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Abstract. Structural properties of amorphous TiO2 spherical nanoparticles have been studied in models
with different sizes of 2 nm, 3 nm, 4 nm and 5 nm under non-periodic boundary conditions. We use the
pairwise interatomic potentials proposed by Matsui and Akaogi. Models have been obtained by cooling
from the melt via molecular dynamics (MD) simulation. Structural properties of an amorphous nanoparticle
obtained at 350 K have been analyzed in detail through the partial radial distribution functions (PRDFs),
coordination number distributions, bond-angle distributions and interatomic distances. Moreover, we show
the radial density profile in a nanoparticle. Calculations show that size effects on structure of a model
are significant and that if the size is larger than 3 nm, amorphous TiO2 nanoparticles have a distorted
octahedral network structure with the mean coordination number Zri_o ~ 6.0 and Zo_1; =~ 3.0 like
those observed in the bulk. Surface structure and surface energy of nanoparticles have been obtained and
presented.

PACS. 61.46.-w Nanoscale materials — 61.20.Ja Computer simulation of liquid structure — 78.55.Qr Amor-
phous materials; glasses and other disordered solids — 61.43.Bn Structural modeling: serial-addition models,

computer simulation

1 Introduction

TiO2 nanoparticles are of great interest for a variety of
technological applications such as photocatalysis, photo-
chemical solar cells, optoelectronic devices, chemical sen-
sors, dielectric material of ultrathin-film capacitors and
bioprobes [1-10]. Moreover, TiO2 nanoparticles have been
also used as raw material in electronic and structural ce-
ramics [11], or as a removal of toxic contaminants from
wastewater [10,12]. Nanocrystalline TiOy exists in sev-
eral polymorphic forms, including amorphous, anatase
and rutile depending on fabricating conditions and fur-
ther heat treatment [13,14]. Due to the enormous tech-
nological importance, TiO2 nanoparticles have been un-
der intensive investigation for the past years by both
experiments and computer simulations (see Refs. [1-49]
and references therein). Nanosized-TiO; is mainly manu-
factured by either dry or wet processes [17,19,25,26,36].
The dry process involves vapor phase oxidation reaction
of TiCly, which leads to the production of amorphous
nanosized-TiOs. The obtained amorphous nanosized-TiO2
is then annealed at different temperatures to get de-
sired crystalline phases such as anatase or rutile. Re-
action involved in this process can be represented as
follows: TiCly(g) + O2(g) — TiO2(s) + 2Cly(g). Particu-
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larly, TiO2 nanoparticles have been produced by the con-
trolled hydrolysis of tetraisopropyltitanate in sodium bis
(2-ethylhexyl) sulfosuccinate reverse micelles and these
nanoparticles aggregated into sols with colloid sizes of
20 nm to 200 nm [16]. And different titania phases were
produced depending on the size of the micellar water
pool: small pools yielded amorphous particles, while larger
pools produced anatase [16]. Sol-gel TiO2 nanoparticles
with different phases such as amorphous, anatase and
rutile were investigated in more details by optical tech-
niques, by systematically varying synthesis, sample han-
dling, and annealing variables [17]. Much attention has
been spent to annealing-induced phase transformation
from amorphous nanosized-TiO5 to nanocrystaline ones
(i.e. anatase or rutile) [17-19,21,23,25,36-38,42,46,49]. Tt
was found annealing-induced phase transformation from
amorphous nanosized-TiO2 to anatase and to rutile via
Raman scattering, infrared reflectivity, infrared absorp-
tion, X-ray diffraction, and electron energy-loss spec-
troscopy [17]. Similar trends can be found in other work,
particularly, a kinetic model for transformation from
amorphous nanosized-TiO45 to anatase has been proposed
in order to highlight some aspects of such transformation,
which has been often observed in practice by anneal-
ing the former [49]. On the other hand, electronic struc-
ture, electronic properties or ground states of nanosized-
TiOy attract great interest [15,40,47]. The trap-limited
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electronic transport in assemblies of nanosized-TiO2
particles were investigated by intensity modulated pho-
tocurrent spectroscopy and it was found that electronic
transport is controlled by trapping and detrapping of
photogenerated electrons in interfacial band-gap states,
distributed in energy [15]. Barnard et al. presented the
modeling structure and electronic properties of anatase
TiO2 nanoparticles by using a self-consistent tight-binding
method and density functional theory and they found non-
bonding electrons at the edges and corners of the nanopar-
ticles [47]. Generally, structure and properties of nanopar-
ticles greatly depend on their size. Indeed, size effects on
Raman spectrum of nanocrystalline anatase TiO2 or on
pressure-induced amorphization in nanoscaled-TiOs have
been found [34,45]. Moreover, it was found that the phase
transition from amorphous to anatase nanosized-TiO; is
also size dependent [17] and some structural, electronic
and energetic trends as a function of nanoparticle size are
also reported [47]. It is interesting to carry out the research
in this direction in order to highlight the reason of the
size dependence of various properties of nanoparticles. On
the other hand, effects of amorphous content and particles
size on the photocatalytic properties of TiOs nanoparti-
cles have been observed in that for nanoparticles mainly in
the anatase phases and mixed-phases, their photocatalytic
activities increase significantly with decreasing amorphous
content. This indicates that due to specific short-range or-
der structure of amorphous phase, differed from those of
crystalline ones, properties of TiO5 nanoparticles can be
changed by varying content of the former [20]. On the
other hand, more details about the structure and proper-
ties including thermodynamics of nanoparticles can be ob-
tained only via computer simulation and brief review can
be done here. In order to simulate structure and properties
of nanoparticles, one needs correct interatomic potentials.
And, force field parameters for TiO2-H30 systems have
been tested by ab initio calculations, particularly, force
fields for TiO2 surfaces in a vacuum have been found [27].
Further, thermodynamic model has been proposed for de-
scribing the shape of TiOs nanoparticles as a function of
size in order to predict their phase stability [29]. By using
density functional calculations the surface energies and
surface tensions of TiOs nanoparticles were found, and
it was found that surface passivation has an important
impact on nanocrystal morphology and phase stability of
TiO2 nanoparticles [29]. As discussed above, structure and
electronic properties of anatase TiOs nanoparticles have
been calculated by Barnard et al. [47]. However, in or-
der to understand different properties of nanoparticles, it
needs the knowledge of their microscopic structure, which
can be provided only by computer simulation and sys-
tematic analysis of microstructure of TiO5 nanoparticles
has not been done yet although several results regarding
microstructure of crystalline TiOy nanoparticles can be
found by using MD simulation models with Matsui- Akaogi
interatomic potentials [35].

