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 Mesoporous tin dioxide was synthesized by sol-gel method using resorcinol-

formaldehyde gel (RF gel) as a template. Using RF gel as a template is better than surfactant 

template due to low cost and easy to handle. The template was prepared by sol-gel 

polycondensation of the mixture between resorcinol and formaldehyde. Tin tetrachloride 

pentahydrate (SnCl4.5H2O) or tin precursor was not directly added into RF-gel due to rapid 

solidification. First, the preformed tin sol was formed by mixing tin precursor and 

formaldehyde. In order to prevent non-homogeneous of the mixed gel, diluting solvent such 

as ethanol was applied to fabricate this material. The results showed that when the template 

was used, the product has mesoporous structure and higher surface area than the product 

without assisting template. Process conditions were found to be the important factors that 

affect the morphology and properties of the product. For example, increasing the aging time 

of RF-gel resulted in enhanced surface area and smaller connected tin dioxide particles. 

Concentration of reactants, i.e., tin-to-formaldehyde molar ratio (Sn/F) and tin-to-resorcinol 

resorcinol molar ratio (Sn/R) significantly affect both the morphology and properties of the 

obtained product. Moreover, the effect of other parameters, namely, resorcinol-to-catalyst 

molar ratio (R/C), tin sol aging time, aging time for mixed gel, type of diluting solvent and 

drying process, were also studied. It was found that interaction between tin sol and RF gel is 

the important factor affecting mesoporous structure of tin dioxide. 
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CHAPTER I 

INTRODUCTION 

Nowadays, porous materials have attracted many attentions due to their wide range of 

usage, for example, the applications in adsorption, separation, catalysis and sensors 

because of outstanding characteristics of these materials especially their large surface area 

[1]. Ceramic is one kind of materials which plays important role in many industries. With 

high strength, high thermal and chemical stability, ceramic has been widely used [2]. The 

development of ceramic into porous material causes further remarkable characteristic, i.e., 

low density, low thermal conductivity, low specific heat, high surface area and high 

permeability [3, 4]. Accordingly, porous ceramic is practically usable as a filter [5, 6], catalyst 

support [7, 8], gas sensor [9, 10] and thermal insulation [3]. 

Tin dioxide has been considered as one of the most important oxide semiconductor 

(n-type) owning to its wide energy band gap (3.6-3.8 eV) [11], relatively high gas sensing 

properties and high chemical stability [12, 13]. From the above reasons, it has been applied in 

many fields such as catalysts [14], chemical sensors [15, 16],  photo-electrochemical cells 

[17] and lithium battery anodes [18]. Recently, the synthesis of mesoporous tin dioxide has 

been popular because of its large surface area. It is believed that by having large surface area 

or by increasing the surface area, the activity of the particles such as having more surface sites 

available for gas adsorption can be improved [19-21]. Various techniques have been used for 

synthesis the mesoporous tin dioxide, for instance, hydrothermal [18, 22], spray pyrolysis 

[23], chemical vapor deposition [24], sonochemical [17], precipitation [25] and sol-gel 

method [17, 26, 27]. Sol-gel technique is also one of  the methods that is very promising for 

fabricating the mesoporous tin dioxide because it is able to operate at room temperature in an 

air, easy to handle and specially low cost [28, 29]. Furthermore, many efforts have been made 

to prepare mesoporous tin dioxide by using surfactants such as cetyltrimethylammonium 

bromide (CTAB) [30, 31], dodecylamine [32], tetradecylamine [33] and sodium 

diosulfosuccinate (AOT) [34, 35]. However, the syntheses of tin dioxide using those 

surfactants were not successful as expected because pore structure collapses after removing 

the surfactant. Thus, during calcination process, the template that can preserve pore structure 

at the high temperature is essentially required. 

In 1989, Pekala et al. accomplished in synthesizing resorcinol formaldehyde gel (RF 

gel) from polymerization of resorcinol and formaldehyde using sodium carbonate as the 
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catalyst [36]. The RF gel can be transformed to carbon aerogel which has special features, 

namely, open-cell structure, small pore size (less than 50 nm.), high surface area (400-1000 

m2/g) and moreover its decomposition takes place at high temperature as estimated as 500OC 

[37, 38]. Thus, using RF gel as a template is good alternative for the fabrication of the 

mesoporous tin dioxide. 

In this study, RF gel was used as a template to synthesize mesoporous tin dioxide 

according to the method proposed by Pekala [36]. Tin dioxide was synthesized with and 

without RF-gel in order to verify that RF gel assists the product to have mesoporous structure. 

The interaction between tin precursor and RF gel were also investigated to study the 

mechanism of formation mesoporous tin dioxide. 

The effect of various factors, i.e., molar ratio of tin to formaldehyde (Sn/F ratio), 

molar ratio of resorcinol to catalyst (R/C ratio), molar ratio of tin to resorcinol (Sn/R ratio), 

type of diluting solvent, aging time of preformed Sn sol, aging time of RF gel, aging time of 

mixed gel, drying process and calcination temperature, were also studied by BET, FT-IR, 

SEM, TGA and XRD techniques.  

 The thesis is divided into five chapters. Chapter I is introduction that describes 

motivation, objective and scope of this work. Chapter II is theory and literature reviews 

corresponding to characteristic of tin dioxide, sol-gel process, resorcinol formaldehyde gel, 

porous material and summary of previous research about synthesis of mesoporous tin dioxide. 

Chapter III is experimental. This chapter describes experimental procedure and detail of 

characterization techniques that were used in this study. Chapter IV is results and discussion. 

The last chapter is overall conclusions and recommendation for future work. 

    

Objective of the research: 

The objective of the research is to synthesize mesoporous tin dioxide and to 

investigate formation mechanism of the mesoporous tin dioxide. 

 

Scope of the research: 

 Mesoporous tin dioxide was fabricated by using RF gel as a template, according to 

the procedure of Pekala et al., via sol-gel method. 

Condition for the synthesis of mesoporous tin dioxide 

- Molar ratio of tin to formaldehyde: 0.003-0.060 
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- Molar ratio of resorcinol to catalyst: 50-300 

- Molar ratio of tin to resorcinol: 0.03-0.10 

- Type of diluting solvent: water and ethanol 

- Aging time of preformed tin sol: 0-120 h 

- Aging time of RF gel: 1-4 h 

- Aging time of mixed gel: 2-5 days 

- Drying process: conventional drying at 100oC and freeze drying 

- Calcination temperature: 400-700 oC 

 Characterizations of tin dioxide were done by 

- BET (Brunauer, Emmett and Teller) method for estimating surface area and pore 

size distribution. 

- FT-IR (Fourier Transform Infrared Spectroscopy) for specifying functional 

groups. 

- SEM (Scanning Electron Microscopy) for observing particle morphology. 

- TGA (Thermogravimetric Analysis) for studying thermal decomposition of the 

particles. 

- XRD (X-ray diffraction) for identifying phase composition. 
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CHAPTER II 

THEORY AND LITERATURE REVIEW 

In this chapter, theory and literature review corresponding to synthesis of mesoporous 

tin dioxide, including classification and property of tin dioxide, sol gel method, RF gel and 

porous material, are described as followed. 

 

2.1 Tin dioxide 

Tin dioxide (SnO2) was firstly produced and patented in 1962 [39, 40]. Tin dioxide is 

a crystal of white color. It has density of 7.0096 g/cm3 and its melting point is about 2000°C. 

The tin dioxide has amorphous or polycrystalline structure with a tetragonal lattice of rutile 

with parameters a = b = 0.4737 nm, c = 0.3185 nm. [41, 42]. For crystalline tin dioxide, there 

are two tin atoms and four oxygen atoms in one unit cell. From the previous study, under high 

vacuum, the calcination temperatures were investigated by X-ray diffraction (XRD) 

demonstrating that no phase transitions was occurred when the calcination temperatures are 

below 300oC [43]. It is noted that the phase transformation arose approximately at  400oC and 

Sn3O4 is an intermediate phase during the phase transformation from SnO to SnO2 in the 

temperature range between 400 and 500 °C. When increasing the temperature higher than 500 

°C, the Sn3O4 phase is transformed into the rutile SnO2 phase. A temperature higher than 700 
oC, the rutile phase is the only appeared phase in XRD pattern [44]. 

Moreover, the effect of parameter such a pressure on the phase transition was also 

investigated both in experiments and theories. Experimentally, it was found that the sequence 

of phase transformation is from rutile-type to CaCl2-type to α-PbO2-type to modified fluorite-

type occurring at 11.8, 12 and 21 GPa, respectively [45]. In theoretical study, it was found 

using equations of states and density functional theory at the B3LYP level that the sequence 

of phase transition is from the rutile-type to CaCl2-type, α-PbO2-type, pyrite type, ZrO2-type, 

fluorite-type and cotunnite-type at 12,17,18,24 and 33 GPa, respectively [46].      

There are various techniques that can synthesize nanosized tin dioxide particle, for 

example, sol gel method, chemical vapor decomposition, sputtering method, gas phase 

condensation, flame synthesis, pulsed laser ablation and mechanochemical processing. The 

key factors often used to choose the synthesis technique include the required scale of the 

product, purity of the tin dioxide product materials, toxicity, repeatability of the tin dioxide 

properties, handling considerations of the tin dioxide precursor materials, continuous or batch 
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processing, cost of materials and procedures required, and complexity and waste of the tin 

dioxide fabrication step. The most widely used technique is sol gel method owing to 

inexpensive, narrow size distribution of the product, good homogeneity, easy to process and 

low operating temperature [47]. However, tin dioxide produced from the sol gel technique 

may be contaminated with chloride when tin chloride is used as precursor because it is cheap 

comparing to the granulated tin and tin alkoxide [47, 48]. According to Zhang and Gao, the 

problem about the chloride contamination can be resolved so that the tin dioxides formed 

from the sol gel method are free from chloride impurities [49].  

The outstanding properties of SnO2 are optical, electrical and mechanical properties 

[46]. Tin dioxide has been considered as a versatile material due to widely usage e.g. for gas 

sensor applications, for catalyst in the oxidation of organic compounds, being a main 

component in rechargeable Li batteries, being a major portion in opto-electronic devices and 

being a pigment in the glasses enamels and in ceramic glazes industry [50-52]. 

In gas sensing applications, tin dioxide, an n-type semiconductor with broad-band gap 

(3.6-3.8 eV) [11], is the most vital material due to high sensitivity to small concentration of 

gases (at ppm levels) and low processing costs [39, 47]. The tin dioxide used in gas sensor 

application is frequently the tetragonal cassiterite phase. Many carbon monoxide alarms are 

produced by using tin dioxide as an active component [47]. In addition, there has been many 

attempts to apply tin dioxide as a detector for other gases including toxic gases [13, 53]. The 

performance of the gas sensors depends on their characteristics, i.e, particle size, particle 

connections and compositional characteristics. It is found that both reducing particle size and 

adding additives (nobel metals or other metal oxides) to create nanocomposite materials can 

improve the performance of the tin dioxide sensor [47].  

The mechanism of tin dioxide sensor response is shown in Figure 2.1. This sensor 

response is resulted from surface interactions between the tin dioxide and the surrounding 

gases (oxidizing and reducing gases). First, oxygen gas in air is adsorbed onto the tin dioxide 

surface and then electrons from tin dioxide surface are transferred to the adsorbed oxygen. 

This results in the formation of an electron-depleted region (also known as the space charge 

layer) near the tin dioxide surface, where is an area of high resistance.  
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Figure 2.1 The mechanisms of SnO2 sensor response to oxidizing and reducing gases [47]. 

 

After exposing to a reducing gas like CO, the electrons are released back to the 

surface. Therefore the resistance of the space charge layer will be decreased. The surface 

reactions are shown in the equation 2.1and 2.2 [47]. 

