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Abstract Since their invention, dye-sensitized solar cells
(DSSCs) have received enormous research attention from
scientists with different background due to the possibility
of low-cost production and fabrication on flexible
substrates. One of the most important components in
DSSCs is the sensitizing dye, including metal-complexes
and metal-free organic dyes. The donor-π bridge-acceptor
(D-π-A) structure is the mainstream in the design of
organic sensitizers because it facilitates efficient charge-
transfer toward the TiO2 upon excitation. However, some
sensitizers that do not follow this structure, or have some
modification upon this structure, also present good
efficiency when applied in DSSC devices. This review
summarizes these atypical dyes in order to inspire more
diverse designs toward highly efficient DSSCs.
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1 Introduction

Over the past 20 years, dye-sensitized solar cells (DSSCs)
have attracted significant interest as low-cost alternatives
to conventional photovoltaic technologies. They present a
record efficiency (uncertified) of ~14% under standard
reporting conditions [1]. Through the years, hundreds, if
not thousands of dyes have been tried as sensitizers.
Among them, metal-free organic sensitizers have been
developed and studied intensively for their advantages of
high extinction coefficients, diverse design, potentially
lower cost than metal complexes, easy preparation and
purification. The overwhelming trend in designing these
dyes is based on a donor-π bridge-acceptor (D-π-A)
architecture [2,3]. In this case, the donor and the π spacer

part will contain the highest occupied molecular orbital
(HOMO) of the dye while the lowest unoccupied
molecular orbital (LUMO) is distributed on the acceptor
part which includes the anchoring group. Upon excitation,
the electrons move from donor to acceptor through the π-
bridge. This modular design allows organic dyes to show
great diversity and flexibility. Each component (D, A, or π-
bridge) in this architecture can be modified to tune the
properties of dyes to suit the requirements for efficient
DSSCs. Various donor groups have been investigated,
including anthraquinone, boradiazaindacene, carbazole,
coumarin, N,N-diakylaniline, hemicyanine, heteroanthra-
cene, indoline, merocyanine, tetrahydroquinoline, triaryla-
mine, squaraine, perylene and polymeric species [4].
Cyanoacrylic acid [5] and rhodamine-3-acetic acid [6]
are commonly used acceptors as well as anchoring group
to attach on a TiO2 surface. Between the donor and
acceptor, oligoene, coumarin, oligothiophene, fluorine and
phenoxazine are often used as π-bridge [7].
Despite this mainstream focus, some sensitizers of

alternative design also show good efficiency in DSSCs.
The aim of this review is to highlight the dyes that break
the normal trend of ‘D-π-A’ design and therefore to
stimulate new inspiration and directions in molecular
design of organic dyes for high photovoltaic performance
and long-term stability of DSSCs.

2 Donor-acceptor-π bridge-acceptor (D-A-
π -A) dyes

The concept of ‘D-A-π-A’ sensitizers was first proposed by
the Zhu group [8]. Comparing to the traditional D-π-A
configuration, this kind of sensitizers has an additional
electron-withdrawing unit between the conventional donor
and π-bridge, such as diketopyrrolopyrrole (DPP) [9–12],
benzothiadiazole (BTD) [13–15], benzotriazole [16,17],
benzoxadiazole (BOD) [18,19], quinoxaline [20,21],
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phthalimide [22], N-annulated perylene (NP) [23] and so
on.
The introduction of an additional acceptor enables an

electron transfer cascade to the acceptor/anchor group,
following initial electron transfer from the donor to the
internal acceptor. This has been proven by computational
chemistry where it is found that the HOMO and LUMO
orbitals of D-A-π-A sensitizers overlap on the additional
acceptor and the π conjugated bridge. In the case of WS-2
[14] (Fig. 1), a benzothiadiazole based D-A-π-A sensitizer,
density functional theory (DFT) calculation indicates that
the distributions of both HOMO and LUMO orbitals are
well overlapped with the BTD unit. This is beneficial for
electron transitions, which gives D-A-π-A sensitizers high
extinction coefficient and good charge separation due to
efficient subsequent charge transfer to the terminal
acceptor group. Upon co-adsorption with deoxycholic
acid (DCA), WS-2 based DSSCs gave a high efficiency of
9%.
An additional electron-withdrawing unit also red-shifts

the charge transfer absorption band, sometimes leading to
the appearance of another absorption band. By choosing
and coupling appropriate donor and acceptor together, the
energy levels can be effectively tuned. For example, DPP
is a strong electron-withdrawing unit due to the presence of
two lactams. At the same time, it is also a chromophore.
With a strong donating indoline group, DPP17 (Fig. 1)
shows superb absorption with absorption maximum at

600 nm and extinction coefficient of 69000 M–1$cm–1 and
yields the first example of a high-performance blue DSSC
with over 10% efficiency [24].
In addition, it is known that long alkyl chains decrease

intermolecular interactions, suppress aggregation and
retard electron recombination. The extra acceptor allows
more alkyl chains to be added on sensitizers, thus
improving the open-circuit voltage and efficiency of
DSSCs. In some cases, D-A-π-A structure also shows
enhanced photo and thermal stability over D-π-A structure
[14].

