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1. Introduction

The energy transition from fossil fuels to 
renewable sources requires a mix of dif-
ferent alternative technologies, with energy 
production from solar energy expected to 
comprise a substantial share.[1] The price 
of energy derived from silicon-based solar 
cells has dropped to be highly competitive 
with fossil fuel-derived energy over the 
last decade, rendering them an excellent 
candidate for large-scale power plants and 
for rooftop applications. In recent years, 
DSCs have been established as a highly 
promising alternative for diffuse and low 
light conditions.[2–4] DSCs are currently 
the most efficient solar cell technology in 
low light conditions, which makes them 
excellent candidates for building and auto-
mobile integrated photovoltaics and to 
power sensors, appliances for the Internet 
of Things (IoT), and portable devices.[5–10] 
Recent developments of new photoanodes, 
counter electrodes, dyes, and co-adsorp-
tion strategies have further improved 
device efficiencies.[11–28] Furthermore, the 

Copper redox mediators have enabled open-circuit voltages (VOC) of over 
1.0 V in dye-sensitized solar cells (DSCs) and have helped to establish 
DSCs as the most promising solar cell technology in low-light conditions. 
The addition of additives such as 4-tert-butylpyridine (tBP) to these elec-
trolytes has helped in achieving high solar cell performances. However, 
emerging evidence suggests that tBP coordinates to the Cu(II) species 
and limits the performance of these electrolytes. To date, the implica-
tions of this coordination are poorly understood. Here, the importance of 
Lewis base additives for the successful implementation of copper com-
plexes as redox mediators in DSCs is demonstrated. Two redox couples, 
[Cu(dmp)2]+/2+ and [Cu(dpp)2]+/2+ (with dmp = 2,9-dimethyl-1,10-phenan-
throline and dpp = 2,9-diphenyl-1,10-phenanthroline) in combination with 
three different Lewis bases, TFMP (4-(trifluoromethyl)pyridine), tBP, and 
NMBI (1-methyl-benzimidazole), are considered. Through single-crystal 
X-ray diffraction analysis, absorption, and 1H-NMR spectroscopies, the 
coordination of Lewis bases to the Cu(II) centers are studied. This coor-
dination efficiently suppresses recombination losses and is crucial for 
high performing solar cells. If, however, the coordination involves a ligand 
exchange, as is the case for [Cu(dpp)2]+/2+, the redox mediator regeneration 
at the counter electrode is significantly retarded and the solar cells show 
current limitations.
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improved stabilities and efficiencies of aqueous DSCs open up 
new opportunities for the sustainability of these devices.[29–31] 
Recent trends to replace ruthenium dyes with organic or copper 
dyes and I−/I3

−-based electrolytes with earth-abundant transi-
tion metals such as cobalt-, iron-, or copper-based electrolytes 
have opened up new pathways to commercialization.[32–52]

Initially, the motivation to incorporate copper complexes as 
redox couples in DSCs was based on the crucial role that blue 
copper proteins play in nature as efficient electron transfer 
mediators in the photosynthetic chain: the protein environ-
ment restricts the geometrical change from the preferred 
tetrahedral coordination geometry of Cu(I) to square-planar 
Cu(II), facilitating the electron transfer through reduction of 
the energy barrier involved in this oxidation.[53] Mimicking 
this mechanism, Hattori et  al. managed to reach efficiencies 
up to 1.4% at 100  mW cm−2 solar irradiation in DSCs with 
their best performing redox couple [Cu(dmp)2][CF3SO3]1/2.[51] 
Later, Bai et  al. significantly enhanced the efficiency to 7.0% 
using an organic sensitizer and, more recently, efficiencies up 
to 10.6% have been achieved by changing the counter ion to 
TFSI− (bis(trifluoromethane)sulfonimide) and using a PEDOT 
(poly(3,4-ethylenedioxythiophene)) counter electrode.[49,54] 
Replacing the phenanthroline ligand with its bipyridine ana-
logue, 4,4′,6,6′-tetramethyl-2,2′-bipyridine, Saygili et al. achieved 
efficiencies over 10%,[49] which was recently further improved 
to 11.6% at 1 sun and over 28% under a 1000 lux fluorescent 
light tube through further optimization of the dye energy 
levels.[2,55] All electrolyte mixtures employed in these studies 
have in common that they use tBP and Li+-salts as additives, 
which have historically been applied in I−/I3

−-based electrolytes. 
tBP has been shown to shift the conduction band (CB) edge of 
TiO2 toward more negative potentials owing to its Lewis base 
character and the steric hindrance of the tert-butyl group has 
been reported to significantly reduce recombination through 
shielding of the titania surface.[56]

In the case of copper electrolytes, this Lewis base char-
acter may have a further influence since it is well known that 
Cu(II) complexes tend to be penta- or hexacoordinated, with 
the fifth and sixth coordination sites typically occupied by the 
solvent or the counter ion such as CH3COO−, ClO4

−, or BF4
−, 

respectively.[57] Ashbrook and Elliott found tBP kinetically 
traps Cu(II) complexes, temporarily preventing reduction to 
Cu(I) when using copper dyes in DSCs.[58] A similar observa-
tion was made by Saygili et al. and Kavan et al., who observed 
a more complex electrochemistry of the bipyridyl based redox 
couples [Cu(dmby)2]+/2+ and [Cu(tmby)2]+/2+ (with dmbpy = 
6,6′-dimethyl-2,2′-bipyridine and tmby = 6,6′,4,4′-tetramethyl-
2,2′-bipyridine), respectively, and a shift of the redox potential 
of [Cu(dmp)2]+/2+ upon addition of tBP.[47,59]

Chemical modification of the ligand to increase the steric 
hindrance around the metal center can force Cu(II)-complexes 
into a four-coordinate structure, shielding it from solvent or 
Lewis base coordination. It was, for instance, shown that the 
absorption spectra of [Cu(dpp)2]2+ is independent of the sol-
vent in which it was measured, indicating a lack of solvent 
coordination.[57]

For the cases of dmbpy and 1,8-bis(2′-pyridyl)-3,6-dithiaoctane 
(PDTO), it was shown that the presence of 10–15 molar equiva-
lents (eq.) of tBP with respect to Cu(II) in the electrolyte leads 

to a complete ligand exchange of the Cu(II) species.[60,61] The 
formation of these multispecies redox shuttles was found to be 
beneficial for their performance in electrolytes for DSCs. For 
the phenanthroline analogues, however, to-date, the chemical 
interaction with Lewis bases is still poorly understood. Using 
density functional theory (DFT) calculations, Saygili et al. pre-
dicted a coordination of tBP to the [Cu(dmp)2]2+ complex and 
have suggested that this coordination induces the shift in rest 
potential with respect to the tBP-free solution.[62] The induced 
shift in redox potential caused by coordination with electro-
lyte additives has been speculated to be a crucial factor for the 
success of these redox mediators, by significantly reducing 
the driving force for recombination and therefore allowing 
for the high open-circuit voltage (VOC) values reported. Very 
recently, Kannankutty et al. studied the coordination of tBP to 
[Cu(dmp)2]2+ using absorption and 1H-NMR spectroscopy and 
concluded that [Cu(dmp)2(TBP)(MeCN)x]2+ (with x = 0, 1) is the 
most likely species in the electrolyte mixture.[63]

In this work, we present experimental evidence for the coor-
dination of tBP to the Cu(II) metal center and compare it to 
two other Lewis bases of different binding strength, TFMP 
and NMBI. Through a comparison with the more shielded 
[Cu(dpp)2]2+ as a model compound, we present a direct correla-
tion of the coordination of the Lewis bases with the copper spe-
cies on the device performance. We show that Lewis bases as 
electrolyte additives are crucial for this class of mediators since 
they coordinate to the Cu(II) centers which effectively blocks 
recombination in devices. We present how the selection of addi-
tives needs to be carefully adjusted to the steric constraints of 
the Cu(II) coordination sphere in order to achieve high con-
version efficiencies in solar cells. Furthermore, we introduce 
NMBI as a superior electrolyte additive for Cu-based electrolyte 
systems that outperforms the state-of-the-art additive tBP in 
power conversion efficiencies.

