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ABSTRACT: We report here flexible dye-sensitized solar cells (DSSC) based on Ti-mesh electrodes that show good mechanical 

flexibility and electrical conductivity. TiO2 nanotube arrays prepared by electrochemical anodizing Ti-mesh substrate were used as 

photoanode. A Pt-coated Ti-mesh substrate was used as counter electrode. The photoanodes were modified by coating a TiO2 porous 

layer onto the TiO2 nanotubes in order to increase the specific surface area. To increase the long term stability of the DSSCs, a gel type

electrolyte was used instead of a conventional liquid type electrolyte. The DSSC based on 33.2 μm long porous TiO2 nanotubes exhibited

a better energy conversion efficiency of ~2.33%, which was higher than that of the DSSCs based on non-porous TiO2 nanotubes.
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Nomenclature

J : current density, mA/cm
2

V : voltage, V

FF : fill factor

N : conversion efficiency, %

Subscript

BET : Brunauer-Emmett-Teller theory

DSSC : dye-sensitized solar cells

ITO : indium tin oxide

N719 : cis-bis (isothiocyanato) bis (2,2'-bipyridyl-4,4'- dicarboxylato) 

-ruthenium (II) bistetrabutylammonium

PEG : polyethylene glycol

PET : polyethylene terephthalate

SEM : scanning electron microscopy

TCO : transparent conductive oxide

TNTs : TiO2 nanotubes

1. Introduction

DSSCs have attracted much attention as promising alternatives 

to conventional solar energy conversion devices because of their 

low production cost and high energy conversion efficiency
1)
. 

However, conventional DSSCs have several inherent disadvantages 

associated with the use of glass substrates for electrodes, which 

restrict the applications of DSSC.

Flexible DSSCs based on plastic substrates are lightweight, 

thin, and pliable. They can be produced at low cost and can be 

easily integrated in a curved form, suitable for portable and 

wearable applications. The major problem regarding the development 

of flexible DSSCs based on plastic substrates is that they should 

be sintered at low temperatures due to a thermal degradation of 

plastics at sintering temperatures of approximately 500°C
2)

. 

Without sintering at high temperatures, the interconnection 

between TiO2 particles would be poor, resulting in poor 

performance of the cell. From this point of view, metal substrates 

provide alternatives for plastic substrates because of their wider 

compatibility with a far higher range of annealing temperatures
3)

 

and improve electrical conduction by several orders of magnitude 

in comparison with a TCO layer
4,5)

.

Kang et al. reported a flexible DSSC assembled with stainless 

steel sheet as substrate and Pt-coated ITO/PET as the counter 
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Fig. 1. The composition of the DSSC with Ti-mesh based 

electrodes

electrode owing to the opacity of the stainless steel sheet
3)

. 

However, DSSCs based on a metal sheet type photoanode must 

be illuminated from the back side, leading to a decrease in light 

harvesting and hence in conversion efficiency. To overcome 

this opacity issue, we used a Ti-mesh substrate for the photoanode 

since the voids in the mesh substrate allow light to enter the cell 

from the photoanode side which allows front illumination of 

cells.

Considerable effort has been devoted to the development of 

more efficient photoanode structures. In particular, one-dimensional 

TNT arrays have been received great attentions for unique 

properties that exhibit superiority in electron transport that 

allows decreasing the loss of electrons by recombination
6-8)

. 

Among many methods, TNTs prepared by the anodization 

method
9-11)

, which have by far the most remarkable properties, 

can be made by anodic oxidation of titanium in fluoride-based 

baths.

In this paper, TNTs on a Ti-mesh substrate were prepared by 

electrochemical anodization for photoanode, and Pt-coated 

Ti-mesh was used as for the counter electrode. TNTs grown on 

the Ti-mesh substrate are oriented in all directions, ranging from 

parallel to perpendicular to incoming photons, which would 

contribute to the light harvesting. In addition, to increase the 

specific surface areas of TNTs, we coated TNTs on the Ti-mesh 

substrates with a porous TiO2 layer. One of the manufacturing 

challenges for DSSCs has been the need for a robust sealing 

process that would prevent the liquid electrolyte in the cells 

from leakage and evaporation. To resolve this problem, we used 

a gel-type electrolyte. DSSCs assembled with the porous TNTs 

as photoanodes exhibited higher energy conversion efficiencies 

than those assembled with non-porous TNTs.

