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Abstract

Nanoporous Ti@electrodes coated with a thin layer of various wide band gap materials were tested in dye sensitized solar cells (DSSCs).
Using NizOs, ZnO, SITiQ, ZrO,, Al,O3; and SnQ as shell materials, we find that the mechanism by which the shell affects the electrode
properties depends on the coating material. In the exceptional case0f Nbe coating forms a surface energy barrier, which slows the
recombination reactions. The other shell materials each form a surface dipole layer that shifts the conduction band potential of the core TiO
The shift direction and magnitude depend on the dipole parameters which are induced by the properties of the two materials at the core—shell
interface. The results show that either the shell acidity or the electron affinity of the shell are the shift controlling parameters, although the
former seems more likely. This new tool for the modification of the electronic properties of the nanoporous electrodes allows for optimization
towards a wide range of applications.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tor provides the large surface area necessary to achieve sig-
nificant optical density of the solar cell despite the low light
Dye sensitized solar cells (DSSCs) are based on theabsorption of a dye monolay§t—4]. However, the porous
photo-injection of electrons from dye molecules into aninor- electrode also plays an important role in the enhancement
ganic semiconductor and holes transport by a redox mediatorof recombination processes in the DSSC, thus decreasing
[1]. The nanoporous structure of the inorganic semiconduc- || cell parameters and its total conversion efficief&y7].
Since the electrolyte penetrates throughout the entire porous
* Corresponding author. Tel972-35317876; fax:-972-35351250. structure, a large surface area is available for a reaction
E-mail addresszabana@mail.biu.ac.il (A. Zaban). between the photoinjected electrons in the semiconductor
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and the oxidized ions in the redox mediator or oxidized that are significantly more negative than that of the sIiO
dye at the semiconductor surfa¢®8]. Under operating  Moreover this potential range covers the excited state po-
conditions, the electrons are required to diffuse several mi- tential of the dye, which is lower than the conduction band
crometers in the semiconductor surrounded by electron ac-potentials of both Zr@ and ALOs. Consequently, this ma-
ceptors at a distance of only several nanometers. The smalkerial choice should provide the basic understanding of the
size of the semiconductor crystals allows only limited band core—shell nanoporous electrode.
bending at electrode surface, thus in this system there is no The purpose of this study is to address two issues: One,
electric field that can assist the separation of the electronsdirectly related to the DSSCs, examines the effect of the
in the semiconductor from their image charge acting as anshell material on the performance of the solar cell. Two,
energy barrier of the recombination procesfes,9,10] to study the ability to modify the electronic properties of
The literature reveals an increasing interest in a new de- metal oxide nanocrystals by inorganic materials. Here we
sign of the nanoporous electrode which is based on theutilize the porous electrode geometry that permits solvent
core—shell configuratiofl1-22] These electrodes can slow penetration throughout its volume, in order to electrically
the recombination processes by the formation of an energyapproach the single nanoparticle while in solution.
barrier at the Ti@ surface. The core—shell nanoporous elec-  The core—shell systems were examined using photovolt-
trode consists of a nanoporous inorganic semiconductor ma-age spectroscopy, spectro-electrochemistry and DSSCs mea-
trix that is covered with a shell of other metal oxide. The surements under illumination and in the dark. The DSSC
conduction band potential of the shell should be more nega-measurements refer to current—voltage dependéndggnd
tive than that of the core semiconductor in order to generateincident photon to current efficiency (IPCE). The results
an energy barrier for the reaction of the electrons presentshow that all coatings examined in this study affect the core
in the core with the oxidized dye or the redox mediator material by the conduction band shift mechanism rather than
in solution. Two fabrication approaches of the nanoporous the formation of an energy barrier at the surface. The shift is
core—shell electrodes are reported in the literature. The firstexplained by the formation of a dipole layer at the core—shell
approach involves synthesis of core—shell nanoparticles thatinterface. The magnitude and direction of the conduction
are applied onto the conducting substijate-16] The con- band potential shift is therefore dependent on the magnitude
sequence of this fabrication method is the formation of an and direction of the surface dipole formed by the coating.
energy barrier not only at the electrode/electrolyte interface
but also between the individual particles of the core semi-
conductor. Thus, at least conceptually, the resistance to the2. Experimental
transport of the photoinjected electrons through the core net-
work should increase. In the second approach, a nanoporou®.1. Electrode preparation
core electrode that is made first, serves as a matrix for coat-

