PCCP
View Article Online

PAPER

Cite this: Phys. Chem. Chem. Phys., 2013,
15, 11306

View Journal | View Issue

Highly soluble energy relay dyes for dye-sensitized
solar cells†
George Y. Margulis,za Bogyu Lim,zb Brian E. Hardin,c Eva L. Unger,b Jun-Ho Yum,d
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Alan Sellinger*f and Michael D. McGehee*b
High solubility is a requirement for energy relay dyes (ERDs) to absorb a large portion of incident light
and significantly improve the eﬃciency of dye-sensitized solar cells (DSSCs). Two benzonitrile-soluble
ERDs, BL302 and BL315, were synthesized, characterized, and resulted in a 65% increase in the
eﬃciency of TT1-sensitized DSSCs. The high solubility (180 mM) of these ERDs allows for absorption of
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over 95% of incident light at their peak wavelength. The overall power conversion eﬃciency of DSSCs
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70%. Losses due to large pore size, dynamic collisional quenching of the ERD, energy transfer to

with BL302 and BL315 was found to be limited by their energy transfer eﬃciency of approximately
desorbed sensitizing dyes and static quenching by complex formation were investigated and it was
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found that a majority of the losses are caused by the formation of statically quenched ERDs in solution.

1. Introduction
Dye-sensitized solar cells (DSSCs) are drawing a large amount of
attention for their relatively high eﬃciencies, simple and lowcost processing conditions, and aesthetic appearance.1–3 Efficiencies have consistently increased, with ruthenium, porphyrin,
and organic dyes all achieving greater than 10% efficiency
under the simulated AM1.5G solar spectrum, and record efficiencies surpassing 12%.4–6 An ideal sensitizer would have a
broad, strong absorption across the visible and near infrared
wavelengths, but typically dyes are unable to effectively cover
the entire desired spectrum.7,8 In addition to functioning as the
a
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primary absorber in the DSSC, the sensitizing dye has a myriad
of other responsibilities, including rapid electron injection,9,10
efficient hole regeneration,11,12 and acting as an effective
barrier to recombination.13–15 A variety of multiple dye solutions
has been utilized to achieve strong and broad absorption,
including cosensitization,16,17 cosensitized energy transfer,18–20
dyadic sensitizers,21,22 and energy relay dyes (ERDs).23–27 These
approaches have been extremely successful, with the aforementioned record efficiency being achieved in a dual dye cosensitized system.4
Energy relay dyes are dissolved dyes within the electrolyte
that, upon excitation, undergo Förster resonance energy transfer
(FRET) to the sensitizing dye.23,28 ERDs have the advantage of
separating the responsibilities of recombination blocking and
charge injection from the function of light absorption. Hence,
using multiple ERDs to cover the solar spectrum in conjunction
with an eﬃcient, highly performing sensitizing dye can be a
strategy toward highly eﬃcient DSSCs.29 Additionally, there is
little eﬀort required to optimize a DSSC utilizing an ERD, as the
ERD is simply added to the electrolyte with no other changes in
the device fabrication. Previous work has shown that ERDs can
transfer energy to the sensitizing dye with near 100% eﬃciency.30 Until now, the poor solubility of ERDs has limited
performance due to the inability of the ERD to absorb most of
the incident photons. As the thickness and porosity of typical
nanoporous electrodes used in DSSCs is approximately 6 mm
and 0.5, respectively, ERDs must be able to achieve an optical
density of at least 1 in an eﬀective thickness of only 3 mm.
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While ERDs no longer perform the functions of eﬃciently
injecting charge and blocking recombination, they carry with
them another set of design rules. Eﬀective long range FRET
from ERD to sensitizing dye requires a large Förster radius and
excellent photoluminescence eﬃciency.31 In addition, the various
ions in the redox electrolyte can cause photoluminescence
quenching of the excited ERD leading to lost energy. Finally, the
ERD must be extremely soluble in one of the various solvents used
in the electrolyte of DSSCs.

Published on 28 May 2013.

