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4.1 Thermodynamic properties in SnO2 nanoparticles 

 Nano structured oxides have attracted considerable attention in recent times due to 

their novel properties and application prospects in electronics and devices. Various 

interesting properties can be obtained when size of the material is reduced to nanometer scale 

compared to its bulk counterpart [4.1]. Titanium and tin dioxide are important oxides in opto-

electronic technologies involving efficient dielectrics, catalysis, sensors, thin film transistors, 

nano biotechnology and other transparent electronic devices [4.2-4.12]. 

 4.1.1 Melting temperature 

 The melting of nanocrystals has received considerable attention since 1954 when 

Takagi experimentally demonstrated that the ultrafine metallic nanocrystals melt below their 

corresponding bulk melting temperature Tm(∞) with ∞ denoting the bulk [4.13]. In the present 

section, we present the results based on our calculations on the effects of size and shape on 

melting temperature of tin dioxide (SnO2) nanoparticles. To calculate size and dimension 

dependent melting temperature of SnO2 nanoparticles we have used the following equation 

which is derived in chapter 2.  

��(�)

��(�)
=

��(�)

��(�)
= ��� �

�(���)

[�� ��� ���]
� ...(1) 

where, α=2Svib(∞)/(3R)+1 and r0=(3-d)h.  

 Effect of dimension has been evaluated by taking different values of dimension (d) in 

the eqn.(1) which corresponds to the spherical nanoparticles, nano wire (tubes) and thin film 

like materials. Our calculated data are presented in Table 4.1. 
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[Table 4.1] 

Calculated results of size dependent melting temperature of SnO2 nanoparticles 

Size of SnO2 

nanoparticles (nm) 

Melting temperature, Tm (K) 

Different shapes of SnO2 nano particles 

 0-d 

(spherical particle) 

1-d 

(nano wire) 

2-d 

(thin film) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

1120.66 

1643.5 

1747.79 

1792.3 

1816.96 

1832.65 

1843.49 

1851.45 

1857.5 

1862.3 

1866.19 

1512.58 

1747.79 

1806.19 

1832.65 

1847.76 

1857.5 

1864.36 

1869.4 

1873.27 

1876.36 

1878.84 

1747.79 

1832.65 

1857.5 

1869.4 

1876.36 

1880.93 

1884.14 

1886.55 

1888.41 

1889.89 

1891.09 
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12 

13 

14 

15 

16 

17 

18 

19 

20 

40 

60 

1869.4 

1872.09 

1874.37 

1876.36 

1878.07 

1879.57 

1880.93 

1882.11 

1883.01 

1893.2 

1896.33 

1880.93 

1882.66 

1884.14 

1885.45 

1886.55 

1886.63 

1888.41 

1889.19 

1889.86 

1896.33 

1896.62 

1892.1 

1892.95 

1893.68 

1894.31 

1894.86 

1895.34 

1896.76 

1896.14 

1896.49 

1899.00 

1900.84 

 

From the above data, it is found that the melting temperature of SnO2 nanoparticles decreases 

as the size of the particle decreases, similar to previous observations on metal nanoparticles 

[4.14-4.16]. The calculated melting temperature of SnO2 nanoparticles as a function of size 

and dimension is presented in Fig. 4.1. Melting is a surface phenomena therefore it is obvious 

that it is affected by surface area of material. Nanoparticles have large surface area as 

compared to bulk materials thereby they melt at lower temperature. Figure depicts with 

increase in particle size, melting temperature also increases and after 50 nm it becomes 
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almost constant with size. At this point, nanoparticles will have value of melting temperature 

(Tm) nearly equal to bulk melting temperature that is around 1850K. Below 20nm, there is 

considerable difference in Tm for the different dimensions of SnO2 nanoparticles. Spherical 

nanoparticles (0-d) show lower value of Tm compared to 1-d and 2-d particles. 

 

 

 

 

 

 

[Fig. 4.1] 

The related parameters to calculate size dependent melting temperature of SnO2 nanoparticles 

are h=0.2057nm Tm(∞)=1903K and Svib(∞)=4.098 Jmol-1K-1 [4.17]. 

