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Solar fuel production involving the conversion of solar energy directly into chemical fuels such as hydro-
gen and valuable chemicals using photoelectrochemical (PEC) cells and photocatalysts (PCs) offers a
promising avenue for sustainable energy while reducing carbon emissions. However, existing PEC cells
and PCs fall short of economic viability due to their low solar-to-chemical (STC) conversion efficiency
associated with the employed semiconductors, highlighting the clear need for identifying ideal semi-
conductor materials. Organic semiconductors (OSs), m-conjugated carbon-based materials, have
emerged as promising candidates for enhancing STC conversion efficiency due to their remarkable
optoelectrical properties, which can be readily adjustable through molecular engineering. In particular,
the use of OS bulk heterojunctions (BHJs) consisting of intermixed electron-donating and electron-
accepting OSs facilitates efficient charge generation under illumination, thereby contributing to enhanced
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STC conversion efficiency. This review explores the recent advancements in the rational design of OS
materials and approaches aimed at enhancing the performance of BHJ-based PEC cells and PCs for
solar-driven production of hydrogen and valuable chemicals. The discussion also introduces new per-
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1. Introduction

Solar fuel production via artificial photosynthesis where solar
energy is directly converted into the energy of chemical fuels
has been recognized as a promising alternative to achieve a cir-
cular energy economy while reducing carbon dioxide (CO,)
emissions. Specifically, solar-driven water splitting and CO,
reduction to produce green hydrogen (H,) and value-added
chemicals (e.g., methanol or ethanol), respectively, using
photoelectrochemical (PEC) cells or heterogeneous photocata-
lysts (PCs), are the leading technologies to obtain eco-friendly
solar fuels in a scalable and economically feasible manner.
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spectives to address the remaining challenges in this field.

Indeed, the recent demonstration of large-scale photocatalytic
water splitting for green H, evolution, utilizing a 100 m* array
of panel reactors based on inorganic semiconductors, high-
lights significant progress.®> However, despite this advance-
ment, state-of-the-art PEC cells and PCs have not yet met the
requirements for economic viability due to their poor solar-to-
chemical (STC) conversion efficiency and high manufacturing
costs and instability originating from the nature of the semi-
conductors employed. Thus, the identification of robust and
effective light-harvesting semiconductors remains a challenge
to address the given limitations in PEC cells and PCs.*®
Organic semiconductors (OSs) which contain n-conjugated
carbon bonds are distinct candidates for applications in solar
energy conversion compared with their inorganic counter-
parts, primarily due to their exceptional absorption ability
which extends up to near infrared and because their energy
levels can be easily tuned by molecular engineering. OSs have
found extensive application in solar-driven reactions, includ-
ing solar water splitting, CO, photoreduction, and solar-driven
alternative oxidation with the aim of the production of value-
added chemicals.”*® Among various types of OSs, conjugated
polymers or small molecules have emerged as superior semi-
conductor materials for PEC cells and PCs due to their high
absorption coefficients and solution-processability."**° This
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capability allows the economical fabrication of high-perform-
ance large-scale PEC cells or scalable particulates at low
temperatures.

After Yanagida et al. reported the initial attempts to use a
conjugated polymer, poly(p-phenylene), as a PC for solar H,
production, there have been substantial advancements in
developing OS-based PEC cells and PCs for diverse solar fuel
production.'™?° Indeed, some recent reports in which a single-
component OS is solely employed as a photoactive material
have showed noticeable performance in solar fuel production
through molecular engineering to enhance wettability and
optoelectrical  properties.”''41%2173%  However,  further
improvements in performance are hindered by a strong pro-
pensity for exciton recombination within single OSs.
Photogenerated hole-electron pairs, which are termed exci-
tons, in OSs should be effectively separated into free charge
carriers to maximize the number of charges participating in
the desired reactions before recombination occurs. In single-
component PEC cells and PCs, excitons are strongly bound
due to low dielectric constants of OSs, resulting in recombina-
tion rather than effective separation into free charge carriers.'®
Thus, a bulk heterojunction (BH]J), where an electron-donating
OS is well-intermixed with an electron-accepting one on a
nanometer scale, has been utilized in OS-based optoelectronic
devices to address unfavorable exciton recombination.?'*
This BH]J structure, formed via solution processing, facilitates
the generation of free charge carriers at the donor/acceptor
interface under illumination by physically separating photo-
generated electrons in the acceptor from the holes in the
donor, thereby ensuring effective light-harvesting capability.
Indeed, BHJ blends have been extensively utilized in the field
of organic photovoltaics (OPVs) where solar energy is con-
verted into electrical energy to leverage these advantages.*®?”
Similarly, the STC conversion efficiency of OS-based PEC cells
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(both photocathodes and photoanodes) and PCs has been
further enhanced by leveraging this BHJ concept, leading to
new benchmark performances due to efficient free charge
carrier generation.*®*°

