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ARTICLE INFO ABSTRACT

Keywords: In this study, we perform a theoretical investigation using the density functional tight-binding (DFTB) approach
Nanoparticles for the structural analysis and electronic structure of anatase, brookite and rutile phase TiO, nanoparticles (NPs).
TiO, Our results show that the number of Ti-O bonds is greater than that of O-O, while the number of Ti-Ti bonds is
Segregation phenomena fewer. Thus, large amounts of O atoms prefer to connect to Ti atoms. The increase in the temperature of the NPs
DFTB contributes to an increase in the interaction of Ti—O bonding, but a decrease in the O-O bonding. The segregation
of Ti and O atoms shows that Ti atoms tend to co-locate at the center, while O atoms tend to reside on the
surface. Increasing temperature causes a decrease of the bandgap from 3.59 to 2.62 eV for the brookite phase,
which is much more energetically favorable compared to the bulk, while it could increase the bandgap from 3.15
to 3.61 eV for anatase phase. For three-phase TiO, NPs, LUMO and Fermi levels decrease. The HOMO level of
anatase phase NP decreases, but it increases for brookite and rutile phase TiO, nanoparticles. An increase in the
temperature contributes to the stabilization of anatase phase TiO, NP due to a decrease in the HOMO energies.

1. Introduction

Titanium dioxide (TiO,) has attracted intense scrutiny as a photo-
catalyst in water splitting pigments, gas sensors, in hydrogen gas evo-
lution, self-cleaning surfaces, solar cells, etc., [1] owing to its catalytic
properties that provide good stability, non-toxicity, and low-cost pro-
duction [2-6]. TiO, is known to naturally occur in mineral forms—the
most abundant being rutile and as other rarer polymorphs anatase and
brookite [7]. These various polymorphs exhibit different phase char-
acteristics due to the deviation in the lattice arrangements that can be
exploited for various applications. For example, anatase demonstrates
the highest photocatalytic activity [8-10] compared to either brookite
or rutile, whereas the photocatalytic activity of defective brookite is
better than either anatase or rutile [11]. Observing the bandgap of bulk
TiO4 is 3.2, 3.1 and 3.0 eV for anatase, brookite and rutile, respectively
[12-14], a large bandgap restricts its use, however, only to the narrow
light-response range of ultraviolet (only about 3-5% of solar spectrum)
[15]. The bandgap is significantly affected by factors like phase struc-
ture, temperature, and crystal size. TiO, nanoparticles (NPs) have re-
cently been receiving more attention in organic synthesis [16-18], in
different inorganic and organic reactions [19-22], and in the
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preparation of derivations of molecules [23-26], because of their useful
and unique properties. Additionally, TiO, NPs are used in health and
the environment e.g., environmental remediation, self-cleaning and self-
disinfection [27,28], and in novel biomedical applications [29,30].
There has also been prior work using DFTB on TiO, and TiN nano-
particles that have shown that these systems typically are intermixed
with each other (i.e., TiO, readily mixes with TiN and vice versa) in
realistic environments [31].

Improving the performance of NP materials can be achieved using
different approaches, for example, by adding an atom, applying pres-
sure, increasing the temperature, and modifying crystallite size that
change their morphologies [32-35]. By applying this general principle,
this work presents the structural and electronic properties of TiO, NPs
by using the density functional based tight binding (DFTB) method to
study the influence of the temperature on the three different phases,
anatase, brookite and rutile of TiO, NPs. The performance of DFTB
calculations has been shown on NPs in the previous studies [36,37]. In
this study, we analyzed the HOMO, LUMO and the frontier molecular
orbital energy gap (E,), total energy, density of states (DOS), radial
distribution functions (RDFs), order parameter (R) to analyze the seg-
regation phenomena of Ti and O atoms and the number of bonds
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Fig. 1. Initial structures of the anatase, brookite and rutile phase TiO, nanoparticles (Ti is blue, O is red).
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Fig. 2. Variation of number of bonds of binary O-O, Ti-Ti and O-Ti interactions as a function of temperature.



