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The primary goal of this thesis is to synthesize titanium dioxide nanorods using a 

continuous flow microreactor. Titania powder, one of the most important particulate 

materials is used for many purposes owing to its excellent optical properties of a high 

refractive index leading to high hiding power and whiteness of titania paint, high 

chemical stability, and relatively low production cost. Particularly, one-dimensional 

inorganic nanostructures (rods, wires and tubes) of TiO2 attract both relevant theoretical 

and technological interest, because they reveal a wide range of electrical and optical 

properties that depend on both size and shape. 

In our research, the growth of anatase TiO2 nanorods was carefully controlled at 

low reaction temperature (around 100 
o
C) with oleic acid as a surfactant preventing 

hydrolysis of titania nuclei in undesired sites. Hinder hydrolysis of titanium alkoxide has 

been engaged and manipulated by means of a strategy that relies on the chemical 

modification of the titania precursor (Titanium tetraisopropoxide and Oleic acid) by the 

carboxylic acid, and on the use of suitable catalysts (trimethylamino-N-oxide dehydrate, 



 
 

TMAO) to promote crystallization in a continues flow microreactor. The X-ray 

diffraction and raman spectroscopy analysis show that TiO2 produced from the 

microreactor matched with the products from the batch synthesis. Scanning Transmission 

electron Microscope (TEM) and High Resolution TEM images show that TiO2 

nanoparticles were rod shape, and Fourier transform of the HRTEM image indicates that 

mineral form of TiO2 corresponds to the standard TiO2 anatase diffraction pattern. 

Thermal Gravimetric Analysis indicates that TiO2 nanorods produced from the 

microreactor have more ligands attached to their surface than nanorods made by the batch 

reactor. The continuous flow microreactor can produce TiO2 nanorods much faster (about 

40 to 50 min of residence time) than a batch reactor (with reaction time around 24 hr), 

and the quality of the TiO2 nanorods from the microreactor is as good as the nanorods 

from the conventional batch reactor. 
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Chapter 1 

Introduction 

Nanoparticles have been acquiring much attention due to their physical and chemical 

properties. To date, various chemical methods, such as sol-gel preparations (based on 

both hydrolytic and non-hydrolytic reaction pathways)[1], microemulsions, hot soap 

method, as well as electrospray pyrolysis have been applied to produce nanoparticles[2]. 

However, these methods typically contain many problems that, after scale-up, are very 

difficult to be controlled owing to the non-uniformity of the residence time, mixing, etc 

[2]. To overcome the disadvantages of conventional reactor, microreactors have gained a 

lot of interest. They are expected to be applied to the production of nanoparticles with a 

desired narrow size distribution, because they can provide a uniform reaction field where 

the reaction condition is well controlled[2]. In addition, local variations in reaction 

conditions, such as temperature and concentration, are minimized[3]. In terms of 

chemistry, chemical reaction in microreactor can be performed in a rapid and controllable 

manner by the high surface area-to-volume ratios and reduced diffusional dimensions of 

microchannel, that characterize microfluidic systems[3]. Moreover, the demonstration of 

miniaturization of chemistry has significant advantages with respect to cost, safety, 

throughput, kinetics and scale-up. 

Two different types of microreactors, a chip-based microreactor shown in Figure 1.1 and 

a microreactor with double-pipe structure called a continuous flow microreactor shown in 

Figure 3.2 will be discussed here. Wang et al.[4] and Chan et al.[5] have published 

studies related to the production of nanoparticles using chip-based microreactor. The 



2 
 

advantages of this type of microreactor for nanoparticles production were clearly 

discussed. However, the chip-based microreactor has an essential problem for particle 

handling owing to the clogging of the reactor’s microchannel by adhesion of precipitated 

particles to wall surfaces[3]. In continues coaxial microreactor, two immiscible liquids 

are pumped through the inner and outer tubes shown in Figure. 3.2 and maintain an 

annular and laminar flow of separated phases[3]. The annular flow (outer fluid) can play 

the role of preventing precipitated particles from adhering to the tube wall.  

 

Figure 1.1. Schematic diagram of a chip-based microreactor used for the synthesis of 

nanoparticles.[3] 

 

Our studies are focused on using a continuous flow microreactor to synthesize titanium 

oxides nanorods. Titania powder, one of the most important particulate materials is used 

for many purposes owing to its excellent optical properties of a high refractive index 

leading to high hiding power and whiteness of titania paint, high chemical stability, and 

relatively low production cost[6]. Millions of tons of titania per year were consumed 

worldwide. About 60% of these titania powder were used as a pigment for paints, 30 % 

as a filler of plastics and papers, and the remaining 10 % for miscellaneous purposes, 
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such as enamels or glazes of ceramics, optical glasses, toners, and consmetics[6]. In 

recent years, one-dimensional inorganic nanostructures (rods, wires and tubes) of TiO2 

attract both theoretical and technological interest, because they exhibit a wide range of 

electrical and optical properties that depend on both size and shape[1]. Nanocrystalline 

TiO2 is one of the most studied oxides whose technological potential is expected to be 

remarkably extended if its particle morphology can somehow be well tuned[1].  

In TiO2-based dye sensitized solar cell (DSSC), TiO2 nanoparticles act as a matrix of dye, 

and electrons (e
-
) and holes (h

+
) are photogenerated and moving across the nanocrystal 

surface, where they act as redox reagents, eventually becoming destructible pollutants. In 

spherical crystals, high surface-to-volume ratio of nano-size particles creates physical and 

chemical benefits that are offset by the increased electrons/holes recombination 

probability due to the surface trapping sites. Consequently, lower photocatalytic quantum 

performance is observed. Moreover, in TiO2-based DSSC, spherical nanocrystals with 

adsorbed and anchored dye are usually limited by the surface area available for capture of 

solar light because of the distribution and density of surface localized trap states at 

particle boundaries and electron percolation pathways in nanocrystalline films[1].  

By contrast, titania nanorods could have significant advantages in both technological 

fields, photocatalytic performance and DSSC, compared to nanospheres. In rod-shaped 

TiO2, the surface-to-volume ratio can be higher than that found in spherical particles, and 

this would make sure a high density of active sites available for surface reaction of dye, 

high electron mobility due to linear crystallinty and a increased interfacial charge carrier 

separation rate. In addition, the increased transfer rate of carriers in titania nanorods is 
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expected to reduce the e
-
/h

+
 recombination rate. This could decrease the recombination 

caused by surface trap states and encourage a more efficient delocalization of charge[1].  