CO   +  O−
ads       CO2   +  e− (2.1) 

2CO +  O−
2,.ads      2CO2 +  e− (2.2) 

 

2.2 Sol-gel processing 

Sol-gel is a synthesis method that many researchers used to apply in their 

investigations because of its advantage such as low cost, easy to perform and can be operated 

at room temperature [28, 29]. This method has been applied to fabricate various materials, for 

instance, ceramics and organic-inorganic hybrids. There are two corresponding reactions 

which are hydrolysis and polycondensation. Hydrolysis reaction relates to dividing chemical 

bond by addition of water as illustrated in equation 2.3, and consequently metal atom (M) and 

methyl group (R) are separated. Two metal atoms which connects to hydroxyl group can be 

gathered together. In that case by-product is produced from assembling those atoms. If the by-
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product is water, the process will be called “water condensation”. While if the by-product is 

alcohol, it will be called “alcohol condensation”. Condensation process makes the mixture be 

a crosslinked network or “sol”, shown in equation 2.4 and equation 2.5. The sol can be 

obtained from a precursor such an inorganic salt or a metal alkoxide. Metal alkoxides are 

popularly used as precursors because they react with water easily [54]. 

   M-O-R + H2O     M-OH + R-OH  (2.3) 

   M-OH + HO-M   M-O-M + H2O  (2.4) 

   M-OH + HO-M   M-O-M + H2O  (2.5) 

When crosslink network is more extensive, liquid sol will turn rigid also known as 

“gel”. The gel can be classified by type of bonding. Polymeric gel is formed by covalent 

bonding, while gelatine gel is created by entanglement of molecular chains. On the other 

hand, particulate gel is a gel formed by collection of particles linked by van der Waals forces 

[54]. The extent of crosslinking of polymeric molecules affects the amount of porosity, pore 

volume, pore size and thermal stability of the obtained product. 

Figure 2.2 describes differences between gels of polymers with differences extent of 

crosslinking network. If the gel has significant branching and crosslinking, the final structure 

of product will mostly have macropores and mesopores, whereas the gel with little branching 

and cross-linking will mostly have micropores [55]. 

 

(a) (b)  

 

Figure 2.2  Differences between gels of polymers with (a) significant branching and cross-

linking vs. (b) little branching and cross-linking [55]. 

 

During sol-gel process, the various species are formed with difference in dimensions 

and they are defined in different definitions as described in Figure 2.3. 
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Figure 2.3  Definitions of the various species occured during sol-gel processing [56]. 

 

The properties and morphology of the synthesized product depend strongly on 

operating conditions such initial pH, temperature, concentration of reactant precursor, aging 

time, drying conditions and calcinations conditions [55]. 
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2.3 Resorcinol-formaldehyde gel 

Resorcinol or 1,3-dihydroxybenzene (C6H4(OH)2) is a benzene ring clinged with two 

hydroxyl groups that are located in 1- and 3- positions, which has reaction sites in 2-, 4-, 

and/or 6- positions so that formaldehyde can be added to aromatic ring, as shown in Figure 

2.4.  

 

Figure 2.4 Chemical structure of resorcinol [57]. 

 

The addition of formaldehyde results in obtaining hydroxymethyl derivatives (-

CH2OH) of resorcinol. Since condensation of the hydroxymethyl derivatives (-CH2OH) of 

resorcinol can take place, therefore methylene (-CH2-) and methylene ether (-CH2OCH2-) 

bridged compounds will be occurred and this reaction will lead to generate and growth of 

clusters to be 3-dimensional crosslinked network called the RF hydrogel [58, 59], as 

demonstrated in Figure 2.5 and figure 2.6. Then, mesoporous carbon will be formed by drying 

the RF hydrogel, which is exchanged with an organic solvent to make a aqueous solvent out, 

after finishing heat treatment the gel. 
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1. Addition Reaction 

  

2. Condensation Reaction 

 
Figure 2.5 The polymerization mechanism of resorcinol with formaldehyde [60]. 

 
 
 

 
Figure 2.6 Cluster growth of resorcinol-formaldehyde monomers [61]. 
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Resorcinol-Formaldehyde gel was firstly synthesized by Pekala et al. (1989) via sol-

gel technique of resorcinol (R) and formaldehyde (F) with sodium carbonate (C) as basic 

catalyst [36]. 

The procedure to synthesize resorcinol-formaldehyde gel can be summarized as 

follows. At first, resorcinol (R) and formaldehyde (F) are mixed together in the presence of a 

basic catalyst [62] (in some case, an acidic catalyst [63]) under stirring  for a short period 

(between 5 and 30 minutes [60, 64]) or else the mixture is homogeneous solution. Then the 

solution is retained in a closed container (glass or plastic) and aged until the crosslinked gel is 

formed. After aging, the gel is repeatly washed everyday with an organic solvent in order to 

assure the aqueous solvent is exchanged. Then the gel is dried at the later time in condition of 

subcritical or supercritical drying, at which results a carbon xerogel or aerogel, respectively. 

To produce highly porous carbon, the dried gel is then carbonized in nitrogen [62]. The 

process condition has pronounced effect on the properties and morphology of RF gels divided 

into 3 stages.  

The first stage is about preparation of the solution, gelation and curing. In this stage, 

there are many factors affecting on the properties of product, for instance, concentration ratios 

of the different reactant, catalyst solution, gel pH, gelation and curing. The R/F molar ratio of 

1:2 is commonly used ratio in the literature [62]. However, when either formaldehyde is used 

in excessive amount or the amount of solvent is increased, the density of the reactants will be 

reduced. This will result in a dilution effect which consequently increases the particle size 

before the gelation [65]. 

The gels are called aquagels or hydrogels in case deionized water is used as a solvent, 

whereas those are named lyogels if producing by an organic solvent (e.g., solvent, methanol, 

ethanol, n-propanol, or isopropanol) [63, 66].  

Sodium carbonate (Na2CO3) is mostly used as catalyst (C) in order to activate R and 

makes it work as sites for monomer particles growth. The typical R/C molar ratio is between 

50 and 300; but, in some cases a high ratio such as 1500 are used so that crosslinked gel 

microspheres are formed [67]. The surface area increases slightly when increasing R/C ratio. 

However, excessive R/C molar ratio will decrease the surface area. A maximum surface area 

appears at R/C molar ratio of 50 [68]. 

The initial gel pH can be controlled by using dilute acids (HNO3 or HCl) or bases 

(NH4OH) as buffers. At very low pH, the reactants become precipitated [36]. The gel pH is 
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typically used in range of 5.4 to 7.6 [69]. Increasing initial gel pH results in higher surface 

area and pore volume [70]. However, increasing initial gel pH when already reaches pH 7, the 

surface area will dissolve completely [71]. 

In gelation step, heating is required for polymerization reaction, but possible to carry 

this reaction at low temperature such as 30oC [72]. The difference of polymerization with or 

without heating is gelation times. The polymerization without heating requires longer gelation 

time than the polymerization with heating. After gelation step, the next step is to crosslinking 

polymer clusters which is called “curing step”. The summary of the first stage effect is shown 

in Table 2.1. 

 

Table 2.1 The effect of factors during preparation of initial solution, gelation and curing on 

the final product [69]. 

Factor Effect 
Decreasing reactant  Smaller particles and pore sizes 
concentrations Less compaction (less void) of gel structure 
(equivalent to  Increase surface area of xerogels 
reducing R/F, R/W, Either reduce or increase pore volume of xerogels, depending on pH 
or R/C ratios) Increase electrochemical capacitance 

 

Either increases or decreases lithium ion charge and discharge 
capacities 

 
Depending on pyrolysis temperature and gel pH 

  Acidic catalyst  At low RF concentrations: small, smooth, fractal aggregates of particles 
solutions with wide pore size distribution 

 

At high RF concentrations: no fractal aggregates, very narrow pore size 
distribution, may reduce gelation time 

  Alkaline catalyst  High concentrations: polymeric gels (small polymer particles  
solutions interconnected with large necks, high surface areas, high mechanical 

 
strengths), reduce gelation time 

 
Low concentrations: colloidal gels (large particles interconnected with  

 
narrow necks, low surface areas, low mechanical strengths) 

  Increasing gel pH Increase surface area and pore volume of carbon aerogels 

 
Increase electrochemical capacitance of carbon aerogels 

 
Insignificant effect on surface area of carbon xerogels 

  Increase pore volume of carbon xerogels at high density of reactants 
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Table 2.1 (continued) [69] 

Factor Effect 
Increasing gel pH Either increase or decrease electrochemical capacitance of  

 
carbon xerogels, 

 
depending on concentration of reactants 

 
Either increase or decrease lithium-ion charge and discharge capacities, 

 
depending on pyrolysis temperature and reactants concentrations 

  Gelation and curing Required for improving the crosslinking of polymer particles 
 

The second stage is solvent exchange and drying process step. The solvent exchange 

is removing an aqueous solution with exchanging it with an organic solution. It is believed 

that replacing an aqueous solution is beneficial in reduction in the required time and 

temperature in the drying process, and moreover reduces the surface tension on the pore walls 

causing minimizing shrinkage [69]. 

There are many drying conditions that can be used, for example, subcritical drying, 

supercritical drying and freeze-drying. The subcritical drying or conventional evaporation of 

the solvent may cause the collapse of the pore due to the mechanical stresses forming from 

the difference between the surface tension of the vapor and liquid phases [69]. However, there 

are some advantages of the conventional drying such as being quick, simple and cheap 

method [65].  

The supercritical drying can retain the pore structure, since the liquid CO2 transforms 

to supercritical state condition by releasing the air little by little while filling liquid CO2 

without corresponding to the vapor-liquid interface [69]. Nevertheless, this drying process has 

the disadvantages such as using high pressure and being time-consuming in the solvent 

exchange and drying processes [73].  

Freeze-drying is the drying method which avoids the formation of the vapor-liquid 

interface with freezing the gel and removing the solvent by sublimation. Before freezing the 

gel, it is important to exchange the aqueous solvent with a liquid that has no influence on the 

density of the gel (e.g. tert-butanol) [74, 75]. According to Tamon et al., washing the gel 

twice with tert-butanol is enough for exchanging the solvent [76]. If the gel is frozen without 

exchanging the solvent, either destruction of the gel structure or ice crystal growth will occur, 

thus the gel is resulted in very large pores [77]. The second stage effect is illustrated in Table 

2.2. 
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Table 2.2 The effect of factors during in the second stage; solvent-exchange and drying 

process on the final product [69]. 

Factor Effect 
Solvent exchange Necessary for supercritical drying with CO2 or freeze-drying 

 
Facilitates replacement with drying media 

 
Reduction of surface tensions upon subcritical evaporation 

  Subcritical drying Production of dried dense polymers called "xerogels" 

 
Causes significant shrinkage of especially wide pores 

 
Effects can be insignificant if gels were synthesized with high 

 
mechanical strength 

 
Increase lithium-ion charge and discharge capacities 

  Supercritical drying  Production of dried light polymers called "aerogels" 
with CO2 Insignificant shrinkage of pore structure 

 
High surface areas, pore volumes and, sometimes, electrochemical  

 
capacitances 

 
Requires high pressures, long times foe exchanging solvent with CO2 

  Supercritical drying  Like supercritical drying with CO2, but with lower pressures 
with acetone Eliminates necessity for exchanging solvent with CO2, shortens 

 
processing time significantly 

 
Requires high tenperatures to shift acetone to supercritical conditions 

 
May cause partial thermal decomposition of dried gels 

  Freeze-drying Production of dried light polymers called "cryogels" 

 
based on sublimation of frozen solvents 

 
Cryogels mostly mesoporous 

  Density of solvents must be invariant with freezing 
 

The third stage is pyrolysis or carbonization and activation. The pyrolysis relates to 

change the organic gels to carbon gels by removing any materials at a high temperature (600 

to 2100 oC) in inert atmosphere [78]. Synthesizing process of the carbon aerogels can be 

summarized in Figure 2.7. 
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Figure 2.7 Synthesizing process of carbon aerogels [79]. 

 

Therefore, altering factors has obvious effect on the final structure and properties of 

the synthesized carbon aerogels. Summary of the altering those parameters in third stage is 

demonstrated in Table 2.3. 

 

Table 2.3 The effect of factors during pyrolysis and activation on the product [69]. 

