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The electronic structure of individual metal (Ti, Al) or metalloid (Si) oxides as well as complex (binary, ternary,
etc.) oxides is of importance from a practical point of view. In various applications of these materials as catalysts,
sorbents, carriers, fillers, etc., the bandgap, polarizability, conductivity, and dielectric characteristics play a crucial
role in the application efficiency. Therefore, accurate determination of these characteristics is strongly required.
Sometimes theoretical determination of the characteristics is simpler, especially for large series of complex materials
with varied compositions, by using quantum chemical methods (i.e., computations without synthesis) than experimental
ones (synthesis and measurements). Upon computations with quantum chemical methods, selection of a method
adequate to a task is important to obtain more accurate information. Therefore, in this study, two semiempirical
methods (PM7 and DFTB+ used in semiempirical packages (MOPAC, DFTB+) and implemented in the most known
packages such as Gaussian, GAMESS, AMS, etc.) have been used in parallel to DFT (mainly wB97X-D/cc—pVDZ) to
compute various clusters (22, 35, 88, 94, and 111 units) with silica, alumina, titania, titania/silica, and alumina/silica.
The computations show that the bandgap value (Eg) of titania is mostly accurately computed with DFTB+ using cluster
and periodic boundary conditions approaches. However, for other systems, the DFTB+ E4 values are typically
underestimated. The PM7 and DFT bandgap values are more appropriate with the use of the potential approach V-
(computation of the virtual levels of the systems with removed one electron) giving Eg:. Detailed analysis of the integral
density of electron states and density of atomic charges summarized by atom types reveals several reasons of
nonmonotonic changes in the E4 values vs. composition of binary oxides. As a whole, the PM7 and DFT methods give
correct tendencies in the changes in the Eg and Eq; values vs. binary oxide compositions, but the Eg4 values are typically
overestimated in contrast to underestimated values by DFTB+. Water adsorbed in a low amount on oxide clusters
provides a significant stabilization of a surface since the Gibbs free surface energy strongly decreases especially for
titania-containing systems. This explains more effective adsorption of water from air onto nonporous binary oxides or
titania in comparison to silica.

Keywords: binary nanooxides, solid solution, mixed phases, electronic structure, DFT method, semiempirical
guantum chemical methods

INTRODUCTION

The characteristics of complex oxides, e.g.,
titania/silica (TS) and alumina/silica (AS),
depend not only on the content of each phase but
also on a distribution type of each oxide in the
complex systems [1-7]. There are several
possible distributions: (i) solid solution of a guest
phase (minor) in a host one with remained lattice
features of the latter; (ii) mixed pure phases with
weak or tight contacts between them in aggregate
particles; (iii) combination of the first and second
distribution types in complex particles; (iv) core—
shell particles with the cores and shells composed
of different oxides; and (v) a blend of independent
particles, e.g., mechanically treated blend of
individual oxides. The binary oxide systems

oxide on particles of another one. These
preparation methods strongly affect the
characteristics and properties of the final
materials [1-8]. The phase distribution type in
complex oxides affects the nature of active
surface sites including acidic (Brensted acid sites)
and basic hydroxyls, Lewis acid (incomplete
O-coordinated metal ions) and basic (surface O)
sites, electron band structure, etc. All these
aspects are of importance on practical
applications of the oxide materials [1-8].

There are many various well-known quantum
chemical (QC) methods such as ab initio, density
functional theory (DFT) [9-16], and effective
semiempirical approaches such as PM7, PM6
[17], DFTB+ [18], etc. The latter are used not

could be simultaneously synthesized, prepared
with two individual oxides, or deposited one
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only in MOPAC [17] (http://openmopac.net/) and
DFTB+ [18] (https://dftbplus.org/index.html)
packages but also in well-known QC program
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suits:  Gaussian  [19]  (https://gaussian.com/
gaussian16/), GAMESS [20] (https://www.msg.
chem.iastate.edu/gamess/), AMS [21]
(http://www.scm.com) and  others  (see
https://en.wikipedia.org/wiki/List_of_quantum_c
hemistry_and_solid-state_physics_software). As
awhole, the QC methods are the effective tools to
analyze many important characteristics of various
materials including mentioned oxides using
cluster and periodic boundary conditions (PBC)
approaches [9-16]. Note that the PM7 and
DFTB+ methods are characterized by very
different parametrization methodology, since in
PM7, each atom is parametrized per se, but in
DFTB+, each pair of atoms is parametrized. This
difference (as a reason of selection and
comparison of these methods) could affect the
calculation errors. As a whole, for each
characteristic of each system, a more appropriate
method could be found. For example, to estimate
the bandgap between the valence (VB) and
conduction (CB) bands, the PBC could be more
appropriate than the cluster approach, since there
is a dependence of the VB and CB structure and
width (e.g., band broadening for larger clusters or
particles due to the Pauli exclusion principle for
electrons) on the cluster sizes. For some local
characteristics related to, e.g., active surface sites,
the cluster (especially with DFT and appropriate
basis sets) approaches could be more appropriate
than PBC one due to some features of the latter
(e.g., a cell should be strongly expanded to reduce
site-site interactions and the PBC could be used
only in two directions). It should be noted that
semiempirical methods (e.g., PM6, PM?7,
DFTB+, etc.) could be more appropriate than
DFT or ab initio ones to study large systems with
several thousands of atoms due to much smaller
required computational resources for the former
[6-16].