In PEC cells using BHJ blends, photogenerated holes in the
highest unoccupied molecular orbital (HOMO) of OS donors
within a photoanode and electrons in the lowest unoccupied
molecular orbital (LUMO) of OS acceptors within a photo-
cathode can drive oxidation and reduction reactions, respect-
ively, when they have sufficient driving forces for these reac-
tions (Fig. 1a). Building on this working principle, employing
two different BHJ structures with complementary absorption
spectra in photocathodes and photoanodes provides a promis-
ing strategy to simultaneously enhance the performance of the
solar-driven hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER) in PEC tandem devices. Meanwhile,
counter charges in both the photocathode and photoanode are
balanced through the external circuit. Similarly, in BHJ-based
PCs, the solar-driven HER takes place by utilizing photogene-
rated electrons in the LUMO of OS acceptors, whereas photo-
generated holes are consumed by sacrificial agents or alterna-
tive oxidation reactions such as methanol oxidation (Fig. 1b).
However, BHJ-based PCs whose energy levels straddle both
HER and OER potentials simultaneously have been seldom
reported, as low bandgap semiconducting polymer donor and
non-fullerene acceptors are generally adopted to maximize
light harvesting ability. Nevertheless, since numerous OSs and
their heterojunction combination can be readily prepared by
molecular engineering, OS-based BH] PEC cells and PCs can
potentially advance solar fuel production while meeting the
requirements for industrial viability.>**°

In this review, we present an overview of recent progress in
STC conversion using OS BHJs and discuss strategies to
address the challenges remaining in OS-based PEC cells and
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Fig. 1 Illustration of working mechanisms of (a) BHJ-based PEC cells and (b) BHJ-based PCs. PEC cells consist of a BHJ photocathode for
reduction reactions and a BHJ photoanode for oxidation reactions. BHJ PCs typically comprise a single BHJ blend to drive both reduction and oxi-
dation reactions simultaneously. Ox: oxidized species, Red: reduced species, SO: sacrificial oxidation, AO: alternative oxidation.

PCs for efficient and durable production of solar fuels. In
particular, this minireview highlights the advancements in
BHJ-based PEC cells and PCs over the past five years, a
period marked by intensive exploration of the BH]J concept.
The review categorizes and discusses various STC energy
conversion systems across five subsections: (i) BHJ-based
photocathodes for solar-driven H, production, (ii) BHJ-
based photoanodes for solar-driven O, production and
alternative oxidation reactions, (iii) BHJ-based unassisted
PEC cells for overall reactions, (iv) BHJ-based PCs for solar-
driven H, production, and (v) BHJ-based PCs for alternative
oxidation (Fig. 1). This approach provides a comprehensive
overview of recent progress in the field of OS-based PEC
cells and PCs.

2. BHJ-based PEC cells
2.1. BH]J photocathodes

Electron-donating OSs can be easily blended with electron-
accepting OSs to form BHJ structures. This BHJ structure
offers a significant advantage over single-component systems
by facilitating charge dissociation at the donor/acceptor inter-
face, thereby efficiently producing photogenerated electrons
for solar-driven HER (Fig. 1). Recent advances in non-fullerene
acceptors for BHJ structures have greatly enhanced photogene-
rated charge production upon illumination, which boosted the
performance of BHJ-based photocathodes.'**! In addition to
OS material development, various approaches for further
improving the operational stability of BH]J-based photo-
cathodes have also been established. The following subsec-
tions review recent strategies designed to improve the perform-
ance and operational stability of OS BHJ-based photocathodes.
The molecular structures and energy levels of the BH]J
materials used in photocathodes are shown, respectively, in
Fig. 2 and 3.

2.1.1. Identification of suitable BHJs. To achieve optimal
performance in solar-driven HER using BH] photocathodes,

This journal is © The Royal Society of Chemistry 2025

electron donors and acceptors should be judiciously selected.
Specifically, the energy offset between the donor and acceptor
should be sufficient to dissociate strongly bound excitons into
photogenerated free charge carriers, and the LUMO of the OSs
must align properly with the water reduction potential (0 V
versus the reversible hydrogen electrode, Vgyg) to provide
photogenerated electrons with the necessary thermodynamic
driving force for the HER process. Considering both the
thermodynamic driving force necessary for HER and the
energy level alignment of the OSs, a widely known BHJ consist-
ing of P3HT as the electron donor and phenyl-C4;-butyric acid
(PCBM, see Fig. 2 for their chemical structures) as the electron
acceptor in the field of OPVs already has suitable energy align-
ment for solar-driven HER in electrolytes buffered at neutral or
acidic pH. Indeed, the first pioneering study in 2013 utilized
the P3HT:PCs;BM BH] to construct photocathodes for solar-
driven H, production.*” Despite the success of this initial
attempt, the selection of BHJs has been limited to the P3HT:
PCs;BM BH]J in a few follow-up studies and long-term oper-
ational stability has not been guaranteed.'>***

