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Abstract: An electrolyte based on the tris(acetylacetonato)-
iron(I11)/(1l) redox couple ([Fe(acac);]”'~) was developed for
p-type dye-sensitized solar cells (DSSCs). Introduction of
a NiO blocking layer on the working electrode and the use of
chenodeoxycholic acid in the electrolyte enhanced device
performance by improving the photocurrent. Devices contain-
ing [Fe(acac);]""~ and a perylene—thiophene—triphenylamine
sensitizer (PMI-6T-TPA) have the highest reported short-
circuit current (Joc=7.65 mAcm™2), and energy conversion
efficiency (2.51 %) for p-type DSSCs coupled with a fill factor
of 0.51 and an open-circuit voltage Vo= 645 mV. Measure-
ment of the kinetics of dye regeneration by the redox mediator
revealed that the process is diffusion limited as the dye-
regeneration rate constant (1.7 x 10°m~'s™') is very close to the
maximum theoretical rate constant of 3.3x10°m~'s™!. Con-
sequently, a very high dye-regeneration yield (> 99 %) could be
calculated for these devices.

The possibility of achieving high energy conversion efficien-
cies and low manufacturing costs continues to stimulate
interest in dye-sensitized solar cells (DSSCs).'l In p-type
DSSCs, the photocathode consists of a nanostructured p-type
semiconductor sensitized with a dye to efficiently capture
solar energy. On photoexcitation, the sensitizer injects holes
into the valence band of the p-type semiconductor (typically
NiO).” In other words, electrons flow from the semiconduc-
tor valence band to the sensitizer. The oxidized redox
mediator then oxidizes the reduced dye molecules back to

their original state and injects electrons into the counter
electrode. The electrons then flow through the external circuit
and enter the device at the working electrode completing the
cycle. Energy conversion efficiencies of up to 13 % have been
reported for n-type DSSCsP®! whereas p-type DSSCs have
reached 1.3 % . This difference is largely due to drawbacks
associated with the electrolytes used to date and the
NiO semiconductor. Being highly colored and electrochro-
mic, NiO absorbs a substantial amount of visible light,
decreasing the amount of light available for absorption by
the sensitizer.[!

Typically, electrolytes based on the I;7/I" redox couple
have been used as the redox mediator in p-type DSSCs. This
limits the open-circuit voltage (Vc) that can be achieved to
approximately 300 mV because of the small energy gap
(Figure 1c¢) between the redox potential of the I;7/I" couple
(+0.32 V vs. NHE; NHE = normal hydrogen electrode) and
the valence band edge of NiO (4 0.70 V vs. NHE).F! For these
devices a maximum efficiency of 0.61 % has been achieved.”!
Attempts were made to substitute the I;7/I” redox mediator
with cobalt polypyridyl complexes!”! and disulfide/thiolates,®!
however the device performance could not be improved until
[Co(en);*™* (en=12-diaminoethane) was introduced.
Devices based on this redox mediator (denoted [Co(en);]-p-
DSSCs) and the PMI-6T-TPA sensitizer (Figure 1a) have
recently reached efficiencies of 1.3% .7 PMI-6T-TPA has
been the best performing sensitizer for p-type DSSCs owing
to its more long-lived charge-separated state when compared
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Figure 1. Molecular structures of a) PMI-6T-TPA and b) [Fe(acac);]""".
c) The energy-level diagram of p-type DSSC components and approx-
imate redox potentials of the electrolytes based on [Fe(acac);]”'",
[Co(en)s**/**, and I,7/1. Redox potentials are reported relative to the
NHE. VB =valence band. D=dye.

to other reported sensitizers.”) This feature enhances device
performance by decreasing interfacial charge-recombination
reactions.”!” Indeed, the highest short-circuit current (Jgc =
7.0 mAcm™?) for p-type DSSCs has been achieved using
PMI-6T-TPA in conjunction with I;7/I" and by replacing the
NiO nanoparticles with NiO microballs.*!