According to experimental data [22-32], the
bandgap between VB and CB changes for
individual ~ oxides  studied here  from
E;=9.0+0.2eV  (amorphous  silica) and
6.7+0.2 eV (3~Al;03) as dielectrics and 3.2 eV for
anatase as a semiconductor that also depends on
the particulate morphology. The bandgap of
binary oxides depends also on additional factors
including phase contents and distributions,
particle shape and sizes, coherent scattering
region sizes, etc. There is a tendency of changes
in Eg4 closer to that of an individual material with

smaller one. For example, for TS, it is between
3.5 and 4 eV [23-38] that is much closer to the Eq4
value of titania than silica. This is due to a
relatively low concentration threshold for
electron percolation in binary nanostructured
systems that could be about 10 % for titania with
random phase distribution in TS [6-8]. However,
for core-shell particles, the E; value should
correspond to that of the shell.

As a whole, the electronic structure changes
influence the application efficiency of the
materials [39-46]. Therefore, in this study,
various solid solutions and tightly contacted
phases were modeled for binary oxides (TS and
AS) to analyze the effects on the bandgap, integral
density of electron states, and charge distribution
functions compared to that of individual oxides.
Note that for initial structures, individual silica
was modeled as amorphous one, alumina
represented j~Al,Os, and titania was anatase.
Thus, the aim of this study was to compare the
characteristics of individual silica, alumina
(;~Al>03), and titania (anatase) and related binary
oxides TS and AS (random distributions of a
guest phase (minor) with isomorphic substitution
of metal atoms in a host phase (with remained
lattice features) by metal atoms of the guest
phase) with solid solutions of silica in titania
(anatase), titania in silica (amorphous), and
alumina in silica (amorphous) computed using
different methods such as DFT [13-16], DFTB+
[18], and PM7 [17] using different QC program
suits (all are the latest Linux versions) to show
some their advances and limitations.
Additionally, a model of AS particle includes two
attached fragments of silica (amorphous) and
1-Al203.

COMPUTATION METHODS

Several types of silica, titania, alumina, TS,
and AS clusters (with random distributions of a
guest phase) with 22, 35, 88, 94, and 111 units
(with surface hydroxyls to provide zero formal
charge) were used in QC computations. QC
calculations of the clusters using the DFT method
were carried out using a hybrid functional
®B97X-D with the cc—pVDZ basis set with the
Gaussian 16 C.02 [19], GAMESS 2023 R2 and
2024 R2 patch 1 [20], and AMS 2023.1 and
2024.1 [21] program suits. For a silica cluster
(35 units), B3LYP/cc—pVDZ and B3LYP/6-
31G(d,p) were also used to compare with
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®B97X-D/cc—pVDZ (note that these basis sets
are similar, e.g., for this silica cluster, a number
of basis functions/primitive gaussians is
2140/4494  (6-31G(d,p)) and 2018/5594
(cc—pVD2Z)). The solvation effects were analyzed
using the SMD method [47]. To compute the
Gibbs free energy of solvation AG;s= G- Gg,
where G and Gq are the Gibbs free energies of a
molecule free or bound to silica cluster in the
liguid and gaseous media, respectively. The
calculations were performed taking into account
zero—point and thermal corrections to the Gibbs
free energy in the gas phase and for solved
molecules and clusters with the geometry
optimized using ®B97X-D/cc—pVDZ. The
cluster models or the systems with periodic
boundary conditions (PBC) were also calculated
using the DFTB+ (ver. 24.1) [18] (with some
additional parameters [48]) and PM7 (MOPAC,
ver. 22.1.1) [17] methods. All DFT and
semiempirical computations were carried out
using the latest Linux versions of the programs
[17-21]. Preparation of initial cluster structures
and visualization of the calculation results were
carried out using several programs [49-52]. The
system geometry was optimized in all the cases.

