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Introduction 

 
Solar water splitting and generation of hydrogen 

through semiconductor photocatalysts which is as an 

alternative candidate to the traditional fossil energy, has 

become the global attention[1-4]. TiO2 has been 

intensively studied as the photocatalyst to date due to its 

favorable band-edge positions for water splitting, high 

resistance to photocorrosion, excellent physical and 

chemical stability, nontoxicity, low-cost and abundance[5-

10]. TiO2 has three phases[11, 12] (anatase, rutile and 

brookite) which among them anatase and rutile phases are 

photocatalytically active material. The difference in the 

band gap between anatase and rutile is mainly due to the 

difference in the conduction band energy (Ec) levels. The 

Ec of anatase is higher than that of rutile leading to the 

difference in photocatalytic abilities between anatase and 

rutile, and band gap of rutile type is less than anatase 

phase[12]. Thus, rutile phase of TiO2 is favourable for 

photoelectrochemical applications (see Fig 1). A common 

approach for improving photoelectrochemical properties of 

photoanodes is photo-management with introducing micro 

and nanometric roughness on the photoanodes surfaces.  

In this research we have used rutile coral-like TiO2 as a 

semiconductor photoanode because of its large surface 

area originating from its special shape and favorable band-
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A  B S T R A C T 

 
 
The coral-like TiO2 nanoparticles were synthesized on the transparent FTO conductive substrate 
and their photovoltaic properties investigated under illumination. Coral-like TiO2 photoanodes 
were synthesized using a hydrothermal method and annealed at 450 ˚C to obtain better 
crystallinity. Annealed coral-like TiO2 show a photocurrent enhancement of ~50% compared to 

pristine coral-like TiO2 without annealing using 1M Na2SO4 as electrolyte at potential of 0 V. 
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edge positions for water splitting and consequently 

generation of H2. Identifying the electron transfer 

mechanism at interface of photoanode/electrolyte under 

photoirradiation could be informative to better 

understanding photoelectrochemical systems. 

 

 

Figure 1. Generation mechanism of H2 under illumination at TiO2 

Experimental 

Coral-like TiO2 were grown on the fluorine-

doped tin oxide (FTO, F:SnO2) using a hydrothermal 

method without using TiO2 seed layer. In a typical 

synthesis, 12 mL of deionized water was mixed with 6 mL 

of concentrated hydrochloric acid to reach a total volume 

of 18 mL in a Teflon-lined stainless steel autoclave (75 mL 

volume). After addition of 1 mL of titanium (IV) 

isopropoxide (TTIP), the mixture was stirred under 

ambient conditions for 5 min. After that, the pieces of FTO 

substrates (F:SnO2, 1⨯1.5 cm2) were ultrasonically cleaned 

for 15 min in deionized water and in acetone and put into 

the autoclave. The hydrothermal synthesis was conducted 

at 160 ˚C for 15 h in an oven. After synthesing, the 

autoclave was cooled to room temperature naturally. The 

obtained samples were washed with deionized water and 

dried at 80 ˚C in air. Then, samples were annealed at 450 

˚C for 1 h in a furnace and naturrally cooled to room 

temperature. 

Structural morphology of samples was studied 

using a scanning electron microscope (CM30 300kV). 

Steady state current density voltage (J-V) measurements 

were carried out using a VSP-300 Multichannel 

Potentiostat/Galvanostat (Bio-Logic Science Instruments). 

X-ray diffraction patterns (XRD, Co-Kα radiation source, 

Philips, X'Pert MPD) were studied in order to investigate 

the lattice structures. Raman analysis (BRUKER, 

Germany, SENTERRA) was used to prove the formation 

of rutile phase of TiO2 photoanodes. For JV 

measurements, three electrode configurations was used, 

where the coral-like TiO2 photoanodes were connected to 

the working electrode, and a saturated Ag/AgCl was used 

as the reference electrode and a Pt wire was connected to 

the counter electrode. The solution of Na2SO4 (1M, pH 6) 

was used as the electrolyte, and electrodes were 

illuminated using a xenon lamp and the light intensity was 

adjusted with a thermopile to 100 mW/cm2. 

