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Abstract: High light-to-energy conversion efficiency was achieved by applying novel TiO,
nanorod/nanoparticle (NR/NP) bilayer electrode in the N719 dye-sensitized solar cells. The
short-circuit current density (J.), the open-circuit voltage (V,,.), the fill factor (FF), and the
overall efficiency (1) were 14.45 mA/cm?, 0.756 V, 0.65, and 7.1%, respectively. The single-
crystalline TiO, NRs with length 200-500 nm and diameter 30-50 nm were prepared by simple
hydrothermal methods. The dye-sensitized solar cells with pure TiO, NR and pure TiO, NP
electrodes showed only a lower light-to-electricity conversion efficiency of 4.4% and 5.8%,
respectively, compared with single-crystalline TiO, NRs. This can be attributed to the new NR/
NP bilayer design that can possess the advantages of both building blocks, ie, the high surface
area of NP aggregates and rapid electron transport rate and the light scattering effect of single-
crystalline NRs.
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Introduction

Since the first report of a dye-sensitized solar cell (DSSC) in 1991 by O’Regan and Gratzel,'
this system has aroused a lot of interest over the last decade due to its high efficiency, low
cost, and simple preparation procedure.>* In general, a porous TiO, nanoparticle (NP) film
is used as an electron transport medium in DSSC.? Electron transport in such porous film
is by trap-mediated diffusion, which is a slow mechanism.® A novel approach is explored
to improve the photovoltaic performance of DSSC by using one-dimensional (1D) TiO,
nanomaterials,”® such as nanorods (NRs), nanotubes, and nanowires because 1D materials
can improve electron transport properties and reduce light scattering.’

In recent years, many 1D TiO, materials, such as nanowires,'” nanotubes,'' and
NRs'? have been successively synthesized and applied on the DSSCs because they
could provide direct pathways for electrons from the injection points to the FTO
substrate and have the potential to increase the charge collection efficiency. However,
most of these studies only applied pure 1D TiO, nanomaterials on the DSSCs; few
researches were reported for composite NR/NP electrode structured to complement
the advantages of each other.!>!*

In this article, we report a new promising bilayer design, a pure NP layer coated with
pure single crystalline TiO, NRs that have been synthesized by simple hydrothermal
methods, and apply this new bilayer film electrode in DSSCs. Up to our knowledge,
this is the first time the TiO, NR/NP bilayer photoanode design has been applied in
DSSCs. It is expected that the photovoltaic performance of DSSC can be improved
by using this new TiO, NR/NP bilayer design.
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Experimental

Materials

Conducting glass plate (ITO glass, fluorine-doped SnO,
overlayer, sheet resistance 8 €2/cm?, made by Beijing Build-
ing Material Factory, Beijing, China) was used as a sub-
strate for precipitating TiO, porous film and was cut into
0.25 cm? sheets. Sensitizing dye cis-[(dcbH,),Ru(SCN),] was
purchased from SOLARONIX SA (Aubonne, Switzerland).
All other reagents (from Xilong Chemicals, Shantou, China)
were used without further purification.

Preparation of TiO, NRs

TiO, NR was prepared according to the method reported in
our previous work." The preparation of the TiO, NRs was
described as follows: 1 g of TiO, NPs prepared by sol-gel
methods'®!” was added into a 50 mL Teflon vessel containing
an amount of hydroxides (NaOH/KOH = 1:1) as aqueous
solution. The hydrothermal reaction was carried out at 200°C
for 36 hours and then naturally cooled to room temperature,
producing white Na,Ti,O_-xH,O and K, Ti,O.-xH,O precipi-
tate. The white precipitate was isolated from the solution by
centrifugating and washing with deionized water several
times and dried at 70°C for 10 hours. For ion exchange,
the sodium and potassium titanate NR was immersed into
a 0.1M HNO, solution for 6 hours, washed with deionized
water for several times until the pH value of the solution
was approximately 7, and then dried at 70°C for 10 hours.
The obtained H-titanate NR was added into a 100 mL Teflon
vessel, then filled with dilute HNO, solution up to 80% of
the total volume, and maintained at 180°C for 24 hours. The
product was isolated from the solution by centrifugating and
washing with deionized water for several times and dried at
70°C for 10 hours. The final step was to calcine the obtained
sample at 450°C for 2 hours.

