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Abstract Dye-sensitized solar cells (DSCs) are more
spotlighted than conventional photovoltaic devices due to
their relatively low cost, easy fabrication and high efficien-
cy. However, there are limitations to increase the conversion
efficiency of DSCs. The limiting factors are the quantity of
dye adsorption and charge recombination between TiO,
electrode and electrolyte. Coating other materials such as
high energy band gap insulators or semiconductors on the
TiO, electrode enhances dye adsorption and reduces charge
recombination. We fabricated DSCs based on bare TiO,
nanotube arrays and 0.02 and 0.04 M MgO coated TiO,
nanotube arrays. MgO layer increased the photovoltage and
photocurrent. The overall conversion efficiency of DSCs
using 0.02 M MgO coated TiO, nanotubes was 1.61%.
MgO formed insulating layers between TiO, nanotube
array electrode and electrolyte. Charge recombination was
inhibited at the interfaces of TiO, nanotube array electrode
and electrolyte by MgO insulating layers. MgO coating also
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improved dye adsorption because iso-electric point (IEP) of
MgO was larger than TiO,. When the IEP of coating material
is larger than TiO,, the chemical attraction between the
electrode surface and Ru-based dye molecule is increased.

Keywords TiO, - Nanotube - Anodic oxidation -
Dye-sensitized solar cells - MgO

1 Introduction

Dye-sensitized solar cells based on nanocrystalline TiO,
photoelectrode are of great interest as an alternative to the
conventional silicon solar cells because of their high
performance and low-cost production [1, 2]. In randomly
packed TiO, nanocrystalline films, it has been mentioned
that electron transport is limited by the residence time of
electrons in traps [3] and structural disorder at the contact
between two crystalline nanoparticles, resulting in low
efficiency of collecting the injected electrons [4]. Recently,
TiO, nanotube structures have received considerable atten-
tion to an application in photocatalysis, sensing, photo-
electrolysis and photovoltaics [5]. In application to DSCs,
vertically oriented TiO, nanotube arrays have higher charge
collection efficiencies than a nanoparticle-based structure
due to their faster transport and slower recombination of
electrons [6, 7]. On the other hand, coating surface of the
nanocrystalline photoelectrode with a high energy band-gap
material has received much attention for enhancing the
photovoltaic performance [8, 9]. These coating layers
retards back transfer of electrons to the electrolyte and
minimize charge recombination [8—12]. Moreover, dye
attachment becomes more favorable because the surface of
coating material is more basic than TiO,, and consequently,
a light harvesting efficiency can be increased [8—10].
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Fig. 1 Formation of TiO, nano-
tube arrays by anodic oxidation
process at a constant voltage
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Reduced charge recombination and increased amount of dye
adsorption are expected to give a higher conversion effi-
ciency of DSCs. In this study, DSCs was fabricated using
anodized TiO, nanotube array and the solar cell performance
was evaluated. To increase the efficiency, MgO layer having
high energy band-gap was coated on TiO, nanotube array.

2 Experimental

Highly ordered TiO, nanotube arrays were grown by anodic
oxidation of 1 mm thick titanium bulk metal at a constant
potential 60 V (ramping up to 60 V with 0.1 V/s) in the
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ethylene glycol solution containing 0.25 wt.% NH4F kept at
30 °C for 3 h. The anodized samples were annealed at 500 °C
for 30 min to induce anatase phase of the initially formed
amorphous TiO, nanotube arrays. X-ray diffraction (XRD)
analysis was done before and after annealing to confirm the
crystallinity of the TiO, nanotubes. The crystalline structures
of the materials were determined by X-ray diffractometry
(Rigaku D/MAX-RC) excited with CuK,, radiation. The sam-
ples were immersed in 0.02 and 0.04 M Mg(CH;COO),-4H,0
aqueous solution kept at 65 °C for 30 min to form Mg(OH),
layers on TiO, nanotube arrays. To fill the TiO, nanotubes
with the solution, the samples were vacuumed during im-
mersing. The immersed samples were rinsed with deionized

