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Pure organic quinacridone dyes as dual sensitizers
in tandem photoelectrochemical cells for
unassisted total water splitting†

Luze Shen,‡a Shicong Zhang,‡a Haoran Ding,a Fushuang Niu,b Yanmeng Chu,c

Wenjun Wu, *a Yue Hu, c Ke Hu *b and Jianli Hua *a

Pure organic dye QAP-C8 based on quinacridone (QA) with octyl side

chains as the donor and pyridine dicarboxylic acid (PDA) as the

acceptor was first used in both the photoanode and the photocathode

of photoelectrochemical cells. A tandem device with QAP-C8 as the

photosensitizer realized overall water splitting and showed a STH of

0.11% under neutral pH conditions without an external bias.

Dye-sensitized photoelectrochemical cells (DSPECs) continue
to be one of the most ideal candidates to realize the conversion
of light to hydrogen energy.1,2 DSPECs use molecular dyes that
can be easily tuned to absorb the visible part of the solar
spectrum. Nowadays, most of the dyes used in DSPECs are
ruthenium-based polypyridyl complexes, but the low natural
abundance of the ruthenium metal and the long term instability
of its oxidized forms impede their development.3 Pure organic
dyes are very promising alternatives due to their low cost, adjus-
table molecular orbitals, and structural diversity.4 Various pure
organic dyes have been investigated for DSPECs so far, including
perylene imide,5–9 triarylamine,10–14 diketopyrrolopyrrole (DPP),15

organic polymer chromophores16,17 and other small molecule
organic chromophores.18–22 However, most of the dyes show a
narrow absorption spectrum (lmax o 400 nm) and poor stability.
So, the design of dye molecules with a broad optical response,
appropriate energy levels, and good stability for DSPECs is
urgently needed.

In this work, we designed three A–D–A type dyes (QAP-C4,
QAP-C8, and QAP-C16) based on quinacridone (QA) with butyl,
octyl and hexadecyl side chains as the electron donor, and PDA
as the anchoring group (Scheme 1). In terms of the stability of
dyes, QA derivatives have good planarity, and excellent photo-
electrochemical properties and photothermal stability.23,24 The
aliphatic side chains are expected to prevent the dyes from
flopping down to the hydrophilic titania surface while the dual
carboxylic acid groups provide one covalent linkage with the
titanol group and the other with molecular catalysts through
Zr4+ ions.25–29 PDA is insoluble in aqueous solutions and does
not desorb from semiconductors, which is favorable for the
stability of DSPECs.30 In terms of the absorption spectra of
dyes, the introduction of PDA makes the absorption of dyes
exhibit a red-shift and broadens the absorption spectrum.
Therefore, these dyes are expected to be used in high efficiency
DSPECs.

For the photoanode, it is difficult for pure organic dyes to
meet the energy level of water oxidation.31 The results of
photophysical, electrochemical and DFT calculations showed
that the holes of dyes can be injected from the highest occupied
molecular orbital (HOMO) of the dye into the water oxidation
catalyst (WOC) RuOEC thermodynamically. After self-assembly
with Zr4+ ions and RuOEC, QAP-C8 and QAP-C16 were able to
construct a layer-by-layer photoanode, and then drive the water
oxidation reaction. The photocathode was prepared by co-adsorbing

Scheme 1 The structures of QAP-C4, QAP-C8, QAP-C16, QA-C4,
RuOEC and Co2.
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QAP dyes and hydrogen evolution catalyst (HEC) Co2 on meso-
porous NiO. In the end, QAP-C8 was found to be useful both in the
photoanode and photocathode in a bias-free tandem device due to
its suitable energy band, which is the first tandem device based on
the same organic dye. Encouragingly, an overall water splitting
photocurrent of 114.1 mA cm�2 was obtained (under no bias,
pH = 7). The solar to hydrogen (STH) conversion efficiency of
tandem DSPECs was calculated to be 0.11%, which is the highest
value for tandem DSPECs as far as we know.11,22,32 These results
provide a new strategy for the design of photosensitizers with a
visible light spectrum and stability in the construction of artificial
photosynthesis devices.

