Auxiliary donors for phenothiazine sensitizers for
dye-sensitized solar cells — how important are they
really?+
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Auxiliary donors are common design motifs for phenothiazine sensitizers for dye-sensitized solar cells.
Despite this, there are only a few reports on their overall contribution to the photon-to-electron
conversion efficiency. Twelve sensitizers have been prepared and investigated, including ten different
auxiliary donors in addition to a control with no auxiliary donor. The various auxiliary donors improved
tne PCE by a modest 4-11%, and pyrene (AFB-19) was determined to be the most efficient auxiliary
donor, with the best cell delivering a PCE of 5.36%. Included in the dye series was also the champion dye
within the phenothiazine class. With a reported PCE of 12.1%, it would be an excellent phenothiazine
reference dye. The high Vo of 0.83 V of this dye is worth further investigation, but the absorption and

photovoltaic performance in this work does not correlate with the previously reported PCE of 12.1%.

Introduction

Dye-sensitized solar cells based on mesoscopic oxide electrodes
are a promising third generation photovoltaic technology first
described by O'Regan and Gritzel in 1991." Their major advan-
tages over traditional solar cell technologies are their inherent
tunability with regard to colour and flexibility. In addition, very
low production costs and ease of production are encouraging
aspects. Recently, DSSCs have also emerged as interesting
components for low power devices for the Internet of Things
(IoT).” Transparent solid state DSSCs are also a crucial component
of a new technology for focus-induced photoresponse distance
measurements, which is developed by the company trinamiX.?

Dye development has been an important driving force in the
DSSC field. The earlier reported dyes were based on chlorophyll-
like porphyrin structures®” as well as ruthenium(u) bipyridine
complexes such as N3, and later N719.° Recognizing the limi-
tations of these dyes led to the development of metal-free dyes,
allowing for higher extinction coefficients, tunability and easier
purification in dye synthesis.” For a more complete description
of the workings of a DSSC, dye development and device char-
acterization, we refer the reader to a number of very good
reviews on the topics.®™"!
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While metal-based dyes rely on a metal-to-ligand-charge-
transfer (MLCT) process, metal-free dyes operate vig an internal
charge transfer excitation and often use a design concept
following the donor-m-acceptor/anchor (D--A) layout.

Other design concepts without a traditional donor group
have also been reported.'" The most utilized anchoring group
is cyanoacrylic acid which also provides a pulling effect."
Common m-spacers are usually based on phenyls,” five-
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membered heterocycles' or fused heterocycles,'” while popular
donor groups include triarylamines,'* phenothiazines,*?* and
coumarins,?* among others.

The role of the donor group is to provide an inductive
pushing effect helping with charge injection upon excitation.
Donor groups may also be able to carry the positive charge of
the sensitizer, keeping them spatially separated from TiO, to
suppress electron recombination and facilitate regeneration
from the redox shuttle. Many metal-free dyes utilize a moiety
called an auxiliary donor, making the dye layout a D-D-m-A
system, as illustrated in Fig. 1. These auxiliary donors are re-
ported to increase the extinction coefficient of sensitizers when
directly in conjugation with the main chromophore, leading to
higher power conversion efficiencies of DSSCs.*

For the phenothiazine scaffold, some of the most common
auxiliary donors are para-alkoxy phenyls**** ortho- and para-
alkoxy phenyls,** triphenylamines®?” and carbazoles.*

Although a number of auxiliary donors have been tested for the
phenothiazine scaffold, only a few reports actually compared the
auxiliary donors to the auxiliary donor-free dye.***”* In these
cases the contribution from the auxiliary donors varies from
a 16% decrease to a 14% increase in performance, thus
highlighting the importance of understanding how different
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Fig.1 D-D-m-A structure of AFB-19.

auxiliary donors affect the phenothiazine dye performance.
Because the aromatic system of 10H-phenothiazine in the
ground state is bent, the conjugation is broken at the Nand S
bridges. This implies that the nature of the auxiliary donor is
predominantly to provide an inductive push in the push-pull
system of D-D-1-A phenothiazine dyes.

