
penerbit.uthm.edu.my/ojs/index.php/ijie  

Abstract: In this study, one-step hydrothermal method is demonstrated to synthesis TiO2 double-layer structure by 
modifying the concentration of hydrochloric acid (HCl). The X-ray diffraction (XRD) pattern analysis suggested that 
the dominant peak is rutile phase. Interesting morphologies such as cauliflower, chrysanthemum flower or dandelion 
structures over the nanorods layer were revealed by FE-SEM images and showed substantial effects to the thin film 
performance. UV-vis absorption spectra of prepared TiO2 film is in UV limitation with band gap energy (Eg) range 
from 2.57eV to 3.0eV. The optimum photoelectric conversion efficiency of DSSC is 42.5% that exhibited the 
efficiency of 6.41% for the sample synthesized using equal proportion of de-ionized water and HCl amount or in 
another word in accordance of ratio 1:1. These results serve as a guidance principle for preparing high quality DSSC 
thin film. 
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1. Introduction 

DSSCs have been broadly studied in the present time because they provide numerous advantages in producing 
relatively cheaper and more efficiency solar cells. DSSCs can be made-up by using economical cost materials and 
procedures differed to the manufacturing of conventional silicon–based solar cells. The core constituent of DSSC is a 
photoanode electrode typically FTO or ITO substrate that having a nanostructured oxide semiconductor, such as a TiO2 
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layer, a sensitizer which is dye, a counter electrode that carrying a reduction electrocatalyst, usually nanoparticulate 
platinum (Pt) and an electrolyte with a redox couple (Vaiciulis et al., 2012). Thus, many studied have made efforts to 
facilitate the electron transportation for the enhancement of the DSSCs photovoltaic performance by controlling the 
titania photoanode composition and structure. 

TiO2 is one type of semiconductor materials that attracts researchers to do the extensive study. The superior 
properties of nano TiO2 are come from its low dimensionality and quantum size effect (Wang et al., 2014) and due to 
these, it is necessary to regulate the particle size, shape, and distribution of the prepared sample TiO2 film. There are 
thirteen polymorphs known of TiO2 (Liu et al., 2015) but only three phases have been widely investigated including 
anatase (Dhas et al., 2011; Hossain et al., 2010), rutile (Francis et al., 2011; Li et al., 2009) and brookite (Arier & 
Tepehan, 2011; Zou et al., 2014). The anatase and rutile phases have tetragonal structure whereas orthorhombic structure 
belongs to brookite phase. Every phase of TiO2 possesses a different band gap which is rutile 3.0eV, anatase 3.2eV and 
3.3eV for brookite (Lin et al., 2013). Rutile is known as the most stable phase at high temperatures and is the effortless 
to recognise as thin films or pure crystals whereas anatase and brookite are both meta-stable at all temperatures and could 
change into rutile phase upon heat treatment (Apátiga et al., 2006; Iacomi et al., 2007). Having a large band gap property 
will make TiO2 as a perfect metal oxide semiconductor preferentially in DSSCs. 

A tremendous study has been conducted for the desired and controllable nanostructure including sol-gel process 
(Maheswari & Venkatachalam, 2015), hydrothermal (Cabral et al., 2015; J. Li et al., 2010), chemical bath deposition 
(Dhandayuthapani et al., 2016), spray pyrolysis (Manoharan and Sridhar, 2012; Oja et al., 2006) and anodization 
(Nishanthi et al., 2010). Among them, hydrothermal process is a facile, convenient and favourable method in control the 
size of grain, the morphology of particle, the crystalline phase, and the surface chemistry by adjusting the composition 
of solution, the growth temperature reaction, the pressure, the properties of solvent, the additives, and the time of ageing. 
Su and co-workers growth rutile TiO2 nanorods structure by sol-hydrothermal method under various reaction times (Su 
et al., 2011). Ten hours reaction time was chosen because it has high surface area with good crystalline as photonanodes 
for DSSC study. They also studied the effect of the HCl concentration and found that 3M HCl is the best parameter to 
synthesis pure rutile nanorods TiO2 structure. 