Herein, we report efficient p-type DSSCs based on
the readily available and inexpensive coordination com-
plex tris(acetylacetonato)iron(IIT)/(I1) ([Fe(acac);]”'", Fig-
ure 1b).'Y The [Fe(acac);]”'~ couple has a redox potential of
—0.20 V versus NHE. This is closer to the LUMO (lowest
unoccupied molecular orbital) level of the sensitizer while still
providing sufficient energy (approximately 500 mV) for dye
regeneration. In terms of the energetics, it should therefore be
a more suitable mediator for p-type DSSCs than either
[Co(en);*"** (=0.03 V vs. NHE)? or I,/I". Additionally,
the acetylacetonato ligand offers the opportunity to fine-tune
the redox potential of the complex through simple substitu-
tion at various positions within its organic framework. The
optimized [Fe(acac);]”'~-based devices constructed using the
PMI-6T-TPA sensitizer have achieved an energy conversion
efficiency of 2.51+0.08%.
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Devices were initially constructed using a NiO photoca-
thode working electrode (WE) sensitized with PMI-6T-TPA,
a platinized counter electrode (CE), and an electrolyte
composed of (NBuy)[Fe(acac);] (0.20Mm), [Fe(acac);]
(0.10m), 4-tert-butylpyridine (tBP; 0.50Mm), and lithium bis-
(trifluoromethanesulfonyl)imide (LiTFSI; 0.10M). These
devices achieved efficiencies of 1.57 £0.23% (see Table S1
in the Supporting Information).

A blocking layer is commonly employed in n-type DSSCs
to decrease detrimental charge-recombination reactions
occurring at the FTO-electrolyte interface (FTO = fluorine-
doped tin oxide)."” An increase in the device performance
has also been reported by applying the same approach in p-
type devices.”¥) A new NiO blocking layer was developed in
this work which utilized the spray pyrolysis of [Ni(acac),] to
deposit a thin layer of NiO (approximately 10 nm, determined
from scanning electron microscopy) on the FTO glass prior to
printing of the mesoporous NiO film (Figure S5). This treat-
ment resulted in an increase in the average Jgc values from
5.68+049 mAcm * to 6.95+0.20 mAcm ’, the fill factor
(FF) from 0.43 £ 0.02 to 0.49 4 0.02, and the overall efficiency
from 1.57 £0.23 % to 2.03 £ 0.03 % (see Table S1) for devices
applying the [Fe(acac);]”'~ redox mediator ([Fe(acac)s]-p-
DSSCs). An optimum thickness for the porous NiO layer of
approximately 4.2 um was determined by constructing
devices with varying NiO thicknesses (see Table S2).

Chenodeoxycholic acid (1) has been used as an electrolyte
additive in n-type DSSCs to decrease interfacial charge-
recombination reactions through passivation of the TiO,
surface.'l” Salvatori et al. concluded that molecules of 1
achieve this by forming supramolecular aggregates on
the TiO, surface, thereby limiting the access of reduced
species in the electrolyte.'”) In this study, the addition of 1
increased the Jgc value from 6.95+0.20 mAcm ™ to 7.65+
0.39 mAcm 2 and the V¢ value from 595+ 6 mV to 645+
12 mV (see Table S1 and Figure S6). This resulted in a sub-
stantial increase in device efficiency to 2.51 +0.08 %. Thus,
1 as an electrolyte additive clearly has a beneficial effect in
NiO-based p-type DSSCs. Surface passivation of the NiO sur-
face by 1 was confirmed by measuring the ATR-FTIR spectra
(ATR = attenuated total reflection) of NiO films that had
been dipped in a solution of 1 (10 mm), as is present in the
optimized electrolyte. The spectra measured after various
exposure times showed the appearance and increase of bands
at around 1400 cm™ and 1600 cm™ (Figure S7). These
correspond to symmetric and asymmetric stretches of the
COO™ group, respectively. The band positions further indi-
cate that the carboxylate groups on 1 coordinate to nickel
centers on the NiO surface."”! Additionally, stretching bands
at approximately 2900 cm™' can be attributed to CH,/CH
groups on the backbone of 1.

