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Introduction

Dye-sensitized solar cells (DSSCs) that exhibit energy-con-
version efficiencies of more than 10 % have been investigat-
ed intensively as a cost-effective alternative to conventional
solar cells.[1,2] In DSSCs, TiO2 films with mesoscopic texture
have been widely used as the photoanode onto which dye
sensitizers were adsorbed. Under illumination, excited dye
molecules inject electrons into the conduction band of the
semiconductor. Injected electrons are then transported to
the conducting glass substrate, which is beneficial to the per-
formance of the solar cells. On the other hand, the injected
electrons might recombine with the oxidized species in the
electrolyte, which is one of the major factors that limit the
efficiency of the solar cells.

The photoanode in dye-sensitized solar cells are usually
fabricated from a random assembly of anatase nanocrys-
tals.[3,4] The synthesis of structures with higher degrees of
order than randomly oriented networks is expected, and
films with mesoporous channels aligned parallel to each
other and vertically with respect to the conducting glass sub-
strate are desired. This facilitates pore diffusion, gives easier
access to the film surface, and allows the junction to be

formed under better control.[4] Recently, two groups report-
ed highly efficient photoanodes, which were prepared from
organized mesoporous TiO2 films.[5,6] These films have
larger surface areas and/or higher crystallinity. The 1-mm-
thick mesoporous films showed an enhanced solar-cell con-
version efficiency of about 50 % relative to that of tradition-
al films of the same thickness made from randomly oriented
anatase nanocrystals.[5] Furthermore, electron transport in
crystalline wires is expected to be several orders of magni-
tude faster than percolation through a random polycrystal-
line network, hence replacing the nanoparticle film with an
array of oriented single-crystalline nanowires was investigat-
ed.[7] Unfortunately, the efficiency was limited because of
the small surface area of the nanowires.[5,7]

Modification of titania electrodes by dipping in solutions
of various metal compounds followed by calcination is a fre-
quently employed method.[8–19] The modified electrodes are
thus coated with a thin layer of the metal oxide, which
forms an inherent energy barrier at the electrode–electrolyte
interface. This barrier decreases the recombination rate of
the photoinjected electrons with their counterholes, hence
improving the efficiency of the solar cell.[9,12] This modifica-
tion was also shown to improve the dye adsorption and in-
crease the volume of the optically active component, leading
to improved cell performance.[9,10]

Replacing the entire nanoparticle film with an array of
oriented single-crystalline nanowires or nanorods is not real-
istic. On the other hand, introducing lanthanide into the
photoanode of the DSSC would be of great significance be-
cause of the possible novel properties induced by their
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unique electronic structures and the numerous transition
modes involving the 4f shell of their ions.

Herein we describe the synthesis of highly crystalline,
nearly monodisperse Nd-doped TiO2 nanorods in well-con-
trolled solvothermal reactions[20, 21] and the incorporation of
the nanorods into conventional TiO2 photoanodes in DSSCs.
This modification is different from the method in which dip-
ping is followed by calcination. Modification of the porous
photoelectrode with nanorods did not form a layer of nano-
rods at the electrode–electrolyte interface, and the probable
case is that the nanorods were embedded partly in the pores
of the films. It was expected that the simultaneous introduc-
tion of lanthanide ions and nanorods would bring about a
positive effect on the injection rate of the excited electrons
and the transport rate of the injected electrons in the photo-
anode.

Results and Discussion

Figure 1 a shows a TEM image of the Nd-doped TiO2 nano-
rods. It is easy to see from Figure 1 that the nanorods dis-
play uniform morphologies with diameters of 20 nm :
2 nm. The crystalline phases of the Nd-doped TiO2 nanorods
were investigated by using X-ray diffraction (XRD), and the
diffraction pattern is depicted in Figure 1 b, in which the re-
flections were attributed to TiO2 with anatase structure. No
reflections of neodymium oxides were found in the XRD
pattern, indicating that Nd atoms were evenly dispersed in
the TiO2 and did not form any crystalline structure. The
composition of the nanorods was determined by using
energy-dispersive X-ray spectroscopy (EDS), which proved
the presence of Nd atoms in the TiO2 nanorods (Figure 1 c),
thus indicating that the doping is successful. Figure 2 shows
the scanning electron microscopy (SEM) images of the TiO2