2. Results and Discussion

2.1. The Coordination of Lewis Bases with Cu(II)Phenanthroline 
Complexes

While Cu(I) d10 complexes are typically four-coordinate with 
a tetrahedral geometry, d9 Cu(II) complexes are usually 5–6 
coordinate showing a flattened Jahn–Teller distorted geom-
etry where the axial ligands are elongated with respect to the 
equatorial Cu-ligand bonds.[57,64] Coordination of Lewis bases to 
Cu(II) bisphenanthroline complexes is a well-known phenom-
enon and has been reported to happen on the ps time scale 
for exciplex formation with excited state [Cu(II)(dmp)•–(dmp)]* 
complexes.[65]

Figure 1a shows the absorption spectra of [Cu(dmp)2]2+ 
in the non-coordinating solvent dichloromethane (CH2Cl2), 
titrated with aliquots of tBP. The absorption band at 524  nm 
is assigned to a ligand-to-metal charge transfer and the band 
around 740 nm to a d–d transition.[57] In coordinating solvents, 
these bands typically vary significantly for copper(II) bisdiimine 
complexes owing to the formation of a pentacoordinate complex 
with the solvent (see Figure S1, Supporting Information, for the 
absorption spectra in CH3CN). Accordingly, upon addition of 
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tBP in 0.1 molar eq. increments to a solution of [Cu(dmp)2]2+, 
the band at 524 nm continuously decreases, while the shoulder 
at 740 nm increases and is slightly blue-shifted. With the addi-
tion of one full equivalent of tBP there is no further noticeable 
change in the spectra, indicating a complete reaction at a 1:1 
molar ratio (see Figure S2, Supporting Information, for titra-
tions above 1 molar eq.). The appearance of an isosbestic point 
at 620  nm indicates the absence of any intermediates or side 
products being formed in this transition.

A similar effect to tBP was observed when titrating 
[Cu(dmp)2]2+ with NMBI (Figure  1b), another Lewis base that 
has previously been reported to have similar effects to tBP as 
an electrolyte additive for DSCs.[39,66–68] In contrast, titration of 
[Cu(dmp)2]2+ with TFMP causes only minor spectral changes 
(Figure 1c). While TFMP has similar steric constraints as tBP, 
it is a significantly weaker Lewis base due to the electron with-
drawing nature of the fluoro-substituents and therefore appears 
to only weakly coordinate to the Cu(II) center. Hence, the coor-
dination appears to correlate with the Lewis basicity of the 
Lewis bases that increases in the order TFMP < tBP < NMBI.

To investigate the effect of steric constraints on the coordi-
nation of Cu-phenanthroline complexes with Lewis bases, we 
extended our studies to [Cu(dpp)2]2+, in which the Cu(II) metal 
center is shielded significantly more strongly through the phenyl 
substituents in the 2- and 9-position of the 1,10-phenanthroline 
ligand (for the chemical structures see Figure S3, Supporting 
Information). The steric hindrance around the Cu-center has 
previously been reported to effectively shield [Cu(dpp)2]2+ from 
solvent coordination causing the absorption spectra to be solvent 
independent.[57] Figure  1d–f shows the titration of [Cu(dpp)2]2+ 

with the three different Lewis bases. Only a slight decrease in 
absorption was observed upon titration with 1 molar eq. of tBP 
and only upon addition of several equivalents the two maxima 
decrease significantly (see Figure S2d, Supporting Information). 
As in the case of [Cu(dmp)2]2+, no changes were observed in the 
presence of TFMP. However, upon titration with the strongest 
of the investigated Lewis bases, NMBI, the peaks at 588 and 
766  nm continuously decrease in intensity with no observable 
shift of the peaks. This observation suggests a different mecha-
nism to the case of [Cu(dmp)2]2+, and indicates the decomposi-
tion of [Cu(dpp)2]2+ or at least the formation of a new species 
with no absorption in the investigated absorption range, such as 
would be the case for a ligand exchange. As expected, as Cu(I) 
prefers a four coordinate coordination sphere, Cu(I) complexes 
of both dmp and dpp experience no change in the absorption 
spectra with the addition of any of the three Lewis bases (see 
Figure S4, Supporting Information).

To gain a deeper understanding of the chemical nature of the 
Lewis base coordination with the Cu(II) complexes, we meas-
ured X-ray diffraction of single crystals grown in the presence 
of tBP or NMBI. Crystals were obtained by slow ether diffu-
sion into solutions of the Cu(II) complexes and 15 molar eq. 
(the same molar equivalents as in the electrolyte solution for 
the DSCs, see below) of the Lewis bases in CH2Cl2. The crystal 
structures are shown in Figure 2 and selected bond lengths are 
summarized in Table S1, Supporting Information. In agree-
ment with our observations in the titration experiment, we find 
tBP to take up the fifth coordination site around the copper 
center of [Cu(dmp)2]2+, forming a distorted trigonal bipyramidal 
geometry.

Figure 1.  UV–vis absorption spectra of a–c) [Cu(dmp)2]2+ and d–f) [Cu(dpp)2]2+(5 mm) upon the addition of tBP (red), NMBI (blue), TFMP (yellow), 
and before addition (black) in CH2Cl2. Lewis bases were pre-dissolved in CH2Cl2 and added in ≈1 µL aliquots (0.1 molar eq.) to the Cu2+ complex 
solutions. Spectra have been corrected for aliquot dilutions.
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[Cu(dmp)2(tBP)](TFSI)2 crystallizes in a triclinic lattice with a 
P‑1 space group, a structure that is comparable to the previously 
reported structures of [Cu(dmp)2Cl](PF6)2 and [Cu(dmp)2(H2O)]
(CF3SO3)2.[69,70]

Our data experimentally confirms the theoretical predic-
tion of a pentacoordinated complex by Saygili et  al. based on 
DFT calculations.[62] This coordination has major implica-
tions for the redox chemistry and hence the performance of 
[Cu(dmp)2]+/2+ as a redox couple in DSCs which will be dis-
cussed in further detail later.

