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ABSTRACT: Dye-sensitized solar cells (DSCs) are an
attractive renewable energy technology currently under intense
investigation. In recent years, one area of major interest has
been the exploration of alternatives to the classical iodide/
triiodide redox shuttle, with particular attention focused on
cobalt complexes with the general formula [Co(L)n]

2+/3+. We
introduce a new approach to designing redox mediators that
involves the application of [Co(PY5Me2)(MeCN)]2+/3+

complexes, where PY5Me2 is the pentadentate ligand, 2,6-
bis(1,1-bis(2-pyridyl)ethyl)pyridine. It is shown, by X-ray
crystallography, that the axial acetonitrile (MeCN) ligand can be replaced by more strongly coordinating Lewis bases (B) to give
complexes with the general formula [Co(PY5Me2)(B)]

2+/3+, where B = 4-tert-butylpyridine (tBP) or N-methylbenzimidazole
(NMBI). These commonly applied DSC electrolyte components are used for the first time to fine-tune the potential of the redox
couple to the requirements of the dye through coordinative interactions with the CoII/III centers. Application of electrolytes based
on the [Co(PY5Me2)(NMBI)]2+/3+ complex in combination with a commercially available organic sensitizer has enabled us to
attain DSC efficiencies of 8.4% and 9.2% at a simulated light intensity of 100% sun (1000 W m−2 AM1.5 G) and at 10% sun,
respectively, higher than analogous devices applying the [Co(bpy)3]

2+/3+ redox couple, and an open circuit voltage (Voc) of
almost 1.0 V at 100% sun for devices constructed with the tBP complex.

■ INTRODUCTION

The ever-increasing energy demands and concerns over climate
change are motivating scientists to tackle present and future
energy challenges. Dye-sensitized solar cells (DSCs) are
considered to be a promising green technology capable of
meeting our future energy demands. The unique design of
DSCs offers a wide range of choices for its components, such as
nanocrystalline metal oxides, photosensitizers, counter elec-
trode materials, redox mediators, and electrolytes. In these
devices, upon optical excitation of the photosensitizer and
subsequent electron injection into the nanocrystalline metal
oxide, the redox mediator present in the electrolyte regenerates
the photosensitizer. The redox mediator not only ensures
efficient dye regeneration but also transports positive charge to
the catalyst-coated counter electrode. Lewis bases, such as 4-

tert-butylpyridine (tBP) and less commonly N-methylbenzimi-
dazole (NMBI), have been used as additives in the electro-
lyte.1−3 The resultant increase in the efficiency of DSC
performance upon addition of these Lewis bases has been
attributed to the negative shift of the titania conduction band
edge as well as to a reduction in the rates of interfacial charge
recombination reactions.4−9 Periodic density-functional calcu-
lations have also shown that adsorbate molecules with nitrogen
donor atoms induce a negative shift of the TiO2 conduction
band edge.10

Until recently, iodide/triiodide (I−/I3
−) was the redox

mediator of choice for the construction of highly efficient
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DSCs. Recognition of the need to address some of the
shortcomings of this redox couple, such as incompatibility with
metallic conductors and a significant loss in energy arising from
the large driving force required for the regeneration of the
photooxidized dye, is now stimulating interest in new redox
mediators.11−21 Of all the alternatives examined thus far, CoII/III

polypyridyl redox couples have emerged as leading candidates
to replace the I−/I3

− redox shuttle.22−29 CoII/III complexes are
generally noncorrosive toward most metals, and modification in
the ligand architecture can be used to fine-tune the CoII/III

redox potential so as to achieve efficient dye regeneration and
at the same time maximize the open circuit potential (VOC).

19,24

The advantage of these redox mediators was recently
demonstrated by the use of the [Co(bpy)3]

2+/3+ couple in
DSCs, which achieved a record efficiency of 12.3% and VOC of
965 mV.30

A large inner-sphere reorganization energy in the cases of
[Co(bpy)3]

2+/3+ and [Co(phen)3]
2+/3+ has been suggested to

result in slow rates of interfacial recombination between
photoinjected electrons and the CoIII complexes, thus leading
to high efficiencies.31−34 In a further recent development, a
cobalt complex of formula [Co(L1)2]

2+/3+, where L1 is the
tridentate ligand [6-(1H-pyrazol-1-yl)-2,2′-bipyridine)],
achieved a high VOC of 998 mV and an impressive efficiency
of 10%.19

