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emission scanning electron microscopy, X-ray diffraction, X-ray photoelectron 
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mediated TiO2. XRD patterns show the formation of polycrystalline TiO2 with the 

tetragonal crystal structure possessing rutile phase. The chemical composition and valence 

states of the constituent elements were analysed by XPS. The films were 

photoelectrochemically active with the maximum current density of 378 µA/cm2 with 

enhanced photovoltage of 615 mV for the sample prepared with SDS surfactant. Fig. 1 

shows summary of results of TiO2 samples. 

a)              

Fig. 1 Summary of results of TiO2 nanostructures a) FE-SEM images b) X-ray diffraction c) J-V 

measurements d) Impedance analysis and e) Table showing J-V parameters of different TiO2 

samples. 

In summary, a facile hydrothermal method was developedto grow oriented single-

crystalline rutile TiO2 nanorod films on transparent conductive substrates. The growth 

parameters including the growth time, the growth temperature, the initial reactant 

concentration and types of additives could be selectively chosen to prepare TiO2 nanorod 



film with desired lengths and densities. The small lattice mismatch between the FTO 

substrate and rutile TiO2 plays a key role in driving the nucleation and growth of the rutile 

TiO2 nanorods on FTO. Due to TiCl4-treatment, a light to electricity conversion efficiency of 

0.30 % could be reached by employing SDS mediated rutile TiO2 nanorod film as the 

photoanode. PEC study of pristine and surfactant mediated TiO2 samples yielded a 

promising increase in the power conversion efficiency for sample TSd with highest current 

density 378 µA/cm2 and the power conversion efficiency 0.30 % under 100 mW/cm2 

illuminations. 

A heterostructure of TiO2/CdS is fabricated using hydrothermally grown TiO2 

nanorods and successive ionic layer adsorption and reaction (SILAR) deposited CdS. Field 

Emission Scanning Electron Microscopy of TiO2-CdS thin films show aggregated CdS QDs 

coverage onto the TiO2 nanorods. Under AM 1.5G illumination, we found the TiO2- 

photoelectrode shows a power conversion efficiency of 1.75%, in an aqueous polysulfide 

electrolyte with short-circuit photocurrent density of 4.04 mA/cm2 which is higher than 

that of a bare TiO2 nanorods array.  Fig. 2 shows the summary of results obtained for 

TiO2/CdS heterostructure. 

 



Fig. 1 Summary of results of TiO2/CdS nanostructures a) X-ray diffraction b) J-V 

measurements c) Impedance analysis and d) Table showing J-V parameters. 

TiO2-CdS is successfully fabricated through cost effective chemical routes such as 

hydrothermal, and SILAR. The stepwise band-edge structure in the TiO2-CdS 

heterojunction electrode creates an efficient charge transfer channel and triggers a high 

resistance to transport excited electrons back to the electrolyte, hence the photocurrents 

are improved.  

 

 





Photoelectrochemical solar cell based on surfactant mediated
rutile TiO2 nanorods

Sachin A. Pawar • D. S. Patil • U. T. Pawar •

R. S. Devan • M. M. Karanjkar • Y. R. Ma •

S. W. Shin • J. H. Kim • P. S. Patil

Received: 3 November 2014 / Accepted: 19 January 2015

� Springer Science+Business Media New York 2015

Abstract Rutile titanium dioxide nanorods have been

synthesized by a simple and cost-effective hydrothermal

deposition method onto the conducting glass substrates. In

order to study the effect of surfactants on the growth of

TiO2, different surfactants like ethylenediaminetetraacetic

acid, polyvinylpyrrolidone, cetyltrimethylammonium bro-

mide and sodium dodecyl sulphate (SDS) are used. These

films are characterized for their morphological, structural,

compositional, optical and electrochemical properties using

field emission scanning electron microscopy, X-ray dif-

fraction, X-ray photoelectron spectroscopy, photolumines-

cence and electrochemical impedance spectroscopy

techniques. FE-SEM images showed the formation of

densely packed nanorods for SDS mediated TiO2. XRD

patterns show the formation of polycrystalline TiO2 with

the tetragonal crystal structure possessing rutile phase. The

chemical composition and valence states of the constituent

elements were analysed by XPS. The films were photo-

electrochemically active with the maximum current density

of 378 lA/cm2 with enhanced photovoltage of 615 mV for

the sample prepared with SDS surfactant.

