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Broader context

Green hydrogen is a clean, renewable fuel that can store solar energy and help reduce our
reliance on fossil fuels, which is key to reaching net-zero carbon emissions. A sustainable way
of producing green hydrogen is through solar-driven electrochemical water splitting,
leveraging advances in photovoltaics and photoelectrochemistry. Organic semiconductors
offer exciting potential for these systems due to their low cost, tuneable properties, and scalable
production. However, two key challenges hold back their practical use: poor stability under
full-spectrum sunlight and insufficient voltage to efficiently drive water splitting. In this study,
we show progress in both areas by developing anodes that integrate a PTQ10:L8-BO organic
blend, which shows exceptional morphological and chemical stability. This allows the devices
to operate far longer than previously, even under full solar illumination conditions (i.e., without
using UV filter). The improved device also produces higher voltages, enabling the
demonstration of a new record solar-to-hydrogen (STH) efficiency of 6.2% when used in a
tandem configuration. Our findings mark a major step toward viable, stable, and high-
performing organic integrated systems and offer a clear path forward for their integration into

renewable hydrogen production technologies.
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Abstract

Integrating organic photovoltaics into anodes (IPV-anodes) represents a promising way to
exploit the excellent optoelectronic properties of organic polymer:non-fullerene bulk-
heterojunctions (BHJ) for solar-to-fuel applications. However, the high voltage losses, poor
photochemical stability and high synthetic complexity of the most commonly used
polymer:non-fullerene combinations have limited their full potential. Here, we address these
limitations by introducing a BHJ comprising the low-synthetic-complexity polymer PTQ10
and the near-infrared absorbing acceptor L8-BO. By integrating this new BHJ with a graphite
sheet functionalised with a NiFeOOH catalyst, we achieve a low onset potential of +0.64 Vryg,
a photocurrent density of 21 mA ecm 2 at+1.23 Vyyg and a tgg operational stability of 22 h under
full AM1.5G illumination (i.e., without using any UV filter) for water oxidation. These values
represent a 40 mV increase in photovoltage and a sevenfold improvement in operational
stability (tgy extended from 3 h to 22 h) compared to reference IPV-anodes based on the ternary
D18:PM6:L8-BO photoactive blend. Spectroscopic analyses reveal that these improvements
stem from the reduced non-radiative voltage losses (from 0.24 V to 0.19 V) and superior
photochemical and morphological stability of the PTQ10:L8-BO blend compared to the
reference blend. Building on these advances, we demonstrate monolithic tandem IPV-anodes
integrating PTQ10:IDIC and PTQ10:L8-BO organic blends to achieve a solar-to-hydrogen
efficiency of 6.2%, offering critical insights for boosting the stability and efficiency of
integrated solar-to-hydrogen systems working without any external bias.

Page 2 of 20

cle Online
LOO052E

Keywords: organic semiconductor, photoanode, [PV-anode, solar fuel, operational stability,

water splitting.


mailto:matyas.daboczi@ek.hun-ren.hu
mailto:jenny.nelson@imperial.ac.uk
mailto:f.eisner@qmul.ac.uk
mailto:s.eslava@imperial.ac.uk
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6el00052e

Page 3 of 20 EES Solar

View Article Online
DOI: 10.1039/D6ELO0052E

Broader context
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leveraging advances in photovoltaics and photoelectrochemistry. Organic semiconductors
offer exciting potential for these systems due to their low cost, tuneable properties, and scalable
production. However, two key challenges hold back their practical use: poor stability under
full-spectrum sunlight and insufficient voltage to efficiently drive water splitting. In this study,
we show progress in both areas by developing anodes that integrate a PTQ10:L8-BO organic
blend, which shows exceptional morphological and chemical stability. This allows the devices
to operate far longer than previously, even under full solar illumination conditions (i.e., without
using UV filter). The improved device also produces higher voltages, enabling the
demonstration of a new record solar-to-hydrogen (STH) efficiency of 6.2% when used in a
tandem configuration. Our findings mark a major step toward viable, stable, and high-
performing organic integrated systems and offer a clear path forward for their integration into
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A promising approach to the mismatch of variable renewable power supply with electricity
demand involves storing solar energy in the form of hydrogen (H;) through water splitting,
enabled by semiconductor-based technologies. These systems include: photocatalytic (PC)
reactors, photoelectrochemical (PEC) cells, and photovoltaic—electrochemical (PV-EC)
systems.!: 2 PV-EC is a technologically mature solution, however it requires sophisticated
power electronics and is mostly suited for centralized infrastructure. In contrast, PC systems
offer a more straightforward design, utilizing semiconductor particles and co-catalysts in direct
contact with water within a single compartment, but current systems are limited by side-
reactions, inefficient charge carrier separation and instability in the aqueous environment.? PEC
cells represent an intermediate solution, integrating semiconductors and electrocatalysts into
photoanodes and photocathodes placed in separate compartments. This configuration enables
the application of advanced layer-by-layer thin-film PV technologies for improved charge
separation and allows greater control over the reaction environment and material stability. PEC
cells have traditionally employed metal oxide semiconductors such as TiO,, a-Fe,O;, Cu,O
and BiVO, incorporating photoelectrodes with direct semiconductor—electrolyte interface to
drive water oxidation and reduction.*® In recent developments, devices have integrated PV
materials such as halide perovskites and electrocatalysts into monolithic electrode structures
without a direct semiconductor—electrolyte interface.’!> These fully integrated electrodes
leverage advances in PV-EC while maintaining the relatively low complexity, cost-
effectiveness and low current densities of traditional PEC cells, avoiding the need for power
electronics and offering the potential for thermal integration.>!3!4 To distinguish these
integrated electrodes from traditional photoelectrodes that operate via a direct semiconductor—
electrolyte interface, as well as from non-illuminated anodes, we recently introduced the term
integrated photovoltaic anode (IPV-anode).?

