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Ordered one-dimensional metal oxides are considered promising architectures for dye-sensitized solar

cells (DSC). Here we explore the properties determining the photovoltaic performance of DSC based

on titanium dioxide nanorods prepared by a hydrothermal method. Ultrathin conformal coating with

other oxides such as Al2O3 or Nb2O5 has been widely used in the literature to improve the conversion

efficiency. Usually the effects attributed to the coating are either to prevent recombination by barrier

effect or to change the position of titanium dioxide conduction band. Here we show that coating TiO2

nanorods with Nb2O5 increases the photocurrent and conversion efficiency of the DSC. However,

impedance spectroscopy results indicate that neither recombination is reduced by the coating nor the

conduction band position is moved. The improvement in the performance of the cell has been

attributed to an enhancement in the charge injection efficiency promoted by Nb2O5.
Introduction

Dye solar cells (DSCs)1 are a relatively low cost photovoltaic

technology that may be used in new applications such as building

integrated systems as windows or façades to produce electricity.

DSCs also have the potential to compete with other photovoltaic

technologies in the search for environmentally clean sources of

electrical energy. DSCs have yielded to date up to 11.3% solar-to-

electric power conversion efficiencies under 1 sun illumination,2
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Broader context

Dye solar cells are one of the technologies proposed for cutting down

such as nanorods and nanotubes are some of the latest configuratio

charge collection. Through advanced electrical models, this pap

performance of dye solar cells made from bare and Nb2O5 coated T

provided by the addition of the Nb2O5 discarding many of the ideas

configuration.
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and there is strong research in the field to push this value up with

very promising results.

The performance of DSC devices is mainly determined by the

type of sensitizer, the electrolyte and the properties of the porous

semiconducting electrodes that are used in their fabrication.3,4

The electron collecting electrode is typically a 12 mm thick film

composed of two different layers of TiO2 nanoparticles, a trans-

parent one (�8 mm) and a light scattering layer (�4 mm) creating

an interconnected semiconductor network for electron collection

towards the contact.5,6 The structure of these electrodes presents

a large surface area that enables abundant dye upload on the

surface to maximize the amount of photogenerated charge. In

addition to efficient light harvesting, to obtain good collection

efficiency it is needed that the titanium dioxide nanoparticles

have a large diffusion length.7,8

Over the past several years highly ordered TiO2 nanostructures

such as nanowires (nw), nanotubes (nt) or nanorods (nr) have

become the focus of considerable interest since they possess

unique properties suitable for both solid and liquid hole

conductor DSC applications. They keep a large specific surface
the price of photovoltaic solar energy. Nano-ordered structures

ns proposed to increase the efficiency in this device and improve

er studies the mechanisms that determine the photovoltaic

iO2 nanorods. It clarifies which is the origin of the improvement

typically argued to justify the improvements attained with this
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that allows similar dye adsorption as in the nanoparticles, while

the continuous and ordered structure offers both, direct

conduction pathways for the extraction of photogenerated

charges and a more suitable structure for the penetration of the

solid hole conductor. The uninterrupted pathways are expected

to improve the electron transport properties and thus the charge

collection.9–12

Several fabrication routes including anodic oxidation,13,14

electrochemical lithography,15 photoelectrochemical etching,16

sol–gel,17 hydrothermal synthesis,18–21 and template synthesis22,23

have been used to prepare these ordered TiO2 nanostructures. In

some cases the preparation of titanium dioxide nt has been

successful in improving the photocurrent and conversion effi-

ciency of DSCs.24,25

Further improvement has been reported after the introduction

of transition metals like Ta in titanium dioxide nt with an

enhancement on the photovoltage of the DSCs.10 Other strate-

gies consist on modifying the surface of the nanostructures with

metal oxides like Al2O3, Nb2O5, ZnO or CaCO3, as it has

previously been done for nanocolloidal TiO2 electrodes.
24,26,27 All

these works reported improvements in the short circuit current

(jsc) and, depending on the treatment, the open circuit potential

(Voc), enhancing the overall conversion efficiency of the DSC,

which has been attributed to several factors such as the blocking

of surface recombination or shifts in the conduction band edge.

