Downloaded via CNR on March 30, 2022 at 07:29:12 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IENAPPLIED
ENERGY MATERIALS

Ho®
Www.acsaem.org

Effect of the Ancillary Ligand on the Performance of Heteroleptic
Cu(l) Diimine Complexes as Dyes in Dye-Sensitized Solar Cells

Daniele Franchi, Valentina Leandri, Angela Raffaella Pia Pizzichetti, Bo Xu, Yan Hao, Wei Zhang,
Tamara Sloboda, Sebastian Svanstrém, Ute B. Cappel, Lars Kloo, Licheng Sun, and James M. Gardner™

Cite This: ACS Appl. Energy Mater. 2022, 5, 1460-1470 I: I Read Online

ACCESS | Ll  Metrics & More ’ Article Recommendations | @ Supporting Information

ABSTRACT: A series of heteroleptic Cu(I) diimine complexes
with different ancillary ligands and 6,6’-dimethyl-2,2-bipyridine-
4,4'-dibenzoic acid (dbda) as the anchoring ligand were self-
assembled on TiO, surfaces and used as dyes for dye-sensitized
solar cells (DSSCs). The binding to the TiO, surface was studied
by hard X-ray photoelectron spectroscopy for a bromine-
containing complex, confirming the complex formation. The
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performance of all complexes was assessed and rationalized on Einding/Energy/(V)
the basis of their respective ancillary ligand. The DSSC i 5
photocurrent—voltage characteristics, incident photon-to-current / A

conversion efficiency (IPCE) spectra, and calculated lowest
unoccupied molecular orbital (LUMO) distributions collectively
show a push—pull structural dye design, in which the ancillary
ligand exhibits an electron-donating effect that can lead to improved solar cell performance. By analyzing the optical properties of the
dyes and their solar cell performance, we can conclude that the presence of ancillary ligands with bulky substituents protects the
Cu(I) metal center from solvent coordination constituting a critical factor in the design of efficient Cu(I)-based dyes. Moreover, we
have identified some components in the I"/I;"-based electrolyte that causes dissociation of the ancillary ligand, ie., TiO,
photoelectrode bleaching. Finally, the detailed studies on one of the dyes revealed an electrolyte—dye interaction, leading to a
dramatic change of the dye properties when adsorbed on the TiO, surface.

KEYWORDS: DSSC, diimine copper(I) complexes, copper photosensitizers, in situ assembling, heteroleptic complexes,
hard X-ray photoelectron spectroscopy, push—pull, density functional theory calculation

B INTRODUCTION and perhaps the most famous, class of metal complexes
employed as dyes consists of ruthenium(II) polypyridyl
complexes.'” Some of these compounds have shown record
photon-to-current conversion efficiencies (PCEs) above 10%
for more than a decade.'*"” Among them, the most well-
known dyes are the [cis-(dithiocyanato)-Ru-bis(2,2'-bipyri-
dine-4,4'-dicarboxylate)] complex, N3, and its doubly
protonated tetrabutylammonium salt, N719.'"'® Another
class of metal complexes that have been widely studied as
photosensitizers is metal-based porphyrin derivatives.'”*° The
Zn porphyrins YD2-0-C8, SM371, and SM315 are of particular
interest, as they have shown superior performances to those of
the Ru(II) complexes in DSSCs, exhibiting solar cell PCEs of
11.9, 12.0, and 13.0%, respectively‘“’22 More recently, Cu(I)

Inspired by the natural process of photosynthesis, dye-
sensitized solar cells (DSSCs) have received great interest in
the past 30 years."”” One of the features that distinguish DSSCs
from other photovoltaic technologies is the possibility to easily
tune their color, paving the way for nonconventional
applications involving building integration and indoor
applications.”* The reason for the simplicity of color tuning
of DSSCs, as compared to other types of solar cells, resides in
one of their key components: the molecular dye or
photosensitizer.

In DSSCs, the dye is typically an organic, molecular
compound, or a coordination complex, which is responsible
for light harvesting and electron transfer into the conduction
band (CB) of a semiconductor electrode (typically TiO,) to ————
which it is chemically bonded. Organic dyes offer high molar Received: September 7, 2021 * o ;
extinction coefficients, important for light harvesting, and an Accepted:  December 22, 2021 - ;
extended structural variety that can be tuned to optimize the Published: January 13, 2022 S
spectral absorption range.”” "' Despite the appealing properties m
of the organic sensitizers, it is mostly coordination complexes =
that have offered record performances in DSSCs.'” The first,
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diimine complexes have attracted special attention.”*~** These
complexes have been used for a variety of applications in
DSSCs as hole-transporting materials (HTM), redox media-
tors, as well as dyes.”°">’ The potential for combining
copper(l) dyes with a wide band gap semiconductor such as
TiO, for light harvesting and photoconversion was first
demonstrated by Sauvage and co-workers in 1994.°%°" Despite
a growing interest in the photovoltaic application of bis-
(diimine )copper(I) complexes, little progress was made in the
following years.” In 2008, Schaffner and co-workers prepared
DSSCs based on homoleptic copper(I) complexes with 6,6'-
disubstituted 2,2’-bipyridines as dyes, showing promising
results.”® The symmetrical nature of the homoleptic copper(I)
complexes limits the efficiency of a preferred excited-state
electron transfer into the TiO, CB. Therefore, to maximize the
electron injection process, heteroleptic complexes mimicking
the push—pull design exploited in the design of organic dyes
have been synthesized.”*™*” However, copper(I) complexes in
solution are notoriously labile and the exchange of ligands
rapidly occurs. Therefore, the synthesis and study of
heteroleptic copper(I) compounds can be challenging.**~*
One solution to this problem is to rely on bulky substituents,
which prevent the formation of the corresponding homoleptic
complexes, thus leading to stable heteroleptic copper(I)
complexes.*”** This concept has been explored by Odobel
and co-workers, who prepared heteroleptic Cu(I) dyes for
DSSCs showing a PCE of up to 4.7%.** An alternative to this
approach was reported by Housecroft and Constable,””** who
adopted a stepwise, on-surface, self-assembly of the hetero-
leptic complexes by soaking a TiO, substrate first in a solution
of an anchoring ligand L', and subsequently in a solution
containing the homoleptic complex of copper(I) with the
ancillary ligand L”, [Cu(L"),]*. This allowed them to generate,
through ligand scrambling, the desired heteroleptic comglex
[Cu(L')(L")]* anchored on the semiconductor surface.**>°

