inorganics
Article

Copper Complexes with Tetradentate Ligands for
Enhanced Charge Transport in Dye-Sensitized
Solar Cells
Hannes Michaels 1 , Iacopo Benesperi 1 ID , Tomas Edvinsson 2 , Ana Belén Muñoz-Garcia 3 ,
Michele Pavone 4 , Gerrit Boschloo 1 ID and Marina Freitag 1, *
1

2
3
4

*

Department of Chemistry, Ångström Laboratory, Uppsala University, P.O. Box 523,
SE-75120 Uppsala, Sweden; hannes.michaels@kemi.uu.se (H.M.); iacopo.benesperi@kemi.uu.se (I.B.);
gerrit.boschloo@kemi.uu.se (G.B.)
Department of Solid-state Physics, Ångström Laboratory, Uppsala University, P.O. Box 534,
SE-75121 Uppsala, Sweden; Tomas.Edvinsson@angstrom.uu.se
Department of Physics “Ettore Pancini”, University of Naples Federico II, 80126 Naples, Italy;
anabelen.munozgarcia@unina.it
Department of Chemical Sciences, University of Naples Federico II, 80126 Naples, Italy;
michele.pavone@unina.it
Correspondence: marina.freitag@kemi.uu.se

Received: 28 April 2018; Accepted: 16 May 2018; Published: 21 May 2018




Abstract: In dye-sensitized solar cells (DSCs), the redox mediator is responsible for the regeneration
of the oxidized dye and for the hole transport towards the cathode. Here, we introduce
new copper complexes with tetradentate 6,60 -bis(4-(S)-isopropyl-2-oxazolinyl)-2,20 -bipyridine
ligands, Cu(oxabpy), as redox mediators. Copper coordination complexes with a square-planar
geometry show low reorganization energies and thus introduce smaller losses in photovoltage.
Slow recombination kinetics of excited electrons between the TiO2 and CuII (oxabpy) species lead to an
exceptionally long electron lifetime, a high Fermi level in the TiO2 , and a high photovoltage of 920 mV
with photocurrents of 10 mA·cm−2 and 6.2% power conversion efficiency. Meanwhile, a large driving
force remains for the dye regeneration of the Y123 dye with high efficiencies. The square-planar
Cu(oxabpy) complexes yield viscous gel-like solutions. The unique charge transport characteristics
are attributed to a superposition of diffusion and electronic conduction. An enhancement in charge
transport performance of 70% despite the higher viscosity is observed upon comparison of Cu(oxabpy)
to the previously reported Cu(tmby)2 redox electrolyte.
Keywords: dye-sensitized solar cell; solar cell; copper complex; redox mediator; electrolyte; tetradentate

