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Densely packed films of the nanosized TiO2 crystals on Fluorine-doped Tin 

Oxide (FTO) glass substrate has been employed as the working electrode of the dye-

sensitized solar cell (DSSC). Although the compact nanocrystalline TiO2 film 

beneficially provides a large proportion of a specific surface area, the random 

pathway of electron in the film decreases device efficiency due to high possibility of 

the recombination of the charge carriers. Hence, this work focuses on a making of 

linear route for electron transportation by substituting the nanocrystalline film on the 

FTO substrate with the 1-D nanostructured TiO2 film. 

  

Two synthesis methods, template-assisted synthesis and hydrothermal 

synthesis, were employed in this study. The 1-D nanostructured TiO2 on FTO 

substrate was successfully prepared by using the hydrothermal route in the presence 

of Cl- ions. By using either the other types of substrate, Teflon and normal glass slide, 

or another specie of anion, SO4
2-, the required nanostructure was not obtained. The 

crystallization of the 1-D nanostructured TiO2 on the FTO substrate is believed to 

occur with the association of epitaxy relationship and surface roughness of substrate. 

This synthesis yielded the preferred oriented rutile TiO2 nanorod film. This lead to the 

disappearance of both the (110) and (100) reflections of the TiO2 in the XRD analysis. 

 

The electrochemical impedance spectroscopy (EIS) was employed to 

investigate the electrical performance of the synthesized TiO2 electrode and compared 

with the result obtained from the as-prepared nanocrystalline electrode. The 

comparison show that the 1-D nanostructured TiO2 films have a lower charge-transfer 

resistance than the nanocrystalline film.  
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SYNTHESIS AND CHARACTERIZATION OF 

1-D NANOSTRUCTURED TiO2 ON FTO SUBSTRATE 

 

INTRODUCTION 

 

Invention of dye-sensitized solar cell (DSSC) 

 

 Nowadays, the demand for energy is increasing annually. The depletion of the 

supplied fossil fuel increased the cost to produce energy. Moreover, energy 

production through the combustion of fossil fuels emits carbon dioxide (CO2), led to 

the problem of global warming, climate change, food production and starvation. 

Conversion of the solar power has been believed to be a promising way for the 

sustainable and clean energy production. Solar radiation can be directly converted to 

electricity through a photovoltaic (PV) devices widely known as solar cell. Today, the 

PV devices are commercially available on the market. However, the price of the PV 

devices are relatively high in comparison with the fossil-based fuel. Therefore, it is 

incompatible for many developing countries to base their energy supply on the solar 

power.  

 

 It is generally known that the major contribution of PV market shares is 

accounted on the Si-based solar cell, which is 80% of the total market shares (Zang, 

2011). The raw material for Si-based solar cell is SiO2 or sand, which is one of the 

most abundant substance found on the earth surface. The price of the PV panel mostly 

depends on the cost of pure Si production (Figure 1a) (Müller et al., 2006 and Ranjan 

et al., 2011). This process is still unoptimized due to the requirement of higher 

technology. Therefore, the invention of cost-effective solar cell is necessary. Dye-

sensitized solar cell (DSSC) is an organic- inorganic hybrid solar cell. It has been 

invented by Brian O'regan and Michael Grätzel (O'Regan and Grätzel, 1991) to be a 

cost-effective device. The invention of this device has made a big impact on the 

research society. In the past two decades, the research on the area of DSSC 

development became increasingly more popular as evidenced by an increasing in the 
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annual research publication (Figure 1b). Until now, the researcher is still looking 

forward to improving their efficiency.  

 

 

 

Figure  1 (a) A pie-chart showing approximate contribution in the production costs 

of Si-based solar module (adopted from Ranjan et al., 2011). (b) The 

number of publications in the area of DSSC research from 1991 to 2013.  

 

 The concepts of the device making are based upon mimicking the 

photosynthesis of green plants. The light-absorbing molecule, chlorophyll, is a natural 

sensitizer that traps and converts solar radiation into chemical energy, stored as high 

energetic compounds, NADPH and ATP. It is complicated to discuss the change of 

chemicals in the photosynthesis. However, the process can be considered as the 

redox-reaction through the electron transport chain. In DSSC, the light-sensitive dye 

molecule with a good quantum yield is synthesized by the chemist in laboratory and 

used instead of the chlorophyll. The sensitized molecule is designed to absorb on 

mesoscopic metal oxide film of semiconductor which acts as a transport medium of 

electron. The photo-sensitive layer is coated on the transparent conductive oxide 

(TCO) glass (Figure 2). This is a photo-sensitized electrode, sometimes called 

working electrode or photo-anode. This electrode is used to assemble the DSSC with 

some additional components similar to the practical electrochemical cell. Three major 

components of the DSSC are described below, 

 

 Working electrode is consisted of porous semiconductor film containing 

photo-sensitive dye molecules. This layer is coated on the transparent conductive  
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oxide material (TCO) such as fluorine-doped tin oxide (FTO) glass. TiO2 is a 

common oxide used in making this film. This electrode plays a big role in trapping 

solar radiation, energy conversion and electron transfer.  

 

 Counter electrode is usually made of Pt catalyst layer coated on the FTO glass.  

 

 Electrolyte typically used is a solution of iodide/tri- iodide redox couple (I-/I3
-) 

in dried acetonitrile. The redox couple system is very important to complete the 

electrical circuit in DSSC. The redox couple is also important in the regeneration of 

active dye-sensitized molecule. 

 

 

 

Figure  2 The illustration showing typical components in the working electrode of 

DSSC. 

 

 Operating principle of the photo-electrochemical cell is based on the three 

components as mentioned previously which are depicted in Figure 3. 
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Figure  3 Illustration of the operating principle of DSSC. 

 

Source:  Grätzel (2005) 

 

 The cycle of energy conversion has been thoroughly explained (Grätzel, 2005; 

O'Regan and Grätzel, 1991 and Ramamurthy and Schanze, 2003). It starts via the 

stimulation of the sensitizer molecule (S) by sunlight. The sensitizer molecule in the 

porous semiconductor film is excited by absorption of energy from the sunlight (Eq. 

1). The excited sensitizer (S*) injects its electron into the conduction band (ECB) of 

metal oxide through the transition process called metal-to- ligand charge transfer 

(MLCT). As a consequence, the oxidized dye (the sensitizer containing a positive 

charge, hole, S+) and the negatively charged electron are formed in the porous oxide 

layer (Eq. 2). The injected electron flows through the porous oxide layer, the TCO, 

the external circuit and finally reaches the counter electrode. The electrolyte plays a 

crucial role in the recovery of the oxidized sensitizer to be the reduced form that is 

ready to perform the photo conversion again (Eq. 3). The redox couple can undergo 

self-regeneration by catching electron from the counter electrode (Eq. 4). The electron 

flows through the circuit, generating electrical current in the DSSC. This is the 

transformation of the solar energy to the kinetic energy of electron. 
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The cycle of energy conversion 

 

 S (oxide surface)   +    hv (sunlight)         S*
(oxide surface)   (Eq. 1) 

     S*
( oxide surface)      S+

(oxide surface)   +  e -
(injected) (Eq. 2) 

  S+
(oxide surface)  +   

 

 
 I -        S (oxide surface)  +   

 

 
 I3

-  (Eq. 3) 

          I3
-   +  2 e-

(cathode)        3 I -    (Eq. 4) 

 

The recombination process (competition reactions) 

 

 S+
(oxide surface)  +   e- (oxide surface)        S(oxide surface)   (Eq. 5) 

  I3
-  +   2 e- (oxide surface)         3 I -    (Eq. 6) 

 

 However, there are some undesirable reactions that can decrease the efficiency 

of the device. The excited molecule probably emit the consumed energy via 

fluorescent or thermal relaxation processes to come back to the ground state (the 

reverse reaction of Eq. 1), depending on the life time of the transition state. Moreover, 

the injected electron can recombine with either the oxidized dye or the redox 

electrolyte (Eq. 5 and 6). These widely known recombination process have become a 

serious obstacle for the DSSC development.  

 

Titanium dioxide (TiO2) 

 

 TiO2 is a solid metal oxide possessing many forms of crystal structure. 

However, the three main phases that have been extensively studied are anatase, rutile 

and brookite. 

 

 The most stable phase of TiO2 is rutile. It has been used as white pigment in 

industry such as household paint and cosmetic, due to its non-toxicity, high chemical 

stability and high reflective index. Rutile has been used medicinally in dermatology, 

bone regeneration and in semiconductor research (Brammer et al., 2012 and Smith et 

al., 2011). In photochemistry, rutile is used in the photo- induced electrochemical 

process such as the generation of the H2 fuel by water oxidation (Zhang et al., 2010). 
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Photochemical separation of electron-hole pair is used in the purification of waste 

water.  

 

 However, in the area of photocatalysis, another phase of TiO2 has been 

reported to show a better performance than the rutile (Linsebigler et al.,1995). The 

second most stable phase of TiO2 is anatase. The research on anatase is rapidly 

developed, especially in the area of photo-catalysis. Due to the high active area and 

low band gap of photo-excitation, anatase is widely used in the degradation of many 

contaminants in aqueous system. For example, anatase showed an excellent 

performance in the remediation of waste water from textile industries as a using of 

many commercial dyes such as methylene blue (MB), methyl orange (MO), methyl 

red (MR) and acid orange (AO) as the model compound to study (Neppolian et al., 

2002 and Wang et al., 2004). Moreover, it has been reported that anatase shows an 

excellent bleaching power of the azo dye (Comparelli et al., 2005; Dong et al., 2010 

and Liu et al., 2006). Harmful species such as polycyclic aromatic hydrocarbon 

(PAHs) and arsenic have been reported to be remedied by the anatase (Dong et al., 

2010; Yao et al., 2012 and Yoon et al., 2005). Chemical doping with the other 

elements has been introduced to improve the performance of the anatase. Doping the 

anatase TiO2 by anion dopants such as N, S and F and transition metal such as Ce, La, 

Eu and Sm have been reported (Wang et al., 2000 and Wang et al., 2006.) 

 

 The third known phase of TiO2 is brookite. It has been reported in many 

studied that brookite is a byproduct during the phase transformation from anatase to 

rutile, implying the difficulty in producing large amount of brookite. However, there 

are some reports that show an efficient way to produce brookite with a high amount 

(Deng et al., 2010 and Pottier et al., 2001). The research on its application is 

relatively less extensive than rutile and anatase (Diebold, 2003).  