The molar extinction coefficient spectra of dyes (QA-C4,
QAP-C4, QAP-C8 and QAP-C16) in dilute solutions of DMSO
are shown in Fig. 1a. QA-C4 without PDA showed two absorp-
tion peaks at 488 nm and 522 nm. QAP-C4, QAP-C8 and
QAP-C16 showed one extra strong absorption band peaked at
B380 nm while the other two visible bands slightly red shifted
compared with QA-C4. The characteristic absorption peaks
between 360 and 400 nm were attributed to intramolecular
charge transfer (ICT) according to the DFT calculation results.
The electron densities of the HOMO and LUMO were primarily
delocalized at the QAP donor moiety, while the LUMO+1 could
extend to the acceptor PDA part (Table S1, ESI†). Furthermore,
this absorption band at B380 nm mainly originated from the
HOMO to the LUMO+1 (Table S2, ESI†). Therefore, the transi-
tion could be attributed to an ICT process.

Cyclic voltammetry (CV) was used to determine the ground
state redox potentials of QAP-C4, QAP-C8, and QAP-C16
(Fig. S3a, ESI†). The excited state redox potentials were calcu-
lated from the electrochemical data and the intersection of the
normalized absorption and emission (Fig. S4, ESI†). The results
are summarized in Table S3 (ESI†). Several key factors were
considered for a working tandem DSPEC device. For the
photoanode (Fig. 1b): (i) the excited state reduction potentials
(ES+/S*) of dyes are more negative than the conduction band
(CB) of TiO2 (�0.5 V), ensuring that the electrons of the excited
dye can be successfully injected into the CB of TiO2 from their
lowest unoccupied molecular orbital (LUMO). (ii) The onset
potential of RuOEC is 1.2 V vs. NHE (pH = 7).11 Hence, the
oxidized states of QAP-C8 and QAP-C16 can donate holes to
RuOEC from their HOMO. With the increase of the alkyl length
of side chains, the ground state oxidation potentials (ES+/S) of

the three dyes become more positive, while the (ES+/S) values
were almost the same after the co-adsorption of the dye and
CDCA (Fig. S3b, ESI†).10 Therefore, we speculate that the more
positive ES+/S of QAP-C16 may be due to the aggregation of dye
molecules. For the photocathode (Fig. 1c): (i) the excited state
oxidation potentials (ES*/S�) of the three dyes are more positive
than the valence band (VB) of NiO, ensuring that the holes of
the excited dye can be successfully injected into the VB of NiO
from their LUMO. (ii) The ground state reduction potentials
(ES/S�) of the three dyes are more negative than the onset
potential of Co2. Therefore, the reductively quenched excited
state can reduce Co2 from their LUMOs. In addition, the
electron or hole transfer between the dye and catalyst was
proved to be the rate-limiting step in DSPECs.

Long-life reduced or oxidized dyes are beneficial to the
stability of a device. Absorption spectra of the reduced
(Fig. S5a, ESI†) and oxidized dyes (Fig. S5b, ESI†) were detected
by spectroelectro-chemical measurements. For the photoanode,
the absorption of the dye changed as the applied bias became
more positive and reached a steady state when the applied bias
reached ES+/S. This proved that the dye had donated electrons to
form the oxidized state through the applied bias. For the
photocathode, as the applied bias became more negative, the
absorption of the dye changed and reached a steady state when
the applied bias reached ES/S�. This proved that the dye had
obtained electrons to form the reduced state through the
applied bias.28,33 The result of spectroelectro-chemical mea-
surements proved that long-life reduced or oxidized dyes were
obtained through the applied bias.

QAP dyes and RuOEC were self-assembled layer by layer
through the Zr4+ ion linker on the TiO2 film to form TiO2|QAP-
C8|Zr4+|RuOEC and TiO2|QAP-C16|Zr4+|RuOEC electrodes as
photoanodes (Fig. S6a, ESI†), and the photoelectrochemical
properties of the photoanodes were measured.

