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TiO2 nanorod arrays (NRAs) were synthesized directly on the fluorine tin oxide (FTO) coated glass substrates by a 

facile hydrothermal route. The effects of growth time on the photoelectrochemical (PEC) properties of TiO2 NRAs are 

investigated. The samples synthesized for 4 h exhibit a photocurrent intensity of 0.37 mA/cm2 at the irradiation of Xe 

lamp and a bias of 0 V. As the growth time increases, the thickness and order degree of the NRAs are enhanced, but the 

photocurrent is reduced a lot. It might be associated with the hindering of a high background electron density in NRs 

due to the long-time hydrothermal reaction in acid environment. Moreover, the decline behavior is observed, which is 

attributed to the poor charge separation capacity of TiO2 array electrodes and could be suppressed efficiently by ap-

plying a suitable positive bias.  
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Up to now, TiO2 is still one of the most important semi-

conductor photocatalysts which have both high stability 

and surface energy[1]. It is possible to synthesize the ul-

trathin TiO2 nanostructures with a good dispersibility and 

a large specific surface area[2]. The mesoporous TiO2 

films were widely applied as the photoanodes of 

dye-sensitized solar cells (DSSCs), with a high conver-

sion efficiency of 13%[3,4]. However, the large-scale ap-

plication of such a material is limited by its wide band-

gap (~3.2 eV), leading to a low conversion efficiency of 

solar energy (less than 5%). Currently, a few visible-light 

response semiconductor photocatalysts have been de-

veloped, such as Ag3PO4, BiVO4, α-Fe2O3 and so on[5-7]. 

Nevertheless, those semiconductors exhibit either lower 

catalytic activity or poorer stability than TiO2. Otherwise, 

it is an efficient way to enhance the visible-light response 

of TiO2 by doping or modification with other compo-

nents[8].  

Recently, one-dimensional (1D) TiO2 nanorod arrays 

(NRAs) grown directly on fluorine tin oxide (FTO) sub-

strates have received much attention because they are 

transparent and provide a direct and rapid way to trans-

port the carriers[9,10]. H. Wang et al[11] reported a CdS 

quantum dot (QD)-sensitized single-crystalline rutile 

TiO2 NRA on FTO substrate used as the photoelectrodes 

of photoelectrochemical (PEC) solar cells and it exhib-

ited a photocurrent intensity of ~5.8 mA/cm2 at 0 V bias. 

C. Wang et al[12] from another group demonstrated the 

use of Fe doping treatment as a facile and effective 

strategy to improve the PEC water-splitting performance 

of TiO2 NRAs at the visible-light irradiation. Moreover, 

very recently, X. Wang et al[13] synthesized a  

Bi2S3/rGO modified TiO2 NRA structure and demon-

strated an efficiency of 1.2% at 0.47 V bias at irradiation 

of visible light.  

In this study, we report the preparation and PEC per-

formance of hydrothermally synthesized transparent TiO2 

NRAs, and discuss the effect of growth time on the PEC 

activities. It is found that the samples grown for 4 h ex-

hibit the best PEC activity. 

TiO2 NRAs were synthesized directly on FTO glass by 

a facile one-pot hydrothermal route, which have been 

widely reported previously[9,10]. Briefly, 30 mL concen-

trated HCl (38%) was added into 30 mL de-ion water and 

stirred for 2 min. Afterwards, 1 mL titanium isopropox-

ide was dissolved into the above solution. Then, 30 mL 

of the mixed solution was taken out and transferred into 

a Teflon-lined stainless steel autoclave (100 mL). The 

FTO substrates were placed into the autoclave with the 

conductive side facing down. Then, the hydrothermal 

reaction was carried out at 150 °C for a certain time. Fi-

nally, the autoclave was cooled to room temperature (RT) 
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and the FTO substrates were taken out, followed by a 

sintering process in a muffle furnace at 450 °C for 30 

min in air to increase the crystallinity and adhesion of 

TiO2 NRAs.  

The prepared samples were studied by powder X-ray 

diffraction (XRD, D8) which was performed at 20 kV 

and 30 mA with Cu Ka radiation (λ=0.154 06 nm). 

Field-emission scanning electron microscopy (FESEM, 

Sirion 200) was used to identify the morphology of TiO2 

NRAs. The optical absorption spectra were investigated 

with a Cary 300 UV-vis diffusion spectrophotometer in 

wavelength range of 200–900 nm (BaSO4 as a reference 

sample).  

Linear sweep voltammetry (LSV) and photocurrent 

response (I-t) were achieved in a three-electrode cell 

which was connected with a potentiostat (CHI660D, CH 

Instruments) and at the irradiation of a 500 W Xe lamp 

(Beijing Trusttech). The lamp provided full-range light 

with an irradiation intensity of ~100 mW⋅cm-2. Besides, 

in our study, TiO2 NRAs were used as the work elec-

trodes, while a Pt foil and a saturated calomel electrode 

(SCE) were employed as the counter electrode (CE) and 

reference electrode, respectively. Meanwhile, a 0.5 mol/L 

Na2SO4 aqueous solution was used as the electrolyte. 