Note that according to previous investigations
[53-58], for relatively correct calculations of the
electronic structure of the oxide systems, a
minimal size of oxide clusters should correspond
to at least 20 units. Therefore, the minimal
clusters used here include 22 units. However, in
the case of PBC calculations, an expanded cell of
anatase includes 16 units.

The distribution  functions of some
parameters have been calculated with a simple
equation [56-58]

exp[~(X, ; = X)’]

f,(X) =@ty Y.

where j is the number of a certain type (n) of
atoms, o7 is the distribution dispersion, and X; is
the value of atomic charge (CDF) or electron
energy of molecular orbitals, MO (integral
density of electron states, IDES), and X is the
current value.

Upon computing the MO levels in the
conduction band (virtual levels), there is a
systematic error in the MO energies due to
completely filled electronic shells related to VB,
i.e., the absence of the effect of electron transfer
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from the valence band to CB on the potential field
(ie., VB is completely infilled, but CB is
completely empty). This results in too large Eq4
values due to overestimated energy of CB bottom.
To correct this error, the CB could be computed
for the charged system (g =+1 a.u.) with one
removed electron (potential approach V* for CB).
This correction could be used for the lowest
virtual MO (LUMOL, Tables 1-3) to estimate the
bandgap (Eg1) as the gap between the highest
occupied MO, HOMO for uncharged system and
lowest unoccupied MO, LUMOL1 for charged
system, as well as corrected IDES (IDES1) as a
sum of two parts related to VB (IDES for
occupied levels) and CB (IDES for corrected
virtual levels with the approach V* for CB).

RESULTS AND DISCUSSION

The bandgap is an important characteristic for
catalysts (e.g., redox reactions are stimulated by
electron transfer from a photocatalyst to reaction
species that is more effective if the bandgap is
narrower and the reactions could be occurred
under not only ultraviolet but also visible light)
and adsorbents (due to enhanced polarization
effects for materials with smaller E4 values, e.g.,
titania or titania/silica in comparison to silica
[6,59] compared upon interaction with water,
vide infra). Therefore, the theoretical modeling of
the electron band structures, especially upper
valence (top, Fermi level), conduction (bottom),
and forbidden (width) ones, should be accurate to
predict important characteristics of complex
materials. Here, the important boundary electron
level  energies  (Tables  1-3), IDES
(Figs.1,2,6a), and CDF (Figs.3-6) are
compared for titania, silica, alumina,
titania/silica, and  alumina/silica  models
computed using semiempirical PM7 and DFTB+
or density functional theory methods.