Liu & Aydil outlined seven factors including the effect of temperature, growth time, substrate type, acidity medium, 
reactant, concentration and precursors that influenced in the hydrothermally growth of nanorods structure (Liu & Aydil, 
2009). They concluded that equal amount volume of de-ionized water and HCl is favourable for well-aligned growth of 
TiO2 nanorods. These proportions have been applied in tremendous researches to synthesis the well-aligned nanorods 
array (Pawar et al., 2016). Yuxiang and team studied the effect of precursor concentration, the hydrothermal duration 
time and the reaction temperature in preparing TiO2 nanorod arrays by hydrothermal method to control the morphologies 
and alignment of the nanostructure (Yuxiang et al., 2010). 

In this article, the demonstration of one step hydrothermal method to synthesis TiO2 double layer structure of 
nanoflowers on nanorods morphology and the effect of HCl volume are studied and discussed. In some articles, the role 
of HCl as solvent (Jithin et al., 2016) or chelating agent (Senain et al., 2010) are very crucial in the formation of desired 
structure and sometimes could be used to obtain the most stable rutile phase (Wang et al., 2014) of TiO2 material. It 
shows that the growth mechanism under different concentration of acidic medium has significant influences to the 
properties of the synthesized thin film. 

 
2. Materials and Methods 
2.1 Synthesis of Rutile TiO2 Films 

All the chemicals were graded analytically and used without further purification. Fluorine-doped tin oxide (FTO) 
glass (7Ω/sq) with a thickness of 2.0 mm was cut into the pieces of 1.5 × 2.5 cm in dimension as substrates. These 
substrates were cleaned ultrasonically in acetone followed by ethanol and lastly de-ionized water (18.2MΩ, Mili-Q 
Ultrapure) for 10 minutes, respectively. TiO2 double-layer structure were deposited using one-step hydrothermal method 
(Ahmad et al., 2016). In a typical synthesis, 80mL deionized water with variable concentrated hydrochloric acid (36.5%– 
38% by weight) in range 50mL to 110mL was stirred for 5 min before 5mL of titanium butoxide (TBOT) was dropped 
wisely using capillary tube and stirred for another 10 minutes. A clear mixed solution was loaded into a 300ml Teflon- 
lined stainless-steel autoclave where the substrates of FTO were placed horizontally against the Teflon wall with an active 
side facing upward. Then the autoclave was sealed completely for hydrothermal synthesis at 150℃ for 10h in the hot air 
oven. After cooling down to room temperature, the substrates were taken out, rinsed thoroughly with de-ionized water 
and permitted to dessicate naturally in ambient air. The samples are denoted as ‘TiO2-HCv’ where ‘HC’ is the 
abbreviation for acid hydrochloric and ‘v’ is corresponded to HCl volume. 

 
2.2 DSSC Preparation 

For the efficiency of DSSC study, a prepared TiO2 photoanode with functioning area of 0.25cm2 was immersed into 
0.3mM of N719 dye for approximately 24h at room temperature. The platinum, Pt with mirror finished was fabricated 
by sputtering method and used as counter electrode. In order to complete the DSSC assembly, the electrolyte prepared 
from 1.59g of 1,2-dimethyl-3- propylimidazolium iodide, 10ml of iodolyte AN 50, 10ml of 4-tert-butylpyridine, 0.01g 
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of guanidine thio-cyanate and 5ml of valeronitrile was inserted in between both of the electrodes before clamped for 
measurement of solar cell (Ahmad, Soon, et al., 2016). 

 
2.3 Characterization Techniques 

The crystal structure of the as-synthesized films was examined by an X-ray diffraction (XRD) PANalytical X-Pert3 

Powder model with scan axis ranging from 20° to 70° with fixed divergence slit. The samples morphologies were 
observed by field emission scanning electron microscopy (FE-SEM, JOEL, JSM-7600F). The absorbance spectra were 
recorded in a range of 300nm - 800nm on a UV–Vis– NIR spectrophotometer (Shimadzu-UV 1800) to find the 
wavelength absorption. Four-terminal sensing measurement known as 4Point Probe (Signatone Pro4-440N) connected 
to source meter to determine the resistivity properties of the samples. The photovoltaic properties were quantified by a 
computer-programmed Kethley 2420 source meter under simulated AM1.5G irradiation by Newport Oriel solar simulator 
(100Mw/cm2). The incident light intensity was calibrated with a reference Si solar cell. 

