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Abstract

Dye sensitized solar cells due to their relative stability, lower manufacturing cost and higher efficiency, have maintained
their competition among renewable energies. There are many ways to improve the photo anode properties as the heart of
a dye-sensitized solar cell and synthesis methods are important. Effects of anodic oxidation and templating as the two
important synthesis methods are investigated. Studies showed surface area of nanotubes, electron mobility path, electron-
hole recombination, etc. are optimized by synthesis methods and this affects the efficiency of solar cells. In anodization
with a shift from HF-based acids to milder acids the efficiency of the solar cells increased from 0.04% to 5.9% also by
using TiCls and increasing the surface roughness of the nanotubes it increased to 6.36%. The conversion efficiency of
cell by using porous aluminum oxide as a hard template and zinc oxide with the aim of adhering TNT to the FTO layer

with a hierarchical structure is reported 3.5% and 5.7%, respectively.
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1. Introduction

The depletion of fossil fuel reserves is increasing the
urgent human need for the energy. In addition, the
phenomenon of global warming with CO:2 pollution and
melting of polar ices, greenhouse effects and acidic rains
is increasing the importance of renewable energies [1] -
[2]. Accordingly, humans are looking for to use clean
energy sources to replace fossil fuels, and sunlight with an
annual energy of 3x 10* J is able to provide ten times the
energy required by the entire earth. [3]. Meanwhile, Dye-
sensitized solar cells due to low production costs, simple
manufacturing process and high energy conversion
efficiency as the third generation of solar cells have
attracted much attention among photovoltaic systems [4] -
[7]. Fig. 1 shows an overview of a Dye-sensitized solar
cell [8]. In this paper, the synthesis of titanium oxide as
the photo anode and its effects on the efficiency of dye-
sensitized solar cells have been inveséttigated.
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Figure 1. Schematic illustration of dye sensitized
solar cell [8]

Achieving maximum efficiency depends on each of
the mentioned components in dye-sensitized solar cells
and their optimization. The surface area of the photo
anode with the aim of dye absorption and its morphology
is the most important among the mentioned components
[9]. In this regard, for the first time, Gretzel et al. created
a great change in dye-sensitized cells by changing the thin
layer of titanium oxide to porous oxide as the photo anode
[10]. In addition, many semiconductors such as ZnO,
SnO2, Nb20s, etc. have been studied with the aim of
investigating and increasing the efficiency of solar cells.
among the all, due to chemical stability, as well as good
charge mobility, non-toxic properties titanium oxide has
shown the best performance as the photo anode [11].

Table 1 shows the morphological effect of titanium
oxide on the efficiency of dye sensitized solar cell [12].
The great advantages of titanium oxide nanotubes over
nanoparticles include easy charge transfer along the
nanotubes, improvement of electrical conductivity,
reduction of electron recombination due to fast transfer
[13] - [14].

2. Production of titanium oxide nanotubes
by anodic oxidation

Anodic oxidation takes place in acidic, neutral, aqueous
and non-aqueous solutions. The first generation of
solutions used for titanium anodic oxidation included HF
acid. Due to the fact that
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Table 1. Efficiency of DSSCs with respect to the
photo anode morphology [12]

Efficiency (%) Morphology of photo anode in

DSSCs
6.25 Nano fiber- hierarchical
structure
7 Nano fiber produced by
electrospinning
5.30 Nanowire- Solvothermal
6 Nanowire- hierarchical structure
10.34 Hollow sphere/ nanocrystal
5.13 Hollow sphere/ Nanotube
6.89 Nanotube- length 220 um
4.8 Nanotube/ solgel

The second generation of solutions used for the
purpose of longer nanotubes includes weaker acids such
as KF and NaF in the buffer solution to increase the Ph of
the solution used [15] contained 0.2 M of citric acid + 1 M
of sulfuric acid + 0.1 M KF, with anodic voltage of 25v
and a time of 20 hours. In this study, the diameter and
length of nanotubes were obtained 115 nm and 4.4 um,
respectively. In other study [16], one molar solution of
Na2SO4 and 0.5 wt% NaF was used under the voltage of
20v and a time of 6 hours and the thickness and diameter
of the nanotubes were reported to be 2.4um and 100 nm,
respectively.

