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Abstract: The dye-sensitized solar cell (DSC) challenges conventional photovoltaics with its potential for
low-cost production and its flexibility in terms of color and design. Transient absorption spectroscopy is
widely used to unravel the working mechanism of DSCs. A surprising, unexplained feature observed in
these studies is an apparent bleach of the ground-state absorption of the dye, under conditions where the
dye is in the ground state. Here, we demonstrate that this feature can be attributed to a change of the local
electric field affecting the absorption spectrum of the dye, an effect related to the Stark effect first reported
in 1913. We present a method for measuring the effect of an externally applied electric field on the absorption
of dye monolayers adsorbed on flat TiO, substrates. The measured signal has the shape of the first derivative
of the absorption spectra of the dyes and reverses sign along with the reversion of the direction of the
change in dipole moment upon excitation relative to the TiO, surface. A very similar signal is observed in
photoinduced absorption spectra of dye-sensitized TiO, electrodes under solar cell conditions, demonstrating
that the electric field across the dye molecules changes upon illumination. This result has important
implications for the analysis of transient absorption spectra of DSCs and other molecular optoelectronic

devices and challenges the interpretation of many previously published results.

Introduction

In dye-sensitized solar cells (DSCs),' * dye molecules
attached to a large band gap semiconductor are responsible for
light absorption. Upon photoexcitation, the dye molecules inject
an electron into the n-type semiconductor (most often TiO,)
and are subsequently regenerated by a redox mediator. This
redox mediator usually consists of a redox couple (iodide/tri-
iodide) in a liquid solvent containing a large concentration of
ions but can also be a solid state hole conductor such as 2,2"7,7’-
tetrakis-(N,N-di-p-methoxyphenyl-amine)-9,9’-spirobifluorene
(spiro-MeOTAD).>® To obtain good light harvesting efficiencies,
mesoporous semiconductor electrodes are used, which provide
a large surface area for dye adsorption. The pores of the
electrode are filled by redox electrolyte, which screens the
electrons in the semiconductor, and thus there is no global
electric field. Many different dye molecules have been inves-
tigated as sensitizers for DSCs. The most efficient ones are
functional ruthenium(II)-polypyridyl complexes such as N3 and
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N719.37 Alternatively, cheaper, metal-free organic dyes of a
donor—acceptor type are used. These can be tuned to have their
lowest unoccupied molecular orbital (LUMO) close to the
anchoring group and the TiO, surface and their highest occupied
molecular orbital (HOMO) located further away from the
semiconductor surface.® These dyes therefore show intramo-
lecular charge transfer (ICT) from the donor to the acceptor
upon excitation.

A variation of the standard n-type DSCs using an n-type
semiconductor are p-type DSCs, which use a p-type semicon-
ductor (NiO) as a photocathode.9 For these DSCs, so-called
p-type dyes have been designed where the donor is located close
to the anchoring group of the molecule and the acceptor is
located far away from the anchoring group.'®™'! As a conse-
quence, these dyes show intramolecular charge transfer in the
opposite direction to n-type dyes.

The different reactions in the DSC are spread over a wide
range of time scales: from femtoseconds for electron injection
to the tens of milliseconds for recombination of injected
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electrons with acceptors in the electrolyte. Many of these
reactions have been studied by transient absorption spectroscopy
using pulsed lasers to excite the sample.'* ' Here, we use
photoinduced absorption (PIA) spectroscopy, where the differ-
ence in absorption of a sample with and without excitation is
measured on a relatively long time scale, typically tens of
milliseconds.'>'®

Recently, several cases were reported where transient absorp-
tion signals apparently due to ground-state bleaching of dye
molecules did not disappear after dye molecules had been
regenerated: Meyer et al. assigned a “peak-bleach” feature,
which vanished with a rate slower than dye regeneration, to
slow cation transfer.'” We observed a blue shift of dye
absorption upon electron accumulation in the TiO,, which we
attributed to electrons affecting the LUMO of the sensitizer.'®
Snaith et al. interpreted an apparent ground-state bleach of the
indoline dye, D149, in the presence of spiro-MeOTAD as
evidence of long-lived photoreduced sensitizers.'> O’Regan et
al. found a bleach correlated to electron extraction from TiO,
rather than to regeneration of oxidized dye molecules.?

