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To ensure high photocurrents from dye-sensitized solar cells (DSSC), it is important that the dye absorbs as much
of the energy from the sunlight as possible. To achieve a wide absorption and cover larger parts of the solar
spectrum, dyes are frequently fitted with oligothiophene n-spacers. We wish to examine the terthiophene motif as
n-spacers in triarylamine dyes and evaluate the suitability of using these in modern copper based DSSC devices.
The foundation for this analysis will be the series of seven novel dyes (DMA-6 — DMA-12) which all are fitted
with the same donor and acceptor, but linked with seven different terthiophene motifs. The photovoltaic per-
formance of the dyes show that the smallest n-spacer in the series, dithieno[3,2-b:2’,3'-d]thiophene, was the most
efficient. The DSSC device sensitized by this dye achieved a power conversion efficiency of 4.4% (Jsc = 7.0 mA
cm’z, Voc = 0.95 V, FF = 0.66). The photovoltaic performance of the dyes was tested in devices with two
different TiO5 thicknesses, and we established that the thinner TiO, yielded the best DSSC performance for all the
dyes. Electrochemical impedance spectroscopy revealed that the thicker semiconductor layer resulted in a

reduction of the effective electron diffusion length.

1. Introduction

The dye-sensitized solar cell (DSSC), first reported by O’Regan and
Gratzel back in 1991 [1], is a photovoltaic technology with an impres-
sive ability to tune properties such as color, transparency, and flexibility.
The ability to tune color and transparency have made the DSSC a
desirable technology for use in building-integrated photovoltaics [2,3].
While the tunable flexibility has been successfully utilized for inte-
grating the DSSC in wearable devices [4]. More than 30 years of research
and development on the DSSC technology have led to devices that vary
greatly in materials and methods used in the fabrication of DSSC de-
vices. It is however still possible to identify three key components pre-
sent in a typical DSSC device, i) the semiconducting mesoporous metal
oxide, commonly TiO; ii) the sensitizer coating the metal oxide
responsible with light harvesting and electron injection into the TiO iii)
the redox shuttle responsible with regenerating the oxidized sensitizer
[5]. Recent advances have been made on developing copper-based redox
shuttles [6]. These severely reduced overpotential losses that previously
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plagued the DSSC devices operating with iodine redox shuttles. DSSCs
utilizing the novel copper complexes have recently become the most
efficient technology for ambient light photovoltaics [7,8], making it a
very promising energy source for electronics requiring low power.

To successfully take advantage of the novel copper electrolyte, there
are certain requirements needed in the design of sensitizers. The redox
potentials of the most common copper complexes are found in the range
0.87-0.97 V vs. standard hydrogen electrode (SHE) [6], significantly
higher than that of the I" /I3 redox shuttle at around 0.40 V vs. SHE [9].
This requires the design of dyes with oxidation potentials that are high
enough to be regenerated by the copper complexes, and it has been
shown that a 10 mV driving force for regeneration is sufficient [6].
Replacing the two-electron redox shuttle I" /I3 with one-electron metal
complexes led to a facilitation of the recombination of electrons in the
TiO4 with oxidants in the redox shuttle [10,11]. This required dyes to be
designed with alkyl chains that provide an insulating effect and prevents
the redox complexes from approaching the TiO, surface. The
tetra-alkoxy substituted triarylamine donor, referred to as the Hagfeldt
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donor, is a molecular motif that meets these two requirements expertly
[12]. This donor provides excellent shielding of the TiO, surface and the
reduction in electron recombination has allowed for devices with
excellent photovoltages [8]. The downside of the triarylamine dyes is
the limited light harvesting ability compared to other donors such as
ullazine [13]. To improve the absorption properties of triarylamine
dyes, they are frequently fitted with large n-spacers to improve the
photocurrent [11,14,15].