Factor Effect 
Increasing pyrolysis  Reduces oxygen content 
temperature Reduces surface area of carbon aerogels and xerogels 

 
Reduces pore volumes of carbon aerogels and xerogels 

 
Increases macropore size distributions 

 
Increases micropore size distributions when very low R/C ratios are used 

 
Increases electrochemical capacitance up to 850 oC, thereafter reduces it 

 
either increases or decreases lithium ion charge and discharge capacities, 

 
depending on gel pH and reactants concentrations 

  Increasing thermal  Increases pore widths, volumes and surface areas 
 activation time Increases electrochemical capacitance up to 3 h, thereafter reduces the  

 
electrochemical capacitance 

 

2.4 Porous material 

The type of pores in solid can be divided based on their origin, size, state or strength 

as detailed in Table 2.4. Based on their origin, the pores are classified into intraparticle pores 

and interparticle pores. Based on their size, there are micro-, meso- and macro pores. In case 

of their state, the pores are splited into open- or closed pores (latent pores). At last, they are 

called rigid or flexible pores when based on their strength [80]. 

 

 



16 
 

Table 2.4 Classification of pores in solid materials [80].  

1) Based on their origin   

          Intraparticle pores  Intrinsic intraparticle pores 

 
Extrinsic intraparticle pores 

          Interparticle pores   

2) Based on their size 
 

          Micropore <2 nm Ultramicropores <0.7 nm 

 
Supermicropores 0.7-2 nm 

          Mesopores 2-50 nm 
 

          Macropores >50 nm   

3) Based on their state 
 

          Open pores 
 

          Closed pores (Latent pores)   

4) Based on their strength 
 

          Rigid 
 

          Flexible   

 

In this research, pores are mainly focussed based on their size, i.e., micropores (less 

than 2 nm. in pore diameter), mesopores (2-50 nm. in pore diameter)  and macropores (greater 

than 50 nm. in pore diameter) [81]. The pore width, which is described as the distance 

between two opposite walls, is defined as a pore size [82]. Figure 2.8 shows the example of 

porous materials in pore size ranging from 0.5-500 nm.  
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Figure 2.8 Pore size distributions of some porous materials [83]. 

 

Various techniques are used for the identification of pores as summarized in Figure 

2.9. Gas adsorption is usually used to identify micropore and mesopore, mostly of N2 at 77K. 

In addition, the pores are detected based on several models such as BET, DFT, t-plot, αs-plot, 

BJH and HK to get the pore structure parameters, e.g., a diameter pore size, a surface area, 

which are necessary information for analysing these materials. Small-angle X-ray scattering is 

also able to identify the pores. Moreover, it has an advantage in investigating the closed pores 

which cannot be detected by adsorbate gas molecules. Mercury porosimetry is often utilized 

to examine macropores by applying various pressures in a sample that is immersed in 

mercury. To observe the surface of a sample, using microscopy techniques is good choice, for 

example, scanning tunneling microscopy (STM) and transmission electron microscopy 

(TEM) for exploring  micropores and mesopores, scanning electron microscopy (SEM) and 
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optical microscopy for exploring macropores [80]. In summary, advantages and 

disadvantages are demonstrated in Table 2.5. 

 
Figure 2.9 Pore size distributions of some porous materials [80]. 

  

Table 2.5 The advantages and disadvantages of characterization techniques [80].  

Characterization technique  Comments (advantages and disadvantages) 

Adsorption/desorption of N2 gas at 77 

K 

 BET method  Give overall surface area (SS) 

s plot  Give microporous and external SSs separately 

  Give micropore volume 

BJH method  Differentiate microporous and mesoporous SSs 

 

and volumes 

  Give pore size distribution in mesopore range 

DFT method  Give pore size distribution in a wide range of 

  size 

HK method Give pore size distribution 

 

etc. 

Adsorption/desorption isotherm of Give the information molecular sieving 

various gases (H2, He, CO2, CO) performance 

X-ray small-angle scattering  Detect micropores, either open or closed pores 

 
In quantitative study, an adsorption isotherm is used to describe the amount of gas 

adsorbed by the porous material at a fixed temperature and various pressures. According to 

IUPAC, adsorption isotherms are classified into six types as shown in Figure 2.10. Type I 
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isotherm or Langmuir isotherm is given by the presence of micropores in a material. Type II 

isotherm, which is derived from non-porous or macroporous materials, indicates the 

multilayer adsorption process. Type III isotherm represents non-porous or macroporous 

materials which interact weakly with the adsorbent molecules. Type IV isotherm arises from 

capillary condensation in mesopores, consequently the hysteresis loop of this isotherms is 

appeared. Type V isotherm is similar to Type IV, but with weaker interaction with adsorbent. 

Type VI isotherm is stepwised multilayer adsorption which forms from a uniform non-porous 

surface. It is widely known that only type IV and V isotherms have hysteresis loop whose 

shape relates to the feature of mesoporous materials, i.e., pore size distribution, pore geometry 

and connectivity [84]. IUPAC classifies the hysteresis loop based on an earlier classification 

by De Boer as presented in Figure 2.10. 

 

 

Figure 2.10 The IUPAC classification of adsorption isotherms.The hysteresis is only in types 

IV and V [84]. 

 

Hysteresis appearing in the adsorption-desorption isotherms is always corresponding 

to capillary condensation in mesoporous structures. The adsorption behavior of these 
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materials depends not only on the interaction between fluid and surface wall, but also the 

attractive interactions between the fluid molecules. Consequently, multilayer adsorption and 

capillary condensation in the pore occur. The unique aspect of capillary condensation is that 

vapor condensation occurs below the saturation vapor pressure of the pure liquid. Type H1 

often concerns with porous materials composing of well-defined cylindrical-like pore 

channels or agglomerated uniform spheres. Type H2 frequently describes not-well defined 

pore channels that are disordered and also points to bottleneck constriction. Type H3 indicates 

a shape of pores with slit shape. At last, type H4 shows narrow slit pore inhere in the 

materials [84]. Types of hysteresis loops are shown in Figure 2.11. 

 

 

Figure 2.11 Types of hysteresis loops [84]. 

 

At the present, macropous materials is not widely used in industries because of low 

surface area and large non-uniform pores. Therefore, microporous and mesoporous have 

attracted much attention in many fields such as adsorption, separation and catalyst. However, 

there are some disadvantages in microporous materials. For example, zeolites are frequently 

representative for microporous materials which are useful in many applications including 

catalysis and adsorption process. Nevertheless, those applications require specific pore size, 
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while the microporous materials may have too small pore size. Hence, using mesoporous 

material may be a good alternative because mesoporous materials have wide range of pore 

size that can accommodate complex chemicals, molecular complexs and also biomolecular 

materials. Furthermore, the functionalities of large complex molecules, for example, their 

flexible conformational changes, motion, or diffusion, are preserved within mesopores [81]. 

 

2.5 The summary of literature surveys of synthesized mesoporous tin dioxide 

 The literature reviews corresponding to mesoporous tin dioxide are summarized in 

Table 2.6.   
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Table 2.6 The literature reviews of synthesized mesoporous tin dioxide. 

Year Authors Synthesized method Precursor Surfactant 
Calcination 

temperature (oC) 
Surface area 

(m2/g) 

1997 Li et al. Sol-gel processing Na2SnO3.3H2O 
N-cetyl-N,N,N-trimetylammonium 
bromide 450 156.8 

1997 Qi et al. Sol-gel processing SnCl4 C12S 400 - 

1998 Severin et al. Sol-gel processing Sn(OPri)4 Tetradecylamine 400 99 

2002 Yu et al. Sol-gel processing Tin acetate Sn(II) Sodium dioctylsulfonate 350 - 

2002 Wang et al. Sol-gel processing SnCl4.5H2O Cetyltrimetylammonium bromide 400 136 

2002 Srivastava et al. Sonochemical Tin etoxide Cetyltrimetylammonium bromide 300 92 

2003 Zhou et al. Sol-gel processing SnCl4.5H2O Dodecylamine 300 359 

2003 Hyodo et al. Sol-gel processing Na2SnO3.3H2O C16PyCl 600 374 

2004 Fujihara et al. Hydrothermal SnCl4.5H2O - 400 110 

2006 Zhu et al. Sol-gel processing SnCl4 Tetradecylamine 400-600 211-339 

2006 Wagner et al. Sol-gel processing SnCl4.5H2O Cetyltrimetylammonium bromide 350 75 

2007 Cao et al. Hydrothermal SnCl4.5H2O Urea 300 205 
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Table 2.6 (continued). 

Year Authors Synthesized method Precursor Surfactant 
Calcination 

temperature (oC) 
Surface area 

(m2/g) 

2007 Pan et al. Sol-gel processing SnCl4 Pluronic F127 400-600 - 

2007 Zhu et al. Hydrothermal SnCl4 tetradecylamine 400-600 - 

2009 Shon et al. Sol-gel processing SnCl2.2H2O Mesoporous silica 700 84-121 

2010 Che et al. Sol-gel processing Na2SnO3.3H2O C16mim+Br- 700 350 

2010 Dimitrov et al. Sol-gel processing Sn(OC(CH3)3)4 - 225 406 

2011 Yin et al. Sol-gel processing SnSO4 - 500 43 

2011 Guo et al. Sol-gel processing SnCl4 Cetyltrimetylammonium bromide 300 347 
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CHAPTER III 

EXPERIMENTAL 

The experimental of synthesis mesoporous tin oxide, including materials and 

procedures will be described in this chapter. Moreover, characterizations of the obtained 

product are also explained thoroughly as followed. 

 

3.1 Materials 

Tin (IV) chloride pentahydrate and resorcinol with purity of 98% and 99% 

respectively were purchased from Sigma-Aldrich. Both formaldehyde solution with 36.5-

38.0% by weight and sodium carbonate with purity of 99% were purchased from Ajax Fine 

Chemical. High purity ethanol with purity of 99.9% was purchased from VWR International 

S.A.S. 

The employed chemicals are listed in Table 3.1 and details of these chemicals 

containing purpose of use, chemical structure and molecular formula are also shown in Table 

3.1. 

 

Table 3.1 List of the chemicals used in the research. 

Chemical name Symbol 
Molecular 

formula 
Chemical structure Purpose of use 

Resorcinol R C6H4(OH)2 

 

Synthesis of RF sol 

Formaldehyde F HCOH 

 

Synthesis of RF sol and 

Sn sol 

Sodium 

carbonate 

C Na2CO3 

 

Synthesis of RF sol 

Deionized 

water 

W H2O 
 

Synthesis of RF sol 
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Table 3.1 (continued) 

Chemical name Symbol 
Molecular 

formula 
Chemical structure Purpose of use 

Tin(IV) 

chloride 

pentahydrate 

Sn SnCl4.5H2O 

 

Synthesis of Sn/RF gel 

Ethanol  E C2H5OH 

 

Synthesis of Sn/RF gel 

 

3.2 Experimental procedures 

3.2.1 Preparation of tin-formaldehyde preformed sol (SnF sol) 

Tin (IV) chloride pentahydrate (Sn) was dissolved in formaldehyde (F) solution with 

varying Sn/F ratio from 0.003 to 0.060. After stirring the solution for 15 minutes, the solution 

was aged at room temperature. The aging time was investigated from 0 to 120 hours. 

3.2.2 Preparation of resorcinol-formaldehyde gel (RF gel) 

According to the method proposed by Pekala et al., RF gel was produced with fixed 

molar ratio of resorcinol to formaldehyde (R/F) of 0.5, resorcinol to water (R/W) of 0.15 and 

molar ratio of resorcinol to catalyst (R/C) ranging from 50 to 300. Before mixing sodium 

carbonate solution with resorcinol, resorcinol was dissolved in deionized water (W) with 

stirring time of 15 minutes. After adding the catalyst into the resorcinol solution, the solution 

was also stirred for 15 minutes. Formaldehyde solution (F) was later added into the 

homogeneous solution and then stirred it again for 15 minutes. The acquired solution was 

retained in a closed container for aging. The aging time was studied from 0 to 4 hour. 