electrodes before and after modification. It is clearly seen
that after modification the surface of the TiO2 electrode
changed substantially. First, the surface of the electrode was
interspersed with conglomerations of Nd-doped TiO2 nano-
rods. Circles 1 and 2 show examples of the conglomerations,
whereas in the area indicated by the arrow one can see
structures resembling needles, which should be the nanorods
used to modify the electrode. Considering the diameters of
the nanoparticles (about 15 nm) in the films and the nano-
rods (20 nm : 2 nm) investigated in this work, we can un-
derstand that the majority of the nanorods were embedded

in the small pores of the TiO2 films. This kind of modifica-
tion would bring some effect to the specific surface area of
the films. This idea could be further confirmed through
measuring the absorption spectra of Ru dye N719 (Solaro-
nix) sensitized unmodified and modified electrodes.

The absorption spectra of the two types of electrodes in
both bare and dye-sensitized states are presented in
Figure 3. Modification with the rods did not dramatically
affect the absorption of the TiO2 films (spectra 1 and 2 in
Figure 3), but a red shift of the absorption edge toward the
visible region is observed for the modified electrode. This
phenomenon is consistent with previous reports[23] and could
be used as circumstantial evidence for the presence of Nd
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Figure 1. a) TEM image, b) XRD pattern, and c) EDS spectrum of
Nd-doped TiO2 nanorods.
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atoms in the modified electrode. In the report, the band gap
of the TiO2 nanoparticles was successfully decreased by
Nd3+ doping, and the maximum band gap reduction was
0.55 eV for 1.5 atom % Nd-doped TiO2 nanoparticles. The
decreased band gap was primarily attributed to the substi-
tuted Nd3+ ions, which introduced electron states into the
band gap of TiO2 to form the new lowest unoccupied molec-
ular orbital.[23] In our investigation, although the doping
level for the nanorods is 5 atom %, the value for the modi-
fied electrode would be very small, which consequently re-
sults in the very similar absorption spectra of the two unsen-
sitized electrodes.

The absorption spectra for N719 on the two electrodes
are almost the same (spectra 3 and 4 in Figure 3), and both
spectra are similar in shape to those of the UV/Vis absorp-
tion spectrum of a solution of the Ru dye in ethanol. To

clarify the effect of the modification on the adsorption prop-
erty of the dye, the dyes adsorbed on the TiO2 films were
dissolved completely from the TiO2 films into a 0.1m aque-
ous solution of sodium hydroxide, and the adsorption
amount was measured. Values of 2.3 : 10�8 mol cm�2 and
2.2 : 10�8 mol cm�2 were obtained for the unmodified and
modified electrodes, respectively. The value for the modified
electrode is negligibly lower than that of the unmodified
electrode, thus showing that the amount of N719 adsorbed
on TiO2 films was also not dramatically affected by the
modification.

Short-circuit photocurrents were measured at various ex-
citation wavelengths for an unmodified solar cell (based on
an unmodified electrode) and a modified solar cell (based
on a modified electrode), and the monochromatic incident
photon-to-electron conversion efficiency (IPCE), defined as
the number of electrons generated by light in the outer cir-
cuit divided by the number of incident photons, was ob-
tained by Equation 1:

IPCEð%Þ ¼ 1240IscðmAcm�2Þ
lðnmÞPinðWm�2Þ

where the constant 1240 is derived from the units of conver-
sion, Isc is the short-circuit photocurrent generated by mono-
chromatic light, and l is the wavelength of the incident
monochromatic light of intensity Pin. The photocurrent
action spectra (Figure 4 a) represent the IPCE versus inci-
dent light of various wavelengths. The IPCE values of the
modified solar cell, in the whole photosensitization region
from 400 nm to 800 nm, are higher than those for the un-
modified solar cell. The increase percentage of IPCE has a
minimum value of about 19 % at 500, 520, and 540 nm, and
shows maximum values of 24 % at 400 nm and 30 % at
800 nm. The increase indicates that modified solar cells have
a higher electron-injection efficiency and/or collection effi-
ciency of injected electrons than the unmodified cells, show-
ing that the modified solar cell would have better photoelec-
trochemical properties.

The photoelectrochemical properties of the solar cells are
given in Table 1, and the photocurrent–voltage curves are
shown in Figure 4 b. The fill factor (FF) is given by Equa-
tion 2:

FF ¼ ðVopt IoptÞ=ðVoc IscÞ

where Vopt and Iopt are the voltage and the current for maxi-
mum power output, respectively, and Voc and Isc are the
open-circuit photovoltage and the short-circuit photocur-
rent, respectively. The overall yield (h) is expressed by
Equation 3:

h ¼ ðVocIscFFÞ=Pin

where Pin is the power of the incident white light. In this
case, the power of the incident white light is 84.0 mW cm�2.
Consistent with our analysis from the action spectrum, the

Figure 2. SEM images of TiO2 films (a) unmodified; b) modified). The
actual size of each image is 300 : 300 nm2.