We consider here whether local electric fields acting on
ground-state dye molecules can provide a better explanation for
the observed signals. Such electric fields could lead to a change
in the absorption spectrum due to the Stark effect (also called
electrochromism or electroabsorption).”' ~>* The change in
transition frequency (Av) due to an external electric field (E) i
given by*

Av=—Ni+E— %E-A_a-ﬁ (1)

where Ay is the change in dipole moment and Aa is the
change in polarizability between the ground and excited state
of the molecule. From eq 1, one distinguishes first- and second-
order Stark effects, which are, respectively, linear and quadradic
in the electric field. Stark (electroabsorption) spectroscopy has
been used to determine Au and Aca from disordered samples,
where only the second-order effect is observed,”> > and in some
cases from ordered Langmuir—Blodgett films, where both the
first- and second-order effect can be observed.?®?” In the latter
case, the change in absorbance (AA = A(v,E,) — A(v,E, = 0))
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Figure 1. Chemical structures of D149 (a) and P1 (b) with the direction
of the difference in dipole moment between ground and excited states (Au)
obtained from TD-DFT calculations indicated by green arrows. By
definition, ¢ points from negative to positive charge. (c¢) Schematic
diagram of devices used to measure electroabsorption.

when the field is applied normal to the substrate (in the z
direction) can be obtained from a Taylor expansion of A around
v at E, = 0 (derivation in Supporting Information). The terms
of this expansion linear and quadratic with the electric field are
given by
dA 1{d’A dA
AA = _EAﬂZEZ + E(EAﬂi - aA(l)E? (2)

It is this directional effect that is of interest here, and we
thus need samples, in which dye molecules are ordered, to test
our hypothesis. We used two organic dyes with intramolecular
charge transfer upon excitation for our experiments: the indoline
sensitizer, D149 (Figure 1a), which has given high efficiencies
in liquid electrolyte DSCs,?** as well as the p-type sensitizer,
P1 (Figure 1b).'° Intramolecular charge transfer should occur
in opposite directions relative to the anchoring group for these
two dyes, and thus, the component of Ax normal to the TiO,
surface should be pointing in opposite directions and Stark shifts
would be expected to have opposite signs for the two sensitizer.
To orientate the molecules for electroabsorption measurements,
they were adsorbed to flat TiO, films (Figure 1c).

In the following, we present a method for sample preparation
and measurements of electroabsorption spectra and hence the
Stark shift of dye monolayers attached to flat TiO, substrates.
By comparing these spectra, calculated spectra, and spectra of
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electrochemically oxidized dye molecules with photoinduced
absorption spectra of the dye molecules adsorbed to mesoporous
TiO,, we provide evidence for the presence of local electric
fields acting on the dye molecules under solar cell working
conditions.

Experimental Methods

Samples to measure the Stark effect directly, which we will refer
to as electroabsorption samples, are shown in a schematic diagram
in Figure 1c. The samples were fabricated on FTO substrates. Flat
anatase TiO, layers were prepared on the substrates by spray
pyrolysis. The films were heated to 450 °C and then immersed for
10 min in dye solution. For D149, the dye bath contained 0.5 mM
D149 (obtained from ABCR) in a 1:1 mixture of acetonitrile and
tert-butanol. For P1 (available from previous studies'®), the dye
bath consisted of 0.1 mM P1 in ethanol. The films were washed in
ethanol after dye dipping to remove excess nonbound dye mol-
ecules. Poly(methyl methacrylate) (PMMA) (Aldrich, My =
15 000) was applied by spin-coating from a 1:20 mixture (with
respect to weight) of PMMA and dichloromethane (DCM) for 15 s
at 2000 rpm. The PMMA layer was 770 £ 50 nm thick for the
D149 sample and 620 £ 50 nm for the P1 sample. Thicknesses
were measured on a Dektak 150 surface profiler from Veeco. Silver
contacts of a few nanometers thickness were evaporated using a
Leica EM MEDO020 evaporator. This sample preparation provides
an ordered monolayer of dye molecules within a parallel plate
capacitor where the FTO and the silver act as the capacitor plates.