2. Dye structure and device results
Two dyes were designed for use as ERDs in DSSCs, coded BL302
and BL315, with chemical structures depicted in Fig. 1. Both
BL302 and BL305 are similar in structure to the common laser dye
DCM (4-(dicyanomethylene)-2-methyl-6-(p-dimethylaminostyryl)4H-pyran, also depicted in Fig. 1 for comparison), which has
shown eﬃcient energy transfer in DSSCs.30 Through the use of
additional alkyl and alkoxy groups, both dyes display excellent
solubilities of approximately 180 mM in benzonitrile. BL302 has
an absorption and photoluminescence spectrum nearly identical
to that of DCM, while BL315 shows a slightly redshifted absorption and emission spectrum due to the insertion of a thiophene
moiety into the dye (Fig. S3 in the ESI†). Both dyes show good
complementary absorption with TT1, a strongly absorbing, zincpthalocyanine-based sensitizer.32,33 Additionally, the emission
spectra of BL302 and BL315 show suﬃcient spectral overlap with
the absorption spectrum of TT1 (see Fig. S6 in the ESI†), resulting
in large FRET radii of approximately 6 nm and 5 nm, respectively.
Previously performed calculations show that these FRET radii for
BL302 and BL315 should allow for high (greater than 95%) energy
transfer in the 17–20 nm pores typically used in DSSCs.31

Table 1 J–V characteristics for TT1 devices incorporating BL302 and BL315 as an
ERD. J–V curves are shown in the ESI (Fig. S16)

Device

JSC (mA cm2)

VOC (V)

FF

Eﬃciency (%)

Reference
20 mM BL302
60 mM BL302
180 mM BL302
20 mM BL315
60 mM BL315
180 mM BL315

6.0
7.1
8.7
9.7
7.3
9.4
10.8

623
618
619
640
633
633
640

0.67
0.68
0.64
0.62
0.67
0.62
0.60

2.51
2.99
3.47
3.80
3.05
3.69
4.14

TT1-sensitized DSSCs were fabricated as previously reported,
using varying concentrations of BL302 or BL315 dissolved in a
benzonitrile-based electrolyte. The full device fabrication procedure
is contained in the ESI.†
As shown in Table 1, BL302 and BL315 both significantly
improve the eﬃciency of the reference device, particularly due
to a strong increase in the short-circuit photocurrent density
( JSC). While the fill factor (FF) does decrease slightly, this is not
necessarily caused by the ERD, as increasing the photocurrent
of a solar cell typically lowers the fill factor. Impedance spectroscopy has been used to investigate the various charge transport
processes occurring within a DSSC, including mass transport of
the electrolyte.34 To see if high concentrations of ERD aﬀected
the diﬀusion of the redox species within the DSSC, impedance
measurements were performed at a forward bias of 0.8 V,
(Fig. S14 in the ESI†). It was observed that there is little change
in the diﬀusion of the I/I3 redox shuttle with or without
180 mM of the BL302 ERD, confirming that mass transport of
the redox shuttle is relatively unaﬀected by high concentrations
of ERD. Overall, BL315 results in a 65% increase in eﬃciency
of the TT1 DSSC, while BL302 increases device performance
by 51%.
The external quantum eﬃciency (EQE) of the DSSCs is
shown in Fig. 2. The superior photovoltaic performance of
BL315 as compared to BL302 can be attributed to its broader,
more red-shifted absorption. However, despite the high dye
loading, the EQE in the ERD portion of the spectrum (450–
550 nm) is still significantly lower than the peak EQE of the TT1
sensitizing dye. Conversion of incident photons into collected
charges by an ERD is a three-step process, and the EQE of the
ERD (EQEERD) can be written as
EQEERD = ABSERD  ETE  IQESD,

(1)

where ABSERD is the absorptance of the ERD within the mesoporous TiO2 layer (fraction of photons absorbed by the ERD),
ETE is the energy transfer eﬃciency of the ERD to the sensitizing
dye, and IQESD is the internal quantum eﬃciency (IQE) of the
sensitizer. The absorptance of the ERD can be estimated from
Beer’s law:
ABSERD = TFTO[1  exp(rcax)],

Fig. 1 Chemical structure of dyes. Energy relay dyes: (a) BL315, (b) BL302,
(c) DCM. Sensitizing dye: (d) TT1.
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(2)

where TFTO is the transmission through the FTO electrode
(measured to be 0.91 at 520 nm, see Fig. S7 in the ESI†), r and
x are the porosity and thickness of the TiO2 mesoporous layer
(approximately 0.5 and 6 mm, respectively), c is the concentration
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calculated from the measured energy relay dye EQE and eqn (1).
While previously ETE’s for DCM to TT1 have been shown to be
in excess of 90%,30 the average ETE for BL302 to TT1 is only
approximately 70%, and the corresponding ETE for BL315 is
approximately 67%. ETE calculations were performed at 520 nm
rather than the dye absorption peak wavelength to ensure the
absorption of the sensitizer and electrolyte were small.

3. Analysis of ETE losses

Published on 28 May 2013.