1 Introduction

The addition of organic surfactants in the precursor solu-

tion is extremely important due to their influence on mor-

phological and structural properties of material. Organic

surfactants are commonly used in ZnO, TiO2 to control the

crystal shape and size, in order to produce high quality

structure [1–3]. The role of the organic surfactants is to

change the morphology of the deposit owing to their con-

centration-dependent specific activity during the growth of

material. They are known to possess the unique ability to

self-assemble into aggregates, such as micelles, which

serve as templates during the deposition process [4, 5].

When the concentration approaches the critical micelle

concentration (CMC) the bilayers or multilayers at the

electrode interface are formed [6]. In aqueous medium

micelles can form due to electrostatic force at the electrode

surface even if the surfactant concentration is lower [7, 8].

Kamiko et al. [9] reported the surfactant effect of Ag on the

thin film structure of TiO2 by radio frequency magnetron

sputtering. Uniform, debris-free, fewer-crack, and highly

ordered TiO2 nanotube arrays are prepared by Yang et al.

[10] using surfactant-assisted vacuum impregnation

approach. The influence of sodium dodecyl sulfate (SDS)

as anionic surfactant and cetyltrimethylammonium bro-

mide (CTAB) as cationic surfactant on the morphology,

composition, and texture and corrosion behavior of electro-

deposited Co-TiO2 coatings was investigated by Shirani

et al. [11].
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Aligned single-crystalline and polycrystalline nanorod

or nanowire films of wide band-gap semiconductor syn-

thesis has attracted much attention because of their

potential applications in novel photovoltaic devices

including ordered hybrid bulk heterojunction as well as

DSSCs and QDSSCs. Oriented nanorods or nanowires

offer direct electrical pathways for photogenerated elec-

trons and could increase the electron transport rate, which

in turn may improve the light to power conversion effi-

ciency of photovoltaic devices such as DSSCs or QDSSCs

[12–18]. Polycrystalline transparent TiO2 nanotube array

films demonstrate lower recombination. Uni-dimensional

polycrystalline TiO2 nanostructures still show only slightly

improved electron transport rate in DSSCs [19].

TiO2 semiconductor is extensively studied due to wide

band gap, environmental friendliness, low cost, its wide

range of applications, such as DSSCs, QDSSCs, photo-

catalytic degradation of organic pollutants, hydrogen

generation by water splitting, superhydrophobic and su-

perhydrophilic materials [20–25]. Crystal structure, mor-

phology and exposed facets play vital role in the

performances of TiO2 in these applications. Hence, efforts

have been devoted to tailor the crystal structure, mor-

phology, and facets of TiO2 [26]. Quantum confinement

effect governs the movement of electrons and holes in

semiconductor nanomaterials, and the size and geometry of

the materials has much importance for the transport prop-

erties related to phonons and photons.

In the present work, surfactant mediated growth of rutile

TiO2 thin films using a facile and low cost hydrothermal

method with nanorods formation is carried out. Transition

of nanorods to bunch of nanorods takes place upon use of

different surfactants; where bunch of nanorods formation is

observed for TiO2 using SDS surfactant. The TiO2 films

exhibit nanorods formation with compact structure over the

entire substrate. Further, the effect of SDS surfactant leads

to change in the morphological features. Effect of surfac-

tants on the optical, structural, compositional and mor-

phological characteristics of TiO2 is studied in detail.

Photoelectrochemical study of TiO2 samples resulted into

increase in the power conversion efficiency producing the

maximum solar cell parameters for sample of SDS

surfactant.