Organic semiconductors (OSCs) have emerged as attractive photoactive materials for solar
hydrogen production because they are low-cost, comprise Earth-abundant elements, and are
suitable for large-scale solution-processing.!>16 OSCs have tuneable optical and electronic
properties, and their complete bandgap tuneability could theoretically allow for solar-to-
hydrogen (STH) efficiencies exceeding 30% in PEC solar water splitting.!”!® The most
efficient organic photoactive layers comprise a blend (termed a bulk-heterojunction, BHJ) of a
polymer ‘donor’ and a small molecule or polymer ‘acceptor’, which allows for almost 100%

absorbed photon-to-charge quantum conversion efficiency, from ultra-violet to near-infrared
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photon energies.!” Such BHJ blends have thus been used in the best performing QSC:bdsed s or
devices. 20-22 For example, through the integration of a co-catalyst, Cho et al. demonstrated an
all-polymer BHJ organic photoanode, achieving photocurrent density (j,;) over 2 mA cm2 at
+1.23 V versus the reversible hydrogen electrode (Vryg) for solar water oxidation.?3 Through
tuning the energy levels of the donor polymer, Sekar et al. achieved j,, of 4.1 mA cm™2 at +1.23
Vrue with BHJ organic photoanodes,?* whilst Zhang et al. developed an all-polymer BHJ
photoanode with j,;, exceeding 4 mA cm 2 at 0 Vgyg and pH 9.2

Yu et al. employed a BHJ layer protected with Galn eutectic and Ni foil. These IPV-anodes
retained 90% of their initial j,, of 15.1 mA cm2after 10 h operation at pH 14 and +1.23 Vgyg,
applying a 420 nm cut-off UV filter.!® Most recently, we fabricated IPV-anodes comprising a
PM6:D18:L8-BO ternary BHJ photoactive layer protected by a graphite sheet functionalised
by a NiFeOOH electrocatalyst, which successfully demonstrated that translating both the
almost 100% absorbed-photon to charge conversion in organic photovoltaics (OPVs) and the
high j,, (>20 mA cm™2) to IPV-anodes driving solar water oxidation is feasible. These
PM6:D18:L8-BO IPV-anodes reached days-long operational stability at pH 14 (tgg of 23 h,
where tgg 1s the time it maintains 80% of its initial maximum j,;). However, this stability
required applying a UV filter, which reduced the j,, by ~10%. Under full AM1.5G illumination
(i.e., with no UV filter), these PM6:D18:L8-BO IPV-anodes showed limited stability (tgy of
only 3 h). Nevertheless, this approach allowed the fabrication of monolithic tandem organic

IPV-anodes with STH efficiency up to 5%, by adding a wide-bandgap BHJ sub-cell and a Pt

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

counter-electrode.?® The integration of all the PV layers into the anode also simplified the

Open Access Article. Published on 20 March 2026. Downloaded on 3/20/2026 10:49:32 PM.

optical management of the overall STH device, since light only needs to propagate through the

tandem PV stack.26

(cc)

These works demonstrate the strong potential of organic BHJ-based STH systems.
However, two critical challenges remain: 1) the high photovoltage losses of organic BHJ
photoactive layers relative to their optical bandgap,?’” which limits the achievable turn-on
voltage of [PV-anodes and thus the performance of devices for unassisted (i.e., bias-free) solar
water splitting; 2) the chemical and morphological instability of the most efficient BHJ layers
under full AM1.5G illumination.?® Here, we address these limitations through the introduction
of a new BHJ blend based on the synthetically simple and photochemically stable polymer
PTQ10,?° whose low synthetic complexity additionally increases industrial viability through
lower manufacturing costs.’° By replacing the synthetically complex polymers D18 and PM6
in the L8-BO-based photoactive blend with PTQI10, we can simultaneously decrease

photovoltage losses and enhance the operational stability for water oxidation under full
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catalyst-functionalised graphite sheets. We show that a reduction in photocurrent onset
potential (E,,) to +0.64 Vg in these IPV-anodes is enabled by the lower non-radiative voltage
losses of the PTQ10:L8-BO blend (0.19 V), and that the record operational water oxidation
stability of tgo = 22 h is due to improved photochemical and morphological stability of the
PTQ10:L8-BO BHJ layer. Finally, incorporating the narrow-bandgap PTQ10:L8-BO with a
wide-bandgap PTQ10:IDIC photoactive layer into a monolithic tandem organic IPV-anode
leads to an E,, of -0.25 Vg and unassisted (i.e., bias-free) water splitting with a Pt counter-

electrode at j,;, above 5 mA cm™2, achieving a new benchmark STH efficiency of 6.2%.

Results and discussion

Composition of single-junction and tandem organic IPV-anodes

Single-junction OPVs and corresponding single-junction organic IPV-anodes were prepared
through sequential deposition of a SnO, electron transport layer, a BHJ blend of PTQI10
polymer donor and L8-BO NFA,*'-33 and evaporated MoOj3 hole transport layer (Fig. 1, details
in the Experimental Section in SI). The OPV devices were finished with a thin (40 nm)
evaporated layer of Au, while the [PV-anodes were completed by adding the combination of a
dense, 30 um-thick self-adhesive graphite sheet and a more porous and thicker (150 um) self-
adhesive graphite sheet functionalised with a NiFeOOH catalyst, adapted from our previous
work.?¢ Although the self-adhesive graphite contains an adhesive layer to ensure mechanical
stability, the graphite still forms a direct ohmic contact with the Au layer, resulting in negligible
electronic losses at the interface, as previously demonstrated.