 

Fig. 1 - XRD pattern of FTO substrate and TiO2 thin film samples (a) TiO2-HC50; (b) TiO2-HC70; (c) TiO2- 
HC80; (d) TiO2-HC90; and (e) TiO2-HC110 

 

3. Results and Discussion 
3.1 Structural Analysis 

Fig. 1 demonstrates the evolution of XRD pattern of TiO2 thin films prepared in various HCl volumes ranging from 
50mL to 110mL on FTO substrate. As can be observed, all the samples prepared showed the prominent peak related to 
the rutile phase. For the sample TiO2-HC50, there are five peaks of rutile were observed at 2θ = 27.3°, 36.1°, 41.3°, 54.4° 
and 63° reflected to (110), (101), (111), (211) and (002) planes. According to periodic bond chain of rutile lattice surface 
energy order, these facets are believed to have higher surface energy that promotes the nucleation process with fastest 
growth rate (Lin et al., 2014). The broad shape of those peaks came out with a very weak intensity nature indicating a 
poor degree of crystallite thin film. No other peaks belong to SnO2, anatase or brookite phase have been detected 
suggested a stability of thin film synthesized. Further increase of HCl volume can just increase the intensity of the peaks 
which show the improvement of the crystalline of the samples. Sample TiO2-HC70 has similar number of rutile peaks as 
sample TiO2-HC50. However, it can be seen clearly that the peaks for TiO2-HC70 sample are apparently broad and quite 
weak in the intensity count of the film synthesis suggested that the nucleation rate has accelerated for nanorods and 
nanoflowers structure development. 

Increasing the HCl volume to 80mL as denoted by TiO2-HC80, the emergence of additional two peaks could be 
observed. Sample TiO2-HC80 possesses seven rutile peaks indicating more TiO2 nanostructures have been growth in 
various planes, consequently increase the crystallite of the prepared sample. These peaks are indexed to 2θ = 27.4°, 
36.15°, 41.2°, 44.2°, 54.3°, 56.5° and 63.5° corresponding to (110), (101), (111), (210), (211), (220) and (002) with the 
strongest peak 135cts has been recorded at (110) facet as preferential plane. 

To investigate the effect of HCl further additional, the volume has been increased to 90mL. Sample TiO2-HC90 
exhibits the significantly changes of the peaks growth. The peak growth at (210) and (220) facets were vanished and 
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leaving behind four rutile peaks indexed to 2θ = 36.15°, 41.2°, 54.3° and 62.5° corresponds to (101), (111), (211) and 
(002) planes with (101) as preferential plane due to the strongest peak obtained. 

 
Table 1 - Structural parameters of prepared samples at different HCl concentrations 

 

Sample 2θ (°) Intensity 
(cts) 

FWHM, 
β 

Crystallite Size, 
D (nm) 

Plane, 
(hkl) 

TiO2-HC50 27.33 40 0.246 39.83 110 
TiO2-HC70 27.36 123 0.295 69.26 110 
TiO2-HC80 27.42 135 0.147 69.27 110 
TiO2-HC90 36.15 165 0.394 39.63 101 

TiO2-HC110 36.10 64 0.295 32.67 101 
 

However, when the volume of HCl is increased to 110mL denoted as TiO2-HC110, only three rutile peaks at 2θ = 
27.4°, 36.1° and 41.2° corresponding to (110), (101) and (111) were detected with broad and weak intensity elucidates 
the low crystalline of TiO2 growth. The rest of rutile peaks are vanished and leaving behind SnO2 peaks as dominant 
peaks in this sample. An excessive HCl amount could retard the hydrolysis rate whereas the insufficient HCl volume 
could decelerate the nucleation growth. One possible reason is the Cl- ions that could preferentially adsorb and inhibit 
the growth rate of (110) surfaces. Therefore, it could be proposed that inadequate or excessive of HCl volume is 
unbeneficial for TiO2 thin film synthesis in this research. 