1. Introduction
A steep incline in energy demands, paired with an increased awareness of climate change,
has driven the development of renewable energy sources [1]. Technologies for harvesting solar
energy have evolved and photovoltaics has become a major focus in today’s politics and research.
Dye-sensitized solar cells (DSCs), as first described by Gerischer [2] and implemented by Grätzel [3],
provide a low-cost alternative for large-scale solar energy conversion based on inexpensive and
Earth-abundant materials [4–6]. Since the beginning of DSC development in 1991, impressive
power conversion efficiencies above 14% have been demonstrated [7]. Light absorption in a
DSC is based on dye molecules anchored to a porous metal oxide semiconductor (typically TiO2 ,
Figure 1a). Photon absorption leads to injection of electrons from the excited dye molecules (D*)
into the conduction band of the semiconductor and subsequently an external circuit, while the dye
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is regenerated by a redox electrolyte. Crucial photovoltaic parameters of solar cells include the
photocurrent, determined by light absorption and carrier injection by the dye, and the photovoltage,
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Figure 1. (a) Schematic diagram of charge transport processes in a Dye‐sensitized Solar Cell (DSC).
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computational details, corresponding data are listed in Table S1). The absorption maximum at 415 nm
is attributed to excitation of electrons from the HOMO − 2 to the LUMO (Figure S5). The oscillator
strength for this transition is calculated to be two orders of magnitude higher than for the first
strength for this transition is calculated to be−1 two−1orders of magnitude higher
than for the first
transition. An extinction coefficient of 1587 M cm was measured for CuI(oxabpy) and negligible
transition. An extinction coefficient of 1587 M−1 cm−II 1 was measured for CuI (oxabpy) and negligible
absorption was observed around 700 nm for the Cu (oxabpy). Therefore, the Cu(oxabpy) electrolyte
absorption was observed around 700 nm for the CuII (oxabpy). Therefore, the Cu(oxabpy) electrolyte
competes for light absorption significantly less than previously introduced Cu‐based electrolytes (e.g.,
competes
for light absorption significantly less than previously introduced Cu-based electrolytes
5300 M−1 cm−1 for CuI(tmby)2) [20].
(e.g., 5300 M−1 cm−1 for CuI (tmby)2 ) [20].
The formal potential of the Cu(oxabpy) redox system is found at 0.66 V vs. NHE. It is thus
The formal potential of the Cu(oxabpy) redox system is found at 0.66 V vs. NHE. It is thus
situated significantly lower compared to previously reported Cu‐based redox electrolytes (e.g., 0.87
situated significantly lower compared to previously reported Cu-based redox electrolytes (e.g., 0.87 V
V for Cu(tmby)2) [20].
for Cu(tmby)2 ) [20].
Electrolyte solutions with the CuI/II(oxabpy) redox couple were gel‐like in appearance. To study
Electrolyte solutions with the CuI/II (oxabpy) redox couple were gel-like in appearance. To study
the gelation of Cu(oxabpy) complexes, viscosity measurements were conducted for Cu(oxabpy) with
the gelation of Cu(oxabpy) complexes, viscosity
measurements were conducted for Cu(oxabpy)
respect to the Cu(tmby)2 redox system in CuI 5:1
CuII composition (as in the electrolyte). The flow
with respect to the Cu(tmby)2 redox system in CuI 5:1 CuII composition (as in the electrolyte). The flow
speed through a capillary measured with a ViscoClock showed that the addition of Cu(oxabpy)
speed through a capillary measured with a ViscoClock showed that the addition of Cu(oxabpy)
complexes to chloroform lead to a 2.6 times greater increase of the solution viscosity compared to the
complexes to chloroform lead to a 2.6 times greater increase of the solution viscosity compared to the
addition of an equal amount of the Cu(tmby)2 couple (see Figure S2).
addition of an equal amount
of the Cu(tmby)2 couple (see Figure S2).
Raman spectra of CuI/II(oxabpy) complexes
are shown in Figure 3.
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Modes between 250 cm−1 and 410 cm−1 as well as at 749 cm−1 in the spectra of Cu(oxabpy)TFSI
Modes between 250 cm−1 and 410 cm−1 as well as at 749 cm−1 in the spectra of Cu(oxabpy)TFSI
and Cu(oxabpy)TFSI2 were identified to origin from the TFSI counterion (black boxes). Furthermore,
and Cu(oxabpy)TFSI
to origin from the TFSI counterion (black boxes). Furthermore,
2 were identified
features at 1131 cm−1
and 1247 cm−1−were
associated with the TFSI counterion. The TFSI modes are
−
1
1
features at 1131 cm and 1247 cm were associated with
the TFSI counterion. The TFSI modes
generally found in higher relative intensity for the CuIIII(oxabpy) compared to the CuII(oxabpy),
are generally found in higher relative intensity for the Cu (oxabpy)
compared to the Cu (oxabpy),
confirming the presence of two TFSI counterions for the CuIIII(oxabpy) complex. The CuIIII(oxabpy)
confirming the presence of two TFSI counterions
for
the
Cu
(oxabpy)
complex. The Cu (oxabpy)
−1, which can be affiliated with a C–N stretch
complex shows strong modes at 1003 cm−−11 and 1040 cm−
1
complex shows strong modes at 1003 cm and 1040 cm , which can be affiliated with a C–N stretch
and a pyridine breathing mode as previously reported for similar compounds [32]. The breathing
and a pyridine breathing mode as previously reported
for similar compounds [32]. The breathing
mode, however, is not visible in the spectrum of CuI(oxabpy). This is attributed to the longer bond to
mode, however, is not visible in the spectrum of CuI (oxabpy). This is attributed to the longer bond to
the copper metal center (see Figure 4), which impedes this vibration and serves as a strong signature
the copper metal center (see Figure 4),I whichII impedes this vibration and serves as a strong signature
to distinguish the coordination of CuI or CuII to the pyridine nitrogen. Additional modes at 630 cm−−11
to distinguish the
coordination
of Cu or Cu to the pyridine nitrogen. Additional modes at 630 cm
and 668/680 cm−1−in
the CuI/II(oxabpy)
complexes are attributed to the oxazoline units. A pair of bands
1
I/II
and 668/680 cm in
the Cu (oxabpy) complexes
are attributed to the oxazoline units. A pair of
arises at 668/680 cm−1 upon−coordination
in CuII(oxabpy), while the vibration at 680 cm−1 is again not
bands arises Iat 668/680 cm 1 upon coordination in CuII (oxabpy), while the vibration at 680 cm−1 is
visible in Cu (oxabpy).
again not visible in CuI (oxabpy).
2.2. Density Functional Theory Calculations
In order to estimate the reaction‐free energies and internal reorganization energies for the
CuI/II(oxabpy) complexes, DFT calculations with the Gaussian 16 suite of programs [33] were
performed at the B3LYP‐D3B [34] level of theory [34–36], with SDD as basis set for Cu and
6‐31++G(d,p) basis set for other atoms. Structural optimizations, molecular frequencies, and
thermochemistry data have been computed in acetonitrile by applying the polarizable continuum
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Figure
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topNon-equivalent
view. Non‐equivalent
Cu–N
DFT/B3LYP-D3BJ
theory
in acetonitrile
(PCM).
(a,b): top
view.
Cu–N distances
distances
(black
dashed
lines) andbetween
distances
between
Hisopropyl
of terminal
isopropyl
(grey
(black
dashed
lines)
and distances
germinal
H germinal
of terminal
groups
(greygroups
dotted lines)
dotted
lines) are
indicated.
(c,d):Dihedral
lateral view.
Dihedral
angles of each N1–N2–N3–N4
(ΘN1–N4)
are
indicated.
(c,d):
lateral view.
angles
of each N1–N2–N3–N4
plane (ΘN1–N4 ) plane
are indicated.
are indicated.