Measurement and characterization
The TiO, NRs were observed with a JEM-2000EX transmission
electron microscope (JEOL, Tokyo, Japan). The crystal struc-
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ture of the titania was identified by X-ray diffraction (XRD) on
a Bruker D8-ADVANCE X-ray diffractometer (Cairo Scientific
Corp, Cairo, Egypt) at40 kV and 40 mA for monochromatized
Cu Ko radiation at 0.154 nm.

The photovoltaic test of DSSC was carried out by
measuring the J-V character curves under simulated AM
1.5 solar illumination at 100 mW-cm™ from a xenon arc lamp
(XQ-500W; Shanghai Photoelectricity Device Company,
Shangai, China) in ambient atmosphere; the fill factor
(FF) and the overall light-to-electrical energy conversion
efficiency () of DSSC were calculated according to the
following equations:'®

FF _ Vmax X Jmax (1)
VOCXJSC
V. xJ V. xJ..XFF
77(%)=%x100=%x100, )

where J_ is the short-circuit current density (mA-cm™),
V. is the open-circuit voltage (V), P, is the incident light
power,andJ__(mA-cm™)and V,__(V)are the current density
and voltage at the point of maximum power output on the
J=V curves, respectively.

All the measurements were performed in air. For each
type of devices, a set of 5-8 devices was characterized to
verify the reproducibility of the results.

The amount of chemisorbed dye was determined by a
spectroscopic method by measuring the concentration of dye
desorbed on the titania surface into a mixed solution of 0.1M
NaOH and ethanol (1:1 in volume fraction). The absorption
spectrum was analyzed by UV-vis spectrophotometer (UV
2450; Shimadzu, Kyoto, Japan).

Preparation of electrode and assembly

of cell
The TiO, NR/NP electrode of DSSC was fabricated by
layer assembly technique shown in Figure 1. The first layer

Figure | Schematic representation of the DSSC based on TiO, NR/NP bilayer photoanode.

Abbreviations: DSSC, dye-sensitized solar cell; NR, nanorod; NP, nanoparticle.
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was TiO, NP (approximately 9 um in thickness) prepared
by sol-gel method according to the method by Wang et al.'’
Then the second layer was TiO, NR (approximately 3 pm
in thickness), coated by using a doctor-blading technique.
After air drying, the electrode was sintered at 450°C for
30 minutes and cooled down to 80°C. Then the calcined TiO,
electrode was immersed in ethanol solution of 2.5 X 10 M
cis-[(dcbH,),Ru(SCN),] for 24 hours. After the substrate
was adequately washed with anhydrous alcohol and dried
in moisture-free air, the dye-sensitized TiO, electrode was
obtained. A DSSC was assembled by filling an electrolyte
solution (0.6M tetrapropylammonium iodide, 0.1M iodine,
0.1M lithium iodide, 0.5M 4-tertbutylpyridine in acetonitrile)
between the dye-sensitized TiO, electrode and a platinized
conducting glass electrode. The two electrodes were clipped
together, and a cyanoacrylate adhesive was used as sealant to
prevent the electrolyte solution from leaking.

Results and discussion

Characterization of the TiO, NRs
The detailed morphology of the TiO, NRs was characterized
with transmission electron microscopy (TEM) images,

as shown in Figures 2A, 2B. It can be seen that the syn-
thesized titania has NR structure with length ranging
from 200 to 500 nm and diameter 30-50 nm. The single
crystallinity of the NRs was confirmed by the selected area
electron diffraction pattern (inset in Figure 2B) and the
high-resolution TEM (Figure 2C). Energy dispersive X-ray
analysis of the prepared TiO, NRs (Figure 2D) confirmed the
purity of the prepared TiO, NRs and the absence of residuals
of Na or K ions.?

