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Different morphologies of rutile TiO2 from microsphere, nanowire, and hierarchical 

nanorod/nanoflowers are successfully fabricated via hydrothermal reactions of titanium 

tetraisopropoxide and hydrochloric acid. Dye-sensitized solar cells (DSSCs) were assembled using 

natural gardenia yellow dyes extracted from Gardenia Jasminoide Ellis as a sensitizer. In this work, 

we studied the adsorption characteristics for harvesting sunlight and the electrochemical behavior for 

electron transfer in gardenia yellow DSSC using different morphologies TiO2 photoanode. The DSSC 

based on the hierarchical rutile TiO2 nanorod/nanoflower photoelectrode shows an energy conversion 

efficiency of 0.85% accompanying a short-circuit current density of 2.11 mA cm
−2

, an open-circuit 

voltage of 0.63 V and fill factor of 0.64, which is higher than that of microsphere (0.71%), nanowires 

(0.61%). The enhancement of short-circuit current density and energy conversion efficiency for the 

hierarchical nanorod/nanoflower-based DSSC compared to other structures is mainly contributed to the 

larger dye loading, higher light scattering ability, and faster electron transport. 
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1. INTRODUCTION 

Dye-sensitized solar cell (DSSC) has been discovered as a great promising device for 

generation of renewable energy because of low-cost manufacture process and its imposing efficiency 

[1,2]. A dye-sensitized solar cell is usually composed of a dye-adsorpted nanocrystalline porous 
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semiconductor electrode, a novel metal counter electrode, and a redox electrolyte mediating electron 

transfer processes occurring in the cell [3].  

Among the components, the TiO2 photoelectrode has been widely studied because it plays 

important roles in the DSSC, such as the support of dye and the pathway of electrons generated from 

dyes. It is now well-accepted that a high-efficiency photoelectrode for DSSCs requires not only a high 

surface area for large dye loading but also a tailored microstructure for light harvesting and fast 

electron transport [4-6].  

The prominent wet-chemical synthesis-methods to prepare TiO2 nanostructure are sol–gel [7,8] 

and hydrothermal [9]. Many studies have been made for controlling the morphology of TiO2 using the 

effects of temperature, Ti-containing precursor, acid and reaction concentration based hydrothermal 

method [10]. 

The one-dimensional (1D) TiO2 nanorod and nanowires can improve electron transport by 

providing direct electrical pathways but this nanostructure may have a low amount of dye adsorption 

and light scattering, because of the large number of gaps existing among the rods and wires [11]. 

However, the hierarchical nanorod/nanoflower-based DSSC compared to other nanostructures is 

mainly attributed to the larger dye loading, superior light scattering ability, and/or faster electron 

transport and longer electron lifetime. 

Owing to the high cost of ruthenium complexes and low availability of those noble metals as a 

dye, attention has been looked for cheaper, simpler, and safer sensitizers [12]. Natural pigments, 

including betalains, chlorophyll, flavonoids and carotenoids, can fulfill those requirements, and 

sensitization on TiO2 porous films by natural pigments has been reported. The natural dyes are readily 

available, easy to extract, of less cost, and environmentally friendly [13]. The gardenia yellow was 

usually extracted from gardenia jasminoides by extraction methods with water, alcohol and 

ultrasonication [14]. 

In this wok, three different morphologies of TiO2 structures (microspheres, nanowires, 

nanorod/ nanoflowers) were selected as the photoanode materials for natural DSSC application. 

Systematic studies on the influence of the TiO2 morphologies on the adsorption and photovoltaic 

performance of natural dyes have not yet been investigated so far. Therefore, we investigated the 

absorption spectra of gardenia yellow under different TiO2 morphologies. Adsorption kinetics data 

were obtained and analyzed by employing a pseudo-second-order model.  

 

 

 

2. EXPERIMENT 

Titanium isopropoxide (Ti[OCH(CH3)2]4, 97%), hydrochloric acid (HCl, 37 wt%), and 

isopropyl alcohol were purchased from Sigma-Aldrich (Sigma-Aldrich Korea) and used as received. 

All chemicals were of analytical grade and used as received without further purification. Deionized 

water was used throughout this study. The dilution of HCl was chosen as a control to tailor precursor 

hydrolysis rate which depends with the change in volume (v/v) proportion of water in HCl. Dilution of 

HCl with water as 3:7, 5:5, and 7:3, respectively was obtained and separately 40 ml of differently 

diluted solutions of HCl were missed with 1ml of titanium isopropoxide. Cleaned fluorine doped tin 
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oxide (FTO) substrates were placed in different solutions and these were placed in the autoclave. The 

autoclave was set at 180 °C for 3 h. For, simultaneous growth of TiO2 as nanorod/nanoflower like 

structure in a hydrothermal synthesis, the reaction solutions described above was placed in a Teflon-

lined stainless steel autoclave. After the reaction was completed at desired temperatures and times, the 

autoclave was allowed to cool to room temperature. The TiO2 nano-structures grown on FTO 

substrates at different types of conditions used as described above were collected, washed with 

deionized water and absolute ethanol several times, and then dried in vacuum at 70 
o
C for 12 h before 

the use [15]. 