In our previous study on n-spacers we found that the terthiophene
n-spacer produced the highest photocurrent in dyes employing a
phenothiazine donor [16]. Terthiophene is a simple oligothiophene unit
comprised of three thiophenes, and over the years numerous variations
of terthiophene motifs have been incorporated in dyes for DSSC
[17-24]. To exploit the terthiophene light harvesting ability in a copper
based DSSC device, we prepared a novel series of dyes with the Hagfeldt
donor. Identifying important dye structure-performance relationships in
the field of DSSC is difficult, since most studies focus on only a few dyes,
and there is significant variation in data for the same dye [25]. We have
previously demonstrated the merit of synthesizing dye libraries to
investigate various aspects of dye design such as n-spacers [26-29],
auxiliary donors [30-32], or dye geometries [33,34]. Therefore, we
designed and synthesized seven novel dyes with different terthiophene
motifs, and the structures of the dyes are shown in Fig. 1. With dyes
DMA-6 —- DMA-12 we aimed to investigate the effect of the terthiophene
structure on the optoelectronic properties of the sensitizers. We further
wanted to identify traits of successful terthiophene n-spacers based on
the photovoltaic performance of the dyes.

2. Results and discussion
2.1. Dye synthesis

The dyes reported herein was prepared following the two-step syn-
thesis route shown in Scheme 1. The synthesis is based on the successful
convergent/divergent synthesis approach reported by Gabrielsson et al.
[11]. A full synthetic account is given in the ESI. The advanced triar-
ylamine donor fragment 1 was prepared as described in our previous
report [35]. Compound 1 was coupled to the different n-spacer frag-
ments, 2a-2g, in a Suzuki-Miyaura cross-coupling. Excluding 2d, all the
n-spacer fragments underwent satisfactory reactions using Pd(OAc),/-
SPhos, and gave the corresponding dye precursors in yields of 22-55%.
The brominated ethylenedioxythiophene 2d decomposed under the
initial reaction conditions, which led us to change the catalyst to
PdCly(dppf) and we were able to produce and isolate enough of 3d to
prepare sufficient amounts of the resulting sensitizer DMA-9. Following
the Knoevenagel condensation procedure reported by Igbal et al. [36],
the finished sensitizers, DMA-6 — DMA-12, were prepared and isolated
in yields of 63-99%.

2.2. Photophysical properties

Altering the aromatic system of the n-spacer in D-n-A dyes is known
to affect the optical properties of the resulting chromophores [37]. To
measure the effect of the various n-spacers on the optical properties of
the dyes, we performed UV/Vis spectroscopy on the dyes in a
dichloromethane solution (2 x 10~> M) and on dye-stained TiO3 elec-
trodes (2.5 pm, 18NR-T, Greatcell Solar). The results from these mea-
surements are shown in Fig. 2, and an overview of the obtained data is
given in Table 1. In solution, the standard terthiophene-linked dye,
DMA-6, display an absorption maximum of 481 nm. Remarkably, the
absorption maxima of four of the other dyes (DMA-7, DMA-8, DMA-11,
DMA-12) are found within 4 nm of the standard dye, DMA-6. This is
surprising considering that the aromatic system of DMA-7 and DMA-8
contains two fewer p-electrons and for DMA-12 it contains four fewer
p-electrons. The resulting aromatic system is more planar however, and
this is likely the reason why the absorption is not blueshifted by the
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Fig. 1. The structure of the seven novel dyes DMA-6 - DMA-12, and the pre-
viously investigated dye, DMA-3.

smaller n-spacers. Another striking effect of planarizing the aromatic
system is seen for the dye DMA-10, where the absorption maxima of this
dye is redshifted 61 nm compared to the standard terthiophene dye
(DMA-6). The molar extinction coefficient of this dye (55,900 m!
em™Y) is also significantly higher than the other dyes in this series, and
comparable to that of the benchmark dye Y123 (57,300 M cm_l). We
also see that substituting one thiophene for ethylenedioxythiophene is a
successful strategy for redshifting absorption, as the absorption maxima
of DMA-9 is 22 nm redshifted compared to DMA-6. The redshift can be
explained by the increased electron donating ability of the ethyl-
enedioxythiophene compared to thiophene. It is also likely that there are
non-covalent S-O interactions occurring between ethyl-
enedioxythiophene and the neighboring thiophene. Such interactions
have previously been shown to provide conformational locks and in-
crease the planarity of the aromatic system [38,39].

