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Abstract
TiO2:Eu3+ nanorods are hydrothermally grown and used to fabricate a bilayer film electrode in
a dye-sensitized solar cell. A light-to-electrical energy conversion efficiency of 8.0% and a
quantum efficiency of 93.7% (at 575 nm) is achieved in this solar cell. The high efficiency is
due to the improvement of ultraviolet light harvesting via a down-conversion luminescence
process by the Eu3+ ion and the increase of light scattering by one-dimensional TiO2.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In the past two decades, considerable efforts have been
devoted to the dye-sensitized titania nanocrystalline solar cell
(DSSC) since its prototype was first reported by Gratzel in
1991 [1]. DSSC has been considered as a potential alternative
to conventional silicon cells because of its low cost, high
conversion efficiency, good stability and simple preparation
procedure [2–4]. A typical DSSC consists of a platinized
counter electrode, a redox electrolyte and an electrode made
from a porous TiO2 film sensitized by a dye for absorbing
incident light [1, 2]. The TiO2 film is essential for the
efficient operation of the DSSC. Ordered and porous TiO2

films by the sol–gel method have shown an efficiency of
∼7% [5, 6]. The porous TiO2 film with a scattering layer
by the hydrothermal method has shown a high efficiency of
up to 10% [7, 8]. The TiO2 films usually are constructed by
anatase nanoparticles, where the transport of charge carriers
has to cross many particle boundaries. Hence, one-dimensional
nanostructures should produce a lower diffusion resistance
than the nanoparticle films facilitating the collection of
photogenerated charge carriers, since the transport of electrons
along 1D materials is more facile than within a random
network of nanoparticles. Meanwhile, the light scattering and
harvesting can be judiciously optimized in order to improve

the solar cell efficiency in 1D nanostructures as well as in
nanoparticle-based films [3, 9, 10].

On the other hand, the sensitized dyes used in DSSC
are mostly synthetic: even the best dyes such as red dye
(N-3, N-719) and black dye (N-749) only absorb visible
light in the wavelength region of 290–800 nm [4]. The
ultraviolet irradiation from the Sun is not utilized, which
limits the Sun’s energy conversion efficiency for DSSC. If
ultraviolet light from the Sun can be transferred to visible
light by conversion luminescence, and is reabsorbed by
the sensitized dyes, more Sun irradiation will be utilized
and the solar energy conversion efficiency of DSSC will
be improved effectively. Rare-earth (RE) compounds due
to their specific 4f electronic structure and unique photo-,
electro-and magneto-properties have aroused extensive interest
and research [11–13]. Among luminescence conversion
materials, titania doped with europium (TiO2:Eu3+) represents
a typical example and is considered to be one of the best red
luminescence media due to its many merits [14]. It has a major
red emission band at 580–640 nm [14], which is absorbed
easily by the dyes in the DSSC. However, using rare-earth-
doped compounds as a luminescence conversion medium in
DSSC has not been seen so far, although it is very significant
and should be done.
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Figure 1. Schematic representation of the DSSC with Eu-NR/NP bilayer electrode.

In the present paper, TiO2:Eu3+ nanorods, as a one-
dimensional substrate material and luminescence conversion
medium, are introduced to construct a TiO2:Eu3+ nanorod/TiO2

nanoparticle (Eu-NR/NP) bilayer film electrode in the DSSC,
it is expected that the photoelectric performance of the DSSC
can be improved.

2. Experimental details

2.1. Chemicals

Chemical agents including tetraisopropyl titanate Ti[OCH
(CH3)2]4, europium nitrate Eu(NO3)3, iodine I2, lithium iodide
LiI, 4-tert-butylpyridine (TBP) and tetrapropylammonium
iodide N(n-C3H7)4I were purchased from Shanghai Chemical
Agent Ltd, China and used as received. The OP
emulsification agent (Triton X-100), polyethylene glycol
20 000 and cyanoacrylate adhesive were purchased from the
above company and used without further treatment. The
organic solvents such as methanol, ethanol and acetonitrile
were distilled before use. Conducting glass plates (ITO glass,
fluorine-doped indium tin oxide overlayer, sheet resistance
8 � cm−2) was purchased from Hartford Glass Co. USA.
Sensitized dye N-719 [RuL2(NCS)2, L = 4,4′-dicarboxylate-
2,2′-bipyridine] was from Solaronix SA.