In the particular case of Nb2O5, this material has shown good

absorption of Ru dyes and a conduction band which is 100 mV

above the conduction band TiO2.
28 The combined effect of good

dye loading and the energy gradient created by the surface

coating should help in charge separation and collection.29

Enhanced photocurrent was found by Zaban in nanocoloidal

TiO2 coated with Nb2O5
27,29 which also yielded an increase in

Voc, and by Feng in TiO2 coated nanorods,18 in this case without

an increase in Voc.

In this paper we analyze the parameters that determine the

photovoltaic performance of DSCs based on highly ordered

transparent TiO2 nr using N719 dye as sensitizer. We study the

electrical and operational differences between DSC made with nr

electrodes of pure TiO2 and nr coated with a thin layer of Nb2O5.

We discuss and determine the origin of the increase of the overall

conversion efficiency from 4.18 to 5.24% and the jsc from 9.70 to

12.2 mA cm�12.
Experimental

Nanorod synthesis and niobium oxide coating

Highly ordered transparent titanium dioxide nr arrays were

prepared by a hydrothermal method similar to a previously

reported route.18 Well cleaned glass substrates coated with

fluorine doped tin oxide (FTO) were dip-coated in a titanium

tetrachloride 40 mM solution for 30 min at 70 �C, then rinsed

with water and ethanol and subsequently heated at 570 �C for

10 min to obtain a layer of TiO2. The as-treated FTO substrates

were then loaded into a sealed Teflon lined stainless steel auto-

clave containing 30 mL toluene and 5 mL hydrochloride acid

(35%). To this mixture, 5 mL of a 1 M solution of TiCl4 in

toluene, 5 g of titanium(IV) butoxide and finally, 20 mL of

toluene were added drop by drop. The reaction temperature was
This journal is ª The Royal Society of Chemistry 2011
180 �C for 18 h. After the reaction was completed, the autoclave

was cooled down fast until room temperature to stop the reac-

tion. The resulting nrs were washed with ethanol and heated at

450 �C for 30 min in air to remove possible organic residual

species.

In order to prepare niobium coated nr, the as synthesized

electrodes were treated with niobium(V) chloride (99.9%)

according to previous work by Zaban.27 The TiO2 nrwere deep in

5 mM solution of NbCl5 in dry ethanol for 30 s under nitrogen

atmosphere, rinsed with ethanol and sintered at 500 �C 30 min.
DSC fabrication

To prepare the DSCs, the nr electrodes were immersed into N719

dye solution (0.3 mM tert-butanol/acetonitrile) overnight. After

adsorption of the dye, the electrodes were rinsed in tert-butanol/

acetonitrile. The solar cells were assembled with a counter elec-

trode, thermally platinized FTO, using a thermoplastic frame of

Surlyn 25 mm thick. The redox electrolyte (0.6 M 1-butyl-3-

methylimidazolium iodide (BMII), 0.1 M LiI (99,9%), 0.01 M I2
(99,9%), 0.1 M guanidinium thiocyanate and 0.4 M 4-tert-

butylpiridine in acetonitrile : valeronitrile 85 : 15) was then

introduced through a hole drilled in the counter-electrode that

was sealed afterwards. The resulting solar cells had an active area

of 0.4 cm2.
Sample charecterization

Microstructural examination was carried out by using a scanning

electron microscope (SEM) model JSM-7000F (Jeol) equipped

with an INCA 400 (Oxford) EDS analyzer and a transmission

electron microscope (TEM) model JEM 2100 (Jeol) equipped

with INCA X-sight a EDX analyzer (Oxford).

DSC were characterized by current–voltage (j–V) and imped-

ance spectroscopy (IS) analysis using a 0.25 cm2 mask. The

measurements were carried out using with a PG-STAT30

potentiostat (Autolab) and a solar simulator equipped with

a 1000 W ozone-free Xenon lamp and AM 1.5 G filter (Oriel),

where the light intensity was adjusted with an NREL-calibrated

Si solar cell with a KG-5 filter to 1 sunlight intensity

(100 mWcm�2). Impedance spectroscopy measurements were

done from 0 to 0.8 V at 50 mV steps, using a range of frequencies

between 1 MHz and 10 mHZ.

