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PERFORMANCE ENHANCEMENT OF MAGNETIC
BEADS-GRAPHENE OXIDE-TiO, COMPOSITE FILM ON ZnO
NANOWIRES FOR DSSCs

Jung-Chuan Chou ", Pei-Hong You?, Yi-Hung Liao’, Chih-Hsien Lai*, Chien-Hung Kuo?
Cheng-Chu Ko°, and Yu-Hsun Nien®

ABSTRACT

Dye-sensitized solar cells (DSSCs) were fabricated using photoanodes made from zinc oxide nanowires (ZNWs)/graphene
oxide (GO) - titanium dioxide (TiO,) composite film. In this study, we used magnetic beads (MBs) to modify double layer structure.
DSSC based on ZNWs/MBs (0.25 mL)-GO-TiO, composite photoelectrode exhibited a high energy conversion efficiency (n) of
4.46%, compared with a DSSC based on ZNWs/GO-TiO, composite photoelectrode (3.53%), accompanied by increment
short-circuit photocurrent. According to the experiment result, which could be attributed to the high specific surface area of MBs.
The effects of GO and MBs for photovoltaic performances of the DSSC were investigated by field emission scanning electron
microscopy (FE-SEM), solar simulator, UV-visible spectrometer and electrochemical impedance spectroscopy (EIS).

Keywords: Zinc oxide nanowire, titanium dioxide, dye-sensitized solar cell, graphene oxide, magnetic beads and electrochemical

impedance spectroscopy.

1. INTRODUCTION

Dye-sensitized solar cells (DSSCs) are photoelectrochemical
cell, which was first suggested by O’Regan and Grétzel in 1991.
Dye-sensitized solar cells have been extensively studied as potential
candidates for next-generation solar cells, because they have reason-
able conversion efficiency, low cost, a simpler structure and lower
fabrication cost than conventional silicon-based solar cells (O’Regan
and Grétzel 1991; Chen 2016). However, the DSSCs are still facing
several critical problems, such us short long life and recombination.
Some researchers attempted to improve the properties of the TiO,
electrode or used double layer structure, which can increase carrier
lifetime and improve the photovoltaic conversion efficiency of
DSSC (Rani and Tripathi 2016; Al-juaid et al. 2013).

Because of their low cost, high porosity, wide bandgap and
unique electrical properties, titanium dioxide (Ti0,) is widely used in
various applications such as photocatalyst, dye sensitized solar cell,
gas sensor, optical devices etc. (Xi et al. 2014; Zhang et al. 2015).
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Because of its wide direct bandgap (3.37 eV) and high exci-
ton binding energy (60 m eV), zinc oxide (ZnO) is an attractive
material and has been investigated widely for applications in
piezoelectric devices, sensor and solar cell etc.. The electron mo-
bility is higher in ZnO than in TiO, and band gap is similar to
TiO,. On the other hand, the ZnO has various morphologies, such
us nanoparticles, nanowires, nanotube and nanoflowers etc.
(Chao et al. 2010; Manoharan et al. 2016; Xue et al. 2011).

In this paper, ZnO nanowires (ZNWs) were deposited by a
water bath method to fabricate a DSSC. The main object of this
paper is to optimize the ZnO structure, since electron transfer,
suppressing of electron recombination and the electron diffusion
of ZnO are expected to be more efficient (Rey et al. 2011).

Law et al. 2005 first demonstrated the capability of using
vertical ZnO nanowire (NW) arrays in DSSCs. After that, other
morphologies using ZnO nanostructures were improved the pho-
tovoltaic conversion efficiency, such as Yang et al. (2016) used
hydrothermal method deposition to fabricate ZnO nanowires on
the TiO, film, which made photovoltaic conversion efficiency of
DSSC achieve 5.23%.

Graphene is a novel two-dimensional (2D) nanomaterial
with exhibits low resistance, excellent optical transmittance and
electron transport (Geim et al. 2009; Sun et al. 2011). As a result
of its high mobility up to 10° em® V' s™' (Bonaccorso et al.
2010), high specific surface area reaching 2630 m® g ', tunable
band gap and high mechanical strength, graphene should be an
ideal material in DSSC photoanode.