The crystallite sizes of rutile phase at different HCl concentrations were calculated according to Scherer equation: D 
= Kλ / β cos θ, where D is the crystal size; λ is the wavelength of the X-ray radiation (λ = 0.15406nm) for CuKα; K is 
constant and usually taken as 0.9; and β is the line width at half-maximum height (FWHM), and θ (theta) is half of the 
diffraction angle in radian. It can be observed that the crystallite sizes exhibit significant increment but gradually decrease 
as increasing the HCl concentration as shown in Table 1. From the result obtained, the optimum condition for complete 
crystallization of the prepared TiO2 films suggested when the amount of HCl should be equal to the de-ionized water to 
obtain sharper with strong intensity indicating the higher degree of crystallite. In this case, the amount of HCl is 80mL 
which equal to the amount of DI water. However, the result may vary depending on the conditions state of the experiment, 
the amount of precursor used and the process or method involved. Therefore, it is very difficult to make comparison of 
the results regarding the literatures on the effect of HCl on TiO2 structure as there are low in number specifically by using 
hydrothermal method. From the results obtained, it is suggested that the volume of HCl has strongly influence in the 
fabrication of TiO2 crystalline structure and preferential planes. 

 
3.2 Morphological Studies 

The surface morphological of TiO2 films under various HCl concentrations were observed by FESEM as shown in 
Fig. 2. From cauliflower to chrysanthemum flower to dandelion structures are apparently grow on the FTO surface 
indicating the use of HCl rendered various kind of hierarchical TiO2 rutile phase and are in good agreement with the 
XRD results previously. The role HCl as catalyst and chemical corrosive agent for the formation of rutile phase at the 
same time induce defects on the surface for the origination of double layer structures (Ye et al., 2013). Moreover, the 
concentrations of HCl also determine the yielded polymorphs of synthesized TiO2 whether anatase, rutile or brookite 
phases. In this work, high acidic medium specifically HCl (Jiang et al., 2006) with a concentration more than 3M is 
selected to fabricate a high purity of rutile phase as reported by Su and co-workers (Su et al., 2011). 

The sample TiO2-HC50 employed 4.7M of HCl has morphology as shown in Fig. 2 (a) and Fig. 2 (b). It is observed 
that the TiO2 film composed of cauliflower structure comprised of numerous coalesced TiO2 nanorods that agglomerate 
and sticks to each other closely. This kind of structure is similar in a work done by Lin and group when they used low 
concentration of HCl that was 4M (Lin et al., 2014). The reason why this structure is agglomerated possibly because of 
the high surface energy that TiO2 molecule possessed favours the attractive forces to hold the molecules together thus 
eliminated the energy and promoted the agglomeration between the TiO2 molecules (Azimi-Fouladi et al., 2018). The 
thickness of the TiO2 film is estimated to be 36.91um as depicted in Fig. 2 (c). By increasing the amount of HCl to 70mL 
or approximately 5.5M of HCl concentration (TiO2-HC70), the formation of nearly perfect double-layer TiO2 structure 
constitutes of numerous nanorods and nanoflowers have been initiated as depicted in Fig. 2 (d) and Fig. 2 (e). 
Nevertheless, the nanoflowers are grown in single disperse and the nanorods are closely stick to each other. The thickness 
of synthesized TiO2 structure is estimated to be 6.833µm as shown in Fig. 2 (f) and greatly decreased compared to the 
sample TiO2-HC50. 

As the amount of HCl is increased to an equal proportion of DI water as designated by the sample TiO2-HC80, the 
double-layer composed of nanorods and nanoflowers structures exhibit significant changes as confirmed by Fig. 2(g) and 
Fig. 2 (h). The nanorods are well-aligned with FTO substrate with tetragonal surface structure and a gap between them 
has been developed. Meanwhile, the nanoflowers structures have densely grown with many step-edges at the top of their 
petals with diameter ranging from 300 to 400nm. The thickness of TiO2-HC80 sample is slightly increased to 9.28µm as 
depicted by Fig. 2 (i). Further increasing the amount of HCl to 90mL or 6.5M usage of HCl (sample TiO2-HC90), the 
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double-layer structure of nanorods and nanoflowers showed greatly changes. It was clearly seen that the nanoflowers 
structures were not well-developed and decreased in number as shown in Fig. 2 (j) and Fig. 2 (k). Whereby, the nanorods 
structures were in tetragonal shape epitaxially grown on the FTO substrate with a large gap between them have been 
developed. 

