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Quinacridone dyes: versatile molecules and materials for photo- 
and photoelectrochemical processes 
Elena Rossin,a† Yunshuo Yang,a† Martina Chirico,a Greta Rossi,a Pierluca Galloni,*b Andrea Sartorel*a

The renaissance of photochemistry and the explosion of photo- and photoelectro-catalysis open new opportunities in 
organic photocatalyst design and applications towards solar fuelas and sustainable organic reactivity. In this perspective, we 
discuss the relevant case of quinacridone (QA) dyes: these have long been known to the scientific community, but their 
application in photocatalysis is recent and still explored in a limited way. This is somehow surprising given that QA is a cheap 
and readily available organic pigment, and in front of the appealing properties of QA derivatives, including intense 
absorption in the visible region, balanced redox properties making them suitable for both oxidative and reductive 
photochemistry, and versatility to several operative conditions. We will discuss recent examples of photo- and 
photoelectrochemical processes taking advantage of QA dyes, from solution photocatalysis to photoactive materials and 
devices (nanoparticles, covalent organic frameworks, photoelectrodes); the target applications include water splitting, 
carbon dioxide reduction, and organic  transformations. We aim to show the potential of organic photocatalyst design and 
implementation, and to inspire the readers with new opportunities in this field.

Introduction
In 1912, ahead of his time, the day-dreamer Italian 
photochemist Giacomo Ciamician envisioned solar light as an 
inexhaustible and clean source of energy to fuel the world, in 
contrast to the exploitation of fossil fuels.1 Nowadays, 
considering the energy crisis and the climate change, this 
concept is more current than ever.
This led to the renaissance of photochemistry applications and 
to an explosion of reports dealing with photocatalysis starting 
from the beginning of XXI Century.2–8 Photocatalysis is often 
associated to redox chemistry for the production of solar fuels, 
with relevant examples dealing with water splitting9,10 and 
carbon dioxide reduction,11–13 and for the development of 
sustainable organic synthesis.14–16 The progress in new 
photocatalyst families design and the expansion of novel 
photochemical processes are therefore high-target objectives 
for the scientific community.
Among the necessary features of future investigations, we 
identify three important aspects. 
First, photocatalysts should be affordable and cheap, avoiding 
the use of noble, rare, or expensive elements. Second, the 
photocatalyst should be modular through a chemical design, to 
afford the required photophysical and redox properties.4,17 
Third, the development of photocatalytic materials and devices 

should be considered.18 As possible technologies for water 
splitting, Harry B. Gray identified photovoltaic modules coupled 
to electrolysers, photoelectrochemical cells or mixed 
photocatalytic colloids,19 with this latter being the less 
developed but more scalable solution. Indeed, this include the 
recently assessed wireless, particulate materials based on 
aluminum-doped strontium titanate in a 100 m2 prototype 
composed of an array of panel photoreactors, enabling 
hydrogen production for one year.20 A record Solar-to-
Hydrogen value of 9.2% has been achieved using a particulate 
photocatalysts based on indium gallium nitride.21 Other 
examples of photocatalytic particulate materials include dye-
sensitised nanoparticles22 and covalent-organic frameworks, 
with some cases discussed in the following paragraphs of this 
perspective. 
In order to respond to the requirements above, the use of 
organic photocatalysts is a promising road to follow.17 Organic 
photocatalysts can be either commercially available or 
synthesisable in large scale with few steps; many of them have 
low or null toxicity and are exploited in food or cosmetic 
industry. The molecular structure allows to reach tuneable 
chemical, photophysical and redox properties, upon suitable 
design and/or functionalisation of the parent scaffold.4 Finally, 
they can be implemented in heterogeneous systems exploiting 
chemical bonds or physisorption to surfaces.23,24 
In this perspective, we will discuss these aspects dealing with 
quinacridone (QA) dyes as a selected example (scheme 1). 
Quinacridone (pigment violet 19) belongs to industrially 
relevant pigments, it is non-toxic, commercially available and 
cheap, and is exploited in inks and paints.25 Its pentacyclic 
aromatic structure provides an extended absorption in the 
visible region of the electromagnetic spectrum. The N-H and 
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C=O groups induce the formation of an extended hydrogen 
bonding network, providing features as a semiconducting 
pigment.26 Among its applications, it was considered in field-
effect transistors27 and in light emitting diodes,28 while more 
recently it was the subject of several investigations towards 
photocatalysis.
Herein, we will focus on photo- and photoelectrochemical 
processes based on QA derivatives: we will discuss the 
versatility of this molecule towards several photocatalytic 
processes (including water splitting, carbon dioxide reduction, 
organic functionalisation) and concerning its application in 
several operative conditions including homogeneous systems, 
nanoparticles, covalent organic frameworks and 
photoelectrodes, scheme 1. Our aim is to show the potential of 
organic photocatalyst design and implementation, inspiring the 
readers with new opportunities in this field.
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Scheme 1. Representation of the linear trans-isomer of quinacridone (QA), and of its 
versatility for application in photo- and photo-electrocatalysis, which is the subject of 
this perspective article. The numeration of the atoms in QA scaffold is also reported.25