2 Experimental details

2.1 Thin film deposition

TiO2 thin films are deposited on F: SnO2 (FTO) substrates

by hydrothermal technique using titanium butoxide (TBT)

precursor. All chemicals used were of analytical grade and

used without further purification, double distilled water

served as a solvent for the whole chemical synthesis. In

order to study effect of surfactants, ethylenediaminete-

traacetic acid (EDTA), polyvinylpyrrolidone (PVP), CTAB

and sodium dodecyl sulphate (SDS) surfactants from s d

fine chemicals were used.

Initially the FTO substrate was subjected to TiCl4 seed

layer formation in which the substrate was kept in a beaker

of 0.1 M aqueous TiCl4 solution prepared using ice bath

for 1 h at 60 �C. TiCl4 seeded FTO was rinsed with

absolute ethanol and air annealed at 450 �C for 30 min.

This TiCl4 seeded FTO is used further to carry out the TiO2

depositions. For the deposition of pristine TiO2 the typical

recipe is: TBT (0.4 mL) was added to an equal volume of

distilled water and concentrated hydrochloric acid (HCl).

The resulting mixture was stirred for 30 min. The clear

transparent solution was obtained which is then transferred

to a Teflon-lined stainless steel autoclave of 30 mL vol-

ume, and a FTO was immersed in the solution inclined to

the wall with the conducting surface facing downwards.

The autoclave was sealed and placed in an oven at 180 �C
for 3 h. The substrate (FTO) was removed from autoclave

after cooling to room temperature and rinsed thoroughly

using double distilled water and kept at room temperature

for air drying. This thin film is finally air annealed at

450 �C for 30 min. Thus obtained TiO2 thin film is marked

as TP. In order to study the effect of surfactant on mor-

phological evolution of TiO2 different surfactants were

added in the TiO2 sol which is prepared using above recipe.

Firstly, 0.1 M EDTA in 10 ml was dissolved in distilled

water and subsequently added to the TiO2 sol. The result-

ing mixture was stirred for 30 min. The clear transparent

solution was obtained. Thus obtained solution was used for

autoclaving and preparing TiO2 thin films following the

procedure as mentioned for pristine TiO2. The obtained

TiO2 thin film is marked as TEd. Likewise 0.1 M PVP,

CTAB and SDS were added to pristine TiO2 sol respec-

tively and the reactions were carried out as mentioned for

TP sample. These thin films were marked as TPv, TCt and

TSd respectively. Every time the temperature of the auto-

clave was kept constant at 180 �C and a deposition is

carried out for 3 h and the thin films were air annealed after

deposition at 450 �C for 30 min.

2.2 Characterization of TiO2 thin films

Surface morphology was examined using FESEM (JEOL

JSM-6500F). The elemental information of the films was

analyzed using an XPS Thermo K-Alpha with multi-

channel detector, which has high photonic energies from

0.1 to 3 keV. The XRD spectra of the films were recorded

using X-ray powder diffractometer (Bruker AXS Analyti-

cal Instruments Pvt. Ltd., Germany, Model: D2 phaser).

The room temperature optical absorption measurements
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were performed in the wavelength range over

200–1,100 nm by using a UV–Vis spectrophotometer

(UV1800, Shimadzu, Japan). The photoluminescence study

was carried using Spectrofluorometer JASCO Model FP-

750, Japan. The J–V curves were recorded on the Solar

Simulator (model CT-150 AAA, Photoemission Tech,

USA) under Air Mass 1.5G solar irradiations. For photo-

electrochemical study the TiO2 thin films (average area

0.30 cm2) and platinized FTO were employed as the

working and counter electrodes, respectively. The distance

between the photoelectrode and counter electrode was kept

constant at 1 mm. An aqueous 0.1 M NaOH solution was

used as the redox electrolyte. Measurements for the power

output characteristics and J–V plots were made at fixed

intervals after waiting a sufficient amount of time for the

system to reach equilibrium (both in the dark and under

illumination). Electrochemical impedance study was per-

formed using the electrochemical workstation (ZIVE SP5)

in the frequency range of 1,000–0.1 Hz with AC amplitude

of 100 mV. An electrochemical cell was constituted using

three electrode system, deposited film as a working elec-

trode, platinum as a counter electrode and saturated calo-

mel electrode (SCE) as a reference electrode.