Shi et al. reported photocathodes based on a BHJ composed
of a low band gap donor, PTB7, and PCBM to enhance light-
harvesting capabilities (Fig. 2 and 3).*® A hole-transporting
layer, CuO,, was utilized to reduce charge recombination by
efficiently extracting photogenerated holes in the PTB7-based
BHJ, and an electron-transporting layer, TiO,, was employed to
improve the injection of photogenerated electrons from the
BH]J to a Pt co-catalyst while blocking the back-migration of
holes (Fig. 4a). The linear sweep voltammetry (LSV) curve of
the final FTO/CuO,/PTB7:PCBM/TiO,/Pt photocathode showed
a notable photocurrent density (Jpn) of —7.27 mA cm™ at 0
Vrue in an electrolyte buffered at pH 2 for solar-driven HER
with an onset potential of 0.63 Vyyg, demonstrating that the
use of other OS BHJs beyond the P3HT:PC4;BM BH]J is essen-
tial for substantially enhancing the performance of OS-based
photocathodes (Fig. 4b and Table 1). However, the chronoam-
perometry (CA) curve of the final PTB7-based photocathode
displayed a 75% decay in PEC activity after 1 h of operation
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Fig. 2 Molecular structures of conjugated polymers and small molecules for BHJ photocathodes.
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Fig. 3 Energy level alignment of conjugated polymers and small molecules for BHJ photocathodes with redox potential of H*/H, at pH 0 and Eu**/

Eu®* (sacrificial agent).

even in the presence of a protection layer of TiO, grown by
atomic layer deposition (ALD) as shown in Fig. 4c. This may be
attributed to the instability of PCBM that undergoes photode-
gradation through a dimerization process.*”

To mitigate the instability of PCBM under continuous illu-
mination, extensive research has been conducted on BH]
blends incorporating non-fullerene acceptors for their appli-
cation in photocathodes. Yao et al. corroborated that replacing
the photodegradable fullerene-based electron acceptors with a

1892 | Nanoscale, 2025, 17, 1889-1921

perylene diimide-based electron-accepting OS, PDI-V (mole-
cular structures are shown in Fig. 2), is imperative for estab-
lishing the operational stability of organic photocathodes
(Fig. 4d-f).>> They compared BH]J photocathodes composed of
a polymer donor, PTB7-Th, and either a fullerene-based accep-
tor, phenyl-C,,-butyric acid (PC,;BM), or a non-fullerene accep-
tor, PDI-V. For the sacrificial photoreduction of Eu®**, both
BHJs exhibited similar initial J,, values around —4 mA cm™? at
0 Vrue (Fig. 4e). However, the PC,;BM-based photocathode

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) Energy level diagram of the FTO/CuOQ,/PTB7:PCBM/TiO,/Pt photocathode. (b) Optimal LSV curve of the PTB7:PCBM photocathode and
(c) stability test for the PTB7-based BHJ photocathodes with an applied potential of 0 Vgye in 0.1 M H,SO4 buffer with 0.1 M Na,SO4 (pH 2) under 1
sun illumination. Adapted with permission.*® Copyright 2019, American Chemical Society. (d) Energy level alignments of PTB7-Th, PDI-V, and PCBM.
(e) LSV curves and (f) CA behavior at 0 Vgye of the PDI-V-based photocathode and PCBM-based photocathode in 1.2 M Eu®* based aqueous electro-
lyte (pH 4.2) under 1 sun illumination. Adapted with permission.>> Copyright 2020, American Chemical Society.

showed a significant decrease in the J,, within the first 10 min
of continuous operation, leading to complete device failure. In
contrast, the PDI-V-based photocathode displayed no observa-
ble degradation for at least 20 min under continuous operation
(Fig. 4f). Although the electron-accepting OSs in their study,
PDI-V and PC,,BM, have similar energy level alignments, the
performance and operational stability of the PDI-V-based
photocathode were notably enhanced, likely due to improved
generation of free charge carriers and better photostability of
PDI-V compared with PC,,BM.