 

 Anatase and brookite are the metastable phases while the rutile is the most 

stable form of TiO2. Transformation of crystal structure from the metastable phases to 

the stable one has often been achieved via the thermal treatment. Traditional way to 

yield the nanosized crystals of TiO2 is the utilization of the sol-gel technique, 
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followed by calcination in air under high temperature. Anatase appears at the 

temperature about 450 oC and the threshold for rutile has been reported at 700 oC. In 

contrast, large amount of brookite has been synthesized by hydrothermal technique 

(Deng et al., 2010 and Pottier et al., 2001). Various methods in TiO2 preparation are 

reported in the literature review. 

 

 In DSSC, TiO2 is used to fabricate a porous oxide film in the working 

electrode. The porous network film of TiO2 nanocrystal plays a crucial role in 

determining the DSSC efficiency, which can be attributed by two reasons below: 

 

 1.  The porous network of TiO2 nanocrystals provide a large proportion of 

specific surface area for the adhesion of sensitizer molecules. The higher the amount 

of dye loading the higher the photo-generated current. The most effective sensitizer is 

currently the complex of ruthenium (Ru). The ruthenium dyes available in the market 

are N719 and N3. The coordinated ligand in the Ru complex is usually terminated by 

the carboxylic end. This functional group preferably creates strong covalent  bond with 

TiO2 surface.  

 

 2. The porous layer of TiO2 acts as a medium for the migration of electron 

from the excited sensitizer to the TCO layer. TiO2 has been reported to show the 

highest injection rate of electron transfer from the lowest-unoccupied molecular 

orbital (LUMO) of the excited sensitizer to the conduction band.  

 

 Other oxides such as ZnO and SnO2 are also used in DSSC (Manthina et al., 

2012, Shang et al., 2012 and 2013). However, the most popular is TiO2. In addition, 

bare TiO2 on TCO substrate can be used as an electrode in the other applicat ion. For 

example, TiO2 electrode has been used to sense the UV radiation and many organic 

compound (Cao et al., 2011 and Mu et al., 2011). TiO2 has been used as photo-

electrode in the photo-electrochemical water splitting (Maeda and Domen, 2010).  
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Background of study, proposed solution 

 

 The traditional TiO2 photo-electrode has been prepared by doctor blade 

technique using commercial colloidal dispersion of TiO2 nanocrystals. The dispersion 

was painted on the TCO substrate, followed by the heat trea tment. The prepared TiO2 

electrode was immersed in a solution of sensitizer to allow the chemi-sorption of the 

sensitizer onto the porous network. The DSSC prepared from this electrode has been 

reported to show more than 10% of solar conversion efficiency (Grätzel ,2005). 

However, many research groups have tried to improve the efficiency by organizing 

the nanostructure of TiO2 film (Thavasi et al., 2009 and Zhang and Cao, 2011). The 

key consideration for making the efficient photo-electrode has been proposed as 

followed, 

 

 1.  The  efficient photo-electrode should have high specific surface area in 

order to maximize the dye loading amount. In this regard, nanocrystalline TiO2 film 

responses very well. However, the high specific surface area also provides more 

number of active sites for the recombination at the same time.  

 

 2.  The efficient photo-electrode should possess low connective site of grain 

boundary. The porous network of nanocrystalline film generates tremendous 

connective sites in the film. The connecting site in the network acts as the energy 

barrier which traps electron to remain in the boundary (Figure 4). The trapping event 

promotes the possibility of recombination process. Therefore, the connective sites 

should be minimized. 

 

 3.  The efficient photo-electrode should serve the linear pathway of electron 

transfer. The colloidal TiO2 film gives the random route of electron migration (Figure 

5a) that increases the possibility of recombination between electron and oxidized 

species. The problems may be solved by providing the 1-D nanostructure to this 

system (Figure 5b). 
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Figure  4 The diagram of electron transportation in colloidal TiO2 film. Electron can 

be trapped at the grain boundary of TiO2 nanocrystal. 

 

Source : Zhang and Cao (2011) 

 

 

 

Figure 5 The diagrams of electron mobilization in TiO2 medium. a) a random 

pathway in the colloidal film. b) a direct pathway in the 1-D 

nanostructured TiO2 film. 

 

Source : Thavasi et al. (2009)  
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 The colloidal TiO2 film on TCO should be substituted with the 1-D 

nanostructured TiO2. Therefore, synthesis of the 1-D nanostructured TiO2 on the TCO 

substrate, using FTO as a model substrate, was the main objective of this study. 

Electrical performance of the synthesized TiO2 electrode was investigated and 

compared with the standard colloidal TiO2 electrodes. 
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OBJECTIVES 

 

 1.  To synthesize 1-D nanostructured TiO2 vertically aligned on FTO substrate  

 

 2.  To study the effect of TiO2 nanostructure on electrical property of the 

electrode 
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LITERATURE REVIEW 

 

1.  Review of general method to synthesize TiO2 

 

 Acosta  showed the preparation of TiO2 thin film on the surface of glass and 

FTO by using two different method (Acosta et al., 2005). The first technique was the 

DC reactive magnetron sputtering. The experiments were performed in the pre-

vacuum chamber using a mixed gas (50:50, O2 to Ar ratio) with varying the pressure 

(4, 8, 16 and 32 mtorr). The metal target was the pure Titanium, placed above target 

substrate for 5 cm. The second technique was the spray pyrolysis method. The 

mixture of 0.08M TiO[C5H7O2]2 in alcoholic solution (100 cc. ethanol and 5 cc. HCl) 

was sprayed on the heated substrate (300 oC, 350 oC, 400 oC and 500 oC). Pure air was 

used as a transport gas. Product from both method occurred in a form of poly-

crystalline TiO2 film. The anatase phase was reported to be major product from the 

both process. However, rutile became the main proportion in some condition.  

 

 Zhou reported the preparation of the mesoporous TiO2 microsphere by 

hydrothermal technique (Zhou et al., 2010). The Ti(SO4)2 was used in the experiment 

as a sole Ti source and dissolved in urea (CO(NH2)2) aqueous solution. The molar 

ratio of urea to Ti source was constantly kept for 2. The solution was sealed in the 

Teflon-liner stainless steel autoclave. Hydrothermal reaction was carried out at 160 oC 

with the variation of time (1, 3, 5, 7 and 12). Product appeared as a microsphere TiO2. 

N2 sorption, SEM and TEM results demonstrated that the microsphere possessed the 

mesoporous structure, due to the aggregation of nanosized TiO2 crystals. The 

aggregation was explained by minimizing total surface energy of the system. This 

method showed an advantage to produce pure phase of TiO2 at low temperature 

without any further heat-treatment. 

 

 Deng reported the route to selectively produce rutile, anatase and brookite 

TiO2 from titanate nanosheet (Deng et al., 2010). Hydrothermal synthesis was 

employed as the synthesis method. They found the way to selectively produce pure 

phase of TiO2 was achieved by tuning the pH of the precursor solution. The result 
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indicated that the formation of rutile favored the very high acidic condition (above pH 

= 0), while the pH raging from 1 to 11 was favored for anatase formation. Moreover, 

pH ranging from 9 to 11 was appropriated for the formation of brookite. 

Characterization by XRD confirmed the high purity of products. The dissolving-

recrystallization-growing mechanism has been proposed to describe the results. 

 

2.  Review of the method to synthesize the 1-D nanostructured TiO2  

 

 The using of hard template was thoroughly reviewed as a one of 

straightforward route to produce many kinds of the 1-D shape such as nanorod, 

nanotube and nanowire (Cao and Liu, 2008). Growing of nanotube (or rod) diameter, 

length and wall thickness were independent and seemed to be controlled through 

some factors such as concentration, temperature, time and current. Template-assisted 

method was separated to four different types. The first type was the electrochemical 

deposition that referred to the growth of the reactive charged species which were able 

to move under the external-applied electric field. This method was suitable to grow 

the 1-D shape metals, alloys, semiconductors and other electrically conductive 

materials. Electrophoretic deposition was the second route which were different by 

using of dielectric materials. Growing of the 1-D single-crystalline metal oxide from 

colloidal suspension was realized by this method. The third method was the template-

filling method that more common than the others. Filling the void of template by 

precursor solution, followed by heating and template etching was the direct route to 

yield the 1-D nanostructure. Finally, converting of reactive templates was the last 

method. The reactive backbone was prepared prior to the deposition of the desired 

chemicals on their surface. Then, the template was removed to leave the desired 

material in the same morphology. However, this method was not resulted in the array 

of the 1-D products. This method was usually employed to produce complex 

nanostructure such as the urchin- like nanoflower that was built from a number of the 

nanotube spines. 
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 The heating sol-gel template method was employed to produce the array of 

TiO2 nanorod (Miao et al., 2004). The technique was composed of two components, 

template and Ti-sol solution. The porous anodic aluminar membrane (AAM) was 

employed as a template which was pre-treated by soaking in boiled ethanol for10 

minute and dried for 24 hrs in ambient condition. The TiO2 sol solution was made by 

typical sol-gel technique. The Ti-sol solution was prepared by the mixing of Ti(IV) 

isopropoxide, acetyl acetone, de- ionized water and ethanol in the molar ratio at 

1:1:3:20. Then, the AAM template was immersed in the boiled sol solution (80 oC). 

The AAM template was infiltrated by the Ti-sol and dried for one day. The occupied 

template was annealed in the muffle furnace with the designed program of heating 

rate and time. Finally, the array of TiO2 nanorods was obtained by performing the 

chemical etching of template. TEM result confirmed that the as prepared nanorod was 

the poly-crystalline 1-D nanorod. The results indicated that the structure of TiO2 in 

nanorod could be directly controlled via the calcined temperature. The anatase phase 

was produced from 400 oC of annealed temperature, while the rutile was achieved at 

700 oC. This method showed the convenient way in the controlling of size and shape 

of nanorod. The aspect ratio of nanorod can be directly tuned via using the 

appropriate void of template. 

 

 The preparation of TiO2 nanotube array on metallic substrate by 

electrochemical technique was reported by Lin (Lin et al., 2011). The TiO2 nanotube 

array occurred from the anodization of Ti foil in the ethylene glycol solution 

containing 0.5% w.t. NH4F and 3% de- ionized water at a constant voltage. The film 

was subsequently heated and electrochemically self-detached from the Ti foil to 

obtain the free-standing film of TiO2 nanotube array. The free-standing film was 

adhere on FTO substrate by using the TiO2 nanoparticle paste and followed with the 

sintering at 450 oC for 3hrs. The adhered sample was sensitized with a commercial 

dye to make the photo-electrode in DSSC and tested the performance. Moreover, a 

variety of different-morphology free-standing nanorod film was prepared by the same 

technique, and also used as the photo-electrodes. The synthesized nanotube 

photoelectrode was reported to show the higher performance than the DSSC made 

from the nanoparticle photoelectrode.  
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3.  Reviewed of nanoparticle based electrode in DSSC 

 

 Because Lithium-containing electrolyte was widely used in DSSC, the effect 

of Li intercalation in TiO2 nanocrystalline film was studied (Kopidakis et al., 2003). 

