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Core—Shell Nanoporous Electrode for Dye Sensitized Solar Cells: the Effect of the SrTi©
Shell on the Electronic Properties of the TiQ Core
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A nanoporous TiQ electrode coated with a thin SrTiQayer was synthesized for photoelectrochemical
applications. Introduction of this coreshell electrode to a dye sensitized solar cell increased the open circuit
photovoltage while reducing the short circuit photocurrent in comparison with a cell containing the standard
noncoated TiQ electrode. The photovoltage increases is more significant than the photocurrent reduction
resulting in a 15% improvement of the overall conversion efficiency of the solar cell. The performance of the
TiO,—SrTiO; core-shell electrode in the dye sensitized solar cell was analyzed by several methods including
photocurrentvoltage correlation, spectro-electrochemistry, dark current measurement, IPCE, and photovoltage
spectroscopy. The results indicate that the SgTé®er shifts the conduction band of the Tild the negative
direction rather than forming energy barrier at the Fé&@ctrolyte interface as found for similar coating by
other materials. The shift of the Tibands is attributed to a surface dipole that is induced by the SrTiO
coating.

Introduction

Since the introduction of the nanoporous electrode, dye
sensitized solar cells (DSSCs) have become a low cost efficient
alternative to the conventional silicon cell$The high surface
area of the nanoporous electrode enables both efficient light
harvesting and electron injection by a dye monolayer in contrast
to the compact electrode in which high optical density can be
achieved only with several dye layers which have poor electron
injection efficiency3~ The highest efficiency of DSSCs (11%) Figure 1. Schematic view of the NKDs/TiO, core-shell electrode.
was achieved for cells utilizing TiCas the nanoporous mater-  1"€ NROs layer, having a conduction band more negative than that of
ial.”However, these cells still suffer from a high recombination TiO,, forms an energy barrier at the Ti@urface, thus, reducing the

. I, . recombination rate.
rate between the injected electrons and the oxidized dye or ions
in solution. The high recombination rate in DSSCs is attributed ~ Based on the NiDs5/TiO core-shell experience, we expected
to the small size of the particles, which cannot establish signifi- that similar electrode which is based on a semiconductor whose
cant band banding:° That is, an electric field that spatially ~ conduction band is higher than that of the b will exhibit
separates the injected electrons from the holes in the dye oréven higher performance. Such properties are available for
solution is not formed at the electrodelectrolyte interface. ~ SrTiO; that should form a 200 mV barrier on Ti(ased on
Consequently, the large electrodelectrolyte interface area  the conduction band difference between these matéfiats.
enables high recombination currefitd.Two basic approaches  Furthermore, based on the matching between the unit cell param-
to overcome this loss mechanism were suggested. One involves$ters, it is reasonable to assume an epitaxial growth between
the formation of an isolating layer at the exposed electrode parallel plans in the square facet of the Fi@tragonal unit
surface'?~16 |n the other method, an energy barrier that allows cell and the SrTi@ cubic unit cell.

Conductive Substrate

Nb;Os Layer

electron injection but stops the recombination reaction is fabri- ~ In this work, we report the synthesis of a SrEiCoated
cated at the nanoporous electrode surf&c®.Both approaches ~ hanoporous Ti@electrode and its effect on the performance
showed promising results. of DSSCs. The coated nanoporous electrode was examined by

In previous studies, we reported the fabrication of such an means of current voltage dependence() of the solar cell
energy barrier on nanoporous Ei@ectrodeg_ﬁ'rhe barrier was when illuminated and in the dark, incident photon to current
made by a thin N§Os coat whose conduction band potential is ~ €fficiency (IPCE), spectro-electrochemistry, and photovoltage
100 mV negative than that of the TiOThe NBOs barrier layer ~ Spectroscopy. The results indicate that, unlike theQJtthat
restricts the electrons to the TiQarticles, thus reducing the ~ forms an energy barrier at the surface, the Sgli@ating shifts
recombination raté® Consequently, all parameters of the DSSC  the conduction band of the Tin the negative direction show-
improved resulting in a 35% increase of the cell efficieA®$? ing no surface energy barrier formation. The conduction band
Figure 1 shows a schematic view of the ZB/TiO, core— shift increases the open circuit voltage (Voc) of the DSSC while

shell electrode and its superiority regarding recombination. ~ decreasing the short circuit current (Jsc). The Voc increase is
more significant than the loss of current; thus, the overall