Complete ligand exchange was found for crystals grown 
from [Cu(dpp)2]2+ in the presence of NMBI (Figure  2b) 
forming the pentacoordinated complex [Cu(NMBI)4(TFSI)]2+. 
The Cu(II) center is surrounded by four NMBI ligands, the 
nitrogens arranged in one plane and the fifth coordination 
site occupied by a weak coordination with one of the oxygens 
of the TFSI− counterion showing a pseudo Jahn–Teller distor-
tion. The Cu-N bond lengths of 1.984–1.996 Å indicate a strong 
coordination with the Lewis base, while the TFSI− forms a weak 
Cu-O bond with a bond length of 2.728 Å. The formation of 
[Cu(NMBI)4(TFSI)]2+ is consistent with the postulated ligand 

exchange based on our titration experiments where we found 
a decrease in both absorption maxima with increasing amounts 
of NMBI present (see Figure 1e). A similar ligand exchange, but 
with tBP, has previously been reported for 2,2′-bipyridine-based 
Cu(II) complexes: complete ligand replacement with excess tBP 
forming [Cu(tBP)4]2+ has been observed by Wang and Hamman 
for dmbpy and by Hoffeditz et al. for their PDTO ligand.[60,61]

Unfortunately, we were not able to grow crystals suitable for 
single crystal X-ray diffraction for [Cu(dmp)2]2+ in the presence 
of NMBI and for [Cu(dpp)2]2+ in the presence of tBP. There-
fore, we studied the Lewis base coordination with the two 
Cu(II) complexes using 1H-NMR. The paramagnetic nature 
of Cu(II) leads to a broad spectra with no observable peaks in 
the aromatic region. This allows us to observe the appearance 
of any aromatic compounds that are not coordinated to the 
Cu(II) center directly, such as the appearance of a free ligand 
through ligand exchange with the Lewis bases. Indeed, in the 
case of [Cu(dpp)2]2+, we were able to detect the appearance of 
free ligand upon addition of tBP or NMBI, while with the addi-
tion of TFMP only the appearance of the free Lewis base was 
observed (Figures S5–S7, Supporting Information). Through 
addition of 1 molar eq. of CH2Cl2 to the NMR sample as an 
internal reference, we were able to quantify the amount of free 
ligand appearing. With the addition of either tBP or NMBI, we 
detected the appearance of two ligands per copper complex, 
which suggests a complete ligand exchange for both Lewis 
bases in combination with [Cu(dpp)2]2+. In contrast, there is 
no evidence of free ligands in the NMR spectra of [Cu(dmp)2]2+ 
with the addition of tBP or NMBI (Figures S8–S10, Supporting 
Information). This suggests that the dmp ligand does not disso-
ciate in the presence of the Lewis bases and supports the postu-
lated formation of a pentacoordinated complex. Apart from the 
singlet peaks assigned to the methyl groups of tBP (1.3  ppm) 
and NMBI (4.8 ppm), no distinct signals were observed for the 
two Lewis bases. The absence of any aromatic signals for the 
two Lewis bases can be attributed to the fast ligand exchange 
on an NMR scale with the paramagnetic copper center as pre-
viously reported for similar compounds.[60] The appearance of 
broad peaks in the aromatic region upon addition of TFMP to 
[Cu(dmp)2]2+ indicates a weak coordination of the TFMP with 
the paramagnetic Cu(II) center. This suggests the exchange of 
TFMP is slower on the NMR timescale compared to that of tBP 
and NMBI, and can therefore be partially resolved.

These solution experiments are in good agreement with our 
crystal structures and suggest a similar coordination of the 
Lewis bases with the Cu(II) complexes in solution as in the 
solid. Combining the crystal structures, 1H-NMR and UV–Vis 
absorption data, we propose a mechanism of Lewis base coor-
dination to the Cu(II) bisphenanthroline complexes depending 
on the steric constraints the phenanthroline ligand induces 
around the Cu(II) center (Figure 3). For weakly shielding 
ligands that sterically allow for pentacoordinated complexes, 
such as dmp, the Lewis base occupies the fifth coordina-
tion site, while for strongly shielding ligands, such as dpp, a 
ligand exchange occurs in order to form the energetically more 
favorable pentacoordinated complex.

To investigate the influence of the outlined Lewis base coor-
dination with [Cu(dmp)2]2+ and [Cu(dpp)2]2+ on their redox 
properties, cyclic voltammograms (CV) of the Cu-complexes 

Figure 2.  Single crystal X-ray structures of a) [Cu(dmp)2(tBP)](TFSI)2 and 
b) [Cu(NMBI)4](TFSI)2 with non-hydrogen atoms represented by 50% dis-
placement ellipsoids. Hydrogen atoms and the counter TFSI anions in (a) 
have been omitted for clarity.
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were recorded in the presence and absence of these Lewis 
bases and are presented in Figure 4 (see Table S2, Supporting 
Information, for the electrochemical data). In agreement with 
previous reports,[47] we found the reduction peak of [Cu(dmp)2]2+ 
to be strongly affected by the presence of tBP. Upon addition 
of an increasing amount of tBP, the reduction peak is shifted 
to lower potentials by up to ≈188  mV for 15 molar eq. (see 
Figure S11 and Table S2, Supporting Information). As expected, 
the oxidation peak is only weakly affected by the presence of 
tBP, and the peak separation therefore increases from 96 mV to 
≈252 mV for 15 molar eq. of tBP.

This is in good agreement with our prior observations, that 
while tBP does not coordinate to [Cu(dmp)2]+ (Figure S4, Sup-
porting Information), it coordinates to [Cu(dmp)2]2+ to form the 
pentacoordinated complex [Cu(dmp)2tBP]2+. The coordination of 
the additional ligand stabilizes the Cu(II) redox state and hence 
the redox potential is shifted significantly to lower potentials.

Electrochemical systems that are coupled with structural or 
chemical changes are typically described in a square scheme as 
shown in Figure 5.[72–74] From our absorption, NMR studies, and 
crystallographic data, we know that A and D are the two stable 
forms of the two redox states. Therefore, the electrochemistry 

is coupled with a Lewis base coordination/dissociation and the 
redox couple is better presented as [Cu(dmp)2]+/[Cu(dmp)2LB]2+ 
(with LB = NMBI or tBP). In principle, the oxidation from A 
and D can follow one of three different pathways: oxidation 
followed by coordination (ACD), coordination followed by 
oxidation (ABD), or a concerted pathway (AD). From the absorp-
tion spectra of [Cu(dmp)2]+ in the presence of tBP (Figure S4, 
Supporting Information), we know that tBP is not interacting 
with [Cu(dmp)2]+. Therefore, we can assume that the equilib-
rium between A and B is shifted more strongly to the left, which 
makes pathway ACD the most likely. This is supported by the 
small change of the oxidation peak in the presence of tBP.

For the reduction starting from [Cu(dmp)2LB]2+, again, the 
same three pathways are conceivable: Lewis base dissocia-
tion followed by reduction (DCA), reduction followed by LB 
dissociation (DBA) or a concerted reaction (DA). Based on the 
quantitative formation of [Cu(dmp)2LB]2+ upon titration of tBP 
or NMBI to [Cu(dmp)2]2+ (Figure 1) and the 15 molar eq. of LB 
present in the CV, we can assume that the equilibrium between 
C and D is pushed far to the right. Accordingly, we observe a 
strong shift of the reduction peak towards lower potentials and 
the DBA pathway seems the most likely.