However, the auxiliary donor is also part of the sensitizer
molecule that is most likely to interact with the redox shuttle in
regeneration of the oxidized dye molecule. Therefore, the role of
the auxiliary donor must be more complex than that of a simple
clectron donating substituent. Several auxiliary donors have
been designed to increase its interactions with certain redox
shuttles, in particular copper and cobalt complexes.*=**

In order to gain further understanding of the role and
importance of the auxiliary donor in phenothiazine dyes, we
have prepared ten dyes by varying only the auxiliary donor. The
rest of the dye molecules remain the same with a thiophene 7-
spacer, n-hexyl anti-aggregation chain, 10H-phenothiazine core
and cyanoacrylic acceptor and anchoring group. The auxiliary
donors selected for this study include six different phenyl-
based, three naphthyl-based and pyrene, as shown in Fig. 2. In
addition we have included a dye without any auxiliary donor,
which was previously reported by both Yang et al.* and Wei
et al.”. Finally, a reference dye reported by Nagarajan et al.* was
also synthesized in an attempt to verify their claim of over 12%
efficiency, which was also used as a helpful yardstick for our
own sensitizers.

Results and discussion
Dye synthesis

The synthesis of the building block 3,7-dibromo-10-hexyl-10H-
phenothiazine (1) as well as dyes AFB-8 and AFB-9 has
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Schemel Generalsynthesis route to dyes AFB-8, 9, and 12-19 as well
as the dehalogenation route to AFB-20. (a) Suzuki coupling, (b) bor-
ylation-Suzuki two-step reaction, (c) Pd-catalyzed dehalogenation,
and (d) Knoevenagel condensation. For details, see the ESL{

previously been reported by the authors.”” All detailed synthetic
procedures are given in the ESILT
scheme for dyes AFB-8, 9, and 12-19 is shown in Scheme 1. The

and a general synthesis

various auxiliary donors were introduced using a Suzuki cross
coupling from their respective aryl boronic acids. This reaction
displays low chemoselectivity, leading to roughly a 1:2:1
distribution of starting material 1, the desired monocoupled
products and the dicoupled byproducts. The starting material is
possible to recover, and the purifications are usually uncom-
plicated, so we have selected this approach rather than the fairly
popular route of a monobromination followed by a Suzuki
coupling and then another bromination.?** If no m-spacer is
required, then formylation followed by bromination is
a common approach.”** In the synthesis of dye 18, the tert-
butyldimethylsilyl ether (TBDMS) protecting group of the
naphtholic boronic acid was cleaved during the Suzuki
coupling, and rather conveniently the deprotected naphthol
product 8 was obtained. Deprotection of TBDMS with mild
carbonate bases or palladium(u) is not unheard of,** but we
were positively surprised by the efficiency of the deprotection,
eliminating the need for a separate deprotection step.

In order to efficiently introduce the thiophene w-spacer,
a bomylation-Suzuki two-step approach was used. First the
building blocks with the auxiliary donor moieties were borylated,
following a protocol by Billingsley and Buchwald.” Without
further purification, the crude phenothiazine pinacol boronic
esters were coupled with 5-bromo-2-thiophenecarboxaldehyde
using Pd(OAc), and SPhosina1: 1 (v/v) mixture of water and 1,4-
dioxane at 80 °C. The resulting aldehydes were then converted
into cyanoacrylic acid anchoring groups via the Knoevenagel
condensation following the procedure of Igbal et al* using
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Fig. 2 Structures of the twelve dyes investigated.
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Scheme 2 Synthetic route to Dye 2. (a) Ethynyltrimethylsilane,
PdCl5(PPhs),, Cul, EtzN, 80 °C; (b) NaOH, r.t.; (c) NaH, 1-bromooctane,

66 °C; (d) DMF, POCls, 1,2-dichloroethane, reflux; (e) NBS, r.t.; (f)
PdCl,(PPhs),, Cul, EtsN, 80 °C; (g) cyanoacetic acid, piperidine, 80 °C.

cyanoacetic acid and piperidine in acetonitrile. The workup and
purification conditions were kept as similar as possible for all the
target molecules, in case any residual reagents or solvents
affected the molecular properties in any way.

Sensitizer AFB-20 has previously been prepared through
monobromination approaches by Yang et al.** and Wei et al.*
By using the precursors already at hand, we obtained AFB-20
through another route (Scheme 1). First, a Suzuki coupling
catalyzed by the Pd(OAc),/SPhos system introduced the thio-
phene carboxaldehyde in a non-selective manner. (5-For-
mylthiophen-2-yl)boronic acid proved to be less stable than

phenyl-based boronic acids; thus, a larger excess (1.5 eq.) was
required to obtain comparable conversion.