3 Results and discussion

3.1 Field emission scanning electron microscopy (FE-

SEM)

FESEM images in Fig. 1a shows the top view of the

samples TP, TEd, TPv, TCt and TSd and inset shows high

magnification FESEM images, respectively. Formation of

nanorods with clearly visible textural boundaries for all the

samples can be confirmed from the FESEM images. Ini-

tially for pristine TiO2 sample (TP), nanorods formation

took place with average diameter of 80–90 nm (Fig. 1a).

These are separated nanorods and individual nanorod can

be clearly distinguished. The addition of common surfac-

tants including EDTA, PVP, CTAB and SDS had shown

change in the surface morphology of TiO2 nanorods [27].

However in the present case the density of nanorods found

to increase from TP, to TSd. For sample TEd, 4–6 nanorods

of average diameter 50–60 nm each are bound together. In

case of samples TPv and TCt few nanorods are bound

together to form bunch of nanorods similar to that of

sample TEd instead here the individual nanorod cannot be

distinguished from each other. The average diameter of

bunch of nanorods for samples TPv and TCt is 100–110 and

130–140 nm respectively. The density of nanorods in

sample TSd is much higher as compared to other three

surfactants where number of nanorods (*4–6) have come

together forming a bunch of nanorods (with diameter

*600 nm) leading to the formation of TiO2 nanoflowers.

Figure 1 revealed that each bunch of nanorods in TSd is

assembled by 4–6 nanorods, which are larger than the

nanorods of TP.

The nanorods provide high surface-to-volume ratio over

the nanoparticles leading to enhanced photoelectrochemi-

cal properties.

3.1.1 Growth mechanism

It is well known that the nanorods are tetragonal in shape

with square top facets, the expected growth habit for the

tetragonal crystal structure [28].

2Ti þ 6HCl ! 2TiCl3 þ 3H2 ð1Þ

Ti3þ þ H2O ! TiOH2þ þ Hþ ð2Þ

TiOH2þ þ O�
2 ! Ti IVð Þ � oxo species þ O�

2 ! TiO2

ð3Þ

Initially Ti species from TBT precursor start to react

with H? ions from concentrated solution. It is well known

that Ti3? species are not stable in an aqueous solution,

therefore TiOH2? species are formed by hydrolysis of Ti3?.

Species (Fig. 1b). According to the ‘‘dissolve and grow

method’’ TiOH2? is oxidized to Ti(IV) by reaction with

dissolved oxygen. The Ti(IV) complex ions are thus used

as the growth units. The formation mechanism of the rutile

TiO2 NRs may be described as follows: For rutile TiO2, a

TiO6 octahedron forms first by bonding of a Ti atom and

six oxygen atoms. The TiO6 octahedron then shares a pair

of opposite edges with the next octahedron, forming a

chain-like structure. Because the growth rate of the dif-

ferent crystal faces depends on the numbers of corners and

edges of the coordination polyhedra available, the growth

of rutile nanorods follows the sequence (110) \ (100) \
(101) \ (001).

In this case, rutile TiO2 nanorods along [110] direction

are formed. The nanorods are single crystalline.

Addition of SDS surfactant in the TiO2 sol containing

TBT leads to increased density of nanorods which give rise to

bunch of nanorods. The faceted aligned nanorods have been

observed for the films synthesized with the SDS, because

SDS hinders the lateral growth and maintains high density of

nanorods. It is suggested that, SDS promotes the ionic

strength by dissolving in solution and consequently

enhancing the solubility of the Ti species. After the forma-

tion of complex with Ti species, growth units of titania

nanocrystals grow at step edges proceeded by the addition of

Ti species. After dissolving in solution to it forms steady

solutions, and then cap on the nanocrystal facets to enhance

the orientation of particles after rutile particles were formed.
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3.2 X-ray photoelectron spectroscopy (XPS)

Quantitative analysis of the electronic structures and chem-

ical properties of rutile TiO2 nanorods were performed by

XPS. Figure 2 illustrates the Ti(2p) (in left panel) and O(1s)