For anatase, the best results (with respect to
the experimental data) for Ey are obtained with
DFTB+ (both PBC and cluster models with the
errors AE;=0.2eV and 0.3eV, respectively)
(Table 2). The Ey vales for anatase computed
using the cluster approach with PM7 (Table 1)
and DFT (Table3) methods are worse
(overestimated at AEg =1.1eV and 1.8eV,
respectively) than that of Eq by DFTB+ (Table 2)
in comparison to the experimental Ey value of
3.2 eV. The PBC calculation of anatase with PM7
does not give a better Eg value than that in the
cluster approach (Table 1).
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Table 1.  Energies of HOMO and LUMO and bandgap values (PM7)
Cluster Enowmo (eV) Evumo (eV) Evumor (eV) E; (eV) Eg (eV)
Ti16032(PBC) —6.989 0.010 6.999
Ti2040H 0 -9.089 -2.215 —4.792 6.874 4297
Ti21Si049H 10 -9.209 -2.222 —4.240 6.987 4.969
Ti20812049H 10 -9.147 -2.279 —4.413 6.868 4.734
Ti18S14049H 10 -9.523 -1.975 —-4.219 7.548 5.304
Ti16S16049H10 -9.501 -1.890 —4.050 7.611 5.451
Ti15817049H10 -9.862 -2.181 —4.868 7.681 4.994
Ti1Si11049H10 -9.533 -1.761 —4.041 7.772 5.492
TigSi14049H 10 -9.795 -1.815 —-4.546 7.980 5.249
Si3s087H34 -11.013 0.060 —4.048 11.073 6.965
SiggO196H40 -10.636 -1.403 —4.440 9.233 6.196
SiggO196Ha0@7H-0 -10.609 -1.312 —4.084 9.297 6.525
SigxTisO196H40@7H20 -9.493 -1.429 -2.873 8.064 6.620
SigrAlsO19sHas@10H20 -10.072 -1.570 -3.929 8.502 6.143
Al110189H4s -9.913 -0.562 -6.815 9.351 3.098
Ali110189H4s@6H-0 -10.019 0.389 —1.354 10.408 8.665
Note. Egq = Eiumo — Enomo. Erumor Was calculated using the V-1 approach and Eg = Eiumo1 — Enomo (bold and
underlined values are best ones close to experimental data)
Table 2.  Energies of HOMO and LUMO and bandgap values (DFTB+)
Cluster Enomo (eV) EvLumo (eV) E; (eV)
Ti16032(PBC) -2.559 0.874 3.433
TizO49H0 ~5.942 —2.447 3.495
Tiz1Si049H 10 —6.021 -3.419 2.602
Tiz0Si2049H10 -6.257 -3.246 3.011
Ti1Si4049H 0 —6.354 -5.217 1.137
Ti16Si60490H 10 —6.526 —5.085 1.441
Ti15S17049H 10 -6.511 —5.128 1.383
Ti11S111049H10 -6.473 —5.243 1.230
TigS114049H 0 —7.388 —5.746 1.642
Si35057H34 -8.170 -3.122 5.048
SiggO196H40 -8.183 —4.153 4.030
SissO0196Ha0@7H20 —7.894 —4.071 3.823
SigxTi60196Ha0@14H,0 -5.780 -5.155 0.625
Sigx TicO196Ha0@ 14H,0* —4.258 -3.804 0.454
Si76Ti120196Ha0@14H,0 —6.683 -5.114 1.569
Si74T1140196Ha0@15H,0 —6.959 —-5.200 1.759
Sig2AlsO196H46@10H20 —6.902 -4.239 2.663
Si76A1120196Hs2@10H,0 —6.928 —-4.812 2.116
Si74Al1140196Hs4@10H,0 —7.135 —4.268 2.867
Si72Al160196Hs6@10H,0 —6.864 -3.983 2.881
AlyoSiasO198Heo -6.323 —4.180 2.143
Al1110180Hus -5.170 —4.002 1.168
Ali1101890Hass* —4.852 -2.523 2.329
Al110130Hss@6H20 —6.180 —2.224 3.956
Note. *DFT geometry
For amorphous silica (modeled by a cluster (Table3, Eg at AEg=1eV and Eg at

with 88 units), the best result is obtained with
PM7 (Table 1, Eq at AEg = 0.1 eV). For DFT, the
V! approach could improve the bandgap value

AEg =~ 1.5 eV) in contrast to that of PM7 (Table 1,
Eq at AEg: = -3 eV). An increase in silica cluster
from 35 to 88 units results in a decrease (by ca.
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1eV) in the Ey value calculated by all methods
(Tables 1-3) that is due to the Pauli exclusion
principle for electrons. For a dry »-Al,O3 cluster
with 111 units, DFT gives a better result (Table 3,
E;, at AE;=-05eV) than PM7 (Tablel,
overestimated E; at AEg=2.6eV) or DFTB+
(Table 2, underestimated Ey; at AEy=-5.5eV).

Hyadration of both silica and alumina clusters results
in certain broadening of the bandgap calculated by
all methods. This could be considered as a result of
surface relaxation with decreasing free surface
energy (surface atoms are predominant for the
clusters studied; therefore, their state can strongly
affect all the characteristics of the systems).

Table 3.  Energies of HOMO and LUMO and bandgap values (DFT with ®@B97X—D/cc—pVDZ)
Cluster Enowmo (eV) Evumo (¢V)  Evumoi (eV) E; (eV) Eg (eV)

TiznO049H 0 -10.729 —-1.634 —-5.638 9.095 5.091
Ti21SiO49H 10 -10.681 -1.761 —4.483 8.920 6.198
Ti18S14049H10 —10.835 -1.760 —4.357 9.075 6.478
Ti16516049H10 —10.888 -1.730 —4.110 9.158 6.778
Ti158i7049H10 —10.683 -1.815 —4.498 8.868 6.185
Tiy1Si11049H 10 -9.725 -1.712 —4.248 8.013 5.477
TisS114049H 10 -9.735 —-1.665 —4.181 8.070 5.554

SizsOg7Hz4 -10.721 1.100 11.821

Si350s7H34* —-8.353 —0.970 7.383

Siz3s0s7H34** -8.252 -0.651 7.601
SiggO196H40 -10.526 0.232 -2.612 10.758 7.914
SigsO19sH40@7H20 -10.530 0.336 -2.271 10.866 8.259
Sig2 TigO196Ha0@7H20 -9.194 —-1.060 -2.199 8.134 6.995
SizTi120196Ha0@14H20 -9.754 -1.076 —3.494 8.678 6.260
Sig2AlsO196Has@10H,0 -10.177 0.043 —2.358 10.220 7.819
Si76Al120196Hs5@10H0 —10.086 -0.012 —3.494 10.074 6.592
Si74A1140196H54@10H,0 —10.149 0.074 -2.372 10.223 7.777
Si7Al160196Hss@10H0 -9.999 0.107 -1.939 10.106 8.060
AlsoSiasO10sHeo -9.441 -0.139 -1.882 9.302 7.559
Aly110189Has -7.104 -0.912 —4.200 6.192 2.904
Ali1O1s0Has@6H,0 —8.689 —0.491 —1.824 8.198 6.865

