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We fabricated dye-sensitized solar cells (DSSCs) with photoanodes based on small TiO2 nanorods (80 

nm in length, 15 nm in diameter).These nanorods had a comparable specific surface area to that of 

spherical nanoparticles but showed superior electron transfer properties. We found that the nanorod 

based DSSCs showed high photoelectron conversion efficiencies. To further improve the cell 

performance we attempted to increase the dye adsorption and electron transfer efficiency with bi- and 

trilayered composite photoanode structures, fabricated by stacking layers of TiO2 nanorods and 

nanotubes. The cells with a multilayer structure showed markedly higher conversion efficiency. The 

bilayer composite photoanode solar cell exhibited an efficiency of 7.39%, which was much higher than 

that of the monolayer (6.30%). A sandwiched trilayer structure showed the highest efficiency of 

8.31%. Electrochemical impedance spectroscopy showed that the improvement in efficiency could be 

attributed to enhanced electron transport. 
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1. INTRODUCTION 

Dye-sensitized solar cells (DSSCs) have emerged as attractive candidate devices for harnessing 

solar power, owing to their potentially low costs of production and relatively high energy conversion 

efficiencies [1-2]. As a main component of DSSCs, the photoanode acts as a substrate that dye 

molecules can adsorb to and also provides an electron transport channel. An efficient photoanode 
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should have a sufficiently high surface area to give good dye adsorption, efficient electron transfer, and 

effective light harvesting. Over recent years, TiO2 spherical nanoparticles (NPs) have been widely used 

in DSSCs because of their low cost, low toxicity, and high specific surface areas [3-5]. However, 

electron transport in TiO2 NP films takes place in a random manner, which causes deterioration of 

device performance from electron-hole recombination process [6]. One-dimensional structured TiO2 

nanotube (NT) and nanorod (NR) based devices have been developed owing to their efficient charge 

transfer abilities [7-9]. These NRs and NTs are typically prepared by hydrothermal or electrochemical 

methods and their diameters are greater than 100 nm. However, the number of sites for dye adsorption 

in these materials is relatively limited compared with that in NP layers. Thus, the photoelectron 

conversion efficiency (PCE) of devices based on NRs and NTs is often lower. Recently, Marco  

reported the successful fabrication of small TiO2 NRs (5 nm 30 nm) by a modified solvothermal 

method. The small NRs showed surface areas comparable to those of NPs, but also featured superior 

electron transfer performance. Therefore, a high DSSC PCE of 7.9% was achieved [9]. 

        More recently, composite-structured photoanodes based on hierarchical nanostructures and 

multiple layers have been reported as an effective method for providing a high surface area and 

efficient electron transfer [10-14]. Lee explored a TiO2 NP/NR composite film photoanode, which 

combined the high specific surface area of NPs and efficient electron transport of NRs [15]. Wu and 

co-workers designed a multi-stack integrated three-dimensional hyperbranched anatase architecture 

composed of hierarchical tree-like nanowires and sub-micrometer spheres. In the hyper architectures, 

efficient dye adsorption and charge collection from the hierarchical nanowires and strong light 

harvesting by the sub-micrometer spheres was realized to achieve a high PCE of 11.0% [16]. However, 

the preparation of these three-dimensional hyperbranched architectures was rather complicated and is 

not applicable for commercialization. Yun reported a bilayer photoanode DSSC based on stacking of 

TiO2 NPs on NTs. Cells with this bilayer structure showed an efficiency of 7.2%, which was 

considerably higher than that of single layer cells. In this case the enhanced efficiency was attributed to 

efficient charge collection [17]. 

In the present study, we report a composite photoanode based on stacking of small NRs and 

NTs. The small NRs had a surface area comparable to that of NPs but also showed superior electron 

transfer properties. Accordingly, the NR based DSSC showed better photovoltaic performance. 

Integration of small NRs with NTs further improved the dye adsorption and electron transfer 

efficiency, leading to power conversion efficiencies as high as 8.31%.  

 

 

 

2. EXPERIMENTAL 

The NR  and NP photoanode fluorine doped tin oxide (FTO) substrates were prepared by a 

doctor blade method (with a paste purchased form Wuhan lattice solar energy co., Ltd). The nNR  

(n=2-5) photoanode was obtained by repeating the doctor blade process. For the NR/NT, 2NR/NT, 

NR/NT/NR composite photoanode, a TiO2 NT array for use in the over-layer was first prepared by a 

two-step anodization process with Ti foil. The NTs were then transferred onto the NR sublayer 

[18,19]. Dye adsorption was achieved by immersing the TiO2 photoanode in a 0.3 mM N719 dye 
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solution for 24 h. The electrolyte contained 0.3 M LiI, 0.05 M I2, 0.6 M 1-propyl-3-methylimidazolium 

iodide and 0.5 M tert-butylpyridine in dry acetonitrile. A platinum counter electrode was used for the 

cell. 