Magnetic beads (MBs) were composed of Fe;O,, which have
been widely used in the biomedical fields because of its high specific
surface area, biocompatibility, and good dispersion (Nouira et al.
2013; Chou et al. 2016). Many researches about Fe;O, are as a pho-
tocatalyst, which have been widely developed and could be used
magnetic fields to influence electron transfer.
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In this study, we used MBs to modify ZNWs/GO/TiO,
composite film, which was prepared different MBs contents (0.25
mL ~ 1.25 mL) to formulate composite pastes. It is expected the
incorporation of magnetic beads in photoanode may enhance the
conversion efficiency of DSSC by reducing the charge recombi-
nation. In addition, the surface morphology and photovoltaic
analysis of DSSC were characterized by field emission scanning
electron microscopy (FE-SEM), UV-visible spectrometer (UV-
vis), solar simulator, electrochemical impedance spectroscopy
(EIS).

2. EXPERIMENTAL
2.1 Materials

The graphite powders were purchased from Enerage Inc.,
Taiwan. MBs solution was purchased from Quantum Biotech-
nology Inc., Taiwan. The titanium dioxide powders (P25) and
ruthenium-535 (N3) were manufactured from UniRegion
Bio-Tech, Taiwan. The zinc acetate was purchased from J. T.
Baker, United States. The hexamethylenetetramine was pur-
chased from Alfa Aesar, United States. The iodine puriss (I,) was
purchased from Riedel-de Haén, Germany. The ethanol was pur-
chased from Katayama Chemical, Japan. The Triton X-100 was
purchased from PRS Panteac, Spain. The acetylacetone (AcAc),
lithium iodide (Lil) and 4-Tert-Butylpyridine (TBP) were pur-
chased from Sigma-Aldrich, United States. The 1-propyl-2,
3-dimethylimidazolium iodode (DMPII) was purchased from
Tokyo Chemical, Japan.

2.2 Synthesis of the Graphene Oxide

GO was prepared by the modified Hummer’s method (Shen
et al. 2009). Typically, graphite/sodium nitrate (NaNO;) (vol.
ratio: 1/1) and sulfuric acid (H,SO,4) were stirred in an ice bath
for 1 hour, and then KMnO, was slowly added. The solution was
stirred for 48 hours. The obtained product was washed using a
mixed solution of hydrochloric acid (HCI)/H,O (vol. ratio: 1/10).
Finally, the precipitation was washed using D. I. water until the
pH 7.0, and freeze-dried to remove water to obtain brown gra-
phene oxide powder (Chou et al. 2016).

2.3 Fabrication of the ZNWs/MBs-GO-TiO, Composite
Layer for Dye-Sensitized Solar Cell

The photoelectrode of DSSC consists of a MBs-GO-TiO,
composite layer and a ZNWs layer. The cleaned FTO was sticked
with the teflon tape on the conducting surface to define the active
area (8 mm x 8 mm). The ZnO seed was fabricated by the radio
frequency (R.F.) sputtering system. A ZnO target with a purity of
99.99 % was sputtered in a reactive gas mixture of Ar and O, with
a pressure flow ratio Ar/O, of 9/1 (sccm). The R. F. power, work-
ing pressure and deposited time were set 60 W, 3 mTorr and 5 min,
respectively. Then, ZNWs were fabricated by the water bath
method. The growth solution contained 1.1 g zinc acetate, 0.7 g
hexamethylenetetramine and 500 mL D. I. water for 2 hours. The
temperature of ZnO nanowires deposition was set 90 °C. And then,
the MBs-GO-TiO, colloid consists of 3 g TiO, powders (P25),
0.15 mL Triton X-100, 0.05 mL AcAc, 0.15 mL graphene oxide
and different concentrations of MBs solution (0.25 mL ~ 2.5 mL),
which were mixed by a magnetic stirrer for 24 hr. The colloid was

fabricated on ZNWs photoanode by the spin coating method.
After that, the active area of photoelectrode was set 0.64 cm’. The
photoelectrode was annealed at 450°C for 30 min, then the photo-
electrode was immersed in the 3 x 10 M N3 dye for 24 hr. Finally,
the photoelectrode, Pt-counter electrode and electrolyte were as-
sembled into a sandwich structure as shown in Fig. 1.
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Fig. 1 The structure of DSSC with MBs-GO-TiO,
composite and ZNWs layer