In our research, the growth of anatase TiO2 nanorods was carefully controlled at low 

reaction temperature (around 100 
o
C) with oleic acid as a surfactant preventing hydrolysis 

of titania nuclei in undesired sites. Hinder hydrolysis of titanium alkoxide has been 

engaged and manipulated by means of a strategy that relies on the chemical modification 

of the titania precursor (TTIP/OA) by the carboxylic acid, and on the use of suitable 

catalysts (trimethylamino-N-oxide dehydrate, TMAO) to promote crystallization (in 

continuous flow microreactor). 
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Chapter 2 

Literature Review 

2.1 Microfluidics 

The study of microfluidics deals with behavior of flow and precise control and 

manipulation of fluids that are geometrically constrained to a small, typically sub-

millimeter or micrometer scale. Microfluidics is broadly applied in many fields, such as 

biomedical, precision manufacturing processes, and pharmaceutical industries. Specific 

applications of microfluidic systems include chemical analysis, biological and chemical 

sensing, drug delivery, molecular separation in DNA analysis, sequencing of DNA, 

synthesis of nucleic acids, environmental monitoring[7] and production of 

nanoparticles[8], such as copper, gold, CdS, CdSe and TiO2[3]. Below are advantages of 

microfluidic systems: 

 Capability of working with small samples leading to less expensive biological and 

chemical analyses[7],  

 Ability to give better performance with less power consumption[7],  

 Eliminating local variations in reaction conditions such as concentration and 

temperature, and allowing rapid change in these conditions[8],  

 Providing high surface area-to-volume ratios, reduced diffusion and heat 

conductor dimentsions, and a uniform reaction field with precisely controlled 

reaction conditions[2], 

 Manufacturing  with lower cost, higher safety, and easier number-up[4].  
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To design microfluidic systems, many factors should be considered as the radical change 

of the surface area-to-volume ratio occurrs when conventional reactors have been scaled 

down to sub-millimeter size. Therefore, specific considerations are needed, such as the 

effect of microchannel geometry[9] and exclusion of capillary effect. One of the well-

known issues is due to the capillary effect for liquid flowing through minute tubes or 

channels resulting in the attention of a major governing factor, surface tension[7].  

 

2.2 Surface Tension 

Surface tension in liquids is a consequence of the attraction that exists between liquid 

molecules, called the cohesion forces of molecules. For example, this phenomenon can 

be used to explain a spherical drop formed by a small amount of unconfined liquid. 

Within the drop, a molecule of liquid is perfectly surrounded by others reaching balanced 

intermolecular forces. On the other hand, at the interface between liquid drop and air or a 

solid, such as a tubing wall, molecules near the surface will experience an imbalance of 

net force because of the difference in the number of adjacent particles. This fact is called 

the density discontinuity at the interface[10]. Because of this verity, the contact surface 

between liquid and air or solid is subjected to surface tension and become concave 

upward, as observed in a capillary as shown in Figure 2.2.1[7]. Between the fluid and 

capillary wall, maximum friction causes a nonslip condition. The combined effect of 

maximum friction between the interface of liquid/solid and the cohesion forces in the 

fluid makes difference in pressure required to cause the difference height of the liquid 

from the bulk level (Figure 2.2.1). Such nonuniformity of liquid level is called capillary 
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effect. This effect is also observed for the motion of fluid flowing in microtubing system. 

In this case, the Navier-Stokes equation derived from the continuity equation can no 

longer be applied because it does not describe the effect of surface tension[7]. 

 

Figure 2.2.1. Capillary effect on a fluid in small conduit.[7] 

To quantify surface tension, Fs, in water, the following equation was developed: 

                (  )                ( )                                 ( ) 

The coefficient of surface tension   of water can be calculated by following equation[11], 

                                          ( )                                                              

(eq. 2.2.1) 

where T is the temperature in degrees Celsius. 

In micro-level scale, surface tension becomes dominant in the microchannel. Thus, 

additional pressure must be added to overcome this effect. The following discussion may 

help us understand the pressure drop due to surface tension. Figure 2.2.2 demonstrates the 

pressure change due to surface tension in a watery cylinder and in a hemispherical 

droplet[7].  
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Figure 2.2.2. pressure change due to surface tension across a liquid cylinder (a) and a 

droplet(b).[7] 

To understand the pressure drop for both liquid cylinder and hemispherical droplet, the 

following equations are derived based on the principles of equilibrium of total force and 

surface tension in liquid volumes. In Figure 2.2.2a, the total force (2aL)∆P is equal to the 

wet perimeter (2L) times surface tension coefficient, γ. Thus, we obtain: 

                                                               
 

 
                                                                   

(eq. 2.2.2) 

In the liquid sphere (Figure 2.2.2b), the total force (πa
2
) ∆P is equal to the force caused 

by surface tension (2πa)γ, from which equation 2.2.3 can be derived: 

                                                               
  

 
                                                                 (eq. 

2.2.3) 
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The sum of the pressure drop in equations 2.2.2 and 2.2.3 may be used to estimate the 

total pressure change of a free-standing liquid inside a small tube with diameter d≈2a, as 

shown in Figure 2.2.3. 

 

Figure 2.2.3. Free-standing fluid volume in a small tube. 

By observing above equations, the surface tension effect becomes more distinct as liquid 

flowing in decreasing size of microchannel. In addition, the Hagen-Poiseuille equation 

shown below has been derived for incompressible laminar flow[10] 

                                                              
    

   
                                                    (eq. 2.2.4) 

in which the pressure drop is inversely proportional to fourth power of the radius of the 

conduit. As the size of the radius reduces by half, the required pumping power is 

increased by 16 times. Therefore, conventional pumping methods may not be practical 

for microfluidic system. Thus, an effective pumping of liquid in micro-conduits is 

required. 

 A simple structure of micropump is illustrated in Figure 2.2.4. The pump is made by 

using electrostatic actuation. The deformable silicon diaphragm is served as an electrode 

in the chamber. It can be activated and deformed toward the top electrode by applying a 
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voltage across the capacitor. When silicon diaphragm is distorted, the volume of the 

pumping chamber is increased, leading a decreased pressure of the pumping chamber. 

The reduction of pressure in pumping chamber causes inlet check valve open and fluid is 

pulled into the cavity. The subsequent cutoff of applied voltage causes the silicon 

diaphragm to return to its original state, reverting to the original size of the chamber 

which increases the pressure in the capacitor. The increasing pressure causes the outlet 

check valve to open and the fluid is released. A pumping motion can thus be 

completed[7]. 

 

Figure 2.2.4. Schematic diagram of a micropump[12]. 

 

 

 



11 
 

2.3 The Effect of Various Geometries of Microchannels  

The mixing of different fluids or chemical species flowing through a microchannel is a 

big issue in many applications of microfluidic systems, particularly microtube reactors. 

Flows in a microchannel are usually laminar and mixing of different fluids occurs due to 

molecular diffusion, which leads to chemical reactions. A recent study published by Fu et 

al. presents an experimental and theoretical investigation into the effect of altered channel 

geometry on mixing and chemical reaction in a microtube reactor[9]. Three different 

geometries (uniform, converging, and diverging) of the microchannels as shown in 

Figure 2.3.1 were used to study a chemical reaction which produces carbon dioxide. In 

this study, CO2 is generated by the chemical reaction of sodium bicarbonate (NaHCO3) 

and sulfuric acid (H2SO4) as follows: 

                                                    H
+
 + HCO3

-
  CO2 +H2O                                             

(eq. 2.3.1)       

After the chemical reaction forming CO2 bubbles had occurred in the reactor, the flow 

became two-phase (gas and liquid) flow. On the other hand, a single-phase flow occured 

when molecular diffusion was not dominant.  In this study, both experimental results and 

theoretical prediction show that the most intense chemical reactions occurred in the 

diverging microchannel. 
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Figure 2.3.1. Schematic illustrations of (a) uniform, (b) converging, and (c) diverging 

microchannels[9]. 

 

For CO2 bubble formation, many factors, such as temperature, pressure drop of the 

microchannels’ inlet and outlet, and solubility of CO2 in water are significant. During the 

experiment, the temperature difference are smaller than 0.5 
o
C. In addition, the pressure 

difference between the inlet and outlet of the system is neglegible. Therefore, it was 

deduced the solubility of CO2 in the water should not be significantly different between 

the three microchannels. Moreover, CO2 bubbles are directly generated from chemical 

reaction and can be observed by a visualization system, such as a camera. Thus, the 

bubble formation can directly indicate the degree of chemical reaction in the 

microchannels. The results of Fu et al’s research proved that bubbles were most likely 

being formed in diverging channel. 