Differences in dye uptake were measured through the trans-

mittance of the resulting solution obtained after soaking the film

in 0.1 M tert-butylammonium hydroxide in acetonitrile.30
Results and discussion

Nanorods characterization

SEM measurements of transversal cross-sections of unsensitized

photoanodes are shown in Fig. 1(a) to (c). Fig. 1(a) presents

a view of the transparent titanium dioxide nr obtained by

hydrothermal synthesis. It may be observed that a highly

uniform and densely packed array of nanorods has grown

perpendicular from the substrate to an approximate length of

3.5 mm with an average diameter of 37 nm, as can be seen from

the cross-section view of Fig. 1(b). For Nb2O5 coated nr, Fig. 1
Energy Environ. Sci., 2011, 4, 3414–3419 | 3415
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(c), no changes were observed neither in thickness nor in length

of the rods.

TEM measurements to Nb2O5 coated nanorods, Fig. 1(d),

showed large crystals of TiO2 with amorphous borders where the

Nb2O5 coating is seated. Interplanar distances of 3.2 �A corre-

sponding to the plane (110) of the TiO2 rutile phase, which

matches previous reports.18 EDX analysis showed that Nb is

uniformly distributed along the composite, although we have

observed some local non-uniformity along the coating. Thus the

amorphous layers on the top of the nanorods had a maximum

thickness of 10 �A, whereas other regions had the thickness

dropped down to around 3 �A.
Solar cell study

Fig. 2 compares the j–V curves (lines) for DSCs sensitized with

N719 based on TiO2 nr and Nb2O5-coated TiO2 nr. The

parameters that describe the DSC performance are summarized

in Table 1. For the Nb2O5-coated sample the photocurrent

increases nearly 26% (from 9.70 to 12.2 mA cm�2) keeping the

value of Voc nearly constant, which implies a 25% enhancement

in the performance of the Nb-coated titanium dioxide nr based

DSC (5.24%) with respect to a normal titanium dioxide

nr based DSC (4.18%). To ensure the reproducibility and

consistency of the results, experiments were repeated 3 times,

building fresh solar cells each time, and determining j–V curves

for all the samples. The stability of the DSC has been checked

in all cases after IS measurements under illumination, always

obtaining the same results as the fresh j–V curve. Therefore,

Fig. 2 and the obtained parameters summarized in Table 1 are

highly representative of the behaviour of the solar cells

fabricated.

The impedance spectra of the complete DSCs were analyzed

by making use of the transmission line model described else-

where.4,31,32 Fig. 3 shows a characteristic spectrum that realizes

well the transmission line model and allows to obtain the main

electrical parameters that determine the behavior of the cell:

recombination resistance (Rrec), the cell capacitance (C), trans-

port resistance (Rtr) and the other contributions to the series

resistance (Rs). The data obtained are used to elucidate the

differences in the behaviour of the bare and the Nb-coated cells.

The analysis of recombination resistance over parameters such

as lifetime presents the advantage that it eliminates the depen-

dence on capacitances associated to charge accumulation in the

device. Therefore it provides a more direct measurement of the

recombination process.8,33

At first sight, the values of the recombination resistance rep-

resented vs. the applied potential (Vap) in Fig. 4(a), are equal for

most of the potentials, both in bare and Nb-coated samples.

However for a proper comparison it is necessary to remove the

effect of series resistance Rs in the voltage scale. Subtracting the
Fig. 1 SEM images of a vertically oriented self-organized TiO2 nano-

rods array grown on FTO substrate. (a) Top-cross view images of TiO2

nr, (b) cross-section image of the same array, and (c) cross-section image

of Nb2O5 coated TiO2 nr. (d) TEM image of the end of Nb2O5 coated

TiO2 nr presenting the rutile crystal surrounded by an amorphous border

which includes Nb2O5.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 2 Current density–potential curves for nanorod based DSCs, at 1

sunlight intensity. The lines represent the j–V curves, the dots represent

the simulated j–V curves from impedance data.