We chose PTQ10 to replace D18 and PM6 from our previous work in a BHJ blend with
L8-BO due to a combination of its: i) deeper highest occupied molecular orbital (HOMO),*
which reduces its energetic offset with L8-BO and likely leads stronger local excited (LE) —
charge-transfer (CT) state mixing in the blend, which may reduce non-radiative voltage
losses;3> 36 ii) superior photochemical stability under light and oxygen exposure compared to
polymers containing the BDT-thiophene-motif (e.g. PM6 and D18);37-4 iii) simpler synthesis
(and hence lower cost and energy footprint); iv) compatibility with more eco-friendly solvents,
required for large-scale processing, in particular when combined with L8-BO, whose branched

side-chains similarly allow processing with more benign solvents.*!
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Using air photoemission spectroscopy, we measured the HOMO of deposited PTQLO IS 5 oot
to be -5.10 eV, deeper than the HOMO of both D18 and PM6 (-5.05 eV) and the
electrochemical water oxidation potential at pH 14 (-4.90 eV), ), which is necessary for
efficiently driving the chemical reaction (Fig. 1d, €). The measured absorption spectra of
PTQ10 and L8-BO (Fig. 1f) show that PTQ10 and L8-BO have complementary absorption,
where PTQ10 primarily absorbs higher energy photons in the wavelength range of 450—650
nm, while the narrower bandgap L8-BO absorbs the near-infrared photons with peak absorption
at around 800 nm.

In the tandem organic IPV-anode (demonstrated towards the end of the paper), the
PTQI10:L8-BO device was used as the back sub-cell connected via an interconnecting layer
(ICL) of BM-HTL-1, 1 nm Au, and SnO; to the front sub-cell containing a photoactive layer
of PTQ10:IDIC BHJ blend. IDIC was chosen as the NFA in the front sub-cell due to its
absorption peak at around 730 nm allowing for complementary absorption in a wide-bandgap

component sub-cell in tandem with an PTQ10:L8-BO (Fig. lc, e, g).%’
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Fig. 1 Structure, composition and energetics of the PTQ10:L8-BO single- and multi-junction
organic [IPV-anodes. (a) Chemical structures of the photoactive materials PTQ10, L8-BO and
IDIC constituting the single- and multi-junction organic devices. Schematic representation of
the inverted structure (b) single-junction and (c) tandem organic [PV-anode. Due to the direct
electrical contact between the Au and rough graphite layers, the adhesive layer between them
is not shown. Energy level diagrams for all constituent layers of the (d) single-junction and (e)
tandem organic IPV-anodes. The electrochemical potential of water oxidation to oxygen at pH
14 is indicated by blue dashed lines on the absolute energy scale (shifted by 4.44 eV compared
to the standard hydrogen electrode scale). Normalised absorbance spectra of the photoactive
layers present in the (f) single-junction and (g) tandem organic devices relative to the AM 1.5G
standard solar spectrum.
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The current-voltage curves under AMI1.5G illumination of optimised PM6:D18:L8-BO
reference and PTQ10:L8-BO single-junction OPV devices with an active area of 0.05 cm? are
shown in Fig. 2a. Both devices generate a short-circuit current density (J,.) of around
25 mA c¢cm™2, however, the PTQ10:L8-BO devices display a 50 mV higher open circuit voltage
(Voe 5 0.93 V) compared to the PM6:D18:L8-BO device (0.88 V), which correlates with the
50 meV deeper HOMO of PTQ10 compared to PM6 and D18. To determine the origin of the
higher V,., we performed a voltage-loss analysis of the two devices using high-sensitive
external quantum efficiency and electroluminescence measurement (Error! Reference source
not found. and Error! Reference source not found.), following our previously established
procedure.*?> We find that the higher V. of PTQ10:L8BO is entirely due to a reduction in the
non-radiative voltage loss, which is 0.19 V in PTQ10:L8-BO devices compared to 0.24 V in
PM6:D18:L8-BO devices, rather than to a change in the radiative limit to the open circuit-
voltage (V. .q)- This would be consistent with a higher energy and brighter interfacial CT state
in PTQ10:L8-BO compared to PM6:D18:L8BO, due to increased mixing between CT and
excited states at lower HOMO offset between the donor and acceptor.®> 3¢ Interestingly, the
decreased non-radiative voltage loss in PTQ10:L8-BO is not associated with a corresponding
decrease in charge-generation efficiency (i.e. the EQE), as is usually the case for systems with

low energetic offsets in the ionisation potentials of the donor and acceptor.*? Indeed, the non-

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

radiative voltage loss achieved for PTQ10:L8-BO is amongst the lowest for high-performance

(>16 % power conversion efficiency) organic solar cells and demonstrates the potential of

Open Access Article. Published on 20 March 2026. Downloaded on 3/20/2026 10:49:32 PM.

PTQ10-based solar cells to mitigate the known trade-off in organic solar cells of achieving

both low photovoltage losses and high photo-charge generation efficiency.**
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Fig. 2 Performance of PTQ10:L8-BO single-junction organic solar cells and IPV-anodes. (a)
Current density—voltage scans of the 0.05 cm? active area PTQ10:L8-BO and the reference
PM6:D18:L8-BO organic solar cells measured under 1 sun illumination and in dark at 0.1 V s™!
and 1 V s! scan rate, respectively. (b) Current density—voltage scans of the 0.2 cm? active area
PTQ10:L8-BO and PM6:D18:L8-BO organic IPV-anodes measured under 1 sun illumination
and in dark at 0.05 V s7! scan rate. The dashed vertical line indicates +1.23 Vryg applied
potential. (¢) IPCE spectrum and integrated photocurrent density at +1.23 Vryg of the
PTQ10:L8-BO organic IPV-anode. (d) Faradaic efficiency of the PTQ10:L8-BO organic IPV-
anode calculated from the experimentally determined amount of O, compared to the theoretical
amount of O, based on the recorded photocurrent. The green circles represent each
measurement point, while the green line represent the smoothed data. The measurements were
performed in aqueous, 1 M NaOH electrolyte in three-electrode setup.

