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ABSTRACT: Single-crystalline, octahedral CeO2:Eu
3+ nano-

crystals, successfully prepared using a simple hydrothermal
method, were investigated to determine their photovoltaic
properties in an effort to enhance the light-harvesting
efficiency of dye-sensitized solar cells (DSSCs). The size of
the CeO2:Eu

3+ nanocrystals (300−400 nm), as well as their
mirrorlike facets, significantly improved the diffuse reflectance
of visible light. Excitation of the CeO2:Eu

3+ nanocrystal with
330 nm ultraviolet light was re-emitted via downconversion
photoluminescence (PL) from 570 to 672 nm, corresponding
to the 5D0 →

7FJ transition in the Eu3+ ions. Downconversion
PL was dominant at 590 nm and had a maximum intensity for 1 mol % Eu3+. The CeO2:Eu

3+ nanocrystal-based DSSCs exhibited
a power conversion efficiency of 8.36%, an increase of 14%, compared with conventional TiO2 nanoparticle-based DSSCs,
because of the strong light-scattering and downconversion PL of the CeO2:Eu

3+ nanocrystals.
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■ INTRODUCTION

As global demands for energy increase, photovoltaics have been
recognized as a clean, renewable energy source. Since its
introduction in 1991, the dye-sensitized solar cell (DSSC) is
considered particularly promising, because of its low cost, easy
production, and relatively high efficiency.1−3 Conventional
DSSC photoanodes are generally based on a mesoporous
network of TiO2 nanoparticles (NPs) upon which dye
molecules are absorbed for light harvesting.1,2,4 With light
absorption, photoexcited electrons in the dyes are injected into
the conduction band of the TiO2 network.4,5 From this
viewpoint, the properties of the semiconductor materials and
dyes in the photoanode have a direct effect on the efficiency of
the DSSC. However, TiO2 NPs give rise to a considerable loss
of incident light due to the transmission of light through the
photoanode.6−8 Moreover, Ru-based dyes commonly used in
DSSCs (e.g., N719, N749, and N3) have a narrow absorption
spectral range in the visible regime, resulting in an energy loss
of the incident light for ultraviolet (UV) and infrared (IR)
wavelengths.2,9 Therefore, high-performance DSSC photo-
anodes, capable of increasing light absorption and extending
the light absorption range, are required to improve the existing
conventional DSSC configuration.
An effective way to increase the light absorption capability of

the photoanode is to introduce a scattering layer on top of the
mesoporous TiO2 layer. Large semiconductor microspheres
(e.g., TiO2,

6,8,10−13 ZnO,14,15 SnO2,
16,17 and CeO2

18),13,19

hollow microspheres,12,14,16,20 microplates,11 and electrospun
nanofibers10,21 are utilized in the scattering layer to increase the

optical path length of light. Among the semiconductor
materials, CeO2 offers an enhanced light-scattering ability for
DSSCs, because of its cubic nanostructure with high refractive
index for visible light and exposed mirrorlike facets.22

Specifically, it is reported that the mirrorlike facets of CeO2
significantly improve light scattering compared with curved
surfaces, reflecting the incident light directly back to the
photoanode.18

Another interesting approach for improving the performance
of DSSCs is to broaden the light absorption range through
downconversion phosphors.23−28 Trivalent lanthanide ions
(Ln3+) are appropriate materials for downconversion, because
of their abundant discrete energy levels, which allow them to
convert UV light into visible light.29 Europium ions (Eu3+) are
well-known as bright red luminescent phosphors and are
commonly used as activators in various inorganic host lattices.30

In particular, downconversion photoluminescence (PL) of Eu3+

ions have been examined in host materials Y2O3,
31 NaGdF4,

32

Sr2CeO4,
33 and CeO2.

34−36 In the downconversion process, the
incident photon is converted into two or more low-energy
photons, leading to high energy conversion efficiency in solar
cells.23 CeO2:Eu

3+ is a promising material for improving DSSC
efficiency, exhibiting excellent downconversion luminescent
properties through energy transfer from the Ce4+−O2− charge
transfer transition in the CeO2 host to the Eu3+ ions.34
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Herein, we describe the dual functionality of CeO2:Eu
3+

nanocrystals, possessing both light-scattering and down-
conversion luminescent properties. A CeO2:Eu

3+ layer was
introduced to the TiO2 layer of the photoanode in a DSSC
device (Scheme 1). The as-synthesized CeO2:Eu

3+ nanocrystals

are large in size (300−400 nm) and have mirrorlike facets that
facilitate light scattering. Additionally, the CeO2:Eu

3+ nano-
crystals broadened the absorption range of the DSSC via
downconversion luminescence, which in turn increased the
photocurrent.

