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Dye-sensitized solar cells based on iodide/triiodide (I2/I3
2) electrolytes are viable low-cost alternatives to conventional

silicon solar cells. However, as well as providing record efficiencies of up to 12.0%, the use of I2/I3
2 in such solar cells also

brings about certain limitations that stem from its corrosive nature and complex two-electron redox chemistry. Alternative
redox mediators have been investigated, but these generally fall well short of matching the performance of conventional
I2/I3

2 electrolytes. Here, we report energy conversion efficiencies of 7.5% (simulated sunlight, AM1.5, 1,000 W m22) for
dye-sensitized solar cells combining the archetypal ferrocene/ferrocenium (Fc/Fc1) single-electron redox couple with a
novel metal-free organic donor–acceptor sensitizer (Carbz-PAHTDTT). These Fc/Fc1-based devices exceed the efficiency
achieved for devices prepared using I2/I3

2 electrolytes under comparable conditions, revealing the great potential of
ferrocene-based electrolytes in future dye-sensitized solar cells applications. This improvement results from a more
favourable matching of the redox potential of the ferrocene couple with that of the new donor–acceptor sensitizer.

L
ight harvesting in dye-sensitized solar cells (DSCs) is accom-
plished by a self-assembled monolayer of dye molecules,
located at the interface of a mesoporous wide-bandgap semicon-

ductor electrode and an electrolyte1. The electrolyte fulfils two major
functions. First, a redox mediator is present that effectively regener-
ates the dye following a photoinduced charge injection from the dye
into the semiconductor electrode (see equations (1) to (5)). Second,
it facilitates charge transport to the adjacent counter-electrode, typi-
cally through an ion diffusion mechanism. The iodide/triiodide
(I2/I3

2) couple is by far the most common redox couple used in
DSC electrolytes, affording unrivalled energy conversion efficiencies
of up to 12.0% and 10.3% for ruthenium-based sensitizers and
metal-free organic sensitizers, respectively2–4. Despite its superior
performance, the I2/I3

2 couple does have some limitations that
derive from its corrosive nature and complex redox chemistry5.
Overcoming these constraints could lead to further improvements
in DSC performance and ease of fabrication.

The following equations summarize the electron transfer reac-
tions involved in photocurrent generation in a conventional DSC
(I-DSC) based on the two-electron I2/I3

2redox system:

D + hn � D∗ (1)

D∗ � e−(TiO2) + D+ (2)

D+ + I− � (D − I) (3)

(D − I) + I− � D + I−†
2 (4)

2I−†
2 � I−3 + I− (5)

Dye regeneration involves the formation of the intermediate radical
species I2

2†, which exhibits a more negative redox potential than the
corresponding standard redox potential of I2/I3

2 (Fig. 1), thus

representing an additional energy activation barrier for the dye
regeneration process5. For DSCs based on the record-performing
ruthenium-based sensitizers, such as N719 (di-tetrabutylammo-
nium-cis-bis(isothiocyanato)bis(2,2′-bipyridyl-4,4′-dicarboxylato)
ruthenium(II)), the difference between the redox potential of
the dye, E(D/Dþ) (1.0–1.1 V), and the I/I3

2 redox couple,
E(I2/I3

2) (E0 ranges from 0.35 V in acetonitrile5 to typically
0.4 V for electrolytes optimized for ruthenium sensitizer-based
DSCs6), is in excess of 600 mV. For photons with an energy of
2 eV, this means that more than 30% of the original photon

N719

D/D+

1.12 V

D/D+

0.91 V

Fc/Fc+

0.62 V

D*/D+

–1.20 V

D*/D+

–0.60 V

I–/I3
–

0.35 V

I2
– /I–

> 0.93 V

New
dye

–6.0

–0.0

–1.0

E NHE Vacuum

1.0

2.0

–5.0

–4.0

–3.0

0.0

Fc/Fc+I–/I3
–

Figure 1 | Energy levels of DSC components, approximate redox potentials

and band energies of the different components. Data for N719, Carbz-

PAHTDTT (new dye), I2/I3
2, and Fc/Fcþ versus normal hydrogen

electrode (NHE)5,21,37.
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energy drives the dye regeneration process. By replacing I2/I3
2

with a single-electron transfer mediator,

D+ + Fc � D + Fc+ (6)

it should be feasible to reduce the redox potential difference
between dye and electrolyte, affording significant improvements
in DSC efficiency.