These organic photoactive layers were integrated into single-junction anodes with the
aforementioned NiFeOOH catalyst-functionalised graphite sheet and tested for water oxidation
in a three-electrode setup under continuous and chopped 1 sun illumination (Fig. 2b and Error!
Reference source not found.). The £, of the PTQ10:L8-BO IPV-anode was 40 mV lower
(+0.64 Vgpyg) compared to the reference PM6:D18:L8-BO IPV-anode (+0.68 Vgyg), which
agrees with the higher photovoltage observed for the PTQ10:L8-BO OPV devices. This shows
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that reducing the non-radiative voltage loss of the organic photoactive layer throughsthe S aror
modulation of the energy levels of the constituent semiconductors is an effective strategy to
improve the E,, of IPV-anodes. E,, was determined conservatively by linear fitting of the
photocurrent rise. The improved photovoltage of the PTQ10:L8-BO IPV-anode was confirmed
by the 40 mV larger change in open circuit voltage (AOCP) upon switching from 1 sun
illumination (AM1.5G) to dark condition (Error! Reference source not found.). The j,, at
+1.23 Vgye achieved was around 21 mA cm 2 for both organic IPV-anodes, which is lower
than the 25 mA cm 2 J;. of the OPV devices likely due to the four times larger photoactive area
used (0.2 cm?) leading to decreased shunt resistance and fill factor. This drop in j,;, is not caused
by differences in the IPV-anode compared to OPV, but rather by the increased active area from
0.05 cm? to 0.2 cm?, as confirmed by the J;. decrease that is also observed in larger-area OPV
(Error! Reference source not found.).?¢ Similar to our previous work investigating
PM6:D18:L8-BO organic IPV-anodes, we found that a thicker photoactive layer is necessary
to reach the highest performance with larger active area IPV-anodes, which is in agreement
with the need of compensating a lower shunt resistance (Error! Reference source not
found.).?¢ The high water oxidation j,, generated by the PTQ10:L8-BO IPV-anode was
confirmed by the incident photon-to-current efficiency (IPCE) at +1.23 Vyryg reaching above
80% at its maximum with a j,;, of 21 mA cm™ calculated by integrating the product of IPCE,
unit charge and the standard AM1.5G solar spectrum (Fig. 2¢). Oxidation of water into oxygen

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

was validated through the measurement of an average Faradaic efficiency of 96% using an O,

fluorescence sensor (Fig. 2d).
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The organic IPV-anodes were tested for continuous operational water oxidation stability
under full simulated solar illumination (i.e., without using any UV filters) at +1.23 Vgyg. The
PTQ10:L8-BO device showed a tgy of 22 h, where tg, is defined as the time until the IPV-anode
retains 80% of its initial maximum photocurrent density, which is seven times longer than the
tgo of 3 h recorded for the PM6:D18:L8-BO reference device (Fig. 3a). We note that the tg
stability lifetime is an accepted standard for stability measurements in photovoltaics, and we
encourage its adoption for PEC-related stability measurements. Furthermore, the PTQ10:L8-
BO IPV-anode remained operational (i.e., no catastrophic failure) for water oxidation for more

than 2 days (Error! Reference source not found.).

10


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6el00052e

Open Access Article. Published on 20 March 2026. Downloaded on 3/20/2026 10:49:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

EES Solar

Page 12 of 20

a View Article Online
1.0 DOI: 10.1039/D6ELO0052E

E_O—O—U—Mm illumination (no UV filter)

ty=3h t,=22h

Normalized photocurrent

0.2 4 ——PTQ10:L8-BO - PEC stability

—O=PTQ10:L8-BO - OPYV stability

| ——PMe6:D18:L8-BO - PEC stability

0.0 — T 7T T T T T T T T T T T

0 2 4 6 8 10 12 14 16 18 20 2 24
Time (h)

()

_|===PM6:D18:L8-BO - fresh

-| em—PTQ10:L8-BO - fresh
PM6:D18:L8-BO - low light illumination (24 h)

PTQ10:L8-BO - low light illumination (24 h)

N
=
—
B

z &
z 20 e PM6:D18:L.8-BO - 1 sun illumination (24 h) g 1.2 { =——PTQ10:L8-BO - 1 sun illumination (24 h)
7] 2
A= S 1.0
g 1.6 1 g
§ . E 0.8
- & 0.6
= =
208 2 0.4
Té: =
E 0.4+ g 0.2
z ;

0.0 0.0+

1250 1300 1350 1400 1450 1500 1550 1600 1650 1250 1300 1350 1400 1450 1500 1550 1600 1650
Raman shift / cm™! Raman shift / cm™!

Fig. 3 Operational stability of 0.2 cm? active area PTQ10:L8-BO single-junction organic IPV-
anodes and solar cells measured at ambient conditions, under 1 sun illumination without using
any UV filter. (a) Operational water oxidation photocurrent stability at +1.23 Vgyg of the
PTQ10:L8-BO and the reference PM6:D18:L8-BO IPV-anodes compared to the photocurrent
stability of PTQ10:L8-BO solar cell at 0.2 V. The solar cell was kept at 0.2 V applied bias and
current density—voltage scans were recorded once every hour. 1 M aqueous NaOH electrolyte
was used for the measurements. The horizontal dashed line indicates 80% of the maximum
initial photocurrent of the devices. (b) Raman spectra at 514 nm excitation of the PM6:D18:L8-
BO and (c¢) PTQ10:L8-BO photoactive layers after 24 h illumination by low light (~0.1 sun)
and 1 sun, compared to fresh samples.

