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Abstract Ultrathin TiO2 anatase nanowires (NWs) were

successfully prepared via a rapid and facile hydrothermal

route. Consequently, the TiO2 NWs and TiO2 nanoparticles

(NPs) composites electrodes were prepared with different

weight ratios (25, 50 and 100 %) for a dye sensitized solar

cell, and the photoelectrical performance has been sys-

tematically studied. It is observed that although the amount

of absorption dye decreases, the composite solar cells

exhibit a higher power conversion efficiency compared to

either pure TiO2 NP or NW solar cells by rationally tuning

the weight ratios. The behavior was attributed to a com-

bination of the rapid carrier transport in NW framework

and the high dye loading on P25 surface.

1 Introduction

Dye sensitized solar cells (DSSCs) have attracted much

attention because they offer the extremely inexpensive and

efficient solar energy conversion [1–3]. A typical DSSC

device consists of a TiO2 photoanode sensitized by a

monolayer of dye molecules, a liquid electrolyte and a

Pt-coated counter electrode [4]. During these components,

DSSC performance is critically dependent on the charac-

teristics of the photoanodes, which not only provide the

suitable sites for dye loading but also transfer the photo-

generated carriers to the contact electrode. Up to now, the

cell efficiency has attained to a record value of 12.3 % in

the liquid electrolyte structure and 10.1 % in the solid state

ones [5, 6]. Nevertheless, the current power conversion

efficiency is still low compared to the Si-based counter-

parts, preventing the commercialization of the solar cell

[7].

In case of the anode, a number of methods were

attempted to enhance the DSSC performance [8–10].

Among these methods, it is always used to optimize the

structure or morphology of the photoanodes. A typical

photoanode in the DSSCs is a several micro-thick film

composed of nanocrystalline TiO2 NPs on a transparent

conductive oxide (TCO) substrate [11–13]. P25, a type of

commercial titania nanoparticles, is the most common

block units due to the large specific surface area. However,

such a architecture encounters a fatal weakness of the short

electron diffusion length due to electron traps at the con-

tacts between nanoparticles. For this reason, the film

thickness of the photoanode is always no more than 20 lm

in a NP solar cell, leading to a poor light harvesting effi-

ciency. To obtain high performance DSSCs, it is desirable

to improve the electron diffusion coefficient. For instance,

the use of dispersed or arrayed 1D structure (such as rods,

wires or tubes) may be a good choice. Jenning et al. [14]

have estimated the electron diffusion length was over

100 lm in TiO2 nanotube (NT) cells, which are at least five

times higher than that in the NPs based cells [15].

Recently, Lou et al. developed a facile sovothermal

method to synthesize anatase TiO2 NWs with high yield.

The as-synthesized NWs were found to exhibit more

excellent photocatalytic activity than P25 [16]. Like the

photocatalysts, the DSSC performance is strongly depen-

dent on the surface area and carrier transport rate. Besides,
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there are a few similarities in the light-to-electricity con-

version process. As a result, a higher performance is

expected when the NWs are incorporated into the DSSCs

as the frameworks. Nevertheless, there hasn’t any report on

the solar to electricity conversion behavior of the ultrathin

NWs when they are used as the photoanodes of DSSCs, to

the best of our knowledge. In this work, ultrathin anatase

TiO2 NWs have been synthesized through a facile hydro-

thermal route for applying in the field of DSSCs. The

photoanodes were prepared via a doctor-blade process,

where a certain amount of P25 was doped into the NW film

during the preparation process in order to improve the solar

cell performance. The optimized DSSCs show an excellent

power conversion efficiency of nearly 6.0 %.