2.2. Preparation of TiO2 nanorod and nanoparticle

TiO2 nanoparticles (NP) were prepared by the sol–gel
method described by Flores and Wang [15, 16]. TiO2:Eu3+
nanorods (Eu-NR) were prepared according to the procedures
described by Kasuga and Yin [17, 18] and modified by
us. Ti[OCH(CH3)2]4 and Eu(NO3)3 were dissolved in HCl–
methanol solution to form a transparent liquid. The liquid was
evaporated at 70 ◦C and then calcined at 450 ◦C for 2 h to get
a powder. The powder (1 g) was hydrothermally treated in an
aqueous mixture solution of NaOH (1.0 M, 10 ml) and KOH
(1.0 M, 10 ml) in an autoclave at 180 ◦C for 36 h. The resulting
precipitate was filtered, washed and acidified with dilute HNO3

and then hydrothermally treated in acidic medium at 180 ◦C for
12 h. Finally, the product was washed and dried at 70 ◦C for
10 h and then calcined at 450 ◦C for 30 min. Thus TiO2:Eu3+
nanorods were obtained. After a series of experiments, the Eu
amount is optimized as 0.07 mol%, which was determined by
the inductively coupled plasma atomic emission spectroscopy
(ICP-AES) method.

2.3. Fabrication of DSSC

Using ITO conductive glass as a substrate, a DSSC with
a TiO2:Eu3+ nanorod/TiO2 nanoparticle (Eu-NR/NP) bilayer
film electrode was fabricated by the layer assembling
technique [19–21]; the DSSC schematic representation is
shown in figure 1. The first layer (TiO2 nanoparticles (NP) with
10 μm thickness) and the second layer (TiO2:Eu3+ nanorods
(Eu-NR) with 4 μm thickness) were coated in order by using
a doctor-blading technique [19, 20]. After air drying, the TiO2

film was sintered at 450 ◦C for 30 min and cooled down to
80 ◦C. To absorb the dye, the calcined TiO2 film was immersed
in the N-719 dye–ethanol solution of 2.5 × 10−4 M for 24 h.
After the film was adequately washed with anhydrous alcohol
and dried in moisture-free air, a dye-sensitized TiO2 bilayer
electrode was obtained. The DSSC was assembled by filling an
electrolyte (0.1 M I2, 0.1 M LiI, 0.6 M N(n-C3H7)4I and 0.5 M
TBP in acetonitrile) between the dye-sensitized TiO2 bilayer
electrode and a platinized conducting glass electrode. The two
electrodes were clipped together and cyanoacrylate adhesive
was used as a sealant to prevent the electrolyte solution from
leaking. For comparison, DSSCs with TiO2 nanorod/TiO2

nanoparticles (NR/NP), pure TiO2 nanorods (NR) and TiO2

nanoparticle (NP) electrodes were fabricated by using the same
method.

2.4. Characterization

The amount of chemisorbed dye was determined by a
spectroscopic method by measuring the concentration of the
dye desorbed from the titania surface in a mixed solution of
0.1M NaOH and ethanol (1:1 volume fraction). The absorption
spectrum was analyzed by a UV–vis spectrophotometer
(Shimadzu UV 2450). The morphology of the TiO2:Eu3+
nanorods was observed with a JEM-2000EX transmission
electron microscope (JEOL, Japan). The crystal structure
of the sample was identified by an x-ray diffractometer
(Bruker D8 Advance, Germany) using Cu Kα radiation
(λ = 1.5405 Å). The 2θ angle of the XRD spectra was
recorded at a scanning rate of 5◦ min−1. The emission
spectrum of the sample was recorded using an FLS920
spectrofluorometer (Edinburgh Instruments, UK). The UV–vis
diffuse reflection spectrum of the sample was measured with
a UV–vis 2550 spectrophotometer (Shimadzu Corporation,
Japan) using BaSO4 as the background.
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Figure 2. (a) TEM image, (b) SAED pattern, (c) XRD pattern and (d) EDX spectrum of TiO2:Eu3+ nanorods.

2.5. Photovoltaic test

The photovoltaic test of the DSSC was carried out by
measuring the current–voltage (J–V ) characteristic curves of
the devices using a xenon arc lamp (CHF-XM500, Trusttech
Co., Ltd, China) and the intensity was adjusted to one sun
(100 mW cm−2) using a calibrated c-Si solar cell. The current–
voltage data were obtained by applying a Keithley model
2420 digital sourcemeter using a J–V characteristic analysis
software package for solar cells [19].

The fill factor (FF) and the overall light-to-electrical
energy conversion efficiency (η) of the DSSC were calculated
according to the following equations [22]:

η (%) = Vmax × Jmax

Pin
× 100% = VOC × JSC × FF

Pin
× 100%

(1)

FF = Vmax × Jmax

VOC × JSC
(2)

where Pin is the incident light power, and Jmax (mA cm−2) and
Vmax (V) are the current density and voltage at the point of
maximum power output in the J–V curves, respectively.