From analysis of DFT minimum energy geometries for CuI and CuII complexes, the most evident
From analysis of DFT minimum energy geometries for CuI and CuII complexes, the most evident
feature is the significant shift of the copper position upon oxidation from CuI to CuII . While both CuI
feature is the significant shift of the copper position upon oxidation from CuI to CuII. While both CuI
and CuII complexes have a planar configuration of the N4 open ring, the coordination of CuI tends to
and CuII complexes have a planar configuration of the N4 open ring, the coordination of CuI tends to
involve only the two nitrogen atoms in the oxazoline groups in a quasi linear geometry (Cu–N distances
involve only the two nitrogen atoms in the oxazoline groups in a quasi linear geometry (Cu–N
are reported in Figure 4). In the CuII complex the copper atom is accommodated in a planar square
distances are reported in Figure 4). In the CuII complex the copper atom is accommodated in a planar
configuration with the four nitrogen atoms with about 2.0 Å of distance. Moreover, the N4 pseudo-ring
square configuration with the four nitrogen atoms with about 2.0 Å of distance. Moreover, the N4
appears to be more open by ~10% in the case of CuI than in the CuII one. These coordination differences
pseudo‐ring appears to be more open by ~10% in the case of CuI than in the CuII one. These
have a direct consequence on the computed spectroscopic properties of the complexes, in agreement
coordination differences have a direct consequence on the computed spectroscopic properties of the
complexes, in agreement with the observed experimental differences between the Raman spectra of
CuI/CuII complexes (see Figure 3). Quenching of the pyridine breathing vibration at 1247 cm−1 for the
CuI(oxabpy) complex proves the alteration of the metal–ligand bonding with respect to CuII(oxabpy).
Therefore, the change in bond lengths as suggested by DFT calculations is confirmed.
I

II
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with the observed experimental differences between the Raman spectra of CuI /CuII complexes
(see Figure 3). Quenching of the pyridine breathing vibration at 1247 cm−1 for the CuI (oxabpy)
complex proves the alteration of the metal–ligand bonding with respect to CuII (oxabpy). Therefore,
the change in bond lengths as suggested by DFT calculations is confirmed.
To study the stability of CuI /CuII (oxabpy) complexes and the possibility of an additional
Inorganics 2018, 6, x FOR PEER REVIEW
6 of 17
coordination of a TFSI counterion, we first considered the binding between CuI /CuII species
and the (oxabpy) ligand. Total binding energies have been computed as total energy differences
complexes and the isolated species (including zero‐point vibrational energies). For the
between the complexes and the isolated species (including zero-point vibrational energies).
For the
CuII/CuII(oxabpy)
complexes the computed values are −3.27 and −8.20 eV for CuI and CuII,
Cu /CuII (oxabpy) complexes the computed values are −3.27 and −8.20 eV for CuI and CuII ,
respectively. The negative values mean that the formation of these complexes is favorable. When
respectively. The negative values mean that the formation of these complexes is favorable.
adding a TFSI anion to these systems, we considered the interaction between its N atom and the
When adding a TFSI anion to these systems, we considered the interaction
between its N atom
copper, forming a pseudo‐square pyramid coordination with the CuI/II (see Figure
S3–S4). In these
and the copper, forming a pseudo-square pyramid coordination with the CuI/II (see Figure
S3–S4).
new complexes the computed binding energies become −3.54 and −8.77 eV for CuI Iand CuIIII,
In these new complexes the computed binding energies become −3.54 and −8.77 eV for Cu I and Cu II,
respectively. The TFSI alone provides an extra stabilization of −0.27 and −0.57 eV for CuI and CuII
respectively. The TFSI alone provides an extra stabilization of −0.27 and −0.57 eV for Cu and Cu
complexes, respectively.
complexes, respectively.
II interacts more strongly with the ligand, probably due to
From these data we obtain that the CuII
From these data we obtain that the Cu interacts more strongly with the ligand, probably due to
the more efficient coordination of all the four N atoms of the oxabpy ligand. The favorable interaction
the more efficient coordination of all the four N atoms of the oxabpy ligand. The favorable interaction
with TFSI is mostly due to classic electrostatics, as a matter of facts the TFSI does not alter the nature
with TFSI is mostly due to classic electrostatics, as a matter of facts the TFSI does not alter the nature
and the shape of the frontier orbitals (as shown for the HOMO in Figure S4). These results highlight
and the shape of the frontier orbitals (as shown for the HOMO in Figure S4). These
results highlight
I/II(oxabpy)
the importance of considering also the possibility of other co‐ligands for the CuI/II
complexes,
the importance of considering also the possibility of other co-ligands for the Cu (oxabpy) complexes,
paving the route to further studies in this direction.
paving the route to further studies in this direction.

2.3. Photovoltaic Performance in Dye‐Sensitized Solar Cells
2.3. Photovoltaic Performance in Dye-Sensitized Solar Cells
Photovoltaic data of Y123‐sensitized solar cells fabricated with the Cu(oxabpy) and Cu(tmby)2
Photovoltaic data of Y123-sensitized solar cells fabricated with the Cu(oxabpy) and Cu(tmby)2
redox couples are shown in Figure 5a and listed in Table 2. Electrolyte solution for the solar cells (as
redox couples are shown in Figure 5a and listed in Table 2. Electrolyte solution forII the solar cells
well as for ensuing studies in this article) was comprised of 0.2 M CuI and
0.04 M Cu species of the
(as well as for ensuing studies in this article) was comprised of 0.2 M CuI and 0.04 M CuII species of
respective complex. The reader is referred to Figures S6–S9 for measurement statistics, solar cell
the respective complex. The reader is referred to Figures S6–S9 for measurement statistics, solar cell
characterization at lower light intensity and studies concerning electrolyte compositions.
characterization at lower light intensity and studies concerning electrolyte compositions.
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Table 2. J–V characteristics for Y123‐sensitized solar cells with Cu(tmby)2 and Cu(oxabpy) electrolyte
under full AM 1.5G and under 10% light intensity. For detailed characterization, the reader is referred
to Figures S6–S9 in the Supporting Information.