Photophysical and redox properties of QA 
derivatives
Photophysical properties.

The absorption properties of QA depend on the degree of 
aggregation of the molecules through intramolecular hydrogen 
bonding; it appears yellowish in diluted solutions, while it is intense 
red in aggregated forms and in the solid state. 
Non-aggregated states. In a non-aggregated state in DMSO solution, 
QA displays an intense absorption in the visible region characterised 
by four vibronic components (450 – 550 nm,  up to 1.4 × 104 M-1cm-

1), and due to the transition from the ground to the lowest electronic 
excited state, associated to a  → * molecular orbitals; few nm 

bathochromic shifts are observed by increasing the polarity of the 
solvent.29 The emission spectrum is specular to the absorption, and 
is characterised by an excited state lifetime of about 20 ns, a 
fluorescence quantum yield F of 0.76,30 low intersystem crossing 
yield, and an energy of the excited state E0-0 = 2.34-2.36 eV,31 given 
by the interception of normalised absorption and emission spectra, 
Figure 1 ( interception in the range 525-531 nm). N-alkylation of QA 
does not impact significantly on the optical properties,32 while N,N’-
Boc functionalisation (Boc = tert-butyloxycarbonyl, as a transient 
protecting group) leads to a blue-shift of absorption and emission, 
with a significant increase of E0-0 up to 2.49 eV, Figure 1 (in the case 
of QA-Boc, a fluorescence quantum yield F of 0.94 was reported in 
DMF solution).33,34 Insertion of both electron-donating and electron-
withdrawing substituents in the aromatic scaffold leads to a redshift 
of the absorption and to a reduction of the E0-0 energy, due to a 
contraction of the HOMO/LUMO energy gap.35,36

Aggregated states. Aggregated states of QA include nanoparticles 
and thin films, where QA can arrange in different crystalline or 
polymorphic states.37 As a general trend, the aggregation through 
hydrogen bonding leads to a redshift of absorption and emission 
spectra, to a decrease of lifetime of the excited state and to an 
abatement of the fluorescence quantum yield.38 The hydrogen 
bonding network aligns transition dipoles in a “head-to-tail” fashion, 
inducing the absorption redshift due to excitonic interactions.29 For 
instance, 20 nm sized QA nanoparticles prepared through the 
reprecipitation method display absorption up to 600 nm ( ca 5×103 
M-1 cm-1 at 550 nm) and F below 10-4, with the excited state 
quantitatively relaxing in a 10-110 ps timescale.30 In thin 40-nm thick 
films prepared by vacuum sublimation of QA onto fluorine doped tin 
oxide (FTO) slides, absorption peaks are ca 40 nm redshifted with 
respect to the solution state; the emission of the QA film is 
characterized by a maximum at 610 nm, and by a broad band 
centered at 690 nm with a lifetime of 1.7 ns, ascribable to differently 
aggregated forms of the pigment, Figure 1.31 The intersection of the 
normalized absorption and emission spectra allows to estimate an E0-

0 energy of 2.10 eV for *QA within the film ( interception 590 nm).
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Figure 1. Normalised absorption and emission properties of QA derivatives (QA-Boc, QA-
alkyl and QA spectra are reported in DMSO solution; spectra of QA films prepared by 
vacuum sublimation over FTO are registered under air atmosphere. For the emission 
spectra, the major lifetime component is also indicated.

Redox properties.