The denticity and spatial arrangement of the donor atoms are
features of a ligand that can be manipulated to design metal
complexes with particular properties and coordination geo-
metries. In addition to the electron-donating properties of the
ligands, the rigidity and number of donor atoms are important
in determining the stability and electrochemical properties of a
particular complex. Moreover, the ligand properties can be used
to modulate the relative activation energies for electron-transfer
processes involving the metal complexes.
Here, we report a new approach to designing redox

mediators, which exploits the coordination properties of
Lewis bases commonly added to DSC electrolyte solutions.
The pair of cobalt complexes chosen for this purpose have the
formula [Co(PY5Me2)(MeCN)](OTf)2 (1a) and [Co-
(PY5Me2)(MeCN)](TFSI)3 (1b) (PY5Me2 = (2,6-(bis(bis-2-
pyridyl)methylmethane)pyridine, see Scheme 1). The nitrogen
donors in the pentadentate polypyridyl ligand, PY5Me2, occupy
the corners of a square-pyramid when bound to the metal
center. In complexes 1a/1b, the sixth coordination site of the
octahedral ligand field is occupied by a weakly bound
acetonitrile (MeCN) molecule, which can be readily replaced
by more strongly binding ligands. This feature provides an
opportunity to fine-tune the potential of the CoII/III redox
couple through the addition of suitable strongly coordinating
Lewis bases to form complexes of composition [Co(PY5Me2)-
(B)](OTf)2 (see Scheme 1). Furthermore, we examined
whether the introduction of the chelating pentadentate ligand
offers advantages in terms of the key electron transfer processes
occurring in DSCs.
We describe the synthesis and characterization of two pairs

of [Co(PY5Me2)(B)]
2+/3+ complexes, where B corresponds to

tBP (2a/2b) and NMBI (3a/3b), two bases commonly used as
additives in DSC electrolytes, and the application of these
complexes as redox mediators in DSCs using the D-π-A organic
dye, MK2 (2-cyano-3-[5‴-(9-ethyl-9H-carbazol-3-yl)-
3′,3″,3‴,4-tetra-n-hexyl-[2,2′,5′,2″,5″,2‴]-quarter thiophen-5-
yl] acrylic acid) (see Figure 1). The exciting finding to emerge
from this study is the significantly improved efficiency of DSCs

constructed with the NMBI complex in comparison to the
efficiencies obtained when using the tBP analogue or
[Co(bpy)3]

2+/3+ complex.

■ EXPERIMENTAL SECTION
Materials and Methods. All general reagents and solvents were

obtained from commercial sources. Anhydrous solvents were stored in
the glovebox. The compounds MK2, bpy (2,2′-bipyridine), tBP (4-
tert-butylpyridine), NMBI (N-methylbenzimidazole), LiTFSI (lithium
bis(trifluoromethane)sulfonimide), EDOT (3,4-ethylenedioxythio-
phene), MeCN and other solvents were purchased from Sigma
Aldrich. AgTFSI (silver bis(trifluoromethane)sulfonimide), AgOTf
(silver trifluoromethansulfonate) and NOBF4 were purchased from
Strem Chemicals Inc. TiO2 nanoparticles (Ø 30 and 400 nm particles)
were obtained from JGC Catalysts and Chemicals Ltd. 1H and 19F
NMR spectra were measured on a Bruker DRX 400 spectrometer,
using the signal of the deuterated solvent as an internal standard. The
chemical shifts δ are reported in parts per million (ppm) relative to
tetramethylsilane (TMS). The values of coupling constants (J) are
given in Hertz (Hz). Peak multiplicities are abbreviated as follows: s
(singlet), d (doublet), t (triplet), and m (multiplet). Microanalyses
were carried out by the Campbell Microanalytical Laboratory,
University of Otago, New Zealand. UV−visible spectra were recorded
with a Lambda 950 Perkin-Elmer spectrophotometer. All electro-
chemistry experiments were performed at 22 °C in a three-electrode
cell joined to a VSP workstation. The reference electrode was a CH
Instruments Ag/AgNO3 nonaqueous electrode. Fc0/+ was used as a
reference system and a conversion factor of 635 mV was used to
convert electrochemical potential vs ferrocene to NHE.

Synthesis of the Cobalt Complexes. Unless otherwise noted, all
synthetic procedures as well as electrolyte filling of the DSCs were
performed under inert N2 atmosphere, using standard glovebox
techniques. The ligand PY5Me2 was synthesized as previously
described.35 The complex [Co(PY5Me2)(MeCN)](OTf)2 (1a) was

Scheme 1. Shown are the 1a, 2a and 3a Cations for the CoII

Complexes and the 1b, 2b and 3b Cations for the CoIII

Complexesa

aThe syntheses are described in the Experimental Section.

Figure 1. Structure of the MK2 dye.
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obtained with use of the method of Zadrozny et al.,36 but substituting
AgOTf for TlPF6.
[Co(PY5Me2)(tBP)](OTf)2·2MeCN (2a). This compound was ac-

cessed by the addition of tBP (6.8 mg, 0.050 mmol) into a stirred
mixture of 1a (42 mg, 0.050 mmol) in 10 mL of acetonitrile, at room
temperature. Compound 1a is very poorly soluble in acetonitrile.
However, it becomes soluble upon addition of tBP. The solution was
stirred for 1 h at room temperature to ensure ligand exchange was
complete. Layering with Et2O induced crystallization. Yield: 45 mg
(96%) of 2a as pink crystals. Crystals of the diacetonitrile solvate
suitable for X-ray diffraction analysis were obtained by the diffusion of
Et2O into a concentrated acetonitrile solution of 2a. Elemental
analysis: Found (Calcd) for C42sH41CoF6N7O6S2 (2): C, 51.64
(51.34); H, 4.23 (4.09); N, 8.74 (8.98).
[Co(PY5Me2)(NMBI)](OTf)2·2MeCN. (3a). Compound 3a was

