electronegativity equalization method [17]. The total
interaction energy expression of the ReaxFF is broken

down into several energy terms:

Esystem = Ebond + Eover + Eunder

+ Epen + Econj + Etors (1)

+ Eval + Elp + EvdWaals + ECoulomb.

These partial contributions include bond energies
(Ebond), under-coordination penalty energies (Eunder),
lone-pairs energies (Elp), over-coordination penalty
energies (Eover), valence angles energies (Eval), energy
penalty for handling atoms with two double bonds
(Epen), torsion angles energies (Etors), conjugated bonds
energies (Econj), and terms to handle non-bonded
interactions, namely van der Waals (EvdWaals) and
Coulomb (ECoulomb) interactions. All terms except the
last two are bond-order dependent, i.e. will contribute
more or less depending on the local environment of each
atom [12].
For this type of task, we used the Large-scale

Atomic / Molecular Massively Parallel Simulator
(LAMMPS) software package developed by a research
team from Sandia National Laboratory (USA). We
performed calculations on the cluster of the Pid-
stryhach Institute for Applied Problems of Mechanics
and Mathematics, based on four multi-core Intel Xeon
processors in the Linux ROCKS operating environment.
The dependences of the total energy of the system and
the functions of radial distribution (RDF) were used
to describe the adsorption processes [18], and the CSP
method was used to study the surface properties [19, 20].
The sizes of the studied nanoclusters varied between

2�5 nm and had a hexagonal wurtzite structure. The di-
rections of the initial velocities for O2 molecules were
chosen randomly, the values of the initial velocities were
set in accordance with the system temperature. The
temperature in the studied volume was maintained at
a certain �xed value (T = 300 K). The key point of
the simulation is the connection of the system with the
thermostat to maintain a speci�c system temperature.
Since a signi�cant amount of energy was released dur-
ing the adsorption of molecules on the nanoclusters,
such a connection is necessary in order to avoid addi-
tional temperature increases. In real experiments, this
bond is provided by an inert or reactive gas. In our
computer simulation, temperature control was provided
using the Beredsen thermostat method [21, 22]. This
method is widely used for modeling systems with a
large number of degrees of freedom within the molecular
dynamics approach. To maintain the temperature, the
system is connected to an external thermostat with a �-
xed temperature. The speeds are calibrated at each step
so that the change in the temperature speed is proporti-
onal to the temperature di�erence between the system
and the thermostat.

III. RESULTS AND DISCUSSION

Two ZnO nanoclusters � one without defects and
one with them � were the object of the research. In
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the course of the study, it was found that the defects
have a signi�cant e�ect on the structural and physical
properties of ZnO nanoclusters; this is primarily due to
the greater number of bonds in ZnO nanoclusters with
defects. The adsorption process in di�erent systems,
with di�erent initial conditions, occurred di�erently. Fi-
gure 1 shows the system at the initial time of the
simulation. Figure 2 shows the dependences of the
number of adsorbed O2 molecules on the simulation time
for di�erent nanoclusters. In this case, only molecular
adsorption was taken into account. All curves show a
general trend of sharp growth at the beginning of the
simulation, and a slowdown in growth thereafter. This
behavior can be explained by a decrease in gas pressure in
the system. The �gure shows that over time the number
of adsorbed molecules increases, both for nanoclusters
without defects and with defects. However, the number
of O2 molecules on the surface of a defective cluster is
greater than on pure clusters. This is due to the fact
that nanoclusters with defects have more free bonds.
The surface energy of nanoparticles decreases with an
increase in the nanoparticle size, decreasing the surface
to volume ratio. As a result, the average coordination
number may increase as the structure changes. The �gure
shows that the amount of adsorbed state O decreases
with an increase in the cluster size.