The XRD pattern of the TiO, NRs is shown in Figure 3.
All diffraction peaks were assigned to pure anatase phase
(JCPDS no. 21-1272)* without other crystalline byproducts.
Moreover, the peaks are rather sharp, which indicates that the
obtained TiO, has relatively high crystallinity.

Photovoltaic characteristics

and performance

Figure 4 shows the photocurrent density vs voltage (J-V)
characteristics of a DSSC based on the hybrid NR/NP bilayer
titania electrode (approximately 12 wm in total thickness).
The performance of the DSSCs based on this bilayer film was
measured under 1 Sun AM 1.5 simulated sunlight. The J,

0
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Figure 2 A — B) TEM images of the TiO, nanorod sample; inset in B) the corresponding SAED patterns of the nanorod. C) The HRTEM image of the nanorod. D) SEM-EDS

element analysis of the nanorod.

Abbreviations: SAED, selected area electron diffraction pattern; HRTEM, high-resolution transmission electron miscroscopy; SEM, scanning electron microscopy;

EDS, energy dispersive X-ray analysis.
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Figure 4 Photocurrent density—voltage (J-V) curves of DSSCs constructed with TiO, pure (NP); pure (NR) and bilayer (NR/NP) photoanodes.

Abbreviations: DSSCs, dye-sensitized solar cells; NP, nanoparticle; NR, nanorod.
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Voo FF, and m of the bilayer electrode were found to be
14.45 mA/cm?, 0.756 V, 0.65, and 7.1%, respectively.

The comparison between photocurrent—voltage charac-
teristics of the DSSC using the TiO, NR/NP bilayer electrode
with those of cells using pure TiO, NR and NP electrodes
(with the same film thickness) are shown in Figure 4. The
photoelectrical data of the DSSCs are summarized in Table 1.
From the results in Figure 4 and the data in Table 1, it can
be seen that high short photocurrent density, as well as high
photovoltaic performance, has been obtained by applying
the hybrid design TiO, NR/NP bilayer electrode in the DSSC
than that of pure NR and NP devices.

The adsorption of the dye molecules in the three TiO,
films is compared using UV—vis absorption spectra, which
is shown in Figure 5. The results clearly indicate that the
absorption intensity of the adsorbed dye on the hybrid TiO,
NR/NP bilayer electrode is larger than the pure NP and
pure NR electrodes with the same thickness. The amount of
chemisorbed ruthenium dye onto the NR, NP, and NR/NP
film electrodes are listed in Table 1 and are determined as
2.1, 3.6, and 6.2 x 10~° mol-cm™2, respectively. It means that
hybrid NR/NP bilayer electrode can absorb more ruthenium
dye than pure NR and pure NP do, which is ready for the
enhancement of incident light harvest and improvement of
light-to-electricity conversion efficiency of the DSSC.

Incident photon-to-current conversion
efficiency

The incident photon-to-current conversion efficiency (IPCE)
is defined as the ratio of the number of electrons in the external
circuit produced by an incident photon at a given wavelength.
Using Equation (3), the IPCE values of the DSSCs with the
NR/NP bilayer, NR and NP electrodes as a function of the
illumination wavelength are shown in Figure 6.

IPCE(%) = 100 x 1240 X I, (W, x ), 3)
where [ is the short-circuit photocurrent (mA/cm?),

W_ is the incident light intensity (W/cm?), and A is the
wavelength (nm).

As expected, the DSSC with the NR/NP bilayer film
showed higher conversion efficiency in the wavelength range
300-700 nm than that with pure NR and NP electrodes. The
TiO, NR/NP bilayer electrode shows a maximum IPCE of
88.9% at a wavelength of 575 nm, whereas the NR and NP
electrodes show an IPCE of 63.5% and 70%, respectively.
This resulted in a 22% improvement in the conversion
efficiency and 27% in IPCE of the DSSC with NR/NP
electrode than with NP electrode.