The nanocrystalline TiO2 film was prepared on the FTO glass by conventional doctor 

blade casting technique and electrochemically doped by Li with the atomic density 

less than 5%. They found that it was the first evidence that electron transportation 

limited the recombination  with the redox electrolyte in the working electrode. They 

found that the higher percentage of intercalation Li led to the slower of both charge 

transportation and recombination. They concluded that recombination in DSSC was 

the diffusion- limited process, and conclude that it was worth nothing to enhance the 

performance of DSSC through the increasing of diffusion rate of nanocrystalline film. 

 

 Contrasting the performance between rutile and anatase in making the DSSC 

was performed (Park et al., 2000). Nanocrystalline TiO2 electrode was prepared by 

varying the crystal structure of TiO2 as two types, rutile and anatase. Those 

nanocrystalline electrode was used to fabricate DSSC and compared their 

performance. They reported that the working electrode DSSC made from the 

nanocrystalline rutile TiO2 exhibited the conversion efficiency of about 5.6%, while 

the better result was given form the using of anatase phase, about 7.1%. They 

explained that the better result of anatase risen from 2 factors, the higher surface area 

per unit volume and the higher electron transportation. The result from SEM was the 

crucial evidence to approximate the surface area per unit volume of nanocrystalline 

electrode. The rutile electrode was approximated to possess the lower surface area 

than the anatase electrode for 25%. The result from photosensitization experiment 

agree well with the conclusion. The significant role of the second factor was 

confirmed by IMPS study. They found that the nanocrystalline rutile film had the 

lower effective electron diffusion coefficient (Deff) that anatase film about an order of 

magnitude, at the same measured Jsc. 
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4.  Review of electron mobility in the nanoparticle based electrode  

 

 Ansari-Rad showed the computational study of one electron diffusion in the 

simulated nanocrystalline film by Monte-Carlo random walk simulation (Ansari-Rad 

et al., 2011). The nanocrystalline film was constructed base on the nanosized sphere 

which represented the nanosized crystal in TiO2 film. The sphere was varied with the 

radius in the range of 10 < r < 18 nm. Trapping state in the system was either the 

surface defect or the volume defect of nanoparticle. Porosity of the simulated 

mesoporous film was varied by tuning the overlapping fraction. They reported that the 

appropriate range of film porosity should be between 44-52 %, whereas the real value 

was 50-60%. They found that the diffusion coefficient of electron in the film was 

independence from film roughness. However, according to the result obtained at a 

constant photocharge density, effect of film roughness on the surface diffusion was 

observed. They reported that porosity of the film is an important parameter to 

determine both surface diffusion and volume diffusion of electron in the mesoporous 

film. 

 

 Electron transportation in the nanocrystalline ZnO layer on the ITO substrate 

was study (Noack et al., 2002). Nanocrystalline ZnO film on the ITO substrate was 

prepared by spin coating the suspension of ZnO nanoparticles in ethanol on the 

substrate with subsequently annealed. Electrochemical study of the electrode showed 

that transient photo-current, i(t), was composed of three component as the equation,  

i(t)  =  iI(t)  +  iD(t)  +  iT(t), which were ascribed to the three different charge transfer 

processes, fast initial charge transport, slow transport via deep trap state and the 

transport via the conduction band state (shallow traps). According to the result the 

transfer through the conduction band, iD(t), seemed to be the key process of transport 

phenomena in ZnO/ITO electrode. They also proposed the mathematic equation to 

predict the transport model with a good agreement with the experimental results. They 

found that the measured current should be attributed to the transport processes in the 

ITO and ZnO layer. The fast risen transient current should be ascribed to the transport 

in ZnO layer due to the diffusion through the shallow trap state, whereas the slow 

decay was determined by the diffusion in ITO substrate. They concluded that charge 
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transfer through ITO and equipment connection limited the transportation rate. The 

results indicated that, after the excitation, the photo-generated charge was rapidly 

accumulated at the inter-region of nanocrystalline ZnO layer and the ITO surface in 

comparison with the discharge process performed in ITO layer.  

 

 A comparison study of TiO2 nanofiber and nanoparticle was investigated by 

Choi (Choi et al., 2010). The nanofiber was prepared by electrospinning of TiO2 

powder dispersed in viscose polymer solution, followed by calcination. The 

nanoparticle was generated to compare with the former by the same method excluded 

the spinning step. General characterization found that TiO2 resulted in a form of 

polycrystalline anatase. Nanofiber with the diameter about 500 nm was successfully 

prepared. N2 adsorption-desorption experiment showed type IV isotherm and H3 

hysteresis loop from both samples, indicated the mesoporosity. However, BJH pore 

size analysis showed that TiO2-NF possessed the twice specific surface area of 

nanoparticle. It could be implied to the increasing of porosity during the 

electrospinning process and interspacing by the polymer. Photocatalytic study found 

that the nanofiber exhibited the higher photocurrent than the nanoparticle by a factor 

of 3, and the performance of H2 production was also higher by a factor of 7. The 

higher performance should be ascribed to the larger specific area and the better  of 

separation and transfer of photo-generated charge. 

 

5.  Review of using the 1-D nanostructured TiO2 to enhance electrical properties 

 

 Mixing of the TiO2 nanotube with TiO2 nanoparticle has been reported to 

show the enhancement of DSSC efficiency (Zhong et al., 2011). TiO2 nanotubes was 

prepared by electrochemical anodization of Ti sheet. The result product was blend 

with TiO2 nanoparticles with the varying concentration of nanotube and used to 

fabricated the DSSC. EIS and OCVD study revealed that increasing the nanotubes 

proportion could enhance both lift time and transportation of electron, while the 

diffusion length was dramatically decreased. The 10% wt. of nanotubes was reported 

to show the best performance, 3.11%, due to the fact that a large proportion of 

nanoparticle served the high  loading amount of sensitizer molecule. However, the 
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higher the degree of nanotube resulting in the lower of specific surface area. 

Moreover, they proposed that the exceed amount of nanotubes, more than 10% wt. of 

nanotube, would create the dead loop of electron transportation.  

 

 Yi had been developed the flexible gas sensor by using the incorporation 

between the one-dimension ZnO nanorod and the free-standing graphene-metal sheet 

(Yi et al., 2011). Typically, the ZnO nanorod was hydrothermally grown on the 

stainless steel foil pre-grown by the 200 nm thick ZnO seeding layer using MOCVD 

method. The graphene sheet was grafted on the Si/SiO2/Ni substrate by the chemical 

vapor deposition method (CVD), and then subsequently coated with Au and 

poly(methyl metacrylate) (PMMA). Free-standing graphene/Au/PMMA was obtained 

after the chemical etching of the Si/SiO2 and Ni layer with HF and TFG Ni etchant, 

respectively. Then, the graphene/Au/PMMA was mounted on the ZnO nanorod, and 

finally, removed the PMMA layer by oxygen plasma to obtain the hybrid gas-sensor. 

They reported that the device can detected the ethanol vapor in the level of ppm. 

Moreover, this device maintained a constant performance without any significant 

loose of physical properties after repeating the bending-unbending process of the 

device for 100 times.  

 

 Electron transport in TiO2 nanotube was study (Hsiao et al., 2011). The 

anatase TiO2 nanotube array was produced by anodization of  Ti sheet in a solution of 

NH4F in ethylene glycol and calcined at 450 oC for 30 minutes. The array was 

detached from the metal sheet via chemical etching. The nanotube array was 

employed to prepare DSSC. They found that the performance of DSSC was depended 

on the illumination methods they employed, the frontside illumination and the back-

side illumination. They reported that the higher conversion efficiency of DSSC was 

resulted from the experiment performed by irradiate the device in the frontside. The 

investigation by using IMPS revealed that the photo current from the frontside 

illumination was composed of two components ascribing to the gemini process, trap-

free diffusion and trap- limited diffusion process. They mentioned that trap state was 

referred to the crystal defect that remained at the grain boundary. The trap- limited 

diffusion was determined as the diffusion of electron generated at a far side from the 
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FTO substrate. The photo-generated charge had to diffuse along the tube, passed 

through many trap states at the grain boundary. Therefore, they were more likely to 

trap. On the contrary, the trap-free diffusion was referred to the photo-generated 

charge that was produced near the FTO. The photo-generated charge were freely 

passed through the trap state because traps were pre-occupied by the electron from the 

previous process. They both were the thickness-dependence diffusion. The 30 µm 

thick nanotube array seems to be the appropriate thickness to prepare the DSSC with 

the best performance. On the other hand, IMPS study of the back-side irradiated 

experiment showed that this mode resulted in only the trap- limited diffusion in the 

array. Backside illumination resulted in the longer electron lifetime. However, the 

different of lifetime seems to be non-significant to the transit time. 
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MATERIALS AND METHODS 

 

 In this work, both "template-assisted method" and "hydrothermal method" 

were employed to make the 1-D nanostructured TiO2 on FTO substrate. Typically, 

hydrothermal synthesis yielded the TiO2 in the form of nanorod, while the template-

assisted method produced the nanotube (Miao et al., 2004 and Liu and Aydil, 2009). 

Based on our experience, hydrothermal method provide more challenge than the 

template method. Hence, the synthesis of the promising electrode was mainly 

performed by following the hydrothermal route.  

 

Materials 

 

 1. Acetone (C3H6O) : analytical grade, Carlo Erba 

 2. Acetyl acetone (C5H8O2) : analytical grade, Fluka 

 3. Anhydrous sodium sulfate (Na2SO4) :  laboratory grade (99.9%), Carlo 

  Erba 

 4.   Anodic Alumina Oxide template (Al2O3) : 13 mm. Anodisc circle,  

  Whatman 

 5.   Concentrated hydrochloric acid (HCl) : 37% w/w, Carlo Erba  

 6.   Concentrated sulfuric acid (H2SO4) : 98% w/w, Carlo Erba 

 7.   Ethanol (C2H5OH) : analytical grade, Carlo Erba 

 8.   Fluorine-doped tin oxide (FTO) coated glass substrate : Solaronix SA 

 9.   Iso-propanol (C3H7OH) : analytical grade, Scharlau 

 10.   Laboratory glass slides  

 11.   Methanol (CH3OH) : analytical grade, Carlo Erba 

 12.   Titanium(IV) isopropoxide (C12H28O4Ti) : laboratory grade (98+%),  

  Acros organics 

 13.   Titanium dioxide paste (TiO2) : PST-18NR, JGC Catalysts and Chemicals 

  Ltd. 