Fig. 2 XRD analysis data of (a)
Ti bulk metal, (b) as-anodized
TiO, nanotubes and (c¢) annealed
TiO, nanotubes
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—m b Table 1 Performances of DSCs based on bare TiO,, 0.02 M MgO
& 44 are coated TiO,, and 0.04 M MgO coated TiO, nanotube arrays.
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E 11 \:\ arrays. Figure 1(b) shows the cross section image of TiO,
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‘-l-......_ \\ 8.55 um. Figure 1(c) and (d) show the magnified image of
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Fig. 3 Current—voltage characteristics under AM 1.5 illumination for

DSCs based on bare TiO,, 0.02 M MgO coated TiO, and 0.04 M
MgO coated TiO, nanotube arrays

water. These coated samples were annealed at 450 °C for
10 min to convert Mg(OH), to MgO [13].

TiO, nanotube photoelectrodes with and without MgO
layer were immersed for ~1 day in an ethanol solution
containing 3x10™* M of N719 dye. The dye-adsorbed
photoelectrodes were rinsed with ethanol and dried at room
temperature. The liquid electrolytes consisted of 0.6 M 1-
hexyl-2,3-dimethyl-imidazolium iodide (C6DMIm), 0.05 M
iodine (I,), 0.1 M lithium iodide (Lil) and 0.5 M 4-tert-
butylpyridine in 3-methoxypropionitrile. Pt counter elec-
trode was prepared by spin-coating H,PtClg solution (7 mM
in isopropyl alcohol) onto the FTO glass; this was then
sintered at 450 °C for 30 min. The electrode of TiO, nano-
tube arrays and the counter electrode were spaced and
sealed by 60 um thick hot melt film as a spacer.
Photocurrent-voltage characteristics (J-V curves) were
measured under AM 1.5 illumination (Keithley Model
2400 source measure unit). A 1,000 W xenon lamp (Oriel,
91193) was used as a light source.

3 Results and discussion

The formation of nanotube arrays in electrolytic solution is
the result of three simultaneously occurring process: (1)
field assisted oxidation of Ti metal to form TiO,, (2) field
assisted dissolution of Ti metal ions in the electrolyte, and
(3) chemical dissolution of Ti and TiO, due to etching by
fluoride ions [14, 15]. In real time potentiostatic anodization
behavior of Ti metal, initial current between cathode and
anode decreased due to the formation of TiO, layers on Ti
bulk metal, as shown in Fig. 1. When the TiO, layers were
etched by fluoride ions and Ti metal was exposed, the
generated currents increased to some extent. As the surface
of the exposed Ti metal was converted into TiO, layer, the
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respectively. The outer diameter and wall thickness of TiO,
nanotube arrays were ~125 and ~20 nm, respectively.
Initially formed TiO, nanotubes have amorphous phase.
Annealing as-anodized TiO, nanotubes at 500 °C for 30 min
converts amorphous into anatase crystalline phase. Figure 2
shows XRD analysis data of (a) Ti bulk metal, (b) as-
anodized TiO, nanotubes, and (c) annealed TiO, nanotubes.
The diffraction patterns of (a) and (b) showed only Ti metal
peaks because as-anodized TiO, nanotubes have amorphous
phase. Annealed TiO, nanotube arrays had polycrystalline
anatase structures characterized with preferred (101) orien-
tation with (104), (200), (105) and (211) orientations.
Figure 3 shows I-V characteristic curves of the DSCs
based on bare TiO, nanotubes and MgO coated TiO,
nanotubes. The short-circuit-current (Jsc), open-circuit-
voltage (Voc), fill factor (FF) and overall cell efficiency
(n) were increased by MgO coating on TiO, nanotube
arrays, as compared to the sample using bare TiO, nanotube
arrays. The cell efficiency was decreased, as the concen-
tration of Mg(CH5COO),-4H,0 was increased from 0.02 to
0.04 M in aqueous solution for MgO coating. As
summarized in Table 1, photovoltaic performance was
highest when the MgO coating concentration was 0.02 M.
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Fig. 4 Dark current measurement for DSCs based on bare TiO,, 0.02 M
MgO coated TiO,, and 0.04 M MgO coated TiO, nanotube arrays
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The overall conversion efficiency was increased from 0.16
to 1.61%.