ing of the thin shell layef17-22] Here, the core particles The nanoporous Ti@electrode was fabricated on con-

are connected directly to each other allowing electron trans- ductive glass substrates (Libby Owens For&/8! F-doped

port through single material. SnQ) using anatase crystals of average 23 nm diameter, as
In our previous reports we developed the second fabrica- described elsewhef@2]. Film thickness of 4m was mea-

tion method for several core and shell mater[a®-22] In sured with Surftest SV 500 profilometer (Mitutoyo Co). The

some core—shell combinations, e.g. Fitbre—NBOs shell ZnO coat of the TiQ film was done by electrochemical de-

or SnG core—TiQG shell, indeed the coating formed an en- position in a three-electrode cell. The deposition solution
ergy barrier at the electrode surface. This energy barrier consisted of 0.15M LiN@, 0.005M Zn(NQ@). hydrate and
led to improvement of all solar cell parameters resulting in 0.05M ZnC} in propylene carbonate based on a procedure
35% increase of the overall conversion efficiefit9—21] reported in the literatur§23] The potential applied to the
In other core—shell combinations we found that the coating TiO, working electrode was scanned at 50 mV/s for one
affects the electrode properties by a different mechanism.cycle between 0 and1.4V versus an Ag/AgCl reference
The shell material shifts the conduction band potential of electrode. This procedure yielded the largest effect on the
the core rather than forming an energy barrier. For example, DSSC performance.
coating of TiIQ with a SrTiG; shell resulted in a shift of The other shell coatings were preformed by dipping of
the TiO; conduction band in the negative direction. Conse- the TiO; electrode in solution containing a precursor of each
quently, introduction of a SrTi@coated TiQ electrode to oxide. For each core—shell system the largest effect on the
DSSC increased the open circuit photovoltage while reduc- DSSCs performance was observed for the following coating
ing the short circuit photocurrent compare to the non-coated procedures. SrTig) 45 s dipping in 5 mM strontium oxide in
TiO, electrode22]. dry ethanol[22]. Al,03, 600s in 5mM aluminum chloride

In this work, we extended our investigations to a large in ethanol and ether solution (1:1 volume ratio) ., 30 s
range of shell materials: SrTE) ZnO, SnQ, ZrO, and in 5mM Nb(isopropoxide) in dry isopropano[20]. ZrO,,
Al>03. These shell materials cover a conduction band poten-8h in 5mM Zr(isopropoxide) in dry isopropanol. Sng)
tial range starting positive of the Tirore, through values  30s in 50 mM Sn(isopropoxidg)n dry isopropano[21].
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After coating, the electrodes were sintered at the temper-were made at the same time and experienced similar treat-
ature that was found to yield the best performance in the ment including the second sintering cycle that followed the
DSSCs. The ZnO and the SpQoated TiQ electrodes were  coating. Furthermore, only electrodes that exhibited similar
sintered for 30 min at 380 and 50GQ, respectively. The other  absorption spectrum after the dye adsorption were included

core—shell electrodes were sintered at ¥50or 30 min. in these sets. Since a similar approach is not possible for

The dye adsorption was carried out by over night dipping the comparison between the different core—shell systems, we
in dry ethanol containing 0.5 mM of the N3 dyeigdi(iso- present the results in terms of percentage of change. That
thiocyanato)N-bis(4,4-dicarboxy-2,2-bipyridine)  ruthe- is, the change in cell performance due to the replacement of
nium(ll)) (Solaronix SA). The electrode was dried at 2&0 the standard bare electrode with the relevant core—shell one.
and soaked at 8(C to maintain the dry conditions. We note, however, that all the reference cells, i.e. those con-