 14.   Titanium dioxide nanopowder (TiO2) : laboratory grade (99.9%), Sigma- 

  Aldrich 

 15.   Triton X-100 (C14H22O(C2H4O)n) :  laboratory grade, Fluka 
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Methods  

 

1.  Preparation of 1-D nanostructured TiO2 by template-assisted method 

 

 1.1  Preparation of Ti-sol dispersion 

 

 1.1 In this work, the sol-gel synthesis was used to prepare Ti-sol dispersion 

(Miao et al., 2004). De- ionized water (DI water) was used in the synthesis. Typically, 

0.067 ml of DI water, 0.128 ml of acetyl acetone (ACAC) and 1.910 ml of iso-

propanol (i-Pro) were mixed in a closed glass vial and stirred at 400 rpm. Finally, 

0.370 ml of TTIP was added and the resulted mixture was continually stirred for 30 

minutes to obtain the dispersion named TAPW - 11203. The solid content of Ti-sol 

dispersion was maximized by varying the mole ratio of reactants in the dispersion 

(Table 1). Four capital letters, T, A, P and W were used to symbolize the TTIP, 

ACAC, i-Pro and DI water, and four digit numbers were assigned to refer mole ratio 

of reactants, in the dispersion, one by one, respectively.  

 

Table  1  Summary of the as prepared Ti-sol dispersions and compositions  

 

Ti-sol dispersions  
The amount of reactants in dispersion (ml) mole ratio 

(T:A:P:W) TTIP ACAC i-Pro DI water 

TAPW - 11203  

(Miao et. al., 2004) 
0.370 0.128 1.910 0.067 1 : 1 : 20 : 3 

TAPW - 1153 0.370 0.128 0.478 0.067 1 : 1 : 5 : 3 

TAPW - 1113 0.370 0.128 0.096 0.067 1 : 1 : 1 : 3 

TAPW - 4153 1.480 0.128 0.478 0.067 4 : 1 : 5 : 3 

TAPW - 1100 0.370 0.128 - - 1 : 1 : 0 : 0 

TAPW - 2100 0.740 0.128 - - 2 : 1 : 0 : 0 

TAPW - 4100 1.480 0.128 - - 4 : 1 : 0 : 0 
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 1.1  Three Ti-sol dispersions, TAPW - 4100, TAPW - 1113 and TAPW - 

11203, and the fourth dispersion named "TAPW - 11203 (70 oC)" were chosen to 

synthesize the 1-D nanostructured TiO2 via template-assisted method. TAPW - 11203 

(70 oC) was produced by heating the TAPW - 11203 up to 70 oC during the template 

infiltration.  

 

 1.2  Infiltration of Ti-sol into the AAO templates   

 

 1.1  Anodic alumina oxide (AAO) template was employed as a template in this 

synthesis method. Firstly, pre-treatment is necessary in order to degrease the template 

surface. AAO template was cleaned by soaking in hot ethanol (70  oC) for 5 minutes 

and drying in ambient condition. After that infiltration of Ti-sol was carried out by 

either the following; the pre-treated AAO template was immersed into the Ti-sol 

dispersion for 5 minutes and dried in air or the pre-treated template was placed on a 

few drops of the dispersion on a glass slide. The infiltrated template was cured at  

70 oC for 30 minutes, followed by sintering in muffle furnace (Nabertherm B180) at 

450 oC for 5 hours.  

 

 1.3  Chemical etching of AAO template 

 

 1.3 The calcined sample was immersed in 10% w/v NaOH solution for 24 

hours to digest the AAO template. The remaining product was washed by DI water 

until the washed liquor become neutral, and dried on a cleaned glass slide in air.  

 

 1.4  Characterization 

 

 1.4 Scanning electron microscope (SEM; JEOL JSM-5410, 20 kV equipped 

with elemental analyzer, Oxford INCA 300) and cold field emission scanning electron 

microscope (FE-SEM; JEOL JSM-6301F, 20 kV equipped with the elemental 

analyzer, Oxford INCA 350) were used to investigate morphology and elemental 

composition of the existing products. Product before chemical etching was investigate 

in a side view. It was cut and adhered to the side wall of metallic stub with the cutting 
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face upward using the carbon conductive adhesive tape. Product after the chemical 

etching, which were dried on glass slide, was prepared for SEM by placing the glass 

slide including them on the stub covered by the carbon tape. SEM samples were 

coated with Au to enhance conductive property of sample surface.  

 

2.  Preparation of 1-D nanostructured TiO2 electrode by hydrothermal method 

 

 2.1  Preparation of Ti precursor solution 

 

 2.1..Preparation of Ti precursor solution was adapted from the method 

reported previously (Liu and Aydil, 2009). De- ionized water (DI water) was used in 

the synthesis. Ti precursor solution was freshly prepared before used in all 

hydrothermal syntheses. Briefly, 0.800 ml of Titanium(IV) isopropoxide (TTIP) was 

added to a mixture of 20.0 ml of de- ionized water (DI water) and 20.0 ml of conc.HCl 

with a continuous stirring at 350 rpm. The resulted solution was stirred for an 

additional 5 minutes or until a clear and colorless solution was obtained. The amount 

of TTIP in the 40 ml acidic mixture was varied as 0.800 ml, 0.600 ml, 0.400 ml and 

0.200 ml to obtain the growth solutions named T_0.8, T_0.6, T_0.4 and T_0.2, 

respectively. Moreover, to study the effect of anion on structure and morphology of 

TiO2, 2 M H2SO2 was used instead of HCl for a comparison.  

 

 2.2  Preparation of FTO glass substrates 

 

 1.2  FTO glass substrate was used in this work. It was cut with a diamond head 

glass cutter into the size of 1.50 cm ×1.00 cm and cleaned before used. Pre-treatment 

was done by immersing the substrates in a mixture of DI water, methanol and acetone 

(1:1:1 by volume) with a sonication for 15 minutes. The treated substrate was 

repeatedly rinsed with DI water. Normal glass slide was used for a control substrate 

and similarly prepared as the FTO. 
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 2.3  Hydrothermal synthesis 

 

 2.3..Hydrothermal synthesis was performed in a 125 ml acid digestion vessel 

(Parr instrument company). Typically, the pre-treated substrates were placed on a 

teflon- liner either horizontally with the conductive side upward or vertically. After 

that, the Ti precursor solution was gradually poured to the level that covered the 

substrates surface. The teflon-liner was sealed in the stainless steel jacket and heated 

in an electric oven to the designed temperature (120 - 180 oC) for 6 hours and 

naturally cooled down to room temperature in fume-hood. Note that, typical condition 

was the synthesis at 180 oC with the using of 40 ml T_0.8 solution. The substrates 

were collected, rinsed with DI water for several times until the washed liquor become 

neutral, and dried in air. 

 

 2.4  Characterization 

 

 2.4..The scanning electron microscope (SEM; JEOL JSM-5410, 20 kV 

equipped with the elemental analyzer, FEI Quanta 450) and the cold field emission 

scanning electron microscope (FE-SEM; JEOL JSM-6301F, 20 kV equipped with the 

elemental analyzer, Oxford INCA 350) were used to investigate morphology of the 

synthesized TiO2 film on the FTO substrate. Top view sample was prepared by 

placing the synthesized product on the metallic stub that covered with the carbon 

conductive adhesive tape. Cross-sectional sample was prepared by cutting the 

synthesized product by diamond head glass cutter. The result was adhered on the side 

wall of metallic stub by the carbon tape with the cutting face upwards. SEM samples 

were coated with Au (POLARON RANGE SC 7620, 10 mA, 120 sec.) to enhance 

electrical conductivity of sample surface. Analysis of SEM image was carried out by 

using image analysis program, ImageJ (version 1.46r).  

 

 2.4..Crystal structures of TiO2 and substrate were investigated by X-ray 

diffraction technique (XRD; Bruker D8 ADVANCE A25, 40 kV). XRD analysis was 

performed from 20o to 80o using the Cu-Kɑ radiation (λ = 1.5406 Å), 0.01 mm Ni slit, 

5.8 mm detector aperture, 0.8 minutes of data collection time and 0.020o data interval. 
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XRD sample were either the TiO2 film on substrate or the TiO2 powder scratched 

from the FTO surface. The scratched powder was ground, spread on sample holder 

and smoothed down the surface before analyzed.  

 

 2.4..Transmission electron microscope (TEM; Hitashi HT 7700, 120 kV) and 

selected-area electron diffraction (SEAD) were performed to investigate growth 

behavior of the TiO2 crystal. TEM sample was the TiO2 crystals which mechanically 

scratched from the FTO surface. It was ground and dispersed in ethanol by sonication. 

The dispersion of TiO2 crystal was dropped on the homemade carbon-coated Cu grid 

(400 mesh) and dried in air.  

 

 2.4..Electrochemical impedance spectroscopy (EIS) was performed to study 

the resistivity of the synthesized 1-D nanostructured TiO2 film. The experiment was 

performed in the Potentiostat/Galvanostat (Methrohm, AUTOLAB-PGSTAT 302N). 

The investigation was performed in the frequency range of 0.05 Hz - 100 kHz by 

using 0.1 M Na2SO4 aqueous solution as an electrolyte. The Ag/AgCl and Pt 

electrodes were employed as the reference and counter electrode, respectively. The 1-

D nanostructured TiO2 electrodes named NR-T_0.8, NR-T_0.6 and NR-T_0.4, were 

synthesized from T_0.8, T_0.6 and T_0.4, solitions, respectively. They were used as 

the working electrode with the fixed area of 0.5 cm × 0.5 cm of TiO2 film, prepared 

by mechanical scratching. The FTO surface was partially covered by the normal 

adhesive tape to produce the exposed area of 0.2 cm × 1.0 cm the ohmic contact. EIS 

results were analyzed by using NOVA program (version 1.10.3).  

 

 2.4..Two nanoparticle-based electrodes, P25 and P25_900, were measured for 

comparison (Table 2). P25 electrode was the thin compact layer of nanocrystalline 

TiO2 on FTO substrate, made from the commercial grade colloidal paste of anatase 

TiO2. P25_900 electrode was similar electrode as the previous one, however, prepared 

from the homemade colloidal paste of rutile TiO2 nanocrystals. The rutile nanocrystal 

paste was prepared by mixing the rutile nanopowder with the binder, triton X-100. 