4.1.2 Glass-transition temperature 

 Glasses are characterized by their short range order of atomic arrangement. They are 

hard and brittle object while rubbery materials have flexible and elastic characteristics. A 

typical glass transition is the temperature at which material changes from hard and brittle 

state to rubbery state. Fig. 4.2 presents the variation of glass transition Tg with the size for 

SnO2 nanoparticles.  
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[Fig. 4.2] 

This figure reveals that the glass transition temperature of SnO2 nanoparticles increases with 

increase in the size of the SnO2 nanoparticles and finally approaches to bulk glass transition 

temperature value, of 758K at around 40 nm. The value of glass transition temperature of 

bulk SnO2 is taken from ref. [4.18]. We have found similarity between size variations of glass 

transition and melting temperatures of SnO2 nanoparticles. There is a rapid drop of the glass 

transition temperature below 10 nm which is similar to the variation of melting temperature. 

This is due to the fact that as the size of nanoparticles decreases, surface area to volume ratio 

increases. Because of that, there will be more number of surface atoms which are more 

reactive and loosely bound. These atoms are responsible for the decrease in glass transition of 

SnO2 nanoparticles. Rapid drop of Tg at 10 nm may be due to the Lindemann’s criterion 

which demonstrates that the root mean square value of amplitude thermal vibration of atoms 
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in SnO2 nanoparticles reaches critical value at 10 nm, a sharp drop is observed. The 

molecular dynamics simulation of Hoang [4.19] observed that the glass transition temperature 

increases with the decrease in the size of the TiO2 nanoparticles which contradicts our results 

as well as the general nature of glass transition temperature [4.1]. 

4.1.3 Kauzmann temperature 

The value of Kauzmann temperature can be used to calculate Gibbs free energy of 

crystallization and consequently glass forming ability of any material can be obtained [4.1]. 

 

 

 

 

 

 

 

[Fig. 4.3] 

Fig. 4.3 presents the size dependent Kauzmann temperature of SnO2 nanoparticles. This 

figure shows that the Kauzmann temperature of SnO2 nanoparticles depends on size of the 

nanoparticles similar to the melting and glass transition temperatures. However, the value of 

Kauzmann temperature, TK lies below the glass transition Tg. 
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4.2 Diffusion co-efficient in SnO2 nanoparticles 

 When size approaches to nanometer scale several of the material properties such as 

structural and magnetic properties, glass-to-crystal transition, and surface morphology 

drastically change from its bulk counterpart. These properties are strongly influenced by self-

diffusion of the constituents. In addition to this, self diffusion mechanism plays an important 

role in the control of the long-standing application of devices based on amorphous and nano 

crystalline alloys [4.20]. We have carried out the calculations on size and dimension 

dependent diffusion coefficient of SnO2 nanoparticles in the case of self diffusion. Diffusion 

coefficient of nitrogen diffused SnO2 have also been calculated as the function of size and 

dimension. 

 

 

 

 

 

 

[Fig. 4.4] 

Fig.4.4 shows the variation of diffusion coefficient D(r.T) with size and dimensions of SnO2 

nanoparticles. The parameters used to calculate diffusion coefficients are h = 0.2057 nm , T = 

573 K, Svib(∞) = 4.098Jmol-1K-1, D0 =0.02×10-2 m2s-1 and E(∞) = 86.731KJmol-1[4.17,4.21]. 
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It can be observed that the diffusion coefficient for zero dimensional SnO2 nanoparticles 

(spherical) is higher than one and two dimensional SnO2 nanostructures (i.e., cylindrical wire 

and thin film). It implies faster diffusion mechanism in the case of spherical nanoparticles. It 

is clear from the figure that the diffusion coefficient increases as size of the SnO2 particles 

decreases. However, there is a considerable difference for the smaller size but values of 

diffusion coefficients are constant with size and nearly equal for all the three dimensions 

when particle size exceeds 10 nm. 

 

 

 

 

 

 

 

[Fig.4.5] 

 Fig.4.5 presents diffusion coefficients of nitrogen diffused SnO2 for different 

dimensions and sizes. The value of activation energy for bulk system is 78.3 KJmol-1 [4.22]. 

For nitrogen doping activation energy decreases with size and consequently diffusion 

coefficient increases. Nitrogen doping has received considerable attention compared to the 

other anionic elements because of its comparable atomic size with oxygen, small ionization 
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energy, meta stable centre formation and stability [4.23-4.26]. In conclusion, we have 

investigated that diffusion coefficients of SnO2 nanoparticles in the case of self diffusion and 

diffused with nitrogen. Nanoparticles are strongly influenced by the size and dimensions. 

Diffusion coefficient increases as the size of the SnO2 nanoparticles decreases. In addition to 

that higher value of diffusion coefficient in the case spherical SnO2 nanoparticles indicates 

faster diffusion mechanism for zero dimension than one and two dimensional nanostructures 

[4.27]. 