One can see that although amorphous TiO2 nanopar-
ticles have been obtained in practice and it is clearly that
their properties strongly differ from those of the crys-
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talline analogs due to specific short-range order structure
(see Refs. [15-49] and reference therein), their microscopic
structure and properties have not been investigated in de-
tails yet. Because the size, phase and morphology of the
TiO2 nanoparticles have been found to be critical param-
eters determining their suitability for particular applica-
tions [50-52], therefore, it is worth to study microstructure
and various properties of amorphous TiO; nanoparticles
by computer simulation. And our main aim here is a
systematic analysis of microstructure of amorphous TiO5
nanoparticles with different sizes. Surface energy of amor-
phous TiOgnanoparticles has been found and discussed.
In addition, while it was spent less attention to the amor-
phous nanomaterials compared with those for nanocrys-
talline ones [53-55], our results provide additional under-
standing of structure of such important class of materials.

2 Calculation

It is very important to choose appropriate interatomic po-
tentials for the system to be simulated. There are no po-
tentials for liquid and amorphous TiOs, however, there
were several ones for the bulk crystalline TiOy [56-65].
Via detailed analysis of the different force fields for TiOs,
Collins et al. concluded that the force field developed for
crystalline TiOy proposed by Matsui and Akaogi is the
most suitable for MD simulating of the bulk TiO5 [56,66].
For convenience we call these potentials the MA ones.
The MA potentials are composed of the pairwise addi-
tive Coulomb, dispersion and repulsion interactions. The
energy parameters of MA potentials were determined to
reproduce the crystal structures of rutile, anatase and
brookite, and the measured elastic constants of rutile. By
using such potentials they successfully reproduced a wide
range of properties of the different polymorphs of TiOs
crystals mentioned above including the crystal structures,
volume compressibility, volume thermal expansivities and
enthalpy relationships between them [56]. After intensive
testing we found that MA potentials are good for simu-
lating liquid and amorphous TiOs and it was found that
calculated data agree well with the experimental ones, i.e.
amorphous TiOs has a distorted octahedral network struc-
ture with the mean coordination number Zri_o =~ 6.0
and Zo_1; ~ 3.0 like those observed by experiments
[67]. Moreover, the suitability of MA potentials for sur-
face studies has been tested by using quantum mechanical
methods [27]. It is essential to notice that in order to im-
prove the suitability of MA potentials for nanoparticles,
additional parameters of Buckingham potential for surface
atoms in TiO2 nanoparticles have been proposed [i.e. only
the value for parameter A;; = f(B;+Bj) in MA potentials
has been slightly modified for surface atoms, see below in
Eq. (1)]. Due to different local environments of atoms at
the surface of nanoparticles compared with those in the
core or in the bulk, such approach is important. However,
the approach used in [27] is simply and it needs further
improvement in this direction, especially for amorphous
surfaces whereas local environments of atoms are much
complex than those of nanocrystalline systems. Therefore,
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Table 1. Energy parameters of MA potentials.

