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Abstract. Titanium dioxide nanotubes as materials for energy conversion were successfully
synthesized, characterized and tested for dye-sensitized solar cells (DSSC). The TiO:
nanotubes were grown by one face anodization at room temperature on titanium sheets of
0.25 mm thickness and 99.7 % purity. The electrolyte was composed of ethylene glycol,
ammonium fluoride (0.3 wt. % NH4F), deionized water (2 vol. % deionized water) and
Fe(NOz)s as dopant source with varying concentrations of 2, 4, 6 and 10 mM. The X-ray
diffraction (XRD), scanning electron microscopy (SEM), atomic force microscopy (AFM)
and ultraviolet—visible spectrometry (UV-vis) techniques were used to characterize the
TiO2nanotubes. Finally, the samples were tested in dye-sensitized solar cells and their
conversion efficiencies were calculated. According to the results, amorphous TiO, was
transformed into the crystalline anatase phase after heat treatment. Under the given
experimental conditions, our optimal results were obtained for the titanium dioxide nanotubes
(TNTs) at 6 mM of iron (1) nitrate. The maximum DSSC conversion efficiency was 4.66 %
for the TNTs of 6 mM Fe(NOs)sz. The findings of this research provide significant guidelines
for current and future research in the development of renewable energy.
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Introduction

The first dye-sensitized solar cells (DSSCs) were fabricated by O’Regan and Gratzel [1]. As a
renewable sources of energy, DSSCs have several advantages such as low production cost,
simple preparation method and relatively high efficiency [2]. Titanium dioxide (TiO2) has
semiconducting properties, which has attracted its usage in solar cell fabrication. Titanium
dioxide has several other beneficial properties such as low toxicity, high photocatalytic activity,
resistance to corrosion, excellent dielectric effect, chemical stability, availability and low cost.
These amazing properties have made TiO to have a wide range of applications such as in gas
sensing, photocatalysis, hydrogen generation, photovoltaic, and water purification [3-5].
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The use of titanium dioxide nanotubes (TNT) in solar cells and photocatalysis has
grown of recent due to the benefits of slower rates of charge recombination and higher
efficiencies [6-9]. To overcome the large energy band gap (3.2 eV) of titanium dioxide
(TiO2), doping with foreign elements has been employed successfully [10]. In 2009, Dholam
and Patel reported the use of sputtering and sol-gel techniques to dope TiO2 nanostructures
with iron (Fe) [11]. Amongst many other techniques that have been used for synthesizing
TNT for DSSCs, DC Anodization is much suitable because of its low cost and simplicity
[12,13]. A number of substances have been used as key components of the electrolyte during
anodization. In 2009, Sreekantanet al. [14] reported the use of an electrolyte composed of
sodium sulfate, ammonium fluoride, sulfuric acid and sodium hydroxide. Later in 2011,
Omidvar et al. [15] also reported the use of sulfuric acid and phosphoric acid in an electrolyte
composed of deionized (DI) water and ammonium fluoride. In 2012, H. Li et al. [16]
successfully used an electrolyte containing DI water, ethylene glycol and ammonium fluoride
(NH4F). This electrolyte composition will be used in this work.

The purpose of this paper is to synthesis Fe-doped TNTs and determine their
efficiencies in DSSCs by varying the amount of dopant. The TNTs will be prepared by DC
anodization using ethylene glycol and ammonium fluoride electrolyte. The samples will be
characterized by X-Ray diffraction (XRD) and scanning electron microscopy (SEM), atomic
force microscopy (AFM) and ultraviolet — visible spectrometry (UV-vis) techniques.

Experimental procedure

TiO2 nanotubes were grown by DC anodization method at 50V for 2 hours at room
temperature. Titanium sheets of 0.25 mm thickness and 99.7 % purity purchased from Sigma
Aldrich were first polished with abrasive papers. After polishing, the Ti foils were degreased
ultrasonically in isopropanol, deionized water and ethanol. The electrolyte was composed of
ethyleneglycol (EG), ammonium fluoride (0.3 wt. % NH4F), deionized water (2 vol. % D.I.
H>0) and iron (II1) nitrate. The concentration of Fe(NOz)s was varied from 2, 4, 6 to 10 mM.
The electrolyte was kept for 5 hours before anodization to ensure homogeneity. The
anodization apparatus is a two-electrode configuration with a piece of highly pure platinum
counter electrode.

Fig. 1.The schematic diagram of a single-face anodization process

Figure 1 shows the schematic diagram of the anodization process. This set up allows
only one face of the Ti foil to be in contact with the electrolyte. Three sets of samples were
studied, (a) as anodized without annealing or calcination (b) anodized once and calcinated at
450 °C and (c) re-anodized after calcination at 450 °C. Characterization was done using XRD,
SEM, AFM, UV-vis and tested in DSSCs. For the DSSCs, TiO2 nanotubes photoelectrodes
were immersed in 0.5 mM solution of N719 dye in a mixture of acetonitrile/tert-butanol (1:1)
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at 25 °C for 24 hours. A transparent conducting oxide (TCO) glass was used as counter
electrode. A platinum catalyst was deposited on the TCO glass by coating with drops of
platinum solution (H2PtCls). The TCO glass was heated for 30 min at 80 °C. Then, TiO>
nanotubes photoelectrode and Pt counter electrode were assembled into a sandwich. The TiO>
nanotubes arrays were finally assembled into DSSCs and their IV-characteristics were
measured. The photovoltaic properties of the DSSCs were characterized by the four most
important parameters, which are the short-circuit current density (Jsc), open-circuit voltage
(Voc), fill factor (FF) and the conversion efficiency (). The equations of DSSCs are shown as
follows[17]:
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where I and Vi are respectively the current density and voltage at the optimal operationpoint
that gives the maximum output power, and Pi, is the power of the incident light.