Figure 3.  Postulated Lewis-base coordination for the Cu(II)-complexes [Cu(dmp)2]2+ and [Cu(dpp)2]2+. The structures of [Cu(dmp)2tBP]2+ and 
[Cu(NMBI)4]2+ are based on single crystal analysis shown in Figure 2. The structures of [Cu(dmp)2NMBI]2+ and [Cu(tBP)4]2+ are postulated structures 
based on our observations from absorption spectra, titration experiments, and 1H-NMR spectroscopy measurements. While the dmp ligand allows 
for additional coordination of a Lewis base leading to pentacoordinated complexes, the presence of Lewis bases lead to a ligand exchange for the dpp 
ligand. For simplicity, additional coordination with solvent molecules or counter ions are not shown.

Adv. Energy Mater. 2020, 10, 2002067
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In the presence of NMBI, the oxidation peak of [Cu(dmp)2]+/2+ 
is shifted by 96 mV to lower potential. An additional peak arises 
at 0.5 V, which can be assigned to the oxidation of NMBI itself 
(Figure S12, Supporting Information). Therefore, NMBI can be 
oxidized by the Cu(II) species, which explains the appearance 

of [Cu(dmp)2]+ in the 1H-NMR of [Cu(dmp)2]2+ in the presence 
of 15 molar eq. NMBI (Figure S9b, Supporting Information). 
No change in redox behavior was observed in the presence of 
TFMP, which is in accordance with our observations in the 
absorption spectra and confirms again that TFMP either does 
not or only weakly interacts with the copper complexes.

For [Cu(dpp)2]+/2+ (Figure 4b), the reduction is coupled with 
ligand exchange of the dpp ligand with the Lewis bases leading 
effectively to a [Cu(dpp)2]+/[Cu(LB)4]2+ redox couple. This allows 
for several intermediate structures to be formed and is mani-
fested in the complex reduction behavior in the CV. Similar 
observations have been reported for the cyclic voltammograms of 
[Cu(PDTO)]+/[Cu(tBP)4+x]2+ and of [Cu(dmbpy)2]+/[Cu(tBP)y]2+, 
which also involve complete ligand exchange with tBP  
involving several intermediate complexes.[60,61]

2.2. Solar Cell Performance

The observed coordination of the Lewis bases to the copper 
complexes has significant implications on the performance 
of these compounds as redox mediators in dye-sensitized 
solar cells. DSCs incorporating Cu+/2+ based electrolytes sand-
wiched between Y123-sensitized TiO2 photoelectrodes and 
PEDOT counter electrodes were fabricated and measured 
under simulated sunlight. Figure 6 shows J–V curves in the 
dark and under illumination of the champion devices incor-
porating [Cu(dmp)2]+/2+ or [Cu(dpp)2]+/2+ as redox couples. 
The photovoltaic parameters averaged over three devices for 
each electrolyte composition are summarized in Table S3, 
Supporting Information, and the parameters of the champion 
devices are shown in Table S4, Supporting Information. The 
electrolyte solutions comprised 0.2 m Cu(I) complex, 0.04 m 
Cu(II) complex, 0.1 m LiTFSI, and 0.6 m Lewis base in CH3CN. 
In the absence of any Lewis base, both redox couples show 
a low solar cell performance with efficiencies of 1.21% and 
0.05% for [Cu(dmp)2]+/2+ and [Cu(dpp)2]+/2+, respectively. The 
devices suffer from low VOC, JSC, and FF. In particular, the 
[Cu(dpp)2]+/2+ redox couple shows high dark currents leading 
to a VOC of only 160 mV for the best performing device. Upon 
addition of tBP or NMBI in the electrolyte, the performance 
of DSCs in combination with either of the copper complexes 
is significantly improved, and VOC values of over 1.0  V were 
achieved. In contrast, VOC values of 700–750 mV were obtained 
in the presence of TFMP.

The addition of NMBI to the [Cu(dmp)2]+/2+ electrolyte 
increases the JSC more than threefold to 12.4  mA cm−2 with 
respect to the Lewis base-free control device, while the VOC is 
boosted by over 400 mV to 1.05 V, leading to a champion effi-
ciency of 9.19%. A similar VOC was achieved for tBP-containing 
devices with a JSC of 10.8 mA cm−2, leading to an efficiency of 
7.84%. Devices based on [Cu(dpp)2]+/2+ generally show lower 
efficiencies compared to their dmp analogues, which is mainly 
attributed to the complex redox behavior and charge-transfer 
limitations at the counter electrode, which will be discussed in 
further detail later. However, for both redox couples, the pres-
ence of NMBI and tBP significantly improves the efficiencies, 
while TFMP improves the performance of devices incorporating 
[Cu(dpp)2]+/2+, but is detrimental to devices with [Cu(dmp)2]+/2+.
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Figure 4.  Cyclic voltammograms of a) [Cu(dmp)2]+ and b) [Cu(dpp)2]+ 
in the absence (black dotted) and presence of 15 molar eq. of tBP (red), 
NMBI (blue), and TFMP (yellow). CVs were performed inside a N2 
glovebox on 4.6 mm solutions of each Cu(I) complex in CH3CN in the 
presence of 0.1 m TBAPF6 as a supporting electrolyte, and measured at a 
scan rate of 100 mV s−1. CVs are plotted in V versus NHE after conversion 
with E1/2(Fc) = 0.63 V versus NHE.[71]

Figure 5.  Square scheme for the reduction of [Cu(dmp)2LB]2+ with LB = 
NMBI or tBP. Species A and D are the reduced and oxidized form of the 
redox couple that were experimentally determined. The oxidation is pos-
tulated to follow the pathway ACD, while the reduction is understood to 
follow DBA since the equilibrium between C and D is pushed to the right 
owing to the excess of tBP present in the solution.
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Electrolyte additives such as Li+ and tBP are typically added to 
fine tune the energy levels in DSCs and boost the efficiency of 
the devices. Li+ is known to be a flatband potential determining 
ion in aprotic solvents through adsorption on and intercalation 
into the polycrystalline TiO2 surface.[75] This lowers the CB of 
TiO2 and facilitates an efficient injection of electrons into the 
TiO2. Lewis bases such as tBP displace some of those cations 
and shift the conduction band edge and trap levels in TiO2 
toward higher energies.[56,76] This allows for higher open-circuit 
potentials since the VOC is determined by the difference of the 
quasi Fermi level of electrons in the TiO2 and the redox poten-
tial of the electrolyte. Furthermore, tBP plays an important role 
in blocking recombination from electrons in the TiO2 film with 
the oxidized species of the electrolyte.[77] By fine tuning the ratio 
of Li+ and tBP, the solar cell performance can be maximized.