taining the bare Ti@ electrodes, were of the same quality

2.2. Measurements yielding more than 3.5% efficiency.

Optimization of the core—shell electrodes was carried out

Spectro-electrochemical measurements were performedusing different coating conditions. The main parameters that
in a three-electrode Teflon cell using HP 8453 spectropho- were varied were the type of shell material precursor, its con-
tometer. The porous electrode was introduced as a workingcentration, the hosting solvent, dipping duration and finally,
electrode while Pt wire and Ag/AgCI served as counter and the sintering temperature and duration. The results represent
reference electrodes, respectively. The supporting electrolytethe core—shell electrodes that exhibited the largest effect on
was 0.2M LiCIQ; in aqueous solution of pH 1.8 HCIO the DSSCs performance. The exact procedures are provided
Oxygen was removed from solution by purging with high in the Section 2
purity nitrogen. Table 1shows the percentage of variation of the solar

Photocurrent—photovoltage characteristics and photocur-cell parameters resulting from the replacement of the bare
rent action spectra were measured in a sandwich-typeTiO, electrode by the different core—shell electrodes. Four
cell; the sensitized electrode filled with electrolyte pressed core—shell systems increase the overall conversion efficiency
against the Pt coated conducting glass electrode. The elecof the cell while the other two decrease the efficiency. One
trolyte solution consisted of 0.5M Lil/0.05Mzlin 1:1 exception is the Ti@g-Nb,Os system in which all cell pa-
acetonitrile-NMO (3-methyl-2-oxazolidinone). lllumination  rameters are improved by the coating resulting in the largest
of the cell was conducted from the nanoporous electrode increment of the cell efficiency. In all other cases, the coat-
side, using a 250 W xenon lamp, calibrated to one sun in ings involve different trends regarding the various cell pa-
the visible range. A 250W xenon lamp coupled with a rameters, which result in either an increase or a decrease of
4nm bandwidth monochromator were used in the IPCE the conversion efficiency.
measurements. The case of the Ti@-Nbp,Os system is discussed ex-

For the dark current measurements, the conducting glasstensively elsewherd20]. It was shown that the Ni©®s
exposed area was blocked by insulating polymer, elec- shell forms an energy barrier at the Ti@lectrolyte inter-
trochemically polymerized prior to dye adsorption. The face which reduces the rate of recombination between the
electropolymerization of the insulating polyphenoxide is photo-separated charges, i.e. the electron in the @@ the

described elsewhef@4]. oxidized ions or dye. Consequently, both the electron accu-
An Eco Chemie Autolab 20 potentiostat was used for the mulation and the electron collection efficiency are improved.
electrochemical measurements. The results presented Fable 1seem to indicate that apart

from the TiO—NkpOs5 case, coating does not create such an
energy barrier at the electrode surface. Although, the open
3. Results and discussion circuit photovoltage Yoc) increases in most of the systems
(as in the case of the barrier formation), at the same time
The results presented in this report summarize our under-(unlike the barrier case) the short circuit photocurreigg)
standing of the core—shell nanoporous electrode covering sixdecreases. Moreover, the larg&&j. increase induced by
systems. All six electrodes consist of a nanoporous fia- the coating is obtained for the T§ZnO system, although
trix that is covered with a thin layer of a second wide band energy barrier fabrication in this system is not expected
gap semiconductor. Two systems, the F#8b,Os and the since the conduction band potentials of the core ¢Ji@nhd
TiO,—SrTiGs, were reported previously, showing different the shell (ZnO) are similgfl]. Thus, for these systems we
effects of the coating on the electrode properties. Here, weadopt the bands shift mechanism previously suggested for
extend this study to a wider range of shell materials aimed the TiO,—SrTiO; system[22]. According to this approach,
at two goals: to gain better understanding of the core—shell the coating forms a dipole layer at the electrode/electrolyte
system and to improve the conversion efficiency of DSSCs. interface which shifts the electrode bands potentials de-
The coating effect in each core—shell system is based on apending on the dipole intensity and direction. The dipole
comparison between a set of bare Fi€®ectrodes and a set  layer is attributed to either the different electron affinity or
of core—shell ones. All the electrodes of such a comparison different acidity of the two semiconductors.
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Table 1

The percentage of variation of the solar cell parameters resulting from the replacement of the baete@if@de by the various core—shell electrodes
Shell material Efficiency change (%) Voc change (%) Jsc change (%) FF change (%)
Nb2Os 37.3 10.4 11.8 10.8