The preparation of electrode, electrolyte and assembly of DSSCs was likewise described in our 

previous works [16]. The film surface morphology and thickness were characterized by field emission 

scanning electron microscopy (FE-SEM, Hitachi, S-4700). The prepared samples were analyzed by 

UV-Vis spectrophotometer (Shimadzu UV-1601A, Japan) and electrochemical workstation (CHI660A, 

USA). The photovoltaic properties were investigated by measuring the J-V characteristics under the 

irradiation of white light from a 200 W Xenon lamp (McScience, Korea).  

 

 

 

3. RESULTS AND DISCUSSION 

 
 

Figure 1. FE-SEM images of TiO2 structure grown on FTO substrates. Top and cross sectional view of 

nano-structures grown at different HCl to water ratio (a and b) 3:7; (c and d) 5:5; (e and f) 7:3. 
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Figure 1 shows scanning electron microscopy (SEM) images of the TiO2 films prepared at 

various HCl to water ratio. The effects of dilution of HCl solutions ((a)-(f)) on controlling the growth 

of TiO2 nanostructures as films on FTO substrates was optimized at 3hrs of reaction time and 180 
o
C 

temperatures. At lower concentration of HCl (a and b), 3D round ball like TiO2 structures was 

observed (thickness; 25~32 μm). Gradual increase in HCl concentration of H2O (c and d) showed 

transformation of 3D round ball structure to nanorod/nanoflower structure (thickness of rod; 6.4 μm, 

flower; 57.7 μm). Further increase in HCl condition (e and f) shows wire like TiO2 structure 

(thickness; 2.3 μm). 

Adsorption isotherm of dye molecular is very important in the photoelectrode of DSSCs. The 

adsorption characteristics of the GY on TiO2 thin film in terms of dilution of HCl with water were 

evaluated on the basis of adsorption equilibrium and kinetic studies. The adsorption capacity of GY on 

TiO2 thin film was analyzing by direct measurement of the amount of dye adsorbed on the adsorbent. 

The adsorption amount of GY on TiO2 thin film with mole ratio of water and HCl was in order of 5:5 > 

7:3 > 3:7 as shown in figure 2. The difference of dye uptakes with mole ratio of water and HCl is 

attributed to surface morphologies of the TiO2 thin film. As can be seen in figure 1, the morphologies 

of TiO2 grown on FTO substrates with mole ratio of water and HCl were very different as 

microspheres (a), nanowires (b) and hierarchical nanorod/nanowires.  
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Figure 2. Adsorption isotherms of Gardenia yellow on TiO2 thin film with mole ratio of H2O and HCl 

(298 K). 

 

The adsorption capacity of GY on TiO2 thin film with ratio of water and HCl was 156.18 (for 

7:3), 196.43 (for 5:5), and 125.3 mg/g (for 3:7). The Langmuir isotherm model was fitted to describe 

the adsorption equilibrium. The isotherm equation is shown below [17]: 
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where ec is the supernatant concentration at equilibrium (mg/l), b the Langmuir affinity 

constant and mq the maximum adsorption capacity of the material (mg/g) assuming a monolayer of 

adsorbate was taken up by the adsorbent. 

To find the parameters for the adsorption isotherm, the linear least square method and a pattern 

search algorithm were used. The value of the mean percentage error has been used as a test criterion 

for the fit of the correlations. The mean percentage deviation between the experimental and predicted 

values was obtained using equation 2. 
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where qcal, k is each value of q predicted by the fitted model and qexp, k each value of q measured 

experimentally and N the number of experiments performed. The parameters and average percentage 

differences between the measured and calculated values for the adsorption of GY on TiO2 thin film 

with mole ratio of water and HCl are given in Table 1. The Langmuir model fitted well the 

experimental data of GY (Fig. 2), which means that the q fit by the isotherm model was close to the q 

measured experimentally.   

 

Table 1. Langmuir isotherm constants of GY on TiO2 thin film with mole ratio of H2O and HCl (298 

K). 

