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Abstract 

A simple method for the estimation of the most suitable mutual crystallographic orientations of TiO2 

nanoparticles anchored on SiO2 substrate is presented in this work. Number of overlapping titanium and oxygen 

atoms creating atomic pairs can be used to quantify the structure compatibility. These atomic pairs are obtained 

directly from non-optimized TiO2 and SiO2 atomic planes. The descriptions of algorithms being implemented as 

a scripts into the MATLAB environment in order to make the method more effective are also provided. This 

method can help with the selection of the most promising (hkl) planes of TiO2 and SiO2 adjacent surfaces and the 

outputs are in good agreement with results of molecular modeling of TiO2 nanoparticles anchored on SiO2 

surfaces within the meaning of ability to determine the optimized models with the highest and the lowest TiO2-

SiO2 adhesion energies. To the best of our knowledge, there is no other such simple and efficient method 

providing this information, which is very important for molecular modeling of nanoparticle-crystalline substrate 

systems. 
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1.   Introduction 

The TiO2/SiO2 nanocomposite is quite often studied material with large field of practical applications. It is not 

only its photoactivity for which it can be used as an additive for paint coatings with self-cleaning properties [1-3] 

but also the biocompatibility, good chemical stability and nontoxicity making this material suitable for 

functioning as biosensor [4]. TiO2/SiO2 nanocomposite could be also used as a very efficient filler for paper due 

to its greatly superior oil absorbance ability [5] and the electrodeposition of TiO2/SiO2 nanocomposite film 

enables to control the electrochemical properties of electrodes [6].   

Investigation of the SiO2/TiO2 nanocomposite does not need to be done only in experimental way via methods of 

instrumental analysis. The computer molecular modeling using empirical force field also brings valuable 

contributions to the observations. It requires, as one of the first steps of modeling process, searching for the most 

suitable crystallographical orientations of both structures (i.e. nanoparticle and substrate). Finding of these 

orientations enables further simulations in which the various sizes and shapes of nanoparticles can be tested.  

Searching for these suitable orientations used to be lengthy because quite often there are plenty of (hkl) planes of 

both structures and the molecular modeling thus becames very time consuming. Moreover, a lot of initial models 
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with nanoparticles in various positions on the substrate must be prepared in order to find a minimal energy of 

modeled structure. Since the searching for suitable adjacent (hkl) planes is becoming the most time consuming 

step of the modeling process, an alternative method supplying the energetic calculations in this step of molecular 

modeling process would be very helpful.  

In this work we made an attempt to solve this problem via analysis of structural compatibility of given (hkl) 

planes: we were looking for atomic pairs (first atom from given non-optimized (hkl) plane of substrate structure, 

second atom from given non-optimized (hkl) plane of structure from which the nanoparticle was prepared) being 

able to create covalent bonds. These atomic pairs are denoted as the relevant atomic pairs. We report a simple 

method how to analyse the structure compatibility of TiO2 and SiO2 crystal structures using non-optimized (hkl) 

planes (i.e. atomic planes from TiO2 and SiO2 structures in “as found in literature” state). Results are compared 

with adhesion energies between TiO2 nanoparticles and SiO2 substrates computed from results of geometry 

optimization using empirical force field.     

Many studies of structural compatibility of proteins and other large organic structures belonging to the field of 

biochemistry can be found but to our knowledge, no work dealing with the problem of structural compatibility of 

two anorganic crystal structures using molecular modeling has been published. Closest to our problem are the 

works of Dr. B.R. Pradip [7-9] and Homann et al. [10] which are, however, focused on the compatibility of 

organic molecules and anorganic substrates.      

 

2.   Preparation of the sample 

The quartz / TiO2 composite was prepared by thermal hydrolysis of the suspension of quartz (Dorsilit, Dorfner 

GmbH) in the TiOSO4 solution (Precheza a.s.). Required amount of TiO2 in final composite has been achieved 

by the setting of appropriate quartz / TiOSO4 ratio. The structure of composite was observed on TEM JEOL 

2010F. LaB6 crystal was used as an electron source. TEM images (Figure 1) show the size of TiO2 nanoparticles 

anchored on quartz substrate. More informations about the quartz / TiO2 composite can be found in [11]. 