The monocoupled product 19 obtained after purification was
debrominated in a palladium catalyzed reaction as reported by
Chen et al.,** using Pd(OAc),, triphenylphosphine and K,CO; in
n-butanol at 100 °C to yield compound 20. The Knoevenagel
condensation produced sensitizer AFB-20, bearing no auxiliary
donor.

Because the reference sensitizer Dye 2 has no m-spacer
between the phenothiazine core and the anchoring group,
a slightly different synthetic route had to be employed (see
Scheme 2). First, 10H-phenothiazine was alkylated at the 10H
nitrogen atom, followed by monoformylation by Vilsmeier—
Haack reaction and a bromination with N-bromosuccinimide
(NBS). The resulting building block 25 was then coupled with 1-
ethynylpyrene (22) in a Sonogashira cross coupling before the
final Knoevenagel reaction installed the anchoring group using
the same conditions as for the other dyes.

Photophysical properties

The UV/Vis absorption spectra of all dyes in THF and anchored
on TiO, films are shown in Fig. 3, and extinction coefficients
and absorption maxima are given in Table 1. The absorption
spectra of all dyes display two major peaks: one between 300
and 400 nm is attributed to the w-m* excitation of the aromatic
system, while the other peak is found in the region between 400
and 500 nm, which is the internal charge transfer (ICT)
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Fig.3 (aand b) Absorption spectra of all dyes in THF solution (2 x 10>
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Wavelength (nm)

M). (a) AFB-8, 9, and 12 to 15 have phenyl-based donors, (b) AFB-16 to 18
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Table 1 Photophysical properties of all dyes

Dye Jabs” (nm) eM tem™h) Em.” (nm) Aabs 0N TiO, (nm) Eoo? (V) Eo’ (V vs. SHE) Eromd (V vs. SHE)
AFB-8 441 22 200 626 432 2.32 0.94 —1.38
AFB-9 439 20 600 637 441 2.33 0.90 —1.43
AFB-12 459 19 050 601 444 2.36 0.91 —1.45
AFB-13 442 23 250 629 443 2.32 0.92 —1.40
AFB-14 457 22 600 618 444 2.32 0.87 —1.45
AFB-15 443 22 600 617 431 2.36 0.86 —1.50
AFB-16 455 21 350 618 445 2.34 0.93 —1.41
AFB-17 450 19 850 629 440 2.30 0.90 —1.40
AFB-18 437 20 200 594 430 2.32 0.90 —1.42
AFB-19 441 24 450 620 441 2.36 0.92 —1.44
AFB-20 436 20 050 624 426 2.36 1.01 —1.35
Dye 2 418 27 550 585 n/a® 2.42 1.06 —1.36

@ Maximum of the most red-shifted pcak Emission when the ICT band is excited, in THF solution. ©
Calculated from the intersection of the absorption and normalized emission spectra.
I Calculated from E,y — Eg_o.  No clear peak to assign.

TiO, (2.5 um, GreatcellSolar 18NR-T). ¢
Fc*/Fe and converted to V vs. SHE by a conversion factor of 0.624.

transition process. The ICT peaks of dyes on TiO, are blue-
shifted by approximately 10 nm compared to the solution
measurements. The absorption of the two pyrene-containing
sensitizers displays irregular features in the spectra, likely to
stem from separate absorptions within the pyrene moiety. The
UV/Vis absorption spectra of 1-bromopyrene and 1-ethynylpyr-
ene (ESI, Fig. S2+) display similar irregular absorption features
in the same region.

All the sensitizers with phenyl-based auxiliary donors have
very similar UV/Vis absorption properties. The absorption
maxima of the two dyes with ortho-methoxy substituents on the
phenyl donor are red-shifted by about 20 nm compared to the
rest of the selection. However, the optical bandgaps are all in
the range of 2.32-2.36 ¢V, and the differences in extinction
coefficients are also very small. The naphthyl series displays
largely the same properties as the phenyl dyes in terms of
bandgaps, absorption maxima and extinction coefficients. For

Maximum of the m()st red-shifted peak on
¢ Measured in DMF vs.

this series, the triethylene oxide methyl ether containing dye
AFB-18 causes a blue-shift of the absorption maxima of about 15
nm; however, the bandgaps are virtually unchanged. The spec-
trum of AFB-20 (no auxiliary donor) reveals an ICT band
comparable in intensity and position to that of the dyes with
auxiliary donors, but the m-7* excitation is noticeably less
pronounced. From UV/Vis absorption spectra it is therefore
quite clear that the auxiliary donors in phenothiazine dyes do
not significantly increase the ICT transition.