The QA scaffold allows the occurrence of both oxidative and 
reductive redox processes. Due to its poor solubility, electrochemical 
characterisation of parent QA is typically measured in heterogeneous 
conditions,31,39 and in the presence of protic medium the redox 
processes are proton-coupled involving the C=O and N-H moieties 
(vide infra). N-functionalised QA are instead amenable of solution 
analysis.32,35 For instance, in DCM solution N,N’-dioctyl quinacridone 
(DOQA) shows reversible one-electron anodic waves at +0.68 and 
+1.15 V, and two reversible one-electron cathodic processes at -1.82 
and -2.18 V (all potentials reported vs Fc+/Fc), as shown in the 
differential pulse voltammograms in Figure 2.32,35 Notably, although 
the reversibility of the processes may depend on the solvent, the bis-
oxidised and bis-reduced species are characterised by fully 
conjugated systems with an even number of electrons (Scheme 2). 
For QA-Boc, the waves are shifted to more positive potentials by 
300/400 mV. More importantly, the redox properties of QA 
derivatives are tuneable and balanced,40 allowing their application in 
both oxidative and reductive photocatalytic processes, as it will be 
presented in the next sections.

Figure 2. Differential pulse voltammograms registered for N,N’-dioctyl QA (DOQA) in 
DCM. Reproduced from ref. 32 with permission from the Royal Society of Chemistry, 
copyright 2017.
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Scheme 2. Representation of oxidised and reduced forms of DOQA.

Application of QA in photo- and 
photoelectrocatalysis
Homogeneous photocatalysis. 
Functionalized QAs (on the ring or alkylating the N) show higher 
solubility in common organic solvents, such as DMF or 
chlorinated ones. The solubility is even better in fluorinated 
alcohols, in particular hexafluoroisopropanol (HFIP). This 
feature allows to use QA derivatives as photocatalysts in 
homogeneous conditions.
Moreover, considering the spectroscopic and electrochemical 
properties of QA derivatives, these compounds can act as 
photocatalysts both in reducing and oxidation processes. In 
fact, the potentials of the excited state, calculated combining 
the absorption spectra and the redox potential of the ground 
state,41,42 show suitable values in order to promote 
photoinduced oxidative or reductive quenching pathways 
(Scheme 3). 
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O
X

X
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Y
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*QA

h

D
D

QAQA

D'
D'

A'
A'

A
A

*Eox = E(QA /*QA) = E(QA /QA) - E0-0/e

reductive
quenching

oxidative
quenching

*Ered = E(*QA/QA ) = E(QA/QA ) + E0-0/e

Scheme 3. Representation of possible reaction pathways of the *QA excited state 
through oxidative and reductive quenching, leading to the generation of oxidised QA·+ 
and reduced QA·-, respectively. A and A’ represent electron acceptors, while D and D’ 
represent electron donors. The two equations enable the estimation of *Eox and *Ered of 

the *QA excited state.41,42

N,N’-disubstituted QAs were probed as efficient photocatalysts 
in polymerization of methyl (MMA) or butyl methacrylate 
(BMA). In this system QA is functionalized at the nitrogen sites 
with Boc or a long alkyl chain (Figure 3). The resulting catalysts 
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are soluble in DMF and toluene, giving interesting results in 
polymerization reactions. In particular, the QA-Boc derivative 
showed the best results in term of polymer yield. The 
mechanism involves a halogenated initiator that is reduced by 
the photoexcited QA photocatalyst obtaining a radical initiator 
and a halide X-, together with the oxidised photocatalyst 
(oxidative quenching, with the oxidised PC·+ and X- forming an 
ion pair). This radical starts the chain reaction with the 
monomer (MMA or BMA) propagating the polymer, while the 
PC·+/X- ion pair was responsible for halogenation of radical 
intermediates, that re-enter the catalytic cycle (Figure 3).

Figure 3. QA based derivatives employed for photocatalysed polymerization reaction of 
MMA, and proposed mechanism (Adapted from ref. 34 with permission from Elsevier, 
copyright 2019)