Electrolyte
Cu(tmby)2
10% light
Cu(oxabpy)
10% light

Voc (mV)
1040
955
920
855

Jsc (mA∙cm−2)
10.5
1.37
9.75
1.32

Fill Factor
0.71
0.77
0.69
0.79

PCE (%)
7.8
10.1
6.2
8.9

The open‐circuit voltage (Voc) of a dye‐sensitized solar cell is given by the difference in energy
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Table 2. J–V characteristics for Y123-sensitized solar cells with Cu(tmby)2 and Cu(oxabpy) electrolyte
under full AM 1.5G and under 10% light intensity. For detailed characterization, the reader is referred
to Figures S6–S9 in the Supporting Information.
Electrolyte

Voc (mV)

Jsc (mA·cm−2 )

Fill Factor

PCE (%)

Cu(tmby)2
10% light
Cu(oxabpy)
10% light

1040
955
920
855

10.5
1.37
9.75
1.32

0.71
0.77
0.69
0.79

7.8
10.1
6.2
8.9

The open-circuit voltage (Voc ) of a dye-sensitized solar cell is given by the difference in energy
between the Fermi level (EF ) in the mesoporous TiO2 and the effective redox potential of the electrolyte [11].
Solar cells with the Cu(tmby)2 redox couple show a photovoltage of 1040 mV, while those with Cu(oxabpy)
exhibit a maximum photovoltage of 920 mV. Intriguingly, the Cu(oxabpy) redox couple (0.66 V vs. NHE)
shows a 210 mV lower formal redox potential compared to Cu(tmby)2 (0.87 V vs. NHE) [20], while solar
cells generate a photovoltage which is only 120 mV lower. Slow recombination kinetics of excited electrons
with CuII (oxabpy) lead to a higher Fermi level in the TiO2 and thus to a high photovoltage. This effect
will be further discussed
in the lifetime measurements in Figure 6.
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2.4. Electron Lifetime Measurements

2.4. Electron Lifetime Measurements

Recombination kinetics between excited electrons in the TiO2 and the redox electrolyte were
Recombination kinetics between excited electrons in the TiO2 and the redox electrolyte were
further investigated
electron
lifetime
measurements
further with
investigated
with electron
lifetime
measurements (Figure
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Figure 6. Electron lifetimes in Y123‐sensitized TiO2 in Cu(tmby)2 (black) and Cu(oxabpy) electrolyte.

Figure 6. Electron
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of the CuII content in the electrolyte on recombination kinetics,
measurements are presented for electrolyte compositions from the standard 5:1 electrolyte (orange)
stepwise to a 1:1 mixture of CuI/II (blue). CuI concentration was kept constant in all compositions, the
respective entry indicates the relative concentrations of CuI and CuII. The observation of a Fermi level
shifts up to 70 mV for the Cu(oxabpy) standard electrolyte compared to the Cu(tmby)2 reference
supports the hypothesis of slow recombination kinetics for the Cu(oxabpy) redox couple. The shift in
the Fermi level follows a consistent trend towards lower potentials upon increase of CuII
concentration in the electrolyte, as a larger number of recombination sites becomes available for
excited electrons.
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To demonstrate the influence of the CuII content in the electrolyte on recombination kinetics,
measurements are presented for electrolyte compositions from the standard 5:1 electrolyte (orange)
stepwise to a 1:1 mixture of CuI/II (blue). CuI concentration was kept constant in all compositions,
the respective entry indicates the relative concentrations of CuI and CuII . The observation of a Fermi
level shifts up to 70 mV for the Cu(oxabpy) standard electrolyte compared to the Cu(tmby)2 reference
supports the hypothesis of slow recombination kinetics for the Cu(oxabpy) redox couple. The shift in
the Fermi level follows a consistent trend towards lower potentials upon increase of CuII concentration
in
the electrolyte,
as PEER
a larger
number of recombination sites becomes available for excited electrons.
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increasing CuII content according to the color code up to a 1:1 mixture (blue). In the case of inert
LiTFSI, 0.6 M tBP), the Y123-dye shows the characteristic Stark-shifted ground state bleach (500–600 nm)
electrolyte (0.1 M LiTFSI, 0.6 M tBP), the Y123‐dye shows the characteristic Stark‐shifted ground state
and the absorption of the oxidized dye (680 nm, 800 nm) [39]. For all constitutions of the Cu(oxabpy)
bleach (500–600 nm) and the absorption of the oxidized dye (680 nm, 800 nm) [39]. For all
electrolyte, the absorption of the dye in the oxidized state is largely suppressed. Therefore, it can be
constitutions of the Cu(oxabpy) electrolyte, the absorption of the dye in the oxidized state is largely
deduced that electrons are rapidly transferred from the redox electrolyte to the oxidized dye molecules.
suppressed. Therefore, it can be deduced that electrons are rapidly transferred from the redox
A bleach around 550–600 nm persists and can be attributed to local electric fields. Minor remaining
electrolyte to the oxidized dye molecules. A bleach around 550–600 nm persists and can be attributed
absorption at near-infrared wavelengths are associated with electrons in the TiO2 [40]. Quenching of the
to local electric fields. Minor remaining absorption at near‐infrared wavelengths are associated with
oxidized dye decreases with increasing CuII content in the electrolyte due to a reduced presence
of the
electrons
in the TiO2 [40]. Quenching of the oxidized dye decreases with increasing CuII content in
CuI species in the immediate proximity of the oxidized
dye.
This
effect
was
further
studied
with
transient
the electrolyte due to a reduced presence of the CuI species in the immediate proximity of the oxidized
absorption spectroscopy (TAS, Figure 7b). Results are summarized in Table 3.
dye. This effect was further studied with transient absorption spectroscopy (TAS, Figure 7b). Results
are summarized in Table 3.
CuII

Table 3. Regeneration times and efficiencies for Y123‐sensitized photoanodes in inert and Cu(oxabpy)
electrolyte, by addition of CuII into the electrolyte.
τ1/2 (μs)

φreg (%)
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Table 3. Regeneration times and efficiencies for Y123-sensitized photoanodes in inert and Cu(oxabpy)
electrolyte, by addition of CuII into the electrolyte.