The performance of the optimized [Fe(acac);]-p-DSSCs
was compared with that of cells made with the I;7/I" and
[Co(en);]*™*" redox shuttles (see Table 1 and Figure S8). For
the devices based on the I;7/I" couple, a high Jg- value was
achieved but the efficiency was limited to 0.60+0.02%
(under simulated 100 % sun conditions) by a low V. value
and fill factor. For [Co(en);]’™*", a higher Vi value was
achieved compared to the other two devices. The DSSCs with

www.angewandte.org

3759


http://www.angewandte.org

Angewandte

3760

Communications

Table 1: Photovoltaic parameters for p-type DSSCs prepared with
electrolytes based on the I,7/1~, [Co(en);]**/**, and [Fe(acac);]”" redox
couples and the PMI-6T-TPA dye measured under simulated 10% sun

and 100% sun (1000 Wm™?) irradiation.

10% sun I,/ [Co(en)s*** [Fe(acac);]”"~
Vo [mV] 179415 63446 519415

Jse [IMAcm 7 0.7740.03 0.5540.02 0.834+0.03

FF 0.3940.04 0.44+0.02 0.60+0.01
Efficiency [%] 0.534+0.10 1.52+0.03 2.5540.06
100% sun L/1” [Co(en), [Fe(acac);]”"~
Vo [mV] 243+10 72446 645+12

Joe [IMAcm 6.26+0.14 4114035 7.65+0.39
FF 0.3940.01 0.40+0.01 0.51+0.01
Efficiency [%)] 0.60+0.02 1.20+0.03 2.51+£0.08

Photocathode NiO film thickness =4.2 um. Thermally decomposed Pt
on FTO glass was used as the counter electrode. I-V data were measured
with settling times of 1's for 1;7/1", 4 s for [Co(en);]*'/*" and 2 s for
[Fe(acac);]”'~ devices. The I;7/I electrolyte contained I, (0.03 m), tBP
(0.50m), 1-butyl-3-methylimidazolium iodide (0.60Mm), and guanidium
thiocyanate (0.10m) in acetonitrile. The [Co(en),]*"/*" electrolyte con-
tained [Co(en)s](BF,), (0.30M; prepared in situ using Co(BF,),-6 H,O
(0.30 M) and 1,2-diaminoethane (1.67 m)), [Co(en);](BF,); (0.07 m), and
LiITFSI (0.10m) in acetonitrile. The [Fe(acac);]”"~ electrolyte contained
(NBug)[Fe(acac);] (0.10m), [Fe(acac);] (0.05 m), tBP (0.25 m), LiTFSI
(0.05 m), and chenodeoxycholic acid (0.010m) in acetonitrile. Average
photovoltaic parameters are listed with standard errors derived from
>3 different cells.

[Co(en);]*"*" performed better under low light conditions
(10% sun), achieving an efficiency of 1.52 +0.03%, com-
pared to 1.20+0.03% at 100% sun illumination (simulated
sunlight AM 1.5 G, 1000 Wm™). In comparison, the 2.51 +
0.08 % efficiency achieved for [Fe(acac);]-p-DSSCs is almost
double the best reported to date.”

Based on the redox potentials of the electrolytes, the
highest Vc value would be expected for devices constructed
with [Fe(acac);]”"" (E,eqox=—0.20 V vs. NHE). In contrast,
the data obtained from current-voltage plots (I-V plots) show
that the V¢ value for [Fe(acac);]-p-DSSCs is lower than for
[Co(en);]-p-DSSCs (E,cqiox = —0.03 V vs. NHE). This discrep-
ancy appears to suggest that the V¢ of [Fe(acac);]-p-DSSCs
is affected by recombination phenomena across either the
NiO/electrolyte or the FTO/electrolyte interface. To test the
hypothesis that charge recombination across the exposed
areas of the FTO back contact contributes to the measured
effects, the dark currents across FTO/electrolyte junctions for
[Fe(acac);]”'~ and [Co(en);]*"*" electrolytes were compared
in the presence and absence of a dense NiO layer. Dark
currents were recorded in two-terminal sandwich cells with
a platinized counter electrode. The data shown in Figure 2
reveal that the leakage currents across the bare FTO/electro-
lyte interface in [Fe(acac);]-p-DSSCs are about two orders of
magnitude higher than those detected for [Co(en);]-p-DSSCs
across the measured voltage bias range. This clearly indicates
that charge recombination across this junction plays a signifi-
cant role in [Fe(acac);]-p-DSSCs. At a voltage bias of 645 mV,
equivalent to the open-circuit voltage of [Fe(acac);]-p-DSSCs,
current densities as high as 2.74 mAcm 2 and 0.80 mA cm™?
can be measured in the absence and the presence of the dense
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Figure 2. Dependence of the current density of the devices based on
the [Fe(acac);]”'~ and [Co(en);]*"/*" electrolytes on different applied
bias under dark conditions. BL=blocking layer.