2. Experimental

The meshes made of commercially pure grade 1 titanium 

(99.5 wt% Ti) were purchased from Unique Wire Weaving 

(Hillside, NJ). In this experiment, a 100-mesh wire cloth woven 

from 0.002 in (51 μm) diameter wire with an open area of 64% 

was used. The Ti-mesh cloth was cleaned and degreased 

ultrasonically in acetone and methanol followed by drying in a 

nitrogen stream. Electrochemical anodization was carried out in 

a two-electrode cell using a DC power supply (Agilent E3612A) 

with the Ti-mesh as anode and the graphite plate as cathode. The 

electrodes were placed in a solution containing 0.3 wt% NH4F 

(98% purity, Sigma-Aldrich) and 2 vol % H2O in ethylene glycol 

(99.8% purity, Sigma-Aldrich). Anodization was performed at a 

constant potential of 60V at 20°C, and the growth time was 

varied from 4 to 7 h. Subsequently, the samples were sonicated 

in methanol for 1 min. Thermal annealing was carried out at 500 

°C in air for 1 h, and the TNTs obtained were then dip-coated 

with a porous TiO2 precursor. The synthesis of the porous TiO2 

precursor was carried out using PEG (MW = 2000) as the 

template and Ti (OBu
n
)4 as the inorganic source. The detailed 

methodology of synthesis has been published elsewhere
12)

. 

After dip-coating, samples were heat-treated at 550 °C with a 

heating rate of 1°C /min for crystallization of the TiO2 and 

removal of the template PEG. The resulting porous TNTs were 

immersed overnight in a dye solution of 0.5 mM N719 

(Solaronix S. A.) in ethanol and then rinsed with ethanol to 

remove non-chemisorbed dye. The counter electrode was fabricated 

by coating the Ti-mesh substrate with a thin layer of a solution 

of 5 mM H2PtCl6 in ethanol and heating at 450°C for 30 min. 

Subsequently, the sensitized photoanode was sandwiched together 

with the counter electrode using several pieces of 100 μm hot-melt 

polypropylene spacer. The gel electrolyte (Dyesol, EL-SGE) 

was spread on the electrodes. Completed electrodes were sealed 

between two transparent flexible polyethylene PET films. The 

connections to the anode and cathode were made to the 

unanodized part of the photoanode and a section of the counter 

electrode that extended beyond the edges of the PET films. For 

comparison, a DSSC based on original TNTs, without coating 

with porous TNTs, was fabricated in the same manner. A 

schematic of the all mesh type DSSC is provided in Fig. 1.

The morphologies of samples were examined using a SEM 

(Hitachi-S4700). The specific surface areas of original and 

porous TNTs were determined by the nitrogen adsorption- 

desorption isotherms. Measurements were performed at 65 K 

and the specific area of samples was calculated using BET 

equation. The amount of adsorbed dye concentration was 
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Fig. 2. The low-magnification SEM images of the top view (a) and cross-section (b) of TNTs on the Ti-mesh substrate. SEM images 

of original TNTs (c), (d) and porous TNTs (e), (f). Cross-section SEM images of TNTs anodized for 4 h (g), 5 h (h), 7 h (i)

measured by using the solution of 0.1M NaOH and ethanol (1:1 

in volume fraction), in which the anchored dye from dyed- 

electrodes was desorbed. The absorption spectrum was analyzed 

by an UV-Vis spectrophotometer (CARY 5,000, Varian, Inc.). 

The current density-voltage (J-V) characteristics of the DSSCs 

were measured under AM 1.5 simulated illumination with an 

intensity of 100mW/cm
2
 (PEC-L11 model, Pecell Technologies 

Inc.). The intensity of sunlight illumination was calibrated using 

a standard Si photodiode detector with a KG-5filter. The J-V 

curves were recorded automatically with a Keithley SMU2400 

source meter by illuminating the DSSCs.