The absorption maxima were blueshifted for all the dyes when
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Scheme 1. Our two-step synthesis route for the preparation of dyes DMA-6 — DMA-12. a) Suzuki Miyaura cross-coupling catalyzed by either Pd(OAc),/SPhos or
PdCly(dppf) (17-55%). b) Knoevenagel condensation mediated by piperidine (63-99%).
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Fig. 3. Energy levels of the frontier orbitals for the sensitizers in this study, R = C¢Hjs.

comparing the UV/Vis spectra of the stained TiO; electrodes to the
spectra obtained in dichloromethane solution. Attaching dyes on TiO, is
frequently associated with blueshifts of absorption, the deprotonation of
the anchoring groups and the formation of H-aggregates are the likely
causes for this behavior [17,40]. The absorption maximum of the dye
DMA-10 was blueshifted the most upon being absorbed on TiO. Despite
this, the absorption maximum of 498 nm was the highest of the dyes in
this series, in addition it was also redshifted compared to the benchmark

dye Y123 (481 nm). The ethylenedioxythiophene unit is also highly
successful in extending the light harvesting region of the dye, as
demonstrated by the significantly redshifted absorption onset of DMA-9
on TiOZ.

To further investigate the effect of the different n-spacers we calcu-
lated the optical band gaps, Eg.g, from the intersection between the
normalized absorption and emission spectra shown in Fig. S1. The un-
modified terthiophene dye, DMA-6, display a band gap of 2.29 eV which
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is consistent with our previously reported terthiophene dye (DMA-3)
with a band gap of 2.38 eV [16]. We also see that all the other ter-
thiophene motifs reported in this paper produce smaller optical band
gaps than the reference dye DMA-6. The two structural isomers DMA-7
and DMA-8 display similar optical band gaps, showing that the position
of the fused bithiophene unit does not affect the band gap of the chro-
mophore. By employing a fully fused terthiophene z-spacer, as seen for
DMA-12, the band gap is reduced further to 2.17 eV. The most pro-
nounced effect is seen for the cyclopentadithiophene modified dye,
DMA-10, where the optical band gap is 0.21 eV smaller than the refer-
ence dye DMA-6.

2.3. Electrochemical properties

Alterations of the aromatic system of D-n-A dyes are likely to affect
the electronic properties as well as the optical properties. To quantify
this effect, we carried out cyclic voltammetry (CV) experiments on
stained TiO; electrodes for all the dyes in the series. The obtained vol-
tammograms are shown in Fig. S2, and the energy levels of the frontier
orbitals are found in Table 1 and shown in Fig. 3. The oxidation potential
of the reference dye, DMA-6, was found at 1.09 V vs. SHE. This dem-
onstrates the benefit of switching from a phenothiazine donor to a tri-
arylamine donor, as our previously reported terthiophene dye displayed
a 13 mV lower oxidation potential [16]. Four other dyes (DMA-7,
DMA-8, DMA-11, DMA-12) were all found within 4 mV of the reference
dye and with sufficient driving force for regeneration with a Cu
(dmp)3*/2* based redox shuttle (redox potential of 0.93 V vs. SHE) [6].
The dye DMA-10, with its oxidation potential of 1.01 V vs. SHE, is
narrowly outside of the 10 mV driving force potential that has been
shown previously to be sufficient [6]. While the dye DMA-9 has an
oxidation potential (0.96 V vs. SHE) that is expected to be too low to be
effectively regenerated by Cu(dmp)3*/2*. By employing these dyes in
DSSCs with a Cu(dmp)3+/%* based redox shuttle we will further inves-
tigate the driving force requirements for this electrolyte.

2.4. Photovoltaic properties

The photovoltaic performance of the different sensitizers in this
study was measured by preparing DSSC devices sensitized by each dye.

Table 1
Photophysical and electrochemical properties of dyes in the series.
Dye Aabs” 3 Em.” Aabs' Eoo!  Eo’ Erumo’
(nm) (M’lcm’l) (nm) on (eV) (Vs. (Vs.
TiO, SHE)  SHE)
(nm)

DMA- 481 31,700 600 459 2.29 1.09 -1.20
6

DMA- 477 25,500 614 465 2.25 1.10 -1.15
7

DMA- 483 35,000 618 464 2.24 1.10 —-1.14
8

DMA- 503 31,700 632 488 2.16 0.96 -1.20
9

DMA- 542 55,900 691 498 2.08 1.01 -1.07
10

DMA- 481 28,300 635 451 2.25 1.05 -1.20
11

DMA- 479 29,400 705 456 2.17 1.11 —1.06
12

# Maximum of most redshifted peak.

b Emission when ICT band is excited, in DCM solution.