In our previous work, we have explored the optical and
electrochemical properties of a series of heteroleptic Cu(I)
diimine complexes with 6,6'-dimethyl-2,2'-bipyridine-4,4’-
dibenzoic acid (dbda) as an anchoring ligand and different
ancillary ligands: 2,9-dimethyl-1,10-phenanthroline (dmp); S-
bromo-2,9-dimethyl-1,10-phenanthroline (Br-dmp); 2,9-di-
methyl-4,7-diphenyl-1,10-phenanthroline (bcp); 2,9-di(sec-
butyl)-3,4,7,8-tetramethyl-1,10-phenanthroline (dsbtmp);
2,2/—biq)uinoline (biq); and 2,9-dianisyl-1,10-phenanthroline
(dap).”” The complexes were self-assembled on a TiO, surface
using the aforementioned method. Here, we continue with an
investigation of the complexes as dyes for DSSCs, and we focus
on rationalizing the role of the ancillary ligand with respect to
the photovoltaic performance of DSSCs.

B EXPERIMENTAL SECTION

General Information. All chemicals were purchased from Sigma-
Aldrich and used as received unless noted otherwise. The ligands and
the Cu(I) complexes in this study have been synthesized according to
procedures reported in our previous work.*”

Solar Cell Fabrication. Preparation of Working Electrodes:
Pilkington TECI1S substrates were sequentially cleaned in an
ultrasonic bath first with a detergent solution (RBS 25 from Fluka
Analytical), then deionized water, and finally ethanol. After drying in
air, the substrates were screen-printed (active area, 0.36 cm?*) with a
transparent TiO, paste (two layers, GreatCell Solar 18NR-T) and
then dried at 125 °C for 6 min before being screen-printed with a
TiO, scattering layer paste (two layers, Solaronix, WER2-O). The
samples were heated gradually at 180 °C (10 min), 320 °C (10 min),
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390 °C (10 min), and 450 °C (60 min) in an oven (Nabertherm
Controller P320) under ambient air atmosphere. After sintering, the
samples were immersed into a 40 mM aqueous TiCl, solution at 70
°C for 60 min. Subsequently, the substrates (total thickness around
12—14 pm) were removed from the solution, rinsed with deionized
water, dried, and exposed to a final heating step (500 °C for 30 min).
The TiO, layer was sensitized with the copper(I) complexes
according to the procedure reported in the “Self-Assembly of the
Complexes on TiO,” section. Preparation of Counter Electrodes: A
predrilled one-hole Pilkington TEC8 glass substrate was cleaned
following the same procedure as reported for the working electrodes
and heated in air at 400 °C for 30 min to remove residual impurities.
After cooling to room temperature, 10 uL cm™ of a 4.8 mM H,PtCl,
solution in ethanol was deposited on the glass substrate, followed by
heating in air at 400 °C for 30 min. Solar Cell Assembly: The working
electrode was sealed in a sandwich structure with the counter
electrode using a 25 pm thick thermoplastic Surlyn frame (Meltonix
1170-25 from Solaronix). The electrolyte was introduced into the
sealed devices through the predrilled hole by a vacuum backfilling
technique. Finally, the hole in the counter electrode was sealed with a
thermoplastic Surlyn film with a glass coverslip on top by heating at
120 °C for 20 s.

Self-Assembly of the Complexes on TiO,. The TiO, substrates
were soaked in a 1.0 mM methanol solution of the ligand dbda for 24
h at room temperature. Each electrode was removed from the
solution, washed with methanol, and dried with compressed air. Each
functionalized electrode was thereafter soaked at room temperature
for 24 h in a 1 mM acetonitrile solution of the desired homoleptic
complexes [Cu(dmp),]*, [Cu(Br-dmp),)*, [Cu(bep),]', [Cu-
(dsbtmp),], and [Cu(dap),]*, or, in an acetonitrile solution
containing 1 mM [Cu(CH;CN),]PFs and 2 mM biq ligand,
alternatively in a methanol solution containing 1 mM [Cu-
(CH;CN),]PF4 and 2 mM of the dbda ligand. As a final step, the
electrodes were removed from the dye-bath solution and washed with
acetonitrile.