 

Fig. 2 - FESEM images of surface morphology of (a-b) TiO2-HC50, (d-e) TiO2-HC70, (g-h) TiO2-HC80, (j-k) 
TiO2-HC90 and (m-n) TiO2-HC110 TiO2 thin films at various magnifications and (c),(f),(i),(l),(o) cross-section 

view, respectively. 
 

The  nanorods  diameters  are  slightly  decreased  approximately to  225-226nm and  nanoflowers  also  reduced to 
~310nm. In addition, the top of the nanoflowers are smooth served as a seed layer for TiO2 to grow a bit longer. The 
thickness of TiO2-HC90 sample is reduced abruptly and found to be 4.015µm as shown in Fig. 2 (l). The experiment to 
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investigate excessive amount of HCl in TiO2 nanostructures development has been conducted. The TiO2-HC110 sample 
using 7M of HCl shows a great change to the TiO2 nanostructure formed. It was seen clearly that the nanoflowers 
structures are not in well-formed and decrease in number as shown in Fig. 2 (m-n). This is suggested that too much HCl 
could inhibit the nanoflowers growth due to the highly OH+ ions generated. The nanorods structures are in tetragonal 
shape inclined randomly grown on the FTO substrate with a larger gap between them. The diameter is slightly decreased 
approximate to 50-75nm and ~90nm for nanorods and nanoflowers, respectively. In addition, the top of the nanoflowers 
is possessed of many step edges and served as a seed layer for the subsequent growth of TiO2. The thickness of TiO2- 
HC110 sample is abruptly reduced and estimated around 1.359µm as shown in Fig. 2 (o). 

All the outcomes indicate that the TiO2 morphology could be adjusted by modifying the amount of HCl content. 
Furthermore, a moderate temperature during hydrothermal process may helpful in crystallization of TiO2. According to 
Nguyen and co-workers, a low HCl concentration is primarily assigned to anatase phase formation with nanocubic 
particles structure (Nguyen et al., 2009). Whereas in a strong acidic medium, the rutile phase is built-up and can be found 
in many nanostructures such as flowers and rod-like morphologies. In fact, the abilities of several acid media to obtain a 
larger of TiO2 particles have been investigated and HCl was identified as the strongest acidic solution when reacted with 
titanium butoxide as precursor (Wu et al., 2002). Hence, the result in this work is consistent with the previous literatures. 

The formation of the crystalline phases either anatase or rutile is relied on the sharing mode and arrangement of basic 
structural unit of TiO2 known as octahedron [TiO6]. In a low amount of HCl, the number of OH ligands increased while 
the Cl- ions possess a small number, there was a possibility of edge-shared bonding of octahedron that derived a formation 
of anatase phase. On the other hand, the increase of the HCl volume will reduce the OH ligands with chlorine ions become 
dense with a great number and promote easily the vertex-shared bonding rather than corner-shared and edge-shared 
bonding of the octahedron units to form a rutile phase (He et al., 2013). It was seen clearly that the growth of TiO2 along 
the c-axis forming a prism or rod shape in rutile phase prior the anisotropic self-assembly of sub-units resulted the 
formation of cauliflower, chrysanthemum-flower or sea-urchin shape. But too much chloride ions which is negative ion 
could preferentially adsorb on positive polar of (110) surface and retard the crystal growth along the (001) plane. Thus, 
TiO2 growth is suppressed on the [110] direction and accelerated in the [001] direction forming a prism or rod-like 
structure with small diameter and grew in randomly inclined direction (Ye et al., 2013) consistent with the XRD data, 
crystalline structure and preferential planes. 

 
3.3 Optical Properties 

Fig. 3 shows the UV-vis diffuse reflectance spectrum of the TiO2 nanorods and nanoflowers double-layer structures. 
The absorption band edges were estimated around 420nm slightly higher than normally reported of λ = 388nm TiO2. The 
intercept of the tangent to the plot versus as gives a good approximation of the band gap energy for this indirect band gap 
material. It shows the decreasing behaviour for TiO2 band gap nanostructures as the volumes or HCl concentrations are 
increasing. The band gap energies (Eg) of as-prepared TiO2 film are found to be 3.0eV, 2.88eV, 2.75eV, 2.57eV and 
2.6eV corresponded to sample TiO2-HC50, TiO2-HC70, TiO2-HC80, TiO2-HC90 and TiO2-HC110, respectively. The 
band gap decreases with increasing particle size and the absorption edge is shifted to a higher energy with decreasing 
particle size. The band gap values validate the crystallite size results according to which smaller crystallite size due to 
high HCl volume should have larger band gap and large crystallite size should have smaller band gap when increasing 
the HCl volume of nanostructures. 