Interestingly, robust BH]J-based photocathodes with remark-
ably high j,,, have been demonstrated very recently even with
the use of PC,;BM. In this recent study, PC,;BM was intro-
duced as the second acceptor material into the PBDB-T:ITIC
BHJ (binary BHJ) blend to construct a ternary BHJ.*® The
energy levels of three components, PBDB-T, ITIC, and PC,;BM
(see Fig. 2 for their chemical structures), were beneficial for
establishing a cascade energy level that meets the thermo-
dynamic requirements for solar-driven HER in an electrolyte
buffered at pH 1 (Fig. 5a). As PC,;BM possesses higher elec-
tron mobility due its isotropic charge transport behavior com-
pared with ITIC, the presence of PC,;BM in the ternary BH]
enhanced the overall electron mobility (i) of the BHJ layers,
as determined by space-charge-limited current (SCLC)
measurements. This led to a decrease in the ratio of hole
mobility (1) to g from 21.12 to 2.45 for the binary BHJ and
ternary BH]J blends, respectively (Fig. 5b). Moreover, intensity-
modulated photocurrent spectroscopy (IMPS) measurements
clearly showed that the charge transfer efficiency (y¢ans) Was
dramatically increased by ~60% and the charge recombination

This journal is © The Royal Society of Chemistry 2025

rate constant (k..) was sharply decreased by ~45% due to the
presence of PC,;BM. Consequently, the optimized ternary BH]J-
based photocathode (FTO/CuO,/BH]J/TiO,/Pt) exhibited an
initial J,, of —8.2 mA em ™2 at 0 Vryg and stable operation for
30 min without any noticeable degradation in the pH 1 electro-
lyte, whereas the binary BHJ-based photocathode produced an
initial Jpp of —7.7 mA em™? at 0 Vgyg and retained only ~50%
of the initial J,, after 30 min of operation (Fig. 5¢, d and
Table 1). This improvement was attributed to the suppression
of charge accumulation within the BH] layers.

Therefore, recent scientific findings regarding BHJ engin-
eering conclude that the use of photostable acceptors with
suitable energy levels for the solar-driven HER and the allevia-
tion of charge accumulation within BH]J layers are crucial pre-
requisites for attaining high performance and operational
stability in BHJ photocathodes.

2.1.2. Engineering of  charge-transporting layers.
Photogenerated electrons transported to the surface of BH]J
photocathodes drive the HER while holes are extracted from
the BHJ layer to the substrate through a hole-transporting layer
(HTL), implying that charge-transporting layers for both elec-
trons and holes need to be carefully tailored to facilitate
charge extraction. In addition, the energy levels of charge-
transporting layers should be considered to render the photo-
generated charges thermodynamically favorable for the HER.
The incorporation of efficient charge-transporting layers in
BH]J photocathodes is highly desirable to optimize their per-
formance for solar-driven HER by completely extracting photo-
generated charges with reduced charge recombination, while
also enhancing chemical stability by suppressing side reac-

Nanoscale, 2025,17,1889-1921 | 1893
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tions that typically arise from the accumulation of photogene-
rated charges.>** The application of a thin TiO, overlayer has
become a widely adopted strategy in BHJ photocathodes,
owing to its chemical stability across a broad pH range and the
availability of deposition methods that do not compromise the
integrity of BHJ layers. Indeed, the incorporation of TiO, over-
layers onto BH] films induced a dramatic enhancement in per-
formance by selectively facilitating electron transfer to co-cata-
lyst layers.*®*%3°

It has been experimentally demonstrated that suppressing
charge accumulation is a significant challenge for achieving
operational stability in BHJ PEC cells. Yao et al. examined the
sacrificial photoreduction of Eu*" by photocathodes based on
a BHJ of PTB7-Th and PDI-V (denoted as an all-polymer BHJ)
instead of the HER.>® Their in-depth study uncovered that
photogenerated electron accumulation at the organic/water
interface at levels around 1 uC cm™ gives rise to the rapid and
irreversible degradation of the all-polymer BHJ whereas the
alleviation of this accumulation to the order of 1 nC cm™>
ensures the stable operation of BH]J photocathodes. A similar
observation was also made through electrochemical impe-
dance spectroscopy (EIS) analysis of PZHT:PCBM-based photo-

cathodes.”® Consequently, it is noted that efficient charge-

This journal is © The Royal Society of Chemistry 2025

transporting layers to minimize charge accumulation are
highly desired.
Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate),