The third generation of electrolyte solutions in anodic
oxidation on Ti substrate includes organic solutions such
as glycerol, ethylene glycol with some fluoride such as
NH4F or NaF and KF.

3. Synthesis of titanium oxide nanotubes by
template method

One of the problems of anodic oxidation in the preparation
of nanotubes is the fragility of the oxide layer and the
impossibility of its formation directly on the glass
substrate or FTO. Various methods have been proposed by
researchers to eliminate these problems, and template
method is one of them. In the template method, there is a
pre-removable structure, such as a substrate or tissue in
which the material is deposited on that structure. After the
deposition the original structure is removed by dissolution
in an acid or heating.

Al>,O3, which is used as a template for the synthesis of
TiO2, has been introduced as a candidate for dye-
sensitized solar cell electrodes due to its better mechanical
properties, flexibility and transparency [17]. For this
purpose, anodic oxidation of aluminum with Al,Os pattern
with porosities of 10 to 500 nanometers has been prepared.
A 5% solution of phosphoric acid was used to remove the
dense barrier of Al,Os layer, which acts as an insulator at
the end of the template. TiO, nanotubes are formed by
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immersing the template in TiF, solution and in the inner
wall of the template. Thus, the photo anode consisting of
Al;,03 and TiO; nanotubes with double-ended porosity.
The conversion efficiency of the solar cell consisting of
the corresponding photo anode is reported to be 2.7%.
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Fig. 2. I-V diagram and solar conversion efficiency
for Al,O3/TiO; photo anode [17]

Fig. 2 shows the current-voltage curve obtained in a
solar cell. Preparation of TiO. nanotubes by LPD method
has been highly accepted by researchers due to its ability
to control titanium compounds in boric acid. However,
due to the dissolution of the ZnO seed substrate, the
resulting shell structure has less adhesion to the substrate.
As a result, TiO, nanotubes have a smaller surface area
and less dye adsorption process, which directly affects the
performance of the solar cell. Therefore, Zhug et al. [18]
proposed a new method of synthesis of TiO, nanotubes
with the aim of correcting the problems. The length of
nanotubes in this method is up to 40 um and due to the
hierarchical structure has shown better efficiency. Fig. 3
shows the generalities of the method of making titanium
oxide nanotubes from the pattern of ZnO nanowires in a
hierarchical manner. The inner shell composed of TiO;
acts as an easy path for electrons to move and the outer
shell acts as an agent to improve dye absorption, doubling
the flow efficiency. Thus, the hierarchical structure of
TiO, nanotubes with a length of 20 um compared to
conventional nanotubes have shown efficiencies of 5.7%
and 4.4%, respectively.
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Fig. 3. Hierarchical structure of TiO, nanotube in
the inner shell and nano crystals in the outer shell
[19]
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4. Conclusions

The purpose of this article is to review and collect the
results of studies of various researchers in connection
with anodic oxidation and template method as the two
synthesis ways of TiO2 nanotubes as the photo anodes of
dye-sensitized cells. The summary of the results of
various studies is as follows.

1- In the anodic oxidation method, by changing the
type of electrolyte solution from HF-based acids to milder
acids such as NaF and then solutions containing ethylene
glycol and glycerol, the length of nanotubes increased
from 1pm up to 2.4pm and then 15um. In addition, due to
the increase in the surface area of the nanotubes, the
conversion efficiency in these cells increased from 0.04 to
5.9% with increasing the length of the nanotube.

2- Porous aluminum oxide has been used as a hard and
resistant model for the formation of TiO2 nanotubes. The
flow conversion efficiency for pipes with a length of 6.1
pm is reported to be 3.5%.

3- Correction of the defects of the previous methods
has been done using the ZnO template with the aim of
increasing the adhesion of TNT to the substrate with
hierarchical structures. The length of the nanotubes in this
method reaches up to 40 um. The conversion efficiency of
DSSC with conventional nanotubes is 4.4% and with a
hierarchical structure is reported to be 5.7%.

5. References

[1] M. Adachi, J. Jiu, and S. Isoda, Synthesis of morphology-
controlled titania nanocrystals and application for dye-
sensitized solar cells, Current Nanoscience, Vol. 3, No. 4,
pp. 285-295, 2007.