Samples for UV—visible absorption, photoinduced absorption,
and spectroelectrochemical measurements were prepared by doctor
blading a colloidal TiO, paste (Dyesol, DSL 18NR-T), diluted 40:
60 with respect to weight with terpineol on FTO substrates, resulting
in a final film thickness of ~2 um. The films were sintered for 1 h
at 450 °C and then dyed for 16 h in the above-mentioned dye
solutions of D149 and P1. The electrolyte used in PIA measure-
ments consisted of 0.5 M tetrabutylammonium (TBA) iodide and
0.05 M I, in methoxypropionitrile (MPN).

Electroabsorption measurements (direct measurements of the
Stark effect) and photoinduced absorption measurements were
performed on the same setup. White probe light was provided by
a20 W tungsten-halogen lamp. For electroabsorption measurements,
a voltage was modulated across the sample using a function
generator (HP 33120A), while, for PIA measurements, the same
frequency generator was used to square-wave modulate (on/off) a
blue LED (Luxeon Star, 1 W, Royal Blue, 460 nm). The LED light
was superimposed with the white light at the sample and used for
excitation. The probe light transmitted through the samples was
focused onto a monochromator (Acton Research Corporation SP-
150) and detected by a UV enhanced silicon photodiode connected
to a current amplifier and lock-in amplifier (Stanford Research
Systems models SR570 and SR830, respectively). This setup
enables us to measure small changes in the absorbance of the
samples (on the order of 107°). The intensity of the probe light on
the sample was approximately 1/8 sun, and for PIA measurements,
the intensity of the LED at the sample was approximately 24 mW
cm 2. For Stark effect measurements, the modulation frequency of
the voltage was 93 Hz and AA was calculated from the change in
transmission in phase with the modulation. For PIA measurements,
the modulation frequency was 9.3 Hz (3 Hz for P1 with electrolyte)
and AA was calculated from the in-phase and out-of-phase parts
of the change in transmission.

UV—visible spectra were recorded on an HR-2000 Ocean Optics
fiber optics spectrophotometer. Electrochemical measurements were
performed on a CH Instruments 660 potentiostat with a three-
electrode setup. For the oxidation of D149, cyclic voltammetry was
performed using a dye-coated mesoporous TiO, film on an FTO
substrate as the working electrode, a platinum wire as the counter
electrode, and a Ag electrode as pseudo reference electrode. The
electrolyte solution was 0.1 M TBACIO, in MPN. The setup was

9098 J. AM. CHEM. SOC. = VOL. 132, NO. 26, 2010

internally calibrated with ferrocene/ferrocenium (Fc/Fc™) using a
platinum working electrode. UV —visible spectra were measured
during cyclic voltammetry.

All calculations were carried out with the TURBOMOLE suite
of programs.®® Geometries were optimized at the BP86/def-SV(P)
level.*’ 73 The dye molecules were then reoriented by suitable
coordinate transformations such that

1. for D149, the long molecular axis (by moments of inertia) is
along the z-axis with the anchor to the positive end, and

2. for P1, the anchor group lies on the z-axis and also oriented
to the positive end, which also forms the C2 symmetry axis of the
molecule.

These orientations are chosen to mirror the situation of the dyes
attached to TiO,, with the z-axis approximating the normal to the
surface plane. Single-point calculations were carried out at the
BHLYP/def-TZVP level** 3¢ with and without an electric field
applied. The field strength and orientation were (x =0,y =0, z =
5.0 x 10%) V m~!. This results in the negative pole of the electric
field being on the anchoring group side of the molecules for both
P1 and D149. The excited states are calculated by the time-
dependent density functional formalism at the same level of
theory.>’®* Ground and excited state dipole moments were
calculated from the (un)polarized ground state and excited state
densities, respectively.*”

Results and Discussions

The direction of change in dipole moment between the ground
and excited state as calculated by TD-DFT is shown in Figure
la,b for D149 and P1, confirming that ICT relative to the
anchoring group occurs indeed in opposite directions for the
two sensitizers. The magnitude of the change in the dipole
moment (|Azl) was 7.1 D for D149 and 3.3 D for P1. Howie et
al.* calculated possible orientations of D149 on the TiO,
surface: In the case of bidendate binding, the molecule is
expected to be lying down on the surface while, in the case of
monodendate binding, the molecule is expected to stand up on
the surface. In the latter case, Au, is expected to be almost equal
to [Azl, while, in the former case, it is expected to be much
smaller.