Figure 3. Absorption spectra of 1) unmodified electrode, 2) modified
electrode, 3) dye-loaded unmodified electrode, and 4) dye-loaded modi-
fied electrode. Inset: structure of the dye and absorption spectrum of the
dye/ethanol solution.
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modified solar cell generated a higher light-to-electricity ef-
ficiency of 4.4 % (Isc=13.1 mA cm�2, Voc=701 mV, FF=

0.401). Relative to the unmodified solar cell, the energy con-
version increased by 33.3 %, the short-circuit photocurrent
increased by 22.4 %, the fill factor by 9.6 %, and the open-
circuit photovoltage exhibited a small change of 6 mV.

It is understood that coating the mesoporous oxide films
in DSSCs with a very thin conformal overlayer of an insula-
tor can increase the open-circuit photovoltage, hence im-
proving the efficiency of DSSCs.[15] In other cases, the coat-
ing forms an inherent energy barrier at the electrode–elec-
trolyte interface, thus decreasing the recombination rate of
the injected electrons with their counterholes and improving
the parameters of the solar cell.[12] Considering the modifica-
tion method herein, Nd was doped in TiO2 rods so that
there was little likelihood to form a thin layer of Nd2O3 on
the surface of the electrode. Therefore, the photovoltage of
the modified solar cell did not show obvious improvement.

As the Nd3+ ions were doped in the TiO2 nanorods, the
doping would introduce electron states into the band gap of
TiO2 and narrow the band gap.[23] From this point, the ions
would probably feature as intraband-gap states[24] or surface

states[25] on the surface of the TiO2. It is known that these
states are usually recombination sites for injected elec-
trons.[24,25] In DSSCs, they decrease the short-circuit current.
On the other hand, Willner and co-workers[26] reported that
lanthanide ions form complexes with various Lewis bases,
including acids, amines, aldehydes, alcohols, and thiols,
through the interaction of the functional groups with their
fully or partially empty 4f orbitals. In the photocatalytic
degradation of salicylic acid and trans-cinnamic acid by un-
doped and lanthanide oxide doped TiO2 nanoparticles, the
enhanced degradation is attributed to the formation of the
Lewis acid–base complex between the lanthanide ion and
the substrates at the photocatalyst surface.[26] In the case of
complexation between N719 and Nd ions or Ti ions, N719
bearing four carboxy groups (structure in Figure 3) acted as
a Lewis acid, whereas the Nd and Ti ions acted as Lewis
bases. Because of their 4f electrons, the Nd ions are more
basic than the Ti ions. As a result, the coupling of N719 with
Nd ions is stronger than with Ti ions. This strong coupling
facilitates the transport of excited electrons.[27] We therefore
suggest that Nd ions doped in the nanorods enhance the in-
jection of excited electrons and simultaneously decrease the
recombination rate of the injected electrons to improve the
short-circuit photocurrent. Hence, the doped Nd ions play
two different roles in the DSSC: one as a surface state and
another as a coupling site. The former role is unfavorable,
whereas the latter is favorable for a DSSC. The experimen-
tal results show that the latter effect compensated for and
dominated over the former, thus increasing the short-circuit
photocurrent of the modified electrode.

Furthermore, longer particles such as nanorods, nano-
wires, or nanotubes are constructed of isoelectronic materi-
als that permit easy electron transport along the length of
the particle.[28] When nanorods were used instead of nano-
particles, the number of contact barriers between titania ma-
terial decreased. As the contact barriers usually act as elec-
tron traps, the total series resistance of DSSCs based on
nanoparticles was higher than that of DSSC based on nano-
rods.[28] The fill factor has a close relationship with the total
series resistance of a cell. When the electrons can quickly
transport through the TiO2 film to the substrate without
large resistance, the value of the fill factor increases, other-
wise, the value decreases.[29] In this study, nanorods were
used to modify the nanoparticle film, so that after modifica-
tion a certain quantity of nanorods is present in the elec-
trode film. Accordingly, the fill factor of the modified solar
cell is enhanced. As analyzed earlier, the majority of the
rods were embedded in the porous electrode. We could not
exclude the possibility that some of the rods would be em-
bedded parallel to the substrate. However, other embedded
rods not parallel to the substrate would either supply a rela-
tively short route to the substrate or, to a certain degree,
confine the transport direction of the injected electrons and
sweep them to the substrate. From the analyses made above,
nanorods play two roles in DSSCs: one decreases the total
series resistance of the cell, hence increasing the fill factor
of the cell; the other accelerates the transport rate of the in-

Figure 4. a) Action spectra and b) current–voltage curves of DSSCs. *=

Modified, &=unmodified.