Note, *B3LYP/cc—pVDZ. **B3LYP/6-31G(dp).
Eg1 = ELumo1 — Eromo, but Eg = ELumo — Enomo

As a whole, there are certain tendencies in the
bandgap changes depending on the binary oxide
compositions (Tables 1-3, Figs.1 and 2). An
increase in the silica (guest phase as a solid
solution with random distributions) content in the
anatase cluster with 22 units results in bandgap
broadening by ca. 1 eV (PM7, Table 1). This is in
agreement with experimental data [36-38]. The
DFT calculations (Table 3) demonstrate rather
opposite results for the Ey (decreasing in
comparison to Eq for pure anatase cluster) and Eq
(increasing) values with nonmonotonic changes.
For an AS cluster AlsSissO19sHee With tight
contact between two pure phases, the value of Egq
(DFT, Table 3) is between the experimental values
for silica and alumina (average weighted values is
7.801). The appearance of titania in a silica cluster
with 88 units (solid solution with random
distributions) leads to the opposite results in
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ELumor Wwas calculated using the V! approach and

comparison to that for silica in titania, i.e., the
value of Ey decreases with increasing titania
content (Tables 1 and 3) that is in agreement with
the experimental data [36-38]. However, these
changes are rather nonmonotonic because there are
several effects (sometimes opposite): (i)
appearance of the guest atoms (Si in titania or Al
and Ti in silica) and an increase in their content
leads to enhanced stress of the lattice and changes
in the lattice constants; (ii) changes in the electron
density location (e.g., gsi > gal, Figs. 3-5) and an
increase in the heterogeneity of the charge
distributions (Figs. 3-5); (iii) appearance of the
bridging hydroxyls in AS that are absent in silica;
(iv) certain inconsistency in the characteristics
(valence, size, charge) of the guest atoms to those
of the host ones; and (v) enhanced changes in IDES
(Figs. 1 and 2).
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Fig. 2. IDES (in upper VB and lower CB) calculated with DFT, DFTB+, and PM7 methods for (a) alumina/silica

with individual phases, (b) titania/silica with silica embedded into the anatase cell, (c) alumina/silica and
titania silica with alumina and titania embedded into amorphous silica matrix
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It should be noted that the DFTB+ method gives
relatively poor (underestimated) results for Eq for all
systems with exception of anatase (Table 2) due to
too high Fermi levels and too low CB bottom levels
(Table 2, Figs.1 and 2). However, the DFTB+
method could give better results for the Fermi level
(Enomo) per se than that for the CB bottom (ELumo)
in contrast to the DFT method giving the opposite
results with too deep Fermi levels. These results
could be explained by non-optimal pair m;—m;
(mx =Ti, Si, Al) parameters [48]. As a whole, the
PM7 and DFT Eg values better (mainly less
overestimated) correspond to the experimental
values than the PM7 and DFT Eg ones, which are
more strongly overestimated (Tables 1 and 3) in
comparison to the experimental data.

Typically, the DFTB+ IDES (Figs. 1 and 2)
shift toward higher levels for VB and lower levels
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for CB than that of PM7 and DFT IDES.
However, in the case of the V- approach (for the
clusters) with PM7, the CB bottom is close to that
of DFTB+ (Fig. 1), as well as in the case of PBC
calculations of anatase (Fig. 1 d). The top of the
upper VB is linked to the electrons located on the
oxygen atoms (i.e., Lewis base sites) due to the
abundance of the electron density on the O atoms
(Figs. 3 b, 4 b, and 5 b, f). The bottom of the CB
is linked to metal atoms with maximum positive
charges (i.e., Lewis acid sites) (Figs. 3¢, 4 c, d,
and 5¢c,d, g, h). However, there is no simple
correlation between the boundary IDES functions
(Figs. 1 and 2) and Mulliken charge distributions
on the O and metal atoms (Figs. 3-6) calculated
using DFTB+ and PM7 or DFT methods.
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Fig. 3. Mulliken charge value distributions on (a) H, (b) O, (c) Al, (d) Si, and (e) Ti atoms in the clusters
Si74Al140196H54@10H,0 and Siz4Ti140106H20@15H,0 calculated using DFT, DFTB+, and PM7 methods
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This could be explained by the method of the
estimation of the Mulliken charges [9-14] for
electron-donor (H, Al, Si, Ti) and electron-
acceptor (O) atoms forming significantly polar
bonds in metal (e.g., Al and Ti) or metalloid (Si)
oxides, as well as by changes in the lattice stress vs.
composition of binary oxides leading to the
appearance of the O, Al, Si, and Ti atoms with
different charges (therefore, the CDF have
complex shapes, Figs. 3-5). Note that the adsorbed
water molecules more strongly affect (stabilize)
the CB than VB (Fig. 1 a—c) since the CB bottom
shifts by ca. 2 eV toward lower energies.

