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All-Polymer Heterojunction Nanoparticles Enable Reproducible 
and Enhanced Hydrogen Evolution Photocatalysis
Charles Jeffreysa, Yakun Hea, Nisreen Alshehria,b, Lingyun Zhaoc, Adam V. Marsha, George T. 
Harrisona, Oleksandr Matiasha, Aren Yazmaciyana,d, Christopher E. Petoukhoffa, Shadi Fatayera, 
Frédéric Laquaia,e, Martin Heeneya,f*

Organic semiconducting nanoparticle blends represent a promising platform for renewable photocatalytic hydrogen 
generation. Their performance strongly depends on microstructure and particle size. Here, we demonstrate the fabrication 
and characterization of heterojunction nanoparticles made from the donor polymer PM6 and the polymeric acceptor PJ1-R, 
a polymer analogue of a benchmark small-molecule acceptor Y6. The all-polymer PM6:PJ1-R system exhibited significantly 
improved photocatalytic performance compared to PM6:Y6 nanoparticles, with an optimal hydrogen evolution rate of 24.89 
µmol cm-2 h-1 in the presence of ascorbic acid as a sacrificial hole scavenger, representing a 2.5-fold increase at optimal blend 
ratios. Preparation of the all-polymer PM6:PJ1-R nanoparticles was highly reproducible, yielding consistent size distributions 
(80–120 nm) without aggregation, even after extended storage (12 months), as well as consistent batch-to-batch hydrogen 
evolution rates. Morphological characterization using transmission electron microscopy revealed beneficial intermixed 
morphologies with local lamellar ordering, while extensive photophysical analysis (UV-Vis, photoluminescence, time-
resolved photoluminescence, and transient absorption spectroscopy) confirmed efficient and complementary charge 
transfer between PM6 and PJ1-R, with high photoluminescence quenching efficiencies (83.6% for donor, 85.7% for 
acceptor). These results underline the potential of all-polymer blends in organic semiconductor photocatalysts.

Introduction

Hydrogen is a promising clean energy carrier that has the 
potential to play an important role in the transition towards a 
sustainable energy future. Its high energy density, versatility, 
and the fact that its oxidation produces only water as a by-
product make it an appealing alternative to fossil fuels.1–3 
However, roughly 96% of hydrogen production currently relies 
on fossil fuel-based processes - such as steam methane 
reforming, naphtha reforming, and coal gasification - all of 
which contribute to greenhouse gas emissions.4 As a result, 
hydrogen arguably offers no clear advantage in reducing CO2 
emissions unless greener production methods are adopted. To 
establish hydrogen as a truly sustainable energy carrier, 
requires the development of low-carbon production pathways 
including methods such as photocatalysis, renewable-energy 
powered electrolysis, and bio-hydrogen generation. Advancing 
these technologies is essential for reducing costs, improving 
efficiency, and enabling large-scale adoption.1,2,4

Conventional photocatalysts like titanium dioxide (TiO₂) and 
graphitic carbon nitride (g-C₃N₄) have been extensively 
investigated for hydrogen evolution, yet they exhibit limited 
activity under solar spectrum (AM1.5) illumination. Their 
relatively large band gap energies (3.2 eV and 2.7 eV, 

respectively) restrict absorption primarily to ultraviolet (UV) 
light, which accounts for less than 5% of the solar spectrum.5–7 
Although recent developments in inorganic materials, such as 
aluminium doped SrTiO3 have achieved impressive efficiencies 
(96% internal quantum efficiency at 350-360 nm),8 their 
performance is fundamentally limited by their predominant UV 
absorption. Consequently recent efforts have focused on 
visible-light-driven catalysts to capture a broader portion of the 
solar spectrum.5,6 In contrast to the traditional inorganic 
catalysts, organic semiconducting materials offer tunable 
optical and electronic properties that can be readily engineered 
through molecular design. Their narrower band gap energies 
enable absorbance across the visible region, making them 
attractive for solar driven photocatalysis.9,10 Moreover their 
precise design allows for fine tuning of optoelectronic 
properties, which are critical to enhancing charge separation, 
improving light absorption in the visible range, or increasing 
stability under operational conditions.11–13