2.4 Characteristic and Photoelectric Properties of the
ZNWs/MBs-GO-TiO, Composite Film

The surface morphologies of ZNWs were analyzed by
FE-SEM (Hitachi S4800-I, Japan). The absorption spectra of the
photoelectrode was measured by using UV-vis spectrophotome-
ter (Jacomodel V-600, Taiwan). The thickness of the photoanode
films was measured by a surface profiler (Bruker DektakXT,
USA). The photovoltaic parameters of DSSC were measured by a
solar simulator (MFS-PV-Basic-HMT, Taiwan) at AM 1.5G (100
mW/cm®). The electrochemical property of DSSC was measured
by an electrochemical impedance analyzer (BioLogic SP-150,
France). Besides, impedance measurement of cells was recorded
over a frequency range of 1 MHz to 50 mHz with an AC ampli-
tude of 10 mV.

3. RESULTS AND DISCUSSION

3.1 Synthesis of the ZnO Nanowires Composite Film

The ZnO nanowires were synthesized using water bath
method followed by annealing in air. It can be observed in the
SEM image. Figure 2 showed the cross-section SEM image of
ZnO nanowires. The ZnO nanowires were grown on the ZnO
seed substrate, and an average length of nanowires is 511 nm.
Moreover, the diameter of nanowires is 46 nm.

3.2 Specific Surface Areas of the Different Composite Film

The comparsion of specific surface areas for different com-
posite films are shown in Table I. The specific surface area of the
MBs-GO-Ti0»/ZnO nanowires composite film was measured by
Brunner-Emmet-Teller (BET) Sorptometer (BET-201A), and
which was 214.2 m*> g”'. Compared with other literatures (Sofi-
ane et al. 2016; Jadhav 2014; Zhang et al. 2015; Fang et al.
2015), the MBs-GO-Ti0O,/ZnO nanowires exhibited a larger sur-
face area, which could be attributed to the the high specific sur-
face area of GO and MBs.
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Fig.2 The SEM image of cross section view for ZnO nanowires

3.3 Dye Adsorption of the Different Composite Films

In order to find out the reason for higher short-circuit current
density (Ji.) of the composite film, both ZnO, ZnO nan-
owires/Ti0,, ZnO nanowires/GO-TiO, and ZnO nanowires/MBs-
GO-TiO, photoanodes were immersed 0.1 M NaOH solutions to
desorb the N3 dye from the active area of photoelectrode. Figure
3 showed UV-Vis absorbance spectra of the dye solution. The
absorbance peaks were observed at 380 nm and 500 nm for N3
dye, and the loading of dye adsorption was shown in Table II.
From the UV-Vis absorbance spectra, ZnO nanowires/MBs-
GO-TiO, composite film showed better absorbance than other
composite films. However, the experimental results could be
attributed that the GO had high specific surface area, and MBs
had good dispersion. In general, more dye loading could obtain
more electron-hole pair under the incidence for photoanodes,
which can improve Jsc (Marimuthu ef al. 2017).

0.30 (1) ZnO seed
(2) ZnO nanowires + TiO,
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Fig.3 The UV-Vis absorbance spectra of the different
composite films

3.4 Effect of the Different Magnetic Beads Contents for
Photovoltaic Parameters

Figure 4 showed the current density-voltage (J-V) curves of
the ZNWs/GO-TiO, based on different magnetic beads solutions

(0.25, 0.50, 0.75, 1.00, 1.25 mL) in ZNWs/MBs-GO-TiO,. The
corresponding performance parameters are summarized in Table
II. The open-circuit voltages (V,.) of the five samples show the
nearly of 0.75 V, which could be attributed DSSC composed of
the ZNWs/MBs-GO-TiO, as the working electrode and Pt films
as the counter electrode. The fill factor of the samples are almost
similar, but the short-circuit current density (J,) are different.
The J,. is a key parameter to enhance the photovoltaic conversion
efficiency. Moreover, the J,, means the output current density of
DSSC when output voltage is zero. The photovoltaic conversion
efficiency of the ZNWs/MBs (0.50 mL)-GO-TiO, is higher than
other MBs solutions. Because the appropriate concentration of
MBs can ideally accelerate the transition for photo-generated
electron from TiO, to FTO before recombination. Interestingly,
the performances of DSSCs are greatly improved by incorporat-
ing magnetic beads into DSSC. A higher J. of 11.38 mA cm™
with photovoltaic conversion efficiency (1) of 4.46% are ob-
served, and the increase for the n and Ji. reach 26% and 33%,
respectively. According to our experimental result, this could be
attributed that the MBs have high specific surface area and good
charge transfer (Chou et al. 2016).
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Fig. 4 The J-V curves of DSSCs with different magnetic
beads solutions in photoanodes