 

 

 

Fig. 1. TEM micrographs of TiO2/SiO2 composite. TiO2 nanoparticles are about 10 nm in diameter. 
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3.   Strategy for modeling 

3.1. Preparation of the models 

Five SiO2 (alpha quartz [12]) substrates with five different crystallographic orientations {100}, {001}, {110}, 

{011} and {111} were prepared. Crystallographic orientations have been chosen in accordance with oxygen 

atom distribution and only (hkl) planes with a dense distribution of oxygen atoms were chosen. These substrates 

are denoted as SiO2(100), SiO2(001), SiO2(110), SiO2(101) and SiO2(111). 

Each substrate has been built as a non periodic superstructure containing 10330 atoms (Si3442O6888) with total 

charge -8 el. This charge comes from the lack of atoms (4 silicium atoms and 4 oxygen atoms) in a surface. 

These eight atoms were removed from the surface in order to create the imperfect crystal structure (Figure 2). 

Such site with lacking atoms may originate on the silicate substrate as a consequence of attacking the surface 

structure by SO4
2-

 anions during the preparation of the composite from TiOSO4 precursor [13]. 

The SiO2 surfaces are large enough to keep the nanoparticle anchored on site with perfect crystal structure 

unaffected by the surface defect and by the substrate margin (see Figure 2). Therefore, it is possible to compare 

the adhesion forces between TiO2 nanoparticles anchored on sites of SiO2 surface with surface defect and 

without surface defect. Total charge is compensated by anchored TiO2 nanoparticle. Thickness of each SiO2 

substrate is 2 nm. In each SiO2 substrate the bottom atomic layers (7737 atoms) representing bulk material are 

fixed. Thicknesses of non-fixed top atomic layers are 0.5 nm (2593 atoms) for each SiO2 substrate.  

 

 

Fig. 2. (a) Initial TiO2(001)/SiO2(001) model with TiO2(001) nanoparticle anchored on site of SiO2(001) surface with surface defect. Surface 
defect can be seen under the TiO2(001) nanoparticle. Fixed atoms representing bulk material are displayed in a balls-and-stick mode. Unfixed 

atoms are displayed in a van der Waals diameter mode; (b) Optimized TiO2(001)/SiO2(001) model. 

 

Five TiO2 nanoparticles (anatase structure [14]) have been prepared with five different (hkl) planes adjacent to 

the SiO2 substrates. These (hkl) planes are (001), (103), (100), (110), (112) and nanoparticles are denoted as 

TiO2(001), TiO2(103), TiO2(100), TiO2(110) and TiO2(112), respectively. Crystallographic orientations are 

chosen in accordance with titanium atom distribution and only (hkl) planes with a dense distribution of titanium 

atoms are chosen. Each TiO2 nanoparticle has 113 atoms (Ti39O74) and total charge +8 el. The same number of 

atoms in each nanoparticle results in their slightly different sizes (Table 1) but the average size of prepared 

nanoparticles is of the same order as the size of nanoparticles in real quartz / TiO2 sample (Figure 1).  

Each nanoparticle is anchored on two sites of each SiO2 surface - either imperfect site with surface defect or site 

with perfect crystal structure (Figure 2).  
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The QEq (charge equilibration) method [15] have been used for charges calculation and models were optimized 

using the Universal force field [16] in the Materials Studio/Forcite module modeling environment. Smart 

algorithm was used for the structure optimization with 50 000 steps. The convergence thresholds for the 

maximum energy and force changes were 4.18·10
-4

 kJ/mol and 20.9·10
-3

 kJ/mol/Å, respectively.  

The interaction between TiO2 nanoparticle and SiO2 substrate is quantified using the adhesion energy, 

totSiOtotTiOtotad EEEE )(
22 ,,

                                                           (1) 

where Etot,TiO2 is the total potential energy of TiO2 nanoparticle, Etot,SiO2 is the total potential energy of SiO2 

substrate and Etot is the total potential energy of whole model (i.e. nanoparticle anchored on substrate).  