3.2.3 Preparation of tin dioxide particles 

Ethanol (E) was added into the aged resorcinol-formaldehyde gel and stirred for 15 

minutes with molar ratio of ethanol to resorcinol of 5. Then, the preformed tin sol was added 

into the solution with molar ratio of tin precursor to resorcinol (Sn/R) from 0.03 to 0.10. After 

the solution became homogeneous, the mixture was aged for various aging time of 2 to 5 days 

and then washed with tert-butyl alcohol everyday for 3 days. The washed gel was frozen in a 
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freezer for 24 hour and then dried by freeze drying for 24 hour. The obtained gel was calcined 

at 400,500,600,700oC in an atmosphere condition for 6 hour with heating rate of 5oC/min. 

3.2.4 Characterizations 

3.2.4.1 Nitrogen adsorption-desorption analysis 

The specific surface area and pore size distribution of tin dioxide were determined via 

nitrogen adsorption and desorption analysis using the Brunauer-Emmett-Teller (BET) model 

and Barrett Joyner and Halenda (BJH) method, respectively. It was operated in a Belsorp mini 

II BEL analyzer at Center of Excellence in Particle and Technology Engineering laboratory, 

Chulalongkorn University.       

3.2.4.2 Fourier-transform infrared spectroscopy (FT-IR) 

The functional groups of the samples were identified by a Fourier transform infrared 

spectrometer (Nicolet 6700) at Center of Excellence in Particle and Technology Engineering 

laboratory, Chulalongkorn University. The infrared spectra were recorded between 

wavenumber of  400 and 4000 cm-1 with resolution of 2 cm-1. The number of scan was 64 and 

resolution was 2 cm-1.  

3.2.4.3 Scanning electron microscopy (SEM) 

Morphology of the obtained products was examined by a scanning electron 

microscope (JSM-6400, JEOL Co., Ltd.). The particle size was approximated from the 

micrographs, using image processing software (JEOL Semafore 5.0) at Scientific and 

Technological Research Equipment Center (STREC), Chulalongkorn University. 

3.2.4.4 Thermal decomposition 

Thermal decomposition behavior of the samples was determined by using 

thermogravimetric analysis on a Mettler-Toledo TGA/DSC1 STARe System at Center of 

Excellence in Particle and Technology Engineering laboratory, Chulalongkorn University 

studied with heating rate of 5°C/min in oxygen gas from temperature of 25 to 500°C. The 

carbon residual was also determined by this analyzer but difference in operating condition 

(heating rate of 10°C/min in oxygen gas from temperature of 25 to 1000°C). 
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3.2.4.5 X-ray diffraction analysis (XRD) 

The crystalline phases of the obtaineded products were examined by using X-ray 

diffraction (XRD, Bruker AXS D8 Advance ) with a CuKα radiation source (wavelength 

=1.5406 Å) at 40 kV. The measurement was carried out in the range of 2  = 20° – 80°. The 

crystallite size was calculated from the half-height width of the main diffraction peak or (110) 

crystalline plane of cassiterite (2 = 27 degree), according to Scherrer’s equation (equation 

3.1). 





cos
kD     (3.1) 

where D is crystallite size, k is a constant equal to 0.9, λ is the X-ray wavelength, β is 

the full width at half maximum and   is the half diffraction angle. 
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CHAPTER IV 

RESULTS AND DISCUSSION 

This chapter is divided into 3 parts consisting of comparing tin dioxide with and 

without RF gel, interaction between tin sol and RF gel template and effect of various 

synthesis parameters. Their effects were studied by using SEM, XRD, FTIR, thermal analysis 

and N2 adsorption-desorption analysis.  

 

4.1 Tin dioxide with and without RF gel 

Tin dioxide with and without RF gel were synthesized by sol-gel method. After 

removing the RF gel by calcination, the white powder was obtained. The color of the product 

without RF gel is also white. The XRD result indicated that the both products are cassiterite 

(See in Figure 4.1), which has tetragonal rutile structure. It was found that morphology of the 

obtained product with assistance of RF gel is different from the synthesized product without 

RF gel as shown in Figure 4.2. SEM of the product with RF gel shows porous surface area, 

whereas morphology of tin dioxide synthesized without RF gel is non-porous. This result 

combined with the result from N2 adsorption-desorption analysis indicated that the product 

with RF gel has the presence of mesoporous structure with slit shape (Type IV isotherm with 

H3 type hysterisis loop) as illustrated in Figure 4.3. Moreover, the specific surface area of the 

synthesized product with RF gel (42.99 m2/g) was higher than the product without RF gel 

(29.63 m2/g). From the above results, the RF gel could be used as the template to fabricate 

mesoporous tin dioxide with high surface area. 
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Figure 4.1 XRD patterns of the synthesized tin dioxide prepared with RF gel (a) and without 

RF gel (b).     and     denotes Sn phase and SnO2, respectively. 

 

 

   

Figure 4.2 SEM micrographs of the synthesized tin dioxide with (a) and without RF gel (b). 
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Figure 4.3 N2 adsorption-desorption analysis of the synthesized tin dioxide with (a) and 

without RF gel (b). 

 
4.2 Interaction between tin sol and RF gel template 

 Due to tin tetrachloride pentahydrate (SnCl4.5H2O) or tin precursor reacts violently 

with RF gel, tin precursor was firstly dissolved in formaldehyde in order to prevent rapid 

solidification by forming preformed tin sol. FTIR was used to confirm the formation of tin sol 

as shown in Figure 4.4. 

 Identification of IR bands corresponding with formaldehyde and SnCl4.5H2O are 

listed in Table 4.1. Considering FTIR spectrum of the preformed tin sol, there are five 

interesting peaks that indicate the formation of tin sol. First, the absorption peak at 1159 cm-1 

is decreased and the intensity of absorption band at 1174 cm-1 is increased while increasing 

the aging time for tin sol from 0 to 24 hour. While increasing the aging time of tin sol more 

than 24 hours, the spectrums are similar. This result means that the tin sol occurs during the 

aging time between 0 and 24 hour. Moreover, it seems that the intensity of C-OH bond at 

1051 cm-1 is increased when SnCl4.5H2O was added into formaldehyde. In addition, the 

absorption peak at 862 and 546 cm-1 which are referred to functional group in tin tetrachloride 

pentahydrate appear in tin sol. This result means that tin sol has some functional groups as 

same as tin tetrachloride pentahydrate but still can not specify these functional group. 
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Figure 4.4 FTIR spectrum of formaldehyde (a), SnCl4.5H2O (b), preformed tin sol aged for 0 

(c), 1 (d), 2 (e), 24 (f), 48 (g) and 72 hour (h).   
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Table 4.1 FTIR peak assignment for formaldehyde and tin tetrachloride pentahydrate. 

Wavenumber (cm-1) Peak assignment References 

  Formaldehyde   

1642 C=O stretch  [85] 

1433 C-H bend [85] 

1271 

  1103 -C-OH [85] 

1051 -C-OH [85] 

992 C-H  [85] 

934 

  615     

  Tin tetrachloride pentahydrate (SnCl4.5H2O)   

1232-900 Sn-OH vibration [86] 

769 Sn-Cl [87] 

505 

  406 

  660-600 O-Sn-O bridge [86] 

560 Terminal oxygen vibration of Sn-OH [86] 

 

When the preformed tin sol was added into RF gel, the color of mixture was 

immediately changed from dark brown to light yellow. After a few minutes, the liquid 

mixture transformed into pink solid. While the neat RF gel transformed into dark brown solid. 

This observation implies that the interaction between the tin sol and RF gel is spontaneously 

occurred. Thermal decomposition result can be used to witness this interaction.  

Figure 4.5 shows TG and DSC graph of precalcined tin sol, neat RF gel and Sn/RF 

composite in oxygen flow (45 ml/min) at heating rate of 10oC/min. DSC method measures the 

energy required to keep the reference and the sample at the same temperature. It can be seen 

that all samples has endothermic peak around 90oC due to evaporation of residue solvent and 

adsorbed water, which corresponds to the weight loss appeared at this temperature as shown 

in Figure 4.5(a). For tin sol, it was noticed that DSC graph shows endothermic peak around 

100oC and significant weight loss (>75%) appeared at this temperature. This could be resulted 

from oxidation of tin compound to tin dioxide. However, type of tin compound can not be 
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clearly indicated at this moment. At temperature above 600oC, there was no further weight 

loss, indicating completion of the reaction involving a weight change.  

For neat RF gel, the major mass loss occurred at temperature of 350oC and 470oC, 

which attributes to the breaking bond of C-O and C-H in the RF networks, respectively [58]. 

Considerating TG and DSC graph of Sn/RF composite, first weight loss (>55%) and second 

weight loss (>20%) with exothermic peak occurred around 240 and 400oC, respectively. If tin 

sol does not interact with RF gel, TG result should show two weight losses at 100 and 400oC, 

which corresponds to the temperature of major weight loss of precalcined tin sol and RF gel 

occurred, respectively. Therefore, the decomposition of Sn/RF composite that appeared at 

240oC can be the evidence for interaction between tin sol and RF gel. Moreover, the TG result 

of Sn/RF composite shows the second weight loss at 400oC and characteristic of 

decomposition at this temperature is similar to decomposition of neat RF gel that occurred at 

the same temperature. From these results, it can be concluded that there are two compounds in 

Sn/RF composite. One is the composite like RF gel and the other is new compound resulted 

from the interaction between tin sol and RF gel. 
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Figure 4.5 TG (a) and DSC (b) analysis of tin sol, RF gel and Sn/RF composite. 
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Another result to confirm the interaction between tin sol and RF gel is a result from 

FTIR technique. Table 4.2 shows assignments of FTIR absorption bands of RF gel. In Figure 

4.6, the spectrum of neat RF gel and Sn/RF composite composed of the absorption band, 

which refers to -CH2- scissor vibration at 1477 cm-1, C=C in aromatic rings at 1612 cm-1 and 

CH2-O-CH2 bridges at 1220 and 1092 cm-1. The interesting peaks are -CH2- bonding and 

CH2-O-CH2 bridges, which resulted from condensation of hydroxylmethyl derivatives and 

polycondensation of resorcinol by formaldehyde. Comparing FTIR spectrum of neat RF gel 

with Sn/RF composite (See in Figure 4.6), the intensity of CH2-O-CH2 bridges is dramatically 

increased by adding the preformed tin sol. It suggested that tin sol can accelerate 

condensation reaction between resorcinol and formaldehyde. The tin sol does not only 

accelerate the reaction but also interacts with RF gel. It can be confirmed by the absorption 

band at 1612 cm-1 assigned to C=C aromatic ring stretching vibration that is quite shifted. 

These results attribute to the interaction between tin sol and RF gel. The absorption band of 

Sn-O-Sn bonding at 600-660 cm-1 appears in both of tin sol sample and Sn/RF composite. 

However, altering of Sn-O-Sn bonding is not clearly noticed, so this result can not indicate 

that the formation of Sn-O bonding is carried on or not.  

 

Table 4.2 FTIR peak assignment for resorcinol-formaldehyde gel. 

Wavenumber (cm-1) Peak assignment References 

  Resorcinol-formaldehyde gel (RF gel)   

1612 C=C aromatic ring [85] 

1477 CH2- methylene bridges [36] 

1298 C-O stretching [85] 

1220 C-O-C stretching vibrations of methylene ether 

bridges 

[36] 

1175 CH aromatic [85] 

1092 C-O-C stretching vibrations of methylene ether 

bridges 

[36] 
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Figure 4.6 FTIR spectrums of neat RF gel (a), preformed tin sol (b) and Sn/RF composite (c). 

 
Figure 4.7 shows FTIR spectrum of Sn/RF composites that was aged for 2, 4, 24, 48 

and 72 hours. The C=C in aromatic rings peak at 1612 cm-1 is used as the reference peak to 

study the formation of -CH2- bonding and CH2-O-CH2 bridges by calculate signal ratio 

(intensity of interesting peak/ intensity of reference peak) versus time. The signal ratio of -

CH2- bonding is increased when increasing aging time of mixed gel as shown in Figure 4.8. 

The signal ratio of CH2-O-CH2 bridges and Sn-O-C bonding at 880-900 cm-1 [88] are also 

increased. This result means that even after the RF gel was mixed with tin sol, the 

condensation is still continued. 
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Figure 4.7 FTIR spectrum of Sn/RF composites with aged for 2 (a), 4 (b), 24 (c), 48 (d) and 

72 hours (e). 
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Figure 4.8 FTIR signals ratio of (□) methylene, (▲) methylene ether bridges and (●) Sn-O-C 

bonding of the mixed gel aged for various aging time with respect to aromatic rings in the gel. 