Electrochemical properties

Cyclic voltammetry was performed for all dyes to determine the
oxidation potentials of the sensitizers, and they all displayed
a single reversible oxidation peak. The dyes are sparingly
soluble in acetonitrile, so DMF was selected to ensure that all
dyes could be measured in the same solvent. Acetonitrile is the
main component of the DSSC electrolyte, so when measuring
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Fig. 4 HOMO and LUMO levels of all dyes. We calculated the HOMO levels from the oxidation potentials of the dyes measured with cyclic
voltammetry, and the LUMO levels were calculated from the optical band gaps.



the sensitizers in DMF slightly shifted values may be obtained,
but any difference is assumed to be comparable for all twelve
sensitizers and not of significant magnitude.** Cyclic voltam-
mograms are shown in the ESI (Fig. S3 and S47), the extracted
values for the oxidation potentials vs. SHE are shown in Table 1,
and Fig. 4 gives a visual summary of the position of the HOMO
and LUMO levels of the dyes. All the dyes apart from AFB-20 and
Dye 2 display an E, value in the range of 0.86-0.94 V vs. SHE.
For AFB-20 and Dye 2, the E, values were found to be 1.01 and
1.06 V, respectively. Compared to AFB-20, the introduction of
these auxiliary donors raises the HOMO levels by up to 0.15 eV.
While using the I'/I;7 redox couple there is still sufficient
driving force for regeneration, a higher HOMO could give rise to
regeneration problems when working with cobalt or copper
redox couples. The di-substituted auxiliary donor dyes (AFB-14
and 15) have, by a very small margin, the highest positioned
HOMO levels. Only slightly below are the mono-substituted
phenyl and naphthyl-substituted dyes, which are indistin-
guishable by cyclic voltammetry.

All the oxidation potentials should be sufficiently higher
electrolyte (0.35 V vs.
NHE®) in order for efficient regeneration to take place. The
calculated LUMO levels of the dyes (Eq
from —1.35 to —1.50 V vs. SHE, giving all sensitizers sufficient
driving force for the charge injection process into TiO, (—0.5 V
vs. SHE) to be favorable.

than the redox potential of the I /I;

Ey) are all found

Photovoltaic performance

Three DSSC devices were fabricated and characterized for each
sensitizer. The J-V curves measured under 1 sun AM 1.5G illu-
mination (100 mW c¢m ™ ?) and the incident-photon-to-current
conversion efficiency (IPCE) spectra are shown in Fig. 5 and 6,
respectively. When comparing AFB-20 to the rest of the dyes, it
is clear that the use of an auxiliary donor improves the PCE by
4-11%, with an average improvement of 7% (Table 2). The most
efficient dyes, Dye 2 and AFB-19, also display a higher dye
loading compared to AFB-20 (ESI, Table S11). By grouping the
efficiencies of the phenyl-based (AFB-8, 9, and 12-15), naphthyl-

based (AFB-16, 17, and 18) and pyrene (AFB-19) auxiliary
donors, the average PCE values are 4.80, 4.86 and 5.00%,
respectively. The series composed of AFB-8, AFB-16 and AFB-19
also displays the same trend. The efficiencies increase from
4.76% for phenyl to 4.90% for naphthyl and 5.00% for the
pyrene auxiliary donor. We must however stress that the
statistical basis for these claims is marginal, as the overall
performance differences between the auxiliary donors are rela-
tively small.

From the IPCE spectra in Fig. 6 it is clear that Dye 2 is an
efficient light harvesting molecule but has the narrowest IPCE
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Fig. 5 Current—voltage plots for the best DSSC device fabricated for

each sensitizer.

Table 2 Photovoltaic performance of all dyes under 1 sun AM 1.5G illumination and from IPCE measurements

Dye IPCE Jsc® (mA em™?) Jsc (MA em™?) Voc (V) FF PCE (%)