*To whom correspondence should be addressed. E-mail: zabana@ efficiency of the cell increased by 15.3% because of the §TiO
mail.biu.ac.il. coating.
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Experimental Section T12
Film Preparation. TiO, colloids were prepared by hydrolysis I
of 1:1 solution of titanium (IV) isopropoxide (Aldrich, 99.9%) 1°
and 2-propanol in acetic acid (pH 2). After overnight aging, ® (@ "8
the organic remainders were evaporated at@Zollowed by T 6%
a hydrothermal treatment at 230 for 13 h (titanium autoclave, =
Parr). The production of the TiOslurry was completed by +3
sonication for 5 min, addition of Carbowax (poly(ethylene I
glycol) compound) to solution, and stirring overnight. Using Y A S N
TEM and XRD, the TiQ particles were characterized as 23 08 06 04 02 0
nm in diameter anatase crystals. The F&urry was spread Potential (V)

on conducting glass substrates (Hartford glass, 8 ohm/squarerigure 2. i—V curves of DSSCs which consist of the (a) bare iO
F-doped Sng) using adhesive tapes as spacers. The films were and (b) SrTiQ coated TiQ electrodes.
dried in air at room temperature and sintered at 4GGor 30 TABLE 1: Performance Comparison of the DSSCs
min. The thickness of the T|£I|Im§ was 4um, measured with Consistiﬁg of the Bare TiO, and SrTiOs Coated TiO,
Surftest SV 500 profilometer (Mitutoyo Co). Electrodes under a Xe Source 1 Sun Simulator. The

The SITiQ coating of the nanoporous TiCelectrode was Measurement Conditions of Both Electrodes Were Similar.
fabricated by dip coating in ethanol solution containing strontium Cell Area Was 0.6 cnf

precursors. Three precursors at various concentrations were Voc Jsc fill factor  eficiency
studied: strontium oxide (99.9%), strontium isopropoxide electrode (mV)  (mAlcr) (%) (%)
(99.9%), and strontium chloride (99.99%). All three precursors pare Tig 650 105 53.6 3.81

were purchased from Aldrich Chemical Co. and used as SrTiO;coated TIQ 708 10.2 58.4 4.39
received. After the dipping, the electrode was washed with dry

ethanol and sintered again at 580 for 30 min. similar thickness and appearance. Absorption spectra of the dyed

Sensitization of the electrodes was done by overnight electrodes indicate equal amounts of adsorbed dye.
immersion in dry ethanol solution containing 0.5 mM of the Several precursors at different concentrations and dipping
N3 dye €is-di(isothiocyanatoN-bis(4,4-dicarboxy-2,2-bipy- duration were tested. In addition, the sintering temperature and
ridine) ruthenium(2)) (Solaronix SA). To prevent hydration, the duration were varied. The largest effect was observed for dipping
electrodes were heated to 130 and cooled to 80C before of the TiO, electrode in strontium oxide solution for 45 s
dipping in the dye solution. followed by 30 min sintering at 55€0C. Therefore, the results

Electrochemical and Photoelectrochemical Measurements.  discussed below relate to this coating procedure. It is important
The solar cell performance was measured in a sandwich-typeto note that we confirm by XPS measurements the existence of
configuration using Pt coated conductive glass as a counterstrontium throughout the nanoporous %ifdm. However, the
electrode. The electrolyte solution consisted of 0.5 M Lil/0.05 exact structure of the strontium coating layer and its uniformity
M I, in 1:1 acetonitrile-NMO (3-methyl-2-oxazolidinone). A are not clear. We consider this ambiguity in the interpretation
250 W xenon lamp, calibrated to 1 sun in the visible range, of the SrTiQ coating results presented below.
served as a light source. Figure 2 shows the photocurrentoltage dependences+V

The dark current measurements were done using nanoporougurves) of DSSCs that consist of the Sribated TiQ and
electrodes that were treated to block the exposed area of thebare TiQ electrodes. The corresponding solar cell parameters
conducting glass substrate. The electrochemical blocking by theare summarized in Table 1. Compared with bare ;TiDe
isolating polyphenoxide was done before immersion in the dye SrTiO; coating increased the open circuit photovoltage (Voc)
solution, utilizing a published procedute. from 650 to 708 mV, and the fill factor increased from 53.6 to

