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In this study, magnetic field (𝐵) was applied on TiO
2
(anatase) of dye-sensitized solar cell (DSC) for alignment of crystal. Magnetic

field was applied on TiO
2
when deposited TiO

2
on the fluorine tin oxide (FTO) was dried at 373 K for crystalline orientation. And

applying time of 𝐵was varied 0∼25min. Characteristics of the magnetic field applied TiO
2
films were analyzed by X-ray diffraction

(XRD), high resolution transmission electron microscopy (HRTEM), scanning electron microscopy (SEM), and electrochemical
impedance spectroscopy (EIS). Current-voltage characteristics were also analyzed using solar simulator, and it was confirmed that
the energy conversion efficiency of 41% was increased. Finally, it was identified that the magnetic field affected orientation of TiO

2
,

resulting in the enhancement of the performance of the DSC.

1. Introduction

DSC is one of the promising alternatives to conventional solar
cells because of low fabrication cost and relatively simple
production processes. A typical DSC is a sandwich structure
which consists of a nanoporous TiO

2
film photoelectrode

covered with a monolayer of the Ruthenium complex-based
dye, a Pt counterelectrode, and a redox electrolyte of I−/I

3

− in
an acetonitrile solutionwhich is between two electrodes [1, 2].

Semiconductor of photoelectrode is important role in
DSC performance, because electrons from dye molecules
transport to conductive glass through semiconductor mate-
rials by hoping. To enhance dye absorption and accessibility
to the hole-carrying electrolyte, a mesoporous structure is
essential for the semiconductor film [3]. However, meso-
porous films are of a nanocrystalline nature and contain
numerous crystal defects in the grain boundaries. These
defects impede electron transport and are harmful to cell
performance [4–8]. The diffusion of electrons through the
nanocrystalline network is several orders of magnitude
slower than that in a single crystal [9]. Thus, how the crystal
structure of nanocrystalline films affects electron transport is
an important issue.

Among the semiconductor materials used in DSCs [10–
12], TiO

2
has been proven to be the best semiconductormate-

rial for theDSC. TiO
2
has three crystallographic polymorphs,

that is, rutile, anatase, and brookite, composed of Ti ions
having octahedral coordination. Anatase is perceived as the
more active phase of TiO

2
because of its surface chemistry

and potentially higher conduction-band edge energy [13] and
shows advantages in photocatalysis and energy conversion.
The size, shape, crystallization, and morphology of anatase
particles are important to the performance of the DSC,
because this has a great effect on electron mobility and then
energy conversion efficiency. Generally, TiO

2
in DSC has

nanoporous structure. It is advantageous for dye absorbing
but causes many losses of energy.

It has been reported that anatase has an orientation
dependence of the reaction activity. Water reduction and
photooxidation occur at more negative potentials for the
anatase (0 0 1) surface than for the anatase (1 0 1) surface
[14]. Orienting anatase nanocrystals with (0 0 1) preferred
growth may improve the electron transport in the nanopo-
rous structured dye-sensitized solar cells by changing struc-
ture of the photoelectrode [15].
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Figure 1: Concept of the well-aligned TiO
2
crystals in magnetic field.

Manymaterials including TiO
2
in asymmetric crystalline

structures have anisotropic magnetic susceptibilities, associ-
ated with their crystal structures as in

Δ𝜒 = 𝜒
‖
− 𝜒
⊥
, (1)

where 𝜒
‖
and 𝜒

⊥
are the susceptibilities parallel and perpen-

dicular to the magnetic principal axis, respectively.
The driving force of the magnetic alignment is the energy

of the crystal anisotropy and is given as

Δ𝐸 =
Δ𝜒𝑉𝐵

2

2𝜇
0

, (2)

where 𝑉 is the volume of the material, 𝐵 is the applied
magnetic field, and 𝜇

0
is the permeability in a vacuum [16].

Therefore, when a single crystal of anatase TiO
2
is placed in a

magnetic field, the crystal is rotated, and the crystallographic
axis of high 𝜒 is aligned in the direction of the magnetic
field. A schematic illustration of the rotation of particles in a
magnetic field is shown in Figure 1 [17]. It is expected that this
property provides TiO

2
photoelectrode condition advanta-

geous for electron transport.
In this study, we researched the alignment of TiO

2

(anatase) crystal in the DSC by applying the external mag-
netic field. Characteristics of the magnetic field applied TiO

2

films were analyzed by X-ray diffraction (XRD), high res-
olution transmission electron microscopy (HRTEM), scan-
ning electron microscopy (SEM), UV-vis spectroscopy, and
electrochemical impedance spectroscopy (EIS). And current-
voltage characteristics were analyzed using solar simulator.
As a result, it was confirmed that the energy conversion
efficiency was enhanced by the well-aligned anatase TiO

2

crystal, resulting from the external magnetic field.