3 Donor-free oligomeric dyes

Since Hagfeldt and coworkers [25] introduced bulky
alkoxy substituents into the triphenylamine-based donor
of the sensitizers and obtained 6.7% efficiency with cobalt
electrolyte, it becomes fashionable to make the donor part
of D-π-A sensitizer bulkier and bulkier. The bulky donor is
beneficial in order to reduce the electron recombination
between redox electrolyte and the TiO2 surface and to
stabilize the oxidized dye. However, at the same time, the
complicated structure often results in difficult synthesis
with low yield. Our group designed a ‘donor-free’
cyanoacrylic end-functionalized oligo(3-hexylthiophene)
sensitizer (oligo-3HT) and used it in both I–/I3

– based
liquid dye-sensitized solar cells and solid-state solar cells

Fig. 1 Examples of ‘D-A-p-A’ sensitizers
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to achieve power conversion efficiency (PCE) of 7.6% and
4.4%, respectively [26]. Under the same conditions, the
‘D-π-A’ sensitizer based on a similar structure (MK-2)
showed an efficiency of 5.1% and 2.8%, respectively
(Fig. 2). In solid-state dye-sensitized solar cells, we found
that without an electron donor group, a significantly-higher
open-circuit voltage (Voc) could be achieved while the
short-circuit current (Jsc) remained approximately the
same. With experimental and theoretical approaches, we
found that in the solid-state cells oligo-3HT sustains a
significant fraction of oxidized dye under operating
conditions and enhances the open-circuit voltage through
the resulting large dipole on the dye. The work challenges
the fundamental premise of sensitizer design and opens a
new strategy of designing highly efficient ‘donor-free’
dyes in the future. We have since designed and synthesized
more ‘donor-free’ sensitizers with broader absorption and
higher extinction coefficient than oligo-3HT [27].

4 Bridged dyes

In a very restricted number of cases, branched or bridged
geometries have been considered and used as sensitizers in
dye-sensitized solar cells. With two acceptors and anchor-
ing groups, these kind of sensitizers are designed to red-
shift the monochromatic incident photon-to-electron con-
version efficiency(IPCE) maximum and increase photo-
current, with the additional possibility of enhanced
stability (Fig. 3).
The first example of di-branched di-anchoring sensitizer

DB-1, reported by Abbotto and coworkers in 2009,
introduced two D-π-A arms into a uni-dimensional dipolar

analog. This resulted in a 10% increase of photocurrent and
enhanced stability compared with the corresponding
monobranched, mono-anchoring dye [28]. In 2011, Cao
et al. designed a symmetric double D-π-A structure
architecture bridged by a nonconjugated alkyl chain
(DBD). By connecting two phenothiazine with butyl
chain, hexyl chain or benzene group, the efficiency of
these DSSCs was effectively enhanced compared to the
corresponding single D-A phenothiazine dye. Among
them, the dye with hexyl chain showed the best
performance due to a successful suppression of dye
aggregation and recombination with redox couple [29].
However, due to the symmetric structure, the two units of
DBD absorbed in the same spectral region and did not
broaden the absorption range. The same authors then
designed an asymmetric bridged dye DC with two
different light-harvesting systems in one dye molecule. It
was found that not only did the dye exhibit a broader and
more intense absorption than the reference mono dyes, but
also the efficiency of solar cells based on DC was superior
to either mono dyes or co-sensitizing system with the two
mono dyes [30]. To further expand the absorption
spectrum, the hexyl bridge was replaced by a π spacer.
Both symmetric (TB-1) and asymmetric systems (TB-PT)
were investigated by Abbotto et al. [31,32]. The results
confirmed that asymmetric systems were preferred due to
the intramolecular cosensitization effect. However, the
twistable π spacer led to unfavorable interaction with the
TiO2 surface. This non-optimal dye packing allowed the
oxidized species in the electrolyte to approach the TiO2

surface, thus increasing the recombination and resulting in
a much lower open-circuit voltage than the corresponding
unbridged dye. Kiatisevi and coworkers replaced the
bridge with a donor group to extend the electron
delocalization (CBZ-3) [33], but the additional donor
group up-shifted the HOMO energy level of the dye
dramatically and caused a problem for regeneration.
In summary, among all the bridged dyes, the asymmetric

hexyl chain bridged sensitizer has so far proven to be the
best.

5 Conclusion

Sensitizers featuring ‘donor-π spacer-acceptor’ (D-π-A)
architecture have been widely used to achieve high
efficiency in dye-sensitized solar cells. Meanwhile, some
atypical dyes also work well, although much less attention
has been paid to their synthesis and study. This review
highlights the dyes that do not follow the ‘D-π-A’ design,
such as ‘D-A-π-A’ dyes, ‘donor-free’ dyes and bridged
dyes. This provides new directions in molecular design of
organic dyes and hopefully inspires scientists to try further
novel designs for DSSC sensitizers.

Fig. 2 Example of ‘donor-free’ sensitizer and D-p-A analog for
comparison
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Fig. 3 Examples of bridged dyes
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