prepared by the addition of NMBI (6.6 mg, 0.050 mmol) into an
acetonitrile mixture of 1a (42 mg, 0.050 mmol) following the
procedure described for compound 2a. Yield: 43 mg (95%) of 3a as
pink crystals. Crystals of the diacetonitrile solvate suitable for X-ray
diffraction analysis were obtained by the diffusion of Et2O into an
acetonitrile solution of 3a. Elemental analysis: Found (Calcd) for
C39H33CoF6N7O6S2 (3): C, 49.98 (50.22); H, 3.66 (3.57); N, 11.14
(10.51).
[Co(PY5Me2)(MeCN)](TFSI)3 (1b), [Co(PY5Me2)(tBP)](TFSI)3 (2b),

and [Co(PY5Me2)(NMBI)](TFSI)3·3CH2Cl2 (3b). The synthesis of 2b
and 3b followed a similar procedure to that described for 2a and 3a.
However, high-quality crystals could not be grown for complexes 2b
and 3b when NOBF4 was used as the oxidant. In addition, following
oxidation of the CoII complex to the corresponding CoIII complex with
use of NOBF4 it was found that the BF4

− slowly decomposes
generating fluoride ions, which then coordinate to the CoIII center.
Hence, AgTFSI was used as the oxidant and the products isolated as
TFSI salts. To prepare 1b solid AgTFSI (35 mg, 0.13 mmol) and 1a
(34 mg, 0.043 mmol) were added to 10 mL of CH2Cl2 and the
mixture was stirred for 1 h, giving a light orange mixture containing Ag
particles, which were removed by filtration through diatomaceous
earth. Orange crystals of [Co(PY5Me2)(MeCN)](TFSI)3·3(CH2Cl2)
(1b) were obtained by layering with Et2O. Yield: 45 mg (75%) as
orange crystals. 1b was then reacted (as described for 2a and 3a) with
tBP and NMBI to give 2b and 3b, respectively. A high yield (97%) was
obtained for complexes 2b and 3b. Crystals of [Co(PY5Me2)-
(NMBI)](TFSI)3·3CH2Cl2 (3b) suitable for X-ray diffraction studies
were obtained by vapor diffusion of Et2O into a concentrated solution
of 3b in acetonitrile. Despite numerous attempts, crystals of 2b
suitable for X-ray crystallography could not be obtained.
[Co(PY5Me2)(tBP))](TFSI)3 (2b):

1H NMR (400 MHz, CD3CN,
22 °C) δ 9.63 (d, JHH = 8 Hz, 4H, py-H), 8.35−8.32 (m, 1 H, py-H),
8.30−8.24 (m, 6 H, py-H), 8.18−8.16 (M, 4H, py-H), 8.07−8.04 (m,
1H, tBP-H), 7.97−7.95 (m, 1H, tBP-H), 7.90−7.87 (m, 4H, py-H),
7.72−7.68 (m, 2H, tBP-H), 5.47 (s, 9H, tBP-3CH3), 2.96−2.81 (m,
6H, Me2−H).
[Co(PY5Me2)(NMBI))](TFSI)3 (3b): 1H NMR (400 MHz,

CD3CN, 22 °C) δ 9.67 (m, 1H, NMBI-H), 8.81 (d,, JHH = 8 Hz, 2
H, NMBI-H), 8.57 (d,, JHH = 8 Hz, 2 H, NMBI-H), 8.37−8.16 (m, 11
H, py-H), 8.01−7.90 (m, 2H, py-H), 7.70−7.60 (m, 2 H, py-H), 7.56−
7.52 (m, 1 H, py-H), 7.37−7.34 (m, 2 H, py-H), 6.85 (s, 1 H, py-H),
4.05−3.94 (m, 3 H, CH3−NMBI), 3.01−2.98 (m, 6 H, Me2−H).
Data Collection. Representative orange or orange-red prismatic

crystals of 2a, 3a, and 3b were mounted on an Oxford Gemini Ultra
CCD diffractometer equipped with an Oxford Cryosystems 700
Cryostream and cooled to 123(1) K. Data were collected with Mo Kα
radiation (λ = 0.71073 Å) and processed with CrysAlisPro software;
Lorentz, polarization, and absorption corrections (multiscan) were
applied. The structures were solved and refined with SHELX-97.37 All
non-hydrogen atoms were refined with anisotropic thermal parameters
and hydrogen atoms were placed in calculated positions, using a riding
model with C−H = 0.95−0.98 Å and Uiso(H) = xUiso(C), x = 1.2 or
1.5. For 3a, one of the CF3SO3 counterions was modeled as disordered
with the CF3 and SO3 groups each occupying two positions rotated by
approximately 15° about the S−C bond. The disordered atoms were

refined with occupancies fixed at 0.5, with equivalent C−F and S−O
distances restrained to be the same and with the anisotropic thermal
parameters for some atoms restrained to be similar. A summary of
crystallographic data can be found in Table 1.