commonly referred to as PEDOT:PSS, is one of the most widely
used HTLs in organic electronics. However, its application in
OS PEC cells is limited owing to its hydrophilic and hygro-
scopic properties which lead to dissolution when in direct
contact with an electrolyte. To replace the vulnerable PEDOT:
PSS layer in BH] photocathodes, metal oxide HTLs are straight-
forward alternatives. Indeed, Shi et al. introduced various well-
known metal oxide layers, CuO,, NiO,, and MoOs, which have
similar work functions, as HTLs in BH] photocathodes
(Fig. 6a).>° In their study, a BH] composed of the electron
donor PBDB-T and the non-fullerene acceptor ITIC was used to
overcome the aforementioned limitations associated with full-
erene-based BHJs (see Fig. 2 for their chemical structures).
Hole mobilities measured using the SCLC method for the
CuO,-, NiO,-, and MoOjs-based devices (HTLs/BH]J/MoOs/Au)
were determined to be 1.5 x 107%, 1.0 x 107%, and 9.0 x 10~
em® V' 57!, showing better hole-transporting capability in the
CuO,-based photocathode. Stored charges estimated via
chopped light chrono-amperometry measurements were found
to be 20.44, 0.67, and 11.85 uC cm™? for the CuO,-, NiO,-, and
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MoOs;-based photocathodes, respectively, further representing
the enhanced hole extraction of the CuO,-based BH] photo-
cathode. Moreover, a TiO, layer was employed as an electron-
transporting layer (ETL) to mitigate charge recombination by
reducing the back migration of photogenerated holes within
the BHJ photocathodes. The fully assembled FTO/CuO,/BH]/
TiO,/Pt afforded a remarkable J,, of —11.7 mA cm™? at 0 Vppg
for the HER in a pH 1 electrolyte with an onset potential as
positive as 0.8 Vryg while the NiO,- and MoO;-based photo-
cathodes exhibited initial J,, values of —8.9 and —9.1 mA cm™2
at 0 Vgug, respectively (Fig. 6b and Table 1). This improvement
was ascribed to the improved hole extraction and reduced
charge recombination resulting from the incorporation of the
CuO, and TiO, layers. However, photooxidation of OS BHJ
photocathodes was observed due to degradation via free
radical reactions, which has also been noted in related organic
electronics.>>*® To alleviate the photooxidation of OS-based
photocathodes, a common antioxidant, nickel(un) dibutyl
dithiocarbamate (NiDDC), was incorporated into the PBDB-T:
ITIC BH]J. Consequently, the FTO/CuO,/BH]J/TiO,/Pt photo-
cathode modified with the incorporation of NiDDC presented
an extended performance decay time, reaching up to 75 min
due to the suppressed photooxidation of BHJ (Fig. 6c¢).

In a parallel approach, Zhang et al. incorporated a nano-
structured HTL to facilitate hole transport while preventing
back electron transfer.>® A copper iodide (Cul) layer was
chosen as the HTL due to its suitable energy levels for selec-
tively transporting holes from P3HT:PCBM BH] to the sub-
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strate. In addition, a copper nanosheet array (Cu NSA) was
introduced as an underlying substrate of the Cul layer to
further enhance performance by creating a cascade energy
level and enlarging the interfacial area between the P3HT:
PCBM BHJ and the Cul layer (Fig. 6d).>* Whereas a photo-
cathode without both the Cul and Cu NSA layers exhibited a
negligible J,, of —61 pA em 2 at 0 Vryg and an onset potential
of 0.263 Vryg, the incorporation of the Cul layer improved the
Jpn and anodically shifted the onset potential (—92 pA em™ at
0 Vgrug and 0.497 Vgyg, respectively) (Fig. 6e). Furthermore, the
optimized BH] photocathode based on the Cu NSA layer,
which was vertically formed by an electrodeposition method
onto a Cu film, displayed a significantly enhanced J,, of
—1 mA cm™? at 0 Vgyg with a higher onset potential of 0.650
Vrue (Table 1). The transport resistance of the photocathode
(Rpur) estimated by EIS was decreased from 117.1 to 61.7 Q by
the insertion of the Cu NSA and Cul layers. Moreover, the
photoluminescence (PL) spectrum of the P3HT:PCBM BH]J
blend was more quenched, and an average charge carrier life-
time (7ag), estimated by transient PL, was remarkably
elongated from 0.0261 to 0.2815 ns after introducing the Cu
NSA layer (Fig. 6f). These observations revealed that the recom-
bination of photogenerated charge carriers was effectively sup-
pressed by the incorporation of the nanostructured Cul HTL.
The impact of efficient charge extraction on the perform-
ance and operational stability of BH] photocathodes is clearly
demonstrated in these significant achievements. However,
most studies are constrained to the use of metal oxide-based

This journal is © The Royal Society of Chemistry 2025
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charge transport layers. These layers often require thermal
annealing at high temperatures, which can potentially damage
BHJs during the device fabrication. They are also stable within
a limited window of applied bias in the given electrolyte, as
determined by their Pourbaix diagrams, unless additional pro-
tection layers are applied. Thus, the development of novel
HTLs and ETLs for BHJ photocathodes remains a key chal-
lenge for further boosting performance and operational stabi-
lity by reducing unfavorable charge recombination and
accumulation.