Fig. 1. Image of the system at the initial time of the si-
mulation (Zn � blue dots, O � red dots, V = 8000 nm3,

n = 1019 cm−3)

Analyzing the change in the potential energy of
nanoclusters over time (Fig. 3), we can conclude that
under the same conditions, defective nanoclusters and
pure nanoclusters have a common tendency to decrease
exponentially due to a decrease in free near-surface
bonds. However, the values of potential energy are
large for nanoclusters in which there is a large number
of defects. We performed calculations of the central
symmetry parameter (CSP) for the near-surface layers
of nanoclusters. This parameter is calculated using the

formula:

CSP =

N/2∑
i=1

|Ri +Ri+N/2|2 (2)

where N are the nearest neighboring atoms of the i-th
atom, Ri and Ri+N/2 are vectors from the central
atom to a speci�c pair of nearest neighbors. In solid-
state systems, CSP is a useful characteristic of the local
arrangement of the lattice around the atom, and can be
used to determine whether an atom is part of an ideal
lattice, or a local defect, or it is simply on the surface.
For a cubic face-centered lattice, when the CSP value is
0, it means that the atom is surrounded by neighboring
atoms on the ideal lattice, and the larger the value of
the central symmetry parameter, the more the structure
deviates from the ideal. Figure 4 shows the results of
CSP calculations for pure nanoclusters.

Fig. 2. Change in the number of adsorbed O2 molecules on
the surfaces of nanoclusters over time

Fig. 3. Dependence of potential energy with time for di�erent
systems
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Fig. 4. CSP analysis of the near-surface layers of the ZnO
nanocluster

Fig. 5. CSP analysis of near-surface layers of ZnO nanocluster
with defects

It is established that the tendencies of distribution of
the dependence of the central symmetry parameter for
nanoclusters without defects have a pronounced peak in
the range 0�3 �A, which indicates that after the adsorpti-
on processes on the surface of nanoclusters, they still
retain a relatively crystalline structure. In turn, the value
of the parameter of central symmetry (Fig. 5) of surface
atoms of the nanoclusters with defects is distributed
more evenly and there is one obvious peak of about
14 �A. This kind of dependence allows us to claim that the
structure in such nanoclusters loses crystallinity. Based
on the above analysis, our assumption is reasonable.
Also, it was found that the dominant types of defects
were oxygen vacancies and interstitial zinc atoms.

IV. CONCLUSIONS

We carried out modeling using the method of
molecular dynamics of adsorption processes of O2

molecules on ZnO nanocluster in di�erent initial conditi-
ons. It is established that the whole process of adsorpti-
on can be divided into two stages: the �rst stage
is characterized by a rapid increase in the number
of adsorbed molecules, the second � an increase in
�uctuations in the change of adsorbed molecules over
time. The study found that the defects have a signi�-
cant e�ect on the structural and physical properties of
ZnO nanoclusters, which is primarily due to the greater
number of bonds in ZnO nanoclusters. It was established
that the tendencies of distribution of the dependence
of the central symmetry parameter for nanoclusters
without defects have a pronounced peak in the range 0�
3 �A, which indicates that after the adsorption processes
on the surface of nanoclusters they still retain a relati-
vely crystalline structure. Also, the value of the central
symmetry parameter of surface atoms of nanoclusters
with defects is distributed more evenly and there is one
obvious peak of about 14 �A. This dependence suggests
that the structure in such nanoclusters loses crystallinity.
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ÂÏËÈÂ ÄÅÔÅÊÒIÂ ÍÀ ÏÐÎÖÅÑÈ ÀÄÑÎÐÁÖI� Â ÏÐÈÏÎÂÅÐÕÍÅÂÈÕ ØÀÐÀÕ
ÍÀÍÎÊËÀÑÒÅÐIÂ ZnO: ÌÄ ÄÎÑËIÄÆÅÍÍß

Ñ. Ñ. Ñàâêà, I. À. Ìîãèëÿê, Ä. I. Ïîïîâè÷
Iíñòèòóò ïðèêëàäíèõ ïðîáëåì ìåõàíiêè i ìàòåìàòèêè iì. ß. Ñ. Ïiäñòðèãà÷à ÍÀÍ Óêðà¨íè,