 

4.3 Effect of various factors 

 Effects of process parameters, i.e., Sn/F molar ratio, R/C molar ratio, Sn/R molar 

ratio, type of diluting solvent, tin sol aging time, RF gel aging time, mixed gel aging time, 

drying process and calcination temperature, were studied and presented in this section.  

4.3.1 Sn/F molar ratio 

Tin dioxide product was prepared by using various Sn/F molar ratios, fixed R/C 

molar ratio of 50 and fixed Sn/R molar ratio of 0.08. The Sn/F molar ratios in the preformed 

tin sol that used to study the effect of Sn/F molar ratio on the final product are 0.003, 0.005, 

0.007, 0.010, 0.020 and 0.060. In this investigation, the amount of formaldehyde used in 

preparation of tin sol was varied, while that used in RF gel preparation was fixed. The other 

chemicals, which are tin tetrachloride pentahydrate, resorcinol, water, sodium carbonate and 
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template, the products were obtained and characterized by FTIR, SEM and N2 adsorption-

desorption analysis.      

Figure 4.9 shows FTIR spectrum of the precalcined Sn/RF composite prepared with 

varying Sn/F molar ratio. There are three interesting peaks, namely, methylene bridge (-CH2-) 

at 1477 cm-1, methylene ether bridge (-CH2-O-CH2-) at 1092 cm-1 and Sn-O-C bond at 880-

900 cm-1 [36, 85, 88]. It is noticed that the intensity of methylene ether bridge peak at 1092 

cm-1 was increased when increasing concentration of formaldehyde (lower Sn/F molar ratio) 

as shown in FTIR signal ratio (See in Figure 4.10). On the other hand, the intensity of 

absorption band at 1477 cm-1 corresponding to methylene bridge was slightly increased. This 

result means the excess amount of formaldehyde in the preformed tin sol reacts with RF gel. 

Therefore, it results in greater extent of crosslinked network (increased CH2-O-CH2 bridge). 

The increased network caused RF gel is less reactive with tin precursor. However, it is 

essentially beneficial in preventing the rapid solidification of the mixture when adding the tin 

sol into RF gel. Consequently, homogeneous mixture are obtained, which results in more 

uniform interaction between tin sol and RF gel throughout the composite. This interaction is 

witnessed from the increase in Sn-O-C bond when increasing concentration of formaldehyde. 

If the interaction between tin sol and RF gel is increased, it will prevent pore collapsing 

during calcination. Thus, the surface area of the tin dioxide is enhanced by increasing 

concentration of formaldehyde (lower Sn/F molar ratio) in the range of 0.007-0.060 as shown 

in Table 4.3.  
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Figure 4.9 FTIR spectrum of the product prepared with Sn/F molar ratio at 0.003 (a), 0.005 

(b), 0.007 (c), 0.010 (d), 0.020 (e) and 0.060 (f). 
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Figure 4.10 FTIR signal ratio of (□) methylene, (▲) methylene ether bridges and (●) Sn-O-C 

bonding of the mixed gel with various Sn/F molar ratios with respect to aromatic rings in the 

gel. 

 

Table 4.3 Properties of the synthesized products with various Sn/F molar ratios. 

Sn/F molar ratio Surface area (m2/g) Vp (cm3/g) Mean pore diameter (nm) 

0.003 32.98 0.0277 - 

0.005 37.20 0.0320 - 

0.007 44.04 0.0549 4.82 

0.010 41.16 0.0575 4.82 

0.020 38.10 0.0511 4.82 

0.060 29.53 0.0521 24.47 

 

Nevertheless, too excessive amount of formaldehyde results in non-porous structure 

(See in Figure 4.11). The result from N2 adsorption-desorption analysis show that N2 

adsorption-desorption isotherm in the low Sn/F molar ratio (i.e., 0.003 and 0.005) is type II 

isotherm which indicates the presence of non-porous structure in the sample. This result may 

be caused by dilution effect from the addition of formaldehyde, which results in larger size of 

the RF particles [85]. On the other hand, N2 adsorption-desorption isotherm of the product 

from high Sn/F molar ratio (i.e., 0.007, 0.010, 0.020 and 0.060) is type IV isotherm, which 

indicate mesoporous structure as demonstrated in Figure 4.11. BJH method reveals that pore 
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size distribution is broader when increasing Sn/F molar ratio (See in Figure 4.12). Moreover, 

decrease in concentration of formaldehyde leads to high pore volume as indicated in Table 

4.3.    

 

Figure 4.11 N2 adsorption-desorption isotherm of the products with Sn/F molar ratio of (♦) 

0.003, (□) 0.005, (▲)0.007, (  ) 0.010, (   ) 0.020 and (●) 0.060. 
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Figure 4.12 Pore size distribution of the products with Sn/F molar ratio of (▲)0.007, ( ) 

0.010, (◊) 0.020 and (■) 0.060. 

 

Figure 4.13 shows SEM images of the obtained product with various Sn/F molar 

ratios. It was found that increase in Sn/F molar ratio results in smaller tin dioxide particles. 

This result indicates that excess amount of formaldehyde causes dilution effect, thus decrease 

in Sn/F molar ratio results in larger tin dioxide particles.   
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Figure 4.13 SEM image of synthesized product with Sn/F molar ratio at 0.003 (a), 0.005 (b), 

0.007 (c), 0.010 (d), 0.020 (e) and 0.060 (f).  

 

4.3.2 R/C molar ratio 

In this study, the R/C molar ratio was varied from 50 to 300 in order to study effect of 

R/C molar ratio on the final properties of the product. These R/C molar ratios are mostly used 

for fabrication of carbon gel. The mixed gels were aged for 3 days and then removed the 

template and residue carbon by calcination at 500oC. It should be noted that an amount of 
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chemicals, i.e., resorcinol, formaldehyde, water and tin tetrachloride, were fixed. The effect of 

catalyst ratio was investigated using FTIR, N2 adsorption-desorption analysis and SEM. 

Figure 4.14 shows FTIR spectrum of precalcined Sn/RF composites that were 

prepared with R/C ratio of 50, 100, 200 and 300. It was found that all spectrums are similar. It 

is clearly seen in FTIR signal ratio as shown in Figure 4.15. The results indicate that the 

functional groups within the product are not affected by R/C molar ratio. 

 

 
Figure 4.14 FTIR spectrum of the precalcined composites with R/C molar ratio at 50 (a), 100 

(b), 200 (c) and 300 (d). 
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Figure 4.15 FTIR signal ratio of (□) methylene, (▲) methylene ether bridges and (●) Sn-O-C 

bonding of the mixed gel with various R/C molar ratios with respect to aromatic rings in the 

gel. 

In the previous study, the carbon which is produced from RF gel with R/C molar ratio 

of 50 has the maximum surface area [68]. In the fabrication of mesoporous tin dioxide, the 

product with R/C molar ratio of 50 was found to have the highest surface area as well (See in 

Table 4.4). As the amount of catalyst is decreased, i.e., increasing R/C molar ratio, size of the 

RF particle becomes larger [89].Owing to RF gel is used as the template for synthesis 

mesoporous tin dioxide, the properties of the template has an impact on the properties of the 

obtained product. Therefore, surface area of the synthesized tin dioxide is decreased by 

increasing R/C molar ratio as illustrated in Table 4.4. In Figure 4.16, N2 adsorption-

desorption analysis reveals that all the products has the mesoporous structure (Type IV 

isotherm). Nevertheless, the mean pore diameter of the products remains the same. This 

means that increased R/C molar ratio enhances the number of pores in the product. BJH plot 

shows pore size distribution of the products (See in Figure 4.17). It was noticed that pore size 

distribution of synthesized product, which prepared with low R/C molar ratio, is narrower 

distribution. 
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Table 4.4 Properties of the products with various R/C molar ratios. 

R/C molar ratio Surface area (m2/g) Vp (cm3/g) Mean pore diameter (nm) 

50 38.15 0.0511 4.82 

100 35.51 0.0519 4.82 

200 34.15 0.0402 4.82 

300 31.28 0.0379 4.82 

 
Figure 4.16 N2 adsorption-desorption isotherm of the products with R/C molar ratio of (♦) 

50, (□) 100, (▲)200 and ( ) 300. 
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Figure 4.17 Pore size distribution of the products with R/C molar ratio of (♦) 50, (□) 100, 

(▲)200 and ( ) 300. 

 

In Figure 4.18, SEM images of the obtained products with varying R/C molar ratio 

confirm that varying R/C molar ratio does not affect morphology of the particle. 
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Figure 4.18 SEM image of tin dioxide products with R/C molar ratio of 50 (a), 100 (b), 200 

(c) and 300 (d). 

 
4.3.3 Sn/R molar ratio 

 In order to study the effect of Sn/R molar ratio, the RF gel was prepared by fixing all 

concentrations of reactants and aged for 4 hours. Then, the preformed tin sol with various 

concentrations of tin tetrachloride pentahydrate was added into the RF gel after aging for 3 

days. The amount of formaldehyde was fixed, but the amount of tin tetrachloride pentahydrate 

was changed at different Sn/R molar ratio, namely, 0.03, 0.05, 0.08 and 0.10. The mixed gel 

was aged, dried by freeze drying and calcined at 500oC. The tin dioxide products and the 

mixed gels were investigated using SEM, FTIR and N2 adsorption-desorption analysis. 

Figure 4.19 and Figure 4.20 show FTIR spectrum of the mixed gel aged for 1 and 3 

days, respectively. It was found that the intensity of methylene (at 1477 cm-1), methylene 

ether bridge (at 1092 cm-1) and Sn-O-C bonding (at 880-900 cm-1) [36, 85, 88] are obviously 

increased by increasing Sn/R molar ratio in the beginning of the aging period (the mixed gels 

aged for 1 day) as shown in FTIR signal ratio in Figure 4.21. However, the intensity of 
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interesting peaks, i.e., methylene, methylene ether bridge and Sn-O-C bonding, of the mixed 

gel aged for 3 days are not different in range of Sn/R molar ratio from 0.05 to 0.10 (See in 

Figure 4.22). At Sn/R molar ratio of 0.03, the intensity of these interesting peaks is 

significantly different from the other Sn/R molar ratio but still can not explain this 

occurrence. From above results, this can be concluded that the tin sol only catalyzes the 

formation of RF-networks and Sn-O-C bonding in the beginning of aging. For high Sn/R 

molar ratio, the small tin sol particles are formed due to high concentration of the precursor. 

Thus, the surface area of the synthesized product is enhanced by increasing Sn/R molar ratio 

in the range of 0.05-0.10 as shown in Table 4.5. Although their effect enhanced the surface 

area, the rapid solidification could occur by too large of the Sn/R molar ratio. N2 adsorption-

desorption analysis reveals that all samples has mesoporous structure (Type IV isotherm) as 

presented in Figure 4.23. From BJH plot (Figure 4.24), pore size distribution of the product is 

narrowed by increasing Sn/R molar ratio in the range of 0.05-0.10.  
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Figure 4.19 FTIR spectrum of the mixed gel aged for 1 day with Sn/R molar ratio at 0.03 (a), 

0.05 (b), 0.08 (c) and 0.10 (d). 
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Figure 4.20 FTIR spectrum of the mixed gel aged for 3 days with Sn/R molar ratio at 0.03 

(a), 0.05 (b), 0.08 (c) and 0.10 (d). 
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Figure 4.21 FTIR signal ratio of (□) methylene, (▲) methylene ether bridges and (●) Sn-O-C 

bonding of the mixed gel aged for 1 day with various Sn/R molar ratios with respect to 

aromatic rings in the gel. 

 

 
Figure 4.22 FTIR signal ratio of (□) methylene, (▲) methylene ether bridges and (●) Sn-O-C 

bonding of the mixed gel aged for 3 days with various Sn/R molar ratios with respect to 

aromatic rings in the gel. 
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Table 4.5 Properties of the products with various Sn/R molar ratios. 