The maximum CDF location for certain
atoms more strongly depends on the methods (and

Ti22049H|C'
(@  1+—oFT
16 12— DFTB+
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S 2 | 53— -PM7
: 3
2 6 C
& [
— 1
o 4 I .
= | |
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1.2

(b)

f(g) (arb.un.)

a
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basis sets) type than on the cluster composition
(Figs. 3-6). Therefore, selection of a method (and
basis set) for calculations of the oxide cluster
models could be more important than the sizes
(upper the size threshold of 20 units) of the
clusters. Additionally, appropriate selection of
both methods (and basis sets) and models could
allow one to obtain most corrected results.
However, there are no universal rules to do that
because of the existence of many-factor effects on
the calculation results. Therefore, comparison of
computation results to experimental data could be
used as the main criterion for selection of methods
(and basis set) and models.

Tiz045H1o
1— -DFT
T——DFTB+ 1 2
— M7 T
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i \ 6= - - PM7
\y i
§
AL
2.0 25
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Fig. 4. Mulliken charge value distributions on (a) H, (b) O, (c) Si, and (d) Ti atoms in the clusters Ti»»O49H10 and
Ti16SisOa9H10 calculated using DFT, DFTB+, and PM7 methods

Changes in the calculation methods result in
much stronger changes in the CDF shapes (Figs. 3
and 4) than changes in the cluster compositions
with solid solutions of alumina in silica
(Fig. 5a-d) or silica in titania (Fig.5e-h)
(cluster models with 88 and 22 units,
respectively). However, changes in CDF of Ti
(Fig. 5h) are much greater than that for Al
because the difference between the atomic
parameters of Si and Ti is greater than that
between Si and Al. Therefore, for TS (solid

10

solution of silica in titania with 4-6-O-
coordinated Si atoms), the lattice stress could be
much greater than that for AS. Therefore, the
CDF for silica in AS (Fig. 5 c) are less dependent
on the cluster composition than that for TS
(Fig. 5 g). Additionally, the O CDF are more
complex for TS (Fig.5f) than that for AS
(Fig. 5b). For the H CDF, the shape is more
complex for AS (Fig.5a) than that for TS
(Fig. 5e) because of the adsorbed water and
bridging hydroxyl contributions for AS.
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Fig. 6. DFT and basis set type effects on (a) IDES, and CDF of (b) H, (c) O, and (d) Si atoms in the silica cluster
Si3sOg7H34 calculated using ®B97X-D (curves 1) and B3LYP (2) with the cc—pVDZ basis set and B3LYP/6-
31G(d,p) (3) (total energy E;: is shown in Hartree units)

The geometries of the silica cluster SizsOg7H34
calculated using ®B97X-D and B3LYP with the
same basis set cc—pVDZ or B3LYP/6-31G(d,p)
are similar (Fig. 6, bottom inserts). However, the
atomic charges estimated using B3LYP are
smaller (with cc—pVDZ) or larger (6-31G(d,p))
than that with ®B97X-D/cc—pVDZ (Fig. 6 b—d).
For B3LYP, this causes the shift of VB toward
higher energies and CB shifts toward lower
energies but it is independent on the basis set type
(Fig.6a). The Eg values from the B3LYP
calculations are smaller (underestimated by ca.
1.4 and 1.6 eV) (Table 3) than that of ®B97X-D
Eg value (overestimated by ca. 2.6 eV). Thus, the
types of DFT and basis sets may strongly affect

12

the VB/CB structure, and their appropriate
selection could give better results for certain
systems. Significant changes in the CDF of H, O,
and Si atoms in the cluster SizsOs7H34 calculated
using the B3LYP with cc—pVDZ and 6-31G(d,p)
(Fig. 6 b—d) do not affect the IDES (Fig. 6 a).
Thus, the CDF are more strongly depend on the
basis set, but the IDES more strongly depend on
the DFT type.