Device Fabrication. Established procedures were followed for
DSC fabrication.12 A 1 μm thick film (4 × 4 mm) of 30 nm-sized TiO2
particles was screen printed on fluorine-doped SnO2 (FTO)
conducting glass electrodes (4 mm thick and 10 Ω/□). A second
layer was printed by using 400 nm-sized particles to produce a titania
layer with overall thickness of 3 μm. A 2 μm thick transparent TiO2
film (4 × 4 mm) with 30 nm-sized TiO2 particles was deposited for
the IMVS-IMPS studies. Following the application of a first sintering
process (500 °C) to the screen-printed films, a TiCl4 treatment was
carried out by submerging the films in an aqueous solution containing
40 mM TiCl4 at 70−75 °C. After heating the films with a heat gun at
570 ± 25 °C for 40 min, the films were immersed for 6 h in a 0.2 mM
solution of MK2 in an acetonitrile:toluene (1:1) mixture. The PEDOT
counter electrodes were prepared by electropolymerizing EDOT on
the FTO substrate.38 Working electrode and counter electrode were
bonded together with a 25 μm thick hot melt Surlyn gasket.
Electrolytes were filled into the space between the two electrodes by
using a backfilling technique under vacuum. The electrolyte-injecting
hole was sealed with hot melt Surlyn backed by aluminum foil.

IV and IPCE Instrumentation. An Oriel sun simulator equipped
with a filtered 1000 W xenon lamp was used as a source of simulated
solar irradiation (AM 1.5 G, 1000 W/m2). A calibrated silicon
photodiode provided by Peccell Technologies was used to adjust the
output of the light source and a color filter was used to minimize the
optical mismatch between the calibration diode and the DSCs. The IV
characteristics of the cells under these conditions were recorded with
use of a Keithley 2400 source meter. Light intensities below one sun
were achieved by using a filter wheel fitted with a series of mesh filters.
Incident photon conversion efficiency was measured by an Oriel
system fitted with a 150 W xenon lamp, linked to a Cornerstone 260

Table 1. Crystallographic Data for 2a, 3a, and 3b

2a 3a 3b

formula C44H44Co
F6N8O6S2

C43H39Co
F6N9O6S2

C46H39Cl6Co
F18N10O12S6

fw 1017.94 1014.88 1729.86
crystal
system

monoclinic triclinic triclinic

space group P21/c P1̅ P1̅
a (Å) 14.4264(9) 12.5214(7) 13.4281(6)
b (Å) 14.7665(11) 13.0143(11) 13.7502(5)
c (Å) 21.3870(14) 15.4881(8) 19.9835(9)
α (deg) 90 108.227(6) 74.802(4)
β (deg) 93.340(6) 90.845(4) 87.534(4)
γ (deg) 90 113.083(7) 66.118(4)
V (Å3) 4548.3(5) 2177.9(2) 3247.5(2)
Z 4 2 2
μcalcd
(mm−1)

0.551 0.576 0.821

ρcalcd
(g·cm−1)

1.487 1.548 1.769

2θ range
(deg)

3.96−55.0 3.74−64.70 3.82−60.0

Nt 26161 28652 40980
N(Rint) 10440 (0.057) 14035 (0.051) 18933 (0.033)
No 8023 9473 13918
R1 (I > 2σI) 0.056 0.059 0.058
wR (I > 2σI) 0.143 0.137 0.136
R(all data) 0.076 0.094 0.086
wR(all data) 0.159 0.164 0.167
GoF 1.051 1.037 1.027
Δρmax/min (e) 1.05; −0.82 1.20; −1.05 1.74; −1.32
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monochromator. IPCE photocurrents of the DSCs were recorded
under short circuit conditions by means of a Keithley 2400 source
meter. The monochromatic photon flux was quantified by using a
calibrated silicon photodiode (Peccell Technologies).
Intensity Modulated Photovoltage Spectroscopy, Intensity

Modulated Photocurrent Spectroscopy (IMVS-IMPS) and
Charge Extraction Instrumentation. IMVS-IMPS studies were
carried out on complete DSCs by using a combination of red and
white light LEDs. The light intensity of the red LED powered by an
adjustable DC voltage source was modulated to a depth of 2% by the
integral function generator of a Stanford lock-in-amplifier (SR810).
The lock-in-amplifier is capable of providing a sine wave modulation
between 0.1 Hz and 30 kHz. To achieve one sun equivalent, an
additional white light diode array controlled by a commercial DC
power source was used. All experiments were carried out in an earthed
Faraday dark box to remove electrical noise at low light intensities.
The photovoltage was recorded with the help of a high impedance
voltage follower (input impedance 1012 Ω), powered by a battery. The
amplitude and phase of the resulting AC photovoltages were captured
by using the lock-in amplifier run under a computer-controlled
program Labview. A fitting program written in Labview was used for
the data analysis. An unmodulated white light illuminated the DSC for
10 s to attain equilibrium between charge injection and recombination
under open circuit conditions. An integrated computer-controlled
mercury-wetted relay switch was used to switch the light off and to put
the device to short circuit. The resultant extracted charge was
measured across a 50 Ω resistor, using an NI-6251 data logger.