AFB-8 8.76 9.12 £ 0.15 0.78 £+ 0.01 0.67 £ 0.00 4.76 £ 0.00
AFB-9 8.73 8.89 & 0.07 0.78 + 0.00 0.70 = 0.02 4.81 £ 0.13
AFB-12° 8.84 9.03 & 0.21 0.75 + 0.01 0.69 £ 0.01 4.67 £ 0.10
AFB-13 9.28 9.40 & 0.48 0.76 + 0.00 0.70 £ 0.02 4.95 £ 0.15
AFB-14 9.49 9.32 4 0.32 0.75 + 0.00 0.68 £ 0.00 1.76 £ 0.19
AFB-15 8.62 8.65 & 0.07 0.79 + 0.00 0.71 = 0.02 4.84 £ 0.19
AFB-16 10.02 9.90 & 0.30 0.73 + 0.01 0.68 = 0.01 4.90 £ 0.17
AFB-17 9.47 9.46 £ 0.14 0.74 + 0.00 0.70 £ 0.01 4.90 £ 0.14
AFB-18 8.91 8.75 & 0.45 0.78 £+ 0.00 0.70 £ 0.02 4.79 £ 0.11
AFB-19 9.16 9.00 & 0.44 0.78 £+ 0.00 0.72 £ 0.02 5.00 £ 0.20
AFB-20 7.97 8.21 4 0.05 0.76 + 0.00 0.72 4 0.01 4.51 £ 0.08
Dye 2 8.55 8.91 4 0.07 0.83 +0.01 0.70 £ 0.02 5.16 £ 0.03
N719 12.97 13.20 £ 0.13 0.76 + 0.01 0.70 £ 0.01 6.98 £ 0.10

“ Obtained by integration of the IPCE spectrum over the 1 sun AM 1.5 G spectrum. ? Average values of two cells.
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Fig. 6 IPCE spectra for the best DSSC device fabricated for each
sensitizer.

spectrum of the dyes in this study. The no auxiliary donor dye
AFB-20 also suffers from lower absorption in the region above
500 nm, resulting in a lower overall performance. Not surpris-
ingly, the rest of the sensitizers have very similar IPCE spectra.

The sensitizer Dye 2 is previously characterized with an
impressive Jsc of 24.2 mA em > and Voc of 846 mV.* By the
addition of 50 eq. of chenodeoxycholic acid (CDCA) to the
staining solutions, the authors reported a 6% decrease in dye
loading from 5.51 x 1077 to 520 x 1077 mol em 2, fs¢
increased by 77% and the PCE was improved by 62%. From
Fig. 7, it is evident that a sensitizer delivering this impressive fs¢
will need an absorption onset above 760 nm, corresponding to
a bandgap smaller than 1.63 eV.* In addition, integration of the
IPCE spectra published by Nagarajan et al’® yields a more
modest 7 mA cm % and an absorption onset of 605 nm esti-
mated from the published absorption spectra on TiO, supports
a maximum short-circuit current of 13 mA em ™2 The reported
open-circuit voltage is also remarkably high, considering the
reported electrolyte contains 0.5 M Lil. The presence of Lil in
the electrolyte reduced the Vo by lowering the Fermi level of
TiO,, and the Vo obtained for the same sensitizer in this work
was 830 mV without any addition of Lil. Based on the insuffi-
cient absorption properties, the lack of a reference sensitizer
and the inconsistencies between the published IPCE and /~V
data, it is the authors’ opinion that a calibration error or similar
is the cause of the 12.1% PCE reported by Nagarajan et al. As
stated by Christians et al.*” for the field of perovskite solar cells,
any difference larger than 20% between Jso values from J~V
sweeps under 1 sun and Jse from IPCE integration should call
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Fig. 7 By integration of the AM 1.5G solar spectrum the theoretical
maximum Jsc attainable from a device can be calculated and plotted
against the corresponding sensitizer absorption onset.*® The arrows

indicate the maximum Jsc for a dye with an absorption onset of 605

nm and the required onset to achieve a Jsc of 24 mA cm 2.

for further experimental support or explanation. There should
be no reason for this not to be considered the best practice
within the DSSC field as well.

The best sensitizer, AFB-19, was also tested with the copper
electrolyte, Cu(ml)(tmby]ZTFS]Z,l. The devices were fabricated
using photoanodes with 4 pm 30NR-D TiO, paste + 4 pm scat-
tering paste, and counter electrodes with a catalytic PEDOT
layer deposited by electropolymerization.*® A moderate PCE of
2.27% was obtained for the devices. The J-Vspectra and data are
given in the ESI (Fig. S5 and Table S27). The performance was
likely affected by the HOMO level position of AFB-19, only 50
mV below the redox potential of the Cu(tmby) electrolyte re-
ported at 0.87 V.* Photovoltages of up to 1.1 V are common for
this electrolyte,” but our devices delivered a V¢ of only 910 mV,
indicating that an insufficient driving force for the dye regen-
eration could be the issue. A solution could be to change to
a redox couple with a more negative oxidation potential, as
shown by El-Shishtawy et al. for similar compounds with
a cobalt (/) electrolyte.®