In order to understand the superior stability of the PTQ10-containing organic photoactive
layer, the degradation of thin films of PTQ10:L8-BO and PM6:D18:L8-BO deposited on
glass/ITO/SnO, substrates was investigated at ambient condition under illumination by
different light intensities. Raman spectroscopy showed no change for the PTQ10:L8-BO layer
neither by low light (~0.1 sun) nor by 1 sun intensity full solar 24 h long illumination in air
(Fig. 3c). In contrast, for the PM6:D18:L8-BO films, there was a clear decrease in the
delocalised backbone peak intensity of both donor polymers already after illumination with
low light intensity (Fig. 3b). At low light, there is a decrease in the delocalised C=C peak at
1470 cm’!, and at 1 sun the quenching is amplified and extended to the C-C mode at 1429 cm-

I (Raman peak assignment in Error! Reference source not found.). This was previously
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linked to the photodegradation of PM6 and D18 polymers through increased torsion hetWeeh 5 isr
the donor and acceptor units, reducing polaron delocalisation along the backbone.?
Additionally, at 1 sun illumination there is a prominent relative peak intensity decrease of the
D18 only peak (1505 cm™!) while the PM6 only peak (1450 cm!) remains unchanged. This
suggests that D18 has a greater conformational instability under photodegradation than PM6.
This donor backbone conformational change is in agreement with clear loss of vibronic
structure of the polymer absorbance band in the PM6:D18:L8-BO film after 24 h illumination
even by low light intensity, while no observable change for the PTQ10:L8-BO blend (Error!
Reference source not found., Error! Reference source not found.). Similarly, there was a
red shift of the photoluminescence (PL) peak of the acceptor in the PM6:D18:L8-BO sample
even at low light illumination, which we previously identified as a sign of morphological
instability.?® On the other hand, there was no significant change in the PL spectrum of the
PTQ10:L8-BO film at low light illumination and only a slight peak broadening at 1 sun
illumination (Error! Reference source not found., Error! Reference source not found.).
These results reveal that a reason behind the enhanced operational water splitting stability of
the PTQ10:L8-BO [PV-anodes is the improved photochemical and morphological stability of
the PTQ10:L8-BO BHJ blend. This can be rationalised by the light-induced dihedral twisting
around the BDT-T motif of PM6 and D18, which is not present in PTQ10 and by the high

molecular weight of PTQ10 used, which was shown to increase thermal stability.2®- 46

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Although there was no observable change in the Raman spectra of PTQ10:L.8-BO film,

indicating excellent photochemical stability, the broadening of the PL spectrum of the thin film

Open Access Article. Published on 20 March 2026. Downloaded on 3/20/2026 10:49:32 PM.

after 24 h full 1 sun illumination and the change in the UV-Vis spectrum suggest some degree

of morphological instability (Error! Reference source not found., Error! Reference source

(cc)

not found.). This degradation pathway can be assigned to the instability of photoactive layer
in the OPV device and not to the electrolyte/catalyst interface or deterioration of the catalyst,
which is evidenced by the similar, linear photocurrent decay of the OPV and the IPV-anode
within the first 24 h of operation (Fig. 3a, Error! Reference source not found.). After 24 h
of continuous water oxidation, the j,, decay rate increased significantly from —0.2 to
—0.3 mA cm 2 h™!; however, the slower decay was recovered after replacing the graphite sheet
with fresh graphite/NiFeOOH layer (Error! Reference source not found.) as previously. This
result confirms that the slower linear j,;, decay of the IPV-anode (0 — 24 h operation) is due to
the degradation of photoactive layer, and it also shows that the accelerated IPV-anode

degradation (after 24 h operation) is due to the loss of catalyst resulting from the
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electrochemical oxidation and resulting disintegration of the graphite/NiFeOOH shggt (EEEOEY 500t oe

Reference source not found.).

Performance of tandem organic IPV-anode

To leverage the high photovoltage produced by the single-junction PTQ10:L8-BO IPV-
anodes, we fabricated monolithic tandem organic IPV-anodes as previously (Error! Reference
source not found.). The narrow-bandgap PTQ10:L8BO device served as the back sub-cell,
while a wide-bandgap PTQ10:IDIC device formed the front sub-cell (Fig. 1), with BM-HTL-
1/Au(1nm)/SnO, as ICLs.?” This tandem configuration shifted the water oxidation E,, from
+1.54 Vyyg measured under dark condition for the graphite/NiFeOOH sheets to —0.25 Vrug
under 1 sun illumination in the IPV-anode (Error! Reference source not found.). This shift
is in accordance with the V. of the tandem OPV (approx. 1.8 V), and with the AOCP of the
[PV-anodes (approx. 1.6 V) (Error! Reference source not found., Error! Reference source
not found.). The shifted, negative E,, of the tandem organic IPV-anode allowed for j,,
generation up to 6.6 mA cm 2 at 0 Vyyg both under continuous and chopped illumination
(Error! Reference source not found., Error! Reference source not found.). This
performance was achieved by optimising the composition of ICLs for efficient charge
separation with minimal optical losses and low electrical resistance, which was found optimal

with BM-HTL-1/Au(1nm)/SnO, (Error! Reference source not found.).*’
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Fig. 4 Performance of monolithic tandem organic IPV-anodes incorporating PTQ10:L8-
BO and PTQ10:IDIC photoactive layers. (a) Current density—voltage scans of the tandem
organic device measured in a two-electrode setup in dark, under 1 sun continuous and chopped
illumination at 0.05 V s™! scan rate. (b) Unassisted photocurrent stability of the organic tandem
IPV-anode measured in a two-electrode setup under 1 sun illumination, which was chopped
after 170 s of continuous illumination. The measurements were performed in aqueous, 1 M
NaOH electrolyte.
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The PTQ10:L8-BO + PTQ10:IDIC tandem IPV-anode was also tested in a twoselectiide
setup under bias-free condition and achieved a j,;, of 5 mA cm™2 under continuous and chopped
1 sun illumination (Fig. 4a). In continuous unassisted solar water splitting operation the tandem
organic IPV-anode reached a maximum j,, of 5.2 mA cm2 which translates into a 6.4% STH
efficiency with 100% Faradaic efficiency, or 6.2% STH efficiency considering the measured
96% Faradaic efficiency for oxygen evolution (Fig. 4b). This is an important step forward
compared to our previous record 5% STH efficiency reached with PM6:D18:L8-BO. We
attribute this improvement to the reduced voltage losses allowing for enhanced photovoltage
while maintaining high j,,.2