2. Experimental

2.1. Preparation of the Photoelectrode. TiO
2
paste (Ti-Nanox-

ide HT/SP, Solaronix) was deposited on FTO glass by the
doctor-blade method (effective area = 0.29 cm2). And then,
magnetic field was applied by setting the photoelectrode
between two permanent Neodymium magnets when the
paste was dried at 373K.Themagnetic flux density was 2.99 T
measured byGaussMeter (MG4D,WALKER). Applying time
of magnetic field was varied 0, 5, 10, and 25min. After that,
the photoelectrodes were calcined at 723K for 30min to form
porosity. It was immersed in 0.5mM N719 dye (Ru(2,20-
bipyridyl-4,40-dicarboxylate)

2
(NCS)

2
, Solaronix) solution

for 24 h, so that dye molecules are attached to TiO
2
. Then

photoelectrode was rinsed with ethyl alcohol for the excess
dye molecule elimination and dried.

2.2. DSC Fabrication. Pt counterelectrode was prepared with
depositing Pt paste (Pt-Catalyst T/SP, Solaronix) by the
doctor-blade method on the FTO glass which has predrilled
pin holes to inject electrolyte and sintered at 723K for 10min.
Prepared two electrodes were joined with thermoplastic
hot-melt sheet (SX 1170-60, Solaronix). Electrolyte (0.5M
Lil, 0.05M I

2
, and 0.5M 4-tert-butylpyridine) was injected

between two electrodes, and holes were sealed with cover
glass.

2.3. Characterizations. Themorphology and the structure of
the TiO

2
film were investigated by high resolution trans-

mission electron microscopy (HRTEM, Jem 2011, Jeol Cop.),
field emission scanning electron microscopy (FE-SEM, S-
4200, Hitachi), and X-ray diffraction (XRD, PANalytical
B.V.). The performances of cell were tested by record-
ing the current-voltage curve with source meter (Model
2400, Keithley Instrument, Inc.) under standard illumination
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Figure 2: The HRTEM images of (a) the conventional TiO
2
, (b) the magnetic field applied TiO

2
after calcined at 723K for 30min, and (c)

the magnetic field applied TiO
2
without sintering.

of 1 sun (100mW/cm2, AM 1.5). The absorption spectra
were obtained using a UV-vis spectrophotometer (Optizen
3220UV,Mecasys). Internal impedance ofDSCwasmeasured
using electrochemical impedance spectroscopy (EIS, SP-150,
Biologic SAS), with a frequency ranging 10−2Hz∼106Hz.

3. Results and Discussion

3.1. Morphology and Structure of TiO
2
. The HRTEM images

of the conventional TiO
2
(a), the magnetic field applied TiO

2

after calcined at 723K for 30min (b), and the magnetic field
applied TiO

2
without sintering (c) were shown in Figure 2.

The corresponding lattice fringes shown in the insets of all fig-
ureswere clearly observed, indicating that TiO

2
nanoparticles

formed with good crystallinity. The interplanar spacing was
determined to be 0.32, 0.31, and 0.32 nm, respectively. There
was no big difference; it meansmagnetic field could not affect
the structure of crystal.

Figure 3 is XRD patterns of the conventional TiO
2
, the

magnetic field applied TiO
2
after calcined at 723K for 30min,

and the magnetic field applied TiO
2
without sintering. All

shows anatase peaks. The diffraction peak of the (0 0 4) of
both 𝐵 applied anatase is stronger than that of conventional.
This said that magnetic field made the (0 0 4) plane of
anatase vertical to its direction. Anatase TiO

2
particle has a

tetragonal crystalline structure and is very likely to be aligned
with the direction of the magnetic field as explained with
formulae (1) and (2). The c-axis of the anatase TiO

2
particle

is aligned parallel to 𝐵 in the suspension. This property is
important for improving interparticle electrical contact and
for transporting electrons at neck of interparticle connec-
tions [10]. Disordered crystals create defect states during
nanoparticle necking into films. These defect states serve as
electron trap states, retarding both the electron transport
toward the FTO substrate and electron recombination with
the electrolyte [4, 18]. And no difference between sintered



4 International Journal of Photoenergy

In
te

ns
ity

 (a
.u

.)