¢ Maximum of most redshifted peak on TiO, (2.5 pm, GreatcellSolar 18NR-T).

4 Calculated from the intersection of the absorption and normalized emission
spectra.

¢ Measured vs. F{/F. on stained TiO, electrodes in acetonitrile with 0.1 M
LiTFSI, converted to V vs. SHE by 0.624 V. Scan rate 10 mV s~

f Calculated from Eoy-Eq..
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The results from these measurements are given as averages of three
devices in Table 2, and the J-V curve of the best performing device for
each dye is shown in Fig. 4. We have previously demonstrated the
benefit of increasing the thickness of the active TiO, layers in DSSCs
employing copper redox shuttles [35]. Based on this, we set out to
prepare devices with varying film thickness of the active 30NR-D TiO,
layer (4.5 pm and 9.0 pm) while keeping the thickness of the scattering
WER2-0 TiO; layer fixed (4.5 pm).

Based on the series of dyes DMA-6 — DMA-12, we can identify certain
successful traits in the various terthiophene designs. There is a massive
benefit in putting the thieno [3,2-b]thiophene unit on the donor side of
the n-spacer, as demonstrated by comparing the photovoltaic perfor-
mance of the structural isomers DMA-7 and DMA-8. When we examine

Table 2

Photovoltaic performance of all dyes under 1 sun AM 1.5G illumination, given as
averages of three separate DSSC devices. Along with the integrated current
density from IPCE measurements. Results from dye loading experiments is also
included.

Dye TiO, IPCEJ;e  Jy Voe FF PCE  Dye
(pm)* (mA (mA (W% (%) loading
cm~2)° cm2) (1078 mol
cm ?)°
DMA- 4.5 7.54 6.1 £ 0.89 0.61 3.3 84+04
6 0.2 + + +0.2
0.01 0.05
9 6.74 5.0+ 0.85 0.66 2.8 17.5+0.3
0.3 + + +0.2
0.00 0.00
DMA- 4.5 5.58 51+ 0.87 0.63 2.8 89+ 0.9
7 0.2 + + +0.3
0.00 0.05
9 5.82 4.3+ 0.84 0.65 2.4 11.5+0.3
0.2 + + +0.2
0.00 0.05
DMA- 4.5 7.25 6.4 + 0.91 0.59 3.4 105+ 1.1
8 0.3 + + +0.2
0.00 0.02
9 7.75 5.7 + 0.86 0.64 3.1 13.1+1.7
0.2 + + +0.1
0.01 0.02
DMA- 4.5 4.50 3.1+ 0.78 0.55 1.3 7.3+0.4
9 0.4 + + +0.2
0.01 0.04
9 2.84 2.3+ 0.75 0.48 0.8 22.2+0.5
0.0¢ + + +0.0
0014 0014 ¢
DMA- 4.5 6.84 59+ 0.83 0.68 3.3 125+ 1.6
10 0.2 + + +0.1
0.00 0.00
9 7.00 57 + 0.81 0.65 3.0 17.4+ 0.3
0.1 + + + 0.0
0.00 0.01
DMA- 4.5 8.77 7.0 £ 0.94 0.62 4.1 11.3+ 0.5
11 0.0 + + +0.1
0.00 0.01
9 7.12 55+ 0.86 0.52 2.5 23.2+£0.1
0.5 + + +0.3
0.01 0.01
DMA- 4.5 8.32 7.0 + 0.95 0.66 4.4 12.2 £ 0.6
12 0.2 + + +0.2
0.02 0.01
9 6.11 4.1 + 0.83 0.41 1.4 141 +1.2
0.3 + + +0.1
0.01 0.02
Y123° 4.5 11.30 9.9 0.95 0.68 6.4 13.8 £ 0.9
9 11.30 8.8 0.93 0.58 4.7 18.6 +£ 0.2

# Thickness of active 30 NR-D layer, the scattering WER2-O layer was fixed at
4.5 pm.

b Obtained by integration of the IPCE spectrum over the 1 sun AM 1.5 G
spectrum.

¢ Values averaged of two desorbed TiO,-electrodes.