■ RESULTS AND DISCUSSION
A key step in fine-tuning the redox potential of the CoII/III

redox shuttle involved ligation of the Lewis bases to the parent
complex 1a. The complexes [Co(PY5Me2)(tBP)](OTf)2 (2a)
and [Co(PY5Me2)(NMBI)](OTf)2 (3a) were accessed by the
addition of tBP and NMBI, respectively, to an acetonitrile
solution of 1a (see Scheme 1). The axial MeCN ligand in 1a is
readily displaced by these more strongly binding monodentate
ligands. The preparation of the CoIII complexes was achieved by
first preparing [Co(PY5Me2)(MeCN)](TFSI)3, through oxi-
dation of 1a with AgTFSI, and then reacting the product with
tBP and NMBI to afford [Co(PY5Me2)(tBP)](TFSI)3 (2b)
and [Co(PY5Me2)(NMBI)](TFSI)3 (3b), respectively.
Crystallography. Single crystals of [CoII(PY5Me2)(tBP)]-

(OTf)2·2MeCN (2a) and [CoII(PY5Me2)(NMBI)]-
(OTf)2·2MeCN (3a) suitable for X-ray analysis were obtained
on addition of tBP and NMBI to an acetonitrile solution of the
CoII complex 1a, respectively. Similarly, [Co(PY5Me2)-
(NMBI)](TFSI)3·3(CH2Cl2) (3b) was obtained by the
addition of tBP to the trivalent analogue of complex 1a. All
three complexes display a distorted octahedral CoII/III geometry
with either the tBP or NMBI ligands in the axial position
(Figures 2 and S4, SI).
The coordination spheres for complexes 2a and 3a are very

similar, with the Co−NPy distances (see Table 2) in the range
of 2.122(2)−2.156(1) Å (2a) and 2.108(2)−2.156(2) Å (3a).
These bond lengths are marginally longer than those for the
MeCN complex 1a (2.095(3)−2.142(3) Å).39 The Co−N6 (N-
atom of the base) distances of 2.122(3) (1a), 2.129(2) (2a),
and 2.108(2) Å (3a) also show little difference. The longer
Co−NPy bond lengths in 2a and 3a are accompanied by a
displacement of the Co atom out of the equatorial plane by
0.139(1) and 0.149(1) Å (cf., the Co in 3b is coplanar with the
four equatorial pyridyl donors, −0.037(1) Å). The ability of the
PY5Me2 ligand to absorb the structural effects arising from
changes in the oxidation state of the central metal atoms (e.g.,
two-electron MoII−MoIV changes) has been previously
established.40 However, in the current structures, the short-

ening of the Co−N bonds from 3a to 3b results in an unusually
close approach (1.81 Å for 3b cf. 2.15 Å for 3a) of two
neighboring o-H atoms on the terminal pyridyl groups (Figures
2 and S4, SI). A top view of the complex cations of 2a, 3a, and
3b shows a highly symmetrical alignment of the axial ligand
(tBP and NMBI) and the Me2C−PY1−CMe2 plane (see Figure
S3, SI).
The Co−N bond lengths for [Co(PY5Me2)(NMBI)]2+ (3a

cation) and [Co(PY5Me2)(NMBI)]3+ (3b cation) indicate that
oxidation of the Co center results in an average decrease in the
Co−N bond distances of 0.150(6) Å (calculated as the average
difference in bond lengths for pairs of identical Co−N bonds in
each complex). The corresponding change in bond distances

Figure 2. Crystal structures of the octahedral complexes [Co-
(PY5Me2)(tBP)]

2+ (2a cation) and [Co(PY5Me2)(NMBI)]2+ (3a
cation), with the pale blue, gray, and dark blue spheres representing
Co, C, and N, respectively. Ellipsoids are depicted at the 50%
probability level.
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for [Co(bpy)3]
2+/3+ is 0.198(6) Å.42,43 Thus, the constrained

nature of the PY5Me2 ligand appears to have a significant
influence on the CoIII geometry. As a consequence, oxidation/
reduction reactions involving the [Co(PY5Me3)(B)]

2+/3+

complexes are likely to require less inner-sphere reorganization
(vide infra).
Electrochemistry. The electrochemical properties of

complexes 1a−3a were investigated by using cyclic voltamme-
try under nitrogen. For compound 1a, two quasi-reversible
redox reactions are observed at half-wave potentials of E1/2 =
−0.845 V and +0.803 V vs NHE, corresponding to the
[Co(PY5Me2)(MeCN)]1+/2+ and [Co(PY5Me2)(MeCN)]2+/3+

redox reactions, respectively (Figure S1a in the SI). This is
consistent with previous literature reports.36,39 Upon introduc-
tion of tBP and NMBI to form 2a and 3a, the CoII/III redox
potential was lowered to a more negative value relative to that
of 1a. The E1/2 for [Co(PY5Me2)(tBP)]