The best dye from the preliminary screening with the iodide
electrolyte was AFB-19. As pyrenes are prone to w-stacking™ and
as our best sensitizer had the pyrene auxiliary donor, we were
eager to see how dependent the performance was on the pres-
ence of the anti-aggregation additive chenodeoxycholic acid
(CDCA) in the staining solutions. Five new sets of devices were
fabricated with zero, 1, 5, 10 and 20 molar equivalents of CDCA
(relative to the sensitizer) in the staining solution, corre-
sponding to 0, 0.5, 2.5, 5 and 10 mM CDCA. All other variables
were unchanged from the initial efficiency screening, and the
results are summarized in Table 3 and Fig. 8. As shown, no
addition of CDCA yields the lowest Jsc and affects the fill factor
negatively. We have no other explanation for this behavior than
the
adjacent sensitizers. The Voc varies by only 11 mV over the
entire concentration range, meaning that the conduction band
edge of TiO, is not affected, nor the injected electron density.
The Js¢ is a crucial variable to the differences in PCE, and

undesirable intermolecular m—m interactions between

a slight drop in Js¢ is observed with increasing the amount of
CDCA from 10 to 20 equivalents, resulting in the peak PCE to be
found at 10 equivalents. The peak PCE value for AFB-19 in this



Table 3 CDCA optimization study for sensitizer AFB-19. The concentrations of CDCA in the staining solutions were 0, 0.5, 2.5, 5.0 and 10.0 mM.
The results are averages of three cells

CDCA (eq.) CDCA conc. (mM) Joc (MA em™2) Voo (mV) FF PCE (%)
0 8.11 £ 0.16 758 £6.9 0.67 £ 0.01 4.12 £ 0.07
1 5 8.59 + 0.23 763 +9.4 0.70 £ 0.02 4.61 £ 0.21
5 2.5 9.16 £ 0.08 753 £4.5 0.70 £ 0.01 4.82 £ 0.11
10 5.0 9.73 £ 0.23 764 £ 6.0 0.71 £ 0.01 5.25 £ 0.11
20 10.0 9.66 £ 0.09 758 £7.8 0.70 £ 0.01 5.14 £ 0.04
1000 765 measurements of the sensitizers at the same electron density
.ﬂg 850 E 760 { (see Fig. 9b).>
% ::3 8 7551 The effect of the auxiliary donor on the lifetime can be seen
2500 ! - — 750 - — when comparing AFB-20 to AFB-12. The presence of the 2-
CDCA (eq.) CDCA (eq.) methoxyphenyl auxiliary donor in AFB-12 doubles the lifetime
s Z;; _ zz: compared to AFB-20, meaning that the recombination is slowed
E it ﬁ' as04 ///N down by the introduction of the auxiliary donors. This could be
= g:: = ::2 highly useful if other redox couples more prone to recombina-

o

1 5 10
CDCA (eq.)

1 5 10
CDCA (eq.)

20

Fig. 8 DSSC characteristics for various CDCA concentrations ranging
from zero to 20 equivalents for sensitizer AFB-19. Average values from
three devices.

concentration screening was 5.25% with a smaller standard
deviation compared to the same series in the preliminary
screening, corresponding to a 27% increase in performance
compared to 0 mM CDCA. As the other auxiliary donors are
considered less prone to aggregation, lower concentrations of
CDCA could be favorable, but further investigation would be
needed for each sensitizer.

In order to explain the high V¢ observed for Dye 2 we con-
ducted electron lifetime and charge extraction experiments on
a new set of devices. Also included were the most (AFB-19) and
least (AFB-12) efficient dyes of the study in addition to the no
auxiliary donor dye (AFB-20).

The V¢ of a device is normally dictated by the position of the
TiO, Fermi level and the redox potential of the redox couple.
Further, the Fermi level position of the TiO, is in turn depen-
dent on both the conduction band edge and the electron
concentration. From charge extraction measurements at
different light intensities, one obtains a range of extracted
By
comparing the lines from the sensitizers in Fig. 9a at the same

charges with corresponding open circuit potentials.

charge density, it is possible to estimate the relative conduction
band shift caused by each sensitizer from the horizontal shift of
each line. Consequently, the conduction band edge of Dye 2 is
shifted upwards by 45 mV relative to that of AFB-12.