4 Average values of two cells.

¢ Values from best-performing device.
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Fig. 4. J-V curves for the best parallel of each dye, obtained under 1 sun AM 1.5G illumination a) 4.5 pm TiO, devices b) 9 pm TiO, devices.

the incident photon-to-current efficiency (IPCE) spectra, shown in Fig. 5,
we see that the dye DMA-8 outperforms its analog throughout the entire
range of wavelengths. This translates to an improvement in Jg. from 5.1
to 6.4 mA cm 2 (25% improvement) in the thin TiOy devices, and an
improvement from 4.3 to 5.7 mA cm 2 (33% improvement) in the
thicker TiO,. Under the optimal thin TiOs conditions, the hexyl
substituted terthiophene (DMA-11) yielded an 24% increase in PCE
compared to the non-modified terthiophene (DMA-6). Under the same
conditions, the fully fused terthiophene of DMA-12 improved the PCE
by 33% compared to the standard terthiophene of DMA-6. The dye
DMA-12 under thin film conditions proved to be the most efficient de-
vice in the series, delivering a PCE of 4.4% (J;c = 7.0 mA em 2, Ve =
0.95V, FF = 0.66).

Conversely, the PCE data of this series of dyes also highlights ter-
thiophene design concepts to avoid in the future. This is perhaps most
striking when we consider that the performance of the dyes in this series
was also compared to the known benchmark dye Y123, which in mo-
lecular structure closely resembles the dye DMA-10. The only difference
between these two dyes is that Y123 has one thiophene less in the
n-spacer. Although the absorption properties of DMA-10 are similar to
that of Y123 in solution, and the dye loading of these dyes are similar,
this does not translate into improved short-circuit current (Jg.) for the
larger dye. The larger n-spacer of DMA-10 leaves it more susceptible to
aggregate than the more concise dye Y123. This could be part of the
reason why the photovoltaic performance drops so severely by the
introduction of an additional thiophene in the n-spacer of DMA-10. The
formation of H-aggregates when dyes are sensitized on TiO; is known to
blueshift absorption and also promote excited state quenching [41],
both of which are deleterious for solar cell performance. The extra
thiophene unit also lowered the oxidation potential from 1.07 V vs. SHE
for Y123 to 1.01 V vs. SHE for DMA-10, which leaves the driving force
for regeneration of the latter dye at only 8 mV in the redox shuttle
employed in this study. A large number of oxidized dye molecules not
being effectively regenerated, is expected to contribute to the low J
produced by a dye with such a wide range of absorption as DMA-10. The
effect of low oxidation potentials is even more apparent when we
consider the photovoltaic performance of the dye DMA-9, which has a
mere 3 mV driving force for regeneration. To investigate whether this
was the case, we prepared devices based on DMA-9 and DMA-10 but this

100 1 5y

90 1 ——DMA-6

80 | ——DMA-7

70 4 DMA-8
X 60 - DMA-9
o7 50 ——DMA-10
6 40 ——DMA-11
= 30 y ——DMA-12

20 4 Y123

10 4

0 , , : S
350 450 550 650 750

Wavelength (nm)

time with an I" /I3 redox shuttle. The results from these measurements
are shown in Table S1. For DMA-9 a doubled short-circuit current was
observed, the dye DMA-10 also produced improved photocurrents
under these conditions. The improved photocurrents suggest that the
driving force for regeneration was a bottleneck for the copper regener-
ated DSSCs. Despite possessing improved absorption properties in so-
lution and while sensitized on TiOy compared to the other dyes in the
series, the dye DMA-9 produces the lowest Js-values of all the dyes
reported herein. As a result, the photovoltaic performance of the dye
DMA-9 is by far the worst, and highlights the importance of dyes having
oxidation potentials that matches the redox shuttle.

In a recent paper by Velore et al. [42] they highlight the potential
pitfalls of using thicker TiO5 layers and copper redox shuttles together,
under 1 sun illumination this strategy can lead to devices suffering from
mass transport issues. The results obtained herein support this finding,
as all the dyes perform better in the thin TiO, devices. The two most
efficient dyes, DMA-11 and DMA-12, were also the dyes that displayed
the most drastic decrease in performance when going from a thinner
active TiO3 layer to a thicker one. This suggest that these two dyes suffer
the most from mass transport issues in a 9 pm TiO, device, which could
indicate that they form the most closely packed dye layers and limit the
movement of the redox shuttle the most. A curious observation con-
cerning these two dyes, is the fact that the dye loading of DMA-11 more
than doubled in going from a thin to a thick TiO, layer. While only a
small increase in dye loading of DMA-12 was observed from the same
modification. This shows that while the dye structure is important for
dye loading, the formation of a close-packed dye layer is not so depen-
dent of a high dye loading.