While imposing additional activation barriers for dye regener-
ation, the complex redox mechanism of I2/I3

2 is also considered
to be crucially beneficial for the inhibition of interfacial charge
recombination in DSCs (for example, involving reaction of the
injected electron with the triodide ion present in the electrolyte),
thus affording high conversion efficiencies7,8. The challenge in the
development of alternative redox mediators is to ensure that poten-
tial efficiency gains afforded by lowering the driving force for dye
regeneration are not compromised by efficiency losses resulting
from increased interfacial charge recombination rates.

Previous attempts to replace the I3
2/I2 couple have been sum-

marized well in recent reviews9–11. Most noticeable are a range of
cobalt complexes that perform well under low light conditions
but suffer from poor charge transport, limiting the efficiency
to 4% under standard solar irradiation (AM1.5, 1,000 W m22)12.
However, Feldt and colleagues have recently reported an efficiency
of 6.7% for a cobalt polypyridine redox mediator13. Copper14 and
nickel15 complexes have also been examined, but led to DSC
efficiencies below 2% at full simulated sunlight. Electrolytes based
on the Br3

2/Br2 redox system have been used in DSCs, and have
achieved conversion efficiencies of up to 5.2%, but, unfortunately,
these exhibit corrosive properties that are comparable to those of
the conventional I3

2/I2 electrolyte16. DSCs constructed with
organic redox couples, such as TEMPO (2,2,6,6-tetramethylpiperi-
dine-1-oxyl) and tris-[4-(2-methoxy-ethoxy)-phenyl]-amine17 have
yielded efficiencies of 5.4% (ref. 5) and 2.4%, respectively. Recently,
Wang and colleagues have reported a new disulfide/thiolate redox
couple featuring a two-electron redox process that achieved an effi-
ciency of 6.4% under 1,000 W m22 simulated sunlight18. Alternative
approaches are being developed that aim to replace the redox electro-
lytes in DSCs with solid-state charge transport materials. For
example, efficiencies of up to 5.1% have been reported for DSCs
constructed with CuI (ref. 19) and spiro-OMeTAD20.

An excellent choice for an alternative redox couple is the arche-
typal ferrocene/ferrocenium hexafluorophosphate (Fc/Fcþ) couple.
This non-corrosive mediator exhibits well-defined electrochemistry
(it is an IUPAC-recommended reference redox couple), is commer-
cially available on a large scale and has a more favourable redox
potential than the I3

2/I2 redox couple (0.62 V cf. 0.35 V vs.
NHE)5,21, which should result in a higher open-circuit voltage
(VOC) (Fig. 1). Dye regeneration by ferrocene is a simple one-elec-
tron transfer reaction that does not involve the cleavage or

reformation of chemical bonds or the formation of high-energy
intermediate radical species (equations (4) and (5)). Furthermore,
a plethora of substituted ferrocene compounds are known, with
hundreds being commercially available. Thus, the ferrocene redox
potential can be fine-tuned easily through the introduction of
specific substituents on the cyclopentadienyl ring22,23. These prom-
ising features have led to attempts to use ferrocene as a redox
mediator in DSCs, but the resulting devices exhibited low efficien-
cies (h , 0.4%)8,24–26.

Results and discussion
In this study, we have explored the potential use of Fc/Fcþ electro-
lytes as model systems for the construction of high-efficiency DSCs
based on single-electron transfer redox mediators. The exclusion of
oxygen during electrolyte preparation and cell construction was of
paramount importance in achieving improved and reproducible
device performances, due to the inherent instability of ferrocenium
in the presence of molecular oxygen 8,27,28.

A novel metal-free organic dye (Carbz-PAHTDTT, Fig. 2; for
synthesis and characterization see Supplementary Information)
was used for this study. Carbz-PAHTDTT affords excellent light-
harvesting properties when used in conjunction with thin TiO2 elec-
trodes comprising a 2.2 mm mesoporous TiO2 layer (particle size,
18 nm) and a 4.4 mm TiO2 scattering layer (particle size, 400 nm).
Typical dye absorptivity data for these electrodes are shown in
Fig. 3. Thinner than usual TiO2 electrodes were used in anticipation
of accelerated recombination phenomena in Fc-DSCs. The combi-
nation of thin TiO2 electrodes and organic dyes with high extinction
coefficients has previously been proven to be beneficial for solid-
state DSCs based on organic charge transport materials, where
accelerated charge recombination is of equal concern29.