(in right panel) high resolution XPS spectra obtained for

pristine TiO2 (TP) and SDS mediated TiO2 (TSd) samples,

respectively. Left panel of Fig. 2 shows the double peak

feature in the Ti(2p) spectra for TP and TSd samples, sug-

gesting the presence of element ‘Ti’ in TiO2 nanorod struc-

tures. However, to precisely determine the features of the

double peaks of Ti(2p3/2) and Ti(2p1/2), the Ti(2p) XPS

spectra for the samples TP and TSd shown in left panel were

decomposed via Voigt curve fitting function within the

Shirley background. For all samples decomposition resulted

into perfect fit for only two peaks. These two decomposed

peaks of the samples TP and TSd are located at the binding

energy of 457.6 eV (peak a1), 458.56 eV (peak a2), and

463.30 eV (peak b1), 464.22 eV (peak b2) corresponding to

the Ti(2p3/2) and Ti(2p1/2) core levels respectively, of Ti4?

cations of TiO2 crystal structure. No displacement has been

observed in the peak position of the peak a1, a2 and b1, b2.

These peak positions are akin to those reported by Pawar

et al. [29] and Mali et al. [30] for TiO2 thin films. The energy

separation between these two peaks for all studied samples is

*eV, which is akin to that observed in TiO2 nanomaterials

by Thind et al. [31].

Likewise right panel shows compound double peak fea-

ture in the O(1s) spectra for samples TP and TSd, suggesting

the presence of element ‘O’ in TiO2 rutile nanorods. A very

strong O 1s peak coupled with a small shoulder was observed

in all studied samples. The decomposition of these O (1s)

spectra resulted into two peaks, an intense peak centered at

528.84 eV (peak c1), 529.78 eV (peak c2) and a small peak

at 531.06 eV (peak d1), 531.57 eV (peak d2), respectively.

No displacement has been observed in the peak position of

the peak c1, c2. An intense peak observed in the spectra

corresponds to O2- anions and is characteristic of the Ti-

oxide. The small peak observed at the vicinity of intense

oxygen [O(1s)] peak indicates the surface contamination

[32–34] or presence of O containing species, such as

hydroxyl groups or water molecules that are adsorbed on the

surface of the sample [35]. This clearly indicates that syn-

thesized hierarchical structures consisted of only the ele-

ments Ti and O of pure TiO2.

3.3 X-ray diffraction (XRD)

TiO2 exhibits anatase, rutile or brookite phase with the

tetragonal crystal structure. Figure 3 show the XRD

Fig. 1 a FE-SEM images of rutile TiO2 nanorods synthesized using different surfactants at magnifications 925,000 respectively. Inset shows

FE-SEM at magnifications 975,000, b schematic illustration for the growth process of the TiO2 nanorods and bunch of TiO2 nanorods
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patterns of hydrothermally grown pristine TiO2 (TP) and

surfactant mediated TiO2 i.e., of samples TEd, TPv, TCt and

TSd respectively.

The comparison of observed XRD patterns with the

standard JCPDS data (82-0514) confirms the formation of

a rutile TiO2 phase with tetragonal crystal structure space

group: P42/mnm (136). No peaks of anatase or brookite

phase are detected, indicating the high purity of the pro-

ducts. Many workers have reported that hydrothermally

deposited TiO2 thin films are either anatase [36] or rutile

[37]. All the TiO2 thin films exhibit the polycrystalline

nature having major peak corresponding to (110) plane as

highest intense peak. Besides these major peaks, six more

peaks corresponding to (210), (220), (002), (112), (301)

and (212) etc., planes are observed. The lattice parameters

‘a’ and ‘c’ for TiO2 are determined for tetragonal structure

by the following expression [38];

dhkl ¼
a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ k2 þ l2 a2

c2
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Fig. 2 High-resolution XPS spectra of the Ti 2p (left panel) and O (1s) (right panel) core levels of the pristine TiO2 (TP) and TSd samples

respectively. The XPS spectra are decomposed via Voigt curve fitting

TT

TSd

(0
02

)

(1
12

)

(2
20

)

(2
12

)

(3
01

)

(2
10

)

(1
10

) Rutile phase (tetragonal system)

F

TP

TEd

In
te

ns
it

y 
(A

. U
.)