NiO layer, respectively. Therefore, charge recombination
across the FTO-electrolyte interface limits the open-circuit
voltages observed in [Fe(acac);]-p-DSSCs. The higher charge
recombination can be explained by the attraction of the
negatively charged [Fe(acac);]'~ complex to holes injected
into the NiO layer. This reduced species has a higher affinity
for the holes than the positively charged [Co(en);]*" complex.
Moreover, electron-transfer processes associated with the
[Co(en);]*"*" redox couple involves a higher energy barrier
because of a high-to-low spin transition. In contrast, there is
no such transition for the [Fe(acac);]”'~ couple as both
complexes exist in the high-spin state. In keeping with this, the
deposition of a dense NiO layer significantly decreases charge
recombination across the FTO back-contact electrode for the
[Fe(acac);]-p-DSSCs. On the other hand, the introduction of
a dense NiO layer in [Co(en);]-p-DSSCs has only a very
minor influence on the leakage currents across the FTO back
contact. Optimization of the NiO blocking layer should lead
to a further decrease in charge recombination in [Fe(acac)]-
p-DSSCs and accordingly to an increase in V¢ and FF values
and cell efficiencies.

The incident photon-to-current conversion efficiency
(IPCE) is a measure of the number of electrons collected
under short-circuit conditions per number of incident photons
at a given wavelength of the incident monochromatic light
(equivalent to <2% sun). The IPCE data in Figure 3
correlate well with the Jg values measured at 10 % sun. The
[Fe(acac);]-p-DSSCs show a higher IPCE (57 %) than those
based on [Co(en);]*"*" and I;/I". As expected from the
measured photocurrents, the [Co(en);]-p-DSSCs showed the
lowest IPCE (44 % ).

Transient absorption spectroscopy was carried out on
devices based on the [Fe(acac);]”'~ redox couple to further
understand the charge-recombination kinetics and to ration-
alize the origin of the superior performance of these devices.
Studies in the absence of the redox couple were used to
determine the recombination rate of the photoreduced dye
anion with holes in the NiO valence band. An observed rate
constant (k) of 1.04+0.10x 10*s™' was determined under
short-circuit conditions (Figure S9 and Table S3). Studies
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Figure 3. IPCE measurements under low light conditions (<2% sun)
of DSSCs based on 157/17, [Co(en);*"/*", and [Fe(acac);]"" electrolytes
sensitized with the dye PMI-6T-TPA.

were then carried out in the presence of the [Fe(acac);]”""

redox shuttle to estimate the dye regeneration rate (k). A
ki value of 1.704+0.28x10°M 's™' was calculated under
short-circuit conditions which is over 50 times higher than
the value of 3.0x10°M's™ reported for [Co(en)s]-p-
DSSCs."8l A faster dye-regeneration rate can lead to
a decrease in recombination between the photoreduced dye
anion and holes in the NiO valence band, leading to a higher
Jsc value for devices based on [Fe(acac);]”" .

A study of the dependence of the regeneration rate on
[Fe(acac);] concentration was carried out under short-circuit
conditions (Figure 4, Figure S10, and Tables S4 and S5) to
further understand the dye-regeneration kinetics. Similar
k.., values were obtained for devices with [Fe(acac);] con-
centrations varying from 1 mwm to 50.0 mm. This confirmed
that dye regeneration shows a classical first-order dependence
on [Fe(acac);] concentration. To estimate the theoretical
diffusion-limited rate constant (k) for [Fe(acac);] in aceto-
nitrile, the Randles—Servick equation[”] was used to deter-
mine diffusion coefficient for [Fe(acac);]. An average value of
(7.10£0.78) x 10~° cm?s ™! was calculated in acetonitrile from

10° Diffusion limit k|

104 " 1 . 1 " 1 /)L 1 . ]

0.0 2.0 4.0 6.0 50.0 52.0
[Fe(acac),] / mm

Figure 4. Dependence of the bimolecular dye-regeneration rate con-
stant k., on the concentration of [Fe(acac);] in the electrolyte with no
applied bias.