X-ray diffraction (XRD) patterns were recorded using a Rigaku D/MAX-3A X-ray 

diffractometer with Cu Ka radiation (k=0.15406 nm) at a scan rate of 5°/min. The morphology of the 

layers was imaged with a JSM-6510LV scanning electron microscopy (SEM, JEOL). Transmission 

electron microscope (TEM) analysis was performed with a JEM-2100F electron microscope (JEOL, 

Japan) at an accelerating voltage of 200 kV. The photocurrent density-voltage (J-V) curves of the 

assembled DSSCs were recorded by a Keithley 2400 Sourcemeter with simulated AM1.5 sunlight with 

an output power of 100mW/cm
2
 produced by a solar simulator (Newport 91192). Electrochemical 

impedance spectroscopy (EIS) measurements were performed at the open-circuit voltage of each 

DSSC under light illumination with an AutoLab (IM6, Zahner). 

 

 

 

3. RESULTS AND DISCUSSION 

The crystalline structure of the monolayer and the composite photoanode were characterized by 

XRD measurements as shown in Fig. 1.  
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Figure 1. X-ray diffraction patterns of (a) FTO substrate, (b) NR film on an FTO substrate, (c) bilayer 

film (NR/NT), (d) trilayer film (NR/NT/NR). Structures of the bi- and trilayer photoanode 

films (as illustrated in Figure.5). 
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In the XRD spectra, well-defined diffraction peaks at 25.35°, 37.84°, 48.14°, 53.97°, 55.18°, 

and 62.81° were observed, which were attributed to the (101), (004), (200), (105), (211), and (204) 

crystal planes of anatase TiO2 [20]. Diffraction peaks from SnO2 were also observed from the FTO 

substrate [21]. The XRD results indicated that the TiO2 NRs and NTs were highly crystalline. 

 

 

 

Figure 2.TEM images of the (a) NTs and (b) NRs, SAED pattern of (c) an NT and (d) NRs. 

 

The TEM images and selected-area electron-diffraction (SAED) patterns of the NRs and NTs 

are shown in Fig. 2. These images clearly showed the morphology of the NRs and NTs, the length and 

diameter of the NRs were 80and 15 nm, respectively. The thickness and pore diameters of the NTs 

were about 15 and 90 nm, respectively. The SAED patterns indicated that the TiO2 NRs and NTs were 

polycrystalline [19,21]. The diffraction rings could all be indexed to specific planes of anatase phase of 

TiO2, as indicated in the figure. These results were also consistent with the XRD findings shown in 

Fig. 1. 

The photovoltaic performance of the NP and small NR based DSSCs were characterized. 

Current density-voltage (J-V) curves are shown in Fig.3. The NR based DSSCs had better photovoltaic 

performance than those based on NPs. At the same thickness, the NR based DSSCs showed much 

higher conversion efficiency. Considering that the dye adsorption ability of the NPs and NRs was 

similar, the higher photovoltaic performance of the NR based cells was attributed to improved electron 

transfer properties.  
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Figure 3. J-V curves of the DSSCs with NP and NR photoanodes. 

 

 

 

Figure 4. Nyquist plots of the EIS performed on DSSCs with NP and NR photoanodes. 
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To reveal differences in the charge transfer phenomena of the NR and NP cells, we used 

electrochemical impedance spectroscopy (EIS). EIS is an effective technique for investigating charge-

transport phenomena in DSSC. Figure 4 shows the EIS spectra measured under AM 1.5 sunlight 

illumination at a potential corresponding to the open-circuit voltage. Nyquist plots for DSSCs 

generally exhibit three semicircles, however, only two semicircles were observed in the present study 

due to the low resistance of ion transport in the electrolyte. The semicircle in the high-frequency region 

was attributed to the charge transfer resistance (R1) at the platinum counter electrode/electrolyte 

interface and the semicircle in the mid-frequency region was attributed to electron transfer and 

transport resistance (R2) at the TiO2/dye/electrolyte interface [22-25]. The sheet resistance, which 

includes contributions from the FTO glass current collector, was denoted as Rs. The equivalent circuit 

is shown in the inset of Fig.4. Generally, a larger radius corresponds to a higher interfacial resistance 

and greater current loss, therefore the charge transfer and recombination situation at the 

TiO2/dye/electrolyte interface determined the shape of the semicircle in the mid-frequency region. The 

NR DSSCs showed lower charge transfer resistance than that of the NP based DSSCs. This 

observation was in accordance with the higher photovoltaic efficiency. The TiO2 NRs promoted photo 

generated charge transfer and decreased the charge recombination rate, which in turn enhanced the 

photovoltaic performance. 