ZnO 154 15.3 -3.1 3.2

SITiOs 15.2 8.9 -2.9 9.0

Al,03 155 5.4 -3.2 13.2

ZrOz —10.6 45 -21.2 8.5

SnG —45.3 -12.9 -35.3 -2.9

In the following sections, we support the band shift de- the TiO,—ZnO electrode are capable of similar accumulation
scription by various measurements. In order to identify the per a given potential. In other words, no barrier for electron
controlling parameter we analyze the dependence of the soladeakage to solution is formed in this case.
cell parameters on two different properties of the core—shell
materials; electron affinity and acidity. The dispassion is 3.2. Dark current
based on a representative system, the;F&hO electrode,
emphasizing that similar results were observed for all the Dark current in DSSCs cannot be related directly to the

systems presented fable lexcept the TiQ-NbOs case.  recombination current since the electrolyte concentration
in the porous film and the potential distribution across the
3.1. Spectro-electrochemistry nanoporous electrode in dark are different than those under

illumination [6]. However a comparison between two sim-
The spectroelectrochemical measurements utilize undyedilar cells can provide information regarding the relative re-

electrodes in agueous supporting electrolyte. Upon applica-combination rates.
tion of negative potential, the electrons accumulated in the An insulating polymer was electrochemically deposited
nanoporous electrode affect the absorption spectrum of theon the exposed area of the conducting substrate in order to
electrod€g25,26] The spectral changes are characterized by eliminate the possibility that the measured current will be
absorption bleach below 400 nm and a buildup of a wide affected by different degree of coverage of the conducting
absorption peak centered around 700 nm. The increase asubstratd24]. Fig. 2 presents the dark currents of the bare
longer wavelength is due to the absorption of the free elec- TiO2 and the TiQ—-ZnO electrodes introduced to the DSSC.
trons in the semiconductor while the bleach reflects elec- The ZnO shell shifts the onset potential to negative values
tron accumulation in the conduction barfdg. 1 shows the while maintaining the curve shape. This behavior indicates
bleach region measured for bare %iénd TiQ-ZnO elec- that the ZnO does not generate a barrier which limits the
trodes. The spectra represent the absorption change due telectrons to the Ti@region but rather it shifts the conduc-
application of—0.9 V versus Ag/AgCl compared with open tion band potential negatively, determining lower electron
circuit conditions. Different electron accumulation in simi- density in the TiQ for any given applied potential. Conse-
lar electrodes should be reflected in the width and intensity quently, the electron reaction with the ions in the electrolyte
of the bleach20]. Thus, the similarity of the two spectra  solution as a function of the electron density in the FiO
presented irFig. 1 indicates that both the bare TiGand (rather than potential applied to the Bif2does not change

upon coating.
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Fig. 1. The absorbance spectra at the bleach region of the (a) bage TiO
and (b) ZnO coated Ti@electrodes under applied potential 0.9V Fig. 2. Dark current of the (a) bare TiOand (b) ZnO coated Ti®
vs. SCE. The similarity of the two spectra indicates that both electrodes electrodes introduced to DSSCs. The ZnO shell shifts the onset potential
are capable of similar electron accumulation. to negative values while maintaining the curve shape.
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Fig. 3. The IPCE of two DSSCs consisting of the (a) bare;Ténd (b) Fig. 4. Voc as a function of the illumination wavelength for DSSCs
ZnO coated TiQ electrodes. The similarity of the curves indicates that containg (a) bare Ti@and (b) ZnO coated TiQelectrodes. Coating the
the recombination rate is not affected by the shell formation. TiO, electrode with ZnO shell shifts the onset of injection to shorter
wavelength, indicating a shift of the Tg&ronduction band in the negative
direction.