The electrochemical impedance spectra (EIS) were con-

ducted using CHI660D with an alternating current signal 

(10 mV) in the frequency range of 0.1–105 Hz at open 

circuit potential (OCP). The Mott-Schottky (M-S) plots 

were measured at a frequency of 1 kHz in the dark.  

Figs.1 and 2 display the XRD pattern and SEM images 

of TiO2 NRAs grown on FTO substrates. As can be seen, 

the (101) and (002) planes from the TiO2 rutile phase are 

clearly identified, while the other peaks are assigned to 

SnO2 from the FTO substrate. Meanwhile, those TiO2 

NRs also exhibit the average diameter of ~150 nm, 

which are grown epitaxially and directly on FTO layers 

due to a small lattice mismatch (2%) between SnO2 and 

rutile FTO crystals. The TiO2 NRs are orientated disor-

derly in the samples synthesized for 2 h, while not only 

the NR length is increased but also the orientation gets 

more aligned with the increasing growth time. The 4 h 

sample exhibits the average length of 1.8 μm, while the 

value is 2.2 μm for the 6 h sample.  

 

 

Fig.1 Typical XRD pattern of TiO2 NRAs grown on FTO 

substrates at 150 °C for 4 h 

 
(a) 

 
(b) 

 
(c) 

Fig.2 FESEM images of TiO2 NRAs grown on FTO 

substrates at 150 °C for (a) 2 h, (b) 4 h and (c) 6 h, 

respectively 

 

Fig.3 shows the UV-vis diffusion absorption of TiO2 

NRAs grown on FTO. The sharp absorption edges ap-

pear in the range of 3.0–3.2 eV, indicative of the well 

crystallized samples. The 2 h sample has a fundamental 

bandgap of 3.07 eV, which is reduced to 3.04 eV and 

3.02 eV for the 4 h and 6 h synthesized samples, respec-

tively. Totally, there is no obvious change in the bandgap 

value or optical absorption coefficient.  

Fig.4 shows the LSV curves of TiO2 NRAs grown on 

FTO layers at a full-range irradiation from a Xe lamp. 

The 500 W Xe lamp can provide a full range irradiation 

including the UV and visible light, so TiO2 can also be 

excited to produce the carriers despite of the wide band-

gap (~3.0 eV). As shown, the 4 h sample exhibits the 

highest photocurrent density, which is 0.37 mA/cm2 at 

0 V and 1.44 mA/cm2 at 0.5 V, respectively. Meanwhile, 

it is worth noting that the 6 h sample exhibits the lowest 

photocurrent intensity although it has the largest average 

length of NRs.  
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Fig.3 UV-vis diffusion absorption spectra of TiO2 

NRAs grown on FTO substrates at 150 °C for 2 h, 4 h 

and 6 h, respectively 

 

 

Fig.4 LSV curves of TiO2 NRAs grown on FTO sub-

strates at 150 °C for 2 h, 4 h and 6 h, respectively 
 

Fig.5 shows the photoresponse (I-t) curves of TiO2 

NRAs at the interrupted irradiation. All the samples ex-

hibit the high on/off ratios of the current values, sug-

gesting that the TiO2 NRAs have good photo- responsi-

bility. Consistent with Fig.4, the 4 h sample displays the 

highest photocurrent intensity of all, while the dark cur-

rent intensities from three samples are comparable. 

Moreover, a series of sharp peaks appear in the curves 

soon after the light on/off, indicative of the instability of 

photocurrent. In details, the photocurrent of the 4 h sam-

ple declines by ~50% during the first 30 s. That phe-

nomenon was also observed in the WO3/BiVO4 

photoanodes by Grimes et al[14], and they attributed it to 

the poor charge separation or high carrier recombination 

inside the electrodes. Specifically, when the light is turned 

on, the carriers accumulated at the TiO2/electrolyte inter-

faces are transferred out immediately towards the exter-

nal circuit, leading to a high transient photocurrent den-

sity. But the vacancies couldn't be supplemented effi-

ciently and timely due to a limitation in the charge sepa-

ration rates, resulting in a rapid decay in the photocur-

rent. 

Theoretically, the sharp peaks in I-t curves could be 

eliminated by enhancing the charge separation of the 

TiO2 NRA electrodes. In order to confirm it, the I-t 

curves of TiO2 NRAs at various positive biases (0 V, 

0.3 V and 0.6 V) are indicated in Fig.6. It is clearly ob-

served that the sharp peaks get weaker and weaker with 

the increasing positive bias. Besides, the photocurrent 

intensity also gets enhanced significantly. In other words, 

enhancing the charge separation is an efficient way to 

obtain high and stable photocurrent intensity. The corre-

sponding schematic model for the generation and separa-

tion process of the photoexcited carriers is given in Fig.7. 