AA) B(A) € (A*KkJz2mol 2)
Ti 1.1823  0.077 22.5
O 16339 0.117 54.0

in most cases the slight modification of interatomic poten-
tials for surface atoms in nanosized-systems has not been
done. The modification of parameters of Buckingham po-
tential for surface atoms in TiO5 nanoparticles has not
been used later in simulation of anatase TiOs nanopar-
ticles [35]. Fixed interatomic potentials for all atoms in
different nanosized systems was preferred and one can es-
timate the suitability of interatomic potentials for surface
via comparison of calculated surface energy with the ex-
perimental one [68-71]. Moreover, TiO3 is an ionocovalent
system and it must be considered in simulation. Numerous
experimental studies of oxide systems indicate a substan-
tial contribution of ionic bonding to interaction due to
high electronegativity of the oxygen atoms [72], while co-
valent bonding is also important. The covalent interaction
is described in terms of three-particle potentials, which
significantly increase the computation time. Since ionic
contribution cannot be neglected for oxides, the Coulomb
interactions have to be considered. Simulation of oxide
systems with mixed ionic and covalent bonds requires too
many force parameters that it is very difficult to carry
out. Therefore, the models have to be simplified and the
choice of model based on the ionic interactions has sig-
nificant advantages. Simulation results for oxide systems
by using ionic model for the past three decades including
our recent simulation for liquid and amorphous TiO5 by
using MA potentials confirmed this point (see [67,72-78]
and references therein). Therefore, one can infer that MA
interatomic potentials describe well both the bulk and the
surface of crystalline or amorphous TiOs and we use them
again here for simulating amorphous TiOs nanoparticles
without slight modification for surface atoms, the MA po-
tentials have the following form:

2
e
Ui‘(T) = ZiZj7 -f—f(BZ +Bj)

Ai + Aj -Tr CiCj
— 1
xeXP[ s } G
with 4,7 = Ti, O. Here r is the interatomic distance
and Z;,Z; are the charges of ions: Z1; = +2.196 and
Zo = —1.098. The quantity f is a standard force of

4.184 kJ A=' mol~!. Other parameters of potentials are
shown in Table 1. More details about the MA potentials
can be found in [56].

Coulomb interactions were taken into account by
means of Ewald-Hansen method [75]. The simulations
were done in a spherical particle with four different sizes of
2 nm, 3 nm, 4 nm and 5 nm, which contains the number of
atoms corresponding TiOs stoichiometry and at the real
density of 3.80 g/cm3 for amorphous TiOy [79]. We first
placed randomly N atoms in a sphere of fixed radius and
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Fig. 1. Radial distribution functions of amorphous TiO»
nanoparticles at 350 K, bulk and experiment for the bulk at
T = 350 K (the calculated data for the amorphous bulk were
taken from [67] and experimental data were taken from [80]).

the configuration has been relaxed for 50000 MD steps at
7000 K under non-periodic boundary conditions. The MD
time step is of 1.6 fs and the system was cooling down from
the melt at constant volume corresponding to the system
density of 3.80 g/cm3. Temperature of the system was de-
creased linearly in time as T' = Ty — ¢, here v is a cooling
rate of 4.2945 x 10" K/s and Tj is the initial temper-
ature of 7000 K. In order to calculate the coordination
number and bond-angle distributions in amorphous TiOq
nanoparticles, we adopt the fixed values Rti_, = 4.00 A,
Rri_o = 2.50 A and Ro_o = 3.50 A. Here R denotes a
cutoff radius, which is chosen as the position of the min-
imum after the first peak in PRDFs for the amorphous
bulk at 350 K. The amorphous model at 350 K has been
relaxed for 50000 MD steps before evaluating static quan-
tities. In order to improve the statistics of the simulation,
the results have been averaged over two independent runs
for nanoparticles with the size of 2 nm, 3 nm and 4 nm.
Due to large number of atoms in the model with the size
of 5 nm (i.e. 5626 atoms) single run was done for this size.

3 Results and discussions

3.1 Structural properties of amorphous TiO,
nanoparticles compared with those observed
in the bulk

The first quantity we would like to discuss here is the
PRDF for different atomic pairs. As shown in Figure 1
and Table 2, the position of the first peaks in PRDFs
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Table 2. Structural characteristics of amorphous TiO2 at T' = 350 K; r;; — position of the first peaks in PRDFs; g;; — the
height of the first peaks in PRDFs; Z;; — the average coordination number (numbers 1 and 2 denote Ti and O, respectively).