Fc-DSCs were assembled with electrolytes containing ferrocene
(Fc), ferrocenium hexafluorophosphate (FcPF6) and tert-butylpyri-
dine (t-BP) in acetonitrile. Increases in efficiency were found to
result from the addition of t-BP. These are typically explained in
terms of reduced charge recombination due to the passivation of
TiO2 surface states through interaction with t-BP30. The previously
reported rapid decomposition of the ferrocenium ion in the pres-
ence of t-BP (ref. 22) was not observed, which is in accordance
with the known electrochemistry of ferrocene in pyridine31,32.
Adsorption of Carbz-PAHTDTT onto TiO2 was routinely per-
formed in the presence of chenodeoxycholic acid (cheno) (Fig. 4)
as co-adsorbent, as this consistently led to improved DSC
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Figure 2 | Structure of the organic sensitizer Carbz-PAHTDTT.
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Figure 3 | IPCE results and absorptivity of the Carbz-PAHTDTT sensitized

TiO2 film. Black dashed line, I-DSC; grey solid line, Fc-DSC-C; grey dashed

line, Fc-DSC. Black dotted line indicates the absorptivity of the sensitized

TiO2 film. IPCE spectra are recorded at low light conditions (,2% sun).

Electrolyte composition is summarized in Supplementary Table S1. Double-

layer TiO2 films (2.2mm mesoporous TiO2 (18 nm)þ 4.4 mm scattering

TiO2 (400 nm)) were used for constructing all DSCs.
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performances for all the electrolyte systems studied. This is in agree-
ment with previous studies applying metal-free organic dyes, and is
typically explained in terms of a reduction in dye aggregation and
improved surface passivation33. In this study, we have also investi-
gated the effect of cheno as an electrolyte additive on DSC perform-
ance (I-DSC-C and Fc-DSC-C).

The incident photon-to-electron conversion efficiency (IPCE)
spectra of Carbz-PAHTDTT-sensitized solar cells with optimized
Fc/Fcþ and I2/I3

2 electrolyte compositions are shown in Fig. 3.
These spectra provide quantification of the efficiency (plotted as a
percentage versus wavelength (energy) of incident photons) of con-
version of absorbed photons into electrons (current). The IPCE
spectrum of the Fc-DSC closely matches that of the I-DSC and
both closely follow the shape of the absorptivity of the sensitized
TiO2 layer. The addition of cheno had no effect on the IPCE of
the I2/I3

2 devices (I-DSC-C not shown). In contrast, significant
improvements were observed when cheno was added to the ferro-
cene electrolyte. The maximum IPCE achieved by the Fc-DSC-C
is 72%. The absorptivity exceeding 80% at wavelengths up to
600 nm illustrates the excellent light-harvesting properties of the
Carbz-PAHTDTT-sensitized TiO2 films.

The current/voltage characteristics under simulated one sun
solar illumination (AM1.5; 1,000 W m22) of Fc-DSCs and I-DSCs
are presented in Fig. 5 and Table 1. Fc-DSCs, in combination
with the donor–acceptor sensitizer Carbz-PAHTDTT, show a
remarkable performance improvement with the addition of cheno
to the electrolyte, leading to an increase in short-circuit current
density (JSC) and open-circuit voltage (VOC) that result in an
overall energy conversion efficiency of 7.5%. To our knowledge,

this is the highest efficiency that has ever been reported at one
sun for a DSC that uses a non-I2/I3

2 electrolyte. It is 20 times
higher than previously reported values for Fc-DSCs24. In our
experiment, an efficiency of 0.33% was measured when the
ferrocene electrolyte was used in DCSs in conjunction with the
standard N719 ruthenium dye (see Supplementary Information).
In comparison, addition of cheno to the I-DSC resulted in a
decrease in JSC, coupled with an increase in VOC and fill factor
(FF), which left the overall efficiency unchanged at 6.1–6.2%. The
Fc-DSC clearly outperformed the classical I-DSC. This remarkable
conversion efficiency is mainly a consequence of the high photovol-
tage of 842 mV achieved for the Fc-DSC, which exceeds the VOC of
the I-DSC by 100 mV.