NMBI and TFMP have previously been reported to shift 
conduction band edge of TiO2 to a similar extent to tBP, and 
all three Lewis bases have shown efficient blocking of recom-
bination with Co2+/3+ and I−/I3

− electrolytes.[66,67,78–80] However, 
in our devices, TFMP shows no or significantly less improve-
ment in the VOC with respect to tBP and NMBI. This indicates 
that the described adsorption on the TiO2 surface alone cannot 
explain the boost in VOC in our devices. In addition to the sur-
face modification, the Lewis bases have to either increase the 
redox potential of the electrolyte or increase the quasi-Fermi 
level of the TiO2 in order to cause the observed gain in VOC. In 
our cyclic voltammograms (Figure  4), we found that tBP and 
NMBI both shift the redox potential of the copper complexes 
toward lower potentials, which would lead to smaller VOC in 
DSCs and hence cannot explain our observations. We there-
fore conclude that the number of electrons in the TiO2 needs 
to be significantly increased to explain the higher VOC; in other 
words, the recombination between electrons in the titania with 
the Cu(II) species in the electrolyte is significantly suppressed. 
We hypothesize that the described coordination of the Lewis 
bases with the Cu2+ complexes itself plays a crucial part in this 
process.

To test this hypothesis, we performed impedance spectros-
copy on full DSC devices (see Figures S13–15, Supporting 
Information).[81,82] The spectra were fitted to the equivalent 
circuit shown in Figure S14, Supporting Information, and the 
extracted recombination resistance, Rrec, is shown in Figure 7. 
For both redox couples, [Cu(dmp)2]+/2+ and [Cu(dpp)2]+/2+, Rrec 
is an order of magnitude larger for devices containing tBP and 
NMBI with respect to TFMP. For Lewis base-free electrolytes, 
recombination for these DSCs could not be isolated owing to 
overlapping semicircles in the Nyquist plots (see Figure S15, 
Supporting Information). Despite the fact that a value could 
not be fitted, the merged arcs suggest small values for Rrec in 
comparison with the charge transfer resistance at the counter 
electrode (RCE), in agreement with the low VOC for these 

Figure 6.  J–V curves for champion DSCs employing a) [Cu(dmp)2]+/2+ 
and b) [Cu(dpp)2]+/2+-based electrolytes in conjunction with Y123-sen-
sitized TiO2 photoanodes and PEDOT counter electrodes, measured 
under dark conditions (dotted lines) and simulated standard AM 1.5G 
irradiation at 100  mW cm−2 (solid lines). All electrolytes comprised of 
0.2 m Cu(I) complex, 0.04 m Cu(II) complex, and 0.1 m LiTFSI in CH3CN 
with no additive (black), or 0.6 m of additive, tBP (red), NMBI (blue), or 
TFMP (yellow).
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Figure 7.  Recombination resistance (Rrec) extracted from impedance 
spectroscopy data for DSCs employing [Cu(dmp)2]+/2+ (solid lines) and 
[Cu(dpp)2]+/2+ (dotted lines) electrolytes in the presence of tBP (red), 
NMBI (blue), and TFMP (yellow), measured at various applied voltages 
under constant white light LED irradiation.
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devices. These findings are further supported by recombina-
tion lifetimes extracted from intensity modulated photovoltage 
spectroscopy (IMVS; Table S5 and Figure S16, Supporting Infor-
mation). The addition of any of the three Lewis bases to the 
redox couples significantly increases the electron lifetime and 
hence reduce recombination at the TiO2/electrolyte interface. 
However, both tBP and NMBI show a two times longer elec-
tron lifetime with respect to TFMP. On the other hand, electron 
transit times extracted from intensity modulated photocurrent 
spectroscopy (IMPS) do not depend significantly on the pres-
ence or absence of Lewis bases in the electrolyte. This suggests 
that, while the adsorption of all three Lewis bases to the TiO2 
surface helps to reduce recombination, the coordination of 
NMBI and tBP with the Cu(II) complexes is the main reason 
for the efficient blocking of recombination. This is supported 
by our discussion of the CV in Figure 4, where we found that, 
upon addition of tBP and NMBI, the reduction peak is shifted 
significantly. This shift of several hundreds of mV significantly 
reduces the driving force for recombination of electrons in the 
TiO2 with [Cu(dmp)2LB]2+ and [Cu(LB)4]2+, respectively. Accord-
ingly, this is reflected in the high recombination resistance and 
long electron lifetimes measured with impedance spectros-
copy and IMVS, respectively. It is therefore the coordination 
of NMBI and tBP to the Cu(II) centers and the formation of 
[Cu(dmp)2LB]2+ and [Cu(LB)4]2+ itself that lowers recombina-
tion losses of these electrolytes and allows for the higher solar 
energy conversions.

JSC is the second parameter that is significantly increased 
upon addition of Lewis bases to the electrolyte solution. As it 
is the case for VOC, it is mainly the addition of tBP and NMBI 
that improves the performance, while the presence of TFMP 
has a less significant influence. JSC can be expressed as a func-
tion of the light-harvesting efficiency (LHE), electron injection, 
dye regeneration, and charge collection efficiency.[83] Since no 
coordination of tBP and NMBI with the Cu(I) complexes was 
observed (Figure S4, Supporting Information) and the shifts 
in the cyclic voltammograms increase the driving force for dye 
regeneration, the addition of these Lewis bases should not neg-
atively affect the regeneration process of the oxidized dye.

The LHE could be affected through quenching of the excited 
dye with the Cu(II) species and, indeed, previous reports have 
indicated dynamic quenching for [Cu(dmp)2]2+ in combination 
with LEG4,[48] an organic dye structurally similar to the dye 
Y123 used in our studies. Dynamic quenching implies exciplex 
formation. If dynamic quenching was a significant loss mecha-
nism, we would expect the coordination of the Lewis bases to 
the Cu(II)-centers to significantly reduce the quenching process 
given that the same oxidized electrolyte species, as discussed 
above, would be involved. We therefore used time-correlated 
single photon counting (TCSPC) to test if tBP has an influ-
ence on the quenching of the photoluminescence of Y123 by 
the Cu(II) mediator (see Figure S17, Supporting Information). 
In contrast to previously reported TCSPC data,[48] we found the 
fluorescence quenching of Y123 anchored to Al2O3 to be mostly 
not dynamic. These results are consistent with static compl-
exation, rather than exciplex formation. More importantly, 
we found the decay rate to be largely unaffected by the pres-
ence of tBP, which suggests that the LHE is not affected by the 
presence of Lewis bases in the electrolyte. Similarly, steady-state 

fluorescence measurements of Y123 on Al2O3 in contact with 
tBP-free and tBP-containing [Cu(dmp)2]+/2+ electrolytes (see 
Figure S18, Supporting Information) were conducted, which 
confirm static complexation to be occurring, but more impor-
tantly indicate tBP to have little influence on this process. 
Hence, the increased JSC in the presence of tBP and NMBI is 
not caused by an improved LHE.