Rutile TiO2 powder was obtained by sintering the commercial TiO2 powder (P25) at 

900 oC in air for 6 hours. The compact layer of TiO2 nanoparticles on the FTO was 
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prepared by the conventional method called "Doctor blade technique". Typically, 

nanoparticle paste was spread on the cleaned FTO substrate with the area of 0.5 cm × 

0.5 cm using the adhesive tape as a template. After the removing of template, the 

paste on the FTO was cured at 100 oC for 15 minutes, and followed by the calcination 

in air at 450 oC for 3 hours. The exposed FTO surface was covered using similar 

condition as the 1-D nanostructured TiO2 electrode. All EIS samples in this study 

were summarized in Table 2. 

 

Table 2  Summary of TiO2 electrodes in the EIS experiment. 

 

Electrodes TiO2 film's morphology Crystal structure of TiO2 

NR-T_0.8 
The vertical array of TiO2  

nanorods on FTO substrate 
Rutile NR-T_0.6 

NR-T_0.4 

P25 The compact layer of TiO2 

nanoparticles on FTO substrate 

Anatase 

P25_900 Rutile 
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RESULTS AND DISCUSSION 

 

1.  Synthesis of 1-D nanostructured TiO2 by template-assisted method 

 

 Preparation of Ti-sol dispersion was carried out by using the traditional sol-gel 

synthesis method. The prepared dispersion mostly appeared as the clear yellow to 

orange liquid, excepted the dispersion named TAPW-1100 and TAPW-4153 which 

solidified after 45 minutes of stirring. After performing the infiltration of template by 

the chosen Ti-sol dispersions and sintering, the 1-D nanostructure was produced 

(Figure 6). Typically, top side of AAO template were covered by thin film, whereas 

the void in the template was fulfilled with the solid substance. The results were 

differed from the SEM images of the bared AAO template shown in Figure 7. 

However, significant difference from the varying of solid content in dispersion was 

not observed in this work.  

 

     

     

 

Figure  6 SEM images of the AAO templates fulfilled with 1-D nanostructured 

products synthesized from the dispersion named (a) TAPW - 4100 (b) 

TAPW - 1113 (c) TAPW - 11203 and (d) TAPW - 11203 (70oC).  
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Figure  7 SEM images of the bared AAO template; (a) a top view and (b) a side  

view.  

 

 Chemical etching of AAO template was carried out by using  the 10% w/v 

NaOH aqueous solution. Figure 8 showed EDS analysis of products, obtained after 

performing the chemical etching, of those synthesized from TAPW - 1113. Two 

different morphology solids was observed in the sample, indicated by a small box in 

the inset a and b.  

 

 Analysis of the indicated area in the inset a showed a large proportion of O, 

Na, Al and Si. The existence of Si in the diagram could be subjected to the glass 

substrate which was used as a support in the preparation of SEM sample. The 

presence of Na and Al should be referred to the residue which still remained after the 

chemical etching of template.  

 

 In contrast, the investigation on the indicated area in inset b showed a large 

proportion of Ti which could be account for the 1-D nanostructure and some trace of 

Al, Na and Si. The result confirmed that the etching process was uncompleted that led 

to the existence of flake solid and some existence were also remained in the 

nanostructure.  
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Figure  8 Elemental analysis of products after chemical etching. The sample was 

synthesized from the TAPW - 1113 dispersion. Investigation area was 

indicated in the inset by a square box.   

 

 SEM images of the synthesized 1-D nanostructured TiO2 from all employed 

dispersion were shown in Figure 9. The result was obtained in the form of nanorod 

array that seemed to be similar to the shape of template void.  
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Figure  9  SEM images of perfect nanotube array prepared by template-assisted 

synthesis of the dispersion (a) TAPW - 4100, (b) TAPW - 1113, (c) 

TAPW - 11203 and (d) TAPW - 11203 (70oC). 

 

 However, the amount of perfect nanotube array was incomparable to the 

whole product observed. The majority proportion of samples appeared as a cracked or 

damaged tube in all preparation (Figure 10). The increasing of solid content in the Ti-

sol did not yield the higher quality of products even in the using of the dispersion 

containing the highest solid content, TAPW - 4100. Cracking behavior could be 

described by either the non-uniform capillary action and shrinkage of nanotube during 

the sintering step.  
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Figure  10 SEM images of the imperfect nanotube array appeared  in the template-

assisted synthesis from the dispersion (a) TAPW - 4100, (b) TAPW - 

1113, (c) TAPW - 11203 and (d) TAPW - 11203 (70oC).   

 

 Due to the difficulty to produce a large proportion of the good quality 

nanotube, therefore, the hydrothermal method was used instead of the template-based 

method to make the promising electrode.  
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2.  Hydrothermal crystallization of TiO2 : an effect of anion species 

 

 TiO2 was hydrothermally crystallized in the presence of chloride (Cl-) ion and 

compared with those synthesized in the presence of sulfate (SO4
2-) ion. Typically, the 

products obtained from both cases appeared as white film deposited on the teflon- liner 

surface. SEM investigation showed that the TiO2 film crystallized in the presence of 

Cl- ions was consisted of the dandelion- like microflower (Figure 11). An average 

diameter was 12 ± 1 µm. Each microflower was consisted of a number of rectangular 

nanorods, randomly radiated from the central region. On the contrary, different crystal 

morphology of the product was observed in the case of using SO4
2- solution (Figure 

12). SEM analysis showed that, the film comprised the nanosized spherical crystals 

with an average size of 0.14 ± 0.02 µm. 

 

      

 

Figure  11 SEM micrographs of TiO2 film synthesized in the presence of Cl- ion. The 

product was collected from teflon- liner surface (a) top-view and (b) side 

view images.  
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Figure  12 SEM micrographs of TiO2 film synthesized in the presence of SO4
2- ion. 

The product was collected from teflon- liner surface, (a) top-view image 

and (b) image at high magnification. 

 

 XRD technique was used to analyze the crystal structure of the products. XRD 

analysis of the microflower synthesized in the presence of Cl- ions showed the 

reflection consistent with those of the rutile phase of TiO2 (Figure 13a, PDF : 00-021-

1276). On the contrary, the diffractogram of the spherical crystals synthesized in the 

presence of SO4
2- ions (Figure 13b) matched to the anatase phase (PDF : 03-065-

6714). The results indicated the selective role of anion on the promotion of different 

crystallization of TiO2.  
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Figure  13 X-ray diffractograms of the TiO2 films synthesized in the presence of (a) 

Cl- and (b) SO4
2- ions (R = Rutile and A = Anatase phase. The Miller's 

indices were given in a bracket.  

 

 The obtained results were consistent with previous reports (Mali et al., 2013 

and Ye et al., 2013). The rutile phase was preferably formed in the presence of Cl-  

ion, whereas the SO4
2- ion promoted the formation of the anatase phase (Li et al., 

2011 and Yan et al., 2005). The role of anions was generally described by a simple 

model of the trimer configuration, constructed from the octahedral [TiO6] units 

(Figure 14). Initially, two [TiO6] units shared their edges during the condensation 

process and, as a result, produced a dimer. Then, the third [TiO6] unit joined the dimer 

to elongate the polymer chain. Importantly, the phase of TiO2 was determined 

according to the sharing configuration of the third coming one (Li et al., 2011 and 

Yan et al., 2005). If the trimer was produced in a linear chain configuration, the rutile 

phase was resulted. In contrast, if the trimer was obtained in the zigzag chain 

configuration, it was determined as the anatase.  

 

 The SO4
2- ion has been recognized as the anatase promoter. It was believed to 

act as a bidentate ligand in the octahedral coordination complex of Ti(IV). The 

formula of the complex was suggested as [Ti(OH)2(H2O)2SO4]0 (Li et al., 2011). 

According to proposed mechanism, the dimerization of the octahedral monomer led to 

the presence of sulfate at the terminal. The elongation of the octahedral chain in the 
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terminal direction was prohibited by steric hindrance from the anion. Therefore, the 

zigzag configuration was initiated, leading to the anatase structure (Figure 14).  

 

 

 

Figure  14 Proposed mechanism demonstrated the formation of anatase nuclei in the  

presence of SO4
2- ion. 

 

Source:  Yan et al. (2005) 

 

 In contrast, Cl- anion is a monodentate ligand which has lower complexing 

affinity than the SO4
2-. The Cl- was found in various forms in the octahedral Ti(IV) 

complex, such as [Ti(OH)2Cl(H2O)3]+ and [Ti(OH)2Cl2(OH2)2], depending on the 

concentration of Cl- in the solution (Pottier et al., 2001).  

 

 The starting complex used to build the linear octahedral chain was unclearly 

identified. At first, [Ti(OH)2Cl2(H2O)2]0 seemed to be the starter unit of brookite, 

whereas the lower number of Cl- in the octahedral Ti(IV) complex, which led to the 

higher number of OH- ligand, seemed to be the favorable starter unit for rutile (Pottier 

et al., 2001 and Zhang and Gao, 2003). However, it was supposed that the trans-

configuration of [Ti(OH)2Cl2(H2O)2]0 should be an appropriate form (Li et al., 2011). 

 

 The less affinity of Cl- made it the better leaving group in comparison with 

SO4
2-. Therefore, polymerization of octahedral complex could be carried out in the 

linear direction via the releasing of both H2O and HCl, resulting in the rutile structure. 
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The results confirmed the selective role of Cl- and SO4
2- ions in the promotion of  the 

rutile and the anatase phase, respectively. Moreover, this method was beneficial in 

producing highly pure phase of TiO2 without any further heat-treatment. 
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3. Hydrothermal synthesis of the 1-D nanostructured TiO2 on the FTO 

substrates 

 

 The objective of this study is to form 1-D nanostructured TiO2 on a 

transparent conductive material. Although the array of TiO2 nanotubes could be 

produced by the template-based method, the quality of the products was poor, due to 

the large degree of cracking. Alternatively, hydrothermal method was used to 

synthesize the 1-D nanostructured TiO2 instead of the template-based method.  

 

 It was known from the previous section that the hydrothermal synthesis gave 

either microflower like or nanosized spherical crystal, depending on the anion used. In 

both cases, crystallization took place on the surface of the teflon liner. 

The same hydrothermal condition was used in this study. The FTO glass substrate was 

placed in the reaction mixture to induce the formation of TiO2 on its surface.  

 

 SEM analysis of the white solid on the FTO substrate, obtained from the 

synthesis in the presence of Cl- ions, showed a number of microflower- like crystals 

(Figure 15a). The microflower- like crystal was consisted of rectangular-shaped 

nanorods, which were similar to those obtained without the FTO substrate. Further 

investigation revealed an additional layer between the microflower and the substrate 

surface (Figure 15b). This layer was composed of vertically aligned rectangular 

nanorods.  
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Figure  15 SEM images of TiO2 film synthesized in the presence of Cl- ion on FTO 

substrate, (a) a top view and (b) a side view. 