■ EXPERIMENTAL SECTION
1. Materials. Cerium(III) nitrate hexahydrate (99.99%) (Ce-

(NO3)3·6H2O), europium(III) nitrate pentahydrate (99.9%) (Eu-
(NO3)3·5H2O), trisodium phosphate dodecahydrate (98%) (Na3PO4·
12H2O), lithium iodide, (crystalline powder, 99.9%) (LiI), iodine
(99.99+%) (I2), tert-butylpryidine (96%), acetonitrile (99.5%), and 2-
propanol (99.9%) were obtained from Aldrich Chemical Co. (St.
Louis, MO, USA). P25 TiO2 NPs were purchased from Degussa
(Germany). 3-Methyl-imidazolium iodide (BMII) and cis-diisothio-
cyanato-bis(2,20-bipyridyl-4,40-dicarboxylato) ruthenium(II) bis-
(tetrabutylammonium) (N719) were purchased from Solaronix
(Aubonne, Switzerland). Fluorine-doped tin oxide (FTO) glass
(sheet resistance: 15 Ω cm−2; thickness: 2.2 mm) was obtained
from Pilkington (Toledo, OH, USA).
2. Synthesis of CeO2 and CeO2:Eu

3+ Nanocrystals. CeO2 and
CeO2:Eu

3+ nanocrystals were synthesized using a hydrothermal
process. Typically, 2 g of cerium(III) nitrate hexahydrate, 0.02−0.4 g
of europium(III) nitrate pentahydrate, and 7.6 mg of trisodium
phosphate dodecahydrate were added to 80 mL of distilled water and
stirred for 1 h. The mixture was then transferred to a 100 mL Teflon-
lined stainless steel autoclave and heated at 180 °C for 12 h.
Precipitates were collected by centrifugation, washed with water and
ethanol, and then dried in an oven.
3. Cell Fabrication. The screen-printable P25 paste was prepared

by adding ethyl cellulose, lauric acid, and terpineol to an ethanol
solution of P25 particles, followed by stirring and sonication. The
ethanol was removed using a rotary evaporator. The paste was then
mixed using a 3-roll mill to create a homogeneous mixture. The
nominal composition of P25/terpineol/ethyl cellulose/lauric acid was
1/3.3/0.5/0.3. FTO glass was cleaned by sonication in distilled water,
acetone, and 2-propanol for 60 min each, followed by pretreatment
with 40 mM TiCl4 solution before being heated at 450 °C for 30 min.
The P25 paste was coated onto the FTO glass by successive screen-
printing. To prepare a CeO2:Eu

3+ dual-functional layer, the P25 paste
with 20 wt % CeO2:Eu

3+ nanocrystals was mixed using a mortar and

pestle. The mixed P25/CeO2:Eu
3+ paste was then screen-printed onto

the P25 film, which was sintered at 450 °C for 30 min. The
photoanode was then treated with 40 mM TiCl4 and sintered at 450
°C for 30 min. The prepared films (area: 0.16 cm2) were soaked in
N719 dye solution (5 × 10−4 M in absolute ethanol) for 24 h and
washed with absolute ethanol. Pt counter electrodes were prepared on
the FTO glass using 5 mM H2PtCl6/2-propanol solution, followed by
heating at 400 °C for 30 min. The washed working electrode was
assembled with the Pt-coated counter electrode into a sandwich-type
cell and sealed with 60 μm Surlyn. Then I−/I3− electrolyte containing
0.60 M BMII, 0.1 M LiI, 0.05 M I2, and 0.5 M tert-butylpyridine in
acetonitrile was injected into the cell.