At a positive bias, the high build-in electric field could 

ensure the enough and continual carriers can be collected 

by the external circuit, producing a high and stable 

photocurrent.  

 

 

Fig.5 I-t curves of TiO2 NRAs grown on FTO sub-

strates at 150 °C for 2 h, 4 h and 6 h, respectively with 

a time interval of 30 s  

 

 

Fig.6 I-t curves of 4 h TiO2 NRAs measured at various 

positive bias values of 0 V, 0.3 V and 0.6 V, respec-

tively with an irradiation intensity of 100 mW/cm
2
 

 

Fig.8 shows the Nyquist plots of TiO2 NRAs operated 

at OCP and an irradiation. An equivalent circuit model (b) 

is also provided for the curve fitting, and the corre-

sponding results are indicated in Tab.1. The resistances 

of the electrodes include two parts: the series resistance 

(Rs) and the charge transferring (or transport) resistance 

(Rct). Evidently, the 6 h sample exhibits a higher value of 

Rct than other two ones, implying its low transport capac-

ity of photo-generated carriers. It might be the main rea-

son for the poor photocurrent indicated in Fig.4.  
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(a)                         (b) 

Fig.7 Schematic models for illustrating the generation 

and separation process of photoexcited carriers in 

TiO2 electrodes: (a) At zero bias; (b) At +0.3 V bias 

 

 
(a) 

 
(b) 

Fig.8 (a) EIS (Nyquist) plots of TiO2 NRAs grown on 

FTO substrates for various times (2—6 h) at the irra-

diation; (b) An equivalent circuit model for fitting the 

Nyquist plots 
 

Tab.1 Calculated electronic parameters from EIS 

spectra (Nyquist plots) with an illumination intensity 

of 100 mW/cm
2
 

Sample (growth time/h) Rs/Ω Rct/Ω  

2  

4  

6  

27 

33 

34 

180 

201 

329 

 

Fig.9 shows the M-S plots of TiO2 NRAs in the dark. 

It is a typical characteristic of n-type semiconductor, 

since the curve slope is positive. As is well known, the 

correlation between depletion layer capacitance (C) and 

applied potential (V) could be described by the following 

equation[15]:  

fb2

0 0 d 0

1 2 kT
V V

C e N eεε
⎛ ⎞

= − −⎜ ⎟
⎝ ⎠

,                 (2) 

where e0 is the electron charge, ε is the dielectric con-

stant, ε0 is the permittivity of vacuum, Nd is the donor 

density, V is the applied potential, Vfb is the flat-band 

potential, and kT/e0 is a temperature-dependent correc-

tion term. By a fitting, the Nd and Vfb values are deduced 

and indicated in Tab.2. There is no obvious difference in 

the Vfb value for those samples, while Nd of the 6 h sam-

ple is significantly lower than those of other samples. It 

implies that there might be a higher background electron 

density in the 6 h sample than other two samples. Those 

background carriers might result from the defects gener-

ated during the long-time hydrothermal process. And the 

presence of high concentration background carriers or 

donor-like defects hinders the charge transport inside 

TiO2 NRAs, leading to the poor photocurrent.  

 

 
(a) 

 
(b) 

 
(c) 

Fig.9 Mott-Schottky (M-S) plots of TiO2 NRAs obtained 

in the dark grown on FTO substrates for (a) 2 h, (b) 4 h, 

and (c) 6 h, respectively  
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Tab.2 Calculated electronic parameters from Mott- 

Schottky plots obtained in the dark 

Sample (growth 

time/h) 

Slope/1011 Flat band 

Vfb/V 

Electron density 

Nd/1016 cm-3 

2  

4  

6  

5.48 

4.37 

0.86 

-0.70  

-0.70  

-0.72  

1.0 

1.3 

6.4 

 

In summary, TiO2 NRAs have been synthesized on 

FTO substrates directly by one-pot hydrothermal meth-

ods, followed by a sintering process at 450 °C for 30 min. 

Afterwards, the PEC activities of those TiO2 NRAs are 

investigated. It is found that the 4 h TiO2 NRA sample 

exhibits the highest photocurrent density, which is attrib-

uted to both the large surface area and the good charge 

transport ability. Although the 6 h grown sample might 

have a larger surface area, the background electron den-

sity is also increased significantly, leading to a larger 

hindering during the carrier transport process and a lower 

photocurrent intensity. In addition, it is observed that 

both the intensity and stability of the photocurrent could 

be enhanced by applying a positive bias on the work 

electrodes, which is attributed to the improved charge 

separation.  
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