4.3 Surface properties in SnO2 and TiO2 nanoparticles 

 As large surface to volume ratio possesses the key importance for nanomaterials, 

surface energy (tension) thereby can be considered as a fundamental physical quantity to 

understand the surface effects like crystal growth, nucleation, surface faceting, growth and 

stability of thin films, etc [4.28-4.30]. In addition, the surface tension plays an important role 

in a variety of scientific and industrial applications. The surface tension influences 

distillation, condensation, gas absorption and emission and excitation a part from being an 

important basic data in oil industry, chemical industry, metallurgy and environment [4.31–

4.33]. The limitation of experiment to determine the surface tension for the droplet of 

nanometer size has resulted into the several theoretical models with approximate relations 

derived from the basic thermodynamics to advanced density functional theory calculations 

[4.33–4.45].  However, the two major formulations which are the basis for almost all models 

are developed by Gibbs in 19th century and according to Gibbs, liquid–vapour interfacial 

energy (γLV), which measures reversible work to form a new liquid surface per unit area 

depends on the pressure, temperature and composition of two coexisting bulk phases. The 

liquid–vapour interfacial energy for interface with curvature depends on the diameter of the 
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droplet [4.46]. Later with the statistical mechanical consideration, Guggenheim suggested a 

modification for this size dependent liquid–vapour interfacial energy in the case of small 

droplets. Subsequently, Tolman in 1949 proposed that the surface tension depends on size of 

the droplet when its radius does not coincide with equimolar radius. Tolman introduced a 

parameter called Tolman length which was considered constant and hence the Tolman's 

formulation failed in predicting the surface tension for droplets with size less than 50 nm. 

Therefore, the Tolman length has received considerable theoretical attention. However, some 

issues still remain unresolved such as its temperature, size, potential and sign dependency 

[4.42, 4.47–4.52].  

 The nano structured SnO2 is widely used in areas like photovoltaic energy conversion, 

preparation of indium tin dioxide transparent conductive thin film coatings, photocatalysis 

and gas sensors. In order to achieve better gas sensors based on nano structured SnO2, it is 

important to have knowledge of relative stability of stoichiometric oxide surfaces. 

Furthermore, understanding the physical and chemical nature behind the new properties is 

desired for fabricating the materials for practical applications. The importance of surface is 

quite vital as it plays key role in many properties of a material particularly when the material 

is reduced to nano scale. The stability of surfaces which has direct implications for the sensor 

applications of the oxides is an another area which needs an attention. The (110) facet is 

found to be the most stable surface in oxides with rutile structure such as TiO2 and SnO2 

[4.53, 4.54].  

 We report the calculated surface energy for different facets of anatase TiO2, rutile 

TiO2 and SnO2 nanoparticles. We have also calculated the size dependent Tolman length of 

TiO2 and SnO2 nanoparticles in order to shed some light on the discrepancy in the sign of 
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Tolman length. It is important to note that the calculation of surface energy of any material is 

not possible using classical methods and hence many researchers have used mechanics, 

thermodynamics, quasi-thermodynamic and statistical mechanics for calculating surface 

energy of a material. In this work, we use the methodology to calculate the size dependent 

surface energy and Tolman length of TiO2 and SnO2 nanoparticles using the size dependent 

surface energy without any adjustable parameter under the framework of basic 

thermodynamics [4.49, 4.54–4.56]. 

 

 

 

 

 

 

 

Fig. 4.6 (a) 

Fig. presents γLV(D) as functions of size for anatase TiO2. The related parameters are 

h=0.3768nm [4.58], γLV(∞)=1.05J/m2 [4.57] and Sb=13R for anatase = 108.03Jmol-1 K-1 

[4.57] 
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Fig. 4.6 (b) 

Above Fig. shows γLV(D) as a function of size for SnO2 (110) face. The related parameters 

are h=0.2057nm [4.17], γLV(∞)=1.40J/m-2 for (110) [4.56] and Sb=13R=108.03 Jmol-1 K-1 

[4.57] Fig. 4.6 (a) and (b) shows the calculated size variation of surface tension for anatase 

TiO2 and (110) facet of SnO2 nanoparticles. Fig.4.6 reveals that the surface energy of TiO2 

and SnO2 nanoparticle decreases with decreasing particle size. This can be understood with a 

simple fact that as size of the nanoparticle decreases, surface to volume ratio increases, as a 

result there will be more number of loosely bound surface atoms/molecules making dangling 

bonds which are responsible for decreasing the energetic difference between surface and 

interior and consequently there is a decrease in the surface energy of nanoparticles in 

comparison to bulk material, it is clear from these figures that for both the compounds the 

surface energy falls rapidly below 10 nm.  However to check the accuracy of the present 

approach, we have also calculated the normalized surface energy of TiO2 and SnO2 
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nanoparticles with size and is presented in Fig. 4.7(a) and (b) along with the plot of the 

normalized surface energy versus particle size obtained using other methods. The normalized 

surface energy is the ratio of surface energy of nanoparticles to the surface energy of the bulk 

at 0K [4.58]. 