 

Table 1.  Characteristics of all nanoparticles are summarized in this table. Values d [nm] are the sizes of the nanoparticles in the diagonal 

direction of basal planes and values  h [nm] are heights of these nanoparticles. 

__________________________________ 

nanoparticles    d [nm]            h [nm] 

__________________________________ 

TiO2(001)      1.7          1.1 
TiO2(103)      1.5          0.9 

TiO2(100)      1.7         1.0 

TiO2(110)      2.0          0.6 
TiO2(112)      1.7          0.8 

__________________________________ 

 

3.2.   Structure compatibility of TiO2 and SiO2 structures 

The idea arises from the presumption that the bond between oxygen atom in SiO2 surface and titanium atom in 

adjacent TiO2 surface can appear only if these atoms are close enough. If there is a stationary distance between 

TiO2 and SiO2 surfaces (oriented in a parallel way) then the major criterion for bond creating is the size of 

overlap (as it seems looking from the top) of both atoms. Figure 3 shows an illustration of this idea: the line of 

oxygen atoms (red) belonging to SiO2(001) surface overlapped by the line of titanium atoms (grey) belonging to 

TiO2(001) surface.  

 

 

Fig. 3. Overlap of atoms from TiO2(001) structure and SiO2(001) structure. Only one row of atoms for each structure is displayed. 

 

It is evident that the first and fifth titanium atom (Figure 3 - counted from left to right) can create bond with first 

and fourth oxygen atom without change of the TiO2 a SiO2 structure. On the other hand, none of the three middle 

titanium atoms can create bond with two middle oxygen atoms because it will cause strong deformation of both 

SiO2 and TiO2 structures which is energetically inconvenient. It can be assumed that the adhesion forces between 

SiO2 surface and TiO2 surface are influenced by the number of titanium/oxygen (Ti/O) atomic pairs which are 

able to create bond under the conditions mentioned above. The more Ti/O atomic pairs per unit area the better 

compatibility of these two structures and, consequently, the better adhesion. 

It is very difficult to study the structure compatibility between the TiO2 nanoparticle adjacent surface and SiO2 

surface with imperfect structure because the periodic arrangement of atoms is very important for presented 

method and the lack of atoms disturbs it. Therefore, for our study only the models containing TiO2 nanoparticles 

anchored on the SiO2 substrate site with perfect crystal structure are used.  
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Here we provide an example how the amount of relevant Ti/O atomic pairs (able to create bond) can be found 

directly from the overlapping atomic planes, which are cut out of non-optimized TiO2 [14] and SiO2 [12] 

structures.  

Titanium plane of TiO2 and oxygen plane of SiO2 overlapping in projection into xy plane were inspected as to 

the commensurability of atomic distribution in both planes. That means the number of overlapping atoms in both 

planes in xy projection is taken as a parameter characterizing compatibility of both structures. For that purpose 

we have to define the stacking of both adjacent planes: titanium plane of TiO2 and oxygen plane of SiO2. We 

have to estimate the crystallographic directions and lines of atoms in both planes, which will be codirectional. 

The chosen (hkl) planes, directions in these planes and interatomic distances in these directions are listed in 

Table 2.  

 

Table 2.  Distances between the atoms lying in the given direction in chosen hkl planes of SiO2 and TiO2 structures. 
_________________________________________________________________ 

structures    hkl  direction            interatomic  

plane            distance [nm] 
_________________________________________________________________ 

  (001)     [010]  0.4913 
    SiO2  (011)     [1-10]       0.4913 

 (oxygen  (011)     [11-1]       0.7304 

   atoms)  (111)     [10-1]      0.7304 
  (111)     [1-10]       0.8510 

_________________________________________________________________ 

  (001)     [100]  0.3776 
    TiO2  (001)     [110]  0.5340 

 (titanium  (100)     [010]  0.3776 

   atoms)  (112)     [1-10]       0.5340 
  (112)     [111]  0.5443 

_________________________________________________________________ 
 

Mutual crystallographic orientation of non-optimized atomic planes and interatomic distances can be clearly seen 

also in Figure 4.  