H. Kurban, et al.

Computational Materials Science 183 (2020) 109843

Anatase Brookite Rutile
1.700 1
1.675 1
-0
hd
- Ti
1.650 - T
1.625 4

T

0 250 500 750 1000 0

250 500 750 1000 O

250 500 750 1000

Temperature (K)

Fig. 3. Temperature dependence of the order parameter of O and Ti atoms in the anatase, brookite and rutile phase TiO, nanoparticles.

between Ti-Ti, Ti-O and O-O binary interactions in of anatase, brookite
and rutile phase TiO, NPs. To conduct structural analysis, we have
developed programs in the R language (discussed in the next section) to
analyze the number of bonds, segregation phenomena, and RDF.

2. The method of calculations

The structural analysis and electronic structure of anatase, brookite
and rutile phase TiO, NPs have been investigated using DFTB and
molecular dynamics methods implemented in DFTB + code [38] with
the hyb-0-2 [39,40] set of Slater Koster parameters. We do not explain
the procedure for DFTB calculations here, since there currently exist
several studies available with detailed descriptions of both theoretical
aspects and performance of the DFTB approach, including advances in
theoretical development and application [41-44]. The initial structures
of anatase, brookite and rutile phase TiO, NPs are indicated in Fig. 1.
All of three TiO, NP models were carved from a bulk 60 X 60 x 60
supercell. The radius of the NP is set to the desired value (0.9 nm), and
only atoms within that sphere are considered, whereas those outside the
sphere are removed. All calculations are performed at constant volume.
To simplify the structural analysis, we have implemented programs in

R—an open-source programming language that includes both an in-
teractive environment and IDE-like versions—that is among the most
ubiquitously used computational tools in data science. Our programs
include functions to analyze the number of bonds, segregation phe-
nomena, and RDF of anatase, brookite and rutile phase TiO5 NPs. In our
previous study, we obtained reasonable results based on our suite of
programs [35]. We have made the code freely available online in Gi-
tHub. Additionally, these programs include high-resolution visualiza-
tions to plot data, though our intent is broader than the scope of the
work in this paper in creating general, open-source tools for computa-
tional material science: (https://github.com/hasankurban/Structural-
Analysis-NanoParticles).

3. Results and discussions
3.1. Structural analysis
The nearest neighbor contacts count,n;;, (the number of bonds) is a

significant property of NPs and used to differentiate the degree of
packing in general. The number of bonds [45] for the NPs is given by
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Fig. 4. Radial distribution function of the anatase, brookite and rutile phase TiO, nanoparticles at 0 K and 1000 K.
ng = z 8 o Fig. 2 shows the numbers of bonds in the anatase, brookite and
= rutile TiO, NPs with 268, 295 and 287 atoms, respectively. From the
o curve of TiO, NPs shown in Fig. 2, observe that the number of Ti-Ti, Ti-
1,5 < 1.2r9
where &; = A j=Ti or O, 1; is the distance between atom O bonds increases gradually with an increase in temperature of three
0, r; > 1.2rl§°) phase NPs, but O-O bonds decrease. Furthermore, the number of Ti-Ti

i and j and rij(-°> is a nearest neighbor criterion derived by fitting the
experimental data [46]. In this study we investigate the atomic dis-
tribution of Ti and O atoms in the TiO, NPs using n;. Algorithms 1
(given as Supporting information), where D is the centered data set at
the origin, denote the smallest distance between binary interactions
(line 2), explains this process. The algorithm first calculates new #;
values and then compares these new r; values with rij(o) input values
(line 5). Finally, Algorithm 1 outputs the nearest number contact counts
for each binary interaction.

bonds is relatively fewer than that of O-O. This means that O atoms tend
to form more bonds with Ti atoms: that O-O tend to scatter on the
surface can, thus, be inferred. Moreover, the number of Ti-O bonds is
greater than that of Ti-O and O-O bonds; therefore, it appears that O
atoms have a greater preference for Ti atoms than for O atoms with
increasing temperature. When comparing the number of bonds of dif-
ferent phases Ti-O, Ti-O and O-O, bonding of the anatase phase is
greater than either brookite or rutile phase. On the other hand, we built
open-source R programs mentioned above, to calculate several
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Fig. 5. Potential energy per/atom of the anatase, brookite and rutile phase TiO, nanoparticles as a function of temperature.

important metrics. To calculate the total number of bonds, our program
separately finds the bond numbers between T-T, O-O and T-O interac-
tions and then sum of them all.