 

 

 

 

 

 

Fig. 4.7 (a)  

 

 

 

 

 

 

Fig. 4.7 (b)  
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Fig. presents 4.7(a) γLV(D)/γLV(∞) as functions of size for rutile TiO2 and fig. 4.7 (b) presents 

γLV(D)/γLV (∞) as a function of size for SnO2. We have used same parameters as described in 

Fig. 4.6 (a) and (b). Fig. 4.7 reveals a reasonably good agreement between both set of data. 

The aim of plotting normalized surface energy with size is twofold. First, it reduces the 

redundant data and helps in knowing more explicitly relative behaviour of surface energy. 

Secondly and more importantly, to compare our data with other available data which are in 

normalized form [4.42]. It is known that the surface energy ratio between different facets of 

crystals is an important parameter in determining the crystalline wulff shapes. These figures 

clearly depict that the surface energy markedly decreases as the particle size approaches the 

dimension of the thickness of the surface phase which is consistent with reference [4.58]. 

 Fig. 4.8 (a) and (b) presents the surface energy of different facets of anatase TiO2 as 

well as surface tension of (110) rutile facet and variation of surface energy with size for 

different facets of nano structured SnO2, respectively. 

 

 

 

 

 

 

Fig. 4.8 (a)  
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Fig. 4.8 (b)  

The value of parameters for bulk system are taken from refs. [4.56, 4.58]. It is seen from 

these figures that the surface energy for all facets of TiO2 and SnO2 nanoparticle decreases 

drastically with size, particularly below the size of 5nm. However, the surface energy gets 

saturated above 20 nm for all facets. It is important to note that the results in Fig. 4.8 (a) 

agree reasonably well with the results obtained from state-of-the-art DFT calculation [4.59]. 

We also observe that the surface energy for (101) anatase facets of TiO2 is lowest in 

comparison to all other facets of anatase TiO2, which is in good agreement with  prediction of 

Dulub et al. [4.60]. Fig. 4.8(a) shows that the surface energy is highest for the (110) facet of 

anatase TiO2 nanoparticles for all sizes. The (101) facet has the lowest surface energy of the 

considered six facets of anatase TiO2 and hence is the most stable facet of anataseTiO2. But 

(110) facet of rutile TiO2 shows lower energy than (101) facet of anatase TiO2. It suggests 

that rutile structure of TiO2 is more stable as compared to anatase TiO2 which is also in 
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agreement with available literature [4.61]. The second highest surface energy is for the (100) 

facet, indicating more stability of (100) and (101) facets than (110) facet in the case of 

anatase structure is in agreement with the experiment [4.62]. In addition, it can also be 

concluded that the (110) facet contributes largest area to the crystal as this surface has highest 

surface energy [4.63]. Now turning our attention to the considered (110) facet of rutile TiO2, 

we observe that the surface energy is minimum indicating higher stability for (110) facet of 

rutile. In addition, the temperature also plays an important role in deciding the stable phase. 

Fig. 4.8(b) presents variation of surface energy with size ranging from 1 nm to 30 nm for 

different faces of nano structured SnO2. It can be observed from the figure that the surface 

energy for (112) and (110) facets have maximum and minimum value of surface energy 

respectively for given size range. It is an established fact of the thermodynamic theory of 

Tolman that there is a relation between the size dependency of the surface tension and 

Tolman length [4.42]. We have also calculated the Tolman length δ(D) for TiO2 and SnO2 

nanoparticles and presented them in Fig. 4.9 (a) and (b). 

 

 

 

 

 

 

 Fig. 4.9 (a)  
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Fig. 4.9 (b)  

It can be observed from these figures that the Tolman length of TiO2 and SnO2 nanoparticles 

follows the opposite trend than observed in the case of surface energy. The Tolman length of 

TiO2 and SnO2 nanoparticles decreases as size of the particle increases. The decrease of 

Tolman length with increasing size indicates that the Tolman length is positive [4.2]. 