TPv

T TTTFFF
TCt

T

20 30 40 50 60 70 80 90

2  (Degree)

F= FTO, JCPDS Card No. 41-1445 (FTO)
T= TiO2, JCPDS Card No. 82-0514 (TiO2)

θ

Fig. 3 X-ray diffraction patterns of TiO2 samples TP, TEd, TPv, TCt

and TSd

J Mater Sci: Mater Electron

123



The observed mean values of lattice parameters

a = 4.5080 Å and c = 3.027 Å are in good agreement

with the standard lattice parameters a = 4.5937 Å and

c = 2.9587 Å respectively affirming the crystal system to

be tetragonal.

By applying the Scherrer formula

D ¼ 0:9k
bcosh

ð5Þ

on the rutile (110) diffraction peaks, the average crystallite

sizes of the samples were found to be 26, 47, 62, 91 and

125 nm for the samples TP, TEd, TPv, TCt and TSd respec-

tively. This result indicated that the crystal sizes of the

resulting rutile nanorods increased with addition of dif-

ferent surfactants and is highest for SDS surfactant which

is also supported by the FESEM images.

3.4 Photoluminescence (PL)

Figure 4 shows the PL spectra of TiO2 thin films of pristine

TiO2 and of prepared by using different surfactants. We

have carried out room temperature PL measurement of

TiO2 thin films with an excitation wavelength of 325 nm.

All samples showed a broad PL band in 350–550 nm

region, which could be assigned to the radiative recombi-

nation of self-trapped exciton [39, 40]. Three main emis-

sion peaks appear at 352, 411 and 450 nm which

corresponds to 3.52, 3.01 and 2.75 eV respectively. Fur-

thermore, shoulders 411 and 450 nm are also observed,

although with very low intensity.

Pristine and surfactant mediated TiO2 samples show

broad emission peaks centered around 430 nm originating

from defect levels of these samples [41]. In our case this

emission peak is observed around 450 nm. An increased

emission in the spectra range of above 450 nm is usually

attributed to PL from TiO2 surface states [42]. Some PL

peaks in the region 411–459 nm can be attributed to

recombination of photoinduced electrons and holes. The

energy of sharp peak at 450 nm is very close to the trap

energy levels located at 0.64 eV [43] below the conduction

band, which was attributed to the oxygen vacancies with

trapped electrons (F-center) [44]. The oxygen vacancies are

a kind of intrinsic defects in TiO2 lattice forming inter-

mediate energy levels within TiO2 band gap [45], which act

as recombination centers for photoinduced electrons and

holes. Therefore this emission can arise from the e-–h?

recombination via oxygen vacancies.

3.5 J–V measurement

The J–V characteristics of the films were recorded using a

solar simulator of a class AAA (Photo emission Tech.,

USA, Model-CT 150) under AM 1.5 G solar irradiations

with a two-electrode configuration using a xenon arc lamp

(100 mW/cm2). During I–V measurements the active area

of the device was kept 0.30 cm2; therefore for calculation

of power conversion efficiency the Pin was taken as

100 mW/cm2 9 0.30 cm2 = 30 mW. The following cell

configuration was used to record J–V plots: glass/FTO/

TiO2/NaOH/Pt-FTO/glass.

Figure 5 shows the J–V characteristics of samples TP,

TEd, TPv, TCt and TSd. The magnitude of the Jsc was 198,

237, 282, 357 and 378 lA/cm2 for the samples TP, TEd,

TPv, TCt and TSd, respectively. The corresponding Voc was

found to be 573, 599, 603, 596 and 615 mV, respectively.

This observation reveals that the Jsc gives different values

for different surfactant but for SDS surfactant i.e., for
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sample TSd it shows maximum photocurrent of 378 lA/

cm2, with Voc of 615 mV.