3. Results and Discussion

The FESEM images of the original and porous TNTs on 

Ti-mesh substrates are provided in Fig. 2. Figs. 2(a) and (b) 

show low-magnification SEM images of the TNTs/mesh photoanode. 

After anodization, the mesh retained sufficient voids to allow 

light to enter cells from the photoanode side leading to possible 

front illumination. The TNTs grew perpendicularly to the surface 

of the titanium wire and covered the entire wire uniformly. Figs. 

2(g)-(i) show the lengths of the TNTs obtained with different 

growth times, which were 13.4, 18.3, and 33.2 μm after 4, 5, and 

7h of anodization, respectively. The inner diameters of TNTs 

retained a constant value of approximately 100nm. In the Fig. 

2(b), cleavage was observed at the all surfaces, which was 

derived from the curvature of the round-shaped titanium wire. 

Figs. 2(c)-(f) show FESEM images of the original and porous 

TNTs. The tube walls of the original TNTs (Fig. 2(c): top view, 

Fig. 2(d): side view) were smooth, whereas the tube walls of the 

porous TNTs (Fig. 2(c): top view, Fig. 2(e): side view) were 

rough. This rough surface is expected to enhance dye-loading 

because it increases the specific surface areas.

Fig. 3 shows the BET curves of the original and porous TNTs. 

All samples exhibited type IV isotherms with type H3 hysteresis 

(Fig. 3), which is indicative of mesoporous materials
13)

. As 

shown in Fig. 3, the adsorption curve gradually increased in the 

middle-pressure region and exhibited abruptly in the high- 

pressure region (> 0.9 P/P0). The adsorption behavior of TNTs 

can be attributed to the capillary condensation and multilayer 

adsorption of nitrogen in the mesopores or macropores
14)

. Our 

BET measurements indicated that 11.4, 18.3, and 33.2 μm long 

porous TNTs had specific surface areas of 103.75, 121.88, and 

129.44 m
2
/g, respectively, that is greater than those of original 

TNTs (81.65, 92.92, and 118.00 m
2
/g). The high specific surface 

area is desirable for dye adsorption. A high BET surface area 

cannot be obtained from original TNTs with smooth tube walls 

and would be realized by the unique morphology of porous 

TNTs. 

Fig. 4 presents the UV-vis absorption of dye solutions formed 

by the desorption of dye from the dye-sensitized electrode using 

0.1 M NaOH aqueous solution. Table 1 shows the calculated 

amount of dye molecules which was calculated from UV-vis 

absorption spectra of desorbed sensitizers using the extinction 

coefficient of the N719 sensitizer. As comparing with the 

original TNTs photoanodes, it was evident that the porous TNTs 

photoanodes has higher dye adsorption due to a higher specific 

surface area of porous TNTs for anchoring sufficient dye 

molecules. 
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Fig. 3. The nitrogen adsorption-desorption isotherms of the original and porous TiO2 nanotubes. P0 here is the saturation vapor 

pressure of liquid nitrogen

Fig. 4. The UV-visible spectra of original and porous TiO2 nanotubes



J. M. Lim et al. / Current Photovoltaic Research 1(2) 90-96 (2013)94

Table 1. The specific surface area and dye adsorption values of 

original and porous TiO2 nanotubes

Photo electrode
SBET

(m
2
/g)

Dye adsorbed

(nmol/cm
2
)

O-TNTs (13.4 μm) 81.65 83

P-TNTs (13.4 μm) 103.75 113

O-TNTs (18.3 μm) 92.95 98

P-TNTs (18.3 μm) 121.88 131

O-TNTs (33.2 μm) 118.00 130

P-TNTs (33.2 μm) 129.44 143

Fig. 5. The current-voltage curves of DSSCs based on porous 

and original TiO2 nanotubes under AM 1.5G solar illumination

Table 2. The performance data of DSSCs based on porous and 

original TiO2 nanotubes

Photo 

electrode
Voc (V) Jsc(mA/cm

2
) FF η (%)

