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scattering in double-layered screen-printed dye-sensitized solar
cells
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Abstract Surface-nanostructured TiO2 nanorods were
synthesized hydrothermally at 180 "C. Such nanorods have

‘crack-like’ surfaces that resemble burnt charcoal. Com-

pared to nanorods with relatively smoother surfaces, the
charcoal-like nanorods have higher-specific surface areas.

By using the nanorods as a light-scattering layer in double-

layered dye-sensitized solar cells, the cells based on the
charcoal-like nanorods have 20 % higher dye loading and

also higher diffuse reflectance compared with cells utiliz-

ing ‘smooth’ nanorods. The efficiency of a screen-printed
double-layer dye-sensitized solar cell based on the char-

coal-like nanorods is higher at 7.29 %. Electrochemical

impedance spectroscopy was also carried out to understand
the charge transfer process better.
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1 Introduction

After the breakthrough work by O’Regan and Gratzel [1],

there has been steadily increasing research on dye-sensi-

tized solar cells (DSSCs) as a sustainable method for
converting solar energy to electricity [2–7]. A DSSC is

based on the photosensitization of a dye absorbed onto a

nanocrystalline titania electrode, and there has been much
focus on increasing the optical path through this electrode

so as to enhance the generation of electrons. A common

method to do this is to use a double layer for the porous
TiO2 photoelectrode [8–10].

In the double-layered DSSC, one layer typically consists

of nanoparticles while the second layer is composed of
larger nanostructures to scatter the incoming sunlight so as

to increase the optical path length. Since larger nanos-

tructures would suffer from decreased surface area for dye
absorption [11], the first layer of nanoparticles is required

to balance this loss. Using one-dimensional nanostructured

TiO2 in the form of nanorods [12, 13], nanotubes [14], and
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nanofibers [15] as the scattering layer has proven to be an

effective way to enhance DSSC efficiency. However, the
dye absorption on these one-dimensional TiO2 is often

insufficient because of its relatively lower surface area.

Consequently, TiO2 nanostructuring has arisen as one of
the most wide-spread approaches to overcome this problem

[16, 17].

Although there have been quite a few reports on this
approach, the cell efficiency still has room for improve-

ment. In this report, we present a hydrothermal method of
synthesizing TiO2 nanorods which have nano-cracked

surfaces resembling that of burnt charcoal which we term

charcoal-like nanorods (CNR). The cracked surfaces of the
nanorods help to maintain a high surface area for dye ab-

sorption, while the one-dimensional rod structure helps

scatter the incoming sunlight, thereby increasing the opti-
cal path. Double-layered DSSCs made with these cracked

nanorods have a relatively high cell efficiency of 7.29 %

which is comparable with many state of the art DSSCs
fabricated from decorated nanorods [7, 17–19]. This shows

that the surface-modified nanorod structures in this study

are worthy of further study in the design of more efficient
double-layered DSSC anodes.

In addition, among all the different DSSC electrode

fabrication techniques such as doctor blading [20], vacuum
cold spraying [21], spin coating [22], and electrospinning

[23], screen printing is emerging as an important large-

scale production method for electrode fabrication because
of the possibility to obtain fine position and thickness

control combined with relatively low cost and high

throughput [24]. These are especially important factors
when fabricating double-layered DSSCs [15, 25, 26].

2 Experimental section

2.1 Nanostructure synthesis

TiO2 nanoparticles (NP) were synthesized hydrothermally

at 180 "C. Firstly, 12 g of acetic acid (CH3COOH) was
added gradually to 58.6 g of titanium tetraisopropoxide

(TTIP) with a purity of 97 % (Sigma-Aldrich, UK) under

magnetic stirring at room temperature. This sol was then
stirred for 30 min at room temperature, and then 300 ml

deionized water was added under vigorous stirring. After a

further 1-h stirring, 10 ml of 65 % nitric acid (Merck) was
added. The mixture was heated at the rate of 1.5 "C min-1

until 70 "C and peptized for 75 min. After that, it was

poured into a 50 ml Teflon-lined stainless steel autoclave
to fill 80 % of its volume and placed in an oven at 180 "C
for 24 h.

A two-step hydrothermal process was used to grow TiO2

nanorods (NR). In the first step, 1 g of NP was used as a

precursor powder that is mixed in 40 ml of a 10 M aqueous

NaOH solution. After an hour stirring at room temperature,
this solution was transferred to an autoclave and heated at

180 "C for 72 h. The autoclave was then cooled to room

temperature, and the resulting solution was rinsed with HCl
until the solution pH reached a value of 2. In the second

step, the above solution was dispersed in 40 ml ethanol/

water (1:1) solution and stirred for 30 min and then 2 ml of
dimethylamine was added and stirred again for 30 min.

The finalized sol was transferred to an autoclave and heated
at 180 "C for 10 h. CNR TiO2 was prepared following the

same steps as for NR, except that ethylene glycol was used

instead of ethanol in the second step.

2.2 Characterizations

The size and morphology of NP, NR, and CNR nanos-

tructures were characterized by FESEM (Carl Zeiss,

SIGMA FE-SEM unit), while X-ray diffraction (XRD) was
used to study the crystalline structure by X’Pert Pro MPD

(PANalytical) diffractometer using a Ni-filtered Cu-Ka
radiation unit. To analyze the diffuse reflectance spectrum
(DRS), the ultraviolet–visible spectroscopy (UV–Vis) 6705

JENWAY spectrometer was used. The specific surface

areas of the synthesized powders were also determined by
the Brunauer–Emmett–Teller (BET) equation applied to

nitrogen physisorption experiments using a Micromeritics

Tristar 3000 analyzer.

2.3 DSSC fabrication

For DSSC fabrication, a layer of paste made from NP was

first spread by screen printing onto a TiCl4 (40 mM) pre-

treated fluorine-doped tin oxide (FTO)-coated glass (15 X/
h). After drying this layer of NP, a second, light-scattering

layer of nanorods, was screen printed. Screen printing was

performed with a squeegee printing speed of 20 mm s-1

and a squeegee angle of 45", three times for each layer.

Then this photoanode was annealed at 450 "C in air, further

treated with TiCl4 and cured at 450 "C in air for 60 min,
and then finally immersed in 0.5 Mm N719 solution in

ethanol and kept at room temperature away from light for

24 h. This photoelectrode and the Pt-counter electrode
were then sealed together with a 60-lm-thick surlyn

polymer foil as the spacer and the electrolyte was injected

into the space between them. The electrolyte solution
consisted of 0.6 M 1-methyl propyl imidazolium iodide,

0.1 M lithium iodide, 0.05 M iodine, and 0.5 M tert-butyl

pyridine in acetonitrile (all from Merck). DSSCs fabricated
utilizing NR as the scattering layer are referred to as NP/

NR, while those utilizing CNR are termed as NP/CNR.

The photovoltaic characteristics of the DSSCs were
measured using a solar simulator under 1.5 AM
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