2+/3+ shifted slightly to
+0.780 V vs NHE, whereas E1/2 for [Co(PY5Me2)-
(NMBI)]2+/3+ shifted to +0.714 V vs NHE (see Figure 3a).
The corresponding redox potential for [Co(bpy)3]

2+/3+ is 0.56
V vs NHE and is virtually unaffected by the addition of the
bases. The redox potentials (vs NHE) derived for complexes 2a
and 3a, [Co(bpy)3]

2+/3+, and the HOMO LUMO levels of
MK2 are compared in Figure 3b. These redox properties
indicate that these complexes are well suited for DSC
electrolyte development. The displacement of a monodentate
ligand by an alternative Lewis base, which in turn affects the
electrochemical properties of the complex, is not unprece-
dented. A study44 carried out on a series of complexes with the
formula [Fe(PY5)(Y)]n+, where PY5 = 2,6-(bis(bis-2-pyridyl)-
methoxymethane)pyridine and Y represents a series of neutral
and anionic exogenous monodentate ligands, revealed that the
MeOH ligand in [Fe(PY5)(MeOH)]n+ can be displaced by the
addition of a Lewis base and that the anionic ligands enhance
the reversibility of the FeII/III redox reaction on Pt disk
electrodes.
Photovoltaic Performance. Two new electrolytes based

on redox shuttles, 2a/2b and 3a/3b, were optimized and tested
for their performance in DSCs and compared to a standard
electrolyte employing [Co(bpy)3]

2+/3+ as redox couple. An

efficient, commercially available carbazole dye, MK2, was used
as the photosensitizer. The redox potential (0.92 V versus
NHE) of MK2 was measured on ITO films in acetonitrile
containing 0.10 M TBAPF6 as supporting electrolyte. The dye
has a high molar extinction coefficient (38 400 M−1 cm−1)49

and ensures excellent light harvesting, even when adsorbed
onto relatively thin (2−5 μm) TiO2 films. It is therefore a
convenient sensitizer for DSCs based on one-electron-transfer
redox couples, where the use of thinner than usual TiO2 film
thicknesses is preferred due to increased charge recombination
as compared to I−/I3

−.
The highest energy conversion efficiency of 8.4% under

simulated sunlight (AM 1.5 G, 1000 W/m2) was achieved by
using an electrolyte based on redox couple 3a/3b (see Table

Table 2. Selected Bond Distances (Å) and Angles (deg) for
2a, 3a, and 3b

bond/angle 2a 3a 3b

Co−N(1)a 2.122(2) 2.122(2) 1.976(2)
Co−N(2) 2.132(2) 2.145(2) 1.989(2)
Co−N(3) 2.156(2) 2.156(2) 1.999(2)
Co−N(4) 2.145(2) 2.140(2) 1.999(2)
Co−N(5) 2.135(2) 2.140(2) 1.991(2)
Co−N(6)b 2.129(2) 2.108(2) 1.960(2)
N(1)−Co−N(6) 177.88(9) 177.26(8) 179.1(1)
N(2)−Co−N(5) 173.59(9) 172.61(8) 176.9(1)
N(3)−Co−N(4) 171.32(9) 170.87(8) 177.4(1)
N(2)−Co−N(4) 97.22(9) 99.11(8) 93.4(1)
N(5)−Co−N(3) 98.29(9) 96.48(8) 96.7(1)
N(3)−Co−N(2) 82.64(9) 80.21(8) 84.4(1)
N(5)−Co−N(4) 80.89(9) 83.10(8) 85.4(1)
N(1)−Co−N(3) 85.42(8) 86.26(8) 89.2(1)
N(1)−Co−N(2) 86.62(9) 87.12(8) 89.0(1)
N(1)−Co−N(4) 85.91(9) 84.61(8) 89.4(1)
N(1)−Co−N(5) 87.14(9) 86.07(7) 88.1(1)

aAxial PY5Me2 pyridyl donor.
bAxial Co−N(NMBI) bond.

Figure 3. Cyclic voltammetry and energy level diagram. (a) Cyclic
voltammogram of 10 mM solutions of [Co(PY5Me2)(MeCN)](OTf)2
in MeCN (blue wave 1), with 10 mM tBP added (red wave 2a) and 10
mM NMBI added (green wave 3a). The measurements were
performed with use of a glassy carbon disk electrode and 100 mM
(Bu4N)PF6 as supporting electrolyte at a scan rate of 100 mV/s. (b)
Energy level diagram of DSC components, approximate redox
potentials of the electrolytes7 based on [Co(bpy)3]

2+/3+ and complexes
2a and 3a. Data for MK2 dye and cobalt complexes are relative to the
normal hydrogen electrode (NHE).
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3). These DSCs clearly outperform devices based on the more
conventional [Co(bpy)3]