If we make the reasonable assumption that the presence 
of NMBI and tBP should not influence the electron injection, 
the improved JSC can be assigned to an improved charge col-
lection efficiency (ηc). In agreement with previous reports,[84] 
the electron transit times obtained from our IMPS measure-
ments suggest that the electron transport within the TiO2 semi-
conductor does not depend on the addition of Lewis bases to 
the electrolyte solution. Therefore, since only the Lewis base 
is changed from one device to the other, we can conclude that 
the electron transport within the TiO2 semiconductor does not 
differ between devices and ηc depends on recombination only. 
The recombination is influenced by the electron occupancy of 
trap and CB states of the TiO2 film and the oxidized species in 
the electrolyte,[79] both of which are influenced by the presence 
of Lewis bases as discussed above. The high dark currents in 
the absence of tBP and NMBI (dotted lines in Figure  6) sug-
gest recombination directly from the FTO or the compact TiO2 
to the electrolyte. Hence, the same mechanism of Lewis base 
coordination with the Cu(II) complexes that reduces the recom-
bination rate at the mesoporous TiO2 applies at this interface 
as well. The low photocurrents for the control and the TFMP-
containing devices, therefore, arise from a high recombination 
in these devices.

Interestingly, despite having similar dark current behavior 
and recombination rates for a given Lewis base additive, 
[Cu(dpp)2]+/2+ generally shows lower performance than 
[Cu(dmp)2]+/2+. This mainly arises from both lower photo-
current densities and fill factors. These parameters are largely 
influenced by the electrolyte through recombination, dye regen-
eration, competing absorption with the dye, diffusion resist-
ance, and regeneration at the counter electrode. As outlined 
above, the small differences in the recombination behavior 
cannot explain the observed difference. Therefore, we further 
explored the performance differences by analyzing the dye 
regeneration. The dye regeneration kinetics were determined 
by transient absorption spectroscopy (Figure S19 and Table S6, 
Supporting Information) and show an efficient and fast dye 
regeneration for both electrolytes. In fact, the sterically more 
constrained [Cu(dpp)2]+/2+ regenerates the oxidized dye even 
faster than [Cu(dmp)2]+/2+, which we attribute to its higher self-
exchange rate owing to a lower reorganization energy of this 
redox reaction.[51] Our DFT calculations confirm that due to the 
sterically more restraining phenyl substituents, [Cu(dpp)2]+/2+ 
shows a lower reorganization energy of 32.4  kJ  mol−1 with 
respect to 58.2  kJ  mol−1 for [Cu(dmp)2]+/2+ (Figure S20 and 
Table S7, Supporting Information), allowing for a faster regen-
eration of the dye.

To investigate if competing absorption with the dye is the 
origin for the difference between the redox couples, incident 
photon-to-electron conversion efficiency (IPCE) measurements 
for electrolytes from both Cu-systems in combination with tBP 
were measured and are presented in Figure S21b, Supporting 
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Information. For both copper redox couples, the IPCE is 
improved significantly upon addition of tBP. This indicates the 
large recombination loss for the copper electrolytes in absence 
of tBP, even at short-circuit conditions. The comparable inte-
grated current densities of the IPCE going from one copper 
system to the other in the presence (11.5  vs. 10.4  mA cm−2)  
or absence (1.88  vs. 1.53  mA cm−2) of tBP, respectively, 
indicate only minor competing absorption of the electro-
lyte species with the dye. This is consistent with the low 
extinction coefficients for both [Cu(dmp)2]+ and [Cu(dpp)2]+ 
(7.8 × 103 and 3.1 × 103 m−1 cm−1), with respect to the dye Y123 
(5.3 ×·104 m−1 cm−1 at 532 nm in THF).[85]

Short-circuit currents at different light intensities 
(Figure S21c, Supporting Information) show a positive linear 
dependence for [Cu(dmp)2]+/2+, while [Cu(dpp)2]+/2+ shows a 
sublinear relation, which is typically associated with mass trans-
port limitations of the mediator or charge transfer resistance at 
the counter electrode.[86] It is worth noting that, at 0.1 sun, the 
current densities are very similar between the two electrolytes 
(1.14 and 1.46  mA cm−2 for [Cu(dpp)2]+/2+ and [Cu(dmp)2]+/2+, 
respectively), indicating a comparable electrolyte performance 
at low light intensities, which is reflected in the similar IPCE 
spectra. To gain deeper understanding of the diffusion limita-
tions and the electrolyte regeneration at the counter electrode, 
symmetrical PEDOT-PEDOT devices were prepared. Electrolyte 
solutions were sandwiched between two PEDOT electrodes and 
impedance spectra were recorded at 0 V in the dark. The spectra 
were fitted to an equivalent circuit similar to the one shown in 
Figure S14, Supporting Information, except for the Rrec-CPEμ 
element. Surprisingly, the diffusion constants, D, obtained 
from impedance spectroscopy shows a negligible influence 
on the presence or absence of the Lewis bases (see Table S8, 
Supporting Information). However, while the resistance at the 
counter electrode, RCE, for [Cu(dmp)2]+/2+ and [Cu(dpp)2]+/2+ 
is negligible in the Lewis base free electrolyte solutions and 
in presence of TFMP, it is significantly increased in the pres-
ence of tBP and NMBI. Charge transfer resistances of 5.7 and 
7.0 Ω cm2, respectively, for tBP and NMBI with [Cu(dmp)2]+/2+ 
were obtained, while 101 and 31.9 Ω cm2, respectively, were 
measured for [Cu(dpp)2]+/2+. In other words, the formation of 
[Cu(dmp)2LB]2+ and [Cu(LB)4]2+, that slows down recombina-
tion, also slows down the regeneration at the counter electrode. 
The high RCE values for electrolytes with tBP and NMBI are in 
agreement with the complicated redox behavior and strongly 
shifted reduction peaks observed in the cyclic voltammetry. The 
high charge transfer resistance of [Cu(dpp)2]+/2+-based devices 
clearly limits their performance and is the critical difference 
between the two redox couples.

In summary, we propose a mechanism, as shown in Figure 8,  
using [Cu(dmp)2]+/2+ in combination with tBP as an example. 
[Cu(dmp)2]+ efficiently regenerates the oxidized dye molecules 
(step 1). On oxidation from Cu+ to Cu2+, the copper complex 
coordination geometry is flattened allowing for coordination 
of a tBP molecule (step 2). The formation of the pentacoordi-
nated complex stabilizes the Cu(II) redox state, which reduces 
the driving force for recombination. In the DSC this efficiently 
reduces recombination with electrons in the TiO2. In step 3, 
the same mechanism slows down the regeneration of the elec-
trolyte at the counter electrode. Finally, with the release of the 

coordinating tBP, [Cu(dmp)2]+ is formed in step 4 in its pre-
ferred four-coordinate tetrahedral state.

For [Cu(dmp)2]+/2+, the slow reduction at the counter elec-
trode is not a limiting factor in DSCs and high solar cell effi-
ciencies can be achieved. In the case of [Cu(dpp)2]+/2+, however, 
the complete ligand exchange with tBP and NMBI limits the 
electrolyte regeneration at the counter electrode, thereby lim-
iting the current outputs of devices.