In order to determine the effect of mass transfer through two streams, Fu et al. conducted 

a mixing test using solutions of NaHCO3 (rapidly diffusing species) and bromothymol 

blue (BTB, a slowly diffusing species). Figure 2.3.3 shows that the diffusion distance 

(A) Inlet chamber for NaHCO3 

(B) Inlet chamber for H2SO4 

(C) Chamber for pressure measurement 

(D) Outlet chamber for mixing fluids 

                   Regions 

1          2          3          4           5 
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occurred only in short distance and diverging microchannel demonstrated the most 

efficient mixing process. The diffusion and advection of NaHCO3 from the interface of 

two flows to the channel wall through the solution of BTB at a given concentration was 

described by a theoretical analysis from simultaneous momentum and mass transfer[11]. 

To simplify the problem, Fu et al. assumed that the channel wall was far from the 

interface and a two-dimensional state-steady differential equation (eq. 2.3.3) for mass 

transfer of the liquid phase over the control volume was used, as depicted in Figure 2.3.2: 

 

Figure 2.3.2. Two-dimensional diagram indicating the control volume of the two streams. 

 

Figure 2.3.3. Diffusion test conducted using solutions of NaHCO3 and bromothymol 

blue in the microchannel[9]. 

Fluid 2 
(slowly diffusing species) 

Fluid 1 
(rapidly diffusing species) 
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 (   )

  
                                                    

(eq. 2.3.2) 

                                                        
   

   
 
 

 

   

  
 
  

 

  

  
                                                 

(eq. 2.3.3) 

To solve equation 2.3.3, penetration theory model[10] was applied due to the short 

diffusion distance (Figure 2.3.3), and following equation would be generated: 

                                                        
    

    
     *(

     

   
)

 

 
 +                                          

(eq. 2.3.4) 

Equation 2.3.4 indicates the concentration profile in the uniform microchannel. For the 

specific solution, see appendix.  

For converging and diverging microchannels, the maximum velocity, umax is a function of 

x and 1.5 times of the mean velocity.[9]: 

                                                  
 

 
 

  

   ( )
 

  

  (    (        )
 

 
)
                         (eq. 

2.3.5) 

Hence, the state-steady differential equation for mass transfer can be rewritten as 

                                                        
   

   
 
  

    

  

  
 

  

(    ) 
                                       (eq. 

2.3.6) 
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where    
   

  (        )
        

    

        
  

Equation 2.3.6 was solved using the homotopy perturbation method (HPM)[13]. The 

following equation was obtained for diverging microchannel: 

                                     
 

  
     

    

  [  
  

 
  (   

         
 )    

 (    )

  (    ) 
]                       

(eq. 2.3.7) 

A similar approximate solution for the concentration distribution in converging 

microchannel can be obtained as 

                                        
 

  
     

    

  [  
  

 
  (   

         
 )    

 (    )

  (    ) 
]                   

(eq. 2.3.8) 

where    
    

        
 

The concentration distribution in three microchannels at c/cA=0.5 and 0.01 is shown in 

Figure 2.3.4; the plot was created using equation 2.3.4, 2.3.7, and 2.3.8, under condition 

of Q/D=1 
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Figure 2.3.4. Concentration profile in y direction[9]. 

From Figure 2.3.4, it can be concluded that the diffusion rate for rapid diffusing species 

in diverging microchannel is linearly increasing and that the rate of diffusion for 

NaHCO3 in diverging microchannel is faster than that in uniform one. For the converging 

microchannel, the diffusion distance initially rises to the maximum; then, decreases. In 

the theoretical analysis, the diverging microchannel is also proved as the most efficient 

one for mass transfer. 

 

2.4 Co-Axle Dual Pipe Microreactor 

In previous discussion, the advantages of chip-based microreactors for the fabrication of 

nanoparticles were introduced. However, a chip-based microreactor has an essential 

problem of the clogging of tubes due to the adhesion of precipitated particles to wall 

surfaces. Thus, a new microreactor with co-axle dual pipe as shown in Figure 2.4.1 was 

y 
(1

0
-6

m
) 

0                     0.01                  0.02                  0.03                0.04 
                                                 X (m) 
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designed to precisely control nuclei formation and aggregation processes for high quality 

particles in which annular fluid serves as wall of chip-based microreactor[2]. 

 

Figure 2.4.1. Schematic diagram of same axel dual pipe microreactor[2]. 

This microreactor was initially used to examine the operating conditions to achieve stable 

two-phase flow, and two liquids were kept an annular and laminar flow in order to create 

a microspace by the outer fluid. Since the two-phase flow was affected by interfacial 

tension between inner and outer fluid, an experiment of flow test under various 

conditions was conducted. Figure 2.4.2 shows a flow pattern map obtained for two-phase 

flows[2]. To obtain stable annular flow, the difference in the velocity between the inner 

and the outer fluids was very small. However, a slug flow was still discovered when flow 

velocity was too low, even if the relative speed for both fluids was not significantly 

different as shown in Figure 2.4.2b. This phenomenon occurred because the effect of 

interfacial tension become dominant. 
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Figure 2.4.2. Flow pattern map obtained for two-phase flows [2]. 

The dispersive flow was discovered when velocity of the outer fluid flow was much 

higher than that of the inner fluid flow, because the resistance created by interfacial 

tension between two fluids was increased. In contrast, when velocity of inner flow is 

much higher than that of outer flow, the contraction of inner flow was dominant. The 

result represents that the size of microspace for inner flow can be adjusted by changing 

the flow rate. In other words, the area of the reaction zone can be controlled by changing 

conditions without microfabrication[2] 

Takagi et al. used this microreactor to produce titania nanoparticles and compared the 

particles with the one produced by a batch reactor. Figure 2.4.3a shows the SEM image 

of the TiO2 nanoparticles produced by the microdevice. The size of the nanoparticles was 

around 100 nm and it was comfirmed by the laser diffraction method as shown in Figure 

2.4.4. Contrarily, Figure 2.4.3b indicates the nanoparticles made by batch reactor. The 

particles size distribution from the batch reactor was obviously not uniform compared to 

(a) Annular flow 

of separated 

phases 

(b)   Slug flow (c)  Flow with the 
       spread of the inner tube 
fluid 
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that shown in Figure 2.4.3a. on the other hand, the nanoparticles produced by co-axle 

dual pipe microreactor were clearly uniform with a narrow particle size distribution.  

 

Figure 2.4.3. SEM image of the TiO2 particles (a) fabricated by microdevice and (b) 

produced by a conventional method [2]. 

   

Figure 2.4.4. Particle size distribution produced by microreactor [2]. 
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2.5 Review of Titanium Dioxide  

Titanium dioxide (titania), known as the only naturally occurring oxide of titanium 

at atmospheric pressure, has attracted much attention due to its proven ability to function 

as a photocatalyst and facilitate important environmentally beneficial reactions, such as 

water splitting to generate hydrogen and treatment of polluted air and water. It occurs as 

two important polymorphs, the stable rutile and metastable anatase. These polymorphs 

exhibit different properties and consequently different photocatalytic performances[14]. 

Table 2.5.1 summarizes the basic properties of retile and anatase. 