Electroabsorption spectra of D149 and P1 measured on
samples as presented in Figure 1c are shown in Figure 2a. The
spectra were measured with a modulation voltage (Vy,04) of 20
V, corresponding to an electric field strength of approximately
2.6 x 107 Vm™' for D149 and 3.2 x 10’ V m™!' for P1, and
the negative pole on the FTO (representing where the negative
pole in the solar cell would be). For D149, the spectrum shows
an increase in absorption at the blue edge and a decrease in
absorption at the red edge of the spectrum. For P1, this effect
is reversed. In accordance with these observations, TD-DFT
calculations showed a blue-shifted absorption wavelength for
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Figure 2. (a) Electroabsorption spectra of D149 (left) and P1 (right). (b) Absorption spectra (A) of D149 and P1 on mesoporous TiO, and first derivatives
of absorption spectra ((dA)/(dv)) multiplied by —5 x 10" s™". (c) PIA spectra of D149 and P1 on mesoporous TiO, in air and in presence of redox electrolyte.
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Figure 3. Calculated absorption spectra. Electronic transitions of D149 (a) and P1 (b) calculated by TD-DFT in absence and in presence of an electric field
with a field strength of E =5 x 10® V. m~!. Dashed lines indicate simulated absorption spectra obtained by Gaussian broadening of the transition lines.

D149 and a red-shifted absorption for P1, when a corresponding
external electric field was applied in the computation (Figure
3). Additionally, we were able to measure similar effects with
other organic dyes used in DSCs such as triphenylamine based
dyes designed for the n-type DSC*'*** and for perylenes.*
Absorption spectra of D149 and P1 on mesoporous TiO, films
and the first derivatives of these spectra with respect to
frequency are shown in Figure 2b. The absorbance of the dyes
anchored to flat TiO, substrates is too low to be determined
accurately by transmission measurements, but we estimated the
absorbance maximum of D149 on a flat film to be 2.2 x 1073

(41) Hagberg, D. P.; Edvinsson, T.; Marinado, T.; Boschloo, G.; Hagfeldt,
A.; Sun, L. C. Chem. Commun. 2006, 2245-2247.
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Schoneboom, J.; Erk, P.; Boschloo, G.; Hagfeldt, A. J. Phys. Chem.
C 2009, 113, 14595-14597.

(method described in Supporting Information). This corresponds
to a surface coverage of 3.2 x 107!! mol cm™2, which is
approximately half of the value reported by Howie et al.*° It
can be seen that the shape of the electroabsorption spectra
correlates with the first derivatives of the absorption spectra
with respect to frequency in agreement with eq 2. We tested
the effect of changing the modulation voltage on the spectra
and found that the amplitude of the signal increased linearly
with V.4 (Figure 4). This proves that the measured effect is
linear in the electric field and hence that we measured the first-
order Stark effect. Therefore, we could neglect terms of higher
E dependence and use the first term in eq 2 to estimate Ag..
For D149, comparing the derivative of A to AA gave Au, ~ 1
D (for details of the calculation see Supporting Information).
This value is smaller than Az obtained from TD-DFT calcula-
tions but still the same order of magnitude. This might indicate
that D149 is orientated almost parallel to the surface and prefers
bidendate binding, which according to calculations is the more
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Figure 4. Electroabsorption in dependence of modulation voltage at 580
nm for D149 and at 550 nm for P1. Dashed lines indicate a linear fit to the
data.

stable form of binding.*® However, the lower experimental value
could also be due to the fact that the TiO, surface is not
completely flat. This leads to not all molecules pointing in the
same direction and therefore to a lowering of Au,. Determina-

tions of |Azl for dyes adsorbed to TiO, nanoparticles have
been previously carried out in randomly orientated samples by
measuring the second-order Stark effect.**~*’ Stark emission
spectroscopy* and electroabsorption spectroscopy®’~*’ were
used to study whether electron injection occurs via a direct
charge-transfer transition from the dye to the nanoparticle based
on a the formation of a charge-transfer complex between the
dye and the semiconductor. In our case, Au, is a measure of
the internal charge transfer of the sensitizing dye toward the
TiO, surface.