 

 

Fig. 4 Segments of overlapping titanium and oxygen atomic planes (cut out of non-optimized TiO2 and SiO2 crystal structures) illustrate the 

mutual crystallographic orientation.  TiO2(001)-SiO2(001) is a segment of pattern in Figure 4 and TiO2(112)-SiO2(111) is a segment of 

pattern in Figure 5. 

 

First of all, periodically repeating atoms (titanium atoms from given TiO2 (hkl) plane and oxygen atoms from 

given SiO2 (hkl) plane) creating atomic rows are chosen. Only the directions containing continuous and 
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uninterrupted row of atoms are chosen. Then, the distance between these atoms is measured. Distances between 

two oxygen atoms and two titanium atoms are denoted as d[O-O] and d[Ti-Ti], respectively. 

As Figure 5 shows, there is only one relevant distance d[O-O] = 0.4913 nm (side of the equilateral triangle 

created by three oxygen atoms, i.e. [010] direction) in the SiO2(001) plane. In adjacent TiO2(001) plane there are 

two distances d[Ti-Ti] = 0.3776 nm (side of square created by four titanium atoms, i.e. [100] direction) and d[Ti-

Ti] = 0.5340 nm (diagonal of square created by four titanium atoms, i.e. [110] direction). In Figure 6 one can see 

that two relevant directions [10-1] (d[O-O] = 0.7304 nm) and [1-10] (d[O-O] = 0.8510 nm) are in SiO2(111) 

plane and also two relevant directions [1-10] (d[Ti-Ti] = 0.5304 nm) and [111] (d[Ti-Ti] = 0.5443 nm) are in 

TiO2(112) plane. Therefore, in order to study the structure compatibility of SiO2(001) and TiO2(001) two 

overlapping planes of titanium and oxygen atoms (patterns) are needed while in order to study the structure 

compatibility of SiO2(111) and TiO2(112) four patterns are needed, etc.  

Patterns are created as follows. Both atomic planes (in case of Figure 5 the plane of oxygen atoms from the non-

optimized SiO2(001) surface and plane of titanium atoms from the non-optimized TiO2(001) surface) are 

oriented so that (looking from the top) the rows of atoms with given interatomic distances (in case of Figure 5 

d[O-O] = 0.4913 nm and d[Ti-Ti] = 0.3776 nm) are parallel in the horizontal direction. Such oriented non-

optimized planes of titanium atoms and oxygen atoms are then placed in a parallel way one above other so that 

the titanium atom in the left top corner of the upper plane totally overlap the oxygen atom in the left top corner 

of the lower plane.  

In crystal structure the titanium atom with charge +4 el. and coordination number 6 has radius equal to 0.0745 

nm, the oxygen atom with charge -2 el. and coordination number 6 has radius equal to 0.1260 nm [17]. In this 

research the relevant distance (looking from the top) between oxygen and titanium was conditioned to be at least 

0.1 nm (the average of atomic radii 0.0745 nm and 0.1260 nm) and therefore if the difference between the 

positions of near (looking from the top) titanium and oxygen atoms is found less than or equal to 0.1 nm, then 

this pair is marked blue. 

 

 

Fig. 5. Two overlapping planes of titanium atoms from TiO2 (001) and oxygen atoms from SiO2 (001). Interatomic distances in the 
horizontal direction are d[Ti-Ti] = 0.3776 nm and d[O-O] = 0.4913 nm. Titanium and oxygen atoms with positions equal to, or closer than, 

0.1 nm are blue. Area size is 10 nm × 7 nm.  
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Fig. 6. Two overlapping planes of titanium atoms from TiO2 (112) and oxygen atoms from SiO2 (111). Interatomic distances in the 

horizontal direction are d[Ti-Ti] = 0.5340 nm and d[O-O] = 0.7304 nm.  Titanium and oxygen atoms with positions equal to, or closer than, 

0.1 nm are blue. Area size is 13 nm × 8.9 nm. 