Recently, N-functionalized QA compounds have been used as 
photocatalysts in thioethers oxidation in homogenous 
reactions.43 The N,N’ di-butyl quinacridone derivative (DBQA) 
was obtained from the reaction of deprotonated QA and n-butyl 
bromide in a 65% yield, and was characterized in apolar DCM 
and polar, protic HFIP, showing large difference in terms of 
maximum absorption spectra, oxidation and reduction 
potentials, and consequently on the redox energy of the excited 
state.
In the reaction involving thioethers, the excited state of DBQA 
can oxidise directly the substrate (reductive quenching 
pathway, with E(DBQA*/DBQA·- estimated +1.29 V vs SCE in 
HFIP; reduced DBQA·- is then oxidised by O2) or can be oxidised 
by molecular oxygen (oxidative quenching, with 
E(DBQA·+/DBQA* estimated -1.28 V vs SCE in HFIP; oxidised 
DBQA·+ further reacts with the thioether), Figure 4. The overall 
result is a very efficient catalytic reaction, obtaining selectively 
the desired sulphoxide in excellent yields and very short 
reaction time. DBQA was also effective in the selective oxidation 
of thianthrene to thiantrene-5-oxide, which is a valuable 
reagent in organo-catalysis.43

Figure 4. Photocatalytic oxidation of thioethers with QA derivatives, and proposed 
reaction mechanism on the basis of scavenging experiments. Reproduced from ref. 43 
with permission from Wiley Inc., copyright 2023.

The possibility of QA to react with oxygen through the oxidative 
quenching pathway may be exploited for the generation of 
reactive oxygen species (ROS), that can be competent agents 
towards the degradation of organic contaminants. An example 
deals with a photocatalytic system exploiting a Ni-QA complex 
for the aerobic oxidation of acridine orange (AO) in water, 
Figure 5.44 The complex Ni-QA can be suspended in a water 
solution of AO, and after irradiation with a Xe lamp the AO 
visible absorption is completely suppressed in 3 hours, whereas 
using a heterogeneous solution QA the degradation of AO is 
only around 50%. Although this system is actually 
heterogeneous, we report it in this section given the similar 
mechanism discussed previously for the oxidation of thioethers. 
Indeed, the Ni-QA complex acts as reducing agent of molecular 
oxygen (oxidative quenching) forming the superoxide radical 
anion that degrades the AO. 

N
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N

O

O

N
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N
O

O

Ni

N N(CH3)2(H3C)2N

> 97% degradation in 3 h

Xe lamp
O2 in water

AO

Ni-AQ

dmso dmso

2+

Figure 5. Ni-AQ complex (obtained as the nitrate salt) for the aerobic photodegradation 
of acridine orange (AO) in water with visible light.44

The photoinduced reactivity of organic dyes towards oxygen 
can be exploited for the photochemical synthesis of hydrogen 
peroxide.45 H2O2 is considered a green oxidant (47% oxygen 
efficiency, with water as the sole by-product), while it is 
industrially synthesized through the anthraquinone process, 
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that requires harsh and inconvenient reaction conditions (high 
temperatures, noble metal catalysts, high pressure of H2, use of 
organic solvents). In the case of QA, photosynthesis of H2O2 was 
achieved with a water soluble 2,9-disulfonate derivative; in 
aqueous medium, when coupled with electron donors such as 
formate, glucose or oxalate, the disulfonate QA was able to 
photogenerate H2O2 in a mM concentration range, although 
with a limited turnover number of ca 5 (Figure 6).46 The one 
electron oxygen reduction to superoxide radical anion is the 
first key step, with O2

· further converting to H2O2. We will 
discuss an example of H2O2 photosynthesis also in the 
photoelectrochemical cells section.

N
H

H
N

O

O SO3K

KO3S

O2

O2 + H2O OH- + H2O2

D = formate, glucose, oxalate

D

LUMO

HOMO

e-

h+

e-

Figure 6. Water soluble QA disulfonate derivative, and photochemical hydrogen 
peroxide production coupled to oxidation of donors D. Adapted from ref. 46 with 
permission from Wiley Inc., copyright 2019. 

QA sensitised nanoparticles, covalent organic frameworks, 
nanostructures. 
The investigation of QA sensitised nanoparticles for 
photocatalysis applications was pioneered by Shan et al,47 who 
reported the sol-gel deposition of a TiO2/QA layer onto the inner 
pore wall of mesoporous SBA-15 silica. The resulting material was 
employed in photocatalytic decomposition of indigo carmine with 
visible light irradiation, showing enhanced activity with respect to 
anatase TiO2 and Ti-modified SBA-15 materials.47