Spectro-electrochemical measurements were conducted byp8-4%. However, the short circuit photocurrent (Jsc) decreased
incorporating the studied electrode as a working electrode in a from 10.5 to 10.2 mA/cribecause of the coating. As a result,
three-electrode Teflon cell. The counter and the reference the overall conversion efficiency increased by 15.3% from 3.81
electrodes were a platinum wire and Ag/AgCl, respectively. The 10 4.39%.
electrolyte consisted of pH 1.8 HClGolution, with 0.2 M The SrTiQ coating effect on the DSSC performance is
LiClO4 as supporting electrolyte. To avoid oxygen, the solution Significantly different from the NjOs coating of TiQ that
was bubbled with nitrogen for 30 min before the experiments. triggered this study. In the case of ) coating, all cell

All electrochemical measurements were performed using an Parameters, i.e., Voc, Jsc, and the fill factor, increased. In ref
Eco Chemie Autolab 20 potentiostat. 22, we showed that the improvement of all cell parameters

results from the energetic barrier formed by the,Gat the
TiO, surface. In other words, the reduction of the recombination
rate in the solar cell by this energy barrier increases the electron

The effect of the SrTi@ coating on the properties of the concentration at Voc and the electron collection efficiently
nanoporous electrode were measured and analyzed in a comthroughout the voltage scan. In the case of Sghiere the
parative mode. All measurements involved a Sglé@ated TiQ photovoltage increases is coupled with a decrease of the
electrode and a reference bare 7Ti€lectrode made in the  photocurrent, two possible mechanisms should be examined.
following way. A nanoporous Ti@electrode was prepared and In one mechanism, the SrTiQayer forms an energy barrier at
cut into two identical pieces. One of the two electrodes was the electrode surface thus reducing the recombination current.
coated with SrTi@ and sintered a second time. The reference However, at the same time, this barrier reduces the electron
bare TiQ electrode was also sintered a second time together injection efficiency thus decreasing the cell's photocurrent. Less
with the SrTiQ coated TiQ electrode to ensure similarity. The  efficient injection can result from the relatively negative
two reported electrodes, bare giénd SrTiQ coated TiQ, had conduction band potential of the Srii®r from the dye-

Results and Discussion



Effect of the SrTiQ Shell on the TiQ Core
TiO, Ti0./SrTiOs

RedOx

RedOx Eed

Eredox

Figure 3. Energy diagram representing the movement of the,TiO
conduction band by the SrTi®@oating and its effect on the measured
photovoltage.
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Figure 4. Spectral changes of the (a) bare T@nd (b) SrTiQ coated
TiO, electrodes at applie¢t0.9 V vs SCE in HCIQ aqueous solution

(pH 1.8). The short wavelength bleach that is related to the electrons

accumulation in the Ti@is not effected by the coating.

semiconductor coupling qualif:?® In the other possible
mechanism, the SrTidoes not form an energy barrier, and
the effect is mainly a negative shift of the Ti@onduction band
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Figure 5. Dark current measurement of the (a) bare J#hd (b)
SrTiO; coated TiQ electrodes in the DSSCs presented in Figure 2.
The inset shows the effect of WDs coating compare to bare TiO
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Figure 6. Energy diagram showing the effect of the band shift on the
nanoporous electrode conductivity. The position of the conduction band
relative to the Fermi level which is adjusted by the applied potential
indicates that at any applied potential the coated system is more resistive
than the bare one.

the porous) and to the potential distribution across the nanopo-
rous TiG electrode that is significantly different under illumina-

induced by the coating. This possibility is supported by previous tjon compared with dark conditiod$However, the dark current

reports in which a shift of the TiPbands negatively resulted
in changes similar to those presented in Figuf&3! On the

can be used to measure a conduction band shift or the existence
of an energy barrier at the electrode surface. Like spectro-

basis of the results presented below, we find that the secondgjectrochemistry, this measurement does not involve electron

option, i.e., a negative shift of the TiOconduction band
potential, describes the SrTi@oating better.