Despite their potential advantages, organic semiconductor 
(OSC) materials have relatively low dielectric constants, 
resulting in high exciton binding energies. To overcome this, 
efficient charge generation relies on exciton separation at an 
interface between two complementary semiconductors. This, in 
turn, requires a large interfacial area, typically accomplished 
through the formation of a bulk heterojunction (BHJ) containing 
intermixed donor and acceptor components.14 High-performing 
BHJs usually combine polymeric donor materials with small-
molecule acceptor (SMA) materials, an architecture that has 
enabled excellent performance in organic photovoltaic (OPV) 
devices, with power conversion efficiencies over 20%.15–19 
These improvements stem from the development of non-
fullerene acceptors with enhanced light absorption, improved 
energy level alignment, and optimised morphologies that 
promote efficient exciton dissociation and charge transport. 
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The translation of BHJ concepts to photocatalytic systems for 
hydrogen evolution was reported in 2020 by Kosco et al.,20 who 
demonstrated that surfactant-stabilised BHJ nanoparticles 
prepared by a mini-emulsion technique yielded unprecedented 
rates of hydrogen evolution from an organic photocatalyst. 
Subsequent studies have explored diverse donor-acceptor 
combinations, morphologies, and applications of this 
technology.21–26 Whilst development has progressed rapidly, 
driven by developments in the OPV field, significant challenges 
remain, not least the reproducibility. For efficient nanoparticle-
based hydrogen generation, the deposition of a co-catalyst 
(typically Pt or Pd) on the nanoparticle surface is required. This 
is usually performed by photoreduction and occurs selectively 
on the electron-deficient component of the phase segregated 
nanoparticle. The deposition is therefore very sensitive to 
surface microstructure, with variations in nanoparticle size and 
composition also leading to inconsistent catalytic performance.
We believe these issues could be linked to the highly crystalline 
and strongly aggregating nature of SMA materials. Excessive 
crystallinity can cause phase segregation and limited polymer–
acceptor miscibility, producing heterogeneous nanoparticle 
populations with poor morphological control. To address this 
limitation, we propose that replacing the small-molecule 
acceptor with a polymer acceptor could help to suppress 

uncontrolled aggregation and improve reproducibility. Polymer 
acceptors have already demonstrated excellent compatibility 
and stability in BHJ thin films,27,28 yet their use in photocatalytic 
BHJ nanoparticles has been scarcely explored.29 
A promising alternative to SMAs for nanoparticle applications is 
polymerised-small-molecule-acceptors (PSMAs). Since 2017, 
PSMAs have undergone significant investigation and 
optimisation, and thus have seen application in a range of fields 
such as OPVs, organic light emitting diodes (OLEDs), organic 
field-effect transistors (OFETs), and organic photodetectors 
(OPDs).30–33 PSMAs have also seen application as single 
component organic photocatalysts, showing promise in 
hydrogen evolution reaction (HER) applications.34–37 However 
as noted above, single component systems can suffer from poor 
exciton dissociation and inefficient charge generation. Herein, 
we demonstrate that integrating a PSMA (i.e., PJ1-R) as the 
acceptor material in organic nanoparticles for photocatalytic 
hydrogen evolution under sacrificial conditions results in a 2.5-
fold performance increase compared to a SMA analogue, along 
with significantly improved reproducibility.