Property Anatase Rutile 

Crystal structure Tetragonal Tetragonal 

Atoms per unit cell (z) 4 2 

Space group I4/amd P42/mnm 

Lattice parameters (nm) a=0.3785 a=0.4594 

 
c=0.9514 c=0.29589 

Unit cell volume (nm3) 0.3163 0.0624 

Density (Kg/m3) 3894 4250 

Calculated indirect band gap 
  

(eV) 3.23-3.59 3.02-3.24 

(nm) 345.4-383.9 382.7-410.1 

Experimental band gap 
  

(eV) ~3.2 ~3.0 

(nm) ~387 ~413 

Refractive index 2.54, 2.49 2.79, 2.903 

Solubility in HF Soluble Insoluble 

Solubility in H2O Insoluble Insoluble 

Hardness (Mohs) 5.5-6 6-6.5 

bulk modulus (GPa) 183 206 

Table 2.5.1 Properties of anatase and rutile[14]. 

The potential application of the photocatalytic effect of TiO2 has attracted 

considerable interst over the last three decades[14]. Titania photocatalysts are known to 
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be applied in a range of important technological areas, such as energy (dye-sensitized 

solar cells), environment (air purification and water treatment), built environment (self-

cleaning coatings and non-spotting glass) and biomedicine (self-sterilizing coatings)[14]. 

The applications of photocatalytic reactions are facilitated by the presence of 

adsorbed radicals on the titania surface. These radicals (atomic species with a free 

unpaired electron) are formed upon reaction of an adsorbed molecule with a 

photogenerated charge carrier which is an electron-hole pair or exciton, due to the 

exposure of TiO2 to radiation exceeding its band gap[14]. This radiation normally is in 

the UV wavelength region (290-380 nm). 

An important factor in titania’s photocatalytic ability is its high surface area 

contributing to its optical properties. A high surface area leads to a higher density of 

localized states involving electrons with energies between the conduction band and 

valence band[14]. These localized states are present due to unsaturated bonds on the 

surfaces, and these electrons provide advantage of charge separation in the form of 

trapping sites for photogenerated charge carriers[14]. Titanium dioxide has a relatively 

slow rate of charge carrier recombination compared to other semiconductors. This is one 

of the advantages since it has been suggested that a photogenerated carrier needs a 

lifetime of at least 0.1 ns for chemical reactions to be facilitated[14]. In addition, 

photogenerated charge carriers may transfer to reactive species adsorbed on the catalyst 

surface to form radicals rather than recombine. Therefore, an effective photocatalyst also 

needs a high density of adsorbates to achieve good performance. 

In spite of the larger band gap of anatase of ~3.2 eV relative to ~3.0 eV for rutile, 

the photocatalytic performance of anatase is generally better than that of rutile[14]. The 
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better performance of anatase is attributed to a higher density of localized states, more  

rational surface-adsorbed hydroxyl radicals, and slower electron/hole recombination in 

anatase compared with rutile[14]. The higher rate of the recombination in rutile is 

typically due to its larger grain size and resultant lower capacity to adsorbed species[14]. 

According to Sclafani and Herrmann[15], the higher levels of radicals adsorbed on the 

anatase surface gives rise to significantly higher photoactivity than rutile. This result was 

due to a higher surface area as well as a higher photoactivity per unit of surface area.  

The grain morphology plays a critical role in photocatalytic applications of titania. 

Nanocrystalline of titania has been shown to enhance its photocatalytic activity. 

Inhibiting the grain growth of titania during heating is a common goal since this gives a 

higher surface area and thus improved performace. 

Bulk rutile is thermodynamically more stable than anatase owing to its lower free 

energy. However, the lower surface energy of the anatase planes compared to those of 

rutile cause more stable crystallites of nano-structure of anatase and correspondingly high 

surface areas. From this respect, surface energy considerations outweight those of bulk 

thermodynamics, and therefore, for crystallites below critical size (45~ 11 nm), anatase 

has a lower total free energy[15]. In contrast, if the size is above critical size, rutile 

becomes more stable. 

 

2.6 Dye-sensitized Solar Cells 

Photovoltaic (PV) devices are based on the idea of charge separation at an interface 

of two materials of different conduction mechanism. This interface can be solid-solid, 

solid-liquid, or liquid-liquid. To date most PV devices are solid-state junction devices 
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(first generation), usually made of silicon, due to the industry experience and material 

availability resulting from the semiconductor manufacturing. There are now third 

generation cells based on nanocrystalline and conducting polymer films named dye-

sensitized solar cells (DSSC). The Netherland Agency for Energy and the Environment 

(Novem) completed a technology evaluation of thin-film solar cells compared to 

multicrystalline silicon (the major conventional solar cell in today’s marketplace)[16]. 

The Novem assessment was a careful evaluation that compared the pros and cons of 

several different solar electric technologies. Through their investigation, we can assess 

the potential of DSSCs. Table 2.6.1 summarizes the input parameters for the Novem 

evaluation of cost and sustainability. Cost/Watt is determined in European currency units 

per peak Watt, but can be exchanged to US $ per peak Watt with only a 10-15% 

discrepancy. According to Table 2.6.1, DSSC has strengths of Cost/Watt, Energy 

payback, and less Toxicity, but its relatively low efficiency (8%) to multicrystalline-Si 

(16%) is the main reason why US DOE funds fifty-five times less for DSSC than for mc-

Si. Present DSSC research and development focuses on the improvement of efficiency. 

Before introducing these studies, we must understand the operation principle of the dye-

sensitized solar cell[16]. 
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Technology mc-Si LT-film Si HT-film Si a-(Si,Ge):H CIGS CdTe Dye cell 

Criteria values 
       

Cost ($)/Watt 
0.88-
1.22 

0.55-0.75 0.98 0.55-0.75 
0.70-
0.94 

0.86-
1.24 

0.6 

Efficiency (%) 16 11 14 10 12 10 8 

Risk (expert's 
determination) 

1 1.6-2.6 3.0-4.4 1.3-1.9 1.4-2.2 1.6-2.6 2.6-4.6 

Sustainability 
       

Energy 
payback (yr) 

2.3-4.1 1.9-3.0 4.7 1.9-3.0 1.3-1.8 0.5-0.9 1 

Resource limits 
(GW) 

22400 165000 19600 380 56-240 310-430 
4800-
5700 

Toxicity 
(kg/m2) 

0.086 0.0045 0.086 0.0048 0.47 2.5 0.021 

Table 2.6.1. Criteria values for cost and sustainability[16] 

A schematic figure of the operating principles of the DSSC is shown in Figure 

2.6.1[17]. At the left part of the system is a mesoporous oxide layer composed of 

nanoparticles which have been sintered together for electron conduction. The material of 

choice is anatase titanium dioxide, a wide band gap oxide. Attached to the surface of the 

mesoporous layer is a monolayer of the charge transfer polymer dye. The latter photo 

excitation results in the injection of an electron into the conduction band of the oxide. 

The original state of the dye is subsequently restored by a redox reaction from the 

electrolyte, such as the iodide/triiodide couple. The regeneration of the sensitizer (dye) by 

iodide stops the recapture of the conduction band electron by the oxidized dye preventing 

electron/hole recombination. The iodide is then regenerated by the reduction of triodide 

at the cathode. The circuit is completed via electron migration through the external load. 