Table 1 Comparison of specific surface areas, diameters, and
length for different composite films

Specific surface areas

Structure (m/g) Reference

ZnO nanowires 171.1 In this study

TiO, (P25) 054.1 In this study
Joo0-Ti0y 208.8 Tn this study
MBs-GO-TiO,/ 2142 In this study
ZnO nanowires

TiO, (P25) 052.1 Sofiane ez al. 2016
ZnO nanowires 151.1 Jadhav et al. 2014
TiO, nanowires 080.0 Zhang et al. 2015
Ag nanowires 009.5 Fang et al. 2015
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Table2 The photovoltaic parameters of DSSCs with different
magnetic beads solutions in ZNWs/MBs-GO-TiO,
Struct Adsorbed dye Ve Jse F.F. n
ructure (mol/em®x10%) (V)  (mAem?) (%) (%)
ZNWs 4.58 0.38 0.44 39.25 0.10
ZNWs/ TiO, 7.44 0.73 7.73 5747 323
ZNWs/GO-TiO, 10.84 0.72 8.57 56.90 3.53
ZNWs/MBs
(0.25 mL) N/A 0.74 9.82 60.61 4.28
-GO-TiO,
ZNWs/MBs
(0.50 mL) 12.48 0.76 11.38 64.83 4.46
-GO-TiO,
ZNWs/MBs
(0.75 mL) N/A 0.77 8.32 6391 4.10
-GO-TiO,
ZNWs/MBs
(1.00 mL) N/A 0.76 8.02 64.63 3.98
-GO-TiO,
ZNWs/MBs
(1.25 mL) N/A 0.75 7.77 65.80 3.84
-GO-TiO,

N/A: Not available

3.5 Effect of Different Magnetic Beads for Internal
Impedances

Figure 5 showed the Nyquist plots and equivalent circuit
model of DSSCs modified by GO and MBs. semicircles in the
Nyquist plots, Ry is the starting series resistance between the FTO
glass and wires. The first semicircle represented charge-transfer
resistance and interfacial capacitance between electrolyte and
Pt-counter electrode (R; and C;). The second semicircle repre-
sented recombination resistance and chemical capacitance at the
interface of TiO,/electrolyte (R, and C,). Therefore, the re-
sistance and capacitance parameters of equivalent circuit were
summarized in Table III. The recombination impedance was in-
creased from 38.70 Q to 43.70 QQ when GO and MBs were modi-
fied in DSSC, which had the larger second semicircle, indicating
the electron recombination resistance between TiO, and electro-
lyte is increased by introducing MBs (Tiana et al. 2011).
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Fig.5 The Nyquist plots of DSSCs with different composite films

Table3 The electrochemical impedance parameters of DSSC
with different composite films

Structure Ri(Q) GCmF) R(Q) Q)

ZnO nanowires 0.29 0.75 17.40 13.05

ZnO nanowires/TiO, 2.60 1.21 28.92 34.99
ZnO nanowires/GO-TiO, 0.31 1.47 38.70 56.88
ZnO nanowires/MBs-GOTiO, 0.35 1.52 43.70 66.42

4. CONCLUSIONS

In this study, introducing MBs into ZnO nanowires/
GO-TiO, based DSSC could effectively enhance the photocur-
rent, open-circuit voltage and fill factor. Thus the overall conver-
sion efficiency could be improved due to the MBs high specific
surface area and good charge transfer. When 0.5 mL MB was
incorporated into ZNWs/GO-TiO, photoelectrode, DSSC showed
the best performances with the higher J,, of 11.38 mA ¢m™ and 7
of 4.46%.
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