2+/3+ redox couple. The efficiency gain
is primarily due to a significant increase in VOC and fill factor
(FF), which compensate for a drop in short-circuit current
density (JSC). The interpretation of changes in VOC and JSC for
these cells is not straightforward, as the added bases influence
the electronic properties of the mesoporous TiO2 electrode
(e.g., flat band position, surface states), while also creating
different redox mediators through in situ reactions with 1a/1b.
The more positive redox potential of electrolytes based on 2a/
2b relative to [Co(bpy)3]

2+/3+ is reflected in a higher VOC of
993 mV for devices made with electrolytes containing 2a/2b.
The performance of DSCs based on CoII/III polypyridyl

electrolytes is highly dependent on the mesostructure of the
TiO2 film used to construct the cells. In this study, the TiO2
films have been optimized for the use of MK2 in conjunction
with [Co(bpy)3]

2+/3+ based electrolytes (see the Experimental
Section), yielding efficiencies (η) of up to 7.4%. This represents
a substantial improvement over the 5.5% efficiency reported
recently for DSCs based on MK2 and [Co(bpy)3]

2+/3+

electrolyte.45 Again, the key point to make here is that
sensitizers with very high molar extinction coefficients are ideal
for one-electron redox mediators, as a very thin film of 1 μm
transparent TiO2 nanoparticles is sufficient to ensure efficient
light harvesting.
The IV curves for the best performing DSCs for each redox

couple are shown in Figure 4, measured at AM1.5 G; 1000 W/
m2. The devices made with the NMBI complex, 3, show a 140
mV higher VOC and a significant increase in FF compared to
devices employing a [Co(bpy)3]

2+/3+ electrolyte. The 140 mV
gain in VOC is primarily attributed to the differences in the
redox potentials7 of the two electrolytes.
The measured redox potential for the [Co(bpy)3]

2+/3+

electrolyte was in very close agreement with the standard
Nernst potential calculated by Graẗzel et al. for [Co(bpy)3]

2+/3+

at very similar concentrations.46 The lower JSC values for
devices based on 2a/2b could be a consequence of less efficient
dye-regeneration, and may arise from the lower driving force
for this reaction (0.24 V). Photocurrent dynamics measure-
ments, using simple on/off experiments (see Figure S5 in the
SI), revealed that the photocurrents at 1 sun were somewhat
limited by mass-transport limitations. This effect was slightly
more pronounced for devices based on 3a/3b compared to
[Co(bpy)3]

2+/3+. Inefficient dye regeneration could result in a
significantly higher equilibrium concentration of photooxidized
dye and therefore a faster rate of recombination between

conduction band electrons and photooxidized dye molecules.
In the future, we intend to investigate the electron transfer
processes limiting the performance of these devices.
The incident photon-to-electron conversion efficiency

(IPCE) spectra of DSCs sensitized with MK2 are shown in
Figure 5. Comparable IPCEs are observed for the devices
fabricated by using [Co(bpy)3]

2+/3+ with either tBP or NMBI
added as Lewis base. The devices fabricated with electrolytes
based on complexes 2a/2b and 3a/3b show lower IPCEs
compared to DSCs constructed from [Co(bpy)3]

2+/3+ electro-
lytes. This is anticipated from the lower JSC values measured
under simulated sunlight (see Table 3).

IMVS-IMPS Spectroscopy. Further insights into the
electron lifetime and mean transient time of photoinjected
charge carriers were gained by using the intensity-modulated
photovoltage and photocurrent spectroscopy (IMVS and
IMPS), as complemented by charge extraction experiments.
Figure 6a shows the IMPS results, which compare mean
electron transient times (τc) as a function of JSC. The observed
τc for the devices based on redox systems 2a/2b, 3a/3b, and
[Co(bpy)3]

2+/3+ with tBP and NMBI are similar, as expected. It
can be seen in Figure 6b that for each of the electrolyte systems,
linear plots for electron lifetime measurements (τn) vs electron
density were observed.

Table 3. Tabulated Photovoltaic Performance Data of DSCs Made with Different Redox Mediators and MK2 Dye under
Simulated Sunlight (AM 1.5 G, 1000 W/m2)a

redox couple 2a/b 3a/b [Co(bpy)3]
2+/3+ [Co(bpy)3]

2+/3+

baseb tBP NMBI tBP NMBI
RP (mV)c 684 633 496 498
VOC (mV) 993 ± 2 940 ± 1 802 ± 1 795 ± 1
JSC (mA cm−2) 8.1 ± 0.01 11.8 ± 0.4 14.1 ± 0.2 13.0 ± 0.3
FF 0.76 ± 0.01 0.77 ± 0.01 0.66 ± 0.01 0.67 ± 0.01
η (%) 6.1 ± 0.1 8.4 ± 0.3 7.4 ± 0.1 7.0 ± 0.2

aDouble-layer TiO2 films (1 μm mesoporous TiO2 (30 nm) and 2 μm scattering TiO2 (400 nm)) were used for the construction of all DSCs. A 0.5
μm thick PEDOT was used as counter electrode, which was grown electrochemically on FTO, using a 20 mM solution of EDOT monomer in
acetonitrile and 100 mM LiTFSI as supporting electrolyte. The average performance values and standard deviation over a sample of three cells is
given. bThe electrolyte consists of 0.20 M CoII complex, 0.075 M CoIII complex, 0.10 M LiTFSI, and 0.50 M of either tBP or NMBI as indicated.
cThe redox potential of the electrolytes were determined from the potential difference between a Pt wire and a reference electrode (Ag/Ag+),
immersed in the electrolyte.7