Sn/R molar ratio Surface area (m2/g) Vp (cm3/g) Mean pore diameter (nm) 

0.03 42.59 0.0473 4.82 

0.05 30.04 0.0331 3.75 

0.08 31.40 0.0397 4.82 

0.10 34.17 0.0426 4.82 

 

 

Figure 4.23 N2 adsorption-desorption isotherm of the products with Sn/R molar ratio of (♦) 

0.03, (□) 0.05, (▲)0.08 and (  ) 0.10. 
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Figure 4.24 Pore size distribution of the products with Sn/R molar ratio of (♦) 0.03, (□) 0.05, 

(▲)0.08 and (  ) 0.10. 

 

Although, the small tin sol particles are formed, the particles aggregated as shown in 

Figure 4.24. SEM image shows that the tin dioxide particles seems to aggregate when Sn/R 

molar ratio is increased. This means that the reaction rate during aging also has an effect on 

morphology and properties of the products (according to FTIR and SEM results). 

Nevertheless, the aggregation of particles does not affect the surface area of the product.  
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Figure 4.25 SEM image of tin dioxide products with Sn/R molar ratio of 0.03 (a), 0.05 (b), 

0.08 (c) and 0.10 (d).  

 

4.3.4 Type of diluting solvent 

The solvent were added into RF gel before mixing the tin sol and the RF gel in order 

to prevent rapid solidification. Water and ethanol are used as the diluting solvent to study the 

effect of type of the diluting solvent. Composition of chemicals in tin sol and RF gel, aging 

time of tin sol and aging time of RF gel were fixed. The effect of adding the solvent and type 

of diluting solvent were studied using FTIR, SEM and N2 adsorption-desorption analysis. 

FTIR spectrum of the dried samples, namely, neat RF gel, RF gel with addition of 

water and RF gel with addition of ethanol are similar as shown in Figure 4.26. The results 

demonstrate that water and ethanol only act as the solvent. In the preparation step of RF gel, 

after the gel was aged, the viscosity of the RF gel is increased. When the gel nearly 

transformed into solid (high viscosity), ethanol was added and the mixture was stirred 

violently. It was found that the viscosity of the RF gel can be decreased by adding ethanol. 

This confirmed that ethanol is good solvent for RF gel. However, the intensity of absorption 
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band of those gels at 1477 cm-1 (-CH2- scissor vibration) and at 1220 and 1092 cm-1 (CH2-O-

CH2 bridges) [36, 90] are not different as illustrated in Table 4.6. It suggests that the addition 

of solvent does not affect the formation of RF gel. 

 

 
Figure 4.26 FTIR spectrum of neat RF gel (a), RF gel with water (b) and RF gel with ethanol 

(c). 

 

Table 4.6 FTIR signal ratio of neat RF gel (a), RF gel with water (b) and RF gel with ethanol 

(c). 

Sample 
Signal ratio 

Methylene ether bridge Methylene bridge 

Neat RF gel 1.095 0.772 

RF gel with water 1.176 0.843 

RF gel with ethanol 1.083 0.786 

 

Figure 4.27 shows FTIR spectra of the precalcined samples, i.e., Sn/RF gel, Sn/RF gel 

added with water and Sn/RF gel added with ethanol. The intensity of the absorption band at 

1220 and 1092 cm-1, which assigned to CH2-O-CH2 bridges [36, 90], are not different but 

intensity of Sn-O-C bonding at 880-900 cm-1 [88] is increased by addition of either ethanol or 
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water as shown in Table 4.7. This result indicates that the addition of solvent into the RF gel 

enhances the interaction between tin sol and RF gel.  

 

 

Figure 4.27 FTIR spectrum of Sn/RF gel (a), Sn/RF gel added with water (b) and Sn/RF gel 

added with ethanol (c). 

 

Table 4.7 FTIR signal ratio of Sn/RF gel (a), Sn/RF gel added with water (b) and Sn/RF gel 

added with ethanol (c). 

Sample 
Signal ratio 

Methylene ether bridge Methylene bridge Sn-O-C bonding 

Sn/Neat RF gel 1.742 0.997 0.261 

Sn/RF gel with water 1.618 1.167 0.409 

Sn/RF gel with ethanol 1.639 1.056 0.415 

 

Because RF gel is used as the template, the interaction between tin sol and RF gel is 

important to preserve mesoporous structure. If the Sn-O-C bonding is increased, the structure 

will be strong enough to prevent the pore collapse during calcination. However, dilution 

effect from addition of solvent also occurred, this effect resulted in larger RF particle [85]. 
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The RF particle size could affect the properties of the obtained product such that surface area 

is decreased by increased particle size. Nevertheless, the specific surface area of product 

prepared by adding ethanol or water is higher than the product without solvent as shown in 

Table 4.8, while the mean pore diameter of the product with solvent is lower than the 

synthesized product without solvent. This result suggests that the dilution effect has less 

effect on the final product properties than the interaction between tin sol and RF-gel. In 

Figure 4.28, the result from N2 adsorption-desorption analysis reveals that these products have 

mesoporous structure (Type IV isotherm). This result indicates that the addition of solvent 

does not affect pore structure, but pore distribution of the obtained product with solvent is 

narrower than the product without solvent as shown in Figure 4.29.  

Table 4.8 Surface area and mean pore diameter of the obtained product with different type of 

diluting solvent. 

Type of diluting 

solvent 
Surface area (m2/g) Vp (cm3/g) Mean pore diameter (nm) 

None 31.38 0.0535 15.96 

Water 40.29 0.0579 9.25 

Ethanol 40.55 0.0641 9.25 

 

 

Figure 4.28 N2 adsorption-desorption isotherm of the products prepared (▲)without addition 

of solvent, (♦) with ethanol and (□) with water. 
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Figure 4.29 Pore size distribution of the products prepared (▲)without addition of solvent, 

(♦) with ethanol and (□) with water. 

 
In Figure 4.30, SEM image shows the synthesized products prepared with neat RF 

gel, RF gel with water and RF gel with ethanol. It can be seen that morphology of the product 

without diluting solvent seems to aggregate.  
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Figure 4.30 SEM image of the products prepared without addition of solvent (a), with ethanol 

(b) and with water (c). 

 

4.3.5 Tin sol aging time 

In this study, the tin dioxide products were prepared from various aging time of tin 

sol, i.e., 0, 24, 48, 72 and 120 hours. The mixed gels were aged for three days and dried by 

freeze drying. The dried gels were calcined at 500oC. The obtained white products were 

characterized by FTIR, SEM and N2 adsorption-desorption analysis.  

Figure 4.31 shows FTIR spectrum of precalcined Sn/RF composites with varying 

aging time of the tin sol. It was noticed that all spectrums are similar. The intensity ratio of 

the methylene, methylene ether bridge and Sn-O-C bonding (at 1477, 1092 and 880-900 cm-1 

[36, 85, 88], respectively) are not changed by varying aging time of tin sol as shown in Figure 

4.32. It means the aging time of the tin sol does not affect either the interaction between tin 

precursor and the RF gel or the other functional groups. Moreover, it has no significantly 

effect on the morphology of the products (See in Figure 4.33). 
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Figure 4.31 FTIR spectrum of the synthesized product prepared from the preformed tin sol 

aged for 0 (a), 24 (b), 48 (c), 72 (d) and 120 hours (e). 

 

Figure 4.32 FTIR signal ratio of (□) methylene, (▲) methylene ether bridges and (●) Sn-O-C 

bonding of the mixed gel with various aging time of tin sol with respect to aromatic rings in 

the gel.  
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Figure 4.33 SEM image of the synthesized product prepared from the preformed tin sol aged 

for 0 (a), 24 (b), 48 (c), 72 (d) and 120 hours (e). 

 

Nevertheless, the specific surface area of these products was increased by increasing 

aging time of the tin sol as demonstrated in Table 4.9. Although the mean pore diameter 

remains the same, the pore size distribution is narrowed by increasing the aging time (See in 

Figure 4.34). This could be resulted from mechanism in the mixing step. The size of tin sol 

particles are larger when increasing aging time of tin sol. In the beginning of tin sol aging, the 

small tin sol particles are formed and these particles accelerate RF gel more than the big tin 

sol particles. Thus, size of RF gel that was used as the template was changed by varying aging 
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time of tin sol. Prolonged aging time of tin sol resulted in smaller RF particles. This reason 

agrees with the results from varying R/C molar ratio as discussed earlier. For above reason, 

the obtained product formed from tin sol that was aged for 120 hours has the highest surface 

area as shown in Table below. From N2 adsorption-desorption analysis, the result shows that 

structure of particles is mesoporous structure (Type IV isotherm) as presented in Figure 4.35.  

 

Table 4.9 Properties of the synthesized products with varying aging time of tin sol. 

Aging time of 

tin sol (h) 
Surface area (m2/g) Vp (cm3/g) Mean pore diameter (nm) 

0 35.13 0.0537 5.47 

24 33.54 0.0583 4.82 

48 34.79 0.0548 5.47 

72 38.56 0.0628 4.82 

120 51.04 0.0693 3.75 

 

 

Figure 4.34 Pore size distribution of the products prepared from the preformed tin sol aged 

for (♦) 0, (□) 24, (▲)48, (  )72 and (   )120 hours. 
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Figure 4.35 N2 adsorption-desorption isotherm the products prepared from the preformed tin 

sol aged for (♦) 0, (□) 24, (▲)48, (  )72 and (   )120 hours. 

 
4.3.6 RF gel aging time 

In this section, tin dioxide products were prepared by fixed amount of all chemicals. 

The aging time of the preformed tin sol was fixed at 72 hours. After aging the mixed gel for 

three days and freeze drying for 24 hours, the template was removed by calcination at 500oC. 

The white products are obtained and investigated by FTIR, SEM and N2 adsorption-

desorption analysis. The aging time for RF gel was varied in the range of 1 to 4 hours since it 

had been observed that neat RF gel became solid after about 4.25 hours.  

Figure 4.36 shows FTIR spectrum of the precalcined Sn/RF composite prepared using 

various aging time for RF gel. The adsorption bands corresponding with RF gel in all 

products are quite similar, indicating the same functional groups. Nevertheless, the aging time 

of RF gel has an effect on interaction between tin sol and RF gel as shown in Figure 4.37. As 

the aging time was increased, the signal associated with Sn-O-C bond locating at 

wavenumber of 880-900 cm-1 [88] was intensified. Prolonged aging time of the RF gel results 

in greater extent of RF networking within the condensed gel. As previously discussed, the 

increased RF network results in less reactivity with the preformed tin sol. From above reason, 
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it allows tin sol to interact with RF gel more uniformly. Thus, the intensity of the signal for 

Sn-O-C bonding became the highest in the product prepared with RF gel that had been aged 

for 4 hours. 

 

Figure 4.36 FTIR spectrum of precalcined Sn/RF composites that were prepared by using RF 

gel aged for 1 (a), 2 (b), 3 (c) and 4 hours (d). 

 

 

400 600 800 1000 1200 1400 1600 1800 

Tr
an

sm
itt

an
ce

 (
a.

u.
) 

Wavenumber (cm-1) 

(a) 

(b) 

(c) 

(d) 

C=C aromatic ring Methylene bridges Methylene ether bridges Sn-O-C bonding 



67 
 

 

Figure 4.37 FTIR signal ratio of (□) methylene, (▲) methylene ether bridges and (●) Sn-O-C 

bonding of the mixed gel with varying aging tine of RF gel with respect to aromatic rings in 

the gel. 

 

The interaction between tin sol and RF gel is necessary for fabrication of mesoporous 

tin dioxide. If Sn-O-C bonding is increased, the gel structure will be strong enough to 

preserve mesoporous structure during calcinations process. According to the BET analysis, 

the surface area of tin dioxide is increased by increasing aging time of RF gel, while the mean 

pore diameter is decreased. The results are shown in Table 4.10.  

 

Table 4.10 Properties of the products with various aging time for RF gel. 