 

 The uniform array of the nanorods suggested that the nanorods layer grew 

from the FTO surface whereas the microflower appeared to form directly in the 

solution phase. The microflower become larger and gradually fell on top of vertically 

aligned nanorod layer. A separate synthesis was carried out by holding the FTO 

substrate vertically with respect to the bottom of the teflon liner in order to confirm 

the formation of uniform nanorods. SEM analysis showed that only the uniform 

nanorod array was observed on  the FTO substrate (Figure 16), confirming that the 

formation of the nanorods started at the FTO surface. The high magnification image 

revealed that each nanorod comprised a bunch of nanoneedles (Figure 16b) (Ye et al., 

2013). 

 

 In the case of using SO4
2- ions, SEM analysis demonstrated that the 

synthesized TiO2 film was consisted of spherical shaped crystals deposited on the 

FTO surface (Figure 17). The average particle size was 2.7 ± 0.2 µm. Note that, the 

presence of 1-D nanostructure was not observed. Only the thin layer with certain 

thickness was found under the layer of spherical crystals. 
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Figure  16 SEM images of TiO2 film synthesized in the presence of Cl- ion on FTO 

substrate, (a-b) a top view and (c) a side view. 
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Figure  17 SEM images of TiO2 film synthesized in the presence of SO4
2- ion on 

FTO substrate; (a-b) a top view and (c) a side view. 
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 Similar to the case of using Cl- ion, holding the FTO substrate vertically 

during the synthesis removed those large spherical crystals, therefore, only the thin 

layer of equal thickness was clearly observed on the FTO surface (Figure 18).  

 

      

 

Figure  18 SEM images of the TiO2 film synthesized in the presence of SO4
2- ion on 

FTO substrate; (a) a top view and (b) a side view. 

 

 XRD analysis of the product synthesized in the presence of Cl- ion showed the 

reflection consistent with the rutile TiO2 (Figure 19a, PDF : 00-021-1276). On the 

contrary, investigation of the product synthesized in the presence of SO4
2- showed the 

reflection consistent with the anatase TiO2 (Figure 19b, PDF : 03-065-6714). In both 

cases, the reflections corresponding to the rutile SnO2 was also observed (Figure 19c, 

PDF : 01-070-6995). This was attributed to the rutile SnO2 layer of the FTO substrate.  
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Figure  19 X-ray diffractograms of the TiO2 film on the vertically placed FTO 

substrate, synthesized in the presence of (a) Cl- ions and (b) SO4
2- ions. (c) 

Diffractogram of bare FTO substrate, showing the reflection of the rutile 

SnO2. 
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4.  Growth of the preferred oriented rutile TiO2 nanorods on the FTO substrate 

 

 In previous section, the results demonstrated that only the 1-D nanostructured 

rutile TiO2 was formed on the FTO substrate. The vertical alignment of the rutile 

phase specifically occurred on the SnO2. In the case of anatase phase, the 1-D 

nanostructure was not formed. Hence, the growth of the 1-D nanostructured rutile 

TiO2 on the FTO substrate was believed to associate with the SnO2 layer of the 

substrate.  

 

 Control synthesis in a presence of Cl- ion using a normal glass slide instead of 

the FTO substrate was carried out in order to confirm the role of the SnO2 layer. SEM 

analysis of the TiO2 film produced on either horizontally or vertically placed the glass 

slide did not show any appearance of the vertically aligned nanorod (Figure 20 and 

21). Typically, the products on the glass substrate seemed to be similar as those 

obtained on the teflon liner (see also Figure 11). Therefore, the result confirmed the 

crucial role of the SnO2 layer in the growth of the 1-D nanostructured TiO2 on the 

FTO substrate.   

 

      

 

Figure  20 SEM images of TiO2 film synthesized in the presence of Cl- ion on 

horizontally placed glass substrate; (a) a side view and (b) a bottom view 

of the TiO2 film. 
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Figure  21 SEM images of TiO2 film synthesized in the presence of Cl- ion on the 

vertically placed glass substrate; (a) a top view and (b) a side view of the 

TiO2 film. 

 

 XRD analysis of the synthesized TiO2 on the glass substrate showed that the 

product was the rutile TiO2 (Figure 22, PDF : 00-021-1276) which similar to the 

results of those obtained on teflon liner surface (Figure 13a). However, the diffraction 

pattern of rutile microflower on glass and teflon substrates were different form the 

vertically aligned rutile nanorods on FTO substrate (Figure 19a).  

 

 

 

Figure  22 XRD diffractogram of the synthesized TiO2 on glass substrate. 
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 In Figure 19a, the reflection of (110), (220) planes, which was observed as the 

sharp peaks in the common diffractogram of rutile TiO2, was disappeared. Moreover, 

the intensity of (111) and (211) planes significantly decreased, while, reflection of 

(002) plane was dominant in the diffractogram. The behavior could be described by 

preferred orientation and would be discussed later (Gratta-Bellew, 1975, Yang et al., 

2011).  

 

 TEM and SAED were performed to understand the arrangement of crystal 

planes in nanorod. It is generally known that tetragonal rutile structure possesses four 

types of low index crystal plane, (110), (100), (101) and (001) (Diebold, 2003). SAED 

analysis showed sharp diffraction spots suggesting that the nanorod was single-

crystalline (Figure 23b). Interpretation of diffraction pattern indicated that the 

nanorod was elongated along the [001] direction whereas the (110) plane was exposed 

as nanorod side wall (see also Appendix B) (Hosono et al., 2004 and Zhu et al., 2011). 

The result was consistent with the previous report demonstrated that the (001) was the 

most active facet of rutile TiO2, due to its relatively high surface energy. The relative 

surface energy could be sorted as (110) < (100) < (101) < (001) (Perron et al., 2007). 

 

 

 

Figure  23 (a) TEM image and (b) selected-area electron diffraction (SEAD) pattern 

of the rutile TiO2 nanorod on the FTO substrate.  
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 The rutile TiO2 was believed to pseudomorphically grow on the rutile SnO2 

surface by epitaxy relationship (Liu and Aydil, 2009 and Park et al., 2012). A small 

lattice mismatch, typically less than 15%, of the atomic arrangement between two 

minerals permitted the heteroepitaxy (Herman, 2004). In the case of rutile TiO2 and 

rutile SnO2, the promotion factors were not only the similarity of crystal structure, but 

also their unit cell parameters were very similar (Batzill and Diebold, 2005). The 

calculated mismatches of unit cell parameters among a-axis and c-axis were 3.16% 

and 7.21%, respectively (Appendix C), that presumably allowed the creation of 

epilayer on the SnO2 substrate. 

 

 Heteroepitaxy of rutile TiO2 on rutile SnO2 was explained in many study by 

concerning the important condition that the exposed plane of single-crystalline 

substrate has to be known before the synthesis (Budak et al., 2006, Zhuge et al., 2012 

and Rosental et al., 2013). In this work, the explaining of the heteroepitaxy between 

rutile TiO2 and rutile SnO2 was complicated because of the sputtered SnO2 layer of 

FTO substrate was the polycrystalline film. Hence, it was unable to specify the 

exposed facet of SnO2 on the substrate. The another possible ways to explain the 

formation rutile nuclei on FTO surface would be the cause of surface roughness of 

substrate and followed by the growth of nanorod via vapor-solid (VS) growth (Martin 

et al., 2010, Wang et al., 2010 and Zhuge et al., 2012). The sputtered SnO2 layer 

exhibited the rough surface which also promoted the deposition of adatom or growth 

unit, resulting in the active site on SnO2 surface (Martin et al., 2010 and Yang et al., 

2011).  

 

 After the nucleation step, the rutile TiO2 nuclei preferentially grew along the 

[001] direction with the fastest growth rate, whereas, the growth along [110] direction 

was proceeded with the slowest growth rate due to the relative surface energy of rutile 

as confirmed by TEM and SAED (Zhuge et al., 2012). In addition, the (110) face was 

reported to preferentially absorb by Cl- ion, and then the expansion of crystal along 

[110] direction was retarded (Li et al., 2009). Moreover, flux of [TiO6] growth unit 

must supplied from a direction above the film, led to the preferential growth of rutile 

nanorods out of the plane of substrate surface.  
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 1-D nanostructured film of the (001) preferential growth rutile TiO2 nanorods 

resulted in the preferred orientation film which could be observed the behavior by 

XRD (Gratta-Bellew, 1975, Yang et al., 2011). The diffraction of the preferred 

oriented nanorod film showed the lack of (110) and (100) reflections (Figure 19a). 

Moreover, the relative (002)/(101) peak area ratio of the oriented nanorod film was 

higher than those calculated from random oriented nanorods (Figure 22) about 4 times 

(Yang et al., 2011). To confirm the conclusion, random oriented nanorods sample, 

prepared from the sample of Figure 19a by scratching and grinding, was used to 

analyze. The random oriented nanorods showed the diffractogram similar to the 

diffraction of typical rutile TiO2 samples (Figure 13a and Figure 22), that implied an 

absence of preferred oriented behavior (Figure 24).  

 

   

 

Figure  24 The random oriented rutile TiO2 nanorods scratched from the 1-D 

nanostructured TiO2 film on FTO substrate and followed by grinding.  (a) 

SEM image of the sample and (b) XRD diffractogram of the sample 

spread on Si wafer. 

 

 Temperature-dependent synthesis of the 1-D nanostructured TiO2 on the FTO 

substrate was carried out using 20 ml of T_0.4 solution. Decreasing of synthesis 

temperature dramatically affected nanorod length (or the thickness of the TiO2 nanord 

film) owing to the slower growth rate (Figure 25). The number of nanorod per unit 

area increased when the temperature was decreased from 180 oC to 120 oC. However, 

this factor resulted in the opposite trend on the changing of nanorod diameter. 

Histogram showing the distribution of nanorod diameter indicated the decreasing of 
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population of the large diameter when the synthesis temperature was decreased 

(Figure 26). The nanorod synthesized at low temperature (140 oC) seemed to be more 

uniform in diameter than those synthesized at high temperature (180 oC). However, 

the TiO2 nanorods on the FTO substrate was not obtained from the synthesis at 120 

oC.  