Materials ri; (A) 9ij Zij
1-1 1-2 2-2 1-1 1-2 2-2 1-1 1-2 2-1 2-2
2 nm 3.00-3.40 182 249 531 16.08 444 731 530 265 897
3 nm 3.00-3.42 183 2.53 5.11 16.65 5.03 811 556 2.78 9.77
4 nm 3.00-3.39 183 2,52 587 1731 549 861 571 285 10.33
5 nm 3.00-3.41 183 2.52 5.78 16.93 546 879 577 2.88 10.52
Bulk model [67] 3.00-3.47 185 2.59 3.15 827 275 892 576 2.88 10.70
Exp. for the bulk [80] 3.00-3.55 1.96 2.67 447 560 297 880 540 270 10.50
Table 3. Fraction of Ti atoms with corresponding coordination 0-30 TiTi M Ti-0
number Zri_o in models obtained at T' = 350 K. 0.251—g—2nm y. 106 M —0—2nm {
020_—0—4nm ] —O—4nm
Materials ZTi-0 . 15_~v~~5nm loa ~y-5nm |
3 4 5 6 7 8 '
2 nm 0.075 0.092 0333 0400 0.092 0008 ' 4 lo2
3 nm 0.010 0.094 0.291 0.543 0.062 0.000 0.051 - 1
4 nm 0.003 0.045 0.269 0.597 0.083 0003 000} < P o003 : . -+
5 nm 0.006 0.026 0.242 0.650 0.074 0.002 0.8 ot ] oo .
The bulk [67] 0.000 0.006 0.279 0.668 0.045 0.002 —0—2nm —0—2nm —3
0.6 —O—4nm4 0.2 —O0—4nm
S w--5nm S W 5nm
é 0.4
changes slightly with particle size and it has smaller value £ 01
compared with those for the bulk. In contrast, the height 02 v
of peaks changes with size of nanoparticles however, the 00% x - ~0.0% : S >

change is not systematic. The peaks in PRDF of nanopar-
ticles is broader than that for the bulk indicating that
structure of amorphous nanoparticles is more heteroge-
neous than that for the bulk due to the contribution of
surface structure of the formers. One can see in Figure 1
that splitting of the first peak in PRDF for the Ti-Ti
pair is also found in amorphous TiOs nanoparticles like
those observed in experiment for the bulk [80]. The pre-
peak is centered at around 3.00 A and the main peak is
at 3.47 A versus 3.00 A and 3.55 A obtained in experi-
ment, respectively (see Tab. 2). As discussed in [80], the
shorter Ti-Ti interatomic distance of 3.00 A is related to
the pairs of Ti atoms centering octahedra linking by the
edge, the longer one of 3.55 A is of pairs of Ti atoms from
octahedra having a common vertex. This means that the
linking of octahedra by the edge or vertex also exists in
amorphous nanoparticles. As discussed in [67], the value
1.85 A obtained for Ti-O bond length is in accordance
to a distorted octahedral network structure in amorphous
TiOs bulk model with significant amount of TiOs5. Con-
cerning on the amorphous TiOs nanoparticles, due to the
surface effects, i.e. leading to increase of number of un-
dercoordinated structural units such as TiOg, TiO4 and
TiOj5 in nanoparticles, the Ti-O bond length in nanopar-
ticles is equal to around 1.82 A, which is much lower than
that for the bulk. And it is closer to those for tetrahe-
dral coordinated Ti-O network [81,82]. One can see this
tendency via the mean coordination number for different
atomic pairs presented in Table 2, which increases with the
size of nanoparticles. And for the size of 5 nm, the mean
coordination number for all atomic pairs is close to that
for the bulk (see Tabs. 2 and 3). In addition, occurrence of
small peak at around 3.70 A in PRDF for the O-O pair has

coordination number coordination number

Fig. 2. Coordination number distributions of amorphous TiO2
nanoparticles at T = 350 K.

been found in both the bulk and nanoparticles, which was
also found experimentally in TiO5 layers obtained by sol-
gel dip coating [80]. For the amorphous bulk models such
small peak occurs only in the low temperature-octahedral
phases of the model together with the appearance of a pre-
peak at short distance in PRDF for the Ti-Ti pair [67].
Possibly, such small peak is related to the typical O-O dis-
tance of the octahedra linked by the edge in the system
at low temperatures.