Linear scanning voltammetry (LSV) curves are shown in
Fig. S6bc (ESI†). The photocurrent of the TiO2|QAP-
C8|Zr4+|RuOEC electrode started to generate a positive current
at�0.54 V vs. NHE (pH = 7) and reached a plateau at�0.40 V vs.
NHE (pH = 7) under illumination, where the photocurrent
density was about 184 mA cm�2. The photocurrent of the
TiO2|QAP-C16|Zr4+|RuOEC electrode started to generate a posi-
tive current at �0.56 V and reached a plateau at �0.40 V under
illumination, where the photocurrent density was about
223 mA cm�2. These values were higher than the current density in
the dark, indicating the photoactivity of the prepared photoanode.

Here we choose 0.2 V and 0.3 V vs. NHE (pH = 7) as the
applied bias to measure the transient current responses to on–
off cycles of two electrodes, respectively (Fig. 2a and b). They
produced a photocurrent density of 213 mA cm�2 and
253 mA cm�2 after light illumination of 100 s. Monochromatic
incident photon-to-current efficiency (IPCE) measurements
were performed (Fig. S7, ESI†). For TiO2|QAP-C8|Zr4+|RuOEC
and TiO2|QAP-C16|Zr4+|RuOEC, the IPCE at 520 nm was 2.5%
and 6.0%, respectively. The shape of the IPCE curves is similar
to the UV-vis spectra, showing that dyes can effectively absorb
the visible light and achieve photon-to-current conversion. The

Fig. 1 (a) The molar extinction coefficient spectra of dyes in DMSO
solution. (b and c) Energetics of the ground and excited state redox
potentials of QAP-C4, QAP-C8 and QAP-C16 at the photoanode (b) and
at the photocathode (c).
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photocurrent density of TiO2|QAP-C8|Zr4+|RuOEC and TiO2|-
QAP-C16|Zr4+|RuOEC electrodes in 6 hours of the long-time test
was measured (Fig. 2c) and the corresponding amount of
oxygen generated was measured by the collector–generator
method. With oxygen generated at the photoanode diffusing
through the collector–generator gap, the amount of oxygen
detected by the collector electrode slowly increased. The cur-
rent density of the collector electrodes finally plateaued at
2.7 mA cm�2 and 2.8 mA cm�2. The faradaic efficiencies (Zoxygen)
of QAP-C8 and QAP-C16 were calculated to be 33% and 27%
according to eqn (1) in the ESI.† These results clearly demon-
strated that light-driven water oxidation was successfully
achieved by assembling the catalyst RuOEC and organic photo-
sensitizer on TiO2.

For the photocathode, all three QAP dyes had the potential
for hydrogen production according to Fig. 1c. We prepared
NiO|QAP-C4 + Co2, NiO|QAP-C8 + Co2 and NiO|QAP-C16 + Co2
photocathodes through the co-adsorbed dyes and Co2 on the
NiO film (Fig. S9a, ESI†). The LSV and i–t measurements
showed that the three photocathodes gave similar performance
(Fig. 2d and Fig. S9b–f, ESI†). The NiO|QAP-C8 + Co2 electrode
showed the highest photocurrent density. The photocurrent
increased rapidly at bias voltages from 0.5 V to 0.3 V vs. NHE
(pH = 7) and reached plateaus at E o �0.1 V vs. NHE (pH = 7)
with about �30 mA�cm�2.

The results of photoelectrochemical measurements showed
that dyes based on quinacridone as the donor and PDA as the
anchor group can be used both on the photoanode and the
photocathode. After the photoanode and the photocathode are
irradiated, photogenerated charges can be cycled through the
tandem DSPECs (Fig. 3a). After the photoanode dyes were
excited by light, the electrons and holes were injected into
TiO2 and RuOEC to realize water oxidation, respectively. For the
photocathode, holes and electrons were injected into NiO and
Co2, respectively. Finally, the two electrodes circulated the
charge through a copper wire. The performances of the tandem

DSPECs were usually limited by the photocathode. Hence, we
selected QAP-C8 as the photosensitizer to construct a two-
electrode tandem PEC cell because QAP-C8 showed the best
performance in the photocathode. In addition, the starting
potentials of TiO2|QAP-C8|Zr4+|RuOEC and NiO|QAP-C8 +
Co2 were around �0.2 and 0 V vs. NHE (pH = 7), respectively.
The starting potentials of the photoanode were more negative.
Hence, a bias-free two-electrode tandem DSPEC was con-
structed for overall water-splitting (Fig. 3b).