2.5. Electrochemical impedance spectroscopy

To evaluate the influence of TiO; thickness on the electron transport
properties of the dyes we examined the effective electron diffusion
length (L), and the results are shown in Fig. 6. The effective electron
diffusion length is a measure of the competition between charge
collection and charge recombination [43], and is given by

L,=Ly/== @

IPCE (%)

o i
350 450 550 650 750
Wavelength (nm)

Fig. 5. IPCE spectra of the best performing parallel for each dye a) 4.5 pm TiO, devices b) 9 pym TiO, devices.
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Fig. 6. The ratio of effective electron diffusion length and TiO, film thickness a) for 4.5 pm active TiO, devices b) for 9 pm active TiO, devices.

where L is the film thickness, Ry, is the recombination resistance and Ry,
is the transport resistance. The two resistances were obtained from
electrochemical impedance spectroscopy (EIS), and the complex plane
plots and resistance data extracted from the EIS measurements are
shown in Figs. S3-S6 in the ESI. We see that the dye DMA-12 in the 4.5
pm TiOy devices provide by far the best L, values of the dyes in this
series, which is largely owed to the significantly lower transport resis-
tance in this DSSC device. This could indicate that the smallest n-spacer
ensures the highest electron density in the TiO,, possibly from an
increased electron injection efficiency. When considering the effective
electron diffusion length of the devices with different TiO film thick-
ness, we see a detrimental effect from the thicker metal oxide layers.
Excluding DMA-9, all the dyes have reduced L, values in the thicker
TiO4 devices. The effective electron diffusion lengths displayed in Fig. 6
b) show that these devices are described by Gerischer impedance [44],
where the transport resistance is larger than the recombination resis-
tance. This highlights and confirms the need for thinner TiO, layers in
devices employing copper complex redox shuttles.

3. Conclusion

We have successfully synthesized a series of seven novel dyes with
varying terthiophene z-spacer motifs and shown the merit of the
convergent/divergent synthesis approach to prepare libraries of dyes.
We have demonstrated that reducing the size of the terthiophene aro-
matic system through fused bithiophenes (DMA-7 and DMA-8) or fused
terthiophene (DMA-12) does not blueshift the absorption maximum. In
addition, all modifications to the terthiophene unit reported herein
resulted in a smaller optical band gap compared to the reference sensi-
tizer DMA-6. Through photovoltaic characterization, we were able to
identify the hexyl-substituted terthiophene (DMA-11) and the fully
fused terthiophene (DMA-12) as the most successful n-spacer motifs.
Unfortunately, the dyes displaying the best absorption properties (DMA-
9 and DMA-10) had their HOMO energy levels lowered too much to be
used effectively in the copper redox shuttle. It is however an exciting
prospect to take advantage of the improved absorption of these dyes in
devices with redox shuttles that are more compatible such as cobalt
complexes. Through EIS experiments we also confirmed the deleterious
effect of using thick TiO layers in copper regenerated devices, as all the
9 pm TiO2 devices showed a Gerischer behavior.

4. Experimental
4.1. Materials and reagents
The donor moiety was prepared following our previously reported

procedure [35]. The m-spacers, 5'-bromo[2,2':5',2"-terthiophene]
-5-carboxaldehyde (2a) [16], 5-(5-bromothiophen-2-yl)thieno [3,2-b]

thiophene-2-carbaldehyde (2b) [45], 5-(5-bromothieno [3,2-b]
thiophen-2-yl)thiophene-2-carbaldehyde (2c) [46], 5’’-bromo-3’’--
hexyl-[2,2":5',2" -terthiophene]-5-carbaldehyde (2f) [47], 6-bromodi-
thieno[3,2-b:2,3'-d]thiophene-2-carboxaldehyde (2g) [48], were
prepared from literature procedures. The starting material, 6-bromo-4,
4-dihexyl-4H-cyclopenta[2,1-b:3,4-b ' ]dithiophene-2-carbaldehyde,
for the synthesis of n-spacer fragment 2e was prepared according to a
literature procedure [49].