 

 

3.3.   Scripts in MATLAB 

Several algorithms have been implemented as a scripts into the MATLAB environment in order to make this 

method more effective. These scripts allow: (a) to display the given atomic plane with selectable area size using 

cartesian coordinates of atoms in the form of input data file, (b) to display two overlapping planes in a given 

position, (c) to rotate the displayed atomic plane about given angle per given steps in order to find the best fitting 

position (i.e. having the highest number of relevant atomic pairs) of two atomic planes, (d) to calculate the 

number of relevant atomic pairs in displayed two overlapping planes using given relevant interatomic distance 

(looking from the top) between the atom from one atomic plane and the atom from second atomic plane, and (e) 

to emphasize the relevant atomic pairs by colour.  

Five following inputs are needed: two data files representing two atomic planes (denoted as plane 1 and plane 2), 

two numbers (denoted as end_x and end_y) delimiting the size of two overlapping atomic planes and one number 

(denoted as d) determining the distance between two types of atoms. If the distance between positions of atoms 

(seeing from the top) is less than of equal to this number d, then these two atoms are considered to be the 

relevant pair. Each data file contains arbitrary number (dependenig on the complexity of atomic plane) of lines 

with six values X Y dx1 dy1 dx2 dy2, where X and Y are the coordinates of the first atom (located in the origin of 

the coordinates, if possible), dx1 and dy1 are components of first directional vector, i.e. the direction in which the 

atom is copied, and dx2 and dy2 are components of second directional vector, i.e. the direction in which the 

whole atomic line is copied. Norm of this second directional vector determines the distance between the atomic 

lines. Each atomic plane can be created using such one or more lines. 

An example follows. In order to create the periodic square-planar lattice with unit distance between atoms in the 

direction of x axis and y axis and distance square root of two in the direction of diagonals there are three possible 

ways how to do it using our data file: (a) to create a row in the direction of x axis and copy it in the perpendicular 

direction (Figure 7); then, the values X Y dx1 dy1 dx2 dy2 will be 0 0 1 0 0 1, (b) to create a row in the direction 

of y axis and copy it in the perpendicular direction; then, the values will be 0 0 0 1 1 0, (c) to create a row in the 

direction of diagonal and copy it in the perpendicular direction; then, the values will be 0 0 1 1 1 -1. 
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Having two overlapping atomic planes the script is able to scan all distances between all atoms in plane 1 and 

plane 2. If the difference between the positions of near (looking from the top) atoms (one from plane 1 and 

second from plane 2) will be found less than or equal to d, then this pair will be marked blue. The number of 

such pairs will be written as an output. 

 

 

Fig. 7. Two directional vectors are used to create the periodic pattern from single point (atom). X and Y are the coordinates of the first atom, 
dx1 and dy1 are components of directional vector and dx2 and dy2 are components of second directional vector. 

 

It is evident, that number of relevant pairs may change due to the rotation of one of the atomic planes. Therefore, 

using step-by-step rotation of one plane about given angle (denoted as end_α) it is possible to estimate the 

number of relevant pairs in dependence on rotational angle and to find the most suitable mutual orientation of 

atomic planes. New atomic positions in the rotated plane after each step are given by multiplying directional 

vector by rotation matrix  

cossin

sincos
R                                                                        (2) 

where α is the angle of rotation in each step.  

In order to scan all mutual positions, five previously mentioned impunts (i.e. two data files representing two 

atomic planes, two numbers delimiting the size of two overlapping atomic planes and one number determining 

the distance between two types of atoms) should be extended by the values α and end_α.  

 

4.   Results and discussion 

Fifty initial TiO2/SiO2 atomistic models were prepared. Each of five various TiO2 nanoparticles has been placed 

on either site with surface defect (imperfect site) or site with no surface defect (perfect site) of five various SiO2 

substrates. This number does not include further modifications via shifting the nanoparticles along SiO2 surface 

as mentioned before. In fact more than two hundred models have been optimized. 