O-TNTs 

(13.4 μm)
0.717 4.056 0.51 1.48

P-TNTs 

(13.4 μm)
0.699 5.154 0.50 1.80

O-TNTs 

(18.3 μm)
0.693 4.616 0.53 1.71

P-TNTs 

(18.3 μm)
0.707 6.034 0.50 2.14

O-TNTs 

(33.2 μm)
0.719 5.863 0.51 2.14

P-TNTs 

(33.2 μm)
0.720 6.430 0.50 2.33

The J-V characteristics of DSSCs based on original and 

porous TNTs are shown in Fig. 5 and the key parameters are 

summarized in Table 2. The increase of the Jsc with increasing 

tube length is quite obvious. Compared with the DSSC based on 

the porous TNT arrays of 13.4 μm tube length, DSSCs based on 

the 18.3 μm and 33.2 μm long porous NTs respectively showed 

a 12% and 31% elevation in Jsc. This improvement is naturally 

ascribable to the enlargement in the contact area between the 

TNTs and the dye. The 33.2 μm long original TNTs based 

DSSC fabricated without porous layer, exhibited an open circuit 

voltage (Voc) of 0.719 V, a current density (Jsc) of 5.86 mAcm
-2

, 

a fill factor (FF) of 0.51 and an efficiency (η) of 2.14%. The 33.2 

μm long porous TNTs based DSSC resulted in improved 

performance, with Jsc of 6.43 mAcm
-2

, Voc of 0.720 V, FF of 

0.50, and η of 2.33%, which represents about a 9% enhancement 

compared to the former cell due to the enhancement of Jsc. It is 

ascribed to the attachment of more dye molecules and therefore 

an increased number of electrons emitted from dyes excited by 

the incident light and then injected into the conduction band of 

the TiO2. This is consistent with our BET measurements, which 

showed that porous TNTs had a higher specific surface area 

(129.44 m
2
/g) than the original TNTs (118.00 m

2
/g). Therefore, 

the photoanode made of porous TNTs is proved to possess 

higher dye adsorption ability than the one made of original 

TNTs with the same length of nanotubes. 

To understand the correlation between the improved cell 

performance and the internal resistances of the DSSCs, we 

measured the electroch emical impedance spectra. Fig. 6 shows 

the Nyquist plots of the DSSCs made of the original porous 

TNTs electrodes measured under 100 mW/cm
2
 illumination at an 

open-circuit condition. Each Nyquist plot is composed of three 

semicircles, which correspond to (1) the electrochemical 
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Fig. 6. The electrochemical impedance spectra of dye-sensitized 

solar cells based on original and porous TNTs

reaction at the Pt counter electrode, (2) the charge transfer 

resistance at electrolyte/dye/metal oxide interface, and (3) the 

charge transport in the metal oxide layer and Warburg diffusion 

process, from the left to the right of the plot
15-18)

. However, 

neither of the DSSCs showed the additional third semicircle 

representing Warburg diffusion, resulting from reduced ion 

mobility. As the electrolyte and counter electrode are the same 

in all the materials, our primary interest is in the second 

semicircle (Z2), which focuses on the TiO2/dye/electrolyte 

interface. 

The diameters of the second semicircles of the porous TNTs 

are smaller than that of original TNTs. This means that the 

charge transfer resistances of porous TNTs are smaller than that 

of original TNTs. Therefore, DSSC based on porous TNTs has 

higher Jsc due to lower charge transfer resistances than DSSC 

based on porous TNTs at theTiO2/dye/electrolyte interface.

4. Conclusions

In the present study, Ti meshes were utilized as both 

photoanode and counter electrode substrates. Mesh type DSSCs 

have several unique advantages, such as the availability of front 

illumination and low sheet resistance. We successfully fabricated 

TNTs with a porous TiO2 coating on Ti-mesh photoanodes and 

applied it into flexible DSSCs. The TiO2 porous layers on 

nanotube walls effectively improved specific surface areas. The 

improved amount of absorbed dye molecules on the porous 

walls of TNTs resulted in an increase of short-circuit current and 

hence the promotion in DSSCs performances. The cell based on 

the 33.2 μm porous TNTs/Ti photoanode exhibited the best 

performance of 2.33 %.
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