Figure 4. Comparison of DSC performance for optimized devices
sensitized with MK2 based on 3a/3b (green line), 2a/2b (red
dashed), [Co(bpy)3]

2+/3+/tBP (black solid), and [Co(bpy)3]
2+/3+/

NMBI (black dotted) electrolytes in acetonitrile. IV characteristics are
summarized in Table 3.
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The results are consistent with recombination occurring via
electron transfer from the conduction band47 to the oxidized
form of the redox couple, despite large differences in the redox
potentials of electrolytes as well as different reorganizational
energies of the cobalt complexes. In general, faster electron
transfer rates associated with redox systems based on

complexes 2a/2b and 3a/3b can result in comparatively short
electron lifetimes for photoinjected charge carriers. In contrast,
the high-energy activation barrier relative to the [Co-
(bpy)3]

2+/3+ redox couple brings about a 10-fold improvement
in the lifetime of photoinjected charge carriers, at a similar
charge density.
The classical inner-sphere reorganization energy associated

with electron-exchange reactions of metal complexes can be
estimated by the following equation:41

Δ =
+

ΔG
n f f

f f
X

2inner
III II

III II

2

where f i = force constants for the CoII and CoIII-ligand bonds
and ΔX = change in bond distances of n bonds. Assuming f i
and n to be similar for the [Co(PY5Me2)(NMBI)]2+/3+ (3a/
3b) and [Co(bpy)3]

2+/3+ redox couples, the estimated inner-
sphere reorganizational energy varies with the square of the
displacement. Compared with [Co(bpy)3]

2+/3+ (where ΔX =
0.20 Å), a decrease in inner-sphere reorganizational energy of
almost 50% is predicted for 3a/3b (for which ΔX = 0.15
Å).42,43 This is expected to result in faster dye regeneration but
also in faster recombination between injected electrons and the
oxidized redox mediator. Faster recombination for electrolytes
with higher redox potentials is also expected as the driving force
for dye regeneration is decreased for electron transfer processes
operating in the Marcus normal region.26 According to Hupp et
al.48 the open-circuit quasi-Fermi level drops (becomes less
negative) with a positive increase in the redox potential of the
redox couple and, hence, it reduces the attainable VOC.

■ CONCLUSIONS

We have explored the application of a new class of redox
mediators based on the complex [Co(PY5Me2)(MeCN)]2+/3+,
where PY5Me2 is a pentapyridyl ligand. Using a number of
techniques, including X-ray crystallography, we have demon-
strated that the MeCN ligand can be replaced by a more
strongly binding monodentate ligand. Thus, the use of a
pentadentate ligand allows the potential of the CoII/III redox
couple to be tuned through the single-site coordination of tBP
or NMBI, two Lewis bases commonly added to DSC
electrolytes. Metal complexes based on the pentadentate ligand
are also predicted to result in a lower reorganizational energy
for electron transfer when compared to the [Co(bpy)3]

2+/3+

redox couple. Application of electrolytes based on the cobalt-
NMBI complexes in DSCs, in combination with a strongly
absorbing organic sensitizer, MK2, have yielded devices with
efficiencies of 9.2% and 8.4% at 0.1 and 1 sun irradiation,
respectively, outperforming analogous devices constructed with
the [Co(bpy)3]

2+/3+ redox couple. In addition, an open circuit
voltage approaching 1.0 V was measured for devices based on
the tBP complexes 2a/2b, as a consequence of the higher redox
potential of this redox couple.
The ability of complexes, such as 1a, to react with

monodentate ligands opens a new avenue in DSC electrolyte
research. That is, fine-tuning of the redox potential of the
electrolyte through the judicious choice of the Lewis base.
Moreover, complexes like 1a are ideal model compounds for
fundamental studies of recombination kinetics,47 since different
reaction driving forces can be achieved through the addition of
appropriate ligands with little change in reorganization energy.

Figure 5. IPCE spectra for the DSCs sensitized with MK2 based on
3a/3b (green line), 2a/2b (red dashed), [Co(bpy)3]

2+/3+/tBP (black
solid), and [Co(bpy)3]

2+/3+/NMBI (black dotted) electrolytes in
acetonitrile.

Figure 6. IMVS and IMPS spectroscopy. (a) Mean electron transient
time versus short circuit current. (b) Electron lifetimes are plotted vs
extracted charge for MK2-sensitized DSCs. The devices were
constructed with use of 2 μm thick TiO2 (30 nm) mesoporous films
and contained the corresponding redox shuttle in their electrolyte. The
electrolyte composition is given in Table 3.
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