Inert
CuI (oxabpy)
CuI/II (oxabpy) 5:1
CuI/II (oxabpy) 5:2
CuI/II (oxabpy) 5:3
CuI/II (oxabpy) 5:4
Inorganics 2018, 6, x FOR PEER REVIEW
CuI/II (oxabpy) 5:5
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2.6. Charge Transport in the Cu(oxabpy) Redox Electrolyte
2.6. Charge Transport in the Cu(oxabpy) Redox Electrolyte
The charge transport in the Cu(oxabpy) electrolyte was investigated with symmetrical cells with
The charge transport in the Cu(oxabpy) electrolyte was investigated with symmetrical cells with
poly(3,4‐ethylenedioxythiophene) (PEDOT) contacts on either electrode. Figure 8a shows cyclic
poly(3,4-ethylenedioxythiophene) (PEDOT) contacts on either electrode. Figure 8a shows cyclic
voltammograms of these symmetrical cells with the Cu(tmby)2 and Cu(oxabpy) redox couples.
voltammograms of these symmetrical cells with the Cu(tmby)2 and Cu(oxabpy) redox couples.
Results of these investigations are summarized in Table 4.
Results of these investigations are summarized in Table 4.
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The shape of the cyclic voltammograms at low potentials follows that of a characteristic ohmic
resistance. From potentials around 1 V, however, mass transport deficiencies impede the charge
transport. In this diffusion‐limited region at high potentials, cells with the Cu(oxabpy) redox
electrolyte exhibit a 1.7 times higher current at similar potential compared to the Cu(tmby)2 reference
cells. The limiting current can be directly associated with the diffusion of the copper complexes in the
electrolyte,
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The shape of the cyclic voltammograms at low potentials follows that of a characteristic ohmic
resistance. From potentials around 1 V, however, mass transport deficiencies impede the charge
transport. In this diffusion-limited region at high potentials, cells with the Cu(oxabpy) redox electrolyte
exhibit a 1.7 times higher current at similar potential compared to the Cu(tmby)2 reference cells.
The limiting current can be directly associated with the diffusion of the copper complexes in
the electrolyte,
2nFcD
JL =
(2)
δ
where n is the number of exchanged electrons (n = 1 for common copper-based redox systems),
F represents the Faraday constant, c and D are the concentration and the diffusion coefficient of the
limiting species (i.e., the minority species, in these cases the CuII ), and δ is the spacing between the
electrodes.
Table 4. Electrochemical characterization of symmetrical PEDOT-PEDOT cells. The first two rows
list current density JL and diffusion coefficient D from the cyclovoltammograms. The equivalent
circuit parameters for the electrochemical impedance spectra are: serial resistance RS , charge transfer
resistance RCT , frequency-independent parameters Q and β for the constant phase element and
resistance RW , as well as time constant TW , for the Warburg diffusion model. Diffusion coefficients
from the electrochemical impedance spectra are shown in the last row. The diffusion coefficients were
calculated from Equations (2) and (5), respectively. Previously reported values in parenthesis.

cm−2 )

JL (mA
D (10−6 cm2 s−1 ) for CuII from JL
RS (Ω)
RCT (Ω)
CPE: Q (10−3 Ω−1 s−β )
CPE: β
W: Rw (Ω)
W: Tw (s)
D (10−6 cm2 s−1 ) for CuII from Rw

Cu(tmby)2

Cu(oxabpy)

16.6
8.6 (10; 12) [41,42]
10.5
6.92
0.337
0.847
26.5
0.208
22.4 (22; 26) [20,41]

27.5
14.3
10.8
33.4
0.124
0.967
9.09
0.285
63.7

The diffusion coefficients for CuII (tmby)2 and CuII (oxabpy) obtained from the cyclic
voltammograms are calculated in Table 4. The diffusion coefficient for Cu(tmby)2 is estimated around
8.6 cm2 /s, slightly lower but within reasonable agreement with previously reported values from
similar experimental setups [41,42]. The higher limiting current for the Cu(oxabpy) system yields
a correspondingly 1.7 times higher diffusion coefficient of 14.3 cm2 /s. A faster transport in the
Cu(oxabpy) gel-like electrolyte appears intriguing when related to the fact that its viscosity was
estimated more than 2.5 times higher than that of Cu(tmby)2 . The enhanced charge transport properties
are hence to be attributed to superposition of diffusion with an additional transport mechanism such
as charge hopping. The square-planar coordination geometry of Cu(oxabpy) complexes appears to
enable direct electronic interactions between the complexes, leading to charge-hopping transitions
along Cu(oxabpy) complexes and thus a more effective charge transport in the electrolyte. Such charge
transport based on intermolecular transfers had previously been successfully demonstrated in copper
complexes as solid hole transport materials [25,43].
The advanced charge transport in the Cu(oxabpy) redox electrolyte was also observed
in electrochemical impedance spectroscopy on symmetrical PEDOT-PEDOT cells (Figure 8b).
Experimental results (circles/stars) were fitted to the alternative circuit shown in the inlet.
A constant phase element (CPE) was proposed for the impedance of the electrochemical double
layer at the PEDOT/electrolyte interface,
ZCPE =