Results & Discussion 

Figure 2 shows typical top view and cross 

section FESEM images of the coral-like TiO2 films grown 

at 160 °C for 15 h. FESEM images reveal that the entire 

surface of the FTO substrate is covered uniformly with 

coral-like TiO2. According to this picture, coral-like TiO2 

are composed from nanorods, with an average diameter 

determined about 60 nm.  

 
Figure 2. (a), (b) and (c) Top-view FESEM images of the coral-

like TiO2 at different scales, (d) cross section of FESEM image of 

the coral-like TiO2 grown on the FTO substrate. 

 

Figure 3 shows the XRD patterns of coral-like 

TiO2 grown on the FTO substrate. The relation between 

the FTO substrate and rutile TiO2 with a small lattice 

mismatch plays a key role in driving the nucleation and 

growth of the rutile coral-like TiO2 on the FTO as 

substrate. According to this method, the rutile TiO2 film 

deposited on FTO substrate and all diffraction peaks agree 

well with the tetragonal rutile phase[13, 14]. No peaks of 

anatase or brookite phase were detected, indicating the 

purity of the rutile phase. Other peaks originate from the 

FTO substrate. 

Raman spectroscopy was employed to confirm the 

formation of TiO2 rutile phase. Raman spectrum of coral-

like TiO2 is shown in Figure 4. The spectrum of coral-like 
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TiO2 reveals two raman peaks at 450 and 620 cm-1, which 

were assigned to Eg and A1g modes, respectively. These 

peaks could be well attributed to the rutile phase of 

TiO2[15, 16]. These results from Raman spectroscopy led 

to the conclusion that rutile coral-like TiO2 was grown on 

the FTO substrate.  

 
Figure 3. XRD patterns of the rutile type coral-like TiO2 grown 

on the FTO substrate. 

 
Figure 4. Raman spectrum of coral-like TiO2. 

 

Electron-hole generation and transmission of electrons to 

Pt and generation of O2 and H2 are schematically 

explained in Figure 5. According to band positions, holes 

at coral-like TiO2 can be injected into the solution, while 

photogenerated electrons are injected into contact (charge 

collector) and then to the Pt as counter electrode[17, 18].  

JV curves for pristine and annealed coral-like 

TiO2 photoanodes are shown in Figure 6. The charge 

transfer kinetics is systematically faster for annealed coral-

like TiO2 sample against pristine coral-like TiO2 as 

evidenced by the higher charge versus Ag/AgCl as 

reference.  

 

 

Figure 5. Schematic illustration of H2 and O2 generation, charge 

transfer mechanism at coral-like TiO2/electrolyte interface. 

 

Under illumination, the resulting photoinduced 

charge accumulation at annealed coral-like TiO2 is 

believed to be the reason for the significantly increased 

current density. The possible mechanism of the observed 

photoinduced charge accumulation at annealed coral-like 

TiO2 can be explained because of better crystallinity and 

better tenacity of the coral-like TiO2 on the FTO substrate 

after annealing at 450 ˚C for 1 h. Under illumination, the 

resulting photoinduced charge accumulation at annealed 

coral-like TiO2 is believed to be the reason for the 

significantly increased photocurrent.   

 

 
 

Figure 6. J-V curves of the pristine and annealed coral-like TiO2 

photoanodes with 50% enhencement under illumination versus 

Ag/AgCl as reference.  
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Conclusions 

In conclusion, we have synthesized rutile coral-like TiO2 

as effective photoanode with high effective surface area 

originating from its shape for water splitting and 

generation of H2 under illumination. Annealing process at 

450 ˚C led to an improvement in photoelectrochemical 

properties of the obtained coral-like TiO2 and 

enhancement of current density of about %50. 
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