By correcting the Vg values by the conduction band edge
shift observed in Fig. 9a, a new set of lifetime curves can be
obtained. By exponential regression, the lifetime values for the
potentials of the charge extraction measurements can be
calculated. Finally, by plotting the calculated lifetimes against
Qoc values is able to compare the lifetime

the one

tion are of interest for similar sensitizers. Because the lifetime
of Dye 2 is similar to that of both AFB-12 and AFB-19, we

1.5E-04
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S 4
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O Dye 2
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Fig.9 (a) Charge extraction measurements at different lightintensities

and (b) electron lifetime measurements corrected for conduction
band shift relative to AFB-12 in (a) and then plotted against the
extracted charge for the same potentials.



interpret the observed V¢ shift to be predominantly caused by
the conduction band shift and not by longer electron lifetimes.

The overall assessment of auxiliary donors for phenothiazine
sensitizers is that they do provide only a moderate performance
enhancement, through a slight increase in absorption and
increased electron lifetimes. Because they are not in conjugation
with the anchoring group, their contribution is limited to an
inductive nature. In turn, this could be why the observed effects
are only moderate. On the other hand, auxiliary donors could be
used for tuning the properties not directly related to absorption,
such as interactions with the redox couple, adjacent sensitizers or
other electrolyte additives. If the use of copper or cobalt redox
couples is desired for phenothiazine sensitizers, the synthetic
efforts should be placed on tailoring the HOMO level, lowering
the LUMO level and increasing the molar extinction coefficients.

Conclusions

In an attempt to understand the role of the auxiliary donor in
phenothiazine sensitizers for DSSCs, we synthesized a series of
dyes by varying only this moiety. Twelve sensitizers were eval-
uated, including ten different auxiliary donors, a reference
sensitizer with no auxiliary donor and a “champion” pheno-
thiazine dye (Dye 2).

The introduction of auxiliary donors marginally improved
the absorption properties, raised the HOMO levels by up to 0.15
eV and improved the PCE by 4-11%, predominantly due to
increased Jg¢ values. From electron lifetime and charge extrac-
tion measurements, it was also established that the addition of
an auxiliary donor increased the electron lifetime by a factor of
two. For the auxiliary donors, the efficiency followed the order
phenyl < naphthyl < pyrene, with average PCEs of 4.76%, 4.90%
and 5.00%. However, the overall performance differences
between the auxiliary donors are within the limits of the stan-
dard deviations of the individual measurements. The effect of
the chenodeoxycholic acid concentration in the staining solu-
tion for AFB-19 revealed that a 10-fold molar excess was the
most favorable concentration. The best device of the study was
sensitized with AFB-19, delivering a photon-to-electron conver-
sion efficiency of 5.36% with a Jsc = 9.99 mA ecm 2 Voc = 765
mV and FF = 0.70.

The phenothiazine sensitizer with the highest reported PCE
of 12.1% with an I /I3~ electrolyte was also evaluated.*
Although the dye had a high Vg, the performance in terms of
PCE was not significantly different from that of the other
phenothiazine dyes in this study. Furthermore, integration of
the published IPCE spectra implies that the PCE values reported
by Nagarajan et al. are twice as high as theoretically possible
under 1 sun AM 1.5G illumination. We therefore strongly
encourage the practice of integrating the IPCE spectra and the
use of reference sensitizers in this field.

Experimental section
Materials and reagents

Unless specifically mentioned, all reactions were performed
under an inert atmosphere with chemicals used as received

from Sigma Aldrich. The experimental procedure for the
synthesis of the sensitizers can be found in the ESIL{

Characterization

NMR analyses ('H and *C) were performed on either a Bruker
400 or 600 MHz spectrometer. Infrared absorption (IR) spectra
were recorded on a Bruker Alpha FTIR spectrometer in attenu-
ated total reflection (ATR) mode. UV/Vis spectra were recorded
on a Hitachi U-1900 UV/Vis-spectrophotometer in quartz
cuvettes with 10 mm light path. Fluorescence spectrophotom-
etry was carried out on a Varian Cary Eclipse in quartz cuvettes.
HRMS analysis was performed on a Waters Synapt G2-S Q-TOF
instrument using either ASAP or ESI ionization.