âóë. Íàóêîâà, 3á, Ëüâiâ, 79060, Óêðà¨íà

Ìè ïðîâåëè ìîäåëþâàííÿ ìåòîäîì ìîëåêóëÿðíî¨ äèíàìiêè, ùîá äîñëiäèòè àäñîðáöiþ â ïðèïî-
âåðõíåâèõ øàðàõ íàíîêëàñòåðiâ ZnO. Äëÿ îïèñó âçà¹ìîäi¨ ìiæ àòîìàìè âèêîðèñòîâóâàëè ìiæàòîì-
íèé ïîòåíöiàë ðåàêòèâíî¨ ñèëè (ReaxFF). Îá'¹êòàìè äîñëiäæåííÿ áóëè äâà íàíîêëàñòåðè ZnO �
ïåðøèé íàíîêëàñòåð áåç äåôåêòiâ, äðóãèé iç íèìè. Ïðîâåäåíî êiëüêà êîìï'þòåðíèõ åêñïåðèìåí-
òiâ iç ðiçíèìè ïî÷àòêîâèìè óìîâàìè. Äîñëiäæåííÿ ïîêàçàëî, ùî äåôåêòè ìàþòü âåëèêèé âïëèâ íà
ñòðóêòóðíi òà ôiçè÷íi âëàñòèâîñòi íàíîêëàñòåðiâ ZnO, ùî ïîÿñíþ¹ìî ïåðåäóñiì áiëüøîþ êiëüêiñòþ
çâ'ÿçêiâ ó íàíîêëàñòåðàõ ZnO. Àäñîðáöiÿ äëÿ ðiçíèõ ñèñòåì iç íåîäíàêîâèìè ïî÷àòêîâèìè óìîâà-
ìè âiäáóâàëàñÿ ïî-ðiçíîìó. Âñòàíîâëåíî, ùî âåñü ïðîöåñ àäñîðáöi¨ ïîäiëÿ¹òüñÿ íà äâi ñòàäi¨: ïåðøà
õàðàêòåðèçóâàëàñÿ øâèäêèì çáiëüøåííÿì êiëüêîñòi àäñîðáîâàíèõ ìîëåêóë, äðóãà � çáiëüøåííÿì
êîëèâàíü çìiíè àäñîðáîâàíèõ ìîëåêóë íà ïîâåðõíi ç ïëèíîì ÷àñó. Âèùèé òèñê ãàçó â ñèñòåìi âiä-
ïîâiäà¹ áiëüøié êiëüêîñòi ìîëåêóë O2, ùî äèôóíäó¹ â îá'¹ì íàíîêëàñòåðà ZnO, îòæå, êðèñòàëi÷íà
ñòðóêòóðà ïîâåðõíi íàíîêëàñòåðà ZnO ñòà¹ àìîðôíîþ. Òàêîæ âèÿâëåíî, ùî òåíäåíöi¨ ðîçïîäiëó çà-
ëåæíîñòi öåíòðàëüíîãî ïàðàìåòðà ñèìåòði¨ âiä êîíöåíòðàöi¨ êèñíþ â ñèñòåìi ç íåâåëèêîþ êiëüêiñòþ
ìîëåêóë O2 áóëè ïîäiáíèìè. Çîâñiì iíøà ñèòóàöiÿ, êîëè êiëüêiñòü ìîëåêóë êèñíþ çáiëüøèëàñÿ: çíà-
÷åííÿ öåíòðàëüíîãî ïàðàìåòðà ñèìåòði¨ ïîâåðõíåâèõ àòîìiâ ðîçïîäiëåíî ðiâíîìiðíiøå, ùî íå ìîæíà
ðîçãëÿäàòè öå ÿê êðèñòàëi÷íèé ñòàí íàíîêëàñòåðà ZnO.

Êëþ÷îâi ñëîâà: íàíîïîðîøêè, ñòðóêòóðè �ÿäðî�îáîëîíêà�, ìåòàëîîêñèäè, ìîëåêóëÿðíà äèíà-
ìiêà.
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