Angew. Chem. Int. Ed. 2015, 54, 3758 —3762

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angéwandte

imeminalEdtiony Chemie

the scan-rate dependence of the peak currents (see Table S6).
Applying this value and using estimated radii for [Fe(acac);]
and PMI-6T-TPA of 4.5 A and 9.5 A, respectively, a max-
imum theoretical rate constant, kp, of 3.3x10°M's™!, was
calculated. The good agreement of the experimental k., value
with this value suggests that dye regeneration is mostly
limited by diffusion. For [Co(en),]*" in acetonitrile, however,
the calculated diffusion coefficient was lower (8.26 4 0.60) x
107" cm?s™! (Table S7). The higher diffusion coefficient
(approximately 10-fold) and much higher (> 50 times) dye-
regeneration rate for [Fe(acac);] explain the enhanced
current density measured in the [Fe(acac);]-p-DSSCs com-
pared to [Co(en);]-p-DSSCs. Finally, the k., values were
used to estimate the dye-regeneration yield (@) for the
[Fe(acac);]”'~ devices. The original device (50.0mm of
[Fe(acac);]) showed @®=99.9%, further highlighting the
ability of the iron(III) complex to rapidly regenerate the
dye within these devices.

In conclusion, we have applied [Fe(acac), as redox
mediator in p-type DSSCs in conjunction with the PMI-6T-
TPA sensitizer. Solar cells incorporating a NiO blocking layer
and chenodeoxycholic acid as an electrolyte additive yielded
energy conversion efficiencies of 2.51 +0.08 % . To our knowl-
edge, this is the highest reported efficiency for a p-type DSSC.
Open-circuit voltages of [Fe(acac)s;]-p-DSSCs were lower
than those measured for [Co(en);]-p-DSSCs, despite
a 170 mV more negative redox potential of [Fe(acac),]”"~
compared to [Co(en);]*"**. The up to two orders of magni-
tude faster charge recombination across the FTO/electrolyte,
even in presence of a NiO blocking layer, was identified as
one factor responsible for the relatively low photovoltage
detected in [Fe(acac);]-p-DSSCs. Transient absorption spec-
troscopy studies further revealed that the rate of dye
regeneration by the [Fe(acac);] complex is diffusion limited,
quantitative (>99%), and about 50 times faster than mea-
sured for [Co(en);]*". The development of efficient p-type
devices is important as it could pave the way to the
construction of tandem p—n-DSSCs combining dye-sensitized
photoanodes and photocathodes. These have theoretical
performance limits well beyond that of simple single-junction
DSSCs. The low efficiency of p-type DSSCs currently
represents a major impediment towards the realization of
efficient tandem DSSCs. Further work is required to further
bridge the efficiency gap between p-type DSSCs and n-type
DSSCs and to make tandem DSSCs a viable alternative to
single-junction DSSCs.

]0/1—

Experimental Section

The photocathodes were prepared by sensitizing the screen printed
NiO film with PMI-6T-TPA. The devices were constructed by sealing
a sensitized NiO photocathode and a platinized anode with a 25 um
thick 6 x 6 mm Surlyn gasket (Solaronix). The electrolyte was inserted
into the device by vacuum backfilling. Compositions of the I;7/I7,
[Co(en);]***", and [Fe(acac)s]”'~ electrolytes are given in the foot-
note of Table 1. Exclusion of oxygen was important in the preparation
of the electrolytes based on the [Fe(acac);]”"~ and [Co(en),]*"**
redox couples and in device construction. The /-V data was measured
with a settling time of 1s for I;/17, 4 s for [Co(en);]**”**, and 2 s for
[Fe(acac);]""~ devices. Transient absorption spectroscopy was per-
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formed on devices constructed with electrolytes containing varying
concentrations of [Fe(acac);] (50.0 mm, 5.0 mm, 2.5 mm).
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