1
Q(iω ) β

(3)
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where ω represents the frequency, and Q and β represent the parameters of the CPE. The constraint of
0 ≤ β ≤ 1 was applied for the fitting of experimental data. A short-circuit Warburg model was applied
for the diffusion impedance parallel to the CPE,
Zw = √

p

Rw
tanh
Tw iω
Tw iω

(4)

where ω is the frequency, RW the diffusion resistance and TW the diffusion time constant, which are
defined as
δ2
RTδ
Rw = 2 2
; Tw =
(5)
D
z F AcD
with the absolute temperature T, the gas constant R, cell spacing δ, number of charges z,
Faraday constant F, area A and concentration c, as well as diffusion coefficient D for the
transport-limiting species (here the CuII ) [44]. Resistances were inserted at the beginning of the
circuit as well as before the diffusion element.
Z = RS +

ZCPE ( RCT + Zw )
ZCPE + RCT + Zw

(6)

Fitted parameters are summarized in Table 4. Electrochemical impedance spectra of symmetrical
PEDOT-PEDOT cells generally exhibit two semicircles, originating from the charge transfer resistance
at the electrolyte/PEDOT interface and from the diffusion impedance. The charge transfer resistance
dominates the impedance response for the Cu(oxabpy) system while this contribution becomes less
significant for the Cu(tmby)2 electrolyte, where a more distinct diffusion impedance arises. The high
charge transfer resistance in the case of the Cu(oxabpy) redox system corresponds to a slower charge
transfer rate at the electrolyte/PEDOT interface. This can be directly related to the lower fill factor in
the solar cell devices.
Diffusion coefficients in the redox electrolytes were deduced from the fitted diffusion resistances
RW according to Equation (5). The estimated diffusion coefficient for the diffusion-limiting CuII (tmby)2
of 22.4 cm2 /s is found in excellent agreement with previously reported values and supports the
proposed equivalent circuit model [20,41]. A similar circuit model was applied to fit the impedance
spectrum of Cu(oxabpy). The agreement between experimental data and the equivalent circuit fit
indicates that diffusive mass transport is the determining charge transport mechanism. The obtained
diffusion coefficient for CuII (oxabpy) of 63.7 cm2 /s exceeds the diffusion coefficient of CuII (tmby)2 by
a factor of 2.8. With respect to the higher viscosity of the Cu(oxabpy) electrolyte, this result supports
the above-proposed superposition of diffusive mass transport with a hole-hopping mechanism.
Both cyclic voltammetry and electrochemical impedance spectra indicate a significantly
enhanced charge transport in the Cu(oxabpy) electrolyte with respect to Cu(tmby)2 . Nonetheless,
higher photocurrents were, at full illumination, measured with the Cu(tmby)2 redox electrolyte.
This indicates that the mesoporous TiO2 hinders charge transport in the Cu(oxabpy) system.
3. Materials and Methods
3.1. Materials
Unless otherwise noted, materials were purchased from Sigma-Aldrich (Stockholm, Sweden) or
TCI Chemicals (Zwijndrecht, Belgium) and used without further purification. Bis-(4,40 ,6,60 -tetramethyl2,20 -bipyridine)copperI/II bis(trifluoromethanesulfonyl)imide, (CuI/II (tmby)2 ), was received from
Dyenamo AB (Stockholm, Sweden).
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3.2. Synthesis of (6,60 -bis(4-(S)-isopropyl-2-oxazolinyl)-2,20 -bipyridine)Copper(II)
bis (bis(trifluoromethanesulfonyl)imide) (CuII (oxabpy))
CuII (oxabpy) was synthesized by reacting CuTFSI2 (578 mg, 1.5 mmol) with 6,60 -bis(4-(S)isopropyl-2-oxazolinyl)-2,20 -bipyridine (779.75 mg, 1.25 mmol) in acetonitrile at 70 ◦ C for 12 h.
The development of a deep blue/green color indicated complexation. The complex was precipitated in
water and filtered. The product was dissolved in acetonitrile and dried with sodium sulfate. The solvent
was subsequently removed and the product dried under high vacuum for 48 h (63.8%). ESI-MS m/z:
Cu(oxabpy)2+ calculated 220.567, found 220.600. FT-IR (cm−1 ): C–H stretch 2978, 2931, 2893; C–H
bend 1454; S=O stretch 1381; C=N (aromatic) stretch 1327; C–O (ether) stretch 1157; CH3 rock 1049;
C=C bend 887; Elemental analysis (calculated/found (%)): C 39.92/41.51, H 3.63/3.87, Cu 8.80/8.25, N
9.70/9.94, S 8.88/9.71.
3.3. Synthesis of (6,60 -bis(4-(S)-isopropyl-2-oxazolinyl)-2,20 -bipyridine)Copper(I)
bis(trifluoromethanesulfonyl)imide (CuI (oxabpy))
CuI (oxabpy) was obtained by reducing the aforementioned CuII (oxabpy) (450 mg, 0.448 mmol)
with L-ascorbic acid (236 mg, 1.344 mmol) in acetonitrile for 2 h. A brown color indicating the formation
of CuI (oxabpy) was observed after several minutes. Precipitation in water was followed by filtration,
dissolution in acetonitrile, and drying with sodium sulfate. After solvent removal, the complex was
dried under high vacuum for 48 h (81.2%). ESI-MS m/z: Cu(oxabpy)+ calculated 441.135, found
441.059. 1 H NMR (400 MHz, Acetonitrile-d3 ) δ 8.36 (t, J = 15.2 Hz, 2H), 8.36 (d, J = 15.0 Hz, 2H), 8.04