Results and discussion

Figure 2 shows the XRD patterns of uncalcinated Fe-doped nanotubes. The peaks at (002),
(101), (102), (110), (103) and (112) are characteristic crystal faces of Ti metal. It indicates
that the TiO2 remains in the amorphous phase even for different dopant concentrations.
In Fig.3, the XRD patterns of Fe-doped TNTs annealed at 450 °C are displayed.
The diffraction peaks emerging at scattering angles 20 = 25.3, 48.7, 53.5 and 55.2°
correspond to the anatase phase (A). This shows that the crystalline structure of TiO2 has been
transformed from its original amorphous phase after calcination into the anatase phase. These
results are in agreement with the work of J.Y. Lin [18].
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Fig. 2. XRD patterns for Fe-doped TNTs Fig. 3. XRD patterns for Fe-doped TNTs
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The SEM images of the different samples after calcination at 450 °C are shown in
Fig. 4. It is observed that as the concentration of dopant substance changes, so too is the
surface morphology of the samples. There seems to be an increasing disorder in the array of
the nanotubes with increasing dopant concentration. At a-Fe(NOz)s concentration of 10 mM,
the alignment of the nanotubes are significantly destroyed, as seen in Fig. 4(d). This result is
supported by the work of Xiabo Chen et al. [19].
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Fig. 4. SEM imagesofFe-doped TNTs with different concentrationsof iron (I11) nitrate:
(@) 2 mM, (b) 4 mM, (c) 6mM and (d) 10 mM

Could re-anodization after annealing improve the photo-response of the nanotubes? We
tried to answer this question by re-anodizing the 6 mM sample, and studied it using SEM,
AFM and UV-vis techniques. The SEM image in Fig. 5 shows the surface morphology with
lots of cracks and a disordered array of nanotubes. This disorder is also confirmed by the
AFM images in Fig. 6. Although the nanotubes appear thicker in diameter, their array is
highly non-uniform. The energy band gap of the 6 mM re-anodized sample was determined
from the UV-vis spectrum, as shown in Fig. 7. The data at a cut-off wavelength of 388 nm
yielded an energy band gap value of 3.20 eV. This value is still as high as that of the pour
TiO2 and would therefore result in a lower efficiency. From the results in Figs. 5-7, we can
conclude that it is not recommended to re-anodize the samples after calcinations.
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Fig. 5. SEM images of 6 mM sample re- Fig. 6. AFM imagesof 6 mM sample re-
anodized after annealing at 450 °C anodized after annealing at 450 °C
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Fig. 7. UV-Visspectrumof 6 mM sample re-anodized after annealing

The IV characteristic in Fig. 8 shows a plot of current density versus voltage, while
Table 1 displays the photocatalytic performance of the Fe-doped TNTs in DSSCs. It is
observed from both Fig. 8 and Table 1 that as dopant concentration increases, the cell
efficiency and photocatalytic performance increases as well. The dopant element, Fe, plays
the role of charge traps which hinders charge career recombination. As the concentration of
Fe(NOz)s increases, more Fe ions displaces Ti ions in the lattice structure. Intermediate
energy bands are created, which leads to a lowering of the energy band gap. This results in a
shift in optical absorption from the UV region into the visible light spectrum. This is in line
with the work of U. Tipparachet al. [20]. The highest cell efficiency of 4.66 % is obtained for
aFe(NOz)s concentration of 6 mM. At a higher concentration of 10 mM, the cell efficiency
drops dramatically to 2.22 %. As seen from the SEM images in Fig. 4(d), many cracks
develop as dopants concentration increases. The arrangement of the nanotubes becomes more
disorderly. These conditions lead to more charge carrier recombination and a consequent
decrease in photocatalytic performance and cell efficiency.
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Fig. 8. Current-voltage (1V) characteristic curve of Fe-doped TNTs with varying amounts of
Fe(NOz)s: (a) 2 mM, (b) 4 mM, (c) 6 mM and (d) 10 mM

Table 1. Photocatalytic Performance of Fe-doped TNTs with different concentrations of Fe(NO3)s

Samples Jsc, MA/CM? Vo, V FF n, %
2 mM 9.61 0.59 0.63 3.58
4 mM 10.96 0.68 0.54 4.04
6 mM 12.44 0.69 0.56 4.66
10 mM 5.95 0.67 0.50 2.22
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Conclusions

In this work, Fe-doped titanium dioxide nanotubes were synthesized by DC anodization using
a 50 V supply. The composition of the electrolyte was as follows: ethyleneglycol (EG),
ammoniumfluoride (0.3 wt. % NH4F), deionizedwater (2 vol. % deionizedwater), and
Fe(NOs)sas dopant source with varying concentrations of 2, 4, 6 and 10 mM. The samples
were studied before calcination and after calcination at 450 °C. The SEM images were used to
study the surface morphology of the samples and revealed the structural arrangement of the
nanotubes. The XRD patterns were used to investigate the crystalline phases of Ti and TiO..
Anatase phases were observed after annealing at 450° C. The photocatalytic performance was
studied in DSSCs and showed increased activity with dopant concentration. The highest cell
efficiency of 4.66 % was obtained for aFe(NOs)3 concentration of 6 mM, after which the cell
efficiency dropped. From the results of SEM, AFM and UV-vis studies on the 6 mM sample,
we strongly recommend not to re-anodize after annealing, as this does not improve the photo-
response of the TNTs. Titanium dioxide nanotubes have a wide range of applications such as
in photocatalysis, photovoltaics, hydrogen generation, water purification and fuel cells. The
results of this work would serve as a guideline for further research in this field of study.
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