The IPCE (incident photo-to current conversion efficiency,
also referred to as quantum efficiency) of the DSSCs were
determined by measuring the short-circuit current under inci-
dent monochromatic light irradiating a monochromator grating
1200 grooves/mm (Shimadzu Corporation, Kyoto, Japan)
using light from an xenon lamp through a monochromator

(PXJ43B11-6W, Japan) and focused onto the cell. The IPCE is
calculated according to the following equation [23, 24]:

IPCE(λ) = 12 400 × JSC (mA cm−2)

λ (nm) × Pin (mW cm−2)
(3)

where JSC is the short-circuit current density (mA cm−2), VOC

is the open-circuit voltage (V), Pin is the incident light power,
and Jmax (mA cm−2) and Vmax (V) are the current density
and voltage in the J–V curves, respectively, at the point of
maximum power output.

3. Results and discussion

3.1. The preparation of TiO2:Eu3+ nanorods

Figure 2(a) shows the TEM image of the prepared TiO2:Eu3+
nanorods, it can be seen that the synthesized TiO2:Eu3+
has a nanorod structure with lengths ranging from 100–
500 nm and diameters from 30–50 nm. This nanoscale crystal
size favors [15] the photoluminescence of TiO2:Eu3+. The
SAED pattern (figure 2(b)) of the sample reveals that the
nanorods grow along the [101] direction and have a good
crystallizability.

Figure 2(c) shows the XRD patterns of TiO2:Eu3+
nanorods. The diffraction peaks are ascribed to a single
titania anatase phase (JCPDS no. 21-1272). No other titania
polymorphs are observed. Also, no diffraction peaks for Eu2O3

are found in the XRD pattern, indicating that Eu3+ ions are
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(a) (b)

Figure 3. Excitation (a) and emission (b) spectra of TiO2:Eu3+ (Eu: 0.1 wt.%) nanorods.

Figure 4. UV–vis absorption spectra of the dye-sensitized
Eu-NR/NP and NR/NP electrodes.

evenly dispersed in TiO2 and occupy the lattice sites of Ti4+

ions of the TiO2. EDX results (figure 2(d)) reveal that the
nanorods are composed of Ti, O and Eu, which proves the
presence of Eu3+ in TiO2 nanorods.

3.2. The excitation and emission spectra of TiO2:Eu3+
nanorods

The excitation and emission (excited with 254 nm laser)
spectra of TiO2:Eu3+ powders are shown in figure 3. From
figure 3(a), there can be seen an ultraviolet excitation band with
wavelength 220–280 nm and a central peak at 254 nm, which
is accordance with the absorption spectrum shown in figure 4.
In figure 3(b), one intense emission peak with wavelength at
612 nm is observed. A mechanism for the energy transfer
from the TiO2 host to Eu3+ ions was proposed by Frindell et al
[25]. The electron of TiO2 is excited from the valence band to
the conduction band by the absorption of ultraviolet light with
a peak wavelength 254 nm [26], whereupon a radiationless
transition occur and the electron relaxes to the defect state

Table 1. The adsorbed dye amount on different electrodes.

Electrode Pure NR Pure NP NR/NP Eu-NR/NP

Adsorbed dye
(10−5 mol cm−2)

2.1 3.6 3.6 4.8

of TiO2 and resides at the 5D0 energy level in the 4f shell of
the Eu3+ ion. A radiative transition then occurs to the 7FJ

levels (5D0 → 7F2), resulting in an intense emission with
a wavelength of 612 nm [27, 28]. The luminescence center
wavelength for TiO2:Eu3+ at 612 nm is just the absorption
wavelength range of the N-719 dye. Combining excitation with
emission spectra, the ultraviolet irradiation from the Sun can be
reabsorbed by the N-719 dye via the conversion luminescence
of TiO2:Eu3+ and the solar light harvesting of the DSSC can
be improved.

Using ITO conductive glass as a substrate, a TiO2:Eu3+
nanorod/TiO2 nanoparticle (Eu-NR/NP) bilayer film electrode
was fabricated by the layer assembling technique [19–21]. The
UV–vis diffuse reflection spectra of the dye-sensitized Eu-
NR/NP and NR/NP electrodes were measured and shown in
figure 4. The Eu-NR/NP electrode shows a higher absorption
than the NR/NP electrode. The higher absorption intensity in
the ultraviolet wavelength range for the Eu-NR/NP electrode
than that for the NR/NP electrode is due to the effect of
Eu3+ ions [15]. The absorption band implies that ultraviolet
irradiation from the Sun can be absorbed by TiO2:Eu3+. The
stronger absorption in the visible light wavelength range for
the Eu-NR/NP electrode than for the NR/NP electrode comes
from the adsorption of the dye in the electrode.

To evaluate the influence of Eu3+ doping on the dye
adsorption on the electrode, the amount of chemisorbed
dye was determined. The dye amounts on the Eu-NR/NP
and NR/NP electrodes were measured as 4.8 and 3.6 ×
10−5 mol cm−2 (table 1), i.e. the Eu3+ doping increases the
dye amount in TiO2 nanorods and results in the enhancement
of the light absorption in the visible light range.
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(a) (b)

Figure 5. Incident photon-to-current conversion efficiencies (IPCE) of DSSCs with different electrodes in visible light range (a) and in
ultraviolet light range (b).