Table 1 Photovoltaic performance of DSCs using TiO2 nanorods and
TiO2 nanorods coated with Nb2O5. Both DSCs were sensitized by N719
dye. jsc is the short circuit photocurrent density, Voc the open-circuit
voltage, FF the fill factor, h the power conversion efficiency, and finally,
internal FF and internal h are the corrected values of FF and h after
suppressing the series resistance potential drop

TiO2

nanorod Voc(V) jsc (mA cm�2) FF
h
(%)

internal
FF

internal
h (%)

bare 0.73 9.70 0.59 4.18 0.62 4.39
coated 0.70 12.2 0.61 5.24 0.64 5.46

Fig. 3 (a) Impedance spectra for a DSCmade from bare TiO2 nanorods,

at 1 sunlight intensity and 0.45 V. (b) Zoom-in of (a) showing at high

frequencies the diffusive behavior of the electrons in the DSC, charac-

teristic of the transmission line model.

Fig. 4 Recombination resistance and chemical capacitance obtained

from impedance analysis at 1 sun illumination of bare and Nb2O5 coated

TiO2 nanorods. Sections (a) and (b) are plotted with respect to the

applied voltage in the solar cell. Sections (c) and (d) are plotted with

respect to the Fermi level voltage (without the effect of series resistance)

defined as VF ¼ Vap � jRs.
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effect of the series resistance, we may define a Fermi level voltage

VF ¼ Vap � jRs.
34

Using this corrected potential, the recombination resistance

may be written as

Rrec ¼ R0 exp

�
� b

qVF

kBT

�
; (1)

with R0 a constant indicating the onset of recombination, b the

recombination parameter (also named charge transfer coeffi-

cient) governing the non-linear recombination, q the charge of

the electron, kB the Boltzmann constant and T the temperature.

Now it is possible to analyze the differences found in Fig. 4(c)

between both samples: the value of Rrec for the coated TiO2
This journal is ª The Royal Society of Chemistry 2011
nanorods is smaller (R0 ¼ 5000 U cm2) than for the uncoated

(R0¼ 7200U cm2) sample. This result indicates that the coating is

not forming a blocking layer at the surface of the TiO2 able to

reduce recombination losses. The slope of Rrec is slightly higher

for the coated TiO2, providing a recombination parameter4,7 b ¼
0.27 vs. b ¼ 0.23 in the case of the bare nanorods (see the ESI for

more details).‡ The value of b is around half of the typical value

associated with charge transfer from TiO2 anatase colloids to the

I�3 in the electrolyte.7,35,36 This difference could be associated with

the rutile phase of the nanorods. Although Nb2O5 coating does

not increase the absolute value of Rrec, it produces a rise in b.

After correction of the potentials, the capacitance of the two

studied samples presents nearly the same values, Fig. 4(d). At

voltages above VF ¼ 0.4 V we observe the characteristic behav-

iour of the chemical capacitance (Cm, see ESI‡): an exponential

rise with increasing potentials. As Cm ¼ q2g(EF), the distribution

of electron trap states below the conduction band of TiO2 follows

the expression37

gðEFÞ ¼ Nc

kBT
exp

�
EFn � EC

kBT0

�
(2)

with the parameter that describes the distribution of traps taking

the value T0 ¼ 1100 K (a ¼ T/T0 ¼ 0.25). Data from Fig. 4(d)

show that g(EF) is dominated by TiO2, with no contribution

given by the coating.

The coincidence in the values of the capacitance found also

indicates that the conduction band edge in the TiO2 has not been

altered by the addition of the Nb2O5. This result is corroborated
Energy Environ. Sci., 2011, 4, 3414–3419 | 3417
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Fig. 5 (a) Conductivity and (b) diffusion length of DSC based on bare

and Nb2O5 coated TiO2 nanorods vs. the Fermi level voltage at 1 sun

illumination.