The voltage generated under illumination relates to the difference between the Fermi 

level of the electron in the semiconductor and the redox potential of the electrolyte. 
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Figure 2.6.1. Principle of operation and energy level scheme of the dye-sensitized 

nanocrystalline solar cell. 

Present researches for improving the efficiency of DSSC include panchromatic 

sensitizers, mesoporous oxide film development, and photovoltaic performance 

stability[17]. The ideal sensitizer for a photovoltaic cell converting standard global AM 

1.5 sunlight to electricity should absorb all light below a threshold wavelength of about 

920 nm. Moreover, it must consist of attachment groups, such as carboxylate or 

phosphonate to firmly embed itself to the semiconductor oxide surface. Upon 

illumination it should inject electrons into the mesoporous layer of nanoparticles. The 

energy level of the excited state should be well matched to the energy level of the 

conduction band of the metal oxide to minimize energetic losses during the electron 

transportation. Its redox potential should be sufficiently high so that regeneration of dye 

through electron donation from the electrolyte can occur quickly. Finally its stability 

should sustain about 10
8
 turnover cycles corresponding to around 20 years of exposure to 

natural light. To date much of the research in dye chemistry focuses on the identification 
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and synthesis of dyes matching these requirements while retaining stability of DSSC 

performance. The attachment group of the dye ensures that it spontaneously assembles as 

a molecular layer upon exposing the oxide film to a sensitizer solution. This molecular 

dispersion ensures the relaxation (excited state of the sensitizer occurred by photon 

absorption) of the dye molecule injecting electron to the semiconductor conduction band. 

Moreover, the spectral response of the photocurrent of sensitizers should be under 920 

nm which is the optimal threshold for single junction converters[17].  

The mesoporous electrodes composed of the nanocrystalline TiO2 layer have the 

advantage of the inherent conductivity of the film being very low. The small size of the 

nanocrystalline particles does not support a built-in electrical field, and the electrolyte 

penetrates the porous film all the way to the back-contact resulting in the 

semiconductor/electrolyte interface being essentially three-dimensional[17]. Charge 

transport in mesoporous systems is under serious investigation today. Several 

interpretations based on the Montrol Scher model for random displacement of charge 

carriers in disordered solids have been advanced. However, the model is not enough for 

the phenomena of electron transportation in random crystalline structure. The effective 

electron diffusion coefficient is expected to depend on a number of factors, such as trap 

filling state and space charge compensation by ionic motion in the electrolyte. Therefore, 

more theoretical and experimental effort will be needed for further in depth analysis of 

the charge percolation process. 

One of criteria for DSSC is its stability to remain serviceable for 20 years without 

significant loss of performance. For nanocrystalline injection solar cells, the stability is 

mostly dependent on the very rapid deactivation of dye’s excited state via redox reaction 



27 
 

of the electrolyte. For unstable sensitizer, decarboxylation sets in. In addition, the 

electrolyte might cause electron/hole recombination decreasing the performance of DSSC. 

In view of this issue, a novel design mixing polymer dye with nanocrystalline TiO2 of 

bulk heterojunction solar cells has been proposed by Su et al [16].  

Due to the short exciton diffusion length in a semiconducting polymer (<20 nm), 

hybrid polymer solar cells built on conjugated polymers combined with n-type inorganic 

nanocrystals have been proposed as having the advantage of high electron mobility and 

excellent chemical and physical stability of inorganic semiconductors. Figure 2.6.2 shows 

the schematic diagram of the photovoltaic device. The device structure consists of indium 

tin oxide glass (ITO), Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PE-

DOT:PSS), and P3HT:TiO2 nanorod hybrid, and aluminum. The bulk heterojunction 

layer is made by blending the TiO2 nanocrystals with polymer, poly(3-hexylthiophene) 

(P3HT). An additional layer of TiO2 nanorods located between the active hybrid layer 

and the aluminum electrode was coated to act as a hole blocking layer reducing the 

possibility of the recombination[18].  

 

Figure 2.6.2. Schematic representation of the photovoltaic device based on the hybrid 

material[18] 
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Chapter 3 

Materials and Methods 

3.1 Synthesis of Anatase TiO2 Nanoparticles 

3.1.1 Introduction  

Titania (TiO2) powder, one of the most important materials, is used in many fields due to 

its optical property of a high refractive index leading to a potential utility in renewable 

energy, pigment, chemical stability, and its relatively low production fee[6]. Millions 

tons titania per year around world were used in which about 60% used as a pigment for 

paints, 30% as a filler of plastics and papers, and the remaining 10% for miscellaneous 

purposes, such as enamels or glazes of ceramics, optical glasses, toners, cosmetics, and 

photoelectrochemical solar cells[6]. In particular, one-dimensional (1D) inorganic 

nanostructures of titanium dioxide, such as rods, wires, and tubes gain both relevant 

theoretical and technological interest because of their wide range of electrical and optical 

properties related to size, shape and composition[1]. They also contain specific properties 

as an advanced semiconductor material, such as solar cell component, luminescent 

material, and photocatalyst[6].  

In TiO2-based photocatalysts, the photogenerated electrons (e
-
) and holes (h

+
) move on 

the surface of TiO2 nanocrystal where they act as redox sources (transferring electrons). 

Spherical nanocrystals contain high surface-to-volume ratio as decreasing the particle 

size. However, the benefits of this type of nanoparticles are significantly offset by the 

increased e
-
/h

+
 recombination probability at surface trapping sites. As a result, lower 
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photocatalytic quantum efficiencies were discovered for spherical crystals. Moreover, in 

TiO2-based dye-sensitized solar cells (DSCs), the performance of spherical nanocrystals 

with adsorbed and anchored dye is usually limited by the surface area available for 

capture of solar light to cause photovoltaic effect. Finally, the distribution and density of 

surface localized trap states at particle boundaries and electron percolation pathways in 

nanocrystallites film also limit quantum efficiencies too[1].  

In contrast, titania nanorods could have significant advantages in both technological 

fields, photocatalysts performance and DSCs, compared to nanospheres. In rod-shaped 

TiO2, the surface-to-volume ratio is higher than that found in spherical particles, and this 

would make sure a high density of active sites available for surface reaction of dye, high 

electron mobility and an increased interfacial charge carrier separation rate. In addition, 

the increased transfer rate of carriers in titania nanorods is expected to reduce the e
-
/h

+
 

recombination probability. This could partially prevent the recombination caused by 

surface trap states and encourage a more efficient delocalization of charge[1].  

To fabricate titania nanoparticles, many methods, such as sol-gel preparations and 

microemulsions have been developed. However, both methods typically provide either 

amorphous or random size and shape titania nanoparticles. Therefore, calcinations of gels 

or thermal treatment of microemulsions are usually needed afterward though these lead to 

phase transformation. In addition, hydrothermal synthesis is directly carried out at high 

temperature, but the products tend to agglomerate and are insoluble in most solvents. 

Thus, it is necessary to develop new methods that allow us to freely control the size and 

shape of this important particulate material with enough uniformity. Two methods (gel-
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sol process and colloidal chemistry) were developed to produce certain size and shape 

TiO2 nanoparticles.  

3.1.2 Gel-sol Process 

The gel-sol process was developed for preparation of monodispersed particles. To avoid 

confusion, it is important to make clear the difference between the gel-sol process and the 

conventional sol-gel process. The gel-sol process was first invented to prepare 

monodispersed hematite (α-Fe2O3) particles in large quantities via a phase transformation 

from a condensed ferric hydroxide gel[6]. This process includes a condensed, highly 

viscous hydroxide gel that can be used as a matrix for growing particles to avoid their 

coagulation. Moreover, the last step of gel-sol method is of the dissolution-

recrystallization process that the precursor gel is expected to disappear and leave a 

monodispersed nanoparticles with a yield of 100%[6]. 