3. Conclusion

In conclusion, we were able to demonstrate that the coordina-
tion of strong Lewis bases such as tBP and NMBI with Cu(II) 
phenanthroline complexes is crucial for their performance as 
electrolytes in DSCs. The coordination of the Lewis bases to the 
Cu(II) center efficiently slows down recombination. If a weaker 
Lewis base, such as TFMP is used, no coordination to the 
Cu(II) center occurs and the DSCs show a significantly reduced 
performance. For [Cu(dmp)2]2+, we found the oxidized redox 
species to be the pentacoordinated complex [Cu(dmp)2LB]2+. In 
the case of [Cu(dpp)2]2+, we observed a ligand exchange with the 
Lewis bases to form [Cu(LB)4]2+. We generally observed lower 
performance in DSCs with the latter owing to limitations at 
the counter electrode. With NMBI, we successfully introduced 
a new Lewis base as an additive for Cu-phenanthroline based 
electrolytes that outperforms the commonly used additive tBP.

With this study, we could not only show how the Lewis bases 
interact with the Cu-mediators, but also how their presence 

Figure 8.  Proposed mechanism for the working principle of Cu+/2+ 
electrolytes in the presence of tBP or NMBI using the example of 
[Cu(dmp)2]+/2+with tBP. 1) [Cu(dmp)2]+ effectively reduces the oxidized 
dye molecule (D+ → D). Upon oxidation, the Cu-complex changes from 
a tetrahedral to a pseudo square planar coordination sphere. 2) The flat-
tened coordination sphere of the Cu(II) complex allows for the formation 
of a pentacoordinated complex which efficiently reduces recombination 
with electrons in the TiO2 film with the Cu(II) complexes. 3) Reduction 
at the counter electrode. 4) Due to the preferred tetrahedral coordination 
sphere of Cu(I), tBP is released again.
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is a necessity for high-performing solar cells. We outlined the 
importance of fine tuning the Cu(II) complex–Lewis base coor-
dination and the Cu2+-reduction at the counter electrode in 
order to have an efficient electrolyte regeneration for high effi-
ciencies in devices. While Lewis base coordination is beneficial 
for Cu+/2+ based electrolytes, ligand dissociation complicates the 
redox behavior and slows down the regeneration kinetics. Fur-
ther optimization of this coordination, including for the widely 
used bipyridine analogues, will enable further improvements in 
this field and allow for open circuit voltages well above 1.1 V.

4. Experimental Section
General Information: Unless specified, all chemicals were purchased 

from VWR and used without further purification. Anhydrous acetonitrile 
(CH3CN), copper iodide, lithium trifluoromethanesulfonate (LiTFSI), and 
nitrosonium tetrafluoroborate (NOBF4) were purchased from Sigma-
Aldrich; petroleum benzine and diethyl ether from Merck. 2,9-diphenyl-
1,10-phenanthroline was synthesized according to a previously reported 
procedure.[87] NMR spectra were recorded on a Bruker Avance III 400 
instrument and are referenced versus residual solvent peaks with respect 
to δ(TMS) = 0  ppm. CHNS analysis was measured by The Campbell 
Microanalytical Laboratory, University of Otago, New Zealand.

Synthesis: [Cu(dmp)2][TFSI] and [Cu(dmp)2][TFSI]2 were synthesized 
according to a previously published procedure.[49] CuI (229  mg, 
1.20  mmol) was added to a solution of neocuproine hemihydrate 
(580  mg, 2.40  mmol) in 20  mL ethanol and stirred for 3 h. LiTFSI 
(1.72  g, 6.00  mmol) was added and the mixture stirred overnight. The 
red precipitate was collected by filtration, washed with water and diethyl 
ether, and dried in vacuo (815 mg, 1.07 mmol, 89%). 1H-NMR (400 MHz, 
CDCl3, δ): 8.48 (d, J = 8.3 Hz, 1H), 8.02 (s, 1H), 7.77 (d, J = 8.3 Hz, 1H), 
2.44 (s, 3H); ESI MS m/z: 479.1 [M-TFSI]+, 279.9 [TFSI]−; Anal. calcd for 
C30H24CuF6N5O4S2

−: C 47.40, H 3.18, N 9.21, S 8.43%; found: C 47.46, H 
3.04, N 9.23, S 8.56.

[Cu(dpp)2][TFSI] was synthesized in analogy using CuI (106  mg, 
0.557 mmol), 2,9-diphenyl-1,10-phenanthroline (407 mg, 1.22 mmol), and 
LiTFSI (800 mg, 2.79 mmol). Petroleum benzine was used to precipitate 
the product and [Cu(dpp)2][TFSI] was obtained as an dark red, crystalline 
solid (499 mg, 0.494 mmol, 81%). 1H-NMR (400 MHz, CDCl3, δ): 8.50 (d, 
J = 8.3 Hz, 1H), 8.02 (s, 1H), 7.87 (d, J = 8.3 Hz, 1H), 7.39 (dd, J = 8.3, 
1.2 Hz, 2H), 6.84–6.75 (m, 1H), 6.58–6.48 (m, 2H); ESI MS m/z: 727.1 
[M-TFSI]+, 279.8 [TFSI]−; Anal. calcd for C50H32CuF6N5O4S2: C 59.55, H 
3.20, N 6.94, S 6.36%; found: C 59.77, H 3.32, N 6.88, S 6.36. The crystal 
structure is shown in Figure S22, Supporting Information.

[Cu(dmp)2][TFSI]2 was prepared by adding NOBF4 (100  mg, 
0.856  mmol) to a solution of [Cu(dmp)2][TFSI] (500  mg, 0.658  mmol) 
in CH3CN in an N2 atmosphere and stirring the mixture for 1h. LiTFSI 
(900  mg, 3.13  mmol) was added and the mixture was stirred for 5 h. 
The solvent was removed, and the purple residue redissolved in 
dichloromethane, filtered through Celite, and added dropwise to diethyl 
ether. After stirring for 15  min, the precipitate was filtered off, washed 
with diethyl ether, and dried in vacuo to obtain the product as a purple 
powder (487 mg, 0.468 mmol, 71%). Anal. calcd for C32H24CuF12N6O8S4: 
C 36.94, H 2.33, N 8.08, S 12.33%; found: C 36.96, H 2.36, N 7.99, S 12.5.

[Cu(dpp)2][TFSI]2 was synthesized following the same procedure 
using [Cu(dpp)2][TFSI] (200  mg, 0.198  mmol), NOBF4 (28.0  mg, 
0.240  mmol), and LiTFSI (320  mg, 1.11  mmol). The product was 
obtained as a black solid (198  mg, 0.154  mmol, 78%). Anal. calcd for 
C52H32CuF12N6O8S4 C 48.47, H 2.50, N 6.52, S 9.95%; found C 48.69, H 
2.57, N 6.46, S 9.95.

Absorption Spectroscopy: Absorption spectra were measured on a 
Perkin Elmer 950 or an Agilent Technologies spectrometer using a 1 cm 
path length quartz cuvette.