(dd, J = 7.5, 1.3 Hz, 2H), 4.45 (t, J = 9.6 Hz, 2H), 4.34 (t, J = 9.1 Hz, 2H), 2.81 (td, J = 9.4, 5.9 Hz, 2H),
1.47 (oct, J = 6.9 Hz, 2H), 0.55 (t, J = 6.3 Hz, 12H). FT-IR (cm−1 ): C–H stretch 2978, 2931, 2885; C–H
bend 1454; S=O stretch 1381; C=N (aromatic) stretch 1296; C–O (ether) stretch 1095; CH3 rock 1057;
C=C bend 887; Elemental analysis (calculated/found (%)): C 31.16/35.27, H 2.61/3.67, Cu 6.34/5.42,
N 8.38/9.03, S 12.79/13.55.
3.4. UV/VIS Spectroscopy
UV/VIS spectra were measured using a HR-2000 spectrophotometer (Ocean Optics, Largo, FL, USA)
with baseline correction from acetonitrile solutions of the complexes.
3.5. Viscosity Measurements
Viscosities were studied with a capillary and ViscoClock (Schott, Mainz, Germany). The test
solutions for both CuI/II (tmby)2 as well as CuI/II (oxabpy) were prepared with 10 mg/mL in chloroform.
The complexes were mixed in a 5:1 ratio such as in the electrolyte (Cu(tmby)2 : 7.85 mg CuI , 2.14 mg CuII ;
Cu(oxabpy): 7.82 mg CuI , 2.17 mg CuII ). LiTFSI as well as tBP were excluded from the measurements.
3.6. Raman Spectroscopy
Raman spectra were collected using an InVia spectrometer (Renishaw, New Mills, UK) in confocal
mode with a 50× objective, a frequency doubled Nd:YAG laser operating at 532 nm, and a Rayleigh
line filter cutting 80 cm−1 into the Stokes part of the spectra. A 2400 lines/mm grating was used and
the 520.5 cm−1 line from Si was used as a calibration giving a resolution of 1 cm−1 . The Raman spectra
were recorded at different spots to confirm the homogeneity of the material. Similar results were
obtained upon repetition of the measurements with varying laser intensities.
3.7. Solar Cell Fabrication
Solar cell fabrication followed procedures previously reported from our laboratory [18]. Solar cells
were manufactured using TEC15 FTO glass (Pilkington, St. Helens, UK). After several glass
cleaning steps (RBS solution, water, ethanol, UV-Ozone (30 min each)), a dense TiO2 layer was
deposited via spray pyrolysis at 450 ◦ C from a 0.2 M titanium tetraisopropoxide, 2 M acetylacetone
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solution in isopropanol [45]. Subsequently, 0.25 cm2 TiO2 photoanodes were screen-printed from
Dyesol/GreatCellSolar (Queanbeyan, Australia) DSL 30 NRD-T collodidal TiO2 paste diluted 7:3 with
a saturated solution of cellulose in terpineol (4 µm). After drying at 120 ◦ C for 5 min, a scattering
layer (Dyesol/GreatCellSolar WER2-0) was screen-printed on top of the mesoporous film (4 µm),
followed by a 30 min sintering step at 500 ◦ C. After cooling, substrates were immersed in a 40 mM
TiCl4 aqueous solution for 30 min at 70 ◦ C and then sintered again at 500 ◦ C for 30 min.
Dye solution was prepared with 0.1 mM Y123 (Dyenamo, Stockholm, Sweden) and 0.2 mM
chenodeoxycholic acid in an acetonitrile 1:1 tert-butanol mixture. TiO2 substrates were immersed in
dye solution for 16 h after the aforementioned heating step.
PEDOT counter electrodes were manufactured by electro-polymerization of (3,4-ethylene
dioxythiophene) from a 0.01 mM aqueous solution with 0.1 M sodium dodecyl sulfate as previously
studied in our group [46]. Redox electrolyte solutions were, unless otherwise noted, prepared in
acetonitrile with 0.2 M Cu(oxabpy)TFSI and Cu(oxabpy)TFSI2 concentrations between 0 and 0.2 M.
Reference cells were assembled with 0.2 M Cu(tmby)TFSI and 0.04 M Cu(tmby)TFSI2 electrolyte [20].
All electrolytes were prepared with additions of 0.1 M lithium bis(trifluoromethanesulfonyl)imide and
0.6 M 4-tert-butylpyridine.
Cells were assembled with a 25 µm Surlyn frame. Electrolyte solution was vacuum-injected
through a pre-drilled hole in the counter electrode. After injection, the cells were sealed with a
thermoplastic Surlyn cover and a glass coverslip.
3.8. Solar Cell Characterization
Current-Voltage measurements were carried out under AM 1.5G illumination using a 91160 solar
simulator (Newport, Irvine, CA, USA). A 2400 voltage source (Keithley, Cleveland, OH, USA) was used
to assess solar cell performance. After calibration with a certified silicon reference cell (Frauenhofer ISE,
München, Germany), a mask was employed to confine active solar cell area to 0.16 cm2 . Neutral density
filters were placed between the light source and each cell to perform low light intensity measurements.
3.9. Incident Photon-to-Current Conversion Efficiency (IPCE)
IPCE spectra were recorded with an ASB-XE-175 xenon light source (10 mW·cm−2 )
(Spectral Products, Putnam, CT, USA) and a CM110 monochromator (Spectral Products,
Putnam, CT, USA). The photocurrent was measured with a U6 digital acquisition board
(LabJack, Lakewood, CO, USA). The setup was calibrated with a certified silicon reference cell
(Frauenhofer ISE, München, Germany). Photocurrent was integrated based on sunlight spectral
distribution [47].
3.10. Electrochemistry
Electrochemical
characterization
was
carried
out
with
an
XR
potentiostat
(Ivium, Eindhoven, The Netherlands). Cyclic voltammetry was recorded using a three-electrode