Based on gel-sol process, ellipsoidal shape anatase TiO2 particles have been produced. 

The system involved ammonia as a shape controller to form the spindle-type nanoparticle. 

Titanium isopropoxide (TTIP) was used as titanium source and hydrolyzed by a stabilizer 

(triethanolamine, TEA) at a high temperature of 100 
o
C. The formation of a rigid 

hydroxide gel was promoted by triethanolamine; TTIP is stabilized by the replacement of 

the isopropoxide of TTIP by TEA. The entire system consists of two aging processes. 

The first aging step was carried at 100 
o
C for 24 hr in order to form titanium hydroxide 

gel. Following aging step was operated under 140 
o
C for 3 days. During the second aging 

step, the nucleation and growth of the spindle-type anatase particles were happened 
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through the dissolution of the hydroxide gel (sol). Figure 3.1 shows a flow chart of the 

gel-sol process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                       Figure 3.1. Scheme for fabrication of anatase titania nanoparticles 

 

3.1.3 One-step synthesis of TiO2 Nanorods Based on Colloidal Chemistry 

Colloids were applied to above recipe in order to achieve a low-temperature route to 

well-crystallized anatase titania nanoparticles of controlled size and shape. In this system, 

the shape of TiO2 nanoparticles is controlled by oleic acid. Trimethylamino-N-oxide was 

used to stabilize TTIP and replace the isopropoxide. The experiment was carried at 80 
o
C 

for 20h in three-neck flask [1]. 

  

 

Titanium Isopropoxide 

Stable Complex 

Ti(OH)4 Gel 

TiO2 (anatase) 

(TTIP: Ti[OCH(CH3)2]4) 

Triethanolamine (TEA: N(C2H4OH)3) 
[TEA]/[TTIP]=2 

                                    C2H4OH 

N(C2H4O)3Ti-OH4C2-N-C2H4O-Ti(OH4C2)3N 

H2O and (HClO4 or NaOH) 
for pH (around 9.6) control 

First aging (100oC, 24h) 

([Ti(IV)]=0.25 mol dm-3) 

Second aging (140oC, 72h) 
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3.1.4 Synthesis of TiO2 Nanorods using a Contiunous Flow Microreactor 

In our research, the purpose is to prove that using microchannel reactors to produce 

nanoparticles is more efficient and convenient, and less time consuming than 

conventional batch reactors. A microreactor is expected to be applied to fabricate 

nanorods with narrow size distribution due to the ability to provide a uniform reaction 

field where the reaction condition is precisely controlled. Moreover, local variations in 

reaction conditions, such as temperature and concentration distribution are minimized. In 

terms of chemistry, chemical reactions in microreactors can be performed in a rapid and 

controllable manner by the high surface area-to-volume ratios and reduced diffusional 

dimensions of microchannels that characterize microreactor systems. Besides, the 

demonstration of micro-chemistry has significant advantages with respect to cost, safety, 

throughput, kinetics and scale-up.  

Here, the system was applied to fabricate anatase TiO2 nanorods. Simple chemistry that 

titaina precursor would mix with aqueous base solution was adopted. Because of the 

simplicity of the chemistry, the microreactor device was built with simple equipment; the 

cost of construction of the reactor was low that is one of the advantages of the 

microfluidic system. In terms of fabrication, the fundamental factors that affect the 

growth and crystallinity of TiO2 nanorods were controlled by synthesis conditions. 

To produce nanorods, anisotropic crystal growth was demanded. In order to achieve this 

growth, a very distinct surface free energy of the various crystallographic planes is 

usually observed. The utility of different surface ligands, such as OLEA and TMAO to 

bind various facets of titania nuclei was previously demonstrated as a suitable approach 

for rod shape formation in controlled method.  
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 In this experiment, a monosurfactant (OLEA) was used to prevent unwanted hydrolysis 

of certain planes of titaina nuclei. The tendency for unidirectional growth of TiO2 

nanorods can be reached from two intrinsic reaction conditions. First a titanium 

oxocarboxyalkoxide (titania molecular precursor) probably has some anisotropic 

reactivity, and second, oleic acid may serve as adsorbing-chelating ligand (a surfactant) 

that inhibits the hydrolysis of isopropoxide along some crystallographic directions. Based 

on these assumptions, the most significant factor that influences the rod shape formation 

is the supplement of aqueous base solution (TMAO/H2O) in the reaction mixture. Here, 

titania precursor was pumped through inner tubing while aqueous solution was full on 

micromixer (see Figure 3.3). This arrangement could create a microspace for the 

precursor without additional equipment and allow TTIP/OLEA mixture surrounded by 

aqueous solution increasing hydrolysis rate that prompt nanords formation. 

In terms of chemistry, growth of the Ti-O-Ti network is formed through two main steps. 

First, hydrolysis produces unstable hydroxyalkoxides Ti(OR)γ-β(OH)β; then TiO2 

nanorods would be produced through polycondensation reactions via olation or oxolation 

(elimination of hydroxide or alcohol) leading to an extensive Ti-OTi network. The 

following speculated chemistry is proposed for the formation of TiO2 nanorods in the 

microreactor. 

• In three-neck flask 

                                 Ti(OPr
i
)4 + γ HOR → Ti(OPr

i
)x(OR)y + γ/2 H2                                                      

(eq. 3.1) 

       where HOR = CH3(CH2)7CH=CH(CH2)7COOH (OLEA) 
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• In Syringe 

                                   TMAO (catalysts) + H2O → TMA +2OH
-
                                         

(eq. 3.2) 

• In micromixer 

Ti(OPr
i
)z(OR)y + αTMA + βOH

- 
→ Ti(OR)y-β(OH)β(TMA)α + βROH + Z(OPr

i
) 

                                → Ti(OR)y-β(OH)β + αTMA + βROH + Z(OPr
i
)                                   

(eq. 3.3) 

• In Stainless steel Pipe 

OH-Ti(OR)y-β(OH)β-1 +XO-Ti(OR)y-β-1(OH)β → (OR)y-β(OH)β-1Ti-O-Ti(OR)y-β-1(OH)β + 

XOH 

(eq. 3.4) 

      Where X = H,R 

The dehydratative (or dealcoholic) polycondensation reactions (eq. 3.4) require 

deprotonation of one H
+
, dehydroxylation of one –OH group and dealkoxylation of 

another –OR group to generate a Ti-OTi oxo-species and XOH (both water and alcohol). 

This process can be governed by controlling pH value in which deprotonation can be 

accelerated by a base, whereas the dehydroxylation or dealkoxylation can be speeded up 

by an acid. The pH value can be controlled as aqueous stock solution was prepared.  

In most preparations, such as sol-gel and microemulsions of TiO2 nanorods, large amount 

of amorphous TiO2 is usually found because hydrolysis and polycondensation are very 
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fast and occurred simultaneously. Due to these reasons, the growth mechanism of TiO2 

nanoplarticles is mostly governed by kinetics (adjustment of temperature and addition of 

catalysis) instead of thermodynamics. In order to control the evolution of the oxide 

structure and morphology under micro-size reaction zone, the separation of the hydrolysis 

and polycondensation is needed even at high concentration of alkoxide and presence of 

large amount of water. To retard the hydrolysis rate, oleic acid was used as a stabilizer, a 

surfactant and a chemical modifier of TTIP which would change the molecular structure, 

geometry, and reactivity of titania precursor.  Upon modification with carboxylic acids, 

polynuclear oxocarboxyalkoxides had been formed. These species typically consist of a 

compact Ti-O-Ti framework of hexacoordinated Ti atoms surrounded by OLEA. 