Optimized models revealed that in both cases (i.e. TiO2 nanoparticles anchored on perfect or imperfect SiO2 

sites) TiO2(001) and TiO2(100) nanoparticles generally exhibit the strongest adhesion while TiO2(112) 

nanoparticle exhibit weak adhesion. The best and the worst models with highest and lowest adhesion energies 

computed using Eq.1 are listed in Table 3. This finding, which is in good agreement with the well known fact 

that the {0 0 1} crystal planes have high surface energies due to high degree of unsaturated atomic bonding [18-

21], also confirms the suitability of our simulation approach. 

One can see the stronger adhesion forces between TiO2 nanoparticles and SiO2 imperfect sites (Table 3). The 

charge variation on these imperfect sites certainly plays an important role.  Nevertheless there is one exception - 

model (TiO2(001)/SiO2(001) in the first row. This exception is for the mutual crystallographic orientation 

exhibiting highest amount of relevant Ti/O atomic pairs per 1 nm
2
 (Table 4).  
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Table 3.  Adhesion energies computed from models containing TiO2 nanoparticles anchored on either perfect site of SiO2 substrate without 

surface defect or imperfect site of SiO2 substrate without surface defect. TiO2 nanoparticles on SiO2 imperfect sites generally exhibit better 

adhesion. 
___________________________________________________________ 

models         adhesion energy [kJ/mol] 

                                          ______________________________________ 
   perfect site  imperfect site  

___________________________________________________________ 

TiO2(001) / SiO2(001) 36282  36211 
TiO2(100) / SiO2(001) 34861  35655 

TiO2(001) / SiO2(011) 30894  32938 

TiO2(112) / SiO2(011) 20712  23111 
TiO2(112) / SiO2(111) 20624  22668 

___________________________________________________________ 
 

 

Table 4.  Number of relevant Ti/O atomic pairs per 1 nm2 are in good accordance with adhesion energies of models containing TiO2 

nanoparticles fittingly oriented on perfect sites of SiO2 substrates. Fitting orientation means that rows of Ti (from TiO2 plane) and O (from 
SiO2 plane) atoms with given interatomic distances are oriented in the same direction. Models containing unfittingly oriented TiO2 

nanoparticles exhibit lower adhesion energies. 

__________________________________________________________________________________________________________ 
   parallel directions    adhesion energy [kJ/mol]   

                                        _______________________________________________________________          relevant Ti/O 

             models         SiO2     TiO2   perfect site    perfect site       atomic pairs 
        (unfitting)     (fitting)         per 1 nm2     

__________________________________________________________________________________________________________ 

TiO2(001) / SiO2(001)   [010]     [100]      33072      37892           1.15 
TiO2(100) / SiO2(001)   [010]     [010]      32654      34861           0.99 

TiO2(001) / SiO2(011)   [1-10]     [100]      30334      30894           0.77 

TiO2(112) / SiO2(011)   [1-10]     [1-10]      18007      20712           0.57 
TiO2(112) / SiO2(111)   [10-1]     [1-10]      19650      20624           0.46 

__________________________________________________________________________________________________________ 

 

 

Table 5.  Number of relevant Ti/O pairs per 1 nm2 (denoted as np(x)) varies in dependence on the area (denoted as x), from which it was 
calculated. The larger x, the closer np(x) to the np, which is equal to the weighted mean of np(x). 

 
________________________________________________________ 

   x number of 

[nm2]   relevant  np(x) weight np(x) × weight 
 Ti/O pairs 

________________________________________________________ 

   1       3  3.000     1        3.000 
   4       5  1.250     2        2.500 

   9       9  1.000     3        3.000 

  16      23  1.438     4        5.750 
  25      30  1.200     5        6.000 

  36      33  0.917     6        5.500 

  49      57  1.163     7        8.143 
  64      75  1.172     8        9.375 

  81      82  1.012     9        9.111 

 100     110  1.100    10       11.000 
________________________________________________________ 

 

Therefore, it is probable that for TiO2(001) nanoparticles the anchoring on perfect SiO2(001) surface is more 

energetically advantageous than anchoring on imperfect SiO2(001) surface.  