One of the major problems of some materials [47] is the formation
of a stable structure for obtaining high-efficiency devices. The dis-
tribution of atoms in crystalline structures is, in general, uniform and
homogeneous [48]. In this context, in order to find the stable structure
in NPs, we performed an in-depth analysis based on the order para-
meter (R;) which analyzes the distribution of the different types of
atoms [49]. Let nybe the number T; type atoms in the ternary ABCNPs, 1;
the distance of the atoms to the coordinate center of the NP, then Ry,
the average distance of a type T; atoms in accordance with the center of
a NP, is calculated as follows:

nr;

1
Rpy=— )
S zl @)
An € distance from center of NP to a reference point is defined to
show the location of atoms; if R < €,n(a “small” value), it means that
the T; type atoms are at the center, and if Ry > €nq.(a “large” value), it
means that the T; type atoms are at the surface region of NP. If neither is

true, i.e., if €y, < R < €pqye (@ “medium” value), it means a well-mixed
NP. The Ry of each atom type is analyzed using Algorithm 2 given in
Supporting information. The algorithm takesD, data set (Line 2), as an
input and calculates the order parameter values Rz; as shown in line 9
where nyrepresents the number of atoms for atom type 7; and x;, y,and
z;are the coordinates of the atom j.

Fig. 3 shows the behavior of Rof Ti and O atoms with temperature.
The segregation behavior of atoms in the anatase, brookite and rutile
phase TiO, NPs is determined using R. The segregation of Ti and O
atoms under heat treatment shows that Ti atoms tend to locate at the
center, while O atoms tend to occupy the surface as a general trend. The
segregation of O atoms to the surface is due to its lower cohesive en-
ergy. The R value indicates different characteristics with increasing
temperature of the TiO, NPs. Rovalues of anatase phase TiO, NP
sharply increase up to about 600 K and then smoothly increase while
Ry;decreases sharply for anatase phase NPs. On the other hand, Rpand
Rpjvalues of brookite and rutile phase TiO, NP slightly increase and
decrease with temperature, respectively. It is interesting to note that
there are some fluctuations have been observed for the R of rutile phase
of TiO, NP—especially, Ti atoms which mainly tend to occupy the
surface in the range of about 200 K to 500 K. The segregation of Ti
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Fig. 6. The partial and total density of states (DOS) of the anatase, brookite and rutile phase TiO, nanoparticles.

atoms to the surface can be explained in terms of the lower surface
energy and cohesive energy of Ti at about 200 K to 500 K.

Another substantial structural characteristic is the Radial
Distribution Function (RDF) that estimates the likelihood of finding a
particle at a distance r from another tagged particle. Algorithm 3 (given
as Supporting information) explains the RDF over a data set D where
the algorithm takes inputs D, a distance vector r, and a distance vector
dr denoting the thickness of a spherical shell. Line 16 represents the
definition of RDF where n,, is the mean number of atoms in a shell of
widthdr at distancer, |Al represents total atom number, Vjis the volume
of the spherical shell, and V; is the mean atom density.

Fig. 4 shows the RDF Ti-Ti and O-O binary interactions in the
anatase, brookite and rutile phase TiO, NPs at 0 K and 1000 K to ob-
serve temperature effects. The RDFs are calculated for each atomic pair
of optimized the TiO, NPs. Ti-Ti interactions have a narrower and
higher distribution than O-O interactions. The broad peaks are observed
in the range of 1-2 A. With regard to temperature dependence, the
maximum peak of rutile phase TiO, NP is greater than that of anatase
and brookite phase NPs. As three phase TiO, NPs are heated from 0 K to
1000 K, the Ti and O atoms begin to oscillate about their equilibrium
positions more rapidly, so the positions of the peaks change slightly
because of a decrease in a well-defined obvious peaks in the RDF for Ti-
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Fig. 7. The HOMO-LUMO energy gap of the anatase, brookite and rutile phase TiO, nanoparticles as a function of temperature.

Ti and O-O interactions. We point out that the calculated RDF peaks at
radial distances between 1 and 2 A in good agreement with experi-
mental data [50].

Fig. 5 demonstrates the potential energy (E,) per/atom, which is
calculated by the subtraction of total energy from kinetic energy, of the
anatase, brookite and rutile phase TiO, NPs as a function of tempera-
ture. In each case theE, curve displays straight-line behavior in the
range 100 K-1000 K. The Ejreflects the fact that anatase phase TiO, NP
has the greater E, than either brookite or rutile phase TiO, NPs due to
both the difference of geometry and the number of atoms in the TiO,
NPs.