[2] M. Yeoh and K. Chan, Recent advances in photo-anode for
dye-sensitized solar cells: a review, International Journal of
Energy Research, Vol. 41, No. 15, pp. 2446-2467, 2017.

[3] A. Andualem and S. Demiss, Review on dye-sensitized solar
cells (DSSCs), Edelweiss Applied Science Technology, Vol.
2, pp. 145-150, 2018.

[4]J. Jiu, S. Isoda, F. Wang, and M. Adachi, Dye-sensitized solar
cells based on a single-crystalline TiO2 nanorod film,
Journal of Physical Chemistry B, Vol. 110, No. 5, pp. 2087—
2092, 2006.

[5] S. Shalini, S. Prasanna, T. K. Mallick, and S. Senthilarasu,
Review on natural dye sensitized solar cells: operation,
materials and methods, Renewable and Sustainable Energy
Reviews, Vol. 51, pp. 1306-1325, 2015.

[6] T. Ma, M. Akiyama, E. Abe, and I. Imai, High-efficiency
dye-sensitized solar cell based on a nitrogen-doped
nanostructured titania electrode, Nano Letters, Vol. 5, No.
12, pp. 2543-2547, 2005.

[7] S. H. Ko, Review of the multi-scale nano-structure approach
to the development of high efficiency solar cells, Smart
Science, Vol. 2, No. 2, pp. 54-62, 2014.

[8] A. Hagfeldt, G. Boschloo, L. Sun, L. Kloo, and H. Pettersson,
Dye-sensitized solar cells, Chemical Reviews, Vol. 110, No.
11, pp. 6595-6663, 2010.

[9] A. B. F. Martinson, J. W. Elam, J. T. Hupp, and M. J. Pellin,
ZnO nanotube-based dye-sensitized solar cells, Nano
Letters, Vol. 7, No. 8, pp. 2183-2187, 2007.

[10] Z. Tong, T. Peng, W. Sun, W. Liu, S. Guo, and X.-Z. Zhao,

Journal of Renewable and New Energy, 2023, Vol. 10, No, |

168

introducing an intermediate band into dye-sensitized solar
cells by W6+ doping into TiO2 nanocrystalline photoanodes,
Journal of Physical Chemistry C, Vol. 118, No. 30, pp.
16892-16895, 2014.

[11] Y. Duan et al., Sn-doped TiO2 photoanode for dye-
sensitized solar cells, Journal of Physical Chemistry C, Vol.
116, No. 16, pp. 8888-8893, 2012.

[12] N. A. Karim, U. Mehmood, H. F. Zahid, and T. Asif,
Nanostructured photoanode and counter electrode materials
for efficient Dye-Sensitized Solar Cells (DSSCs), Solar
Energy, Vol. 185, pp. 165-188, 2019.

[13] P. Nasehi, B. Mahmoudi, S. F. Abbaspour, and M. S.
Moghaddam, Cadmium adsorption using novel MnFe204-
TiO2-UIO-66 magnetic nanoparticles and condition
optimization using a response surface methodology, Royal
Society of Chemistry Advances, Vol. 9, No. 35, pp. 20087—
20099, 20109.

[14] M. Saei Moghaddam and J. Towfighi, Vanadium oxide
supported on Al-modified titania nanotubes for oxidative
dehydrogenation of propane, Journal of Chemical and
Petroleum Engineering, Vol. 51, No. 2, pp. 113-121, 2017.

[15] Q. Cai, M. Paulose, O. K. Varghese, and C. A. Grimes, The
effect of electrolyte composition on the fabrication of self-
organized titanium oxide nanotube arrays by anodic
oxidation, Journal of Materials Research, Vol. 20, No. 1, pp.
230-236, 2005.

[16] J. M. Macak, K. Sirotna, and P. Schmuki, Self-organized
porous titanium oxide prepared in Na2SO4/NaF electrolytes,
Electrochimia Acta, Vol. 50, No. 18, pp. 3679-3684, 2005.

[17] K. H. Yang and C. C. Chen, Alumina Template Assistance
in Titania Nanotubes Dye-Sensitized Solar Cell (TiO2 NT-
DSSC) Device Fabrication, ISRN Nanotechnology, Vol.
2012, 2012.