 

 Equally important, concentration-dependent experiment was also studied with 

using of T_0.2, T_0.4, T_0.6 and T_0.8 solutions. By carrying the same hydrothermal 

condition, lowering the amount of TTIP resulted in the decreasing of film thickness 

(Figure 27). It was noted no TiO2 nanorods were observed in the case of using T_0.2 

solution. It could be ascribed to the concentration of [TiO6]2- complex in the solution 

which did not reach the supersaturation limit. Hence, the dissolution process 

overwhelmed the crystallization process leading to the absence of product on the FTO 

substrate.  
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Figure 25 SEM images of the TiO2 films synthesized by using T_0.4 solution at 

different temperatures, (a-b) 180 oC, (c-d) 160 oC and (e-f) 140 oC.  
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Figure  26 Histogram of nanorod diameter of the 1-D nanotructured TiO2 on FTO 

substrate, synthesized from T_04 solution at (a) 180 oC, (b)  160 oC and c) 

140 oC, respectively. 
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Figure  27 SEM analysis of the TiO2 films synthesized at 180 oC using (a) T_0.2, (b) 

T_0.4, (c) T_0.6 and (d) T_0.8 solutions.  

 

 The synthesized 1-D nanostructured TiO2 electrodes of the concentration-

dependence experiment in Figure 27(b-d) were named as NR-T_0.4, NR-T_0.6 and 

NR-T_0.8, according to the precursor solution used. They were employed as a 

working electrode in the EIS study and compared with the nanoparticle-based 

electrodes, P25 and P25_900. SEM investigation of nanoparticle electrodes, P25 and 

P25_900, showed the densely packed film of TiO2 nanocrystals on FTO substrate 

(Figure 28). Thickness of TiO2 layer of all electrodes in EIS study were measured and 

reported in Table 3.  
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Figure  28 SEM images of the colloidal TiO2 electrodes, (a) P25 and (b) P25_900. 

 

Table 3  Average film thickness of the as prepared TiO2 electrodes in the EIS 

Table      experiment 

 

Electrode name Average film's thickness (µm) 

NR-T_0.4 3.2  ±  0.1 

NR-T_0.6 5.4  ±  0.1 

NR-T_0.8 6.8  ±  0.5 

P25 3.2  ±  0.4 

P25_900 2.4  ±  0.7 

 

 Crystal structure of the TiO2 nanoparticles electrode was analyzed by XRD. 

The first control, P25, showed the reflection (Figure 29a) of the anatase TiO2 (PDF : 

03-065-6714),, while the reflection of the second control, P25_900 (Figure 29b), 

consistence to the reflection of rutile phase (PDF : 00-021-1276). Additional 

reflection in the diffractograms could be referred to the rutile SnO2 of FTO substrate.  
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Figure  29 X-ray diffractograms of the colloidal TiO2 electrodes (a) P25 and            

(b) P25_900. 
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5.  Electrical performance of the synthesized TiO2 electrode by electrochemical 

impedance spectroscopy (EIS) 

 

 Electrical resistance (R) is an important parameter to determine performance 

of the synthesized electrode. This parameter is generally investigated by 

electrochemical impedance spectroscopy (EIS). In this study, the electrical resistance 

of the synthesized 1-D nanostructured TiO2 electrodes, NR-T_0.4, NR-T_0.6 and NR-

T_0.8 were compared with the results from nanoparticle-based electrodes, P25 and 

P25_900 (see Table 2 and 3).  

 

 Electrochemical impedance spectroscopy (EIS) is an analytical technique to 

investigate the dielectric properties of samples (Lvovich, 2012). This technique 

measures the sample impedance (Z) over a wide range of applied frequencies in AC 

circuit. It is based on the general concept of Ohm's law which define as 

 

    
 

 
 

 

 where   Z is the electrical impedance in a unit of ohm (Ω) 

  V is the applied voltage in a unit of Volt (V) 

  and I is the electrical current in a unit of Ampere (A) 

 

 Electrical impedance (Z) is referred to the total resistance generated from the 

common electrical circuit elements such as resistor (R), capacitor (C) and inductor 

(L), and also defined as the total impedance   

 

Z  =  R  + i X 

 

 where   R is the real part of electrical impedance (resistive impedance). 

   and X is the imaginary part of electrical impedance (reactive  

  impedance). 
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 The imaginary part of impedance (X) is referred to the impedance from 

capacitor, XC = ωC-1 and inductor, XL = ωL, where ω = 2πf, and also defined as X = 

XL - XC whereas ω is an angular frequency and f is an applied frequency.  The plot of 

impedance data is usually represented by a Nyquist plot. The real part is plotted on the 

X-axis and the imaginary part is plotted on the Y-axis of a chart as shown in Figure 

30. The plot of EIS data usually occur as a semicircular arc diagram. Diameter of 

semicircular diagram indicates the real electrical resistance of the circuit while the 

height of the diagram implies the imaginary component of the signal. The smaller size 

of the arc diagram implies the lower impedance. The number of semicircular arcs in 

the diagram exhibits the number of dielectric layer that current pass through.  

 

 

 

Figure  30 (a) Nyquist plot of one time constant electrical circuit (b), possessing a 

resistor and a capacitor. 

 

Source:  Andrade et al. (2011) 

 

 Figure 31 showed Nyquist plots of impedance signal from electrodes that used 

in the experiment. It can be seen from the figure that the responsive signal from all 

electrodes do not show the completed semicircular arc diagram. That implies the low 

responsibility of the samples owing to the electron-transfer- limited (Song et al., 

2008). Moreover, the small semicircular arc of electrolyte and CE at high frequency 

region are also unseen from the figure, due to the measurement in the dark condition 

(Song et al., 2008). 
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 In Figure 31a, it was clearly seen that the P25_900 electrode exhibited the 

largest responsive signal far from the others (Figure 31a). The result suggested that 

P25_900 possessed large electrical impedance than the other ones. The second high 

responsive signal was given by the P25 electrode (Figure 31b). According to electrode 

parameters, the main difference between P25 and P25_900 electrode was the crystal 

structure of TiO2 that used to fabricate the electrodes, anatase structure for P25 and 

rutile structure for P25_900. Therefore, the results still consistence with previous 

study that TiO2 in the anatase structure usually showed better electrical performance 

in comparison with the rutile phase (Park et al., 2000). 

 

 

 

Figure  31 (a) The Nyquist plots of TiO2 electrodes in EIS experiment and (b) the 

magnification of squared area in (a). 

 

 By considering the EIS signals from the 1-D nanostructure TiO2 electrodes, it 

was clearly seen that all samples exhibited the lower electrical impedance than the 

densely packed nanocrystalline TiO2 electrode, P25 and P25_900. Especially, by 

comparing the results between the 1-D nanostructure TiO2 electrodes and the 

P25_900 electrode, it clearly showed the enhancement of electrical performance from 

the organizing the nanostructure of TiO2 film.  

 

 However, the signal of 1-D nanostructure electrodes, for example NR-T_0.6 

and NR-T_0.8, seemed to be constant at the low frequency measurement. It suggested 

the non-responsive behavior of the electrode at the region of applied frequency due to 
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the electron-transfer- limited from the measurement in dark condition (Song et al., 

2008). It is difficult to instantly quantify the value of real impedance from the data. 

Hence, the equivalent electrical circuit was generated to describe the EIS data of each 

electrode.  

 

 The equivalent circuit was provided to describe the electrical phenomena 

which occurred at the interface of electrodes. For example, Figure 32 showed the 

schematic illustration of electrical phenomena which occurred during the 

measurement. The migration of charged species in the electrolyte resulted in the first 

electrical resistance of the equivalent circuit, RS. Then, the reductant species 

chemically absorbed on the TiO2 surface was oxidized and the electron was 

transferred to TiO2 layer. Electron were diffused through the compact TiO2 

nanocrystals film and then passed to the SnO2 layer before drained out from working 

electrode at the Ohmic contact. Hence, RTiO2 and RFTO were appeared in the 

equivalent circuit to imply electrical resistance from the moving charge in the TiO2 

and FTO layer. Therefore, charge transfer resistance of the synthesized TiO2 layer 

could be determined by the RTiO2.  

 

 However, other phenomena such as the formation of electrical double layer 

(Helmholtz layer) and the diffusion of charged species at the interface could occur 

during the transfer process. Hence, the complement function, C1 and C2 in Figure 32b, 

should be added to the equivalent circuit to realize the event on electrode interface. 

The complement function such as capacitance (C), constant phase element (CPE) and 

diffusion function of charge species were used in the work. 
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Figure  32 (a) SEM image of P25 electrode and (b) the diagram of the electrode show 

the main electrical phenomena on the electrode. 

 

 The equivalent circuit in this study was proposed in Figure 33. The circuit was 

a series connection circuit of 3 time constants, according to 2 interfaces, FTO/TiO2 

interface, TiO2 film/ electrolyte interface (Park et al., 2000, Song et al., 2008 and 

Lvovich, 2012). Rs was introduced to the circuit due to the impedance including the 

resistance in electrolyte solution and the uncompensated impedance from the 

equipment connection. RTiO2 was the charge transfer resistance across TiO2/electrolyte 

interface while RFTO was assigned for the transfer of charge across the TiO2/FTO 

interface.  

 

 

Figure  33 The proposed equivalent circuit of the as prepared TiO2 electrodes. 

 

 RTiO2 and RFTO were connected in parallel with the constant phase element 

(CPE) and capacitance (C) which referred to the surface state capacitance and the 
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formation of electrical double layer at the interface, respectively. Warburg impedance 

(W) was added to TiO2/electrolyte interface due to the mass transfer from electrolyte 

to the reaction site on TiO2 surface. Note that, to fitting the signal from P25 and 

P25_900, the second Warburg impedance was added to the parallel circuit of 

TiO2/FTO interface to improve the fitting quality. This addition could be referred to 

the mass diffusion of charged specie at the electrolyte/FTO interface, due to the 

existing porous in the nanocrystalline film. Equivalent circuit was optimized with the 

raw data, showed by dot (·), and yielded the fitting curve, showed by black line (—) 

(Figure 34). 
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Figure  34 The fitting result shows electrical impedance signal of prepared TiO2 

electrodes, (a) P25_900, (b) P25, (c) NR-T_0.4, (d) NR-T_0.6 and (e) 

NR-T_0.8. 

 

 

 



61 

 The optimized values of charge transfer resistance, Rs, RTiO2 and RFTO, of each 

electrode were summarized in Table 4. The result mostly showed the agreement with 

the trend in the Figure 31. The calculated charge transfer resistance of the 

nanocrystalline TiO2 layer of the P25 was higher than those calculated from 1-D 

nanostructure TiO2 layer. The NR-T_0.6 possessed the lowest value of RTiO2 followed 

by NR-T_0.4 and NR-T_0.6. The value did not consistence with the trend of thickness 

of TiO2 film.  

 

 However, the calculation showing many case of impossible results as a minus 

value of resistance. In general, the minus sign in the electrical circuit should be 

implied to the opposite direction of current flow in the circuit. Then, the absolute 

value can still be used to determine the value of electrical circuit elements. 