The j,; of the tandem IPV-anode decayed to below 1 mA cm2 after 3 h of continuous
unassisted solar water splitting operation in a two-electrode setup (Error! Reference source
not found.). Given the operational water oxidation stability of the single-junction PTQ10:L8-
BO IPV-anodes (tgo = 22 h, Fig. 3), the fast decay observed in the tandem device plausibly
originates from the front sub-cell, which contains the wide-bandgap PTQ10:IDIC BHJ blend.
This blend has previously shown instability, which has been attributed to photoisomerization
of IDIC, even when exposed only to white LED light.*®

Interestingly, the tandem IPV-anode exhibited minimal j,, decay at high applied potentials
such as +1.23 Vyyg (Error! Reference source not found.), typically used to characterize
photoanodes of low photovoltage developed for integration in tandem devices with
photocathodes.!®2¢ A high applied potential such as +1.23 Vyyg in a three-electrode system is
far from the 0 Vyyg operating point and from the bias-free two-electrode condition, where
degradation-related shifts in E,, or fill factor are most directly observable. This highlights the
importance of testing stability at relevant operating points and configurations, specifically in a
two-electrode setup at zero applied bias when targeting unassisted solar water splitting, where
even small changes caused by the degradation of the catalyst and/or photoactive layer will
cause voltage losses and concomitant operating j,;, decay. These results suggest that future
work should primarily focus on improving the photostability of the wide-bandgap BHJ layer,
along with the long-term stability of the graphite catalyst sheet, in order to translate the
promising stability of the PTQ10:L8-BO devices into tandem organic IPV-anodes.

Conclusions

In this contribution, we presented organic integrated photovoltaic anodes (IPV-anodes)

based on an organic BHJ blend comprising the synthetically simple polymer donor PTQ10 and
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the near-infrared absorbing non-fullerene acceptor L8-BO. By integrating the PTQ]0:L&BO 5 otsr
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blend as the photoactive layer with NiFeOOH functionalised protective sheets, we demonstrate
monolithic [PV-anodes with a low water oxidation photocurrent onset potential of +0.64 Vyyg
alongside high photocurrent density above 20 mA cm2at +1.23 Vyyg and sevenfold enhanced
continuous water oxidation stability (tgp of 22 h) under continuous full 1 sun illumination
compared to the previous state-of-the-art PM6:D18:L8-BO-based devices (tgy of 3 h). By
studying the voltage losses in PTQ10:L8-BO, we attribute the low onset potential to the low-
non-radiative voltage loss of 0.19 V of this blend, amongst the lowest reported for high-
efficiency polymer: non-fullerene photoactive layers. Raman, UV-Vis and photoluminescence
spectroscopy studies, alongside comparisons of solar cell and [PV-anode stabilities, indicate
that the improved operational stability is due the superior photochemical and morphological
stability of the PTQI10:L8-BO organic bulk heterojunction layer. Finally, we fabricated
monolithic tandem devices through the incorporation of a wide-bandgap PTQ10:IDIC front
sub-cell, leading to IPV-anodes with a photocurrent onset potential of —0.25 Vgyg and an
unassisted water splitting solar-to-hydrogen efficiency of 6.2%. We show that the operational
stability of these tandem devices is limited by the photostability stability of the wide-bandgap
BHJ layer and the long-term degradation of the protective graphite/catalyst sheet, pointing
towards tangible pathways to improving the performance of these monolithic IPV-anodes

towards efficient, stable and green hydrogen production.

Author contributions
M.D., F.E., J.N. and S.E. conceived, designed, and supervised the project. N.A.L., F.E.,

and M.Z. fabricated the organic solar cells and IPV-anodes. The photovoltaic characterisation
was implemented by N.A.L. and F.E., while N.A.L. and M.D. performed the irradiated
electrochemical measurements. K. S. contributed by recording the Raman spectra. UV-Vis and
energy level measurements were performed by N.A.L. and M.D. J.S.M performed the EL and
EQE measurements. The manuscript was written by N.A.L. and M.D. with support from F.E.,
K.S, J.N. and S.E. All authors contributed to data analysis discussion of the results.

Conflicts of interest

The authors declare no conflict of interest.

15


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6el00052e

Page 17 of 20

Open Access Article. Published on 20 March 2026. Downloaded on 3/20/2026 10:49:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

EES Solar

View Article Online

Acknowledgements DOI: 10.1039/D6EL00052E

M.D. and S.E. received funding from the UK Engineering and Physical Sciences
Research Council (EP/S030727/1). F.E. and J.N. acknowledge financial support from the
European Research Council (action no. 742708). J. N. acknowledges support from the Royal
Society via a Research Professorship and from UKRI via the ERC underwrite scheme
(EP/Z533361/1). M.D. has received funding from the European Union’s Horizon Europe
research and innovation programme under the Marie Sklodowska-Curie Action (grant
agreement no. 101103762). K.S. and J.-S.K. acknowledge the UK Engineering and Physical
Sciences Research Council for the ATIP Programme grant (grant no. EP/T028513/1).

References

1. T. Kirchartz, U. Rau, M. Kurth, J. Mattheis and J. H. Werner, Thin Solid Films, 2007, 515,
6238-6242.

2. B. A. Pinaud, J. D. Benck, L. C. Seitz, A. J. Forman, Z. Chen, T. G. Deutsch, B. D. James, K.

N. Baum, G. N. Baum, S. Ardo, H. Wang, E. Miller and T. F. Jaramillo, Energy &
Environmental Science, 2013, 6, 1983-2002.

3. H. Nishiyama, T. Yamada, M. Nakabayashi, Y. Machara, M. Yamaguchi, Y. Kuromiya, Y.
Nagatsuma, H. Tokudome, S. Akiyama, T. Watanabe, R. Narushima, S. Okunaka, N. Shibata,
T. Takata, T. Hisatomi and K. Domen, Nature, 2021, 598, 304-307.

4, M. Yang, J. Cui, M. Daboczi, R. V. Law, J. Luke, J.-S. Kim, A. Hankin and S. Eslava, Advanced
Materials Interfaces, 2023, 10, 2300595.