To further increase the dye adsorption, we tried to increase the thickness of the NR layer. The 

thickness dependent photovoltaic properties of our NR DSSCs are listed in Table 1. The conversion 

efficiency did not increase linearly with the thickness of the NR layer. When the NR layer was thicker 

than 14.5 μm the efficiency started to decline. As the thickness of a photoanode layer is increased, the 

amount of dye incorporated into the film also increases, however, the probability of electron 

recombination also increases owing to the longer distance to the collection electrode. Therefore, the 

conversion efficiency reaches a maximum value at a certain optimum photoanode layer thickness.  

 

Table 1. Photovoltaic characterization of NR based DSSCs with different NR layer thicknesses. 

Numbers before “NR” denote the number of layers applied during the doctor blade process.  

 

Sample Thickness Jsc (mA/cm
2
) Voc (mV)       FF    η 

NR 7.2 μm 13.2 0.688 72.4 % 6.58 % 

2NR 11.1μm 13.8 0.674 69.9 % 6.49 % 

3NR 14.5 μm 13.7 0.675 69.8 % 6.43 % 

4NR 19.4 μm 14.0 0.665 67.0 % 6.28 % 

5NR 23.1 μm 14.1 0.639 70.3 % 6.29 % 

FF: fill factor; η: photoelectric conversion efficiency；Jsc: short-circuit current density; Voc: open-

circuit voltage. 

 

To improve dye adsorption without adversely affecting electron transport, we fabricated 

composite photoanodes with NRs and NTs. We used the small NRs described above and NTs prepared 
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by an electrochemical anodization method. We fabricated three different composite photoanodes as 

illustrated in Fig. 5.  

 

 
           NR/NT                   2NR/NT                 NR/NT/NR 

 

Figure 5. Schematic diagrams of composite photoanodes with different structures. 

 

 
 

Figure 6. Top view SEM images of (a) NTs and (b) NRs, (c) side view SEM images of NR/NT and (d) 

NR/NT/NR based TiO2 composite photoanodes. 

 

To ensure good connection between the NR and NT layers, the composite photoanode was 

annealed at 500 °C for 30 min after the NT layer was coated on top of the NR layer. For the 

sandwiched NR/NT/NR structure, the top nanorod layer was deposited by a doctor blade method 

directly after the NT layer was deposited. After the final NR layer was deposited the whole sample was 

annealed at 500 °C. The 2NR/NT structure was achieved by doubling the NR layer thickness. 
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Figure 7. J-V curves of the DSSCs with different photoanodes. 

 

The morphology of these composite photoanodes was imaged by SEM, as shown in Fig 6. Top 

view SEM images showed that layers of NTs and porous NRs were successfully fabricated. The 

thickness and pore diameters of the NTs were about 15 and 90 nm, respectively. From side view 

images, the bi- and trilayer structures could be clearly observed. The interface between the layers was 

clean and the contacts appeared to be good. 

The J-V characteristics of DSSCs based on these layered structures are shown in Fig. 7. The 

details of the photovoltaic performance, such as Jsc, Voc, FF, PCE are summarized in Table 2.  

 

Table 2. Photovoltaic characterization of composite DSSCs with different structures. 

 

Sample Jsc(mA/cm
2
) Voc(mV) FF η AD (mol/cm

2
) 

NR 13.2 0.688 72.4 % 6.58 % 1.79×10
-7

 

NR/NT 16.0 0.659 70.1 % 7.39 % 1.91×10
-7

 

2NR/NT 16.7 0.657 70.5 % 7.74 % 4.22×10
-7

 

NR/NT/NR 18.0 0.655 70.5 % 8.31 % 4.11×10
-7

 

        η = photoelectric conversion efficiency, AD=Amount of dye absorption. 