We compared the electroabsorption spectra to PIA spectra
obtained for D149 and P1 attached to mesoporous TiO, in air
and in the presence of a redox electrolyte containing TBAI and
I, (Figure 2c). Both PIA spectra of D149 look remarkably
similar to the electroabsorption spectra. In the absence of
electrolyte, the transient species present upon excitation should
be electrons in the TiO, and oxidized D149. To assign features
to these species, separate measurements of the spectra of
oxidized dye molecules by spectroelectrochemistry are useful.'®
To obtain these, we performed cyclic voltammetry on a
mesoporous TiO, film dyed in D149 (cyclic voltammogram of
D149 in the Supporting Information). The change in absorbance
of D149 during oxidation is shown in Figure 5. Features due to
the absorbance of the oxidized dye can be seen in the near-
infrared (NIR) part of the spectrum (Figure 5a). Interestingly,
some spectral changes occur in the dye spectrum prior to the
start of the oxidation process (Figure 5b). During this time, a
small current flows in cyclic voltammetry due to the discharging
of the porous TiO; electrode. The absorption spectrum of D149
is red-shifted during this discharge. Presumably, some trapped
electrons are removed from the TiO, prior to the oxidation of
D149, giving the TiO, a more positive charge and inducing a
Stark shift in D149. A similar result was obtained for P1, where
the dye was blue-shifted prior to the onset of oxidation
(Supporting Information).
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Figure 5. Change in absorption of D149 during oxidation by cyclic
voltammetry. (a) Spectra measured during the entire oxidation process
showing the increase in absorption of oxidized D149 compared to absorption
of ground-state molecules. (b) Spectra measured before the onset of
oxidation of D149 showing the Stark shift of D149.
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Figure 6. PIA spectra of D149 on TiO, at air and in presence of redox
electrolyte compared to the difference in absorption of electrochemically
oxidized D149 and ground-state D149 (Aq — Agouna)- The latter spectrum
was scaled by 5 x 107* to match the amplitude of the PIA spectra in the
NIR.

Comparison of the PIA spectrum with the spectrum of
electrochemically oxidized D149 shows that absorption features
of the oxidized dye are present in the NIR part of the PIA
spectrum (Figure 6). These features vanish upon addition of
redox electrolyte and are replaced by the broad absorption of
electrons in the TiO, in the NIR, indicating that the dye is
successfully regenerated by the redox electrolyte (Figure 6).
However, the PIA spectrum is dominated by the Stark signal
which has a 10 times larger amplitude than absorption signals
due to oxidized dye molecules or due to electrons in the TiO..

The PIA spectrum of P1 on TiO, in air shows peaks at 560
and 630 nm (Figure 2c¢). The peak at 630 nm corresponds to
the peak of oxidized P1 (confirmed in separate spectroelectro-
chemical measurements, see Supporting Information), indicating
that the dye has injected electrons into TiO, upon excitation,
while the peak at 560 nm corresponds to the Stark signal of
P1. Upon addition of redox electrolyte, the peak of the oxidized
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dye at 630 nm disappears indicating efficient dye regeneration
while the peak at 560 nm remains.