More details about the structure of nanoparticles can
be found via the coordination number and bond-angle dis-
tributions (Figs. 2, 3). One can see that coordination num-
ber distributions strongly depend on the size of particles
and if the size is larger than 4 nm the distributions are
close with each other and with those for the bulk [67]. For
the bond-angle, we present only the most important ones,
i.e. Ti-O-Ti and O-Ti-O angles. The first one describes the
connectivity between structural units TiO,, in the system
and the second one describes the order inside them. Fig-
ure 3 presents that such distributions also depend on the
size of particles due to the surface effects. For particles
with the size of 4 nm and 5 nm the distributions are close
with each other and close with those for the bulk [67].
Moreover, the distribution for Ti-O-Ti angle has two dis-
tinct peaks corresponding two common types of linking
between octahedra in the system (i.e. via the edge and
vertex) like those discussed above. Basing on the results
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Fig. 3. Bond-angle distributions of amorphous TiO2 nanopar-
ticles at T'= 350 K.

Fig. 4. Snapshot of amorphous TiO2 nanoparticles at T =
350 K with the size of 2 nm and 4 nm, small spheres denote O
atoms and the larger ones denote Ti atoms.

obtained above one can infer that although microstructure
of amorphous TiO, nanoparticles changes significantly
with the size due to the surface effects, their structure re-
mains an octahedral network if the size is larger than 3 nm
like those observed in the bulk. However, if the size is less
than 2 nm structure of nanoparticles greatly differs from
the bulk and it is close to the pentahedral network struc-
ture with the mean coordination number for the Ti-O pair
equal to 5.30 (see Tabs. 2, 3). Snapshot for models with
the size of 2 nm and 4 nm has been presented in Figure 4.
One can see that at the surface atoms have more defects
and hence it can be expected that the size of their cage is
larger than that in the core of nanoparticles. And there-
fore, it can affect the diffusion of atoms in the surface area
like that found for amorphous SiOy clusters [69]. More-
over, it seems that the surface of nanoparticles becomes
much smoother if their size is larger (see Fig. 4). More
details about the structure of an amorphous nanoparticle
can be found via the study of structure in the surface area
and in the core of particles (see below).

An important structural quantity of nanoparticle is
the dependence of particle density p(R) on the distance
R from the center of nanoparticle. This quantity is deter-
mined as follows: we find the number of atoms belonging
to the spherical shell with the thickness of 0.20 A formed
by two spheres with the radii of R—0.10 A and R+0.10 A.
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Fig. 5. Density profile in amorphous TiO2 nanoparticles at
the same T = 350 K.

Then we calculate the quantity p(R). Here, it is unphysical
if we begin for R from zero or from very small value since
the number of atoms in any volume element is small, the
local density is a rather noisy variable. The shells at the
outer radii contain many more atoms than those near the
center of nanoparticle and it is fair to carry out the accu-
rate calculation of the outer part of the density profile for
the largest nanoparticle with the size of 5 nm. Like those
done in [83], we calculate directly p(R) for the radii just
beyond finite large enough value, which is taken equal to
4.00 A in present work. The density profile has been aver-
aged over three different configurations. Different configu-
rations for model at 350 K have been obtained by different
relaxation times. Inside 4.00 A we take the smooth con-
tinuation of the density profile by the value of density,
which is equal to the average density of spherical volume
with the radius of 4.00 A. This is essential to notice that
the value 4.00 A is equal to the cutoff radius for the cal-
culating coordination number distribution for the Ti-Ti
pair. The value of R increases from 4.00 A with the step
of 0.20 A. As shown in Figure 5, p(R) fluctuates around
the value of 5.00 g/cm?, which is higher than the density
of an amorphous TiO5 obtained in practice (i.e. it ranges
from to 3.00 g/cm?® to about 4.00 g/cm?® depending on the
fabricating method of samples [79]). Strong fluctuations of
p(R) indicate that our statistics are not good, smoother
changes of the curves can be obtain via averaging over
many independent runs. Oxygen atoms have a tendency
to concentrate at the surface of nanoparticles like those ob-
served at liquid SiO9 or amorphous Al O3 surfaces [69,71].
It can be seen clearly if one looks at the partial density
profile for oxygen separately. The reason is that the system
is energetically favored with an oxygen atom at the sur-
face, since only one bond has to be broken if any, whereas
if a titanium is at the surface several bonds have to be
broken [69]. Due to the excess of oxygen at the surface,
Ti atoms have a tendency to concentrate in the shell close
to the surface in order to achieve the local charge neutral-
ity [69,71]. And it causes a peak of the total density in
the vicinity of the surface. Similar phenomenon has been
found in liquid SiO9 or amorphous Al,O3 surfaces [69,71].
However, unlike those observed in these works the density
profile curves in our amorphous TiOs nanoparticles do not
decrease down to zero at the surface (Fig. 5). This may
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be related to the different boundary conditions used in
simulations. In the present work, we do not use the peri-
odic boundary conditions, however, during the relaxation
process if atoms move out from the boundary of spher-
ical nanoparticles those atoms have to be located right
at the surface. Hence, significant amount of atoms in our
nanoparticles is located right at the surface (Fig. 5). Over-
all, our results for the radial density profile in nanoparti-
cle share many trends previously observed for free liquid
non-spherical SiOz clusters [69] or amorphous AlyO3 thin
film [71].