20 30 40 50 60 70
2𝜃 (deg)

Conventional

(101)

(004)
(200)

(105)(211) (204)

𝐵 applied without sintering

𝐵 applied

Figure 3: XRD patterns of conventional TiO
2
, 𝐵 applied TiO

2
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𝐵 applied TiO
2
without sintering.
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Figure 4: SEM images of reference TiO
2
(a) and magnetic field

applied TiO
2
(b).

and not sintered𝐵 applied TiO
2
was considered no alignment

transform of crystals by calcination.
Figure 4 shows SEM images of conventional TiO

2
and

magnetic field applied TiO
2
nanoparticles deposited on the

FTO glass after calcined at 723K for 30min, (a) and (b),
respectively. The diameter of each particle is in range of 20∼
30 nm in both images. It means that magnetic field did not
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Figure 5: UV-vis absorption spectra of DSCs.

affect the size of particle. The morphology of conventional
TiO
2
is roughly packed and uneven. Compare to conven-

tional one, the TiO
2
film after crystallization assisted by

magnetic field became more densely packed and flat. This
shows that magnetic field aligned TiO

2
crystals well.

Figure 5 is UV-vis absorption spectra of magnetic field
applied and not applied DSCs. Because both used N719 dye,
similar shapes of absorption spectra are shown. Magnetic
field applied cell was densely packed comparable to conven-
tional, therefore a surface area of TiO

2
was decreased, and

there were less voids to attach dye molecules. So the light
absorption of 𝐵 applied cell was decreased. Despite this, the
photocurrent was increased by the well-oriented TiO

2
that is

discussed later.

3.2. The Current-Voltage Behaviors. Under standard illumi-
nation of 1 sun, 𝐼-𝑉 curves of DSCs based on conventional
and magnetic field applied TiO

2
were measured. They are

shown in Figure 6, and the photovoltaic characteristics of
these DSCs are summarized in Table 1. Photocurrent was
increased as applying time of magnetic field rises, while the
open circuit voltage did not change noticeably. Higher pho-
tocurrent is probably related to the amount of absorbed dye,
light scattering, or interparticle electrical contact. Although
the dye absorption was decreased as magnetic field apply-
ing, photocurrent was increased. Well-aligned nanoparticles
improved electrical contact so that electron transport became
faster (Figure 7). When the magnetic field applying time
was increased, photocurrent of DSC was enhanced. It says
that crystal orientation is better with longer magnetic field
applied time on TiO

2
. As a result, the 7.50% efficiency of

DSC with well-aligned TiO
2
crystal by applying magnetic

field for 25min was 41% higher than the 5.31% efficiency for
conventional. After 25min, the TiO

2
paste was fully dried,
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Figure 6: 𝐼-𝑉 curves of magnetic field applied DSCs with different applying times under standard illumination of 1 sun.
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Figure 7: Schematic illustration of faster electron transportation in TiO
2
nanocrystals after magnetic field applied.

Table 1: 𝐼-𝑉 characteristics of magnetic field applied DSCs of
different applying times.

Applied time (min) 𝑉OC (V) 𝐼SC (mA) FF Efficiency (%)
0 0.80 2.79 0.69 5.31

5 0.79 3.43 0.62 5.79

15 0.79 3.75 0.62 6.33

25 0.78 4.36 0.64 7.50

and additional magnetic field did not change orientation of
TiO
2
particle.Therefore, additional 𝐵 did not bring efficiency

enhancement.
Electrochemical impedance spectra of magnetic field

applied and not applied DSCs are shown in Figure 8. R
1
(real

part of small semicircle) is the electron transfer resistances at
Pt/electrolyte interface, and R

2
(real part of large semicircle)

is at TiO
2
/dye/electrolyte interface [19]. While R

1
of two

plots is similar, there is difference in R
2
. Resistance of

TiO
2
/dye/electrolyte interface (R

2
) was decreased from 44Ω

to 39Ω by applying magnetic field onto TiO
2
. It implies

that well-oriented TiO
2
nanoparticles by applying magnetic

field improved electron conductivity. Consequently, overall
performance of DSC was enhanced.
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Figure 8: Internal resistances of the DSCs measured by EIS.

4. Conclusions

In this study, effect of the magnetic field on anatase TiO
2

crystal alignment of DSC was investigated. It was reported
that the magnetic field arranges TiO

2
crystal to its direction
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that has advantage for reaction activity. The c-axis of the
anatase TiO

2
is aligned parallel to 𝐵 in the suspension. This

improved interparticle electrical contact and for transporting
electrons at neck of interparticle connections. It was identi-
fied with EIS that resistance of TiO

2
/dye/electrolyte interface

(R
2
) was decreased by applying magnetic field onto TiO

2
.

Consequently, it was demonstrated that energy conversion
efficiency of TiO

2
particles arrangement was enhanced by an

external magnetic field.
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