5. J. Cui, M. Daboczi, M. Regue, Y.-C. Chin, K. Pagano, J. Zhang, M. A. Isaacs, G. Kerherve, A.
Mornto, J. West, S. Gimenez, J.-S. Kim and S. Eslava, Advanced Functional Materials, 2022,
32,2207136.

6. M. Yang, L. I. Oldham, M. Daboczi, Y. Baghdadi, J. Cui, D. Benetti, W. Zhang, J. R. Durrant,
A. Hankin and S. Eslava, Advanced Energy Materials, 2024, 14, 2401298.

7. A. Fujishima and K. Honda, Nature, 1972, 238, 37-38.

8. B. J. Trzesniewski and W. A. Smith, Journal of Materials Chemistry A, 2016, 4, 2919-2926.

9. Z. Zhu, M. Daboczi, M. Chen, Y. Xuan, X. Liu and S. Eslava, Nature Communications, 2024,
15, 2791.

10. V. Andrei, Q. Wang, T. Uekert, S. Bhattacharjee and E. Reisner, Accounts of Chemical
Research, 2022, 55, 3376-3386.

11. M. Daboczi, J. Cui, F. Temerov and S. Eslava, Advanced Materials, 2023, n/a, 2304350.

12. L. Poli, U. Hintermair, M. Regue, S. Kumar, E. V. Sackville, J. Baker, T. M. Watson, S. Eslava
and P. J. Cameron, Nature Communications, 2019, 10, 2097.

13. H. Yang, Y. Liu, Y. Ding, F. Li, L. Wang, B. Cai, F. Zhang, T. Liu, G. Boschloo, E. M. J.
Johansson and L. Sun, Nature Communications, 2023, 14, 5486.

14. I. Holmes-Gentle, S. Tembhurne, C. Suter and S. Haussener, Nature Energy, 2023, 8, 586-596.

15. J. Panidi, E. Mazzolini, F. Eisner, Y. Fu, F. Furlan, Z. Qiao, M. Rimmele, Z. Li, X. Lu, J.
Nelson, J. R. Durrant, M. Heeney and N. Gasparini, ACS Energy Letters, 2023, 8, 3038-3047.

16. M. Thangamuthu, Q. Ruan, P. O. Ohemeng, B. Luo, D. Jing, R. Godin and J. Tang, Chemical
Reviews, 2022,122, 11778-11829.

17. S. Hu, C. Xiang, S. Haussener, A. D. Berger and N. S. Lewis, Energy & Environmental Science,
2013, 6, 2984-2993.

18. J. M. Yu, J. Lee, Y. S. Kim, J. Song, J. Oh, S. M. Lee, M. Jeong, Y. Kim, J. H. Kwak, S. Cho,
C. Yang and J.-W. Jang, Nature Communications, 2020, 11, 5509.

16


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6el00052e

Open Access Article. Published on 20 March 2026. Downloaded on 3/20/2026 10:49:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

EES Solar

K. Jiang, R. J. E. Westbrook, T. Xia, C. Zhong, J. Lu, A. Khasbaatar, K. Liu, F. R, Lin, S22

T
Jang, J. Zhang, Y. Li, Y. Diao, Z. Wei, H.-L. Yip, D. S. Ginger and A. K. Y. Jen, Nature

Communications, 2025, 16, 3176.

L. Steier and S. Holliday, Journal of Materials Chemistry A, 2018, 6, 21809-21826.

X. Yang, J. K. J. van Duren, R. A. J. Janssen, M. A. J. Michels and J. Loos, Macromolecules,
2004, 37, 2151-2158.

X.Yang,J. Loos, S. C. Veenstra, W. J. H. Verhees, M. M. Wienk, J. M. Kroon, M. A. J. Michels
and R. A. J. Janssen, Nano Letters, 2005, 5, 579-583.

H.-H. Cho, L. Yao, J.-H. Yum, Y. Liu, F. Boudoire, R. A. Wells, N. Guijarro, A. Sekar and K.
Sivula, Nature Catalysis, 2021, 4, 431-438.

A. Sekar, J. M. Moreno-Naranjo, Y. Liu, J.-H. Yum, B. P. Darwich, H.-H. Cho, N. Guijarro, L.
Yao and K. Sivula, ACS Applied Materials & Interfaces, 2022, 14, 8191-8198.

D. Zhang, H.-H. Cho, J.-H. Yum, M. Mensi and K. Sivula, Advanced Energy Materials, 2022,
12, 2202363.

M. Daboczi, F. Eisner, J. Luke, S. W. Yuan, N. A. Lawati, M. Zhi, M. Yang, J. S. Miiller, K.
Stewart, J.-S. Kim, J. Nelson and S. Eslava, Nature Energy, 2025, DOI: 10.1038/s41560-025-
01736-6.

D. Qian, Z. Zheng, H. Yao, W. Tress, T. R. Hopper, S. Chen, S. Li, J. Liu, S. Chen, J. Zhang,
X.-K. Liu, B. Gao, L. Ouyang, Y. Jin, G. Pozina, I. A. Buyanova, W. M. Chen, O. Inganés, V.
Coropceanu, J.-L. Bredas, H. Yan, J. Hou, F. Zhang, A. A. Bakulin and F. Gao, Nature
Materials, 2018, 17, 703-709.

J. Luke, E. J. Yang, C. Labanti, S. Y. Park and J.-S. Kim, Nature Reviews Materials, 2023,
DOI: 10.1038/s41578-023-00606-5.

Y. Wang, J. Luke, A. Privitera, N. Rolland, C. Labanti, G. Londi, V. Lemaur, D. T. W. Toolan,
A. J. Sneyd, S. Jeong, D. Qian, Y. Olivier, L. Sorace, J.-S. Kim, D. Beljonne, Z. Li and A. J.
Gillett, Joule, 2023, 7, 810-829.

W. Yang, W. Wang, Y. Wang, R. Sun, J. Guo, H. Li, M. Shi, J. Guo, Y. Wu, T. Wang, G. Lu,
C. J. Brabec, Y. Li and J. Min, Joule, 2021, 5, 1209-1230.