Film Thickness Characterization. The thickness of the TiO,
electrode layer was determined by means of a profilometer (Veeco
Dektak 150).

Photovoltaic Device Characterization. Current—voltage (I-V)
measurements were carried out with a Keithley 2400 source/meter
and a Newport solar simulator (model 91160); the light intensity was
calibrated using a certified reference solar cell (Fraunhofer ISE) to an
intensity of 1000 W m™ (AM 1.5G spectrum). The efficiencies
reported have been recorded without using a mask. Incident photon-
to-current conversion efficiency (IPCE) spectra were recorded by a
computer-controlled setup comprising a xenon lamp (Spectral
Products ASB-XE-175), a monochromator (Spectral Products
CM110), and a Keithley multimeter (model 2700), calibrated by a
certified reference solar cell (Fraunhofer ISE). For the IPCE spectra, a
black mask with an aperture slightly smaller than the active area of the
cell was applied on top of the cell (0.5 X 0.5 cm?).

Density Functional Theory (DFT) Calculations. The copper(I)
complexes were studied using density functional theory (DFT)
calculations. All calculations were carried out using the program
package Gaussian 16 (rev. B.Ol).49 The molecular structures were
geometrically optimized using the cam-B3LYP hybrid functional.*° 6-
311G basis sets were used for all light elements (H, C, N, O). Small-
core, effective-core potentials (MDF10) in combination with a
double-¢-quality valence space were used for Cu and Br.>">

Hard X-ray Photoelectron Spectroscopy (HAXPES). HAXPES
measurements were carried out in the HIKE end station at the KMC-
1 beamline of the BESSY II synchrotron facility at the Helmholtz-
Zentrum Berlin.>® The available photon energy range at this beamline
is 2—12 keV. A thin film of the [Cu(Br-dmp),]* homoleptic complex
on a fluorine-doped tin oxide (FTO) substrate and the [Cu(dbda)-
(Br-dmp)]* heteroleptic complex on TiO, was studied. As references,
a pristine TiO, film and a TiO, film with the anchoring ligand
adsorbed to the surface were investigated. Experiments were carried
out under ultrahigh vacuum conditions in the analysis chamber with a
photon energy of 3 keV, selected using a Si(111) double-crystal
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Scheme 1. Molecular Structures of the Surface-Assembled Heteroleptic Cu(I) Complexes Investigated as Dyes for DSSCs in
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monochromator. A high-resolution hemispheric electron analyzer 20
(VG Scienta R4000) was used for the detection of ejected electrons. “IJ s
Overview spectra were recorded for each sample with a pass energy of Z 154 126 B 135 g3 137
500 eV (see Figure S1, Supporting Information). Following this, high- 9 40 400 105
resolution, core level spectra were obtained from a fresh sample spot S TiO,
with a pass energy of 200 eV and measurements from the same o 0.5+ &
regions were repeated several times to monitor sample charging and = 00-
potential X-ray beam damage. A shift in peak positions was observed e Iy
after the first scan of core level spectra due to sample charging caused 3 051
by the incident X-ray radiation (see the Supporting Information). For g 1.0 0.90 085 og9 .. 086 0.83
this reason, internal references of the core levels of interest obtained : S N . N S
154 » & @ & ¢ s
before and after measurements were used for binding energy : & @Ab & x>°\ N v°°\\
calibration when comparing different samples: either the Ti 2p;;, ¢ \(]\)@3" \o‘@ Q@\b N Q\sy \@\b
level of the TiO, substrate was set to 458.6 eV or the adventitious C & \0\6 N

Is peak was set to 284.8 eV.’* Both calibration methods yielded
similar binding energies. The spectra were modeled by pseudo-Voigt
functions to evaluate peak intensities used for normalization of the
spectra.”® Where appropriate, elemental ratios were determined from
the peak intensities using the photoionization cross section calculated
by Scofield et al.*®

B RESULTS AND DISCUSSION

In our previous work,” we followed the self-assembly method
employed by Housecroft and Constable to prepare a series of
Cu(I) complexes directly on the surface of the TiO, substrate
(Scheme 1).*7%8

The optical and electrochemical properties of the complexes
were investigated as well, and based on those results, it
appeared evident that the complexes anchored on the surface
of TiO, showed a potential to be employed as dyes for DSSCs.
In Figure 1, the energy levels of the copper(I) complexes

1462

Figure 1. Energy level alignments of the Cu(I) complexes in Scheme
1 with respect to the CB edge of TiO, and the potential of the redox
couple I"/I;". The values are reported as potential vs normal
hydrogen electrode (NHE).

derived from cyclic voltammetry and optical analysis® are
shown together with their alignment with respect to the CB
edge of TiO, and the redox potential of the redox couple I"/
I;” used in this study.