 

For comparison, the results from a DSSC with a single layer photoanode are also included in 

the table. The composite photoanode structures effectively boosted the PCE of these DSSCs. The 

NR/NT bilayer DSSC showed a PCE of 7.39 %, with a Jsc of 16.0 mA/cm
2
, a Vocof 0.659 V, and a FF 

of 70.1%. These values were all higher than those measured for the single layer NR based cell. When 
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the 2NR/NT photoanode was used, the conversion efficiency reached 7.74%, which was slightly 

higher than that of the NR/NT cell. However, when the NT layer was sandwiched between top and 

bottom NR layers, namely the NR/NT/NR structure, the PCE markedly increased to 8.31%, with a Jsc 

of 18.0 mA/cm
2
, a Voc of 0.655 V, and a FF of 70.5%. Clearly the stacking sequence affected the 

photovoltaic performance of the DSSC. The PCE is higher than most of the literature reports with the 

multilayed composite photoanode DSSC [15, 23, 27-29]. The tri-layer structure appears to be an more 

efficient DSSC photoanode than the bi-layer structure which is most widely used in the composite 

photoanode. Another important factor is ascribed to the utilization of small nanorod. It exhibits 

comparable dyes adsorption ability but more efficient electron transport compare with the nanoparticle. 

We next investigated the amount of dye adsorption. The dye content of the film increased in proportion 

to the film thickness. The amount of dye absorption was calculated by Beer’s law according to 

previous reports and these data are listed in Table 2 [26]. Compared with the single layer photoanode 

DSSC, the composite DSSC contained more dyes. In particular, the trilayer DSSC had around three 

times as much dye as the single layer device. The larger amount of dye increased the light absorbance 

of the cells and contributed to the enhanced photovoltaic performance of the composite DSSCs. 

However, when the 2NR/NT and NR/NT/NR DSSC were compared, the 2NR/NT had lower PCE, but 

showed a larger amount of dye adsorption in the film. The superior photovoltaic performance of the 

NR/NT/NR DSSC cannot be explained simply by dyes adsorption. 

We used EIS analysis to investigate the electron transport properties of the DSSC with different 

composite structures. The EIS was measured under AM 1.5 light illumination at an applied bias of Voc, 

as shown in Fig. 8. 

 

 
 

Figure 8. Nyquist plots of EIS performed on the DSSCs with different composite TiO2 photoanodes. 
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We fitted the EIS data using the equivalent circuit shown in the inset of Fig. 4. Table 3 plots the 

values of Rs, R1, R2, and the electron lifetime (τ). We deduced τ using the equation τ=1 [23]. The bi- 

and trilayer structured DSSCs had a smaller charge transfer resistance at the TiO2/dye/electrolyte 

interface (R2) and a longer electron lifetime than those of the single layer NR and NP based devices. 

The decrease in R2 was the result of a higher electron injection rate from the lowest unoccupied 

molecular orbit of the dye molecules into the TiO2 conduction band, owing to the greater dye 

adsorption[30, 31].  

 

Table 3. Resistance of DSSCs calculated from EIS data.  

 

Sample Rs(Ω) R1 (Ω) R2 (Ω)  (ms) 

NP 14.78 0.55 33.44 25.75 

NR 15.80 0.64 25.77 38.93 

NR/NT 19.02 1.16 19.48 56.46 

2NR/NT 18.28 1.95 17.95 62.66 

NR/NT/NR 19.23 2.32 16.70 65.83 

 

This lower charge transfer resistance R2 improved the PCE of the composite photoanode cells. 

When the two trilayer structures were compared, the NR/NT/NR cell showed a smaller charge transfer 

resistance R2 at the TiO2/dye/electrolyte interface than that of the 2NR/NT DSSC. The NTs of the 

sandwich structure likely acted as an efficient electron transport channel between the top and bottom 

NR layers. This may explain the anomalously high PCE of the NR/NT/NR structured DSSCs. 

 

 

 

4 CONCLUSIONS 

We fabricated DSSCs using small NRs (80 nm long and 15 nm wide), which had a specific 

surface area comparable to that of NPs, but superior electron transfer properties. The NR based DSSCs 

showed high photovoltaic performance. To further improve the dyes adsorption and electron transfer 

efficiency, we fabricated bi- and trilayered composite photoanodes with different structures by 

stacking TiO2 NRs and NTs. The multilayer photoanode structures clearly enhanced the PCEs of their 

respective DSSCs. The bilayer composite photoanode DSSC exhibited a PCE of 7.39%, which was 

much higher than the monolayer efficiency of 6.30%. The sandwiched trilayer structure showed the 

highest PCE of 8.31%. EIS measurements indicated that the improvement of PCE could be mainly 

attributed to enhanced electron transport efficiency. 
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