Accordingly, the absolute value of Rs from P25 and RFTO from P25_900 are 

consistence with the value from other electrodes. However, the absolute value of 

RTiO2 from P25_900 is still impossible because it should be higher than RTiO2 of all 

electrodes as the higher impedance signal represented in Figure 31. The result 

suggested that the proposed electrical circuit would not be matched with the electrode. 

 

Table 4  Approximated charge transfer resistance of TiO2 thin film on FTO substrate 

 

Electrodes 
Average film's 

thickness (µm) 

Optimized resistances (Ω) 

RS R TiO2 RFTO 

NR-T_0.4 3.2  ±  0.1 20.5 250 × 103 17.6 × 103 

NR-T_0.6 5.4  ±  0.1 4.84 196× 103 8.18 × 103 

NR-T_0.8 6.8  ±  0.5 6.00 298× 103 61.2 × 103 

P25 3.2  ±  0.4 -34.5 469 × 103 41.6 × 103 

P25_900 2.4  ±  0.7 22.7 -486 -2.04 × 103 
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CONCLUSION AND RECOMMENDATIONS  

 

Conclusion 

 

 The fabrication of 1-D nanostructured TiO2 on the FTO substrate electrode 

was successful by using the hydrothermal synthesis. The synthesized 1-D 

nanostructured TiO2 obtained as the vertically aligned manner of TiO2 nanorods with 

a uniformed size and shape. Parameters of the nanorod such as nanorod length (or 

film thickness) and the number of nanorod per unit area could be controlled by 

varying the concentration of Ti precursor and temperature. Crystal structure of the 

synthesized TiO2 was strongly depended on the species of anion in the reaction 

mixture. The results indicated that the presence of Cl- anion promoted the formation 

of the rutile phase TiO2, while the anatase phase was produced from the synthesis in 

the presence of SO4
2- ion. This method provided an advantage to produce highly pure 

phase of TiO2 in a one-pot synthesis. 

 

 The vertically aligned TiO2 nanorods on the FTO substrate only appeared 

from the synthesis in the presence of Cl- ions. In the case of using other substrates 

such as teflon and normal glass slide, the synthesis always yielded the dandelion-like 

microflowers deposited on the substrate surface. The result indicated the crucial role 

of rutile SnO2 layer on the FTO substrate in the formation of 1-D nanostructure. 

 

 Characterization of the rutile TiO2 nanorod in the 1-D nanostructure TiO2 film 

indicated that the rutile nanorod elongated through the [001] direction and exposed 

(110) plane as nanorod side wall. The small lattice mismatch between rutile TiO2 and 

rutile SnO2 and surface roughness of the polycrystalline film seemed to be the key 

factors which associated the nucleation of rutile TiO2 nuclei on polycrystalline SnO2 

surface. Preferential growth of nanorod was promoted by relative surface energy of 

rutile, flux of growth unit and the role of Cl-, led to the preferred orientation of TiO2 

nanorods which were confirmed by XRD analysis.  
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 Comparison of EIS result from the 1-D nanostructured TiO2 electrode with the 

nanoparticle-based electrode, P25, showed that the 1-D nanostructure TiO2 electrode 

had the lower charge transfer resistance. The proposed equivalent circuit could be 

described the impedance signal of the prepared electrode excepted the result from 

P25_900. However, according to the result, the P25_900 should be the electrode that 

possessed the higher charge transfer resistance. Therefore, the 1-D nanostructured 

TiO2 were more suitable than the mesoporous TiO2 in term of the electron 

transportation. 

 

Recommendations 

 

 In this work the using of the 1-D nanostructured TiO2 electrode to fabricate 

DSSC has not been realized. The effect of 1-D nanostructured TiO2 on DSSC 

efficiency will be investigated and compare with the using of mesoporous electrode. 

The effect of varying the film thickness and nanorod diameter on DSSC efficiency 

seems to be an interesting topic to study 

 

 In term of the crystallization of TiO2 either the other kind of solvent or the 

using of different anion is an importance topic to study. Equally important, the using 

of other conductive transparent substrate such as ITO will be used to investigate the 

epitaxial growth. 
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Appendix  A 

X-ray diffraction databases of rutile TiO2, anatase TiO2 and rutile SnO2 
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Appendix  B 

Interpretation of the diffraction pattern  

from selected-area electron diffraction (SEAD) 
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 In this work, indexing of diffraction spots from SAED analysis was performed 

by using the ratio technique. This technique could be used by the condition that the 

crystal structure of TiO2 nanorod was known before, as a rutile phase. The ratio 

technique employed the relation of camera constant  

 

 

 
     

 

 
 

  

 Hence, at a same camera length (L) and accelerated voltage (λ), the relation 

between the measured distance of two diffraction spots (r) and the interplanar spacing 

(d-spacing) would be given by 

 

  
  

     
  

  

 

 

The procedure of ratio technique was described below 

 

 1.  Choosing spot1 and spot 2 which were taken a distance from the same 

origin spot, and then, measured the spacing, r1 and r2, and the angle (θ) between r1 and 

r2 (Appendix figure A1). Note that, all chosen spots should not be lying in a linear 

trend. In this case, the measured values were r1 =  147.959 unit, r2 = 159.577 unit and 

θ = 89.413 degree. 
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Appendix Figure B1  An illustration showing the indication of diffraction spots and  

Appendix Figure B1  measurement of r1, r2 and θ. 

 

 2.  Taking a ratio of r1/r2, the calculation was obtained as r1/r2  =  0.9272 

 

 3.  Prepared the table to calculated the ratio of d2/d1 using the d-spacing of all 

planes in the crystal system. D-spacing in the tetragonal rutile structure could be 

calculated by using the equation given below 
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Appendix Table B1  Calculation of interplanar ratio (d2/d1) of all available crystal planes in tetragonal rutile structure.  

 

 
(h,k,l)2 (110) (101) (200) (111) (210) (211) (220) (002) (310) (221) (301) (112) 

(h,k,l)1 
d-spacing 

(Å) 
3.2470 2.4870 2.2970 2.1880 2.0540 1.6874 1.6237 1.4797 1.4528 1.4243 1.5398 1.3465 

(110) 3.2470 1.0000 0.7659 0.7074 0.6739 0.6326 0.5197 0.5001 0.4557 0.4474 0.4387 0.4742 0.4147 

(101) 2.4870 1.3056 1.0000 0.9236 0.8798 0.8259 0.6785 0.6529 0.5950 0.5842 0.5727 0.6191 0.5414 

(200) 2.2970 1.4136 1.0827 1.0000 0.9525 0.8942 0.7346 0.7069 0.6442 0.6325 0.6201 0.6704 0.5862 

(111) 2.1880 1.4840 1.1367 1.0498 1.0000 0.9388 0.7712 0.7421 0.6763 0.6640 0.6510 0.7037 0.6154 

(210) 2.0540 1.5808 1.2108 1.1183 1.0652 1.0000 0.8215 0.7905 0.7204 0.7073 0.6934 0.7497 0.6556 

(211) 1.6874 1.9243 1.4739 1.3613 1.2967 1.2173 1.0000 0.9622 0.8769 0.8610 0.8441 0.9125 0.7980 

(220) 1.6237 1.9998 1.5317 1.4147 1.3475 1.2650 1.0392 1.0000 0.9113 0.8947 0.8772 0.9483 0.8293 

(002) 1.4797 2.1944 1.6807 1.5523 1.4787 1.3881 1.1404 1.0973 1.0000 0.9818 0.9626 1.0406 0.9100 

(310) 1.4528 2.2350 1.7119 1.5811 1.5061 1.4138 1.1615 1.1176 1.0185 1.0000 0.9804 1.0599 0.9268 

(221) 1.4243 2.2797 1.7461 1.6127 1.5362 1.4421 1.1847 1.1400 1.0389 1.0200 1.0000 1.0811 0.9454 

(301) 1.5398 2.1087 1.6151 1.4918 1.4210 1.3339 1.0959 1.0545 0.9610 0.9435 0.9250 1.0000 0.8745 

(112) 1.3465 2.4114 1.8470 1.7059 1.6250 1.5254 1.2532 1.2059 1.0989 1.0789 1.0578 1.1436 1.0000 
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 Hence, the candidate pairs were obtained by considering the value of d2/d1 that 

consistence with the ratio of r1/r2. 

 

 4.  The candidate pairs were chosen to calculated the interplanar angle by 

using the equation given below 

 

         

         

   
    
  

  
  

    
 

   
  
 

    
  

    
 

   
  
 

   

  

 

Appendix Table B2  The calculated interplanar angles of the candidate pairs 

 

Candidated 

pairs 
(101),(200) (111), (210) (220), (002) (221), (301) (310), (112) 

Interplanar 

Angle 

(degree) 

85.56 81.83 90.00 66.51 79.07 

 

 Interplanar angle between (220) and (002) planes was consistence with the 

measured angle, θ = 89.413. Hence, spots pattern could be indexed by the directions 

[110] and [001] parallel with the vector of r1 and r2, respectively (Figure 24b). 
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Appendix  C 

Crystal unit cell of rutile and anatase TiO2, equilibrium morphology 

and the calculation of unit cell mismatch between rutile TiO2 and rutile SnO2 
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Appendix Figure C1   Crystal unit cell of tetragonal anatase TiO2 (a) and tetragonal 

rutile TiO2 (b). Oxygen and titanium atoms was shown by 

red and white circles, respectively. Lowest surface energy 

face of each were shown as the shade plane in the unit cell. 

Crystal morphology at equilibrium of anatase and rutile was 

shown in (c) and (d). Crystal structure of tetragonal rutile 

SnO2 was similar to rutile TiO2 while unit cell parameters 

are different (a = b = 4.7397 Å and c = 3.1877 Å). 

 

Source:  Diebold 2003; Batzil and Diebold 2005; Ishioka and Petek, 2012  
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 Calculation of lattice mismatch between film and substrate employed the 

following equation (Herman, 2004) 

 

                     
             

     
       

 

where       and       are the lattice parameter of film and substrate, respectively.  

 

 For example, to calculate unit cell mismatch between rutile TiO2 and rutile 

SnO2, lattice parameters were equal to unit cell parameters (Diebold, 2003). Unit cell 

parameters of them were given as   

 

 rutile TiO2;   a = b = 4.5933 Å  rutile SnO2;   a = b = 4.7397 Å 

   c = 2.9592 Å    c = 3.1877 Å 

   (tetragonal)    (tetragonal) 

 

lattice mismatch along a-axis (and also b-axis); 

   

                     
                   

        
                  

 

lattice mismatch along c-axis;  
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