3.3. Collection efficiency
shows that coating the Tielectrode with ZnO shell shifts
Changes in the electron collection efficiency affect the the onset of injection to a shorter wavelength. That is, the
shape of the incident photon to current efficiency spectrum. movement of the Ti@ conduction band in the negative di-
The effect is more pronounced at wavelengths of lower dye rection requires higher excitation energy to permit injection.
absorption since the electrons photo-injected at these wave+urthermore, the onset shift from 721 to 679 nm at photo-
lengths are generated at relatively large distances from thevoltage of 30 mV corresponds to a conduction band shift
current collector, thus being highly sensitive to recombina- of 106 mV. This shift value correlates well with photovolt-
tion processes. In practice, the improvement in the collection age measurements under white light illumination in which
efficiency changes the IPCE values throughout the spectrumthe photovoltage increased from 667 mV at the bare;TiO
but the pronounced effect relates to the shape of the IPCEelectrode to 769 mV for the ZnO coated Ti®@lectrode.
curve.Fig. 3 shows the IPCE curves of the bare 3i@nd As mentioned above, the core—shell electrodes with the
the TiO,—ZnO systems normalized to 100% peak value. The other materials, Zr@ Al,O3 and SrTiQ show similar be-
curves are similar, indicating that the electron lifetime in the havior like the ZnO coated TiPelectrode. The presented
nanoporous electrode is not affected by the shell formation, results indicate that the main effect of the electrode coating
as would be the case for surface energy barrier formation. is the movement of the Ti©conduction band. The forma-
tion of an energy barrier at the electrode/electrolyte interface
3.4. On-set of injection was achieved only in the exceptional case ob @b shell.
We relate the conduction band shift to the formation of sur-
The injection of electrons takes place only from dye ex- face dipole layer at the core—shell interface resulting from
cited states that are located above the conduction band edgedifferences between the core and shell materials with respect
Therefore, at long wavelengths in which the dye is excited to their acidity or electron affinityrigs. 5 and resent the
to states that are energetically positive of the conduction
band edge, the generation of photovoltage and photocurrent 207 700
will not occur. Since light harvesting by the dye at this 1 P
wavelength region is not efficient, we utilized photovoltage ] SrTiOs
spectroscopy rather than photocurrent spectroscopy to mea- 10 - ()
sure the onset of injection (the IPCE measurement is not 1
sensitive in the long wavelength region due to the very low
electron collection efficiency resulting from the light ab-
sorption profile and the low conductivity of the nanoporous
network). In practice, a measurement of the open circuit 10+
photovoltage as a function of the illuminating wavelengths 1 [ )
(scanning from the long wavelengths to the short ones to 1 Sn02
avoid charging effects) reveals the lowest dye excited state 20 -
that injects into the semiconductor electroBigy. 4 presents , . .
the open circuit photovoltage spectra of the bare,Tatd Fig. 5. The percentage dfoe change upon coating as a function of
d . the isoelectric point of the shell material. Shell with higher isoelectric
the TiO,~ZnO systems. The absorption spectra of the dye point than TiG generates a surface dipole directed toward the, Tiflus
on both the bare and coated electrodes were sinfkilgr.4 shifting the TiGQ conduction band negatively.
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Isoelectric Point

Voc Change (%)
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Fig. 6. The percentage &f,c change upon coating as a function of the
electron affinity of the shell. Shell with lower electron affinity than FiO
generates a surface dipole directed toward the,TiBus shifting the
TiO, conduction band negatively.

percentage of/,c change upon coating as a function of the
isoelectric point and the electron affinity of the s2ii—29]
When the isoelectric point of the shell is higher than that of
the TiOy, the shell material maintains a more positive sur-
face with respect to the core T#OThus, a surface dipole
directed towards the TiQis generated. As shown Fig. 5,

a good correlation between thg; changes and the isoelec-
tric point is observed. In the same manner, lower electron
affinity of shell with respect to that of the core TiQeads

to a positive charging of the shell relative to the %i€bre.

As a consequence, the Ti@onduction band shifts in the
negative direction resulting in high&f,. of the DSSC. In
this case, the correlation between tg changes and the
electron affinity Fig. 6) is poor. Therefore, it seems that
the acidity of the material is the important factor regarding

Y. Diamant et al./Coordination Chemistry Reviews 248 (2004) 1271-1276

also be adsorbed to the surface for similar effect the inor-
ganic coat does not reduce the available dye binding site and
is highly stable under operation conditions.
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