Various solar cell parameters that are obtained from the

power output are listed in Table 1. The smaller value of

RSh in the case of all samples is responsible for the devi-

ation from the ideal J–V characteristics and thereby low fill

factor.

The values of RS and RSh are calculated from J–V

curves and the variation in Rs and RSh is summarized in

Table 1. RS varies from 903 to 1,198 X, while RSh changes

from 2,436 to 5,249 X. The TSd sample deposited by

hydrothermal method with the highest photoconversion

efficiency 0.30 % is obtained. This value is higher than

pure TiO2 thin films reported by us in the past [29].

However, further improvements, are inevitable.

The enhancement in the photoelectrochemical parame-

ters of sample TSd is due to following reasons. Each grown

TiO2 aligned nanostructures can provide notably high

surface area, which is essential to produce high photocur-

rent. Such substantial increment in current is due to high

surface area offered by the bunch of nanorods architecture

of rutile TiO2. The increase in Jsc can be attributed to better

injection or charge collection efficiency of oriented rutile

TiO2 nanorods. Further, rutile TiO2 has advantages of

higher chemical stability and higher refractive index [46].

In general, oriented 1D-nanostructures, such as rutile TiO2

nanorods, are believed to be able to enhance the perfor-

mance of solar cells since they provide quick charge sep-

aration and continuous confined pathways for charge

carriers transport towards electrodes with increased

mobility [47]. These advantages, further complemented by

the low cost template-free one pot facile hydrothermal

synthesis, which make it very interesting to make use of

these rutile TiO2 nanorods arrays in solar cells.

The nanorod morphology of TiO2 offers a large internal

surface area with no concomitant decrease in geometric

and structural order. The vertical orientation of the crys-

talline nanorod arrays makes them excellent electron per-

colation pathways for efficient, vectorial charge transport

along the nanorod axis [48]. The ordered architectures help

to reduce the electron recombination and function as the

direct pathway for fast electron transport to the charge

collecting electrode. In addition, further improved PCE

could be with the consideration of the following factors: (1)

ideal TiO2 nanorods grown perpendicular to the FTO

substrates via manipulating the densities of TiO2 nanorods,

and (2) the single-crystalline structure of the nanorods

allows a fast and efficient transfer of the photogenerated

electrons to the collected FTO substrate, which can effec-

tively suppress the recombination of electrons and holes.

3.6 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) has been

regarded as a powerful technique to characterize the carrier

transport, electronic and ionic processes and recombination

in photoelectrochemical solar cell. EIS was employed to

study the photo-electrochemical kinetics of the surfactant

mediated rutile TiO2 thin films.

In order to study the effect of surfactant additives in

TBT on the conversion efficiency of rutile TiO2, EIS

measurement of all the TiO2 samples were conducted in the

dark using 0.1 M NaOH electrolyte with applied forward

bias voltage -0.6 V. The measuring AC frequency range

was 1,000–0.1 Hz. Figure 6a shows the Nyquist plots of

samples TP, TEd, TPv, TCt and TSd and an equivalent circuit

as shown in inset of Fig. 6a is proposed to fit the spectra.

These plots are well fitted into one semicircle using the

Nova 9.1 software in terms of an appropriate equivalent

circuit composed of constant phase elements (Q) and

resistors (R) (Fig. 6b). The smaller semicircle at high fre-

quency was attributed to electron transfer at the interface of

electrolyte and Pt-FTO counter electrode while the straight

line at lower frequency was associated with electron

transport in the TiO2 electrode and electron back reaction

at the interface of the TiO2 photoanode and the electrolyte

[49–51]. The electrochemical parameters derived from the

fitting are summarized in Table 2, this includes charge

transfer resistances (Rpt) at the Pt-FTO counter/electrolyte

interface and charge transfer resistances (Rct) related to

photoexcited electron hole recombination at the TiO2/

electrolyte. The equivalent circuit elements have the fol-

lowing meaning: Rs is the series resistance, or a solution

resistor. The sample TSd has R1 = 985 X/cm2 and

Table 1 Various solar cell parameters obtained for the glass/FTO/TiO2/NaOH/Pt-FTO/glass system are summarized in the table