2 Experimental

2.1 Preparation of TiO2 single-crystal NWs

Ultrathin single-crystal rutile TiO2 NR arrays were pre-

pared using a hydrothermal synthesis method reported

previously [16]. Namely, in a typical synthesis, 0.2 g of

lithium acetate dihydrate (LiAc�2H2O; Sigma-Aldrich) was

dissolved in 10 mL of organic solvent containing N,

N-dimethylformamide (DMF; Alfa Aesar, 99 %) and ace-

tic acid (HAc; Merck, 100 %). After addition of 2 mL of

titanium (IV) butoxide (TB; Fluka, C97 %), the solution

was transferred into a Teflon stainless steel autoclave, and

heated in an oven at 200 �C for 20 h. Finally, the resulting

precipitates were collected and washed thoroughly with

ethanol for several times and dried in a vacuum oven at

60 �C overnight.

2.2 Dye sensitization and DSSC assembly

For the fabrication of a dye-solar cell, the TiO2 paste was

prepared according to a facile method reported in the lit-

erature [15]. Simply, the clean fluorine-doped SnO2 con-

ducting glass (FTO, 2.2 mm thick, 15 X/h) was used as a

current collector. 1.0 g of TiO2 dry powders (without cal-

cination) were first dispersed into a mixture of 5.0 mL

de-ionized (DI) water and 0.4 g PEG 20000, followed by a

continuous stirring for 24 h. The dry powders were made

up of pure P25 or a composite of P25 and NWs with dif-

ferent weight ratios (25, 50 and 100 %). Then, three

droplets of OP emulsifier were added and further agitated

for 30 min to form a paste, which was coated on the FTO

glass by screen printing (0.25 cm2), dried at 100 �C for

15 min and then heated at 450 �C for 30 min. After cooling

to 80 �C, the sintered films were immersed in 0.3 mM

ethanolic solution of N719 at 80 �C for 2 h. Note that all

the films exhibit the same thickness (*15 lm), which is

controlled by the 3 M scapes. A dye-sensitized electrode

together with a Pt coated FTO electrode was then assem-

bled into a sandwich type DSSC using a 60 lm thick

thermal-plastic Suryln spacer. A commercially available

electrolytic solution (from Dalian Hepta Chroma) was

infiltrated into the space between the electrodes by the

capillary action.

2.3 Characterization

The structure, morphology and crystallinity of TiO2 NWs

were examined by a high resolution transmission electron

microscopy (HRTEM, JEOL-2010). The diffuse absorption

spectra of the obtained TiO2 films before and after dye

loading were measured on a Cary 300 UV–vis spectro-

photometer with integrating sphere (Internal Varian). For

device characterization, the current density versus voltage

(J–V) curves of DSSCs were collected on a Keithley model

2400 digital source meter under an illumination of 60 mW

cm-2 provided by a 500 W Xe lamp fitted with an AM-1.5

fitter (Beijing Trusttech). The active cell area was fixed to

0.20 cm2 by a light shading mask.

3 Results and discussion

Figure 1 shows the TEM and HRTEM images of TiO2

NWs prepared via a hydrothermal route. It is clearly shown

that the NWs were produced with high yield. Besides, it is

also demonstrated that the NW is a single crystal, with a

diameter of 20 nm and a length of hundreds of nanometers.

The inter-planar distance is estimated to be 0.35 nm by

measurements, corresponding to the TiO2 (101) planes. It

means that the NWs grow preferentially along the [101]

direction, in agreement with the description in Ref. [16].

For fabricating a DSSC, a TiO2 paste composed of

NWs, P25 or the composite was scribbled on a FTO sub-

strate, followed by a post-annealing treatment to remove

the organic species. As a result, the corresponding film

electrodes were prepared for the dye loading and the cell

assembly. Figure 2 shows the optical absorbance spectra of

the NW and P25 photoanodes before and after dye loading

for a comparison. For the unsensitized ones, the NW

electrode show a significantly lower absorbance over the

visible light range than P25, which is possibly attributed to

less defects (such as oxygen vacancies) in the single-crystal

structures. While for the samples undergo dye decoration,

the P25 electrode exhibit the highest absorbance rate dur-

ing all the samples, which should be ascribed to its abun-

dant sites for dye anchoring. Although the dispersed NWs

exhibit a high specific surface area of 67.2 g/m2 [16], it

seems that there are not too many sites suitable for dye

absorption. The behavior may be possibly due to a looser
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structure (or lighter weight) of the NW films compared

with the P25 films. That is to say, it is difficult to obtain the

dense structure with a large surface area when the NWs are

existed in the films.