Following a similar approach, Lin et al. prepared TiO2/SBA-15 
particles sensitised with 2,9-dichloro QA by impregnation 
method. The material was exploited for photocatalytic carbon 
dioxide reduction to methanol in aqueous solution, achieving a 
production of 0.44 mol h-1 per gram of photocatalyst, 
significantly higher than the productivity of P25 TiO2 sensitised 
particles of 0.16 mol h-1 per gram of photocatalyst, ascribed to 
a higher quinacridone loading on the material.48 
A more recent report using QA composites as photocatalyst is 
related to a photochemical reduction of CO2 using QA deposited 
onto reduced graphene oxide (rGO), Figure 7.49 The hybrid 
photocatalyst was prepared by irradiation with a Xe lamp of a 
DMSO solution of QA and suspended GO, with the resulting 
QA/rGO composite that precipitates and can be recovered by 
filtration. As a reference material, the authors also prepared QA 
nanoparticles, and they showed the heterogeneous QA/rGO 
photocatalyst gave the best result in term of CO2 reduction, 
showing a synergic effect of the QA and rGO components. In 
particular, excited QA can reduce directly the CO2 or reduce the 

rGO that then transfer the electron to the carbon dioxide. Using 
a sacrificial electron donor such as triethanolamine (TEOA) 
allowed to obtain photocatalytic production of CO and CH4 with 
rates of 450 and 275 μmol h−1 per gram of catalyst.49

N
H

H
N

O

O

CO2 / H+

CO / CH4

TEOA

TEOA

e-

h+

CB
-0.68 V

VB
+2.65 V

Figure 7. Reduction of CO2 over QA/rGO photocatalyst, and schematic representation of 
CO2 reduction to CO and CH4, coupled with oxidation of triethanolamine (TEOA); the 
potential of the conduction and valence bands (CB and VB, respectively) are reported 
versus the reversible hydrogen electrode. 49

More recently, photocatalytic reduction of CO2 to CO was 
achieved over a Z-scheme inspired Quinacridone/BiVO4 
nanocomposites.50 The QA/nBiVO4 hybrid materials were 
prepared in different compositions (n=0.2–20, n is mass ratio of 
BiVO4 to QA) by hydrogen-bonding self-assembly of QNC over 
hydroxylated BiVO4 nanosheets.
The QA/nBiVO4 materials were proven to photocatalyse the 
reduction of CO2 to CO as the main product (traces of methane 
and H2 were also detected), when immobilised onto a glass 
sheet (5 mg of material onto a 9 cm2 surface), immerged and 
irradiated in a 4:1 water:TEOA solution, saturated with CO2. The 
optimal material was found to be QA/10BiVO4, achieving 407 
mol h-1 production of CO per gram of photocatalyst, 24 times 
higher than QA alone, while BiVO4 nanosheets almost showed 
no activity (Figure 8; indeed, the conduction band of BiVO4 does 
not reach the thermodynamic potential to drive reduction of 
CO2). Interestingly, the proposed mechanism foresees a Z-
scheme, with excitation of both QA and BiVO4, and electron 
transfer from the conduction band of BiVO4 to the previous 
HOMO of QA. The holes on BiVO4 are exploited for oxidation of 
TEOA, while reducing equivalents conveyed to QA drive the CO2 
reduction. It is worth to mention that similarly to quinones,51 
electrogenerated reduced forms of QA are capable of reversible 
carbon dioxide binding, leading to the formation of a 
QA·carbonate anion.52 The formation of such intermediates 
could be responsible for the observed photocatalytic activity of 
QA/nBiVO4 composites.
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Figure 8. Top panel: Production rates from CO2 photoreduction (average over 10 h) on 
BiVO4, QA, and QA/nBiVO4 for 10 h. n is the mass ratio between BiVO4 and QA, impacting 
the photocatalytic performance. Bottom panel: Schematic representation of 
photochemical CO2 reduction on QA/BiVO4 composites. Reproduced from ref. 50 with 
permission from Wiley Inc., copyright 2020.