Electrochemical Characterization: Cyclic voltammetric (CV) 
measurements for electrochemical characterizations were conducted 

under inert conditions inside a glovebox using a three-electrode 
configuration employing a 3 mm diameter platinum working electrode, 
a Ag/AgCl reference electrode, and a platinum wire counter electrode. 
A Bio-Logic VSP potentiostat was used in CV mode to record current–
voltage characteristics of the three-electrode set-up. Measurements were 
performed at a scan rate of 100 mV s−1 (unless otherwise specified) on 
4.6 mm solutions of the Cu(I) complex of interest in CH3CN with 0.1 m 
TBAPF6 as a supporting electrolyte. Ferrocene was used as for internal 
calibration and the redox potentials converted with respect to NHE 
using the standard value Fc+/Fc = 0.63 V versus NHE in CH3CN.[71]

Device Fabrication and Photovoltaic Performance Data of Devices 
Employing Copper Complex Electrolytes in the Presence of Lewis Bases: 
Devices were fabricated with a ≈8 µm mesoporous TiO2 layer (5 µm of 
30 nm TiO2 particles + 3 µm of 400 nm TiO2 particles) and were sensitized 
with the dye Y123. The underlying blocking layer was deposited by dipping 
the substrates three times into a 10 mm aqueous solution of TiCl4 at 70 °C. 
The electrolytes comprised 0.20 m Cu(I) complex, 0.04 m Cu(II) complex, 
0.10 m LiTFSI, and 0.6 m of Lewis base (NMBI, tBP or TFMP) in CH3CN 
as indicated. For the counter electrodes, PEDOT was electrodeposited on 
ITO-glass as described previously.[86] The electrodes were fused together 
with a 25 µm hot-melt Surlyn gasket and the electrolyte was filled through 
one of two pre-drilled holes of the PEDOT electrode inside a N2 glovebox. 
Surlyn-coated aluminium foil heated to 120 °C was used to seal the holes. 
Wires were soldered to each electrical contact for testing. Three devices 
of each electrolyte composition were fabricated and tested to ensure 
reproducibility of the data. Current–voltage characteristics were recorded 
at 100  mW cm−2 using a Keithley source meter and an Oriel solar 
simulator equipped with a xenon lamp and an AM 1.5G filter.

Electrochemical Impedance Spectroscopy: Electrochemical impedance 
spectroscopy (EIS) was performed using a Zahner Zennium 
Electrochemical Work Station ECW IM6 as a frequency response analyzer, 
with a voltage sinusoidal perturbation of 10 mV at a frequency range from 
1 Hz to 1 MHz. The DSCs were measured under illumination of a white LED 
adjusted to provide the same JSC on the devices than 100 mW cm−2 AM 1.5 
conditions; the DC voltage was varied from 0.3 to 1.2 V. The impedance 
spectra (Nyquist plots) were fitted to the equivalent circuit shown in  
Figure S14, Supporting Information, using ZView software. Symmetrical 
devices were measured at 0  V and performed under dark conditions. 
For this, fitting an equivalent model similar to the one in Figure S14, 
Supporting Information, was used, except for the Rrec-CPEμ element.

IMPS and IMVS: IMPS and IMVS measurements of devices were 
recorded under short-circuit and open-circuit conditions, respectively, 
with a Zahner Zennium potentiostat equipped with a frequency response 
analyzer module and an LED light source of 430 ± 10 nm. The DC bias 
illumination was adjusted to be 200 W m−2 and the light AC sinusoidal 
perturbation set to 15.5% of the DC light intensity (± 31 W m−2). The 
frequency range was recorded from 10 kHz to 0.1 Hz.

Quenching  of  Y123  Dye by [Cu(dmp)2]2+: Mesoporous Al2O3 films 
on microscopic glass slides (prepared by spin coating Al2O3 paste 
and heating at 450 °C for 30 min) were immersed into a 0.1 mm Y123 
solution in dry CH3CN overnight inside a glovebox. After dying, films 
were washed with CH3CN, dried, and placed vertically into the cuvette 
filled with CH3CN, to which aliquots of [Cu(dmp)2]2+ or [Cu(dmp)2]2+-tBP 
solution were added. The samples were illuminated with a 440  nm 
pulsed laser diode (Picoquant LDH-P-C-440). The pulse energy was 8.5 
pJ and the repetition rate was 20 MHz. The angle of incidence was 45° to 
the sample surface. The light was collected at a 90° angle to the incident 
laser beam and opposite the reflected laser light. The fluorescence 
was passed through a 500  nm dielectric long-wavelength-passing filter 
and a 480 mm monochromator set to 640 nm. It was recorded using a 
Hamamatsu R3809U-50 microchannel plate photomultiplier tube.

Steady-State Fluorescence Measurements: Y123-sensitized Al2O3 films 
on microscopic glass slides were prepared as previously described which 
were then cut into ≈1 × 2 cm pieces. Using 25 µm thick hot-melt Surlyn, 
a bare glass slide (also with dimensions of 1 × 2  cm) was attached, 
forming a compartment into which the CH3CN-based solutions 
containing the various quenchers were filled through one of two pre-
drilled holes of the glass slide inside a N2 glovebox. Surlyn-coated 
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aluminium foil heated to 120 °C was then used to seal the holes with the 
application of pressure. The fluorescence measurements were recorded 
on a Horiba FluoroMax-4.

Dye Regeneration Kinetics of Copper Complexes: ≈1 um thick TiO2 films 
(7 × 7 mm in dimension) comprising 30 nm-sized particles were screen-
printed and sintered. TiO2 electrodes were heated with a heat gun at 
500 ± 25 °C for 30 min prior to being immersed into a 3 µm solution of 
the dye in CH3CN:toluene (1:1) for 24 h. The dyed TiO2 working electrodes 
were fused to pre-drilled microscope glass slides (as dummy counter 
electrodes) with a 25 µm hot-melt Surlyn gasket, forming a compartment 
into which the electrolyte solutions were filled through the pre-drilled 
injecting holes. Electrolytes comprised 10  mm of the Cu(I) complex 
species dissolved in CH3CN containing 0.1 m LiTFSI. Once filled, the 
injecting holes were sealed with a sheet of Surlyn-coated aluminium foil, 
with care taken to avoid blockage of the laser through the film.

DFT Calculations of the Reorganization Energy of Copper Complexes: 
Theoretical calculations for obtaining free energies and minimized 
ground state geometries were carried out based on DFT using 
Gaussian-09 rev. A. 02 package.[88] The level of theory employed 
was B3LYP coupled with the def2-svp basis set.[89–91] Restricted and 
unrestricted DFT was employed for optimizing and computing the 
energies of the doublet Cu(I) and singlet Cu(II) complexes. The default 
tight convergence criteria was used for SCF convergence. The inner 
sphere reorganization energy (li) was calculated based on previous 
literature.[92,93] li was obtained by combining the individual contributions 
of the reduced (lred) and oxidized (lox) states. lox was calculated from 
the energy difference between the oxidized molecule at the minimized 
geometry of the reduced state and the minimized oxidized state energy. 
lred was obtained from the energy difference between the reduced. The 
minimized energy structures are shown in Figure S20, Supporting 
Information, and the reorganization energies and differences in dihedral 
angles are listed in Table S7, Supporting Information.

[CCDC 2010057–2010059 contains the supplementary crystallographic 
data for this paper. These data can be obtained free of charge from 
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.].
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