4. Characterization. The morphology of the CeO2 and CeO2:Eu
3+

nanocrystals was observed by energy-filtering transmission electron
microscopy (EF-TEM, Carl Zeiss LIBRA 120), high-resolution
transmission electron microscopy (HR-TEM), and selected-area
electron diffraction (SAED) (JEOL JEM-3010). Field-emission
scanning electron microscopy (FE-SEM) and energy-dispersive X-ray
spectroscopy (EDS) data were obtained with a JEOL 6700. X-ray
diffraction (XRD) was performed using a Bruker New D8 Advance
with a Cu−Kα radiation source (λ: 1.5406 Å) at 40 kV and 300 mA
(12 kW). X-ray photoelectron spectroscopy (XPS) was carried out
with a SIGMA PROVE (ThermoVG). A Lambda 35 (PerkinElmer)
UV−vis spectrometer was used for absorption measurements and
diffuse reflectance spectroscopy (DRS). The band gap energy can be
determined the plot of Kubelka−Munk fuction, [F(R)hν]1/2 = A(hν −
Eg) versus incident photon energy. F(R) is the optical absorption
coefficient which is calculated using reflectance data, F(R) = (1 − R)2/
2R. Eg is the band gap energy and A is the constant depending on
transition probability.37 All PL spectra were measured on a JASCO FP-
6500 spectrofluorometer. The PL intensity of excitation/emission was
investigated with increasing Eu3+ content over the wavelength ranges
of 200−450 nm (λex = 590 nm) and 550−700 nm (λex = 330 nm). The
photocurrent−voltage (I−V) characteristics of the assembled DSSCs
were evaluated using a 530 W xenon lamp (XIL model 05A50KS
source units; AM 1.5 solar irradiance; intensity: 100 mW cm−2). The
incident photon-to-current efficiency (IPCE, PV Measurements, Inc.)
was measured from 300 to 800 nm under short-circuit conditions. EIS
measurement was performed under a light illumination of 100 mW
cm−2 using a Zahner Electrik IM6 analyzer. The applied bias voltage
and ac amplitude were set at the open circuit voltage of DSSCs and 10
mV between the FTO/Pt counter electrode and the FTO/TiO2/dye
working electrode, respectively. The frequency range was explored
from 10 mHz to 1 Hz. The impedance spectra were analyzed using an
equivalent circuit model.38

■ RESULTS AND DISCUSSION

CeO2:Eu
3+ nanocrystals were synthesized by a simple hydro-

thermal process with slight modification. Ce(NO3)3 was used as
the precursor to CeO2 nanocrystals; Eu(NO3)3 was used as the
Eu3+ dopant. Na3PO4, a mineralizer, played a prominent role in
the development of the octahedral morphology of the
CeO2:Eu

3+ nanocrystals.39 Ce(NO3)3 and Eu(NO3)3 were
dissolved in distilled water. Na3PO4 was then added to the
aqueous solution to generate OH− ions via hydrolysis. Ce3+

ions were further oxidized by O2 in the aqueous system. The
hydrated Ce4+ and Eu3+ ions formed complexes with the H2O
molecules or OH− ions, taking the form of Ce-
(H2O)x(OH

−)y
(4−y)+ and Eu(H2O)x(OH

−)y
(3−y)+. In the hydro-

thermal process, polar H2O molecules in the solution took
protons away from the coordinated hydroxides in Ce4+ or Eu3+

complexes, resulting in the formation of CeO2:Eu
3+ nanocryst-

als.40 The Eu3+ concentration in CeO2:Eu
3+ nanocrystals was

adjusted by controlling the amount of Eu(NO3)3. The amount
of Eu3+ in CeO2:Eu

3+ nanocrystals was confirmed by EDS
analysis (see Table S1 in the Supporting Information), ranging
from 0.1 to 2 mol %.

Scheme 1. Schematic Configuration of the Bilayer DSSC
Device with Octahedral CeO2:Eu

3+ Nanocrystals for Light
Scattering and Downconversion
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The morphology of the synthesized CeO2:Eu
3+ nanocrystals

was investigated via TEM and SEM observation. Figure 1a, b

show TEM images of CeO2:Eu
3+ nanocrystals. Figure 1c shows

FE-SEM images of CeO2:Eu
3+ nanocrystals with 1 mol % Eu3+.