Increased photovoltage was attributed to the reduced
charge recombination. MgO coating layer formed an energy
barrier between TiO, nanotubes and electrolyte. This
energy barrier inhibited back transfer of TiO, electrons to
electrolyte reducing charge recombination. The insulating
effect by MgO layers on TiO, nanotubes increased the
photovoltage. The photocurrent was also increased due to the
improvement of dye adsorption. This can be explained by
using the isoelectric point (IEP) of MgO and TiO,. IEP
means pH at which an immersed oxide surface has zero net
charge. If pI (IEP) of an immersed oxide is lower than pH of
the solution, the solid oxide surface has negative charge. If
pl of an immersed oxide is higher than pH of the solution,
the solid oxide surface has positive charge. The IEPs of
TiO, and MgO are 6.2 and 12.4, respectively [16]. If pH of
an immersing solution is below 6.2 and over pl of dye
molecules, the oxide surface has positive charge and dye
molecules have negative charge. The MgO surface in an
immersing solution is more positive than the TiO, surface
due to the higher IEP of MgO. This indicates that the
attractive force between MgO surface and dye molecules is
stronger than that of TiO, surface and dye molecules.
Additionally, tiny MgO particles created on TiO, nanotube
surface increase an overall surface area adsorbing dye
molecules. Therefore, we can get DSCs having increased
amounts of dye adsorption by coating MgO layers on TiO,
nanotubes. As the MgO coating concentration was increased
from 0.02 to 0.04 M, the overall conversion efficiency was
decreased. This result indicates that MgO layers formed on
TiO, nanotubes should have an optimum thickness. When
the thickness of MgO layers is over an optimum value,
injection of photo-excited electrons into the TiO, conduc-
tion band is inhibited. Photocurrent, as shown in Table 1,
was decreased from 3.732 to 2.738 mA/cm? because thick
MgO layer blocked the injection of photo-excited electrons.

Figure 4 shows dark current measurement of DSCs
based on bare TiO, nanotubes and 0.02 and 0.04 M MgO
coated TiO, nanotubes. The dark current onset shifted to
high potential with MgO coating, and the 0.04 M MgO
coated sample produced a smallest dark current at the same
potential above 0.6 V. These observations reflect that MgO
layers on TiO, nanotubes have an insulating effect at the
interface of TiO, and electrolyte. As the thickness of MgO
layers is increased, the charge recombination is reduced
between TiO, and electrolyte.

While 0.04 M MgO coated sample had a superior
property in reducing charge recombination between TiO,
electrons and electrolyte, 0.02 M MgO coated sample
showed best conversion efficiency. The MgO layer on TiO,
nanotube arrays should be have a moderate thickness for
high electron injection yield.

4 Conclusions

The overall conversion efficiency of DSCs using 0.02 M
MgO coated TiO, nanotubes was 1.61%, 10 times higher
than that of DSCs using bare TiO, nanotubes. We could
confirm the MgO coating effect on TiO, nanotube arrays
from these results. Photovoltage and photocurrent increased
with MgO coating. MgO insulating layers formed an
energy barrier at the interface of TiO, nanotube arrays
and electrolyte. This energy barrier reduced charge recom-
bination between TiO, and electrolyte. Dye adsorption was
improved due to the basicity of the MgO surface. When the
MgO coating concentration increased from 0.02 to 0.04 M,
the overall conversion efficiency decreased. This indicates
that too thick MgO layers formed on TiO, nanotube arrays
block the charge injection of photo-excited electrons into
the TiO, conduction band. Therefore, we should control the
MgO concentration to achieve the improved efficiency.
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