Table 2. The parameters of the dye-sensitized solar cells with different electrodes.

Electrode JSC (mA cm−2) VOC (V) FF η (%) IPCE (%, at 575 nm)

Pure NR 8.88 0.739 0.67 4.4 63.5
Pure NP 11.89 0.738 0.67 5.8 70.0
NR/NP 14.45 0.756 0.65 7.1 88.9
Eu-NR/NP 15.43 0.731 0.74 8.0 93.7

3.3. The photoelectric properties of DSSCs

The IPCE of DSSCs with NR, NP, NR/NP and Eu-NR/NP
electrodes were measured and shown in figure 5. From
figure 5(a), in the wavelength range 300–700 nm, IPCE
efficiencies of DSSCs with different electrodes are in the
order: Eu-NR/NP > NR/NP > NP > NR. The IPCE of the
DSSC depends on the incidence light harvesting and light
scattering [7, 8]. The former is due to the surface area of
TiO2 and the dye adsorbed amount. The latter is related
to the shape of TiO2: TiO2 particles (NP) have a smaller
light scattering and TiO2 nanorods (NR) have a larger light
scattering. NR has a larger light scattering and a smaller
surface area, which results in less dye adsorption (table 1) and
a lower IPCE efficiency. NP has a smaller light scattering
and a larger surface area, which brings about more adsorption
by the dye and higher IPCE efficiency. The NR/NP bilayer
electrode has both the merits of NP (larger surface area) and
NR (larger light scattering), and thus the IPCE for the DSSC
with an NR/NP electrode is higher than those with NP or NR
electrodes only. This phenomenon is consistent with other
work [29, 7]. Furthermore, the Eu3+ doping (Eu-NR/NP)
increases the adsorption of the dye (table 1), which causes the
improvement of the IPCE efficiency for the DSSC with the Eu-
NR/NP electrode. The DSSC with the Eu-NR/NP electrode
shows a highest IPCE efficiency of 93.7%.

Figure 5(b) shows the IPCE in the wavelength range 200–
300 nm. In this ultraviolet light range, the DSSC with the Eu-
NR/NP electrode has a higher IPCE than the DSSC with the
NR/NP electrode. It is well known that the N719 dye does not
show an absorption at ultraviolet wavelengths. Therefore, the

Figure 6. J –V curves for DSSCs with different electrodes.

higher IPCE for the DSSC with the Eu-NR/NP electrode than
that with the NR/NP electrode is due to the Eu3+ doping in the
former, i.e. the Eu3+ ion down-conversion luminescence from
ultraviolet light to visible light and reabsorption by the N719
dye cause the higher IPCE.

The photocurrent–voltage curves of DSSCs with different
electrodes were measured and shown in figure 6. The
open-circuit voltage (VOC), short-circuit density (JSC), fill
factor (FF) and overall light-to-electrical energy conversion
efficiency (η) of these DSSCs are summarized in table 2.

The results from the J–V curves are similar to the results
from the IPCE data. The DSSC with the NR electrode shows a

5



Nanotechnology 21 (2010) 415201 H Hafez et al

low conversion efficiency of 4.4%. Using NPs to construct the
electrode, owing to its larger surface area, more dye adsorbed
and more incident light harvested, the efficiency is improved
to 5.8%. The DSSC with the NR/NP bilayer electrode shows
a conversion efficiency of 7.1%, which results from both more
dye adsorption and incident light scattering. Furthermore, a
conversion efficiency of 8.0% is achieved in the DSSC with the
Eu-NR/NP electrode, where the enhancement of the efficiency
is mainly due to the down-conversion luminescence by Eu3+
ions from ultraviolet light to visible light.

4. Conclusions

In summary, TiO2:Eu3+ nanorods (Eu-NR) were successfully
synthesized by the hydrothermal method. These nanorods
were used to assemble a dye-sensitized solar cell with a
TiO2:Eu3+ nanorod/TiO2 nanoparticle (Eu-NR/NP) bilayer
electrode. A light-to-electrical energy conversion efficiency
of 8.0% and a quantum efficiency of 93.7% (at 575 nm)
were achieved in this cell. The higher efficiency for DSSC
with the Eu-NR/NP electrode is attributed to the down-
conversion luminescence from ultraviolet light to visible light,
the adsorption increase of the N719 dye by Eu3+ ions and
the increase of light scattering by one-dimensional TiO2. The
present finding demonstrates the feasibility of the conversion
luminescence in dye-sensitized solar cells and provides an
effective way to improve the sunlight conversion efficiency for
solar cells.
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