In spite of the fact that charge arising from the SiO2 imperfect site with surface defect causes generally stronger 

adhesion of TiO2 nanoparticles there must be also another reason why some TiO2 nanoparticles exhibit strong 

adhesion while some not: the mutual structure compatibility.  

Structure compatibility has been studied (i.e. patterns has been prepared) for the TiO2 and the SiO2 atomic planes 

listed in Table 3. According to all relevant interatomic distances d[O-O] and d[Ti-Ti] in these planes twenty four 

patterns were prepared. Two of them are shown in Figure 5 (highest amount of relevant Ti/O atomic pairs) and 

Figure 6 (lowest amount of Ti/O atomic pairs). 
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The numbers of relevant Ti/O atomic pairs per 1 nm
2
 (denoted as np) are listed in Table 4. It is evident that the 

number of relevant Ti/O atomic pairs grows with increasing area of planes (Table 5). The growth is unequal 

because of non-uniform distribution of these pairs. Figure 8 shows varying number of pairs per 1 nm
2
 in 

dependence on the size of planes, from which the number was calculated. Number of pairs is denoted as np(x), 

where x is the size of area in nm
2
 (Table 5). The value of np(x) oscillate around certain value (np) and the larger 

size of planes, the less oscillation (see Figure 8).  

The value of np can be estimated as follows. Let each np(x) have the sequential number (1, 2, 3, etc.) denoted as 

weight (see Table 5). It is evident that number of pairs obtained from larger areas contributes more than those 

obtained from smaller areas. Weighted mean of np(x) give us the np. Since the sum of weights is 55 and the sum 

of np(x) × weight is 63.379, the np is ~1.15. Since we have no additional informations about function describing 

the oscillation of np(x), this approach is suitable. Values of np for other overlapping atomic planes (Table 4) were 

obtained in the same way.  

 

 

Fig. 8. Three examples of calculation of numbers of pairs per 1 nm2 (denoted as np(x)) are shown. The value of np(x) oscillate around certain 
value (denoted as np) which is equal to the weighted mean of np(x). 

 

Interatomic distances d[O-O] and d[Ti-Ti] in the horizontal lines of atoms in patterns can be seen in second and 

third column of Table 4. Furthermore, the adhesion energies computed using Eq.1 from the optimized models 

containing TiO2 nanoparticles oriented according to the pattern (denoted as fitting) are present. From the Table 4 

it is evident that TiO2 and SiO2 surfaces exhibiting strong adhesion have more relevant Ti/O atomic pairs than 

surfaces exhibiting weak adhesion (compare fifth and sixth column). One can see that the adhesion energies 

listed in Table 4 exhibit the same trend as numbers of relevant Ti/O atomic pairs per unit area. 

If the presumption mentioned before is right, then the models containing TiO2 nanoparticles oriented on SiO2 

substrates in different directions than in prepared patterns must exhibit lower adhesion energy. Therefore, for 

each TiO2/SiO2 model one additional model in which the attention has not been paid to the orientation of TiO2 

nanoparticle on the SiO2 substrate was prepared. These models were denoted as unfitting and adhesion energies 

computed after geometry optimization are listed in Table 4 in the fourth column.  

The models containing unfittingly oriented TiO2 nanoparticles exhibit lower adhesion energy than the same 

models containing TiO2 nanoparticles oriented fittingly (compare fourth and fifth column of Table 4). Thus, it 

can be demonstrated that the orientation of TiO2 nanoparticle on SiO2 substrate plays its role and the presented 

method is useful.  
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This statement is confirmed also by visual observation of the optimized models. Figure 9 shows the initial 

(before geometry optimization) and final (after geometry optimization) positions of fitting TiO2(001)/SiO2(001), 

fitting TiO2(112)/SiO2(111), unfitting TiO2(001)/SiO2(001) and unfitting TiO2(112)/SiO2(111) models (i.e. 

models having highest and lowest adhesion energies and np – see Table 4).  