Fig. 6 External quantum efficiency plots of DSCs based on bare and

Nb2O5 coated TiO2 nanorods.
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by the good match found for the electron conductivity, of the

different nanorods shown in Fig. 5(a), which is calculated from

s ¼ L

RtrSð1� pÞ (3)

with L being the nanorod thickness, S the surface and p the

porosity of the film. These results indicate that the increased

photocurrent of Nb-coated DSC may not be associated with

a downward shift of the band-edge of the semiconductor.31,28

Transport and recombination resistances allow us to calculate

the small perturbation diffusion length of electrons via the

expression38,39

Ln ¼ L

ffiffiffiffiffiffiffiffi
Rrec

Rtr

r
(4)

As shown in Fig. 5(b), Ln is slightly lower for the coated film due

to the higher recombination rate in this sample. In any case the

diffusion length is about 4 times larger than the rod length

ensuring that the injected charge is efficiently collected.

In general, the improvement of DSC performance with ultra-

thin conformal coating in nanostructured films is either associ-

ated with the suppression of recombination26 or with the shift of

the conduction band. However our results show that none of

these effects may explain the increase in jsc and the efficiency

produced by addition of the Nb2O5 to the TiO2 nr. The IPCE of

Fig. 6 suggests that the improvement of the modified TiO2 nr

DSC is due to an increase in the injection yield from the dye.
3418 | Energy Environ. Sci., 2011, 4, 3414–3419
Dye desorption measurements indicate that the difference in

the dye uptake is only 4%, therefore the main origin of the

largely improved jsc may only be due to an increased charge

injection efficiency of the dye into the rutile nanorods, facili-

tated by the presence of niobium oxide coating. Future work

will be devoted to thorough exploration of this enhanced

injection yield.
Recombination resistance, photocurrent and j–V curves

One of the reasons for larger Voc in DSC is attributed to upward

shifts in the conduction band-edge position of TiO2.
40 However,

as we have stated above, here the conduction band position in the

TiO2 is unmodified by the coating, thereforeVoc is determined by

both Rrec and jsc.

The relation between recombination resistance and recombi-

nation current is given by4

Rrec ¼
�
vjrec

vVF

��1

(5)

In the case where the series resistance is zero, the current from the

j–V curve may be obtained from

j ¼ jSC �
ðV

0

dVF

Rrec

(6)

which, using eqn (1) yields the diode equation typically used in

p-n junction solar cells41

j ¼ jsc � j0

�
exp

�
b
qVF

kBT

�
� 1

�
(7)

with b ¼ 1/m as the inverse of the ideality factor and

j0 ¼ kBT

qbR0

(8)

as the reverse current.

The larger value of R0 (lower j0), together with the smaller

b provide the greater Voc observed for the bare TiO2 nr. The

coated sample could not compensate its poorer Rrec to reach

similar or larger Voc (see ESI for more details).‡

This analysis allows calculating the internal (maximum) effi-

ciencies and FF (see Table 1) that could be achieved if the series
This journal is ª The Royal Society of Chemistry 2011
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resistance was completely removed from the solar cell. Here a 5%

rise was obtained for these parameters.

When considering the total resistance of the device RTot ¼ Rrec

+ Rs + Rtr/3, it is possible to regenerate the j–V curve shown in

Fig. 1 through the equation:

j ¼ jSC �
ðV

0

dV

RTot

(9)

As the dots in Fig. 1 show, an excellent match was found between

the data, confirming the intrinsic relationship between the

impedance parameters and the dc characteristics of the cell.

Finally, the increase in the FF observed in Table 1, for the

coated nr can be explained in terms of these electrical measure-

ments. The sample with Nb2O5 coating presents both a larger

b and a smaller series resistance (on average 20U vs. 25U for bare

TiO2) and both effects contribute to the rise in the FF.4
Conclusions

An increase of 25% in energy conversion efficiency was observed

in titanium dioxide nanorod based DSC by application of thin

Nb2O5 coating on the surface. The main factor contributing to

the improvement of the performance is the enhancement of the

electron injection yield. Some usual factors contributing to the

improvement such as an increase on the diffusion length, the

formation of a surface recombination blockage with the coating

or a shift in the conduction band, have been discarded by

experimental measurements.
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