Water molecules bound to a surface of oxide
clusters reduce the Gibbs free energy of the
systems (Table 4), increase the bandgap, and
stabilize the boundary levels (Tables 1-3). The
latter effect is maximal for the »-Al.O; cluster
with 111 units (Tables 1-3). For TS and AS and
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especially for titania, the solvation effects AS  (characterized by  abundance  of
(Table 4, AG) and water adsorption energy (AEs uncompensated high surface energy reduced by
for TS and AS) are much larger than that for the formation of surface hydroxyls upon
amorphous silica. This explains why water is dissociation adsorption of water and then by
better adsorbed from air onto nanotitania, TS, and molecularly adsorbed water from air) than on pure

nanosilica [6-8, 59].

Table 4. Adsorption energy of water and solvation effects for selected systems (eB97X—D/cc—pVDZ with (AGs) or
without (AE;) the SMD use)

Cluster AE; AE; per water molecule AGs

(kJ/mol) (kJ/mol) (kJ/mol)

SigsO196Ha0 - - —690.1

Sis0196Ha0@7H20 —541.6 —77.3 —727.7

Sig2AlsO196Has@10H-0 -930.8 -93.1 —761.6
Sigx TigO196Ha0@7H20 -1273.0 -181.9 -1207.9
Ti»O4oH10 - - —-1688.7

CONCLUSION (computation of the virtual levels of the systems

with removed one electron) than the values of
Eg = ELumo — Enomo (overestimated). Detailed
analyses of the integral density of electron states
and density of atomic charges summarized by
atom types reveal the reasons of nhonmonotonic
changes in the Eg4 values vs. composition of binary
oxides computed by different methods. There are
sometimes opposite changes in the atomic
charges determining the location of the boundary
energetic levels, and changes in the lattice stress
and constants affecting the electronic structure of
complex systems. However, the PM7 and DFT
methods give correct tendencies in the Eg value
changes vs. binary oxide compositions, but its
values are overestimated in contrast to
underestimated values by DFTB+. The DFT and
basis set types can strongly affect the VB/CB
structure, and their appropriate selection could
give more accurate results for certain systems.
Water adsorbed in a low amount on the oxide
clusters provides significant stabilization of a
surface since the Gibbs free surface energy
strongly decreases. This explains effective
adsorption of water from air even onto nonporous

It is well known that the bandgap,
polarizability, conductivity, and dielectric
characteristics play an important role in the
application efficiency of oxide materials.
Therefore, accurate determination of these
characteristics is of interest from a practical point
of view. Clear, the theoretical estimation of the
characteristics is simpler, especially for large
series of complex materials with varied
compositions, by using QC  methods
(computations, no synthesis) than experimental
ones (synthesis and measurements). Upon
theoretical computations with QC methods,
selection of a method adequate to a task is
important to obtain correct information.
Therefore, in this study, two semiempirical
methods (PM7 and DFTB+ with very different
parametrization methodology) have been used in
parallel to DFT (mainly ©B97X-D with the
cc—pVDZ basis set) to compute various clusters
(22, 35, 88, 94, and 111 units) with silica,
alumina, titania, titania/silica, and alumina/silica.
The computations show that the E4 value of titania
Is accurately computed with DFTB+ using cluster binary nanooxides or nanotitania in comparison to
and periodic boundary conditions approaches. nanosilica.

However, for other systems, the DFTB+ method It should be noted that the CDFE method is
gives rather inaccurate, significantly

underestl_mat_ed E; values (due to the pair Additionally, in the literature, there is no detailed
parametrization problems for metal atoms used comparison of the computational results with

here). Typically, the PM7 and DFT methods give DFT, PM7, and DFTB+ methods for silica, titatia,

bett<|a|r values of Eg = ELU""Olh_ Eriomo (W'tr: alumina, AS, and TS, which are important oxide
smaller errors in comparison to the experimenta materials from a practical point of view.

values) using the potential approach V*

original [58] and absent in any QC program suit.
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Thus, accurate selection of QC methods and
material models allows one to obtain the results
appropriate not only for qualitative but also for
guantitative analyses of the experimental results
and related phenomena. This is of importance for
searching and creation of new and more effective
materials for industry, medicine, etc. The use of

appropriate theoretical methods and material
models could simplify the mentioned processes.
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MopenoBaHHs OiHADHUX HAHOOKCHIB 3 TBEPAUX PO34HHiB a00 3Mimanux ¢gas3
B.M. I'yubko