Results and Discussion
In selecting our PSMA we focused on a regioregular derivative of the 
reported polymer PJ1. This PSMA, PJ1-R, eliminates complications 

Figure 1. a) Representation of a bulk heterojunction nanoparticle showing the structures of the donor polymer PM6 and the acceptor materials, 
small molecule Y6 and polymer PJ1-R. b) Schematic representation of nanoparticle fabrication via mini-emulsion method.
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associated with its regiorandom analogue PJ1.38 PJ1-R (Figure 1a) has 
a structure similar to PY-IT (Supplementary Information Figure S1), 
but contains slightly longer branched alkyl chains, improving 
solubility. PJ1-R was paired with the donor polymer PM6, due to the 
good reported BHJ device efficiency of over 15%, and the ability to 
compare the performance to the previously reported PM6:Y6 
nanoparticles (Figure 1a).31 The monomeric unit of PJ1-R is analogous 
to the high-performing SMA Y6. The structure of Y6 can be described 
as A’-DAD-A’, being made up of alternating electron-rich and 
electron-deficient regions (D and A, respectively).39 Subtle structural 
differences between the Y6 small molecule and the PJ1-R polymeric 
acceptor can influence their respective packing motifs and energetic 
properties in nanoparticles. Compared to Y6, PJ1-R incorporates 
longer alkyl side chains, lacks electron-withdrawing fluorine atoms 
on the terminal DFIC units, and contains an additional thiophene co-
monomer within the backbone (Figure 1a). These modifications 
collectively hinder backbone planarity and introduce steric 

hindrance, leading to a suppression of long-range π–π stacking and a 
higher degree of conformational disorder. The omission of fluorine 
atoms weakens non-covalent interactions that typically promote 
planarization and tight molecular packing in Y6 and simultaneously 
raises the LUMO energy level due to reduced electron-withdrawing 
strength. Moreover, the thiophene comonomer acts as a spacer 
which introduces torsional freedom, disrupting the extended 
conjugation pathway and impeding crystallinity.

The organic nanoparticles were fabricated via a mini-emulsion 
method, in which the nascent particles are stabilised by the 
surfactant 2-(3-thienyl)ethyloxybutylsulfonate (TEBS).20 Our 
procedure (outlined in Figure 1b and detailed in the experimental 
section) was adapted from previous reports.20–22 We initially started 
with a 7:3 ratio of PM6:Y6, as noted in the previous study, and 
replaced Y6 with PJ1-R. Although working blends could be formed, 
we observed poor 

Figure 2. Size distributions of organic nanoparticle samples prepared over 10 different batches along with the mean distribution of all samples, 
made using the mini-emulsion method, for a) PM6:PJ1-R (7:3) and b) PM6:Y6 (7:3). c) Cryo-TEM image of PM6:PJ1-R (7:3) nanoparticles 
stabilized by TEBS surfactant with Pt deposited on the surface, indicated by the arrow. The inset shows a region of lamellar stacking, which was 
identified as PM6. d) Size distribution of Pt nanoparticles on the surface of the PM6:PJ1-R (7:3) nanoparticle, calculated assuming spherical Pt 
clusters following the method in experimental section (Supplementary Information).
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Figure 3. a) Energy levels of highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of PM6, PJ1-R, 
(measured by UPS/IPES, Supplementary Figure S4) and literature value of Y640, along with the reduction potentials of hydrogen and ascorbic 
acid (AA) calculated at pH 2. b) Normalised UV-VIS spectra for neat PM6, neat PJ1-R and PM6:PJ1-R (7:3) blend. Spectra normalized according 
to the relative blend ratios of the optimal blend. c) Hydrogen evolution rate over time for optimal samples of PM6:PJ1-R, PM6:Y6, TiO2, and g-
CN. d) Comparison of optimal HER rates and fabrication yield of different photocatalysts. Fabrication yield is defined as the % of batches which 
do not see aggregation issues and are photoactive to a minimum of 80% of the optimal rate. g-CN and TiO2 had Pt loading of 1 and 1.5%, 
respectively, and used TEOA as sacrificial reagent in place of AA.

reproducibility in the performance of PM6:Y6 and therefore 
investigated multiple parameters in an effort to afford reproducible 
nanoparticle formation. Out of the various variables, several were 
found to be critical. In particular, insufficient stirring prior to 
sonication led to poorly emulsified systems and ultimately poorly 
performing batches. Additionally, the depth of the sonicator tip into 
the solution proved essential, with immersion too deep into the 
emulsion causing foaming, increasing the likelihood of aggregation. 