3.1.

Fig. 2 EQE of 6 mm-thick TT1-sensitized DSSCs containing various amounts of
BL302 (a) and BL315 (b) in the electrolyte.

of the ERD, and a is the molar extinction coeﬃcient of the ERD
(30 000 M1 cm1 at 520 nm for BL302). For 180 mM BL302, this
absorptance comes out to 0.89 at 520 nm, meaning nearly all
available light transmitted through the FTO is absorbed by the
ERD. While it is possible that the concentration of the ERD
within the TiO2 pores is less than the average concentration
within the electrolyte, the high absorptance of the ERD means
that even for a significant change in the ERD concentration,
ABSERD remain near 0.91. The flattening of the EQE in the ERD
portion of the spectrum in Fig. 2 with increasing dye concentration suggests that indeed the absorption is saturating.
The IQE of the sensitizer can be computed by dividing the
EQE of the sensitizer (EQESD) by the percentage of photons
absorbed by the sensitizer (ABSSD):
IQESD ¼

EQESD
:
ABSSD

(3)

While technically EQESD and ABSSD vary as a function of
wavelength, IQESD is relatively independent of wavelength for
the TT1 DSSCs, and using the peak absorptance and EQE of
TT1 allows for an accurate measurement of the IQE (see Fig. S8
in the ESI†). After calculating IQESD and ABSERD, the ETE can be
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Introduction to loss mechanisms

ETE losses can be caused by a variety of physical processes in
the DSSC, and before analyzing which process contributes the
most to the 30% losses seen with BL302, it is instructive to give
a brief overview of the ways ERD excitations can be lost. FRET
between two chromophores is a short scale interaction that can
only occur eﬃciently over distances of 1–10 nm. If the pore size
is too large, then the ERD cannot efficiently transfer energy to
the sensitizing dye and the excitation is lost. The theoretical
energy transfer efficiency of ERDs in pores has been previously
simulated.31 Dynamic (collisional) quenching of the chromophore in solution is a competing process with FRET, and the
effects of dynamic quenching are included in the calculations
of ERD ETE as a function of pore size. On the other hand, static
quenching, such as quenching from forming a non-emissive
complex in solution, results in ‘dead dyes’ that cannot energy
transfer to sensitizers. Thus, static quenching results in a
complete loss of excitation, rather than a competing rate
process. Finally, the ERD can energy transfer to a dye that is
no longer attached to the TiO2 surface. Such a desorbed dye will
be unable to inject charge, and the excitation of the ERD will be
lost. Considering these three possibilities allows for an understanding of the dominant loss mechanism of BL302 excitation
in DSSCs.
3.2.

Pore size dependence

As mentioned previously, energy transfer can be highly
dependent on the TiO2 pore size. Devices were fabricated using
substrates with 3 average pore sizes: 12 nm, 17 nm and
32 nm.4,35,36 Average ETE values for these devices are displayed
in Fig. 3 along with theoretical ETE values. The energy transfer
eﬃciency for an ERD can be calculated based on the dynamic
quenching rate, FRET radius, and the sensitizing dye surface
coverage for various pore geometries.31 Based on the dynamic
quenching rate of BL302 in the electrolyte, (Fig. S9 in the ESI†)
the calculated FRET radius of 6 nm, and estimated dye coverage
of 1 nm2, the simulated ETE can be calculated as shown
in Fig. 3. Even at a pore radius of 32 nm, the expected ETE
inside a spherical pore is 94%; however, the experimentally
seen ETE remains significantly lower – relatively constant near
approximately 70%. This suggests that the pore size is not a
significant factor in the incomplete energy transfer efficiency
and that ERDs are compatible with a variety of pore sizes,
including the larger nanopores implemented in current record
devices.4
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Fig. 3 Experimental ETE compared to expected theoretical ETE for spherical and
cylindrical pore geometries.

Published on 28 May 2013.

3.3.