The planar structure of QA makes it suitable for its 
incorporation in 2D covalent organic frameworks, as in the case 
of the report by Zhang, Chen and co-workers, Figure 9.53 QA-
TAPT-COF and QA-TPB-COF were prepared by solvothermal 
synthesis starting from the molecular components, necessary to 
form the imine linkers. The resulting COF are characterised by 
large pore size (> 4.7 nm).
The two COFs show a redshifted absorption with respect to the 
molecular QA monomers, due to the extended conjugated 
structure of the materials; the band gaps of 2.03 and 2.09 eV for 
QA-TAPT-COF and QA-TPB-COF, respectively, are in the range 
expected for aggregate states of QA (vide supra). 
The QA-based 2D COFs were applied as photocatalysts for the 
Povarov reaction, targeting the condensation of maleimide and 
and N,N-dimethylaniline derivatives under aerobic atmosphere 
to produce tetrahydroquinolines (Figure 9). Both COFs were 
effective in photocatalysing the reaction (quantitative yields 
were achieved in ca 40 minutes irradiation in DMF as the 
solvent), with a superior reactivity of QA-TAPT-COF with respect 
to QA-TPB-COF; QA-TAPT-COF was also more active than 
soluble QA derivatives alkylated at the nitrogen sites, and could 
also be recycled up to 10 times. Concerning the mechanism, the 
first step of the Povarov reaction typically involves oxidation by 
single electron transfer of the arylamine by the excited 
photocatalyst, with formation of the arylamine radical cation 
and of the reduced photocatalyst (reductive quenching), that is 
then re-oxidised by oxygen to form O2

·, this latter being 
involved in an oxidation step leading to the final product.40 As a 

mechanistic proof, the authors were able to support O2
· 

formation by trapping it with 5,5-dimethyl-1-pyrrolidine N-
oxide (DMPO) and characterising the adduct by electron 
paramagnetic resonance.53    

N N
N

O

O

O

O

N photocatalyst,
solvent,

light

Figure 9. Incorporation of QA derivatives in 2D covalent organic frameworks and 
photochemical application towards the Povarov reaction. Reproduced from ref. 53 with 
permission from Elsevier, copyright 2022.

As a final selected example of QA based particulate materials 
for photocatalysis application, we report the development of 
supramolecular nanobelts.54 In particular, these were designed 
through alkylation of both nitrogen atoms of QA with n-butyl or 
n-octyl chains, and by insertion of hydrophilic pyridine-2,6-
dicarboxylic acid moieties at positions 3 and 10 of the 
pentacyclic core (Figure 10). The molecular system is 
characterised by donor-acceptor interactions between the 
electron rich QA donor and the electron-deficient pyridine ring 
acceptor. The monomers self-assemble in water through 
hydrogen bonding and - stacking interactions, forming 
nanobelts with a width of ca 50 nm and a length of hundreds of 
nm for SQNCP-C4, and a width of 100 nm and a length up to 
micrometers for SQNCP-C8. As expected and similarly to the 
cases discussed above, the formation of supramolecular 
aggregated systems leads to a substantial redshift of the 
nanobelts with respect to the isolated monomers, and the band 
gap of SQNCP-C4 and SQNCP-C8 was measured to be 1.76 eV 
and 1.94 eV, respectively. Both of them show emission peaks 
around 650 nm, with the emission intensity that was 
significantly lower in the case of SQNCP-C4; this was interpreted 
as a proof of intramolecular charge separation within the 
donor/acceptor system.
The materials were tested towards photocatalytic reduction of 
water to hydrogen, in aqueous solution in the presence of 
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ascorbate as electron donor. The SQNCP-C4 material exhibited 
the highest activity of ca. 656 mol h-1 per gram of 
photocatalyst; the H2 production rate was increased by ca 3 
times in the presence of 1% w/w Pt co-catalyst. The material 
maintained the activity over three runs, for a total of 15 h 
irradiation (Figure 10).

Figure 10. Formation of QA based nanobelts, and application in photocatalytic water 
reduction to hydrogen. Reproduced from ref. 54 with permission from the Royal Society 
of Chemistry, copyright 2020.

Photoelectrochemical cells. 
Photoelectrochemical cells are considered a viable technology to 
conduct redox transformations; they are composed by an anode and 
a cathode, where at least one of them is activated by light. In 
photoelectrochemical cell, upon light absorption the electrons are 
thus conveyed through an external circuit, and thus it is not 
necessary to use sacrificial electron donors or acceptors, as it is often 
employed in solution photocatalysis. The first example of a 
photoelectrochemical cell was provided by Fujishima and Honda, 
that developed a TiO2 based photoanode coupled to a Pt cathode for 
overall water splitting into hydrogen and oxygen.55 Since then, many 
efforts have been conducted to design more efficient 
photoelectrodes, with one strategy being the integration of 
molecular components for more efficient light absorption 
(photosensitizers) and for accelerating the redox reactions 
(catalysts).56,57