Therefore, they are considered as nanotitania cores bounded with carboxylate ligands as 

shown in Figure 3.2. The nanotitania nuclei have ability to bridge metal centers later. Due 

to the steric hindrance of the overall TTIP:OLEA precursor structure, hydrolysis of –OR 

group only exists at some significant site of titania cores. Then the modified molecular 

precursor has a tendency of anisotropic reactivity. As a result, the hydrolysis-

polycondensatio will happen in preferential growth directions. TiO2 nanorods will then 

be obtained. 
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Figure 3.2. Speculated mechanism for anisotropic growth of TiO2 nanorod[1]. 
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3.2 Materials 

All chemicals were used as received without further purification. To fabricate TiO2 

nanoparticles, titanium (IV) isopropoxide (TTIP: Ti[OCH(CH3)2]4, 97%, liquid, Alfa 

Aesar), trimethylamine N-oxide dehydrate or anhydrous ((CH3)3NO or TMAO, 98+%, 

Alfa Aesar) and oleic acid (C18H33CO2H or OLEA, 90%, Alrich) were used. 

The microreactor system consists of the following equipment: one compact REGLO 

peristaltic pump, one syringe pump, two 2-stop tygon tubing (ID, 1.52 mm), three 1/32’’ 

ferrules, one stainless steel tubing (0.015’’ I.D.   1/32’’ O.D., 10cm), a 1/8’’ NPT to ¼-

28 flat-bottom female adapter, a peristaltic tubing adapter, six one meter long stainless 

steel tubes with 0.085’’ I.D.   1/8’’ O.D. and a stainless tee mixer. All plastic tubing and 

peristaltic pump were obtained from Upchurch Scientific, Inc. 

 

3.3 Experiment  

To obtain anatase TiO2 nanorods, 20 g of oleic acid (OLEA) was dried in a three-necked 

flask at 120 
o
C for 1.5 hr, after which it was cooled to 92-98 

o
C under nitrogen. Titanium 

tetraisopropoxide (TTIP) 2 mL was added into the OLEA to form a pale yellow complex 

precursor. A 3.374 M trimethylamine-N-oxide dehydrate (TMAO) aqueous solution was 

prepared in deionized water. The TTIP/OA mixture and TMAO solutions were mixed 

according to the schematic diagram of the experimental setup shown in Figure 3.2. The 

pale yellow complex precursor and an aqueous base solution were pumped through the 

tygon tubing by a peristaltic pump and syringe pump, respectively. The length of the 

microreactor reaction zone was six meters long, composed of six one-meter long 1/8 inch 

OD stainless tubes. The microreactor was immersed in silicon oil bath to reach the 
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reaction temperature. The oil bath temperature was kept at 125 
o
C to maintain the inside 

temperature at 90-100 
o
C. The TTIP/OA mixture flows in the inner tube with a flow rate 

of 0.1 mL/min, and TMAO solution in the outer tube flows with 0.0433 mL/min. The 

overall residence time was about 45 min. The product of OA capped TiO2 nanocrystals 

was precipitated upon addition of excess methanol to the reaction mixture, and isolated 

by centrifugation at 2000 rpm for 2 min. the supernatant was discarded and the pellet was 

washed 3 more times. After centrifugation, TiO2 powder was precipitated and then 

dissolved in hexane. A few drops of the TiO2 pyridine solution were transferred on a lacy 

carbon grid, and the grid was vacuum dried for one day before TEM analysis. In addition, 

TiO2 powder was dried in vacuum and the dried powder was taken to do XRD, Raman 

and a TGA test. 

 

Figure 3.3. Experiment set-up and schematic diagram for co-axel microreactor. 

 Tygon tubing 

Peristaltic 
pump 

Inside tubing 

with adapters 
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Chapter 4 

Results and Discussions 

The produced nanorods were analyzed and visualized using the following instruments, 

Bruker-Axs D8 Discover X-ray diffractmeter, Witec Confocal Raman microscope with a 

514 nm laser and TA Instruments 2950 Thermal Gravimetric Analyzer.  

In our work, organic-capped anatase titania nanorods were synthesized by hydrolysis of 

titanium tetraisopropoxide (TTIP) using oleic acid as a strategic surfactant at low 

temperature (120-125 
o
C). An excess of aqueous-based solution was used for hydrolysis 

of TTIP. In addition, tertiary amines were used as catalysts for polycondensation in order 

to ensure a crystalline product. As a result, TiO2 nanorods were obtained when the 

aqueous base solution (TMAO:H2O) was contacted with OLEA:TTIP mixtures in the 

microreactor. The TiO2 nanoproducts were characterized by XRD and Raman 

spectroscopy to determine the structure and to identify phase. TGA was used to 

determine the ratio of ligands to TiO2. TEM were used to image and diffraction pattern 

was shown in order to prove the morphology of TiO2 nanoparticles.  

Representative XRD spectra of anatase TiO2 nanorods were shown in Figure 4.1. Figure 

4.1(a) and (b) show the results from batch reactor and microreactor respectively. The 

XRD results shown in Figure 4.1 (a) indicate that fully grown TiO2 nanorods can be 

indexed by the known standard TiO2 anatase diffraction pattern (JCPDS 782486). As 

compared to standard patterns (JCPDS 7842486), the XRD profile of the TiO2 sample 

presents an intense peak and narrow width for the (004) and a relatively lower diffraction 

intensity for the (200), (211), and (220). Such features imply the formation of nanorods 
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with a preferred growth orientation along the c-axis of the anatase lattice. The XRD 

spectra also show similar profiles for TiO2 nanorods generated from the microreactor and 

batch reactor. This indicates that the microreactor could generate TiO2 nanorods with 

similar crystallinity as good as the TiO2 nanorods generated from the batch reactor. We 

also compared this result to prior studies using batch synthesis, such as Cozzoli et al. and 

Su et al. Both groups reported similar XRD spectra to what we have obtained. However, 

both research groups expressed the reaction time for the synthesis of TiO2 nanoarods 

exceeded six hours. Using a continuous flow microreactor, the synthesis time can be 

reduced to around 45 min which is one of the significant advantages of microreactor. 

Figure 4.2 represents Raman spectrum of TiO2 nanorods produced by the batch and 

micro- reactor. The Raman lines at 152.05, 403.03 and 638.03 cm
-1

  can be assigned as 

the Eg, B1g and Eg modes of the anatase phase respectively in which Eg mode at 152.05 

cm
-1

 for both batch and microreactor arising from the external vibration of the anatase 

structure is well determined[19]. The Raman lines at 604 cm
-1

from microreactor 

correspond to the A1g modes of the rutile phase[20]. The presence of the rutile Raman 

modes indicates that, during microprocess, product accompanied seldom rutile phase. In 

addition, the frequency shift and broadening of Raman peaks at 416.32 and 604.61 cm
-1

 

might be caused by the decrease in the crystallite dimension to the nanometer scale[20]. 

These results were attributed to phonon confinement which was described in many small-

sized semiconductor and oxide materials such as boron nitride, silicon, germanium and 

Y2O3[20]. 