Dye desorption losses

Benzonitrile was used as an electrolyte solvent due to its relative
stability, lower vapor pressure and enhanced solubility of alkylsubstituted ERDs versus the commonly used acetonitrile. Benzonitrile also enhances the solubility of the sensitizing dye, since
sensitizing dyes often use alkyl groups to help prevent recombination at the titania interface.13–15 To quantify the amount of TT1
desorption, a sandwich device was fabricated exactly like a DSSC
except substituting a plain glass electrode for the Pt-counterelectrode (inset of Fig. 4). The sandwich device was then filled
with benzonitrile or acetonitrile electrolyte and left for a week for
the dye desorption–adsorption processes to equilibrate. Over the
course of a week, the electrolyte turned a slightly blue color due
to desorbed dyes from the TiO2 surface. The absorption was
measured through a region of the sandwich device that contained
no TiO2, but had electrolyte with desorbed dye electrode (inset of
Fig. 4). Using the known width of the surlyn spacer, this gives an

Fig. 4 Absorption of electrolyte after equilibration of dye desorption for benzonitrile and acetonitrile based electrolytes. Inset: experimental schematic of
measuring light absorption through the electrolyte. After allowing dye
desorption to equilibrate, the absorption of the dye in the electrolyte is measured
using a beam path shown by the arrows in the inset.
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estimate of the desorbed dye concentration within the electrolyte
and hence the desorbed dye concentration within the TiO2 pores.
As shown in Fig. 4, only a small amount of sensitizing dye
desorbs into the acetonitrile electrolyte, while benzonitrile
causes an approximately 6 increase in concentration of TT1
within the electrolyte. At equilibrium the measured concentration in the acetonitrile and benzonitrile electrolytes is
0.23 mM and 1.31 mM, respectively. It should be noted that
these concentrations correspond to a small fraction of the TiO2
adsorbed dyes and hence doesn’t greatly aﬀect the density of
dyes on the surface. Assuming that this dye concentration is
present within the pores, this corresponds to approximately
2.0 dye molecules contained in a 17 nm spherical pore for
a DSSC using benzonitrile electrolyte. Because of the r6
dependence of the FRET rate on the chromophore separation
distance (r), ERDs within the neighborhood of the desorbed dye
can preferentially energy transfer to the desorbed dye. This can
be simulated by placing a desorbed dye at a given distance from
the center of the pore and calculating the relative FRET rates to
the desorbed dye and to the attached sensitizing dyes on the
TiO2 surface. From these rates and the assumption of homogeneous ERD distribution within the pores, the ETE loss as a
function of desorbed ERD distance from the center of the pore
can be calculated, and is shown in Fig. S11 in the ESI.† The ETE
loss for 1 desorbed dye in the center of the pore is approximately 3.5%, but becomes less if the desorbed dye is at a
position away from the pore center. Assuming the desorbed dye
is not within 2 nm of the pore surface (to account for the
physical space of the sensitizing dyes on the surface), the
average ETE loss per desorbed dye can be calculated to be
1.8%. Thus, the loss due to dye desorption in a 17 nm pore is
approximately 3.6%. While this loss is an important consideration,
it does not explain the entire 30% ETE loss seen in the BL302
devices.
3.4.

Static dye quenching

FRET to an ERD occurs at a certain rate based on the distance
between chromophores and their FRET radius. In a DSSC, there
are competing rate processes, such as dynamic (collisional)
quenching of the excitation by the various ions in the electrolyte. If the FRET rate is significantly faster than this dynamic
quenching rate, then the ETE can still approach unity. On the
other hand, if the dye is statically quenched, through a process
such as forming a nonemissive complex in solution, the
complex no longer has an opportunity to FRET to a sensitizing
dye on the TiO2 surface, and the excitation is lost.37 In order to
investigate the losses due to of static quenching of the ERD,
steady-state and time-resolved photoluminescence (PL) quenching
experiments were performed. During a steady-state PL measurement, both dynamic quenching and static quenching cause a
decrease in the PL signal. However, during time-resolved PL
quenching measurements, a decrease in the PL lifetime can
only be caused by a change in the dynamic quenching rate –
non-emissive statically-quenched complexes simply do not
photoluminesce. Thus by comparing the steady-state PL
quenching and decrease in PL lifetime, the amount of static
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and dynamic PL quenching can be calculated.37 The steady
state PL quenching should be given by
PL ¼

ð1  rÞPL0
;
t0 =t

(4)

Published on 28 May 2013.