RF aging time (h) Surface area (m2/g) Vp (cm3/g) Mean pore diameter (nm) 

1 28.55 0.0468 24.47 

2 36.77 0.0474 5.47 

3 38.10 0.5114 4.82 

4 40.77 0.0562 4.82 

 

 In Figure 4.38, SEM image demonstrates that the aging time has significant effect on 

the morphology of the products. It was noticed that prolonged aging time of RF gel prevent 

aggregation of the particles.  
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Figure 4.38 SEM image of the synthesized product prepared from RF gel aged for 1 (a), 2 

(b), 3 (c) and 4 hours (d). 

 

However, pore structure of the products is mesopore as indicated in N2 adsorption-

desorption isotherm in type IV isotherm (See in Figure 4.39). From BJH plot, pore size 

distribution of the aging time for 4 hours is the narrowest as shown in Figure 4.40. 
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Figure 4.39  N2 adsorption-desorption isotherm of the products with aging time for RF gel 

(♦) 1, (■) 2, (▲)3 and (  ) 4 hours. 

 

Figure 4.40 Pore size distribution of the products with aging time for RF gel (♦) 1, (■) 2, 

(▲)3 and (  ) 4 hours. 
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4.3.7 Mixed gel aging time 

 In the previous section, it was found that prolonged aging time of the mixed gel 

results in greater extent of RF network and enhanced Sn-O-C bonding as previously discussed 

in section 4.2. To investigate the effect of the mixed gel aging time, tin dioxide was 

synthesized by the mixed gel aged for 2, 3, 4 and 5 days. 

 FTIR spectrum reveals that all precalcined samples has the same functional group as 

presented in Figure 4.41. Interestingly, the intensity of methylene, methylene ether bridge and 

Sn-O-C bonding (at 1477, 1092 and 880-900 cm-1 [36, 85, 88], respectively) are not changed 

by increasing the aging time of the mixed gel as shown in Figure 4.42. This result suggests 

that polycondensation of resorsinol and formaldehyde still occurs during washing process 

with tert-butanol. Moreover, the interaction between tin sol and RF gel also arises. 

 

 

Figure 4.41 FTIR spectrum of precalcined Sn/RF composites prepared by aged mixed gel for 

2 (a), 3 (b), 4 (c) and 5 days (d). 
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Figure 4.42 FTIR signals ratio of (□) methylene, (▲) methylene ether bridges and (●) Sn-O-

C bonding of the mixed gel with varying aging time of mixed gel with respect to aromatic 

rings in the gel. 

 

However, polycondensation in different environment results in the mixed gel with 

different properties. Therefore, the properties of synthesized product are different as shown in 

Table 4.11. The surface area of the final product is increased by increasing aging time of the 

mixed gel. From N2 adsorption-desorption analysis, the result indicates that these samples has 

mesopores in structure (Type IV isotherm) as shown in Figure 4.43. BJH plot shows pore size 

distribution of the products. It can be seen that the product which be prepared by the mixed 

gel aged for 5 days has the narrowest pore size distribution (See in Figure 4.44). 

 

Table 4.11 Properties of the products with varying aging time of mixed gel. 

Aging time 

 of mixed gel (day) 
Surface area (m2/g) Vp (cm3/g) Mean pore diameter (nm) 

2 34.76 0.0561 24.47 

3 39.43 0.0602 5.47 

4 41.98 0.0728 4.82 

5 56.95 0.0783 4.82 
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Figure 4.43 N2 adsorption-desorption isotherm of the products with aging time for mixed gel 

(♦) 2, (□) 3, (▲)4 and (  ) 5 days. 

 

 
Figure 4.44 Pore size distribution of the products with aging time for mixed gel (♦) 2, (□) 3, 

(▲)4 and (  ) 5 days. 
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Figure 4.45 shows SEM image of the products prepared from the mixed gel aged for 

2, 3, 4 and 5 days. It can be concluded that the aging time for mixed gel has no impact on 

morphology of the product.    

 

    

    

Figure 4.45 SEM image of the products prepared from the mixed gel aged for 2 (a), 3 (b), 4 

(c) and 5 days (d). 

 

4.3.8 Drying process 

In this study, the products were synthesized using fixed composition and amount of 

both of the preformed tin sol and RF gel. The other process conditions were also fixed except 

drying process. After washing the Sn/RF composites with tert-butanol for three days, the gels 

were dried by freeze drying and conventional drying at 110oC to compare the effect of drying 

process. The white products were investigated by SEM, FTIR, Thermal analysis and N2 

adsorption-desorption analysis.  

SEM image shows the similar morphology of the product, when the products were 

obtained from different drying process as shown in Figure 4.46. However, surface area of the 

product dried from freeze drying is obviously higher than the obtained product from 
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conventional drying as illustrated in Table 4.12. This result means that freeze drying could 

maintain small pore inside the product. This phenomenon could be described by considering 

drying step. Freeze drying is drying process that removes solvent by sublimation, so there are 

no drastic changes in the surface tension of vapor and liquid during drying process that result 

in collapse of the pores [88]. On the other hand, conventional drying process is drying process 

that involves evaporation. Therefore, the pore could collapse because of drastic changes in the 

surface tension of vapor and liquid. From above reason, the BET result shows the product 

with freeze drying has surface area more than the obtained product from conventional drying, 

while mean pore diameter is less than tin dioxide synthesized from conventional dry process. 

This result means freeze drying could maintain small pores inside the product. It could be 

confirmed by pore size distribution as shown in Figure 4.47. In Figure 4.48, N2 adsoption-

desorption analysis reveals that all the products has mesoporous structure (Type IV isotherm). 

    

   

Figure 4.46 SEM images of tin dioxide synthesized by freeze drying (a) and conventional 

drying (b). 

 

Table 4.12 Surface area and mean pore diameter of the obtained product prepared from 

different drying process. 

Drying process Surface area (m2/g) Vp (cm3/g) Mean pore diameter (nm.) 

Freeze drying 42.99 0.0575 4.82 

Conventional drying 37.00 0.2254 24.47 

 

(a) (b) 

 5μm  5μm 
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Figure 4.47 Pore size distribution of tin dioxide synthesized by (□) freeze drying and (▲) 

conventional drying. 

 

Figure 4.48 N2 adsorption-desorption isotherm of tin dioxide synthesized by (□) freeze 

drying and (▲) conventional drying. 
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 Although conventional drying cannot prevent the collapse of small pores, the heat 

treatment in this drying process accerelates the aging of the mixed gel. Comparing FTIR 

spectrum of precalcined Sn/RF composites via freeze drying and conventional drying, it was 

found that the interesting peaks at 1477, 1092 and 880-900 cm-1, ascribed to methylene 

bridge, methylene ether bridge and Sn-O-C bond [36, 85, 88], are increased by using 

conventional drying step as indicated in Figure 4.49 and Table 4.13. This means freeze drying 

stop the aging of the mixed gel, therefore FTIR spectrum of composites from freeze drying is 

not similar to the dry gel from conventional drying.   

 

 

Figure 4.49 FTIR spectrum of Sn/RF composites dried by freeze drying (a) and conventional 

drying (b). 

 
Table 4.13 FTIR signal ratio of methylene, methylene ether bridges and Sn-O-C bonding of 

the mixed gel with different drying process with respect to aromatic rings in the gel. 

Drying process 
Signal ratio 

Methylene ether bridge Methylene bridge Sn-O-C bonding 
Conventional dry 1.35 0.97 0.51 

Freeze dry 1.28 0.86 0.47 
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4.3.9 Calcination temperature 

Tin dioxide products were synthesized by calcination at various temperatures to study 

their effect. The tin sol and RF gel were prepared and aged for 72 and 4 hours, respectively. 

After mixing the preformed tin sol and RF gel, the mixed gel was aged for 3 days, washed 

with tert-butanol for 3 days, dried by freeze drying and calcined at 400, 500, 600 and 700oC. 

The white products were investigated by SEM, XRD and N2 adsorption-desorption analysis.  

It was found that calcination temperature does not affect the morphology of the 

product (See in Figure 4.50). Nevertheless, it has an effect on properties of the tin dioxide. 

From Table 4.14, the surface area of the product is decreased due to pores collapse during 

calcination at high temperature but tin dioxide still has mesoporous structure as presented in 

Figure 4.51. It was observed that the surface area is dramatically decreased in range of 400-

500oC because of removing residue carbon in the product. Moreover, growth of particles 

occur in range of 600-700oC. This occurrence results in decreased surface area of the obtained 

products. BJH plot shows pore size distribution of the product is broaden by increasing 

calcination temperature (See in Figure 4.52). These results confirm using RF gel assist 

fabrication of mesoporous tin dioxide at temperature below 600oC. At higher than 700oC, the 

mesoporous structure of tin dioxide product is destroyed.  
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Figure 4.50 SEM images of the obtained tin dioxide calcined at 400oC (a), 500oC (b), 600oC 

(c) and 700oC (d). 

 

Table 4.14 Properties of the products calcined at various calcination temperatures. 

Calcination 

temperature (oC) 
Surface area (m2/g) Vp (cm3/g) Mean pore diameter (nm.) 

400 46.05 0.0322 3.75 

500 31.20 0.0237 3.75 

600 32.65 0.0293 4.82 

700 22.17 0.0215 4.82 

 

(a) (b) 

(c) (d) 

 1μm  1μm 

 1μm  1μm 
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Figure 4.51 N2 adsorption-desorption isotherm of tin dioxide calcined at (♦) 400oC, (□) 

500oC, (▲) 600oC and (  ) 700oC. 
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Figure 4.52 Pore size distribution of the tin dioxide calcined at (♦) 400oC, (□) 500oC, (▲) 

600oC and (  ) 700oC. 

  

Figure 4.53 shows XRD pattern of the synthesized products calcined at different 

temperature. It was found that, for the product calcined at 400-600oC, there are two appeared 

phase, namely, metallic tin and tin dioxide as shown in the pattern. At 500oC, tin dioxide 

phase seems to be the predominant phase. Then, Increase in calcination temperature to 700oC 

results in pure tin dioxide phase, which has tetragonal rutile structure. This results means at 

low temperature some amount of metallic tin transforms to tin dioxide and then fully changes 

to tin dioxide phase at 700oC. According to previous study, metallic tin transforms to tin 

oxide phase around 300-400oC and at 500oC there are only metallic tin and tin dioxide phase 

appeared in XRD pattern [89]. However, in this study, tin oxide phase was not observed. This 

could be resulted from fast transformation from tin oxide phase to tin dioxide phase, which is 

more stable than tin oxide phase. Calcination temperature affects not only the phase 

transformation but also crystallite size of the product as shown in Table 4.15. Increase in 

calcination temperature caused growth of the particle. Thus, the crystallite size was increased 

at high calcination temperature.  
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Figure 4.53 XRD patterns of the synthesized tin dioxide calcined at 400oC (a), 500oC (b), 

600oC (c) and 700oC (d).  and  denotes Sn phase and SnO2, respectively. 

 

Table 4.15 Crystallite size of the products at various calcination temperatures. 

Calcination temperature (oC) Crystallite size (nm) 

400 9.36 

500 22.69 

600 24.86 

700 27.53 

 

Considering the synthesized tin dioxide without RF gel, the phase product calcined at 

500oC is totally tin dioxide phase, which also has tetragonal rutile structure. This means that 

RF gel retards phase transition of tin dioxide. XRD result is an evidence for this conclusion. It 

was noticed that metallic tin phase is remained in both the product prepared with RF gel and 

the product which was pyrolyzed before removing carbon by calcination as shown in Figure 

4.54. Although using RF gel as a template assists tin dioxide having mesoporous structure, it 

can not prevent growth of particles during calcination as shown in Table 4.16. However, 

crystallite size of the synthesized tin dioxide without RF gel is smaller than the product with 
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RF gel. This means the difference in mechanism formation of tin dioxide could affect 

crystallite size of product.  

 

Figure 4.54 XRD patterns of the synthesized tin dioxide prepared without RF gel (a), with RF 

gel (b) and tin dioxide pyrolyzed before calcination.     and     denotes Sn phase and SnO2, 

respectively. 