After the optimisation process it was clear that nanoparticles 
prepared from PM6:PJ1-R blends exhibited more uniform sizes and 
distributions (mean PDI = 0.29 ± 0.07) compared to those from 
PM6:Y6 systems (mean PDI = 0.35 ± 0.17), as shown in Figure 2a and 
2b. The significant difference in distribution was attributed to the 
higher crystallinity of SMAs like Y6, which can induce phase 
segregation and disrupt morphological uniformity.

In contrast, the reduced crystallinity and more amorphous character 
of the PSMA blend is expected to promote finer donor-acceptor 
intermixing within the bulk heterojunction, leading to a more 
uniform surface morphology. This increased uniformity may 
minimise the number of exposed crystalline acceptor domains that 
serve as nucleation sites for flocculation or preferential Pt 
deposition. Qualitative observations also support this conclusion: 
PM6:Y6 nanoparticles often exhibited visible aggregation 
immediately after fabrication, whereas PM6:PJ1-R nanoparticles 
remained well-dispersed, even after storage for 12 months. 

Cryogenic transmission electron microscopy (cryo-TEM) was 
conducted to help assess the morphology of the samples. Both 
PM6:Y6 and PM6:PJ1-R exhibit spherical nanoparticle formation in 
the presence of TEBS (Supplementary Figures S2 and S3 show more 
examples). Figure 2c is representative, showing an intermixed, BHJ 
morphology of PM6:PJ1-R nanoparticles decorated with Pt clusters. 
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The Pt was observed to be distributed on the surface as small clusters 
with a narrow size distribution (1.67 ± 0.52 nm diameter, Figure 2d). 
For PM6:PJ1-R nanoparticles, Pt deposition was observed to 
preferentially occur on the acceptor rich regions of the surface, 
similar to previous reports on PM6:Y6.21 This was confirmed by 
comparing the packing distances of the blend with that of neat PJ1-
R and neat PM6 nanoparticles, which were found to have 
significantly different packing distances of 2.10 ± 0.17 nm, and 2.41 
± 0.07 nm, respectively (Supplementary Figure S5 and S6). PM6 
nanoparticles formed well-ordered lamellar stacks while PJ1-R lacked 
long range order. Instead of aligned lamellae or fibrillar domains, the 
packing appeared disordered and lacked a preferred orientation. This 
is supported by fast Fourier transform (FFT) analysis, which show 
concentric ring patterns - indicative of isotropic short-range order 
rather than crystalline domains.

Determination of the extinction coefficient of PJ1-R enabled accurate 
assessment of nanoparticle suspension concentrations via 
absorption spectroscopy. Immediately after fabrication of pristine 
PJ1-R nanoparticles, with no visible aggregation of the sample, a 
dilution series was made. Measuring the absorbance at 795 nm gave 
a calculated extinction coefficient of 45.2 mL mg-1 cm-1 
(Supplementary S7). It was found that the discrepancy between 
assumed mass and measured mass was approximately 0.15 mg, for 
samples prepared with 2.5 mg nanoparticles. This difference likely 
stemmed from material loss between transfers, and we note it can 
cause significant variations in the calculation of the rate of catalysis 
(often expressed as mmol g-1 h-1). For this reason, our rates are 
quoted as amount of hydrogen produced per area of surface 
illumination in units of µmol cm-2 h-1. 