3.2 Surface structure of amorphous TiO; nanoparticles

Determination of the relationship between atomic surface
structure and other physico-chemical properties of mate-
rials is one of the most important achievements of surface
science. And due to mixing of ionic and covalent bonds in
metal oxides such as TiOq, surface structure has a strong
influence on local surface chemistry compared to pure met-
als or elemental semiconductors [84]. Therefore, there is a
large amount of works related to the study of surface of
crystalline TiOq over the years (good review about surface
science of crystalline TiO9 of Diebold is strongly recom-
mended [85]). However, there is no work related to the
surface structure of an amorphous TiOs. And hence, it
is interesting to compare surface and core structures of
nanoparticles with those for the bulk. To do it, we need
a criterion to decide which atoms belong to the surface
and which ones belong to the core of nanoparticles. There
is no common principle for such choice of surface or core
of the amorphous substances. Definition of thickness of
the surface in [69] is somewhat arbitrary: all atoms that
were within 5 A of the hull just touched the exterior of
droplet were defined belong to the surface, atoms that
had the distance between 5 A and 8 A from the hull be-
long to the transition zone and remaining atoms belong to
the interior. In contrast, no definition of surface has been
clearly presented for the amorphous Al;Og thin film; they
used the top 1 A or 3 A layer of the amorphous thin film
for surface structural studies [71]. From structure point of
view it can be considered that atoms belong to the surface
if they could not have full coordination and in contrast,
atoms belong to the core if they can have full coordination
for all atomic pairs like those in the bulk (i.e. the model
with the periodic boundary conditions). And therefore, in
present work atoms located in the outer shell of spheri-
cal nanoparticle with thickness of 4.00 A (i.e. the largest
radius of the coordination spheres used in the system) be-
long to the surface of nanoparticles and remaining atoms
belong to the core.

As shown in Figure 6a and Table 4, the surface struc-
ture strongly depends on the size of nanoparticles and
it differs from those for the bulk. However, if the size of
nanoparticles larger than 4 nm the data are close with each
other. Several remarks can be made here: the main peak
in coordination number distributions for different atomic
pairs in the surface shell shifts toward smaller value com-
pared with those for the bulk indicating large amount of
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Fig. 6. (a) Coordination number distributions in the surface
shell of amorphous TiO2 nanoparticles compared with those in
the amorphous bulk at T = 350 K [67]. (b) Coordination num-
ber distributions in the core of amorphous TiO2 nanoparticles
compared with those in the amorphous bulk at T = 350 K [67].

Table 4. Mean coordination numbers in the surface shell and
in the core of nanoparticles at 7' = 350 K.

Materials Zri—Ti  ZTi—O0 Zo-Ti Zo-0

2 nm Surface 6.44 5.06 2.51 8.15
Core 9.57 6.08 3.11 11.51

3nm Surface 6.84 5.15 2.58 8.57
Core 9.64 6.01 3.02 11.35

4 nm  Surface 7.17 5.30 2.64 8.77
Core 9.67 6.00 3.02 11.49

5nm Surface 7.13 5.33 2.65 8.72
Core 9.67 5.99 3.00 11.48

structural defects in the former due to breaking of bonds
at the surface (i.e. undercoordinated units such as TiOg
and TiO4) with an exception for the O-Ti pair. However,
increase number of O atoms with Zo_1; = 1 indicates
the forming of dangling bonds at the surface like those
observed at SiOq surface [69]. More details about the size
dependence of surface structure can be found via the co-
ordination number distribution for the Ti-O pair (Tab. 5).
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Table 5. Coordination number distribution for the Ti-O
pair in the surface shell and in the core of nanoparticles at
T = 350 K. We show the percentage of Ti atoms with corre-
sponding value of Zri_o which ranges from 3 to 8.