4.4 Catalytic activation energy in SnO2, TiO2 and CeO2 nanoparticles 

 In recent years, enormous efforts have been devoted to study the size and shape 

dependence of nanoparticles to understand the catalytic and electro catalytic performances 

[4.64-4.66]. Nanoparticles of different materials act as efficient catalysts for oxidation of 

hydrocarbons, C-C coupling, hydrogenation, dehydrogenation, redox and other chemical 

transformations [4.65, 4.67-4.78]. Past studies show that the TiO2 is a promising candidate 

for the decomposition of wide variety of organic and inorganic moieties in both liquid and 

gas phases [4.79-4.82]. The nano scale cerium dioxide (CeO2) has also advantages as a 
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support for catalysis since it can enhance the reactivity for the oxidation reaction and CO 

oxidation when supported to gold nanoparticles [4.83, 4.84]. Although nanoparticles of tin 

dioxide (SnO2) are of less interest particularly for catalytic applications, Sharghi et al., [4.85] 

have found that the SnO2 nanoparticles are highly reactive in the Knoevenagel condensation 

process. In this section, we present results of calculated size and shape dependent catalytic 

activation energy (EC) of three different nanostructures i.e., titanium dioxide (TiO2), cerium 

dioxide (CeO2) and tin dioxide (SnO2). 

Fig. 4.10  

Above Fig. presents EC(D)/EC(∞) as a function of size and dimensions for nano structured (a) 

rutile TiO2 (b) CeO2 and (c) SnO2. Fig. 4.10 (a) presents the variation of EC(D)/EC(∞) (ratio 

of size dependent activation energy to its bulk counterpart) of rutile TiO2 nanoparticles of 

different dimensions which shows that the catalytic activation energy decreases as the size of 

the TiO2 nanoparticle decreases. The value of activation energy rapidly decreases below 5 

nm. It is clear from this figure that after 15 nm, the ratio of catalytic energies becomes almost 
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constant. The figure also depicts that the catalytic activation energy is minimum for spherical 

nanoparticles while it is maximum for the two dimensional case. This indicates that the 

spherical nanoparticles can act as better catalysts compared to one and two dimensional 

nanostructures. The decrease in the catalytic activation energy with the decreasing size 

reveals efficiency of nanoparticles to catalyze any chemical reaction. Figs. 4.10 (b) and (c) 

presents the size and dimension dependence of EC(D)/EC(∞) for another nanoparticles of this 

group CeO2 and SnO2 respectively. Both figures show similar behaviour as observed in the 

case of TiO2 nanoparticles. However, it saturates after 10 nm in the case of CeO2 and SnO2 

nanostructures in contrast to TiO2 nanostructure. Spherical nanoparticles indicate good 

catalytic performance rather than nano wires and thin films. 

 

 

 

 

 

 

Fig. 4.11  

Fig. 4.11 shows the variation of EC(D)/EC(∞) with size and different shapes of TiO2 

nanoparticles. For a particular size, a tetrahedral shaped particle with (111) facet exhibits 

minimum value of EC compared to octahedral and cubic shaped nanoparticles. It can be 
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observed from the figure that the cubic nanoparticles are having the maximum value of EC for 

a given size. This nature of catalytic activation energy indicates that the tetrahedral shaped 

nanoparticles are the most catalytically active. For CeO2 and SnO2 nanoparticles, we obtain 

similar behaviour where tetrahedral shape of the particles show higher value of EC. It can be 

explained by a fact that the small tetrahedral particles have sharp edges and corners. It is 

found that the atoms located on these sites are chemically very active. In cubic nanoparticles, 

most of the atoms are located on (100) facets and found to be least active, consequently these 

particles possess higher value of EC [4.64]. 

 

 

 

 

 

 

Fig. 4.12  

EC(D)/EC(∞) as a function of size for tetrahedral shaped TiO2, CeO2 and SnO2 nanoparticles 

is presented in fig. 4.12. It shows comparison of all the three tetrahedral shaped 

nanostructures (i.e., TiO2, CeO2 and SnO2) in terms of size dependent catalytic activation 

energy. It is clear from the figure that the TiO2 nanoparticles have minimum catalytic 

activation energy which implies that the nano structured TiO2 can be considered as an 
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efficient candidate for catalytic activities. Although nano sized SnO2 has advantage for a 

particular reaction when used as a catalyst, it shows the least chemical activity in present 

study while CeO2 has the intermediate value of EC between TiO2 and SnO2. The similar trend 

of size and shape dependent catalytic activation energy is reported in case of platinum 

nanoparticles 
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