2.1.3. Co-catalyst layer engineering. The use of co-catalyst
layers is indispensable for BHJ PEC cells because of the lack of
reactive sites of OSs themselves for driving the HER.
Conjugated polymers within OS materials are typically syn-
thesized using palladium (Pd)-based catalysts during the
polymerization process, leading to a significant residual
amount of Pd after purification by Soxhlet
extraction.”®*”** It has been reported that this residual Pd
may act as a catalyst for solar-driven HER in OS-based PEC
cells and PCs. However, a strong correlation between the cata-
lytic activity for HER and variation in the residual Pd level has
not been found.”® In addition, the performance of BHJ PEC
cells for solar-driven HER remains negligible without co-cata-
lyst layers.”® For instance, P3BHT:PCBM-based PEC cells exhibi-
ted a dramatic enhancement in J, by two orders of magnitude
for the HER when a co-catalyst layer was introduced.'>>*
Hence, co-catalyst layers should be carefully selected and
incorporated into BHJ] PEC cells to optimize their
performance.

Among the possible co-catalysts, platinum (Pt) is frequently
adopted in BHJ PEC cells due to its excellent catalytic activity

even
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and ease of preparation. Pt nanoparticles can be deposited
onto BHJ layers through photoassisted electrodeposition
where BHJ-based devices are immersed in an electrolyte con-
taining H,PtCls, and electrodeposition is conducted at a con-
stant potential under illumination.*®*%°”°® However, the Pt
nanoparticle layer often provides poor coverage on BH]
devices, leading to inefficient extraction of photogenerated
charges for the HER. This is evidenced by a decrease in HER
performance in BHJ-based devices even with a higher loading
of Pt nanoparticles. Moreover, the detachment of Pt nano-
particles caused by the formation of H, bubbles further con-
tributes to the gradual degradation of BH]J photocathodes.
Ruthenium(iv) oxide (RuO,) nanoparticles have been widely
utilized as co-catalysts in BH] PEC cells by virtue of their out-
standing catalytic activity for the HER in acidic media and
solution processibility. Wu et al. introduced BHJ photo-
cathodes consisting of PM6:Y6 BH]J coupled with RuO, layers
for the HER in a pH 1 electrolyte.”® The RuO, layer employed
in their work was found to be a porous layer of nanoparticle
aggregates, leading to an increased surface area and reduced
charge diffusion length for the HER. Consequently, the RuO,
layer served as an interfacial layer as well as a co-catalyst layer,
yielding an impressive Jp, of =15 mA cm™? at 0 Vg with an
onset potential of 0.8 Vyyg for the optimized FTO/PM6:Y6/
RuO, photocathodes (Fig. 7a and Table 1). This performance
was superior to that of FTO/PM6:Y6/Pt and FTO/PM6:Y6/TiO,/
Pt photocathodes, highlighting the RuO, layer as a promising
alternative co-catalyst to Pt. Furthermore, the RuO,-based BH]
photocathodes displayed slightly improved operational stabi-
lity, maintaining approximately 50% of the initial photo-
current over 30 min while the FTO/PM6:Y6/TiO,/Pt photo-
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BHJ/TiO,/Pt and FTO/BHJ/RuO, photocathodes at 0.1 Vgye under AM

1.5 G illumination with chopped light in 0.5 M Na,SO,4 solution (pH 1).

Adapted with permission.*® Copyright 2022, Elsevier B.V. (c) A scheme of photocathode fabrication procedure by Pt nanoparticles-assisted homo-
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cathode experienced a 90% loss within 5 min (Fig. 7b).
Although delamination occurred in all BH]J photocathodes
regardless of the overlayer type, the exposed RuO, after exfolia-
tion continued to facilitate the HER, whereas the detachment
of the TiO, layer in the FTO/PM6:Y6/TiO,/Pt photocathode
resulted in an irreversible loss of the co-catalyst layer.
However, similar to the deposition of Pt nanoparticles, achiev-
ing homogeneous coverage of hydrophilic RuO, layers on
hydrophobic BH]J layers remains a critical obstacle to further
enhancing both performance and operational stability. Wu
et al. developed a Pt nanoparticle-assisted RuO, layer depo-
sition method in their subsequent study.”® To mitigate the
incompatibility between hydrophobic BHJ layers and hydro-
philic RuO, co-catalyst layers, Pt nanoparticles were deposited
directly onto BHJ layers by a photoassisted electrodeposition
technique prior to the deposition of the RuO, co-catalyst layer
(Fig. 7c). In their in-depth study using dynamic cycling contact
angle (DCCA) measurements, they observed a significant
increase in water contact angle (WCA) hysteresis (A6) from 16°
for the unmodified BH] surface to 47° for the Pt-decorated BH]J
surface, implying that the Pt nanoparticle decoration rendered
the BH]J surface more hydrophilic (Fig. 7d). Consequently, the
Pt-decorated BH] film (denoted as BHJ(Pt)) prevented shrink-
age of RuO, solution droplets during spin-coating, resulting in
a uniform RuO, thin film with complete surface coverage. The
optimized FTO/J71:N2200(Pt)/RuO, photocathodes afforded a
notably improved J,, of —9.0 mA em™? at 0 Vgyp compared
with —2.8 mA cm™ for the FTO/J71:N2200/Pt photocathode
(Fig. 7e and Table 1). This improvement was attributed to not
only the improved coverage of RuO, layers but also to pro-
moted charge transfer as evidenced by the remarkable
reductions in charge-carrier transfer resistance (R.) and