Materials ZTi—0

3 4 5 6 7 8

2 nm Surface 10.11 12.36 39.32 3596 1.12 1.12
Core 0.00 0.00 16.13 51.61 32.26 0.00

3nm Surface 1.74 16.52 47.82 31.30 2.61 0.00
Core 0.00 0.00 4.57 84.57 10.86 0.00

4 nm Surface 0.72 9.90 4558 37.20 4.35 0.24
Core 0.00 0.37 11.17 76.74 11.35 0.37

5nm Surface 1.70 7.56 49.23 38.89 247 0.15
Core 0.00 0.00 11.00 78.81 10.02 0.16

One can see that structural units TiO5 have their main
fraction in the surface shell and coordination number dis-
tribution is broad due to the existence of undercoordi-
nated structural units such as TiO3, TiO4. The existence
of such structural defects in the surface shell of amor-
phous TiOs nanoparticles may enhance diffusion of atomic
species compared with those in the core like those observed
in silica nanoclusters [68,69]. Table 5 presents that if the
size of nanoparticles is larger than 3 nm the coordination
number distributions for Ti-O pair in the surface shell are
similar with each other.

On the other hand, in an ideal octahedral net-
work structure of crystalline TiOs, titanium atoms are
sixfold coordinated by oxygen and O atoms are three-
fold coordinated by titanium [85]. However, in an amor-
phous TiO2 we found large amount of under- or over-
coordinated structural units and percentage of Ti atoms
with Z1i_o = 6 at 350 K is at around 67% [67]. And in
amorphous TiOs nanoparticles such percentage is signif-
icantly lower compared with those observed in the bulk
due to surface effects (see above). Therefore, Ti sites with
Zri—o # 6 and O sites with Zo_1; # 3 can be considered
as structural point defects in amorphous TiOs nanopar-
ticles (see Tabs. 3, 5), since under-coordinated Ti sites
such as TiOgs, TiO4 and TiO5 can be can assumed as de-
fects with oxygen deficiency like those discussed for crys-
talline TiO2 [85]. In addition, due to lack of periodic or-
der structure there is a possible large amount of another
type of point defects in amorphous TiO5 nanoparticles,
i.e. vacancy like defects. One can find the existence of
large pores at the surface of amorphous TiOs nanopar-
ticles (see Fig. 4), such large pores can change their po-
sition with neighboring atoms and act as vacancy in dif-
fusion process like those found and discussed previously
for amorphous AlxO3 [75]. It seems that due to small di-
mension and specific amorphous structure there is an ex-
istence of only such typical point structural defects in the
surface shells of amorphous TiO3 nanoparticles unlike dif-
ferent types of structural defects observed in crystalline
TiO, surfaces, i.e. step edges, oxygen vacancies, line de-
fects, crystallographic shear planes etc. [85]. However, our
understanding of structural defects in amorphous mate-
rials including those in amorphous surfaces is limited up
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Fig. 7. Temperature dependence of potential energy per atom
for the nanoparticle with two different sizes and for the bulk
one [67]. The data have been accounted just for unrelaxed mod-
els.

to now and it needs a further study in this direction [75].
Further, one can find a large amount of structural de-
fects in the surface shells of amorphous TiO; nanopar-
ticles (Fig. 4 and Tab. 5) and they can have a strong
influence on different properties of materials. For crys-
talline TiOs, it was pointed out that defects can play a
major role in a variety of surface phenomena [86], i.e. in
bulk-assisted reoxidation [87,88], in restructuring and re-
construction processes [89,90] or in adsorption of sulfur
and other inorganic compounds [91]. Similar phenomena
for an amorphous TiOs, probably, can be expected. On
the other hand, imperfections of the surface structure of
amorphous TiOs nanoparticles might lead to the changes
in electronic structure of a sample like those observed
for crystalline TiOg [85]. Moreover, while concentration
of point defects in crystalline TiO; is typically reported
as several percents [92,93], we found much larger amount
of point defects in amorphous TiO2 nanoparticles due to
the surface structure contribution and their concentration
strongly increases with decreasing nanoparticles size (see
Tab. 5).

Figure 6b and Table 5 show that core structure of
nanoparticles is also size dependent and close to that for
the bulk, however, it differs significantly from the surface
structure. Similar trends have been observed in crystalline
nanoparticles [94]. The mean coordination number for Ti-
O pair in the core of nanoparticles, Z1i_o, is equal to
6.00 versus about 5.76 in the bulk. Moreover, mean coor-
dination number for other atomic pairs in the core is also
higher than those in the bulk indicated the higher degree
of an octahedrality of the nanoparticle core structure. One
can see in Table 5 that fraction of octahedra TiOg dom-
inates in the core of nanoparticles and it is nearly inde-
pendent with particle size if it is larger than 3 nm.