The fabricated CeO2:Eu
3+ nanocrystals had an octahedral

structure with well-defined corners, edges, and mirrorlike facets,
corresponding to the {111} plane of CeO2 (Figure 1a−c). The
size of the CeO2:Eu

3+ nanocrystals ranged from 300−400 nm.
The HR-TEM image in Figure 1d revealed that the CeO2:Eu

3+

nanocrystals had well-developed two-dimensional (2D) lattice
planes and good crystallinity. The d-spacing of 0.32 nm was
well matched with the {111} plane of face-centered CeO2. The
SAED pattern of the CeO2:Eu

3+ nanocrystals corresponded to
the (1̅11), (002), and (11 ̅1) planes of single-crystalline CeO2;
thus, the structure of the CeO2:Eu

3+ nanocrystals was assigned
to face-centered CeO2, consistent with HR-TEM analysis.
Compared with pristine CeO2 nanocrystals, the Eu3+ ions did
not influence the morphology of the CeO2:Eu

3+ nanocrystals
with increasing Eu3+ content (see Figure S1 in the Supporting
Information).
The crystallinity of the CeO2:Eu

3+ nanocrystals was
confirmed by the XRD patterns (Figure 2a). The diffraction
peaks of the CeO2 and CeO2:Eu

3+ nanocrystals were identical
and corresponded exactly to the (111), (200), (220), (311),
(222), (400), (331), and (420) planes of pure cubic fluorite
CeO2. In addition, the peaks of Eu, Eu2O3, and Eu(OH)3 were
not observed in the CeO2:Eu

3+ nanocrystals. Considering the
SAED and XRD patterns, these results suggest that the Eu3+

ions entered the CeO2 lattices during the hydrothermal process
and substituted for the Ce4+ ions without changing the cubic
fluorite CeO2 structure.
XPS analysis was carried out to identify the presence of Eu3+

ions in CeO2:Eu
3+ nanocrystals (Figure 2b). The peaks at 916.9

and 898.5 eV were assigned to the Ce4+ 3d3/2 and Ce4+ 3d5/2
contributions. The peaks centered at 901.2 and 882.6 eV

Figure 1. (a, b) TEM images, (c) SEM image, and (d) HR-TEM
image of CeO2:Eu

3+ nanocrystals (1 mol % Eu3+). The inset is a SAED
pattern of CeO2:Eu

3+ nanocrystals.

Figure 2. (a) XRD patterns of CeO2 and CeO2:Eu
3+ nanocrystals (1 mol % Eu3+), and XPS analysis showing (b) a full scan, (c) Ce 3d, and (d) the

Eu 3d regions of CeO2:Eu
3+ nanocrystals.
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corresponded to the binding energy of Ce3+ 3d3/2 and Ce3+

3d5/2, which indicates that a small amount of Ce3+ was present
on the CeO2 surface. The existence of a small amount of Ce3+

at the surface of CeO2 is well-known; moreover, the fraction of
Ce3+ ions increases with decreasing particle size.41 The peaks at
1164.2 and 1134.5 eV corresponded to the binding energy of
Eu3+ 3d3/2 and Eu3+ 3d5/2, which indicated that europium ions
in the CeO2 lattices existed in the form of trivalent ions (Eu3+).
These results suggest that the CeO2:Eu

3+ nanocrystals possess
europium ions in the Eu3+ form, as well as a small portion of
Ce3+ ions.
To investigate the light-scattering ability of CeO2:Eu

3+

nanocrystals, we performed UV−vis DRS over the wavelength
range of 300−800 nm (Figure 3a). The thicknesses of the

pristine P25 film, CeO2-incorporated P25 film, and CeO2:Eu
3+-

incorporated P25 film were adjusted to 10 μm. The diffuse
reflectance of the CeO2 and CeO2:Eu

3+
films was >60% in the

range of 400−800 nm (Figure 3a), much higher than that of the
pure P25 film. This improvement in the diffuse reflectance was
attributed to effective light scattering by the large size and
mirrorlike facets of the octahedral CeO2 and CeO2:Eu

3+

nanocrystals. These mirrorlike facets increased the optical
path length of the incident light by reflecting the incident light
directly back to the TiO2 films, resulting in enhancement of the
photocurrent density in the DSSC.42 The band gap energy (Eg)

of the P25 film, P25+CeO2 film and the P25+CeO2:Eu
3+

film
can be determined by Kubelka−Munk transformation of diffuse
reflectance data. Figure 3b shows the Kubelka−Munk plot for
the P25 film, P25+CeO2 (20 wt %) film and the
P25+CeO2:Eu