Figure 4.3 shows the TGA analysis of TiO2 nanorods synthesized by the batch and the 

microreactor. The weight loss at around 300 
o
C was attributed to losing of OLEA ligand 
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due to the combustion of the ligand. For microreactor, a slightly weight loss about 2 to 5 

percentage compared to batch reactor between 100 to 300 
o
C was observed. This was 

probably caused due to additionally loosen bound OLEA ligand. The TGA spectra 

suggested the TiO2 nanorods produced from the microreactor had lost more ligand than 

one from batch reactor indicating that titania nanorods from microreactor had relatively 

higher surface coverage than one produced by batch reactor.   
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(a) 

 

(b) 

Figure 4.1. (a) XRD spectra of sample from both batch and microreactor with JCPDS 

782486. (b) Same recipe was repeated in order to compare with the result of (a). 
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Figure 4.2. Raman spectra of anatase TiO2 nanoarods. 
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Figure 4.3. TGA analysis shows that OA ligand was burned out around 315 
o
C. 
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Transmission Electron Microscopes (TEM) were used to provide size, morphology and 

structure data. Figure 4.4 to 4.6 were obtained by using a Philips CM12 ScanningTEM 

(tungsten). Energy Dispersive X-ray Spectra (Figure 4.4) confirms the exisitence of 

titanium and oxygen. The copper and zinc signals come from the TEM grids. Figure 4.5(a) 

to (c) are TEM images took from various location from the TEM copper grid of sample 1 

prepared by dissolving 0.00038g TiO2 dried powder into 2 ml hexane followed by 

ultrasonication for 1 hr. The images show rod-like TiO2 and bundles of nanorods. The 

average length of these nanorods is around 40 to 50 nm. Figure 4.5(d) shows selected 

area electron diffraction. The electron diffraction pattern confirms the nanocrystallinity 

nature of these TiO2 nanorods. TEM results of sample 2 were shown on Figure 4.6(a) to 

(c). The sample was prepared by dissolving 0.00038 g titania powder into 3 ml hexane 

and ultrasonicated for 2 hr in an attempt to reach different density distribution of TiO2 

nanorods. These TEM images clearly show rod shape TiO2 nanocrystals were formed.  

Sample 2 was further analyzed using FEI Titan 80-300 TEM with EDX and EELS (Figure 

4.7-4.8). Figure 4.8a shows a typical TEM image of nanorods. The image clearly shows 

that the sample consists of high surface area-to volume ratio particles, having average 

lengths up to 40 nm and diameter of 4-5 nm. The lattice fringes shown from these 

HRTEM images (Figure 4.7) confirm the single crystal nature of these anatase TiO2 

nanorods. Figure 4.8b shows the corresponding selected area for Fast Fourier Transform 

(FFT). The d-spacing from FFT is 3.52 Å, 2.943 Å, and 1.834 Å which can be indexed as 

(101), (004), and (200) of the TiO2 anatase phase, consistent with the XRD results shown 

in Figure 4.1. 
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Nanoscale  EDX was perform on these samples to gain elemental information using the 

high resolution STEM (FEI Titan 80-300). The STEM image indicates the location 

analyzed, and EDX result shows the X-ray spectrum at that location. The nano EDX 

result shows titanium peaks at 4.51 and 4.931 keV and oxygen peak at 0.5249 keV. Also, 

copper was detected on EDX spectroscopy because of the material chosen for the TEM 

grid. 
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Figure 4.4. EDXanalysis shows the composion of TiO2 nanoparticles. 
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(a)                                                                                  (b) 

 

 

                  
                              (c)                                                                              (d) 

 

Figure 4.5. Results of sample 1 (0.00038g TiO2/ 2 ml hexane) analyzed by Philips 

CM12 STEM. (a) to (c) are the image of titania nanorods, and (d) is diffraction pattern. 
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(a)                                                                           (b) 

 
(c) 

Figure 4.6. Imaging results from sample 2 (0.00038g TiO2/ 3 ml hexane). Figure 4.6 a-c 

represent different spot of carbon grid. 
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 (a) 

 

(b) 

Figure 4.7. HRTEM images for sample 2. The scale bars of image (a) and (b) are 10 nm 

and 5 nm respectively.  
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(a)                                                              (b) 

                   

                                             (c) 

Figure 4.8. (a) TEM image of TiO2 nanorods with scale bar 50 nm; (b) HRTEM image 

with selected-area corresponding to FFT; (c) results from FFT indexed for TiO2 anatase 

phase, consistent with the XRD pattern (JCPDS 782486). 
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Chapter 6 

Conclusion and Potential Future Work 

6.1 Conclusion 

A continuous flow microreactor was used for the synthesis of titania nanorods. The 

synthesis follows a chemistry that TTIP/OLEA precursor is hydrolyzed by aqueous 

solution of TMAO/H2O.  The XRD and Raman spectra indica the TiO nanorods 

generated from the microreactor show similar crystallinity to the TiO2 nanorods 

generated from the batch reactor. TGA analysis indicates that TiO2 nanorods produced by 

the microreactor have more ligands attached to their surface than the ones made by the 

batch reactor. The additional ligands most likely are loosely attached. In addition, STEM 

and HRTEM images clearly show that titanium dioxide nanocrystals are rod shape, and 

FFT imply that mineral form of titania approximately corresponds to the standard TiO2 

anatase differaction pattern. Upon these evidences, the continues coaxial microreactor 

was proved that it can fabricate TiO2 nanorods faster (about 40 to 50 min resident time) 

than batch reactor (with reaction time around 24 hr), and the quality of the product from 

the microreactor is as good as the one from conventional reactor. 

 

6.2 Potential future work 

TiO2 nanorods exhibit a wide range of electrical and optical properties that depend on 

both size and shape. It is a promising material in hybrid organic-inorganic photovoltaic 

device applications. By blending the TiO2 nanorods with polymer, the bulk 

heterojunction (BHJ) solar cell provides a large number of interfaces for charge 
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separation. Thus, an enhanced charge transport route by using one-dimensional 

semiconductor nanorods is offering direct pathways to achieve more efficient electrical 

conduction.  
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Appendices 
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Since ux is dependent upon y only, 
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in which the velocity profile, ux can be defined by equation,         [
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This equation can be substituted into equation 5 yielding 

                                           
   

   
      [

 

 
 
 

 
(
 

 
)
 

]
 

 

  

  
                               (6) 

where the boundary conditions are 

 (   )      (   )     (   )    

In our case, diffusion of species A only penetrates a short distance into the slowly rapid 

species in 200 to 300 μm; thus, penetration theory model[10] can be applied, in which 

rapidly diffusing species is transferred into the film of bromothymol blue at y=δ. 

Therefore, the velocity profile, ux is equal to maximum velocity, umax. This simplification 

leads equation (6) reduced to 
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To solve equation (7), first a dimensionless concentration profile is proposed: 
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Then equation (7) can be transferred to: 
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Also, set    
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          and substitute these back to above equation. 

The following equation will be obtained: 
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 ,  and substitute into equation (8). We obtain following equation: 
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substitute     
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   back to above equation: 
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Apply above boundary condition,       ̅   , to equation (9): 
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Substitute φ0 back to equation (9): 
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The error function is defined as 
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So, 
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Define β=1/α, then equation (10) becomes: 
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Equation (11) indicates the concentration profile in the uniform microchannel. 

 