The benchmark dye Y123, and the copper complexes
Cu(l)(dmp)z(TFSI) and Cu(m(dmp)z(TFSI)z were purchased from Dye-
namo AB (Sweden). The remaining chemicals were purchased from
Merck (Germany) unless specified otherwise.

4.2. Fabrication of dye-sensitized solar cells

The anodes were prepared from FTO glass (NSG10, Nippon Sheet
Glass), which was first cleaned in a Deconex 21-solution (2 g/L) under
sonication for 45 min. Next the FTO was treated with UV/O3 (Novascan
PSD PRO-UV T6) for 15 min. Immersion of the glass in aqueous TiCly-
solution (40 mM) at 70 °C for 2 x 45 min followed by rinsing with
deionized water and ethanol was carried out to deposit a blocking layer
on the FTO-sample. Pastes of TiO, were screen printed onto the FTO
(mesh count 54, thread diameter 64 mm, area 0.2826 cm?), for the 4.5
pm devices one active layer (30NR-D, Dyesol) was printed. For the 9 pm
devices two active layers were printed with 5 min heating on a hotplate
at 125 °C after each layer. A scattering layer (WER2-O, Dyesol) was
ultimately printed, and the TiO, was sintered in a programmable
furnace (Nabertherm LT 9/12) at set temperatures of 125, 250, 325,
450, and 500 °C for 5, 5, 5, 15, and 15 min with a ramping time of 10
min. The thickness of the TiO, layers were measured with a Veeco
Dektak 150 profilometer. Before staining, the electrodes were annealed
at 500 °C for 30 min using a hotplate.

The counter electrodes were prepared from TEC10 FTO glass sup-
plied by Sigma Aldrich. Holes were drilled into the electrodes from the
FTO-side using a diamond drill bit, this procedure was carried out under
water. The glass plates were then cleaned using Deconex 21 (aq., 2 g/L),
deionized water, ethanol, and acetone, in an ultrasonic bath for 15 min
for each. A catalytic layer of PEDOT was formed following the electro-
chemical deposition procedure reported by Ellis et al. [50].

The photoanodes were placed in the dye bath while still holding
~80 °C from the annealing procedure and stored in an oven at 30 °C
overnight. The dye baths were prepared using a mixture of t-BuOH,
MeCN and THF (1:1:1, v/v) to make a solution of dye and co-adsorbent
CDCA, at concentrations of 0.1 mM and 1 mM respectively. The staining
of the benchmark dye Y123 was done similarly, but the solvents used
was in this case t-BuOH and MeCN (1:1, v/v). Following 15 h of staining
the electrodes were rinsed in acetonitrile for 2 min, then sealed to the
counter electrode using Surlyn (25 pm, Solaronix) in a drybox. A4 x 20 s
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treatment of the cell using a 50 W PTC heat element was sufficient to seal
the cells. The electrolyte was vacuum backfilled into the device, the
filling-hole was sealed with Surlyn and a glass cover disk, then to
complete the devices the electrodes were painted with silver conducting
paint (Electrolube, SCP). The electrolyte employed consisted of [Cu(I)
(dmp)2]TFSI (0.20 M), [Cu(I1)(dmp)2]1(TESD) (0.10 M), LiTFSI (0.10 M),
and N-methylbenzimidazole (0.60 M) dissolved in dry acetonitrile.

4.3. Device characterization

J-V curves were obtained under 1 sun illumination AM 1.5G illu-
mination provided by a Sciencetech SP300B solar simulator, calibrated
with a Newport Reference Cell (91150V), connected to a Keithley 2450
SourceMeter. A mask with an active area of 0.238 cm? was used on all
the J-V measurements. [PCE measurements were carried out using a
halogen lamp (Ocean Optics HL-2000) and a monochromator (Spectral
Products CM110) connected to the Keithley 2450. The devices and the
reference photodiode (Thorlabs, FDS100-CAL) were covered with a
mask with a size of 0.049 cm?.

The electrochemical impedance properties were measured in a light-
exclusion box containing a Zahner CIMPS QE/IPCE TLS03 tunable light
source under constant illumination at wavelength 479 nm with an in-
tensity of 12.6 mW/cm?. The procedure for these measurements is
identical to our previous study [16]. The transmission line model pre-
sented by Fagregat-Santiago et al. [51] was used to fit the data obtained
from the measurements.
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