Device fabrication

TEC-10 FTO glass sourced from Sigma Aldrich was washed with
Deconex 21 solution (2 ¢ L' H,0) in an ultrasonic bath for 45
minutes before being rinsed with deionized water and ethanol.
UV/O; cleaning for 15 minutes (Novascan PSD PRO-UV T6) was
performed to remove organic contaminants from the FTO glass.
A TiO, blocking layer was deposited by two hydrothermal
depositions in 40 mM aqueous TiCl; solution at 70 °C for 30
minutes.

Two active layers of TiO, (18NR-T, GreatcellSolar) and one
scattering layer (WER2-0, GreatcellSolar) were screen printed
(mesh 53T, active area 0.238 ¢m®) and then placed in a levelling
chamber with ethanol for 3 minutes before drying on a hotplate
for 6 minutes at 125 °C between each print. The electrodes were
sintered in a programmable furnace (Nabertherm LT 9/12) with
the ramping program of 125, 250, 325, 450, and 500 °C for 5, 5,
5, 15 and 15 minutes with 10 minutes ramping between each
step. The total TiO, thickness was measured to be 16.5 um (11
um + 5.5 pm) using a profilometer (Veeco, Dektak 150). Finally,
a post treatment in 40 mM aqueous TiCl, solution at 70 °C for
30 minutes was performed, followed by rinsing with deionized
water and ethanol.

Platinum counter electrodes were fabricated from TEC-8
FTO glass (GreatcellSolar). Holes were drilled with a diamond
drill bit, and a 10 mM H,PtCl platinum precursor solution in 2-
propanol was drop-cast (5 uL em ™ 2) onto the FTO and heated at
400 °C for 15 minutes. Prior to assembly, the counter electrodes
were dried by a hot air gun at 400 °C for 25 minutes.

Due to varying indoor temperatures in Arctic Norway,
staining of the electrodes was performed overnight in a 30 °C
cabinet. Prior to staining the electrodes were annealed by a hot
air gun at 480 °C for 25 minutes, and upon cooling to 80 °C they
were immersed in the staining solutions. A dye concentration of
0.5 mM was used along with 10 equivalents of CDCA unless
specified otherwise. N719 was stained using absolute ethanol
while the organic dyes were stained using a mixture of aceto-
nitrile and stabilized THF (43 :57, v/v), which equates to
a dielectric constant of 20, previously reported as the optimal
value for dye staining.®* After a staining time of 18 hours, the
electrodes were rinsed with acetonitrile for 2 minutes before
being sealed with the counter electrodes using a Surlyn gasket



(60 pm, Solaronix) in a drybox. Heating using a 50 W PTC heat
element for 2 x 20 seconds provided efficient sealing.

The A6141 electrolyte contained 0.60 M 1-butyl-3-methyl-
imidazolium iodide, 0.03 M I,, 0.10 M guanidinium thiocyanate
and 0.50 M tert-butylpyridine in a mixture of acetonitrile and
valeronitrile (85:15, v/v).® The electrolyte was injected by
vacuum backfilling before the hole was sealed with Surlyn and
a circular glass cover disc. The electrodes were painted with

conductive  silver  paint  (Electrolube, SCP)  before
characterization.

Device characterization

J-V characteristics of the DSSCs were obtained under 1 sun AM

1.5G illumination from a Sciencetech SP300B solar simulator
calibrated with a Newport Reference Cell (91150V), connected to
a Keithley 2450 SourceMeter. The J-V scan rate was 12 mV s,
scanning from short-circuit to open-circuit. A circular mask
with an aperture of 0.238 cm® was used for all -V measure-
ments. IPCE measurements were recorded from a device
assembled using a halogen lamp (Ocean Optics HL-2000) and
a monochromator (Spectral Products CM110) connected to the
Keithley 2450 and programmed in LabView. The DSSCs and the
NIST traceable calibrated photodiode (Thorlabs, FDS100-CAL)
were masked with an aperture of 0.049 em?. Charge extraction
and electron lifetime measurements were performed using
a Dyenamo Toolbox. For the charge extraction measurements,
the devices were illuminated using a white LED for 1 second at
open circuit. When the light is switched off, the device is short-
circuited and the extracted charge integrated. This is repeated
for several light intensities by adjusting the LED bias from 50 to
450 mA in 50 mA
measurements, the LED light intensity was modulated, giving
an AC response signal from the device from which the electron
lifetimes were calculated.

increments. In the electron lifetime
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