 

Isotherm 

type 
Parameters 

H2O:HCl 

(7 : 3) 

H2O:HCl 

(5 : 5) 

H2O:HCl 

(3 : 7) 

Langmuir 

qm 156.18 196.43 125.3 

b 0.009 0.009 0.004 

Error (%) 1.67 2.09 6.32 
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Figure 3. Variation of adsorbed amounts of GY on TiO2 thin film with mole ratio of H2O and HCl (Co 

: 250 mg/l, 298 K). 
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Figure 3 shows the variation of adsorbed amounts of GY on TiO2 thin film in terms of 

adsorption time with mole ratio of H2O and HCl. Adsorption amount of GY on TiO2 thin film 

increased with increasing adsorption time. When adsorption time is 10 h, the adsorption amount of GY 

on TiO2 thin film with mole ratio of H2O and HCl was 59.85 (for 7:3), 93.13 (for 5:5), and 35.55 mg/g 

(for 3:7). 

The differences in the rates of adsorption on TiO2 thin film were primarily attributable to the 

differences in the equilibrium adsorption capacities of the adsorbent (shown in figure 2). 

 

Table 2. Kinetic parameters of GY adsorption on TiO2 film 

 

Concentration 

[mg/l] 

Pseudo-second order 

k2 × 10
-5

 

[g/mg/min] 

qe 

[mg/g] 
R

2
 

1000 6.866 553.84 0.993 

500 9.141 359.21 0.991 

250 16.37 183.59 0.995 
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Figure 4. Concentration decay curves (left) and linearized pseudo-second order kinetic model (right) 

of GY on TiO2 thin film (H2O:HCl = 5:5, 298 K). 

 

The adsorption kinetics can predict the rate of adsorption of GY on the TiO2 thin film from the 

dye solution. Figure 4 shows the concentration decay curves of GY on the TiO2 thin film prepared 5:5 

mole ratios of H2O and HCl. The initial concentrations of GY were 1000, 500, 250 mg/L, respectively, 

and the temperature was 298 K. As can be seen in this figure 4, the adsorption rate increased with 

decreasing initial concentration of GY. The pseudo-second-order model shows satisfactory prediction 
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of the concentration decay curves. The kinetic data were analyzed with the Pseudo-second-order 

model. The second order kinetic model is expressed as [18]:  

 

t
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             (3) 

 
where k2 is the rate constant of the pseudo- second-order kinetic model (g/mg/min). 

The rate parameters k2 and qe can be directly obtained from the intercept and slope of a plot of 

t/qt versus t, as shown in Fig. 4. Table 2 shows the adsorption kinetics parameters of the pseudo 

second-order model of GY on the TiO2 thin film. The determined rate constants of qe and k2 were in the 

ranges 183 - 553 mg/g and 6.866 - 16.37 g/mg/min, respectively. The correlation coefficients (R
2
) of 

the pseudo second-order model for the linear plots were very similar to 1. This result implies that the 

adsorption kinetics was successfully described by the pseudo-second-order model. 
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Figure 5. Photocurrent-voltage curves of GY based DSSC with mole ratio of H2O and HCl. 

 

The hydrothermally synthesized TiO2 microsphere (H2O:HCl = 7:3) based DSSC produced 

power conversion efficiency (η%) of 0.71% with short circuit current density (Jsc) 1.79 mA cm
-2

, open 

circuit voltage (Voc) 0.61 V and fill factor (FF) 66%. The nanorod/nanoflower sample (H2O:HCl = 

5:5) shows η of 0.85% (Jsc = 2.11 mA cm
-2

, Voc = 0.63 V, FF = 64%). It is also noted that the Voc of 

the nanoflower sample is increased; which may be due to the change in Fermi level of the 
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nanorod/nanoflower sample prepared at 0.3 pH, 180 
o
C and 3 h of reaction time. IV response of 

nanowire TiO2 based DSSC with ratio of water and HCl (3:7) showed decrease in DSSC efficiency (η 

=0.61%). 

 

 

 

4. CONCLUSIONS 

We successfully fabricated the microsphere, nanowire, and hierarchical nanorod/nanoflowers 

via hydrothermal reactions depending on the different contents of HCl and water for dye-sensitized 

solar cells. Adsorption isotherm data were fitted with the Langmuir isotherm and the adsorption kinetic 

data were accurately described by the pseudo-second-order model. The hierarchical rutile TiO2 

nanorod/nanoflower photoelectrode (H2O:HCl = 5:5) shows an overall light-to-electricity conversion 

efficiency of 0.85% accompanying a short-circuit current density of 2.11 mA cm
−2

, an open-circuit 

voltage of 0.63 V and fill factor of 0.64, which is higher than that of microsphere (0.71%), nanowires 

(0.61%). The systematic studies of adsorption equilibrium and kinetics obtained in this work could be 

widely applied to the study of other natural DSSCs. 
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