From a purely energetic perspective, the complex [Cu-
(dbda)(dmp)]* shows the most negative lowest unoccupied
molecular orbital (LUMO) energy (—1.45 eV vs NHE) within
the series of complexes studied and thus the highest driving
force for electron injection into the CB of TiO,. The complex
[Cu(dbda)(biq)]* instead shows the most positive highest
occupied molecular orbital (HOMO) energy (0.96 eV vs

https://doi.org/10.1021/acsaem.1c02778
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Figure 2. Photoelectron spectra of [Cu(dbda)(Br-dmp)]* adsorbed on TiO, as compared to the TiO, substrate and the anchoring ligand on the
substrate studied at a photon energy of 3000 eV. The energy is calibrated to the Ti 2p;,, peak at 458.6 eV. The intensity is normalized to the Ti

2p3/, peak intensity.
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Figure 3. Photoelectron spectra of [Cu(Br-dmp),]* and [Cu(dbda)(Br-dmp)]* adsorbed on TiO, determined at a photon energy of 3000 V. The
energy is calibrated to the C 1s peak at 284.8 eV. The intensity is normalized to the N 1s peak intensity.

NHE), which could favor the process of regeneration of the
oxidized complex. This may be especially valid in the case of
the I"/I;” redox couple employed, as it is well known for
requiring a significant driving force for eflicient regeneration of
the oxidized dye.”” However, we would like to point out that,
given the labile nature of the Cu(I) complexes,”’ the energetic
alignments may play a limited role in the determination of the
photovoltaic properties. Instead, the binding affinity of the
ancillary ligand to the copper center, as well as its ability to
efficiently screen the copper center from solvent interactions,
may play the most crucial role in the device performance.
We have investigated the formation of the heteroleptic
complexes on the TiO, surface by hard X-ray photoelectron
spectroscopy using the [Cu(dbda)(Br-dmp)]* complex as an
example. The addition of Br to the ligand of the homoleptic
complex helps us to distinguish the two ligands on the surface
and therefore to follow the assembly onto the TiO, surface.
Figure 2 shows the core level spectra of the heteroleptic
complex compared to those of the anchoring ligand adsorbed
on TiO, and of a pristine TiO, surface normalized to the
intensity of the Ti 2p;,, peak determined for each sample. The
main peaks for the O 1s spectra (530 eV) clearly overlap for
the three samples and correspond to the oxygen atoms in
TiO,. A small side shoulder at higher binding energies is
observed for all samples, which could originate from molecules
adsorbed to the surface and/or surface contamination. This
shoulder is significantly more intense for the assembled copper
complexes (discussed below). The N 1s spectra show a clear
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difference, confirming the formation of Cu complexes on the
surface. For the sample based on TiO, alone, almost no signal
from nitrogen is observed, while a clear peak from nitrogen is
observed after binding the dbda ligand to the TiO, surface.
Upon formation of the Cu complex, the nitrogen peak
increases in the intensity and its position shifts relative to
the substrate reference peaks. This reveals that the formation
of the Cu complex leads to additional nitrogen on the surface,
as well as to a change of the chemical environment of nitrogen
in the dbda ligand. The nitrogen peak for [Cu(dbda)(Br-
dmp)]* is shifted to higher binding energies, in agreement with
the presumed additional bond formation between copper and
the nitrogen atoms in the dbda ligand. This suggests that the
[Cu(dbda)(Br-dmp)]* complex forms efficiently on the
surface and that little or no unbound dbda ligand remains.

To further investigate the stoichiometry and formal
oxidation state of the heteroleptic complexes, we compared
[Cu(dbda)(Br-dmp)]* adsorbed on TiO, to its homoleptic
equivalent ([Cu(Br-dmp),]*) deposited on a FTO substrate.
The thin film of the [Cu(Br-dmp),]" homoleptic complex
deposited on FTO only showed a weak signal from the
substrate present. To compare peak positions and intensities,
the spectra were energy calibrated against the adventitious C
Is peak at 284.8 eV and normalized to the N 1s peak intensity
obtained through fitting to a Voigt function. Figure 3 shows
the core level spectra relating to the complex itself (Cu 2p, N
1s, and Br 3p), while Figure 4 shows the core level spectra
relating to the PF,~ counterion (P 1s and F 1s).

https://doi.org/10.1021/acsaem.1c02778
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Figure 4. Photoelectron spectra of the counterion (PF¢~) core levels
of [Cu(Br-dmp),]" and [Cu(dbda)(Br-dmp)]* adsorbed on FTO and
TiO, obtained for a photon energy of 3000 eV. The energy is
calibrated to the C s peak at 284.8 eV. The intensity is normalized to
the N 1s peak intensity.

The N 1s peak is found at a similar position in both samples
but is wider for the heteroleptic complex when adsorbed to
TiO,. The Cu 2p core level reveals the presence of some
Cu(Il) for the homoleptic complex based on the presence of
an extra intensity around 940 eV and a satellite feature at 936
eV (Figure S2). However, during X-ray irradiation, Cu(1I) was
quickly converted to Cu(I) and quantification of Cu(II) was
therefore not possible. For the heteroleptic complex adsorbed
to TiO,, only Cu(I) was observed, and the constant peak
feature indicates that no change takes place during X-ray
radiation (Figure S3). The comparison of the spectra of
[Cu(Br-dmp),]* and [Cu(dbda)(Br-dmp)]* reveals that the
Cu 2p peak is wider and more intense in relation to the N 1s
peak for the heteroleptic Cu complex adsorbed to TiO,. This is
indicative of a difference in the number of nitrogen atoms per
copper atom for the complex when adsorbed to the TiO,
surface in comparison with the homoleptic complex. This
observation could have two nonexclusive explanations: (1) an
excess of unbound ligands in the sample of the homoleptic
compound and/or (2) incomplete formation of the hetero-
leptic complexes on the TiO, surface. In the latter case, Cu(I)
would bind to the dbda ligand on the surface but, to some
extent, lack the Br-dmp ligand or would be deposited on the