J. Wang, D. Qian, F. Dong, H. Wu, H. Pan, S. Liang, H. Wu, X. Feng, W. Li, M. Wang, Z.
Tang and Z. Ma, Chemical Engineering Journal, 2023, 465, 142909.

C. Li, J. Zhou, J. Song, J. Xu, H. Zhang, X. Zhang, J. Guo, L. Zhu, D. Wei, G. Han, J. Min, Y.
Zhang, Z. Xie, Y. Yi, H. Yan, F. Gao, F. Liu and Y. Sun, Nature Energy, 2021, 6, 605-613.

L. Zhu, M. Zhang, J. Xu, C. Li, J. Yan, G. Zhou, W. Zhong, T. Hao, J. Song, X. Xue, Z. Zhou,
R. Zeng, H. Zhu, C.-C. Chen, R. C. I. MacKenzie, Y. Zou, J. Nelson, Y. Zhang, Y. Sun and F.
Liu, Nature Materials, 2022, 21, 656-663.

J. Bertrandie, J. Han, C. S. P. De Castro, E. Yengel, J. Gorenflot, T. Anthopoulos, F. Laquai,
A. Sharma and D. Baran, Advanced Materials, 2022, 34, 2202575.

X.-K. Chen, D. Qian, Y. Wang, T. Kirchartz, W. Tress, H. Yao, J. Yuan, M. Hiilsbeck, M.
Zhang, Y. Zou, Y. Sun, Y. Li, J. Hou, O. Inganés, V. Coropceanu, J.-L. Bredas and F. Gao,
Nature Energy, 2021, 6, 799-806.

F. D. Eisner, M. Azzouzi, Z. Fei, X. Hou, T. D. Anthopoulos, T. J. S. Dennis, M. Heeney and
J. Nelson, Journal of the American Chemical Society, 2019, 141, 6362-6374.

C. Sun, F. Pan, H. Bin, J. Zhang, L. Xue, B. Qiu, Z. Wei, Z.-G. Zhang and Y. Li, Nature
Communications, 2018, 9, 743.

K. Ai, Master of Research in Soft Electronic Materials Masters Thesis, Imperial College
London, 2022.

P. Yang, T. Zhai, B. Yu, G. Du, B. Mi, X. Zhao and W. Deng, Journal of Materials Chemistry
A,2021,9, 17198-17210.

E. Mazzolini, Z. Qiao, J. Muller, F. Furlan, M. Sanviti, D. Nodari, M. Rimmele, A. Collauto,
C. Deibel, M. Heeney, J. Martin, F. Eisner, J. Nelson, N. Gasparini and J. Panidi, Advanced
Energy Materials, n/a, 2405635.

H. Jeon, J.-W. Lee, K. Bae, T. Ngoc-Lan Phan, C. Lim, J. Choi, C. Wang, S. Lee and B. J. Kim,
Journal of Materials Chemistry A, 2025, 13, 230-242.

J. Yao, T. Kirchartz, M. S. Vezie, M. A. Faist, W. Gong, Z. He, H. Wu, J. Troughton, T. Watson,
D. Bryant and J. Nelson, Physical Review Applied, 2015, 4, 014020.

17

Page 18 of 20


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6el00052e

Page 19 of 20 EES Solar

43. J. S. Miiller, M. Comi, F. Eisner, M. Azzouzi, D. Herrera Ruiz, J. Yan, S. S. Attar, M.SATZ s o
Hashimi and J. Nelson, ACS En. Lett., 2023, 8, 3387-3397.

44, S. Karuthedath, J. Gorenflot, Y. Firdaus, N. Chaturvedi, C. S. P. De Castro, G. T. Harrison, J.
I. Khan, A. Markina, A. H. Balawi, T. A. D. Pefia, W. Liu, R.-Z. Liang, A. Sharma, S. H. K.
Paleti, W. Zhang, Y. Lin, E. Alarousu, S. Lopatin, D. H. Anjum, P. M. Beaujuge, S. De Wolf,
I. McCulloch, T. D. Anthopoulos, D. Baran, D. Andrienko and F. Laquai, Nature Materials,
2021, 20, 378-384.

45. T. H. Lee, R. R. Rao, R. A. Pacalaj, A. A. Wilson and J. R. Durrant, Advanced Energy
Materials, 2022, 12, 2103698.

46. S. Riera-Galindo, M. Sanz-Lle6, E. Gutiérrez-Fernandez, N. Ramos, M. Mas-Torrent, J.
Martin, L. Lopez-Mir and M. Campoy-Quiles, Small, 2024, 20, 2311735.

47. C.H. Y. Ho, T. Kim, Y. Xiong, Y. Firdaus, X. Yi, Q. Dong, J. J. Rech, A. Gadisa, R. Booth,
B. T. O'Connor, A. Amassian, H. Ade, W. You, T. D. Anthopoulos and F. So, Advanced Energy
Materials, 2020, 10, 2000823.

48. A. J. Clarke, E. J. Yang, S. K. Thomas, H. K. H. Lee, A. Hunter, W. Lan, M. J. Carnie, J.-S.
Kim and W. C. Tsoi, Advanced Energy and Sustainability Research, 2024, 5, 2300285.

49, M. J. Frisch, Trucks, G.W., Schlegel, H.B., Scuseria, G.E., Robb, M.A., Cheeseman, J.R.,
Scalmani, G., Barone, V., Petersson, G.A., Nakatsuji, H., et al., Gaussian 16, Gaussian, Inc.,
Wallingford, CT, Revision C.01 edn., 2016.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 20 March 2026. Downloaded on 3/20/2026 10:49:32 PM.

(cc)

18


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6el00052e

Open Access Article. Published on 20 March 2026. Downloaded on 3/20/2026 10:49:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

EES Solar Page 20 of 20

Data Availability Statement DOI: 10,1039/ DEEL000BoE

Once this article has been approved for publication, a data availability statement will
be provided including the repository in which the openly available data supporting
the findings can be found


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6el00052e