Sample Jsc (lA/cm2) Voc (mV) Jmax (lA/cm2) Vmax (mV) Rs (X) Rsh (X) FF (%) Efficiency, g (%)

TP 198 573 105 315 1,153 3,936 29 0.10

TEd 237 599 110 347 1,164 2,893 27 0.12

TPv 282 603 109 370 1,198 2,436 24 0.13

TCt 357 596 233 304 1,004 4,646 33 0.23

TSd 378 615 265 356 903 5,249 41 0.30
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R2 = 454 X/cm2 which is much lower than the rest of the

TiO2 samples. A likely reason for this phenomenon is that

more electrons were injected into the conduction band of

TiO2 nanorods [52] which is in accordance with the

increase in Jsc values. This leads to an increase in the

recapture of electrons into the conduction band of titania

nanorods by NaOH. This indicates that the sample TSd is

more conducting than TP, TEd, TPv and TCt samples which

thereby produces the highest values of the photocurrent and

photovoltage upon illumination amongst all the TiO2

samples studied in this report. Moreover TiO2|electrolyte

and Pt-FTO|electrolyte interface for TSd sample shows least

electron diffusion resistance.

In order to calculate the electron lifetime Bode plot is

used which is obtained from EIS data (Fig. 6c). The

maximum frequencies (xmax) from the Bode plots of the

TP, TEd, TPv, TCt and Tsd are 10.98, 5.42, 3.08, 2.33 and

1.56 kHz respectively. Since (xmax) is inversely associ-

ated with the electron lifetime (se): se = 1/(2gf) [53, 54]

the decreased xmax indicates a reduced rate of the charge-

recombination process of the TiO2 samples. The electron

lifetime is found to increase from 14 to 102 ls for sam-

ples TP to TSd.

From the EIS results, it is clear that the charge recom-

bination rate is the rate determining step of the TiO2 device

performance, since decreased charge recombination rate

from samples TP to TSd resulted in an improvement of the

device performance, in that order. From these results, we

can conclude that charge recombination of TSd is slower

than that of other TiO2 samples. Further, inhibition of back

electron transfer from the TiO2 to electrolyte ions gives a

higher Voc.
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Fig. 6 a Impedance spectra of samples TP, TEd, TPv, TCt and TSd and

Pt/FTO-glass counter electrode, measured in the dark under -0.60 V

applied bias, b equivalent circuit used to analyze EIS data and c bode

plot of rutile TiO2 samples TP, TEd, TPv, TCt and TSd to determine

electron lifetime in TiO2

Table 2 Various EIS

parameters obtained for the

glass/FTO/TiO2/NaOH/Pt-FTO/

glass system are summarized in

the table

Sample Rs (X/cm2) R1 (X/cm2) Q1 (mF) R2 (X/cm2) Q2 (mF) se (ls)

TP 47.1 1,541 9.08 1,207 187 14

TEd 47.3 1,331 21.74 805 232 29

TPv 46.6 1,210 42.13 598 311.9 51

TCt 46.2 1,058 64.20 580 286.1 68

TSd 46.1 985 103.00 454 349.8 102
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4 Conclusions

In summary, a facile hydrothermal method was developed

to grow oriented single-crystalline rutile TiO2 nanorod

films on transparent conductive substrates. The growth

parameters including the growth time, the growth temper-

ature, the initial reactant concentration and types of addi-

tives could be selectively chosen to prepare TiO2 nanorod

film with desired lengths and densities. The small lattice

mismatch between the FTO substrate and rutile TiO2 plays

a key role in driving the nucleation and growth of the rutile

TiO2 nanorods on FTO. Due to TiCl4-treatment, a light to

electricity conversion efficiency of 0.30 % could be

reached by employing SDS mediated rutile TiO2 nanorod

film as the photoanode.

PEC study of pristine and surfactant mediated TiO2

samples yielded a promising increase in the power con-

version efficiency for sample TSd with highest current

density 378 lA/cm2 and the power conversion efficiency

0.30 % under 100 mW/cm2 illuminations.
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