[18] F. Zhuge, J. Qiu, X. Li, X. Gao, X. Gan, and W. Yu, Toward
Hierarchical TiO2 Nanotube Arrays for Efficient Dye-
Sensitized Solar Cells, Advanced Materials, Vol. 23, No. 11,
pp. 1330-1334, 2011.

[19] F. Zhuge, J. Qiu, X. Li, X. Gao, X. Gan, and W. Yu, Toward
Hierarchical TiO2 Nanotube Arrays for Efficient Dye-
Sensitized Solar Cells, Advanced Materials, VVol. 23, No. 11,
pp. 1330-1334, 2011.



Sy950 e WEAES o o VF Y ol 5l ool o)l o Jlo
A/ A F 8l )b 85 g pdasasd slass sl sele aali fad . R
Y

<[ BIYY i b pdy b jrenew.ir

i g

Oloie 45 (510585 5 ST (yguuslipunST) pouilins WS sladlglyl ader slo e, y (55950
Sy b oad olus (o5 slashs (559

* ool dals el ool 0,8 | ygio

Ol 3oy gy oIS 0lge cwdiges 05,5 (SlKe g 0aSiils )
Khameneh@tabrizu.ac.ir M #EF-VFVEF iy Gsdio iy, %

el 03,5 B i slossyl s 55 1y 055 Saly VL 3l 5 e Sl atie e (6ol e & O, b esd il (s08,55 la Jsko
19595 1 60k 5 Coeal 1 ()T 3w slat; 93508 3529 K5 b oad ules Gl 95 Johe o B lgie 4 (5,9 T s Sgne Sa o0k sla by,
033l el Fis ) 99 s 61Nl 5 (ST GgeslinST ST o B b iy SYRe gl (5510, (55550 alie (nl 5] Ban ol
S 5355750 58 s Al s ol ol s i s 5 551 458,5 9 sl gy el 1413 5 5055 sl s
b 2 sl 5l 1S b @l aralaanST g, 50 Ceol Fso sandys slashs 003l cnl g wlonds dingy i Sl sbsy Lawgi o g 0 i — 9 S
3 LEINE 4 Jlade ] deleil pdaw (g 3 il 9 TICl Slles (6,55 4 b g oo ,0 079 & <7+ F 5l saidye> sl Jokw 005b 55 wdlo slaaenl 4 HF
FTO 4 & TNT fit (St o b 53, 3T o (5551 plsie & e piaasl] a1 (5,5 15 a3 oo s ol ol azily il

sl 0 3135 Aoy OV 5 TID 5 4y ol yo Al 1L |

Gl el gy 4 i c‘_gd.}i OgemlanST (598 &1 (& 95 Jolw 003l ulfj‘y.\“.lf

A review on Titanium Oxide Nanotubes Production Methods (Template

and Anodic Oxidation) as a Photo Anode for Dye-Sensitized Solar Cells
Safoura Karimzadeh?, Shahin Khameneh Asl"”

1- Faculty of Mechanical Engineering, Department of Materials Engineering, University of Tabriz, Tabriz, Iran
*P.0.B. 51666- 14766 Tabriz, Iran, Khameneh@tabrizu.ac.ir

Received: 27 October 2020 Accepted: 18 September 2021

Abstract

Dye sensitized solar cells due to their relative stability, lower manufacturing cost and higher efficiency, have maintained
their competition among renewable energies. There are many ways to improve the photo anode properties as the heart of
a dye-sensitized solar cell and synthesis methods are important. Effects of anodic oxidation and templating as the two
important synthesis methods are investigated. Studies showed surface area of nanotubes, electron mobility path, electron-
hole recombination, etc. are optimized by synthesis methods and this affects the efficiency of solar cells. In anodization
with a shift from HF-based acids to milder acids the efficiency of the solar cells increased from 0.04% to 5.9% also by
using TiCls and increasing the surface roughness of the nanotubes it increased to 6.36%. The conversion efficiency of
cell by using porous aluminum oxide as a hard template and zinc oxide with the aim of adhering TNT to the FTO layer
with a hierarchical structure is reported 3.5% and 5.7%, respectively.
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1. Nano fiber

2. Nano wire

3. Hollow sphere
4. Nano tube

5. Solvothermal
6. Hydrothermal
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3. TiCls
4. Anodic aluminum oxide
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