Table 1. Parameters of DSSCs based on different electrodes.

Isc [mA cm�2] Voc [mV] FF h [%]

modified 13.1 701 0.401 4.4
unmodified 10.7 707 0.366 3.3
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jected electrons, hence improving the collection rate of the
injected electrons.

Conclusions

Nd-doped TiO2 nanorods were synthesized and, for the first
time, used to modify the conventional TiO2 electrode in
DSSCs. The modification remarkably enhanced the short-
circuit photocurrent and the fill factor, thus leading to a
33.3 % increase in power conversion efficiency. Our study
indicates that the incorporation of Nd-doped TiO2 nanorods
into randomly assembled mesoporous films is a novel strat-
egy to modify the photoanode in DSSCs. Such nanorods
were easily embedded, did not affect the adsorption amount
of dye sensitizer, and gave higher energy-conversion effi-
ciency. The mechanism is likely to be that Nd ions doped on
TiO2 nanorods to some extent enhance the injection of ex-
cited electrons and decrease the recombination rate of the
injected electrons. The introduction of rods not only de-
creases the total series resistance of a cell (hence increasing
the fill factor of the cell) but also accelerates the transport
rate of the injected electrons, hence improving the collection
rate of injected electrons.

Experimental Section

Monodispersed Nd-doped TiO2 nanorods were synthesized according to
the literature.[20, 21] For example, oleic acid (7 mL), triethylamine (5 mL),
and cyclohexane (20 mL) were mixed by stirring to form a transparent
solution. Ti ACHTUNGTRENNUNG(OBu)4 (1 mL) was added dropwise to the solution. Neodymi-
um nitrate (�5 atom %, i.e., the molar ratio of Nd3+ to Ti4+ is 1:20) was
then added to the mixed solution. After stirring at room temperature for
a further 5 min, the solution was transferred into a teflon-lined stainless-
steel autoclave at 180 8C for 1 day. Detailed procedures for preparing
nanocrystalline TiO2 films have been described in the literature.[3,22] The
glass substrate used in this paper was indium tin oxide (ITO) (with a
sheet resistance of 15 W/square, China Southern Glass Holding Co. Ltd),
and the thickness of TiO2 film used in this work was �5 mm. The surface-
modified TiO2 electrode was fabricated by dipping a TiO2 thin film into a
solution of Nd-doped TiO2 nanorods in cyclohexane (typical concentra-
tion of 2%) for 30 min, washed thoroughly with cyclohexane, dried, and
sintered at 450 8C in air for 30 min. The fabrication of the solar cell was
the same as documented in the literature.[22] Photoelectrochemical experi-
ments were carried out with a standard two-electrode system.[21] Photo-
current–voltage (I�V) curves were measured with a Keithley 2410
ACHTUNGTRENNUNGSourceMeter under illumination from a 500-W Xe lamp, whose intensity
was measured with a radiometer (FZ-A, Beijing Normal University,
China). Monochromatic light in the range 400–800 nm was obtained by
setting a WDG10 monochromator (Beijing Optical Instrument Factory,
China) before the solar cell. The effective area is 0.196 cm2, and the
redox electrolyte solution was composed of LiI (0.5 mol dm�3), I2

(0.05 mol dm�3), and 4-tert-butylpyridine (0.5 mol dm�3) in 3-methoxypro-
pionitrile.

XRD was performed on a Bruker D8 Advance X-ray diffractometer with
CuKa radiation (X=1.5418 O). The 2q range used was 208!708 in steps
of 0.028 with a count time of 1 s. The size and morphology of the nano-
rods were measured with a Hitachi Model H-800 transmission electron
microscope, and the surface morphology of the electrodes was character-
ized with a LEO 1530 scanning electron microscope. Absorption meas-
urements were made with a Hitachi mode U-3010 spectrophotometer.
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