View Article Online

Nanoscale

surface charge-chemical conversion resistance (Ry) deter-
mined through EIS measurements (Fig. 7f). Additionally, the
Pt nanoparticle-assisted RuO, deposition was also successfully
applied to two different BHJ pairs, PM6:BTP-BO-4Cl and J71:
ITIC (see Fig. 2 for their chemical structures), demonstrating
the versatility of this approach.

To replace co-catalysts based on rare-earth elements,
various co-catalyst layers composed of Earth-abundant
materials have been investigated. Yao et al. investigated photo-
cathodes based on a BHJ of PTB7-Th and PDI-V (denoted as an
all-polymer BHJ) with the incorporation of molybdenum (Mo)-
based co-catalysts.*> They found that the performance of all-
polymer BHJ photocathodes is strongly affected by the uni-
formity of the interface between the all-polymer BHJ and co-
catalyst nanoparticles. Amorphous MoS; nanoparticles were
deposited uniformly onto the all-polymer BHJ layer, while
micron-sized particles of crystalline MoP gave a poor interface,
resulting in the improved performance for the BHJ photo-
cathodes based on the MoS; co-catalysts. Indeed, the opti-
mized photocathodes with the device architecture of FTO/
MoO,/PTB7-Th:PDI-V/MoS; produced an J,, of —5.3 mA cm™
at 0 Vgyg whereas the FTO/MoO;/PTB7-Th:PDI-V/MoP photo-
cathodes exhibited a limited Jp, of —1.1 mA em™ at 0 Vgyug
(Fig. 8a and Table 1). Moreover, as shown in Fig. 8b, the BHJ/
MoO; photocathodes demonstrated stable operation for 1 h
while the BHJ/MoP photocathodes showed a severe decrease in
the J,n, which was attributed to charge accumulation caused
by poor coverage of the MoP layers. This suggests again that
the uniform coverage of co-catalyst layers on BH]J films plays
an important role in determining performance and oper-
ational stability. Interestingly, their further attempt to use a
blend of the MoS; and MoP co-catalysts resulted in a consider-
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Copyright 2020, American Chemical Society.

1898 | Nanoscale, 2025, 17,1889-1921

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4nr03938f

Published on 17 Kaxxa Garablu 2024. Downloaded on 14/10/2025 1:54:30 AM.

Nanoscale

ably increased J,,, of —8.7 mA cm™? at 0 Vg, slightly exceed-
ing a J,n, of —8.2 mA cm™? at 0 Vg for the BHJ photocathodes
based on the well-known RuO, co-catalyst (Fig. 8c and
Table 1). However, this optimized BHJ photocathode showed
slow degradation due to the gradual catalyst detachment
under the operational conditions (Fig. 8d).

Consequently, it can be concluded that establishing robust
and homogeneous coverage of Earth-abundant co-catalyst
layers on BH]J layers is fundamental to enhancing both the per-
formance and stability of BH] photocathodes for the HER
under operational conditions.

2.1.4. Incorporation of protection layers. The incorporation
of protective overlayers to prevent semiconductors from con-
tacting aqueous electrolytes has demonstrated some success in
improving the stability of photocathodes.>® A dense TiO, film,
commonly grown via ALD, has been widely employed in BH]J
photocathodes.*®*° Interestingly, Shi et al. demonstrated that
the incorporation of an additional ALD-TiO, layer on BHJ/TiO,
photocathodes can further enhance operational stability, illus-
trating the important role played by minimizing physical
contact between the BHJ layers and the -electrolytes.*®
However, despite the presence of the ALD-TiO, protection
layer, the BHJ/TiO,/ALD-TiO, photocathode still experienced a
~75% reduction in photocurrent after 1 h of operation. Since a
thick TiO, protection layer may lead to an increase in charge
transport resistance, effective protection layers are urgently
needed to ensure stable operation of BHJ photocathodes. To
further improve the stability of BHJ photocathodes, the protec-
tive layer must be free of pinholes and impermeable to ions to
completely isolate unstable OSs from the aqueous electrolyte.