3+
film (20 wt %, 1 mol % Eu3+). From the

extrapolation of the linear part of Kubelka−Munk plot, Eg for
P25 film, P25+CeO2 film and the P25+CeO2:Eu

3+
film are

determined to be 3.11, 2.98, and 2.94 eV, respectively.
Therefore, Eg of the P25+CeO2:Eu

3+
film are narrower than

those of P25+CeO2 film and the P25+CeO2:Eu
3+
film, which is

indicated a better response in the visible region of the solar
spectrum.
The downconversion PL properties were investigated by

measuring the PL spectra of CeO2:Eu
3+ nanocrystals. Figure 4a

shows the excitation spectra of CeO2:Eu
3+ nanocrystals with

increasing Eu3+ concentration (0.1−2 mol % Eu3+). All
excitation spectra of the CeO2:Eu

3+ nanocrystals have broad
bands with a maximum at 330 nm, which is attributed to the
excitation of the host CeO2 nanocrystals. The intensity of the
excitation bands increased with increasing concentration of
Eu3+ dopant and reached a maximum at 1 mol % Eu3+. With a
further increase in the Eu3+ concentration, the excitation
intensity decreased due to concentration quenching of Eu3+

emission caused by cross-relaxation and energy migration
among Eu3+ ions.43

Figure 4b shows the PL emission spectra of CeO2:Eu
3+

nanocrystals excited at 330 nm. The typical Eu3+ emission
peaks at 570, 590, 610, 631, 650, and 672 nm were observed in
all CeO2:Eu

3+ nanocrystals; these peaks were assigned to the
5D0 →

7FJ (J = 0−4) transitions of Eu3+ ions, as follows: 5D0 →
7F0 (570 nm), 5D0 →

7F1 (590 nm), 5D0 →
7F2 (610 and 631

nm), 5D0 → 7F3 (650 nm), and 5D0 → 7F4 (672 nm). It is
known that the 5D0 → 7F1 transition is a magnetic dipole
transition that is insensitive to the crystal field strength around
the Eu3+ ions, whereas the 5D0 → 7F2 transition is hyper-
sensitive to the local symmetry around the Eu3+ ions because of
the electric dipole transition of 5D0 →

7F2.
28 For this reason,

when the Eu3+ ions are located in the CeO2 lattice with an
inversion symmetry, the 5D0 → 7F1 transition dominates the
emission spectrum. On the other hand, when the Eu3+ ions are
positioned at sites without inversion symmetry, the 5D0 →

7F2
transition dominates the emission spectrum and its intensity
increases with increasing lattice distortion around the Eu3+

ions.44 In Figure 4b, the 5D0 →
7F1 transition at 590 nm is a

dominant peak in the emission spectra of CeO2:Eu
3+

nanocrystals. This result suggests that the Eu3+ ions are located
in CeO2 lattices that possess inversion symmetry and that the
structure of the CeO2 lattices is maintained with increasing
Eu3+ concentration in CeO2:Eu

3+ nanocrystals. The intensity of
the 5D0 → 7F1 transition increased gradually up to 1 mol %
Eu3+, followed by a decrease in the luminescence intensity with
further increase in the Eu3+ concentration (i.e., concentration
quenching). Together, these findings indicate that the host
CeO2 nanocrystals absorbed the UV light and transferred
energy to the Eu3+ ions in CeO2 nonradiatively. The Eu

3+ ions
then re-emitted the transferred energy as visible light via
downconversion PL corresponding to the 5D0 →

7FJ transition.
To confirm the possibility of using this PL effect in DSSCs,

the emission spectra for CeO2:Eu
3+ nanocrystals were

investigated before and after the addition of the D719 dye.
Figure 4c shows the emission spectra of bare CeO2:Eu

3+

nanocrystals and CeO2:Eu
3+ nanocrystals with N719 dye. In

contrast to that of bare CeO2:Eu
3+ nanocrystals, the emission

Figure 3. (a) UV−vis DRS and (b) transformed Kubelka−Munk
spectra of a pristine P25 film, a P25+CeO2 (20 wt %) film, and a
P25+CeO2:Eu

3+
film (20 wt %, 1 mol % Eu3+).
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spectrum intensity of CeO2:Eu
3+ nanocrystals with N719 dye

decreased significantly. This decrease in the emission intensity
was attributed to emission quenching of the emitted PL
because of absorption by the N719 dye surrounding the
CeO2:Eu

3+ nanocrystals. Thus, UV light can be utilized in
DSSCs to improve photocurrent and power conversion
performance via N719 absorption of the downconversion PL
of CeO2:Eu

3+ nanocrystals.