We designed three configurations depending on the direction
of illumination (Fig. 4a). In configuration 1, the photoanode and
photocathode were both illuminated. In configurations 2 and 3,
only the photoanode and photocathode were illuminated, respec-
tively. In configuration 1, LSV showed that the photocurrent
reached a plateau from �0.1 V to 0.5 V vs. NHE (pH = 7),
indicating that it could work without an applied bias and the
photocurrent was 96 mA cm�2 (Fig. 4b). Then, we measured the
transient current responses to light cycles without an applied bias
(Fig. 4c). In configuration 1, the highest current density of
114.1 mA cm�2 was obtained, and it was still maintained at
69.3 mA cm�2 after 15 min (Fig. S10, ESI†). The plots of evolved
H2/O2 yield against irradiation time are shown in Fig. S11 (ESI†).
After 15 min, 0.43 mmol of H2 was produced, corresponding to a
faradaic efficiency (Zhydrogen) of 89%. Configuration 3 showed
higher photocurrent density (58.6 mA cm�2) than configuration 2
(43.1 mA cm�2), because the smaller current density of the

Fig. 2 (a and b) Transient current responses to on–off cycles for QAP-C8
and QAP-C16 at an applied bias potential of 0.2 V and 0.3 V vs. NHE
(pH = 7). (c) Current density–time curve of the generator/collector
photoanodes. (d) Transient current responses to on–off cycles for
QAP-C8 at an applied bias potential of �0.1 V vs. NHE (pH = 7).

Fig. 3 (a) Schematic energy diagram for QAP-C8, RuOEC, Co2, FTO,
TiO2, and NiO and the electron transfer direction (pH = 7). (b) The diagram
of a two-electrode tandem DSPEC, with TiO2|QAP-C8|Zr4+|RuOEC as the
photoanode.

Fig. 4 (a) Configurations of three different lighting methods. (b) LSV of a
two-electrode tandem DSPEC. (c) Transient current responses to on–off
cycles of a two-electrode tandem DSPEC with different directions of light
illumination.
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photocathode limited the performance of tandem DSPECs. When
light was irradiated from the photoanode, most of the light was
utilized by the photoanode. The optical power density at the
photocathode was relatively lower, leading to the decrease of
photocurrent. With the optimal lighting method, the STH was
calculated to be 0.11%, according to eqn (2) and (4) shown in the
ESI.†

In summary, three A–D–A organic compounds (QAP-C4,
QAP-C8 and QAP-C16) based on quinacridone with butyl, octyl
and hexadecyl side chains as the donor and PDA as the acceptor
have been successfully used as photosensitizers in both photo-
anodes and photocathodes. Optical and electrochemical experi-
ments showed that the side chains of QAP-C4, QAP-C8 and
QAP-C16 had little effect on the absorption spectra and band
gap of the dyes, but their HOMO levels gradually became more
positive (1.18 V, 1.23 V and 1.36 V vs. NHE (pH = 7), respec-
tively). Therefore, QAP-C8 and QAP-C16 were successfully used
to construct n-DSPEC. For the p-DSPEC, QAP-C8 showed the
best performance. On this basis, we successfully constructed a
tandem DSPEC device, based on the same organic dye QAP-C8
as the photosensitizer incorporated in both the photoanode
and the photocathode for the first time. When light was
irradiated from both sides, a STH of 0.11% was realized with
no bias. These results provided new guidance for the design of
molecular DSPECs and broad prospects for the future construc-
tion of artificial photosynthesis devices.
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