In their follow-up study, a carbon plate which has high con-
ductivity and a rough surface was utilized to construct robust
BHJ photocathodes.*® A carbon plate coupled with Pt/C co-cat-
alysts was directly delivered on BH]J photocathodes based on a
ternary blend of OSs (PBDB-T, ITIC, and PC,;BM), resulting in
encapsulated photocathodes (denoted as t-BHJ-C-Pt/C)
(Fig. 9a). The optimized t-BHJ-C-Pt/C photocathodes generated
an initial Jpn of —13.8 mA cm™2 at 0 Vgye and achieved stable
operation for a long duration of 15 h (Fig. 9b, ¢ and Table 1).
Furthermore, the faradaic efficiency for the continuous oper-
ation of t-BHJ-C-Pt/C photocathodes was close to 100%,
demonstrating the stable production of solar-driven H,
(Fig. 9c). This represents a noticeable achievement, yet further
improving the operation stability of OS BH] photocathodes
remains a challenge.

2.2. BH]J photoanodes

The overall solar water splitting in PEC cells is completed
when photogenerated holes and electrons in the photoanode
and photocathode drive the O, and H, evolution reactions,
respectively, while the remaining counter charges are recom-
bined efficiently (Fig. 1a). This implies that developing high-
performance and robust photoanodes for solar-driven OER is
as crucial as developing efficient photocathodes to enhance
the overall performance of solar water splitting. Given the high
anodic potential (1.23 Vgyg) required for the solar-driven O,

This journal is © The Royal Society of Chemistry 2025
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production and the complexity of the four-hole involved water
oxidation mechanisms, the identification of suitable OS BHJs
and device engineering strategies to address challenges posed
by this sluggish water oxidation reaction is imperative for
demonstrating high-performance and robust photoanodes.®* %
The following subsections summarize and discuss recent
approaches aimed at enhancing the performance and oper-
ational stability of OS BHJ-based photoanodes. The molecular
structures and energy levels of the BHJ materials incorporated
into BHJ photoanodes are shown in Fig. 10 and 11.

2.2.1. Energy level adjustment. To effectively demonstrate
BH]J photoanodes, the energy levels of the donor and acceptor
materials comprising the BH]J layers must first be appropriately
aligned to facilitate efficient exciton dissociation, thereby max-
imizing the production of photogenerated holes. Secondly, the
HOMO level of the donor material should be more anodically
positioned than the electrochemical potential of water oxi-
dation in the given electrolyte (Fig. 12a). Lastly, the photogene-
rated holes need to be efficiently transferred to the electrolyte
through the overlayers of the BH]J layer, as the driving force for
hole transfer from the BH]J layer to the electrolyte varies with
the electrolyte’s pH due to the Nernstian behavior of water oxi-
dation. In other words, the principles for selecting OSs in
photoanodes are similar to those for OSs in photocathodes in
that the energy levels of photogenerated charges must be prop-
erly positioned to drive solar-driven water splitting with
sufficient driving force while efficiently dissociating excitons
into free charge carriers. Given the Nernstian behavior of
potentials for water splitting, the HOMO and LUMO levels of
OSs in photoanodes are generally aligned lower than those for
0Ss in photocathodes.**

Sekar et al. reported a simple yet effective method to
achieve BH]J photoanodes operating over a broad pH range by
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Fig. 10 Molecular structures of conjugated polymers and small molecules for photoanode.
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Fig. 11 Energy level alignment of conjugated polymers and small mole-
cules for photoanode with redox potential of dehydroascorbic acid
(DHA)/ascorbic acid (AA), SOs27/SO3"~ (sacrificial agents) and H,O/O,.

adjusting the energy levels of the donor and acceptor
materials. The optimal energy level alignment and operating
conditions were determined using thiophenedicarboximide
(TPD)-benzodithiophene (BDT)-based donor polymers (P1 and
P2) and rylene diimide-based acceptor homologues (A1 and
A2) (Fig. 10). Notably, P2 possessed a deeper HOMO level than
P1 due to the incorporation of electronegative chlorine atoms,
while A2 displayed a deeper LUMO level compared to Al owing
to the extended structure through the linkage at the bay
positions.®*”®” Given the energy levels of the OSs, P2 was
capable of driving water oxidation over a wide pH range from 0
to 14 and exhibited a sufficient LUMO level offset when
blended with A2, leading to efficient exciton separation in the
P2 : A2 BHJ photoanodes.****% To observe the effect of energy
level modulation in the direct exposure of OS-based photo-
anodes to the aqueous electrolyte, the photocurrent was
measured under 1 sun illumination in the presence of 1.5 M
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Na,SO; (sacrificial agent) without co-catalysts. The use of
sulfite as a sacrificial agent has been suggested as an alterna-
tive to water oxidation, with a thermodynamic redox potential
of 0.73 Vpyg, providing a greater driving force than water oxi-
dation (1.23 Vgyg). A maximum photocurrent of 4.1 mA cm >
was observed from the P2:A2 photoanode for the sacrificial
oxidation at 1.23 Vgyg (Fig. 12b and Table 2). In addition, the
P2: A2 BH]J photoanode exhibited improved incident photon-
to-current e