Bilayer DSSC devices, with a CeO2 or CeO2:Eu
3+ layer on a

P25 control film, were assembled to evaluate the light-scattering
and downconversion effect on photovoltaic performance
(Scheme 1). P25-CeO2 and P25-CeO2:Eu

3+ photoanodes
were prepared by successive screen-printing with the mixed
P25-CeO2:Eu

3+ paste onto P25 reference photoanodes. The
surface morphology and cross-section of the assembled DSSC
photoanodes are given in Figure 5. The photocurrent density−

voltage (J−V) curves of the P25, P25-CeO2, and P25-
CeO2:Eu

3+ photoanodes are shown in Figure 6a, and their
photovoltaic properties are summarized in Table 1. The DSSC
with the P25 control photoanode exhibited a short-circuit
current density (Jsc) of 14.04 mA cm−2 and a power conversion
efficiency (η) of 7.33%. With the CeO2 layer added to the P25
photoanode, Jsc and η increased to 14.33 mA cm−2 and 7.92%,
leading to an 8.08% enhancement in efficiency compared with
the P25 reference cell. This enhancement was attributed to the
increase in the optical path length of light resulting from the
excellent light-scattering effect of CeO2 nanocrystals. The
effects of Eu3+ concentration in CeO2:Eu

3+ nanocrystals on the
efficiency are shown in Figure 6c, and the photovoltaic
properties are listed in Table S2 in the Supporting Information.
The DSSCs with a CeO2:Eu

3+ layer exhibited a slightly
enhanced Jsc and η, compared with the DSSC with a CeO2 layer
(see Table S2 in the Supporting Information). With increasing
Eu3+ concentration in the CeO2:Eu

3+ nanocrystals, Jsc and η
increased up to 1 mol %, followed by a decrease in Jsc and η
with further increase in the Eu3+ concentration (Figure 6c).
The best performance was obtained using a P25-CeO2:Eu

3+

photoanode with an Eu3+ concentration of 1 mol %,
demonstrating Jsc and η values of 15.26 mA cm−2 and 8.36%,
respectively. These results corresponded to a 5.49% enhance-
ment in performance, compared with that of the P25-CeO2
photoanode. This remarkable enhancement in Jsc and η was
attributed to the downconversion luminescence properties of
CeO2:Eu

3+ nanocrystals from UV to visible light, which can be
absorbed and utilized by the N719 dye. However, when the
Eu3+ concentration in CeO2:Eu

3+ nanocrystals exceeded 1 mol
%, a decrease in Jsc was observed. This result may be associated
with a decrease in the downconversion luminescence intensity
by concentration quenching. The effect of CeO2:Eu

3+ layer
thickness on the efficiency are shown in Figure S3 in the
Supporting Information and their photovoltaic performances
are summarized in Table S3 in the Supporting Information.
Both Jsc and Voc decreased with increasing the thickness of
CeO2:Eu

3+ layer. The thick film has larger surface area
compared with thin film and provides the additional charge
recombination sites.45 In addition, CeO2 owns intrinsic oxygen
vacancies, which can result in electron−hole recombination.46

When Eu3+ concentration increases gradually, the effects of

Figure 4. (a) Excitation and (b) emission spectra of the CeO2:Eu
3+

nanocrystals for various Eu3+ concentrations (0.1−2 mol %). (c)
Emission spectra of CeO2:Eu

3+ nanocrystals (1 mol % Eu3+), with and
without N719 dye.