Spectro-Electrochemical ExperimentsSpectral changes of

injection from the dye thus eliminating the possibility that the
observation results from a change in the injection efficiency
through the SrTi@ coating. To eliminate the effect of the

the nanoporous electrodes under applied potentials that are morgonductive substrate, an isolating layer of polyphenoxide was
negative than the open circuits potential (OCV) are attributed deposited on the exposed surface of the conducting #lass.

to accumulation of free electrons in the conduction band of the Blocking of the free surface of the conductive substrate ensures
TiO2.3233 Figure 4 presents the absorbance-change spectra ofthat we test changes at the nanoporous semiconductor only.

SrTiOs-coated TiQ and bare TiQ electrodes induced by

Figure 5 presents the dark current of the Srfi@ated and

applying—0.8 V vs Ag/AgCl. The spectral changes measured bare TiQ electrodes in the cells presented in Figure 2. The
in HCIO4 aqueous solution (pH 1.8) refer to the OCV baseline curves have the same shape, whereas the $chifing induces
spectrum. The spectra may be divided to two regions below a shift of the curve to negative potentials. The shape similarity
and above the band gap energy, approximately 400 nm. At indicates that the SrTigxoating does not reduce the dark current
wavelengths longer than 400 nm, the intensity increases becaus@s observed in the case of Mg coating (see inset in Figure

of the absorbance of free electrons in the electrode. Below 4005). In this case, it seems that the observed phenomena should
nm, a bleaching peak appears because of an increase of thée related to an increase of the Bi@sistance resulting from
excitation energy from the valance band to the lowest states ofthe negative shift of its conduction band. At each applied
the conduction band that are not filled by the electrochemical potential, the electron concentration in the coated,Tédower
process. In other words, the width of the bleaching peak can bethan in the bare Ti@which reduces the effective area of the
related to the electron accumulation in the semiconductor. The nanoporous electrodé.Consequently, similar to the spectro-
bleaching below 400 nm shown in Figure 4 is identical for both electrochemical measurements, the dark currents indicate that
the reference and the SrTi0oated electrodes, which indicates the SrTiQ coating does not form an efficient energy barrier at
that the coating does not effect the accumulation of electro- the TiO, surface (Figure 6).

chemically injected electrons. In other words, the Sild0es

Collection Efficiency. A comparison between the incident

not form an efficient energy barrier. We note that in the case photon to current efficiency (IPCE) of the coated and the bare
of Nb.Os coating the formation of an energy barrier induced electrodes can reveal a coating effect on the collection efficiency.

widening of the bleaching peak.
Dark Current Measurement. The dark current of DSSCs

The recombination process is wavelength dependent because
the penetration length of the light increases with the decreases

does not simulate the recombination current under illumination. of the absorption coefficient of the dye. In other words,
The main reason relates to local electrolyte concentration (insideillumination at wavelengths in which the dye absorption
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100 - cell (Figure 2). On the basis of the onset shift from 777 to 749
@ nm for a photovoltage of 50 mV, one can calculate a maximum
80 1 conduction band shift of 60 mV. As shown in Figure 2, under
S white light illumination, similar increment of the open circuits
S ® photovoltage resulted from the Ti@oating by SrTiQ.
£ 40 The results presented above show that, in contrast s®Hb
the SrTiG coating of the nanoporous Ti@lectrode results in
20 - a negative shift of the Tigbands rather than a formation of an
energy barrier at its surface. The difference between the two
0 ' ' s systems can be related to one of the following structural

400 500 600 700 issues: (i) the thickness of the coating layer and (ii) the coat
Wavelength (nm) L . .
] ] o continuity. On the basis of successive XPS measurements across
Figure 7. Incident photon to current efficiency (IPCE) of the solar  {pa nanoporous film (utilizing the peel off methods reported in

cells consisting of the (a) bare TiCGand (b) SrTiQ coated TiQ . - S
electrodes, normalized to 100% at the peak value. The similarity ref 21), we found that in both cases the coating material is

indicates that the electrons collection efficiency is not improved by Présent throughout the electrode. However, the quantities are
the coating. quite different. Assuming uniform coating and that the particles