3.2. Electronic structure

To obtain detailed information on electronic states in anatase,
brookite and rutile phase TiO, NPs, we provide results of both the
electronic partial and total DOS as shown in Fig. 6(a, b, and c). The
density of localized states increases concomitantly with the temperature
of TiO5 NPs where the greatest contribution comes from the d-orbital of
Ti atoms and p-orbital of O atoms. The fluctuations considerably change
based upon the phase of TiO, NPs. In the valence band of O localized p
states dominate, while in the conduction band of Ti localized d states
dominate. The DOS analyses also indicate that anatase, brookite and
rutile phase TiO, have bandgaps with values 3.15, 3.59 and 2.75 eV,
respectively. According to experimental observations, TiO, NPs have
the optical bandgap values of 3.21 eV for anatase, 3.13 eV for brookite,
and 3.0 eV for rutile phases corresponding to indirect band gaps, and
3.53 eV for anatase, 3.56 eV for brookite and 3.37 eV for rutile phases
corresponding to direct band gaps [14]. From the bandgap values

obtained from measurements, we can conclude that the predicted
bandgaps of anatase and rutile phase NPs have indirect transitions, but
the brookite phase has direct transition. The predicted results in this
study, therefore, are compatible and consistent with experimental data.
The band gap variations were studied by interpreting the DRS data, and
we observed that the bandgap of brookite and rutile phase TiO, NPs
were reduced from 3.59 eV to 2.62 eV and from 2.75 eV to 2.60 eV,
respectively because of the structural modifications with temperature in
the NPs. Therefore, by reducing the bandgap of brookite and rutile TiO,
NPs, the performance of energy storage and conversion devices can be
enhanced [51-53]. On the other hand, the bandgap of anatase phase
TiO5 NP conversely increase from 3.15 eV to 3.61 eV. The bandgap of
bulk anatase TiO, thin film, however, was reported to shift from around
3.15eV at 300 K, 2.96 eV at 530 K [54]. In a recent experimental study,
the bandgaps of anatase NP (12 nm) and rutile NP (49 nm) were
measured to be 3.38 eV (at 723 K) and 3.03 eV (at 973 K), respectively
[55], which are compatible with our results where the bandgap is
calculated 3.45 eV (at 748 K) for anatase NP. We note that increasing
temperatures resulted in fluctuations on the bandgap energy. For ex-
ample, the bandgap of anatase phase TiO, NP increases from 3.15 eV at
0 K to 3.50 eV at 500 K, then, an increasing bandgap energy value was
observed at temperature between 550 K and 850 K. After that, the
bandgap increases from 900 K to 1000 K (see Fig. 7). These predicted
changes and fluctuations under heat treatment in the bandgap energy
for the different phases were also observed in the experimental study
[56].

When it comes to the HOMO, LUMO and Fermi energy levels (see
Fig. 8), there are a decrease and an increase in HOMO, LUMO, and
Fermi energy with increasing temperature of anatase, brookite and
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Fig. 8. HOMO, LUMO and Fermi energies of the anatase, brookite and rutile

phase TiO, nanoparticles as a function of temperature.

rutile phase TiO, NPs. For three phase TiO, NPs, the LUMO and Fermi
energy levels decrease with temperature. The HOMO value of anatase
phase decreases, while it increases for brookite and rutile phases.

4. Conclusion

In this study, we have investigated the temperature dependence of
structural and electronic properties of anatase, brookite and rutile
phase TiO, NPs using the DFTB approach. To perform structural ana-
lysis, we designed, implemented, and tested R code which can be easily
used by non-programmers to analyze the number of bonds, segregation
phenomena, and RDFs of binary interactions in anatase, brookite and
rutile phase TiO, NPs. From the results of our calculations, we found
that the number of Ti-O bonds is larger than that of Ti-O and O-O
bonds; therefore, it appears that O atoms have a greater preference for
Ti atoms than for O atoms with temperature. The segregation of Ti and
O atoms under heat treatment show that Ti atoms tend to locate at the
center, while O atoms tend to occupy the surface as a general trend. The
bandgap of brookite and rutile phase TiO, NPs are reduced from
3.59 eV to 2.62 eV and from 2.75 eV to 2.60 eV, respectively, which
leads to visible light activity, and, thus, the performance of energy
storage and conversion devices likely can be enhanced. The obtained
electronic properties are found to be compatible with experimental
findings.
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