surface without coordinating ligands. Since we only observe
one narrow nitrogen peak, it is unlikely that there is a
significant excess of ligands in the homoleptic sample.
Quantification of the N to Cu ratio based on photoionization
cross sections described by Scofield et al.*® gives a N/Cu ratio
between 4.5 and 4 to 1 (Table S1). However, due to the
difference in molecular orbital composition and energies (s and
p), differences in kinetic energies, uncertainties in the cross
section, and variations in the Cu 2p spectra, this quantification
should be taken with some reservation.

A further indication of the ligands present in the heteroleptic
complexes can be obtained from the Br signal intensity using
the feature of the Br 3p;,, peak (~183 eV). This peak was
chosen due to overlapping peaks for several other orbitals as
explained in the Supporting Information (Figure S10). The
spectra from the heteroleptic complex were multiplied by a
factor of 2 to compensate for the difference in the
stoichiometric ratios of N/Br in the homoleptic complex
(2:1) and heteroleptic complex (4:1). If half of the ligands of
the heteroleptic complex are Br-dmp, we would expect the
same Br peak intensities in the Br 3p spectrum in Figure 3 as
from the homoleptic compound. While the Br 3p intensity for
the heteroleptic complex looks somewhat lower than that from
the homoleptic complex, this is not confirmed by quantifica-
tion based on modeling the spectra (Tables S1 and S2). The
total Br/N ratio for [Cu(Br-dmp),]* is 0.5 and for [Cu-
(dbda)(Br-dmp)]*, it is 0.25, both as expected from the formal
stoichiometry. This observation suggests an equal number of
dbda and Br-dmp ligands in the complex adsorbed on the TiO,
surface. Combined with the differences in Cu peak intensities,
it follows that some copper adsorbed to the surface is
uncoordinated to either Br-dmp or dbda ligands.

The counterion of the homoleptic complex is PF,~ and
peaks from this species are observed in the P 1s and F 1s
spectra (Figure 4). Quantification suggests an F/P ratio
between 6 and 7 to 1. When absorbed to the TiO, surface, a
strong P 1s peak is observed, but it is shifted to lower binding
energies by about 3 eV. The F 1s signal intensity decreases
significantly, and two peaks are observed instead of one when
adsorbed on the metal-oxide surface. This indicates that the
PF4~ counterion is therefore not present on the TiO, surface.
A possible mechanism for the loss of fluorine would be through
a reaction with protons from the TiO, surface generating HF,
which could escape to the solution leaving phosphorous
behind in a chemically different state. Furthermore, for this
particular sample, another phosphorous-containing species
seems to be present on the surface. The shift to lower binding
energies is in agreement with the formation of oxide-
containing phosphates.”® An O 1s signal from such phosphates

Electrolyte 1

Electrolyte 2

. [
4 e —

Electrolyte 3

Figure 5. Complete DSSCs based on the dye [Cu(dbda)(bcp)]* in which different iodide/triiodide electrolyte compositions have been injected.
Electrolyte 1: 0.65 M 1-butyl-3-methylimidazolinium iodide, 0.025 M Lil, 0.04 I,, 0.28 M 4-tert-butylpyridine (TBP) in acetonitrile/valeronitrile
(volume ratio: 85/15);° electrolyte 2: 1.0 M 1-butyl-3-methylimidazolinium iodide, 0.1 M Lil, 0.05 I,, 0.5 M TBP in acetonitrile; electrolyte 3:
same composition as for electrolyte 2 but in acetonitrile/valeronitrile (volume ratio: 85/15).
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is expected at higher binding energies than O 1s from the
metal oxides.”” For the [Cu(dbda)(Br-dmp)]* complex, a
higher O 1s peak intensity is observed to the high binding
energy side of the TiO, O 1s peak as compared to the
references (Figure 3), consistent with oxide-based phosphates.
This, therefore, suggests that the PF4~ counterion is converted
to phosphate on the TiO, surface.

To identify the optimal conditions for DSSC fabrication, we
used the complex [Cu(dbda)(bcp)]* as a test dye. While we
report a part of the optimization work in the Supporting
Information (Tables S3 and S4), we would like to highlight
some of our findings as they reveal interesting aspects
regarding the behavior and properties of these Cu(I)
complexes. In a first attempt, we tried to compare the
efficiency of DSSCs based on the complex [Cu(dbda)(bcp)]*
using two different electrolyte redox couples: I7/I;~ and
[Co(bpy);]**/3* (Table S3). However, the electrolyte based on
the cobalt redox system partly bleached the dyed TiO, directly
after injection, rendering DSSCs with lower performances.
Given the instantaneous bleaching effect and the difficulties in
formulating other Co-based electrolytes, we decided to use I"/
I,” as the redox mediator system for the rest of our study.
Interestingly, when attempting to optimize the electrolyte
composition, we again observed a bleaching phenomenon
shown in Figure 5. The detailed photovoltaic parameters of the
DSSCs based on the electrolytes 1 and 3 (Figure S) are shown
in Table 1.