This large improvement in the photovoltaic perfor-
mance of the new DSSC-based NR/NP bilayer design can
be explained as, although the high surface area of TiO, NP
meets the requirement of adsorbing dye, it brings about, at
the same time, many opportunities for the recombination of
photoinjected electrons and the oxidized dye and/or the elec-
tron acceptors in the electrolyte.* The 1D TiO, electrodes such
as NRs can enhance the light harvesting,? straight pathway
electron transport,® and also have no serious light loss due
to back scattering. Therefore, the design of the TiO, NR/NP
bilayer film balances the surface area and the light scattering;
thus, the performance of DSSC with TiO, NR/NP bilayer
electrode is higher than those with NP or NR electrode.

Conclusion

In summary, anatase TiO, NR was successfully synthesized
by hydrothermal method. High light-to-electricity conversion
efficiency of 7.1% was achieved by applying high-efficient
TiO, NR/NP bilayer photoanode in DSSC compared with
pure TiO, NP as electrode, which shows the conversion
efficiency of only 5.8%. This 22% enhancement is attributed
to the balance between less light scattering for TiO, NR and
the more light harvesting for TiO, NP.
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Figure 5 UV-vis absorption spectra of the adsorbed (N719) dye sensitized onto (a) bilayer NR/NP, (b) NP, and (c) NR TiO, electrodes.

Abbreviations: NP, nanoparticle; NR, nanorod.
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Figure 6 IPCE curves of the DSSCs based on pure NP, pure NR, and the NP/NR bilayer photoanodes.
Abbreviations: IPCE, incident photon-to-current conversion efficiency; DSSCs, dye-sensitized solar cells; NP, nanoparticle; NR, nanorod.

50 submit your manuscript

Dove

Nanotechnology, Science and Applications 2010:3


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

TiO, nanorod/nanoparticle bilayer electrode

Egyptian Ministry of Higher Education and Scientific
Research (Cycle 0709).

Disclosure
The authors report no conflicts of interest in this work.

References

1.

10.

O’Regan B, Gritzel M. A low-cost, high-efficiency solar cell based on
dye-sensitized colloidal TiO, films. Nature. 1991;353:737-739.

. Gritzel M. Photoelectrochemical cells. Nature. 2001;414:338-344.
. Wu JH, Lan Z, Lin JM, et al. A novel thermosetting gel electrolyte

for stable quasi-solid-state dye-sensitized solar cells. Adv Mater
2007;19:4006-4011.

. Wu J, Hao S, Lan Z, et al. An all-solid-state dye-sensitized solar cell-

based poly(N-alkyl-4-vinyl-pyridine iodide) electrolyte with efficiency
of 5.64%. J Am Chem Soc. 2008;130:11568-11569.

. Tto S, Murakami TN, Comte P, et al. Fabrication of thin film dye sensitized

solar cells with solar to electric power conversion efficiency over 10%.
Thin Solid Films. 2008;516:4613-4619.

. Kopidakis N, Benkstein KD, Van de Lagemaat J, Frank AJ. Transport-

limited recombination of photocarriers in dye-sensitized nanocrystalline
TiO, solar cells. J Phys Chem B. 1999;107:11307-11315.

. Song MY, Ahn YR, Jo SM, Kim DY. TiO, single-crystalline nanorod

electrode for quasi-solid-state dye-sensitized solar cells. App! Phys
Lett. 2005;87:113113.

. Adachi M, Murata'Y, Okada I, Yoshikawa S. Formation of titania nano-

tubes and applications for dye-sensitized solar cells. J Electrochem Soc.
2003;150:G488-G493.

. Yip C, Mak C, Djurisic A, Hsu Y, Chan W. Dye-sensitized solar cells

based on TiO, nanotube/porous layer mixed morphology. Appl Phys A.
2008;92:589-593.