Figure 3 shows the J–V curves under illumination of

DSSCs containing the TiO2 NWs, P25 and their mixtures.

The open circuit voltage (VOC), short circuit current density

(JSC), fill factor (FF) and conversion efficiency (g) are

summarized in Table 1. As seen, the DSSC made with pure

P25 NPs shows a g of *3.81 %. By incorporating a cer-

tain amount (25 %) of NWs, g is increased to 5.97 %,

which is mainly ascribed to a large suppression of the

carrier recombination. It is well known that the photovol-

taic parameters like VOC or FF are tightly correlated with

the carrier transport or recombination. The faster the car-

riers move, the lower loss induced by the carrier recom-

bination is. Nevertheless, increasing the amount of NWs to

50 %, a sharp drop of JSC was observed although VOC and

FF remained almost unchanged, leading to a reduction of

total g to 3.32 %. The behavior may be related to the

reduced the specific surface area, leading to a lowered

amount of dye loading. Furthermore, when the photoanode

is made entirely of NWs, the DSSC exhibits a poorer power

conversion efficiency of g = 0.77 %. It is also noteworthy

that the degraded performance of DSSCs may be associ-

ated with a poor electrical contact between the NWs and

FTO layer or the adjective NWs. Unlike the ordered arrays,

not all of the NWs in the photoanodes are directly con-

tacted to the conductive substrates, which don’t make any

contribution on JSC despite loading the dye molecules.

Specifically, the photo-generated electrons in a consider-

able part of the NWs could not travel to the external circuit.

Fig. 1 TEM and HRTEM images of the as-prepared TiO2 NWs. The insert indicates the SAED pattern of a typical NW

Fig. 2 UV–vis absorption spectra obtained from the photoanodes

before a and after b dye loading for comparison
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Figure 4 compares the J–V curves measured in dark of

DSSCs made with the NW, P25 and the composite elec-

trodes. The dark current mainly results from the back

transfer process occurring at the TiO2/dye/electrolyte

interfaces, which typically represents the recombination

between the electrons in the conduction band and the I3
- in

the electrolyte [17]. As shown in these curves, the NW or

NW/P25 composite solar cell shows a lower dark current and

a higher onset voltage than the pure P25 one. Also, the larger

the amount of NWs, the lower dark current is. It suggests that

the charge recombination is suppressed a lot after compos-

iting. As a result, a more efficient electron injection or

transport is obtained, leading to the increase of VOC.

4 Conclusion

In summary, ultrathin anatase TiO2 NWs have been pre-

pared by a simple hydrothermal route. DSSCs based on the

NWs were investigated to realize the transport and light to

electricity conversion mechanism underlying the structure.

It was found that the pure NW electrode exhibit a low

surface area and conversion efficiency. When a certain

amount of P25 nanoparticles was incorporated, the derived

composite electrode showed the highest power conversion

efficiency of nearly 6.0 %. This indicates that the com-

posite film is a promising electrode for high performance

DSSCs, due to the rapid electron transport in it.
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Fig. 3 The J–V characteristic curves under illumination of the

DSSCs with different photoanodes

Table 1 Photovoltaic parameters obtained from the solar cell made

with different photoanodes

No. Composition JSC/mA cm-2 VOC/V FF g/%

1 P25 12.58 0.70 0.43 3.81

2 25 % TNW 12.26 0.79 0.62 5.97

3 50 % TNW 6.38 0.81 0.64 3.32

4 100 % TNW 2.11 0.74 0.49 0.77

Fig. 4 The J–V characteristic curves measured in dark of the DSSCs

with different photoanodes
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