setup employing a 2 mm disk gold electrode and a porous graphite rod as working and counter
electrode, respectively. Potentials were measured against a Ag/AgCl (1 M KCl, H2 O) reference
electrode. Voltammograms were recorded from a 5 mM acetonitrile solution of CuI (oxabpy) with
0.1 M tetrabutylammonium hexafluorophosphate supporting electrolyte at a scan speed of 20 mV/s.
All potentials were subsequently calibrated using the ferrocene/ferrocenium redox couple, measured in
the same conditions.
For assessment of the charge transport in the electrolyte, symmetrical PEDOT-PEDOT cells
were assembled. Therefore, the abovementioned electrochemical polymerization of 3,4-ethylene
dioxythiophene was employed to deposit contacts on both anode and cathode. The cells were
assembled, injected and sealed as described for the photovoltaic cells above.
Limiting currents in the electrolyte systems were determined through cyclic voltammetry of
these symmetrical PEDOT-PEDOT cells. Voltammograms were recorded at a scan speed of 25 mV/s.
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Electrochemical impedance spectra were recorded at zero-potential on symmetrical PEDOT-PEDOT
cells. The voltage was modulated by 10 mV with frequencies ranging from 100 kHz to 0.1 Hz.
Devices were kept screened from any light source during measurements.
3.11. Electron Lifetime Measurements
Electron lifetimes were investigated with a 1 W white LED (Luxeon Star, Lethbridge, Canada).
Kinetics in the solar cell were probed by applying square-wave modulations to the light intensity.
Solar cell response was tracked by a digital acquisition board (National Instruments, Austin, Texas)
and fitted with first-order kinetic models.
3.12. Photoinduced Absorption Spectroscopy (PIA)
PIA spectra were recorded using square-wave-modulated blue light (1 W, 460 nm) (Luxeon Star,
Lethbridge, Canada), for excitation and white probe light (20 W tungsten-halogen) that was focused
on a SP-150 monochromator (Acton Research Corp., Birmingham, AL, USA) with a UV-enhanced
Si-photodiode. At sample location, pump and probe light intensities were estimated around 80 W/m2
and 100 W/m2 , respectively. The sample response was assessed with a SR570 current amplifier and a
SR830 lock-in amplifier (Stanford Research Systems, Reamwood, CA, USA).
3.13. Transient Absorption Spectroscopy (TAS)
TAS spectra were recorded using a frequency-tripled Q-switched Nd-YAG laser as pump
and a xenon arc lamp (continuous wave) as probe light source. The laser system was set to
520 nm excitation wavelength with a S12 Quanta-Ray optical parametric oscillator (Spectra Physics,
Santa Clara, CA, USA) to provide 1 mJ, 13 ns pulses at an operating frequency of 10 Hz. The sample
was positioned at an angle of 45◦ between the light sources, yielding a 0.35 cm2 cross-sectional
active area. The sample response was analyzed with an L920 detection unit (Edinburgh Instruments,
Livingston, UK) containing a monochromator, an R928 photomultiplier and a TDS 3052B oscilloscope
(Tektronix, Beaverton, OR, USA).
4. Conclusions
A new redox electrolyte based on CuI/II (oxabpy) complexes was successfully introduced in
dye-sensitized solar cells. The improved charge transport in the gel-like electrolyte appears to
originate from a charge hopping mechanism on top of diffusive transport. The Cu(oxabpy) electrolyte
outperformed the previously reported Cu(tmby)2 redox system in charge transport tests by 70%.
Furthermore, the Cu(oxabpy) redox system shows slow recombination kinetics with electrons in
the TiO2 . Consequently, an exceptionally high photovoltage of 920 mV (at 100 mW/cm2 AM
1.5G illumination) was achieved despite the moderate redox potential of 0.66 V vs. NHE. Rapid
regeneration of the Y123 dye showed efficient charge transfer by the electrolyte. The tetradentate
6,60 -bis(4-(S)-isopropyl-2-oxazolinyl)-2,20 -bipyridine ligand reduces reorganization energies upon
oxidation state change, making the Cu(oxabpy) electrolyte a premiere redox system for large-scale
applications of DSCs. The gelation effects in the Cu(oxabpy) will be further studied in future work.
Due to its charge transport characteristics, the CuI/II (oxabpy) redox couple furthermore promises to be
suited as a solid-state hole-transport material.
Supplementary Materials: The following are available online at Supplementary materials can be found at
http://www.mdpi.com/2304-6740/6/2/53/s1, Figure S1: Cyclic Voltammetry of CuI (oxabpy), Figure S2:
Viscosity study, Figure S3: DFT-estimated lowest energy structures with TFSI coordination, Figures S4 and S5:
DFT-estimated frontier orbitals, Table S1: DFT-estimated optical transitions, Figures S6 and S7: Statistical
assessment of photovoltaic performance, Figures S8 and S9: Statistical assessment of photovoltaic performance at
low light intensity, Figures S10 and S11 and Table S2: Cyclic voltammetry and electrochemical impedance spectra
on symmetrical PEDOT-PEDOT cells.
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