are spherical and mono-sized, the thickness of thgOayer
0.4 7 is calculated to be over 2 nm, whereas the SgTé@er thickness
is ca. 0.7 nm. The other way of presenting the XPS data would
03 @ be partial coverage of a thick SrTiCyer. In the case of thinner
uniform coating of the SrTi@compared with the NiDs case,
202 - the absence of an energy barrier is related to the nature of the
- (b SrTiO; layer. The calculated SrTiayer thickness is close to
the width of a single unit cell and thus the layer properties are
not expected to be similar to those of bulk material. In other
words, it is suggested that the conduction band potential of this
0 ' ’ ' ' ' thin SrTiG; layer is not higher than that of the TiCFollowing
600 Wavo eth (om) 800 this approach, the bands shift is related to the different electron
affinity of SrTiOz and TiQ, 3.7 and 4.3, respectively (the only

wavelength for DSSCs containing the (a) bare J&dd (b) SrTiQ available d.aFa relates to bu'!( mater@)]’he. dlfference. n
coated TiQ electrodes. The StTixoating shifts the onset of injection  €lectron affinity forms a potential step at the Fi€urface which
to shorter wavelength, indicating the movement of the,Ti@hduction resembles the effect of a dipole layer. Recently, we showed
band with respect to the dye oxidation potential. that the latter induces a shift of the conduction band depending
on the dipole direction and intensity.The lower electron
coefficient is low leads to the photoinjection of electrons a long affinity value of the SrTiQ fits a negative shift of the Ti©
way from the current collector. If such a distance is longer than pands.
the electron diffusion length, these electrons are lost in The second approach relates to the continuity of the layer.
recombination processes. For example, in the case of tl®sNb  Here the absence of an energy barrier is related to the
coating where the recombination rate is reduced, higher IPCE recombination path through the noncoated area. The bands shift
values are measured at wavelengths of low dye absorbancejs again attributed to the formation of a potential step at the
Figure 7 presents the normalized IPCE of two cells consisting Tjo, surface only that in this case it seems more reasonable to
of the bare and the coated electrodes. The shapes of the twgg|ate the step to the isoelectric point of Biénd SrTiQ. The
IPCE curves are similar, meaning that the Srf@ating does isoelectric point of SrTi@ 7.8, is higher than that of Ti53°
not affect the collection efficiency. That is, regardless of the Consequently, in solution, the SrTi@ more positive than the
exact efficiency of electron injection across the coating layer. Tij0, which resembles the dipole layer pointing at the TiO
Figure 7 shows that an energy barrier that reduces the A this point, we cannot predict which of the two mechanisms
recombination rate is not formed by the Sr3iO is relevant to the SrTig@TiO, system. Further investigation in

On-Set of Injection. The relative position between the ground s girection that involves other materials coating is expected
state of the dye and the Ti@onduction band can be extracted 5 reveal this issue.

from a correlation between the open circuit photovoltage and

the illumination wavelength. Elgctr_on injection_ and t_hl_Js pho-  ~onclusions

tovoltage occur when the illumination energy is sufficient for

excitation of the electron in the dye to the lowest dye excited The SrTiQ coating shifts the conduction band of the
state that is located above the conduction band edge. Becausaanoporous Ti@ electrode in the negative direction as a
the onset of injection usually occurs at wavelength region of consequence of surface dipole generated at the/$iDiOs

low dye absorption, the photovoltage that depends exponentiallyinterface. The surface dipole is a result of a difference in either
on the light intensity is much more sensitive to injection than the electron affinity or isoelectric point of the two semiconduc-
the photocurrent that has a linear dependence. Figure 8 presenttors. It seems that the shifting mechanism can be related to the
the open circuit photovoltage of the SrEi@oated and bare  SrTiO; coverage; the electron affinity argument in the case of
TiO; electrodes as a function of the illumination wavelength, full coverage and the isoelectric point approach in the case of
scanning from long wavelength downward. The injection onset partial coverage.

shifts to shorter wavelength upon the Sriigdating of the TiQ When the SrTiQcoated TiQ electrode is applied in a DSSC,
electrode, indicating a negative movement of the conduction the open circuit photovoltage increases, while the short circuit
band of the TiQ with respect to the dye ground state. This photocurrent reduces resulting in an improvement of the overall
finding correlates with the white light measurements of the solar conversion efficiency by 15.3%.

Figure 8. Open circuit photovoltage as a function of the illumination
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