Exploiting the well-balanced redox properties of QA, its derivatives 
have been recently employed at both the photoanode and 
photocathode compartments of a photoelectrochemical cell for 
water splitting, capable to operate in the absence of external applied 
bias (Figure 11).58 In particular, the QA was functionalised at 2 and 9 

carbon positions with pyridine dicarboxylic acid pendants to anchor 
the dye to TiO2 (n-type semiconductor) and to NiO (p-type 
semiconductor), to develop the photoanode and photocathode, 
respectively. QA was also functionalized at both nitrogen sites with 
long alkyl chain substituents (C4–C16), to prevent excessive adhesion 
of the dye to the hydrophilic surface of titania (likely mitigating 
unproductive charge recombination events). 
The water oxidation catalyst was a single site Ru coordination 
complex, still bearing the pyridine dicarboxylic acid ligand; anchoring 
of the catalyst to the QA dye was achieved through Zr(IV) bridges, as 
pioneered by T.J. Meyer and co-workers.59  The water reduction 
catalyst was instead a Cobalt cobaloxime,60 directly anchored to the 
NiO through phosphonate pendants.  When the two photoelectrodes 
were combined in a photoelectrochemical cell and both irradiated 
with visible light in aqueous solution (pH 7), water splitting was 
achieved in the absence of applied bias, reaching a photocurrent 
density of ca 110 A cm-2, a faradaic efficiency for hydrogen 
evolution of 89% and a solar to hydrogen efficiency of 0.11%.  

Figure 11. QA based photoelectrochemical cell for water splitting into hydrogen and 
oxygen: representation of the energy levels (a) and molecular assembly of the cell (b). 
Reproduced from ref. 58 with permission from the Royal Society of Chemistry, copyright 
2022.

An operative advantage of photoelectrochemical cells development 
is that the photoelectrodes can be designed and optimized 
independently, by coupling them with a suitable counter-electrode. 
Moreover, other processes with respect to water splitting can be 
targeted. As two final case studies, we will discuss the development 
of QA photocathodes for photoelectrochemical synthesis of 
hydrogen peroxide and of QA based photoanodes for 
photoelectrochemical oxidative C-H activation.
Epindolidione (EPI) and QA based photocathodes for hydrogen 
peroxide production were developed by Głowacki and co-
workers, and constituted the first example of an organic 
semiconductor photocathode for H2O2 photosynthesis (Figure 
12).39 Polycrystalline films of QA (80 nm thickness) were 
prepared on gold electrode surface by vacuum sublimation of 

Page 8 of 12Energy Advances

E
ne

rg
y

A
dv

an
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
7 

20
24

. D
ow

nl
oa

de
d 

on
 2

02
4/

07
/0

8 
4:

25
:5

2.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D4YA00273C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ya00273c


ARTICLE Journal Name

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

the pigment; this films behave as organic semiconductors, 
displaying charge mobility in the range 0.1 – 1 cm2 V-1 s-1.39 A 
cathodic photocurrent response up to 10 A cm-2 was observed 
in aqueous electrolyte in a wide pH range from 1 to 12 and 
attributed to oxygen reduction (indeed, the photocurrent 
response was 10-20 times lower when measured in N2 degassed 
solutions). At pH 1, the photocurrent of the QA/Au 
photocathode was associated to H2O2 production with a 80±5 % 
faradaic yield; under these conditions and under illumination 
the photocathode was operative for 4 days, with photocurrent 
response in the range 1-4 A cm-2. The initial photocathodic 
current drop was attributed to oxygen consumption in the cell, 
while the subsequent photocurrent increase was ascribed to a 
recrystallization of the QA dye, as shown in the scanning 
electron microscopy images taken before and after 20 hours of 
electrolysis, showing the conversion of rod-like crystallites into 
rectangular platelets (Figure 12). As a final remark, key features 
of the QA films for photoelectrochemically reducing oxygen to 
H2O2 are the high reducing level of the conduction band (or of 
the LUMO), and the two electron reductive chemistry couple to 
proton transfer in aqueous solution, similarly to quinones.61,62 

Figure 12. a-b: Epindolidione (EPI) and QA photocathodes for photoelectrochemical 
synthesis of H2O2 upon reduction of oxygen. Panel c represents the operating mechanism 
and the energy levels involved. Panel d shoes the morphological evolution of QA films 
along the photoelectrocatalysis by scanning electron microscopy. Reproduced from ref. 
39 with permission from Wiley Inc., copyright 2016.