Tnemumym ximii nogepxui im. O.0. Yyiixa Hayionanvhoi akademii nayx Yxpainu
eyn. Ienepana Haymosa, 17, Kuis, 03164, Yxpaina, vlad_gunko@ukr.net

Enexmponna cmpyxkmypa inousioyanvuux okcudie memanie (mumawy, anominiro) abo memanoioie (KpemHiro), a
MAaKooic CKIAoHux (OIHapHUX, NOMPIUHUX) OKCUOIB 8ANCIUBA 3 NPAKMUYHOI MOYKU 30DY, OCKIIbKU 8 DI3HOMAHIMHUX
3ACMOCYBAHHAX IX AK KaAmanizamopis, copOeHmis, HANOBHIOB8AYIE MOW0, 3A00POHEHA 30HA, NOJAPUZOGHICHID,
OieleKMpUuHi XapaKxmepucmuxky ma npogioHicms gidicparoms eupiulanvbHy pov y egpexmugHocmi mamepianie. Tomy
8Kpall HeoOXiOHe MOUHe U3HAUEHHS YUux Xapakmepucmuk. [Ho0i 8usHayeHHs Xapakmepucmux npocmiuie, 0coonu8o
O 8eNUKUX Ccepill CKIaOHUX Mamepianié i3 PI3HOMAHIMHUM CKAAOOM, 3a OONOMO2010 MeOpemuyHux Memodis
(obuucnenns, 6e3 cunmesy), HidC eKCNepUMEHMAaIbHUX (cunmes i eumiproganns). I1i0 yac meopemuunux obyuCIeHb
(HanpuKao, 3 KEAHMOBOXIMIUHUMU MEMOOAMU) BUOIP MemoOy, A0eK8aAMHO20 3A80AHHIO, BANCTUBULL OIST OMPUMAHHSL
npasunvhoi  ingopmayii. Tomy 6 yvomy Oocniddcenni 0eéa Hanisemnipuuni memoou (PM7, DFTB+)
suxopucmogysanucs napaneivro 3 DFT (wB97X-D 3 6asucom cc-pVDZ) ons obuucnenus piznux knacmepis (22, 35,
88, 94 i 111 o0unuyw) 3 diokcudy KpemHito, OKCUdy amoMiHilo, OIOKCUOY MUmMary, OiOKCUOy mMumany/KpemHe3emy i
oxcudy anmominito/kpemnezemy. Obuucienns nokazyrome, wo wiupuna 3aboponenoi sonu (Eg) Oioxcudy mumany
30e0i1buioe0 mouHo oduucmoemscs 3a donomozorwo DFTB+ 3 suxopucmanusm KiacmepHux abo nepioouyHux
epanuynux ymos. Oouak ons inwux cucmem 3uavenns DFTB+ Ey € documb Hemounumu (3anudicenumu). 3navenns
PM?7 ma DFT Eq € Kpawumu 3 6UKOPUCMAHHAM NOMENYianbH020 nioxody V1 (o6uucienns 6ipmyaibhux pienie cucmem
3 BUOANEHUM OOHUM eleKmpOHOM). [lemanvHull aHANi3 iHMeSPanbHOL 2yCMUHU eNeKMpPOHHUX CMAHIE [ 2YCIUHU
AMOMHUX 3aPA0i8, Y3a2aNlbHEeHUX 3d MUNAMU AMOMIG, GUABIAE NPUYUHU HEMOHOMOHNUX 3MiH 3HaueHb Ey 6i0 cknady
binapnux oxcuois. 3acanom memoou PM7 i DFT oaromwb npasunvhi menoenyii' y 3minax 3nauenus Eg 6 3anexcrnocmi
8i0 cK1ady OiHapHux oxcudis, ane to2o 3HAYeHHs 3asulyeHi, Ha GIOMIHY 6i0 3anudicenux 3Hauenv DFTB+. Booa,
aocopbos8ana 6 HeGenUKill KilbKOCMI HA KIACMepax OKcuodis, 3abe3neyye 3HauHy cmabinizayilo noeepxmi, OCKiIbKU
sinbHa nosepxuesa enepeis 1160ca cunbHO 3HUICYEMBCSL, WO NOICHIOE eheKmushy adcopoyiio 600U 3 NOGIMpPsL HAGIMb
HA HenoOpUCMux OIHAPHUX OKCUOAX abo OIOKCUOL MUMAHY 8 NOPIGHSIHHI 3 KDEMHE3EeMOM.

Knrouosi cnosa: Ginapui Hanookcuou, meepouti po3duH, 3miwiaHi ¢pasu, enexkmponua 6yooea, memood TOr,
HanigemMnipuyHi K8AHMOBOXIMIUHI MemoOu
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