Adachi M, Murata Y, Takao J, Jiu J, Sakamoto M, Wang F. Highly
efficient dye-sensitized solar cells with a titania thin-film electrode
composed of a network structure of single-crystal-like TiO, nanowires
made by the “oriented attachment” mechanism. J A4m Chem Soc.
2004;126:14943—-14949.

Nanotechnology, Science and Applications

Publish your work in this journal

Nanotechnology, Science and Applications is an international, peer-
reviewed, open access journal that focuses on the science of nanotech-
nology in a wide range of industrial and academic applications. It is
characterized by the rapid reporting across all sectors, including engi-
neering, optics, bio-medicine, cosmetics, textiles, resource sustainability

12.

20.

21.

22.

23.

. Uchida S, Chiba R, Tomiha M, Masaki N, Shirai M. Application of

titania nanotubes to a dye-sensitized solar cell. Electrochemistry.2002;
70:418-420.

Jiu JT, Isoda S, Wang FM, Adachi M. Dye-sensitized solar cells
based on a single-crystalline TiO, nanorod film. J Phys Chem B.
2006;110:2087-2092.

. Roy P, Kim D, Paramasivam I, Schmuki P. Improved efficiency of

TiO, nanotubes in dye sensitized solar cells by decoration with TiO,
nanoparticles. Electrochem Commun. 2009;11:1001-1004.

. Tan B, Wu'Y. Dye-sensitized solar cells based on anatase TiO, nanopar-

ticle/nanowire composites. J Phys Chem B. 2006;110:15932—15938.

. Hafez HS. Synthesis of highly-active single-crystalline TiO, nano-

rods and its application in environmental photocatalysis. Mater Lett.
2009;63:1471-1474.

. KasugaT, Hiramatsu M, Hoson A, Sekino T, Niihara K. Titania nanotubes

prepared by chemical processing. Adv Mater. 1999;11:1307—1311.

. Nogueira AF, Flores IC, de Freitas JN, Longo C, de Paoli M,

Winnischofer H. Dye-sensitized solar cells based on TiO, nanotubes
and a solid-state electrolyte. J Photochem Photobiol A. 2007;189:
153-160.

. Gritzel M. Perspectives for dye-sensitized nanocrystalline solar cells.

Prog Photovoltaic Res Applic. 2000;8:171-185.

. Wang P, Zakeeruddin SM, Comte P, Charvet R, Baker RH, Gritzel M.

Enhance the performance of dye-sensitized solar cells by co-grafting
amphiphilic sensitizer and hexadecylmalonic acid on TiO, nanocrystals.
J Phys Chem B. 2003;107:14336-14341.

Yoshida R, Suzuki Y, Yoshikawa S. Syntheses of TiO,(B) nanowires and
TiO, anatase nanowires by hydrothermal and post-heat treatments. .J Solid
State Chem. 2005;178:2179-2185.

Joint Committee on Powder Diffraction, International Centre for
Diffraction Data. PDF-2 release, 2001. Newtown Square, PA:
ICDD; 2001.

Wang Y, Yang H, Xu H. DNA-like dye-sensitized solar cells based on
TiO, nanowire-covered nanotube bilayer film electrodes. Mater Lett.
2010;64:164-166.

Wei Q, Hirota K, Tajima K, Hashimoto K. Design and synthesis of
TiO, nanorod assemblies and their application for photovoltaic devices.
Chem Mater. 2006;18:5080-5087.

Dove

and science. Applied research into nano-materials, particles, nano-
structures and fabrication, diagnostics and analytics, drug delivery
and toxicology constitute the primary direction of the journal. The
manuscript management system is completely online and includes a
very quick and fair peer-review system, which is all easy to use.

Submit your manuscript here: http://www.dovepress.com/nanotechnology-science-and-applications-journal

Nanotechnology, Science and Applications 2010:3

submit your manuscript 51

Dove


http://www.dovepress.com/nanotechnology-science-and-applications-journal
www.dovepress.com
www.dovepress.com
www.dovepress.com
www.dovepress.com

	Publication Info 2: 
	Nimber of times reviewed: 