where r is the fraction of dyes that are statically quenched,
PL and PL0 are the magnitudes of the steady state photoluminescence with and without addition of the quenchers,
respectively, and t and t0 are the PL lifetimes with and without
quenchers, respectively. A comparison of the time-resolved
and steady-state PL measurements of BL302 as a function of
electrolyte concentration is shown in Fig. 5a.
As can be seen in Fig. 5a, there is significantly more steadystate PL quenching than can be explained by the decrease in PL
lifetime. While both PL0/PL and t0/t display linear trends, the
decrease in the steady-state photoluminescence is larger than
the decrease in photoluminescence lifetimes, even at low
electrolyte concentrations. This data suggests that BL302 is
being statically quenched, possibly by forming complexes with

components of the electrolyte. By measuring the quenching at
100% electrolyte concentration for 10 mM BL302, PL0/PL and
t0/t were found to be 3.0 and 2.0, respectively. Applying eqn (4),
it is found that r, the fraction of statically quenched dyes, is
approximately 0.33 in the conditions present in the DSSC.
While this number is larger than the 25–30% losses that are
seen for the BL302 devices, it is important to note that statically
quenched dyes can still contribute to photocurrent by direct
injection. As has been previously seen,30 ERDs are able to inject
and generate photocurrent even in the absence of sensitizing
dyes, albeit at a much lower efficiency than by FRET. Thus,
while a small portion of the statically quenched dyes may
directly inject and their excitations are not lost, static quenching can explain the 26% of the ETE loss that is unaccounted for
by energy transfer to desorbed dyes.
As shown in Fig. 5b, static quenching by the electrolyte does
not occur for DCM in either benzonitrile-based or acetonitrilebased (Fig. S12 in the ESI†) electrolytes. The diﬀerence in
quenching between BL302 and DCM could originate from the
diﬀerence in their structure. Compared to DCM, BL302 has
diﬀerent length alkyl chains on the amine group and a change
from a methyl to a bulkier tert-butyl substituent group on the
pyran ring. This could lead to a diﬀerent coordination with the
electrolyte components,38 possibly with formation of a nonemissive complex within the pores. Another explanation could
be that the increasing amount of ions with electrolyte concentration causes the alkyl-substituted dye molecules to form
complexes in solution.
It should be noted that very high concentrations of ERD can
also lead to static quenching as the dye is no longer soluble and
forms aggregates in solution. Concentration quenching data is
shown in Fig. S13 in the ESI.† At high concentrations (180 mM),
it can be seen that ERDs are statically quenched by each other,
leading to excitation loss. This static concentration quenching
may also be a cause of the ETE losses seen with BL302 and
BL315 in TT1 DSSCs. However, due to the small size of the
pores, larger aggregates caused by lack of solubility may not be
able to be formed inside the pores, and it is also possible that
any static concentration quenching does not aﬀect DSSC
performance.
3.5.

Fig. 5 (a) Comparison of steady-state photoluminescence quenching with
decrease in photoluminescence lifetime for 1 mM, 10 mM, and 27 mM BL302
with varying concentrations of electrolyte. Solid and dashed grey lines are linear
fits of PL and t, respectively. Note: the linear trend continues for both PL and t
to 100% electrolyte concentration. (b) Comparison of steady-state photoluminescence quenching with decrease in photoluminescence lifetime for DCM
dye in electrolyte. Note: electrolyte concentration (%) is the percentage of
electrolyte components relative to the standard electrolyte used in DSSC devices.
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ETE losses summary

It has been observed that static quenching (such as by complex
formation) is responsible for the majority of BL302 excitation
losses. Losses due to desorbed dyes and the large size of TiO2
nanopores should cause losses of less than 5% in these highly
soluble ERD systems, and if dyes can be designed that avoid
static quenching, ERDs will be able to achieve the dual goals of
both greater than 95% light absorption and 95% energy transfer
eﬃciency.

4. Conclusions
Two highly benzonitrile-soluble ERDs, BL302 and BL315 have
been synthesized. While previously ERDs have been unable to
achieve near 100% light absorption within the pores of a DSSC,
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BL302 and BL315 are able to absorb 97% of the incident light.
This results in a 65% increase in the eﬃciency of a TT1-based
DSSC, the highest increase due to an ERD thus far reported.
However, BL302 and BL315 only achieve an energy transfer
eﬃciency of approximately 70%, despite the theoretical ETE
being very close to 100%. Of this 30% loss, approximately 3.6%
can be explained by energy transfer to desorbed sensitizing
dyes, while the rest can be explained by static quenching of the
ERD. It is hypothesized that quenchers in the electrolyte
coordinate to alkyl groups on the soluble ERD, or the introduction of ions causes these ERDs to aggregate. ERDs have drawn
interest due to their ease of addition to a DSSC, with significant
potential for improving the spectral response of the device.
Continuing to gain a better understanding of ERD design rules
is necessary for use of ERDs for complementary light harvesting
in record devices.
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V. Kalousek, J. Rathouský, D. Kuang, S. Wenger, S. M.

11312

Phys. Chem. Chem. Phys., 2013, 15, 11306--11312

This journal is

c

the Owner Societies 2013