Therefore, for both dyes, there are local electric fields acting
on the dye molecules in the absence as well as in the presence
of redox electrolyte leading to the observation of Stark signals
in the PIA spectra. The occurrence of Stark shifts in dye-
sensitized TiO, electrodes in air may be explained by the electric
field that will exist between the positive charge on the oxidized
dye and the injected electron in the TiO, particle and its effect
on the neighboring dye molecules in the ground state. In the
presence of a concentrated electrolyte, electric fields are only
expected to be present in the Helmholtz layer. Our findings
imply therefore that the dye molecules are located within this
region. We obtained a similar result with a redox electrolyte
containing lithium iodide and iodine (Supporting Information),
where the cation is much smaller and more likely to adsorb
closely to the TiO, surface. The conclusion that the dye must
be mostly inside the ionic double layer at the electrode/
electrolyte interface was drawn earlier by Zaban et al., who
found that the redox potential for a number of sensitizers
adsorbed onto TiO, is pH-dependent, in contrast their redox
potentials in solution.***° They proposed that the location of
dye, mostly inside the ionic double layer made their redox
potential follow changes in band edge potentials of the semi-
conductor.*’

By comparing the magnitudes of the transient and steady state
absorption signals from the electroabsorption and PIA measure-
ments, the change in potential drop across the dye was estimated
to be at least 6 mV in the PIA experiment with TBAI electrolyte.
From the NIR absorption of electrons in the TiO, in the PIA
measurement, the concentration of electrons in the mesoporous
TiO, electrode and hence the photoinduced charge could be
calculated: 1.2 x 107°C ecm ™2 Using this value, we estimated
the capacity of the Helmholtz double layer capacitor to be 4
uF cm 2 for a flat TiO, electrode, which is a reasonable value.
For P1, a charge of 1.8 x 107% C cm™2 and a Helmholtz capacity
of 6 uF cm™2 were obtained. Details of these calculations are
presented in the Supporting Information.

The increased potential drop in the Helmholtz layer implies
that the conduction band edge of TiO, is shifted toward a
negative potential upon photoinduced charge injection and/or
that the redox potential of the electrolyte is shifted to a positive
potential. Thus far, such shifts have been mostly neglected in
DSC research. In principle, addition of electrons into the
undoped mesoporous TiO, electrode should always be ac-
companied by charge compensation through ions in the elec-

(48) Zaban, A.; Ferrere, S.; Sprague, J.; Gregg, B. A. J. Phys. Chem. B
1997, 101, 55-57.

(49) Zaban, A.; Ferrere, S.; Gregg, B. A. J. Phys. Chem. B 1998, 102,
452-460.

(50) Dor, S.; Grinis, L.; Ruhle, S.; Zaban, A. J. Phys. Chem. C 2009, 113,
2022-2027.

trolyte. This will lead to charging of the Helmholtz capacitor
and a shift of the conduction band, unless the surface charge of
TiO, is changed by specific adsorption or desorption of ions.
Very recently, it was shown that illumination of a DSC under
open-circuit conditions is accompanied by a small positive shift
(~1 mV) of the redox potential of I7/I5.°° This also leads to an
increased voltage drop across the Helmholtz layer. Here, we
have demonstrated that conduction band and/or redox potential
shifts are occurring in DSCs upon illumination. Using PIA along
with electroabsorption spectroscopy, we now have a tool to
investigate such shifts in DSCs.

Conclusions

In conclusion, we have shown that a potential drop across
dye molecules upon electron injection into TiO, leads to a Stark
shift of the absorption spectra of the dye. It is vital to consider
these shifts when analyzing transient absorption data of DSCs,
as they can be much higher in intensity than features due to the
absorbance of transient species. Additionally, electroabsorption
spectroscopy of dye molecules anchored to flat TiO, substrates
can be used to determine the direction and magnitude of Ax
with respect to the semiconductor surface for dyes used in DSCs.
We have shown that the direction of Ag relative to the TiO,
surface for the n-type dye D149 is opposite to that for the p-type
dye P1, as was intended by dye design and predicted by
calculations. Therefore, electroabsorption spectroscopy provides
a method to determine the effectiveness of the internal charge
transfer of dye molecules under solar cell conditions. If accurate
determinations of the absorbance of samples used to measure
the Stark effect can be made, it will become possible to
determine accurately the magnitude of Ay normal to the
semiconductor surfaces and from this infer the orientation of
the dye molecules. The occurrence of Stark shifts in sensitizer
molecules in DSCs gives evidence that the electrical field across
the dye changes upon illumination, which must be caused by a
band edge shift of the TiO, semiconductor in these devices and/
or a shift of the redox potential of the electrolyte.
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