Table 1. Photovoltaic Details of DSSCs Based on the
Electrolytes 1 and 3 shown in Figure 5

electrolyte n (%) Voc (mV)  Jsc (mA cm™)  FF (%)
1 2.07 + 0.09 622+ 5 4.693 + 0.10 71+1
3 1.74 £ 0.10 577 £S5 4.192 + 0.11 72+1

“The average values reported are based on three devices 2 days after
sealing. The efficiencies of the devices based on electrolyte 2 are
extremely low (=0.005%) and the photovoltaic parameters are
therefore not included in the table.

We do not expect the anchoring ligand dbda to desorb from
the TiO, surface under the conditions employed, but we are
aware of the lability of the Cu(I) complexes in terms of ligand
scrambling.61 Therefore, a reasonable conclusion is that one or
more components in the electrolytes may in part exchange
with the ancillary ligand that is coordinated to the metal center.
From the electrolyte compositions investigated, we can make
the following conclusions: (1) the use of pure acetonitrile as an
electrolyte solvent causes significant bleaching regardless of the
redox couple used (see electrolyte 2, Figure S); (2) high
concentrations of TBP and of all of the electrolyte components
cause partial bleaching (see electrolytes 2 and 3, Figure 5); and
(3) 3-methoxypropionitrile causes significant bleaching (Table
S4). This is in agreement with a previous report, where 6,6'-
dimethyl substituted 2,2’-bipyridine anchoring ligand provide
heteroleptic copper complexes stable in electrolytes when TBP
is not used and 3-methoxypropionitrile is used as a solvent
instead of acetonitrile.*® Therefore, we found that electrolyte 1
composition reported by Colombo et al.* offered DSSCs with
the best photovoltaic performance. The current—density
characteristics of DSSCs assembled with N719 and the
copper(I) dyes in this study are shown in Figure 6, and the
detailed photovoltaic parameters are reported in Table 2. The
lower efficiency of the Cu-based solar cells with respect to the
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Figure 6. Current—density characteristics of DSSCs based on the
Cu(I) dyes shown in Scheme 1, under AM 1.5G, 1 sun illumination
using the electrolyte composition 1 (Figure S). The results refer to an
average of three solar cells recorded two days after assembly.

Table 2. Detailed Photovoltaic Parameters of the J—V
Characteristics Shown in Figure 6 and Reference DSSCs
Assembled Using the Dye N719“

dye 1 (%) Voc (mV)  Jsc (mA em™)  FF (%)

[Cu(dbda),]* 117 £ 009 550 + 10 287 £0.10 74+2

[Cu(dbda) 138 +010 563+ 5 331 £012  74+2
(dmp)]*

[Cu(dbda)(Br- 123 £0.10 555 +S 317+ 011 70+ 1
dmp)] *

[Cu(dbda) 181 £012 563+ 5 479 £ 011 68«1
(dsbtmp)]*

[Cu(dbda) 2,05+ 0.08 565 + 10 479 £ 007 73+1
(bep)]*

[Cu(dbda) 124 £ 009 553+ 5 335+ 009 67 +2
(big)]*

[Cu(dbda) 1.73 £ 0.09 566 £ S 416 +0.10 72 +1
(dap)]*

N719 760 £ 021 700 + 5 1781 £ 009 61 + 1

“The values originate from three DSSCs of each type investigated 2
days after assembly. Electrolyte 1 (Figure S) was used.

N719-based one was ascribed to lower light harvesting, in
agreement with lower extinction coefficients (~7500 and
~15000 M~" cm™ for Cu complexes and N719, respectively)
and less broad absorption spectra (350—650 and 350—800 nm
for Cu complexes and N719, respectively) as previously
reported.”

Going from the lowest to the highest efficiency of the
DSSCs based on the series of the Cu(I) complex, we find the
following trend: [Cu(dbda),]*, [Cu(dbda)(Br-dmp)]* =~
[Cu(dbda)(biq) %, [Cu(dbda)(dmp)]’, [Cu(dbda)(dap)]",
[Cu(dbda)(dsbtmp)]*, and [Cu(dbda)(bcp)]*. To get better
insights into the performances of the dyes, the HOMO and
LUMO energy level distributions in the complexes were
calculated using DFT (Figure 7).