Figure 5. SEM image of (a) surface morphology and cross-sectional
structure of P25-CeO2:Eu

3+ photoanode with (b) 1 layer and c) 2
layers.
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CeO2:Eu
3+ nanocrystal also increase. This increased defects

may trap photogenerated electrons and cause the recombina-
tion of electrons and holes, thus reducing power conversion
efficiency.
Figure 6b shows IPCE spectra of the P25, P25-CeO2, and

P25-CeO2:Eu
3+ photoanodes. With introducing CeO2 scatter-

ing layer, the IPCE value over the entire region of 400−800 nm
was considerably enhanced by excellent light-scattering effect of
CeO2 nanocrystals. The DSSCs with a CeO2:Eu

3+ layer exhibits
a maximum IPCE value of 64.5% at 530 nm because of
downconversion PL of CeO2:Eu

3+ nanocrystals. This result is in

good agreement with the photovoltaic performance as shown in
Figure 6a.
To investigate the charge transfer in assembled DSSCs, EIS

measurement was performed under a light intensity of 100 mW
cm−2. Figure 7 shows the Nyquist plots of DSSCs with the P25,

P25-CeO2, and P25-CeO2:Eu
3+ photoanodes. The small

semicircle at higher frequency range (kHz range) corresponds
to the charge transfer at the interfaces of the electrolyte/Pt
counter electrode. The large semicircle in the midfrequency
region (1−100 Hz) is related to the transport of photoinduced
electron at the TiO2/dye/electrolyte.

47 The resistance values of
assembled DSSCs at the TiO2/dye/electrolyte interface (Rct)
are summarized in Table 1. As shown in Figure 7, the Rct values
of P25-CeO2, and P25-CeO2:Eu

3+ DSSCs are higher than that
of P25 reference cell, implying that inefficient charge transfer
occurs in CeO2 and CeO2:Eu

3+ layer. The higher Rct can lead to
lower charge transfer, which causes the charge recombination of
photoinduced electrons. Considering these results, CeO2:Eu

3+

nanocrystals can enhance the power conversion efficiency by
remarkable light-scattering and downconversion PL properties.
However, the intrinsic defects of CeO2:Eu

3+ nanocrystals are
not beneficial for the electron transfer, which reduce photo-
current.

■ CONCLUSION
Octahedral CeO2:Eu

3+ nanocrystals, successfully prepared using
a simple hydrothermal method, were investigated to determine
their photovoltaic properties in DSSCs. The prepared
CeO2:Eu

3+ nanocrystals were large in size, with mirrorlike
facets that provided excellent light-scattering ability. UV light

Figure 6. (a) photocurrent density−voltage characteristics (J−V
curves), (b) IPCE spectra of downconversion-enhanced DSSCs, and
(c) the dependences of Jsc and η on the Eu3+ concentration of 0.1−2
mol %.

Table 1. Summary of the Photovoltaic Properties of Dye-
Sensitized Solar Cells (DSSCs) with Photoanodes
Containing CeO2:Eu

3+ Nanocrystals (1 mol % Eu3+)a

sampleb
thickness
(μm)

Jsc
c

(mA cm−2)
Voc

d

(V) FFe ηf (%)
Rct
(Ω)

P25 8.06 13.040 0.796 0.706 7.330 2.8
P25-CeO2 13.08 14.332 0.780 0.709 7.922 3.2
P25-
CeO2:Eu

3+
12.98 15.255 0.771 0.711 8.357 3.7

aMeasurements were performed under AM 1.5G sunlight intensity of
100 mW cm−2. bActive area of the assembled DSSC samples is 0.16
cm2. cShort-circuit current. dOpen-circuit voltage. eFill factor. fPower
conversion efficiency.

Figure 7. Nyquist plot of downconversion-enhanced DSSCs. EIS
measurement was performed under 100 mW cm−2.
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was converted to visible light via downconversion PL
corresponding to the 5D0 → 7FJ transitions of trivalent Eu3+

ions. By controlling the concentration of Eu3+, the power
conversion efficiency of the DSSC with a P25-CeO2:Eu

3+

photoanode exhibited the best efficiency of 8.36% at 1 mol %
Eu3+, which was an overall 14% enhancement, compared with
that of a bare P25 photoanode. This enhanced performance was
attributed to the excellent light-scattering and downconversion
luminescent properties of CeO2:Eu

3+ nanocrystals. With further
optimization of CeO2:Eu

3+ nanocrystals in DSSCs, it is
anticipated that this dual-functional material will provide new
opportunities to further enhance light absorption for high-
performance DSSCs.
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