 
 

Fig. 3 - UV-Vis spectrometer of samples (a) TiO2-HC50; (b) TiO2-HC70; (c) TiO2-HC80; (d) TiO2-HC90; 
(e) TiO2-HC110 
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3.4 Electrical Properties 
Current-voltage (I-V) analysis was carried out and the result is depicted in Table 2. The amount of HCl affected the 

thickness of TiO2 film where the thickness is decreased as the volume of HCl increased. The resistivity of nanorods or 
nanoflowers TiO2 film growth shows a decreasing behaviour as the HCl has been increased from 50mL to 110mL. The 
enhancement of efficiency is further confirmed by IPCE measurements shown in Fig. 4. The variation of IPCE values at 
different HCl concentration follows the same trend as the efficiency variation. All the maximum IPCE peak values are 
in the wavelength range from around 300 to800nm. The maximum IPCE peak value of 42.5% corresponds to the DSSC 
with the TiO2 synthesized using 80mL or 6M of HCl. 

 
Table 2 - Electrical properties of as-prepared samples 

 

Sample Resistivity, 
R (Ω.cm) 

TiO2 

thickness (um) 
TiO2-HC50 113.0 29.680 
TiO2-HC70 60.8 6.835 
TiO2-HC80 8.74 9.280 
TiO2-HC90 2.00 4.015 
TiO2-HC110 1.16 1.359 

 
The increase in current density, Jsc up to this particular thickness is evidently related to the increase in injection 

current from excited dyes to the conduction band of TiO2. As the adequate amount of HCl concentration, the maximum 
rate of photon absorption by the dye and the maximum rate of electron injection from the dye to the conduction band of 
TiO2 evidently occur at this optimum concentration. 

 

Fig. 4 - IPCE measurements of samples TiO2-HC50, TiO2-HC70, TiO2-HC80, TiO2-HC90 and TiO2-HC110 
 

The efficiency of the TiO2 films is determined from the photocurrent-voltage characteristics are shown in Fig. 5 
under a simulated sunlight at 100mW/cm2. The details of the performances of the DSSCs are summarized in Table 3 for 
rutile phased photoanode. The density Jsc of rutile photoanode is increased with the conversion efficiency 6.41% of TiO2- 
HC80 sample. An increase in the Jsc is the possible main cause for the increasing efficiency. 
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Fig. 5 - Current-voltage measurement of TiO2 film 
 

The current generated is determined by the amount of photoelectrons from the dye molecules. Higher amount of dye 
molecules naturally will generate more photoelectrons. The amount of dye molecules adsorbed onto the TiO2 can be 
influenced by the surface area and the height of the nanorods and nanoflower of the TiO2 samples. 

 
Table 3 - Photovoltaic parameters of TiO2 film 

 

Sample 
(TiO2-) 

Voc (V) 
Jsc 

(mA/cm2) 

 
FF 

 
ƞ (%) 

HC50 0.7608 5.7646 60.02 2.63 
HC70 0.7545 9.1695 59.64 4.11 
HC80 0.7060 11.6475 77.98 6.41 
HC90 0.7102 12.0727 55.37 4.75 
HC110 0.7645 8.5514 56.28 3.68 

 
4. Conclusion 

TiO2 thin films were successfully synthesized through one-step hydrothermal method on the FTO substrate. The 
result evidently suggested that preferred plane transition from [110] to [110] facets occurred as the HCl concentration is 
increased. It also can be concluded that the insufficient amount of HCl attributed to the agglomeration due to a high 
energy surface between the molecules. Whereas an excessive of HCl, more chloride ions could preferentially adsorb then 
tend to contribute in slower hydrolysis rate and retarding the growth of nanoflowers thus promoted to the decrement of 
thicknesses and diameter of the nanorods and nanoflowers. Higher efficiency of DSSC could be yielded in this work by 
using an equal proportion of deionized water and HCl volume which is 80mL or in 1:1 ratio for TiO2 thin film synthesis. 
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