In analogy to the ruthenium dyes, the HOMO electron
density distribution is also located around the metal
coordination center in all of the studied copper complexes.>**
The complex [Cu(dbda),]* has previously been investigated
by Melchiorre et al,’* and they used the complex for the
fabrication of DSSCs that showed 3.0% power conversion
efficiency (7). It is interesting to point out that, despite the
difference in absolute efficiency between our device and their
DSSC devices, all of the other complexes investigated in this
work performed better than [Cu(dbda),]*. Compared to the
heteroleptic complexes, the worst performance of the DSSCs
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Complex

[Cu(dbda)2]’
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[Cu(dbda)(biq)]

Figure 7. Calculated HOMO and LUMO distribution of the copper(I) complexes. Hydrogen atoms are shown in white, carbon atoms in gray,
nitrogen atoms in light blue, and oxygen atoms in orange. The calculated ground-state geometries, as well as HOMO and LUMO electronic

distribution, for all of the complexes are reported in Figure SI11.

based on the complex [Cu(dbda),]* is mostly related to its
lower photocurrent (J,.). Being a homoleptic complex, the
[Cu(dbda),]* structure does not promote a metal-to-ligand
charge transfer (MLCT) selectively to the ligand anchored on
the surface of TiO,. Instead, since the LUMO is equally
distributed on both ligands (Figure 7), a reasonable
assumption would be that the probability that the MLCT
leads to an electron promoted to the anchoring ligand is ~50%.
Therefore, as a result, the process of electron injection into the
semiconductor CB is expected to be statistically less likely,
causing the lower J,. and open-circuit voltage (V,.) observed.
The DSSCs based on the complexes [Cu(dbda)(Br-dmp)]*
and [Cu(dbda)(biq)]" show very similar efficiency and V.
(Table 2). Despite the LUMO being fully delocalized on the
biq ligand (Figure 7), the complex [Cu(dbda)(biq)]* yields a
slightly higher photocurrent, however, counteracted by the
lower fill factor (FF), suggesting a higher degree of carrier
recombination loss. The devices based on the complex
[Cu(dbda)(dmp)]* as dyes perform slightly better as
compared to those based on the brominated analog [Cu-
(dbda)(Br-dmp)]*. Both the complexes [Cu(dbda)(Br-
dmp)]* and [Cu(dbda)(dmp)]* display LUMOs delocalized
on the anchoring dbda ligand (Figure S11), and therefore, the
difference in the solar cell performance cannot be simply
explained in terms on differences in spatiall HOMO/LUMO
distributions. The sensitizer [Cu(dbda)(dap)]* yields a good
performance within the series, which is most likely due to the
high J,.. From a chemical perspective, the ligand dap contains
bulky-donating anisyl substituents in the 2,9 positions of the
1,10-phenanthroline core. As a result, the structure of this
heteroleptic Cu(I) complex strongly resembles the push—pull
design commonly employed for organic sensitizers.”* %" In this
case, the donating dap ligand, being electron-rich, actively
“pushes” the MLCT toward the anchoring dbda ligand and, in
turn, into the TiO, CB resulting in a higher J,. DSSCs based
on the sensitizer [Cu(dbda)(dsbtmp)]* showed the highest
photocurrent within the series. This is quite interesting as the
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result cannot be trivially attributed to the different light
absorption properties (Figure S12) or to the donating/
withdrawing character of the ancillary ligand of the complex.
The ligand dsbtmp was reported by McCusker and
Castellano,®® and despite showing a rather low molar
extinction coefficient, its resulting homoleptic Cu(I) complex
exhibited relatively high stability attributed to the ability of the
sec-butyl groups to efficiently screen the metal center from
solvent coordination, thus retarding detrimental ligand
exchange reactions. Therefore, we speculate that the affinity
constant of this ligand is higher than that for the other ligands,
leading to a higher effective amount of this complex being
assembled on the surface of TiO,, in turn resulting in a higher
J.- Finally, devices based on the dye [Cu(dbda)(bcp)]* offer
photocurrent very similar to those based on the dye
[Cu(dbda)(dsbtmp)]*, but the slightly higher efficiency
recorded for the resulting DSSCs originates from a higher
FF. The ligand bep, like dap, is electron donating in character,
thus able to push the MLCT toward the TiO, surface as shown
by its LUMO being delocalized on the dbda ligand (Figure 7).
Moreover, the relatively high molar extinction coefficients of
both the homoleptic complexes [Cu(dbda),]* and [Cu-
(bep),]* 9% suggest that there is also a chance that the
heteroleptic complex [Cu(dbda)(bcp)]* may be a good light
absorber. The reference N719 system (Table 2) shows a
superior performance, which is determined by the significantly
higher photocurrent around four times higher than that of the
DSSCs based on the best Cu(I) complex in this study and can
in part be attributed to the broader light absorption by N719
than from any of the Cu(I) complexes.

The IPCE spectra of the DSSC devices based on the Cu(I)
complexes and the ruthenium dye N719 are shown in Figure 8.
Within the series, from the highest to the lowest IPCE maxima,
we find the order [Cu(dbda)(dsbtmp)]* followed by [Cu-
(dbda)(bep)1’, [Cu(dbda)(dap) I, [Cu(dbda)(dmp)T, [Cu-
(dbda)(biq)]*, [Cu(dbda),]*, and [Cu(dbda)(Br-dmp)]*. As

expected, this trend is coherent with the current densities
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Figure 8. IPCE spectra of the DSSCs sensitized by Cu(I) complexes
in this study and the reference N719 dye. Each curve represents the
average of 3 DSSCs. The investigation is performed on the device 2
days after assembly.

obtained for the respective devices. Table 3 shows a
comparison between the wavelengths associated with the
absorption maxima of the dyes adsorbed on TiO, (Figure S12)
and the maximum intensity of the IPCE.