And now, we would like to show the thermodynam-
ics quantities of amorphous TiOs nanoparticles. The first
quantity we would like to discuss here is the potential en-
ergy per atom, Fp,;. We show temperature dependence
of FEpt for nanoparticles with two different sizes together
with ones for the bulk in Figure 7. One can see that .
for nanoparticles is significantly higher than that for the
bulk due to the surface energy of the formers. Thus we
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Table 6. Size dependence of thermodynamics quantities of
nanoparticle at 7' = 350 K. Here, S/V is a ratio of surface area
to volume of nanoparticle; Er is the total energy per atom; Ej
is the surface energy per unit area.

Size S/V (A  Er (eV/at.) Es (J/m?)
2 nm 0.300 —12.781 0.582
3 nm 0.200 —12.825 0.571
4 nm 0.150 —12.851 0.523
Bulk [67] —12.908
can suggest the relation:
Erano _ Ebulk = E /N (2)
pot pot T S

here, E; is the surface energy of nanoparticle. In present
work, we have calculated the value for E; only for the
models obtained at 350 K after relaxation of 50000 MD
steps. As shown in Table 6, F; slightly changes with in-
creasing nanoparticle size it is equal to the value of around
0.50 J/m?2. The value is very close to those obtained by
calculations for the low index surfaces of anatase, i.e. it is
equal to 0.35-0.81 J/m?, or those for rutile, i.e. it is equal
to 0.47-0.95 J/m?, see more details in [29]. Moreover, the
value for E; obtained in present work at 350 K is also
close to the experimental data for low indexed surfaces
of anatase or rutile, i.e. it ranges from 0.44 to 1.09 J/m?
for anatase [95] or from 0.31 to 1.65 J/m? for rutile [96].
Although there is no experimental data for surface energy
of amorphous TiOs nanoparticle to compare, one can con-
sider that the calculated F; has a reasonable value, which
is close to those for crystalline ones. This means that MA
interatomic potentials are suitable for representing both
the bulk and surface properties of amorphous TiOs. Fur-
thermore, total energy per atom of nanoparticle (Er) also
higher than that for the bulk due to the surface energy
contribution and it decreases with increasing their size to-
ward the value for the bulk (Tab. 6).

Finally, our calculations show that structure of amor-
phous TiO2 nanoparticles is strongly size dependent due
to surface structure contributions and it might lead
to a finite-size dependence of different physico-chemical
properties of samples. Perhaps, finite-size effects on the
Raman spectrum of nanocrystalline anatase TiOs have
been found [34]. Moreover, metastability of anatase TiOq
nanoparticles as a function of pressure is also demon-
strated to be size dependent, with smaller crystallites pre-
serving the structure to higher pressures [34]. On the other
hand, it was found that ultrasmall clusters have a differ-
ent crystalline structure (anatase or rutile) depending on
their dimensions [97]. This means that one can produce
films with controlled nanostructure by selecting the clus-
ters prior to deposition like those discussed in [97].

4 Conclusions

(i) Our calculations show that Matsui-Akaogi inter-
atomic potentials describe well both the bulk and

The European Physical Journal D

surface structure of amorphous TiO,. It was found
that the mean coordination number for all atomic
pairs increase with increasing size of nanoparticles
toward the value observed for the bulk due to reduc-
tion of surface effects. The phenomenon that octahe-
dra TiOg linking via the edge or via common vertex
has been found in amorphous TiO5 nanoparticles like
those observed in the bulk.

We found that the main structural units in the sur-
face shell of nanoparticles are TiO5, but in the core
the TiOg units dominate. Coordination number dis-
tributions in the core of nanoparticles are close to
those for the bulk. Size effects are significant for the
surface structure, however, they are less pronounced
for the core.

We found clearly size dependence of structure of
amorphous TiO5 nanoparticles due to surface struc-
ture contributions rather than due to surface energy
and it might lead to finite size effects on various phys-
ical properties, stability, phase transition etc. of this
important material like those observed in practice
for nanocrystalline TiO2 [17,34,39,40,45,47]. This
means that our finding supports the conclusion in [97]
that the role played by the surface energy in deter-
mining the cluster structure needs a very careful re-
consideration [11].

Although amorphous TiO; nanoparticles have been
obtained in practice, our understanding of structure
of such important polymorph of TiOs nanoparticles is
limited. Therefore, the knowledge about the atomic-
scale investigations like those observed in present
work could be quite valuable for synthesis-oriented
researchers.

(i)

(iii)

This work was done in the Computational Physics Lab of the
College of Natural Sciences — National University of Hochi-
Minh City (Vietnam).
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