The proton coupled electron transfer (PCET) reactivity of QA can 
be achieved also along its oxidative chemistry, and is the subject 
of the last example discussed in this perspective. Indeed, cyclic 
voltammetries of QA/carbon inks casted on glassy carbon 
registered in aqueous solution (pH between 4.5 and 8.3) show 
that the QA dye is characterized by an anodic wave with a 
potential shifting with the pH close to 58 mV / pH unit, typical 
of a Nernstian behavior associated to a PCET event. The 
oxidation potential can thus be conveniently reported as 1.23 V 
vs the reversible hydrogen electrode (RHE), and is associated to 
the oxidation of the QA core with release of H+ from the 
nitrogen sites to the aqueous solution, and formation of a 
nitrogen centered radical (Figure 13).31 The oxidative PCET 
reactivity of QA was then exploited in photoanodes, sensitizing 
TiO2 or SnO2 mesoporous semiconductors through vacuum 
sublimation of QA; the photoelectrodes were characterized by 
an absorption typical of QA aggregate films (40 nm thickness) 
with an absorbance of 0.2 at 564 nm. Ultrafast spectroscopy 
confirmed electron injection from the QA dye to the 
semiconductor surface in a ps timescale (oxidative quenching of 
the QA dye), likely accompanied by proton transfer from the N-
H group of the dye to the metal-oxide surface. This process is 
expected to generate a nitrogen centered radical on the QA dye, 
for which a Bond Dissociation Free Energy (BDFE) of 80.5 ± 2.3 
kcal mol−1 can be estimated. Consistently, 
photoelectrochemical reactivity through hydrogen atom 
abstraction towards C-H bonds was observed. Indeed, 
photoelectrochemical oxidation of -terpinene to p-cymene 
was observed, occurring through the initial hydrogen atom 
transfer followed by a radical chain mechanism involving 
dissolved oxygen.
Expanding the scope to other C-H moieties, a photocurrent 
response was observed for substrates containing allylic or 
benzylic C–H bonds with a BDFE lower than the threshold of 
80.5 kcal mol−1 for the N-H bond in QA. As expected, more 
challenging substrates (containing C-H bonds with BDFE > 80.5 
kcal mol−1) provided a null photocurrent enhancement since 
they could not be oxidized by hydrogen atom abstraction. 
It is worth to mention that oxidative C-H bond activation is 
considered a Holy Grail in organic chemistry, while this is the 
first report where this reaction is conducted 
photoelectrochemically with a dye-sensitized electrode. 
Therefore, this proof-of-concept can open a novel way of 
conducting this challenging transformation.
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Figure 13. QA based photoanode for oxidative C-H activation. The right figure shows the 
photoelectrochemical response (given by the ratio of the photocurrent in the presence 
and in the absence of the organic substrate) versus the BDFE of the C-H bond of the 
substrate. Reproduced from ref. 31 with permission from Wiley Inc., copyright 2023.

Conclusions and perspectives
In this perspective article, we have discussed examples of 
photocatalytic and photoelectrocatalytic processes taking 
advantage of QA derivatives. QA provides an example of a 
cheap and readily available organic pigment, showing intense 
absorption in the visible region of the electromagnetic 
spectrum and whose properties can be modulated by chemical 
design. Moreover, its versatility allows its use in several 
operative conditions, spanning from homogeneous 
photocatalysis to photoactive materials and devices. Finally, its 
balanced redox properties allow its application in both oxidative 
and reductive routines, embracing water splitting, carbon 
dioxide reduction, organic photocatalysis, as discussed in the 
previous sections. 
We believe that QA represents an appropriate example 
(although investigated only in a limited manner) of the potential 
of organic photocatalyst design. This research field is in rapid 
evolution, and examples of emerging research lines in the 
recent literature landscape include reactivity in flow,63,64 
multiphoton excitation,65,66 or the combination of light with 
electrochemistry to promote photochemistry of oxidised and 
reduced photocatalysts.67 Targets for the future include the 
development of new processes and an improved sustainability 
of existing ones, together with a fundamental understanding of 
the reaction mechanism and identification of active species.68
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