These results show that we can successfully translate the more
favourable Fc/Fcþ redox potential (Fig. 1) into an overall efficiency
increase. Carbz-PAHTDTT sensitized I-DSCs based on thicker
TiO2 films (12 mmþ 6 mm scattering) yielded maximum energy
conversion efficiencies of 6.3%. For comparison, DSCs assembled

Table 1 | Tabulated photovoltaic performance data of the
DSC in Fig. 5, measured at one sun simulated sunlight
(AM1.5).

JSC (mA cm22) VOC (mV) FF (%) h (%)

I-DSC 13.3 735 62 6.1
I-DSC-C 12.3 742 67 6.1
Fc-DSC 9.6 815 75 5.9
Fc-DSC-C 12.2 842 73 7.5
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Figure 4 | Structure of the co-adsorbent and electrolyte additive
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construction of all DSCs.
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with a standard high-efficiency ruthenium sensitizer, N719 (ref. 34),
and high-performance I2/I3

2 electrolytes yielded 6.8% efficiency
for thin TiO2 layers (2.2 mmþ 4.4 mm scattering) and 8.2% effi-
ciency for thick TiO2 layers (12 mmþ 6 mm scattering; see
Supplementary Table S2).

Intensity-modulated photovoltage and photocurrent spec-
troscopy (IMVS and IMPS)35, complemented by charge extraction
experiments, were used to determine the electron lifetime and
mean transit time of photoinjected charge carriers. Figure 6a pre-
sents the IMPS results, indicating that similar mean electron
transit times were observed for both redox systems in the absence
and presence of cheno in the electrolyte. Charge extraction measure-
ments according to Duffy and colleagues36 were used to determine
the amount of charge stored in DSCs as a function of VOC
(Supplementary Fig. S1). The results obtained from the IMVS
measurements, carried out to determine the electron lifetime of
photoinjected charge carriers under VOC conditions, and charge
extraction experiments have been combined to give the electron
lifetime as a function of charge stored in the DSC (Fig. 6b).
The results confirm that charge recombination is more rapid in
Fc-DSCs than in I-DSCs. The addition of cheno significantly
increases the electron lifetime for both redox systems, presumably
by blocking interfacial charge recombination. It can be postulated
that the cheno present in the electrolyte helps to form a hermetic
protection through the establishment of a steady-state equilibrium
between surface-adsorbed and electrolyte-borne molecules.
The origin of the beneficial effects of cheno is the subject of
ongoing studies.

Conclusion
In this study, we have demonstrated that the IUPAC-recommended
Fc/Fcþ reference redox couple can be used to construct highly
efficient DSCs that exceed the performance of DSCs using the
corrosive and mechanistically more complex I2/I3

2 couple as
redox mediator. Exclusion of oxygen from the DSC construction
process together with optimization of the TiO2 film structure and
electrolyte composition yielded energy conversion efficiencies of
up to 7.5% when the Fc/Fcþ redox mediator was used in conjunc-
tion with the novel metal-free organic sensitizer Carbz-PAHTDTT.
The increase in energy conversion by a factor of almost 20 over
previously reported values24 reveals the great potential of ferro-
cene-based electrolytes for future applications in DSCs. A net VOC
increase of 100 mV could be realized, due to the more favourable
position of the electrochemical redox potential of ferrocene,
compared to iodide. Generally, the redox potential of ferrocene
compounds can be easily tuned through functionalization of the
cyclopentadienyl rings with a variety of substituents. This offers
the opportunity to carefully match the dye-regeneration driving
forces, which in turn could result in further significant increases
in VOC and therefore cell performance22,23. Work on this aspect is
in progress.

Methods
DSCs were constructed using common construction techniques (see Supplementary
Information). IMVS and IMPS spectroscopy and charge extraction measurements
were performed as described elsewhere35,36. The dye Carbz-PAHTDTT was
synthesized as described in the Supplementary Information.
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