Because of clarity, only bottom titanium atoms of TiO2 nanoparticle (i.e. atoms directly adjacent to the SiO2 

substrate) and near oxygen atoms of SiO2 surface (i.e. atoms directly adjacent to the TiO2 nanoparticle) are 

displayed in Figure 9. Other atoms belonging to SiO2 substrate and TiO2 nanoparticle structures are hidden. 

Look at Figure 2 and imagine that with the exception of twelve titanium atoms from the bottom of TiO2 

nanoparticle and of nearest oxygen atoms from the surface of SiO2 substrate all other atoms are invisible. Figure 

9 shows atoms of TiO2 nanoparticle/SiO2 substrate models while Figure 4 shows segments of atomic (hkl) planes 

cut out of non-optimized TiO2 and SiO2 crystal structures. 

 

 

Fig. 9. Top views and side views of TiO2(001)/SiO2(001) and TiO2(112)/SiO2(111) models with fittingly and unfittingly oriented TiO2 
nanoparticles. Models are displayed before (initial models) and after (final models) the geometry optimization process. Only the titanium and 

oxygen atoms directly adjacent to ech other are displayed while other atoms are omitted. 

 

For optimized models the calculation of overlapping Ti/O pairs (as it seems looking from the top) is with no 

sense because oxygen and titanium atoms do not lie in planes due to the distortion of substrate and nanoparticle 

(compare initial side views and final side views in Figure 9). Nevertheless, np values calculated from two 
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dimensional patterns are in very good agreement with mutual positions of TiO2 nanoparticles and SiO2 substrates 

in three dimensions.  

Optimized TiO2(001)/SiO2(001) model with fittingly oriented TiO2 nanoparticle contains three titanium atoms 

which are very close to three oxygen atoms. Ti-O distances: 0.225 nm, 0.240 nm, and 0.263 nm. Optimized 

TiO2(112)/SiO2(111) model with fittingly oriented TiO2 nanoparticle contains two titanium atoms which are very 

close to two oxygen atoms. Ti-O distances: 0.244 nm and 0.246 nm. Optimized TiO2(001)/SiO2(001) model with 

unfittingly oriented TiO2 nanoparticle contains two titanium atoms which are very close to two oxygen atoms. 

Ti-O distances: 0.293 nm and 0.331 nm. Optimized TiO2(112)/SiO2(111) model with unfittingly oriented TiO2 

nanoparticle contains one titanium atom which is very close to one oxygen atom. Ti-O distance: 0.318 nm. These 

interatomic distances show not only that adhesion force between TiO2(001) nanoparticle and  SiO2(001) 

substrate is higher than adhesion force between TiO2(112) nanoparticle and  SiO2(111) substrate but also that 

fittingly oriented nanoparticles exhibit better adhesion than nanoparticles oriented unfittingly (see also final side 

views in Figure 9).  

 

5.   Conclusions 

The presented method, making use of overlapping TiO2 and SiO2 (hkl) planes cut out of non-optimized crystal 

structures in order to find the most suitable mutual crystallographic orientations via number of overlapping 

titanium and oxygen atoms (i.e. relevant Ti/O pairs), is in good agreement with results of molecular modeling 

within the meaning of ability to determine the optimized models of  TiO2/SiO2 nanocomposite with the highest 

and the lowest adhesion energies. Thus, it allows us to predict the best and the worst oxygen and titanium atomic 

planes regarding to their mutual adhesion.   

This method can help with the selection of the most promising (hkl) planes of TiO2 and SiO2 adjacent surfaces. 

Only such selected models will be further used for more accurate and more time consuming energetical 

computations. The presented method has been implemented into the MATLAB environment, which makes it 

faster and more applicable.  

Usability of this method for other types of nanoparticle/substrate nanocomposites will be further tested.  
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