Table 3. Maximum Absorption Wavelengths of the Cu(I)
Dyes Adsorbed on TiO, (Figure S12) and Wavelengths of
the IPCE Maxima Reported in Figure 8“

dye Amax (nm)* MpCEmax (n)
[Cu(dbda),]* 474 480
[Cu(dbda)(dmp)]* 459 474
[Cu(dbda)(Br-dmp)]* 451 473
[Cu(dbda)(dsbtmp)]* 460 473
[Cu(dbda)(bep)]* 471 485
[Cu(dbda)(biq)]* 531 473
[Cu(dbda)(dap)]* 473

“Figure S12.

Curiously, except for the benchmark N719 and despite the
diverse intensities, most of the IPCE spectra show the same
shape and Ajpcpmex (473—474 nm). The sole exceptions to the
general pattern are represented by the IPCE spectra related to
the complexes [Cu(dbda)(bcp)]* and [Cu(dbda),]*, which
display a slightly more red-shifted Ajpcg,, as compared to the
rest of the series (485 and 480 nm, respectively). Of particular
interest is the difference between the maximum absorption and
IPCE wavelengths related to the complex [Cu(dbda)(biq)]*,
which is around 60 nm. As shown from Figure 7, a possible
explanation is that the LUMO for the [Cu(dbda)(biq)]*
complex is located on the biq ligand, which is not likely to
contribute to generating photocurrent. Also, it is surprising
how a great change in the appearance of the sensitized TiO,
before and after electrolyte injection makes the sample
[Cu(dbda)(biq)]* look like all of the other samples (such
evidence is further discussed in the Supporting Information
after Figure S13). The intensity and the shape of the IPCE
spectra hint at the cause for the observed performance of the
DSSCs in this study. In particular, the shape of all of the Cu(I)
complex IPCE spectra is characterized by a well-defined broad
band as observed for the light absorption spectra of most of the
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complexes adsorbed on TiO,. This observation, combined
with the relatively low intensity of the IPCE spectra and the
high FF of the DSSCs (Table 2), suggests that the reason for
the low overall performance may be related to low light-
harvesting ability of the dyes themselves. As indicated from the
calculations of the HOMO and LUMO energy levels (Figures
7 and S11), for the majority of the molecules, the electron
density in the ground state is located on Cu(I), whereas for the
LUMO, it is primarily positioned on the anchoring ligand
dbda. The anchoring ligand dbda appears to dominate the
electronic properties for the molecules and the ancillary ligands
impose a more limited effect on photovoltaic performance by
affecting the donation of electron density to the Cu(I) center.
Finally, consistent with the results reported in Table 2, the
IPCE spectrum related to the devices based on the dye N719 is
significantly higher than those of the Cu(I) complexes.

Bl CONCLUSIONS

A series of Cu(I) diimine complexes were self-assembled on a
TiO, surface to investigate their efficacy as dyes in DSSCs. We
closely studied the self-assembly of one of the complexes
([Cu(dbda)(Br-dmp)]*) on TiO, by HAXPES. Our results
suggest that the complex forms efliciently on TiO, and that no
significant amount of unbound dbda remains. However, some
additional copper of unknown character not coordinated to
either ligand might be deposited on the surface. In addition,
the PF¢~ counterion is not stable on the TiO, surface and is
either replaced by OH™ groups from the TiO, surface or by
phosphate ions formed through oxidation. The dyes were
investigated in DSSCs, and their performance has been
rationalized on the basis of the nature of their ancillary ligand.
We have shown by theoretical calculations, absorption
properties, and DSSC performances that the push—pull design
is a key aspect for designing heteroleptic Cu(I) dyes with
better performance: complexes including donating ancillary
ligands display higher photocurrents that most likely can be
attributed to a more efficient electron injection. Another
important factor to consider is, not surprisingly, the molar
extinction coefficients and spectral width of light absorption
from the complexes. The results from the complex [Cu-
(dbda)(bcp)]* suggest that, when designing a heteroleptic
complex, it is important to use ligands for which the
corresponding homoleptic Cu(I) complexes show high molar
extinction coefficients.”” The dyes [Cu(dbda)(dsbtmp)]* and
[Cu(dbda)(dap)]* contain the ancillary ligands dsbtmp and
dap, respectively, whose corresponding homoleptic Cu(I)
complexes display blue-shifted absorption spectra and low
molar extinction coefficients. However, the heteroleptic
complexes show very similar device performance as the best
performing dyes in the series [Cu(dbda)(bcp)]*. This clearly
highlights that there are factors, other than the optical
properties, affecting the capacity of the complexes to inject
electrons into the semiconductor. The inclusion of ancillary
ligands with bulky substituents in the 2,9 positions of the
phenanthroline core may screen the Cu(I) coordination center
and bind more strongly to it. This may constitute another
critical aspect of good solar cell performance. The low
performance of DSSCs based on the complexes [Cu(dbda),]*,
[Cu(dbda)(Br-dmp)]*, and [Cu(dbda)(big)]" have, respec-
tively, shown that homoleptic complexes, ancillary ligands
containing electron-withdrawing substituents, and ancillary
ligands with low complex formation constants should be
avoided. In particular, the complex [Cu(dbda)(biq)]* has
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revealed a dye—electrolyte interaction that, to various degrees,
may also be present for the other Cu(I) dyes, a phenomenon
that deserves to be further investigated.
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