 

Table 4.16 Crystallite size of tin dioxide without RF gel, with RF gel template and with 

carbon template 

Sample Crystallite size (nm) 

Without RF gel 6.98 

With RF gel template 22.69 

With Carbon template 35.33 

 

 Pyrolysis is the process that decomposes organic material at elevated temperature in 

the absence of oxygen. In this study, pyrolysis of the dried gel is used to convert RF gel to 

carbon template before removing the template by calcination in order to assure that RF gel is 

not decomposed before tin dioxide occurred. The dried gel was pyrolyzed in N2 atmosphere at 

500oC for 6 hours with heating rate 5oC/min. After pyrolysis, the Sn/carbon composite is 
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obtained. Then, Sn/carbon composite was calcined at 500oC for 6 hours. The result from 

surface measurement indicates that surface area is decreased after calcination due to removing 

carbon template as illustrated in Table 4.17. Comparing the tin dioxide product with and 

without pyrolysis, it was found that pyrolysis does not affect an amount of surface area as 

shown in BET result (See in Table 4.17). Moreover, N2 adsorption-desorption analysis reveals 

that both products have mesoporous structure (Type IV isotherm) as presented in Figure 4.55. 

Nevertheless, pore volume of the product using carbon template is higher than the synthesized 

product using RF gel template as shown in Table 4.17. This means pore size of the product 

using carbon template is bigger than pore size of the product using RF template. Moreover, 

pyrolysis of the dried gel before calcination results in larger crystallite size (See in Table 

4.16). It may be resulted from heat treatment time, affecting growth of particles due to total 

heat treatment time of the product prepared from pyrolyzed gel is higher than the product 

synthesized without pyrolysis. It can be concluded that not only calcination temperature has 

an effect on crystallite size but also a period of time that spends in calcination process. 

 

Table 4.17 properties of Sn/Carbon composite and the tin dioxide synthesized using RF gel 

template and carbon template.  

Sample Surface area (m2/g) Vp (cm3/g) 

Sn/Carbon composite 791.27 0.3961 

Tin dioxide using RF gel template 31.19 0.0304 

Tin dioxide using carbon template 30.62 0.0736 
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Figure 4.55 N2 adsorption-desorption isotherm of tin dioxide synthesized using (□) RF gel 

template and (▲) carbon template.  

 

These results confirm that using RF gel as a template has an efficiency as same as 

using carbon template. There are some advantages of RF gel template such obtained small 

pore product. However, it depends on the application that tin dioxide was used. For example, 

the product synthesized by using carbon template is suitable for gas sensor application owing 

to wide range of pore size that can accommodate complex chemicals. 

 

4.4 Comparison of the tin dioxide using surfactant template and rf template 

 Although the specific surface area of the obtained product assisted by rf gel is less 

than tin dioxide prepared by surfactant template (previous research), synthesis of mesoporous 

tin dioxide using RF gel as template has outstanding advantages, namely, low cost and easy to 

handle. The lower specific surface area of tin dioxide can be explained by consideration at 

mechanism formation of the tin dioxide. Using surfactant template involves the arrangement 

of molecules to form porous structure, whereas using rf gel only relates to connection of the 

particles.  
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CHAPTER V 

CONCLUSION AND RECOMMENDATIONS 

5.1 Summary of results 

 The summary of the results are listed as follows: 

1. The obtained tin dioxide with using RF-gel has mesoporous structure and higher 

surface area than the synthesized product prepared without RF gel. 

2. There is an interaction between tin sol and RF gel involving in the synthesis of 

mesoporous tin dioxide. Moreover, tin sol accerelates formation of RF networks.  

3. Process parameters, i.e., concentration of reactants, aging time of tin sol, aging 

time of RF gel and aging time of mixed gel, affect properties of final product. 

Surface area of product is increased by increasing Sn/R molar ratio, aging time of 

tin sol, aging time of RF gel and aging time of mixed gel, whereas decreasing 

Sn/F molar ratio and R/C molar ratio results in decreased surface area.    

4. Addition of diluting solvent, i.e., ethanol and water enhances the interaction 

between tin sol and RF gel. This results in increased surface area of the product. 

5. Different drying process results in different properties of the product. The surface 

area of tin dioxide prepared from freeze dried gel is higher than the product 

prepared by conventional drying. 

6. The highest surface area of synthesized tin dioxide is 56.95 m2/g. This product 

was prepared by aging for the mixed gel of 5 days. 

7. At high calcination temperature (700oC), the product is pure tin dioxide, which 

has tetragonal rutile structure. Metallic tin phase still appeared in the product 

calcined at temperature lower than 700oC. 

8. RF-gel template has an efficiency as same as carbon gel. The surface of 

synthesized product with RF gel template is nearly equal to the product prepared 

by using carbon template. 

 

5.2 Conclusion 

 Mesoporous tin dioxide was successfully synthesized via sol-gel method using 

resorcinol-formaldehyde gel as a template. Strong interaction between tin sol and RF gel 

results in high surface area of the obtained product. Size of RF particles also has impact on its 

properties such as pore size distribution and surface area. These factors could be controlled by 
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altering process condition such as concentration of reactants, aging time of tin sol, aging time 

of RF gel and aging time of mixed gel. Freeze drying can retain porosity of the tin dioxide 

mesoporous during drying process.  

 

5.3 Recommendations for future work 

 There are some recommendations for future work as shown in the following: 

1. For product synthesized without RF-gel, its color is quite yellow. However, XRD 

pattern shows the product is cassiterite, which has tetragonal rutile structure. This 

result should be further investigated. 

2. The applications of obtained tin dioxide should be studied such as kinetically 

efficient and long-term lithium storage and gas sensing performance. 
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APPENDIX A 

THERMAL ANALYSIS OF TIN DIOXIDE PARTICLES 

 Table A.1 shows carbon content in the product which has the highest surface area in 

each experiment in order to confirm the surface area of the product is not resulted from 

remaining carbon in the product. 

 

Table A.1 Carbon content of the tin dioxide products. 

Process condition Condition % Carbon content  
Sn/F molar ratio 0.007 2.05 
R/C molar ratio 50 2.92 

 
100 3.44 

 
200 5.01 

 
300 1.43 

Sn/R molar ratio 0.03 8.44 
Type of diluting solvent None 7.18 

 
Water 9.11 

 
Ethanol 6.56 

Aging time of tin sol 120 hours 5.01 
Aging time of RF gel 4 hours 5.30 
Aging time of mixed gel 5 days 5.33 
Drying process Freeze drying 5.99 

 
Conventional drying 4.88 

Calcination temperature 400oC 9.73 

 
500oC 2.56 

 
600oC 3.45 

  700oC 2.37 
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APPENDIX B 

CALCULATION OF SPECIFIC AREA OF TIN DIOXIDE  

 In this part, the specific surface area of the product, which be calcined at 500oC, was 

calculated from the following equation using given data.   

Data:  Size of tin dioxide particles (measured by Semafore program) 125.94 nm 

           Crystallite size 22.69 nm 

 Actual surface area  

Equation:  Specific surface area  =          4πr2                                   

             (4/3)πr3
ρ 

where r is radius of tin dioxide particles and ρ is density of tin dioxide = 6.95 g/m2. 

The specific surface area of the products is 6.86 and 38.05 m2/g calculated by using 

size of the particles from Semafore program and crystallite size, respectively. Comparing the 

specific surface area calculated by using size of the particles (measured by Semafore 

program) and measurement by BET analysis, the product has actual specific surface area 

more than calculation. This means each particle, called secondary particle, has pore inside the 

structure. However, the surface area which calculated from crystallite size is higher than the 

actual surface area. It indicates that primary particles connected together to form secondary 

particles. In addition, the size of tin dioxide particles which was measured by Semafore 

program is larger than crystallite size. This result suggests that the agglomeration occurs 

during the fabrication.  
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APPENDIX C 

THERMAL EVENT OF SN/RF COMPOSITE 

In order to study thermal event of Sn/RF composite at 240 oC, the functional group of 

composites which be calcined at 180 and 280 oC were identified by FTIR technique. It was 

found that some functional groups disappeared during calcinations as shown in Figure C.1. 

However, those functional groups can not be specified at this moment.   

 

 
Figure C.1 FTIR spectrum of the precalcined composite (a), product calcined at 180oC (b) 

and product calcined at 280oC (c). 

 

 Table C.1 shows surface area and pore volume of the composites which be calcined at 

180 and 280 oC. It can be seen that the composite calcined at 180oC has high surface area due 

to carbon remains in the product. After calcination at 280oC, residue carbon is removed out of 

the product. Thus, the surface area is dramatically decreased but still greatly higher than the 

product calcined at 500oC.  
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Table C.1 Properties of the products calcined at various calcination temperatures. 

Calcination temperature (oC) Surface area (m2/g) Vp cm3(STP)/g 
180 213.61 0.3365 
280 152.31 0.2358 
500 40.55 0.0640 

 

 Figure C.2 shows XRD pattern of the composites which be calcined at 180 and 280 
oC. It reveals that at 180oC the composite is amorphous material. After increasing calcination 

temperature to 280oC, metallic tin phase, tin oxide phase and tin dioxide phase appeared. This 

means formation of tin dioxide phase occurs at lower 280oC. 

 

 
Figure C.2 XRD patterns of the synthesized tin dioxide product calcined at 180oC (a) and 

280oC (b). , ▲ and  denotes Sn phase, SnO phase and SnO2 phase, respectively. 
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APPENDIX D 

THE MORPHOLOGY OF MATERIAL DURING SYNTHESIS 

 Figure D.1 shows SEM image of precalcined Sn/RF composite and tin dioxide 

product. It can be seen that the product obtained from drying process has the different 

morphology compared to tin dioxide product. The precalcined composite was composed of 

smaller interconnected particles.     

 

    

Figure D.1 SEM images of precalcined Sn/RF composite (a) and tin dioxide product (b). 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

 1μm  1μm 



101 
 

APPENDIX E 

EFFECT OF TYPE OF SOLVENT IN PREFORMED TIN SOL 

 In this study, tin dioxide was prepared with different type of solvent in preformed tin 

sol step. The amount of solvent, i.e., formaldehyde (F) and ethanol (E), is fixed. 

Concentration of chemicals is also fixed at certain amount. The mixed gel was aged for 3 

days, dried by freeze drying process and then calcined at 500oC. 

Figure E.1 shows FTIR spectrum of the precalcined composite prepared with Sn/F sol 

and Sn/E sol. The spectrum of composite prepared with ethanol is quite similar to spectrum 

from composite prepared with formaldehyde. Moreover, FTIR signal ratio of methylene 

bridge, methylene ether bridge and Sn-O-C bonding is not changed by altering type of solvent 

in preformed tin sol as shown in Table E.1. This means type of solvent, which was used in the 

preformed tin sol step, does not affect interaction between tin sol and rf gel. Moreover, this 

result suggests that tin sol has greater effect on formation of RF gel and interaction between 

tin sol and rf gel than excess formaldehyde.    

  

 
Figure E.1 FTIR spectrum of the precalcined composite prepared with Sn/F sol (a) and Sn/E 

sol (b). 
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Table E.1 FTIR signal ratio of the composite prepared with different solvent in tin sol. 

Type of solvent 
Signal ratio 

Methylene ether bridge Methylene bridge Sn-O-C bonding 
Formaldehyde 1.47 0.99 0.46 
Ethanol 1.39 0.91 0.44 

 
 Nevertheless, the product which prepared by using ethanol has surface area larger 

than the product using formaldehyde as shown in Table E.2. This could be resulted from the 

time that spent through galation step of mixture prepared form Sn/E sol is greatly longer than 

mixture prepared from Sn/F sol. It allows the tin sol to homogeneously mix with rf gel, which 

results in more uniform interaction between tin sol and rf gel. Considering adsorption-

desorption isotherm of both products, the result shows type IV isotherm which indicates 

mesoporous structure (See in Figure E.2). It can be concluded that type of solvent in the 

preformed tin sol does not affect formation of mesoporous tin dioxide.   

 

Table E.2 Surface area and mean pore diameter of the obtained product prepared from 

different solvent in tin sol. 

Type of  solvent Surface area (m2/g) Vp cm3(STP)/g Mean pore diameter (nm) 
Formaldehyde 39.25 0.0811 4.82 

Ethanol 50.42 0.1128 13.88 
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Figure E.2 N2 adsorption-desorption analysis of tin dioxide product prepared with (□) Sn/F 

sol and (♦) Sn/E sol. 
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