Hydrogen evolution rates of both PM6:PJ1-R and PM6:Y6 
nanoparticles were measured using a calibrated gas chromatography 
setup, detailed in Supplementary Figure S8, with the data shown in 
Figure 3 and S9. The energy levels of the materials (Figure 3a) show 
that PJ1-R has a narrower band gap, and shallower lying frontier 
molecular orbitals, relative to Y6. Structural differences between PJ1-
R and Y6 directly influence the HOMO-LUMO of the PSMA. The 
removal of the end-capping fluorine atoms and the addition of the 

electron rich thiophene co-monomer results in a shallower LUMO 
and therefore provide a higher overpotential relative to Y6. This 
could contribute thermodynamically to the higher observed rate of 
reaction. Optical analyses were also undertaken, with the absorption 
spectra in Figure 3b, and photoluminescence spectra shown in 
Supplementary S10-S13. The absorption spectrum of PJ1-R is 
complementary to that of PM6, showing strong absorption between 
650-850 nm and lower absorption around 550 nm, the latter near the 
absorption maximum of PM6. The absorbance spectra of the 
optimised PM6:Y6 blend and neat Y6 nanoparticles are shown in 
Supplementary Figure S14. Neat Y6 NPs exhibit a slightly smaller 
optical band gap, with an onset at 910 nm and max at 829 nm, 
compared to 862 nm and 795 nm for neat PJ1-R NPs. Interestingly, 
upon blending with PM6 there is pronounced blue-shift for Y6 region, 
shifting to an onset of 900 nm and max at 801 nm, which is largely 
absent for PJ1-R blends (onset at 852 nm and max at 795 nm). We 
attribute these differences to the high crystallinity of the SMA, which 
is disrupted upon blending. 

For both PM6:Y6 and PM6:PJ1-R systems, we also investigated the 
influence of donor-acceptor ratio on hydrogen production. In 
agreement with the previous study, PM6:Y6 optimised at a 7:3 ratio, 
as did the all-polymer system (Supplementary Figure S15). The 
optimum Pt loading for PM6:PJ1-R was found to be 10 wt% 
(Supplementary S16), the same as for PM6:Y621. Under sacrificial 
conditions with ascorbic acid (AA), the optimal rate of reaction for 
PM6:PJ1-R was 24.89 ± 1.08 µmol cm-2 h-1, or 45.9 ± 1.8 mmol g-1 h-

1, which is nearly 2.5× the reported optimum of PM6:Y6 at 9.9 ± 1.0 
µmol cm-2 h-1.21 Our measured rate agrees well with the reported 
value, although it is worth highlighting the low fabrication yield. The 
small standard deviation for the PM6:PJ1-R nanoparticles further 
highlights their high degree of reproducibility and consistent 
performance. Figure 3c shows the cumulative amount of hydrogen 
produced over 16 hours of illumination under AM1.5G at 1 sun 
intensity, comparing g-CN, TiO2, PM6:Y6, and PM6:PJ1-R. These 
systems were illuminated under 1 sun over a broad spectrum (240 – 
1200 nm) to simulate deployment using natural sunlight and allows 
for comparison to alternative photocatalytic systems. Figure 3d 
shows how the fabrication yield (defined as the 

Figure 4. Normalized TrPL decay kinetics from (a) donor emission (integrated over 680 nm - 720 nm) and (b) acceptor emission (integrated over 
840 nm - 890 nm) for the neat and blend nanoparticles with an excitation wavelength of 500 nm. Overlaid as solid lines are bi-exponential fits to 
the decay curves, where the lifetime (𝜏) values shown are intensity averages.
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Figure 5. Transient absorption spectra for nanoparticles excited for different pump-probe time delays (in picoseconds): a) neat PM6 nanoparticles excited at 
500 nm; b) neat PJ1-R nanoparticles excited at 720 nm; c). Normalised kinetics of the PM6 photoinduced absorption (PA) signal (integrated over 1140 nm to 
1160 nm) for PM6:Y6 (7:3), PM6:PJ1-R (7:3), and neat PM6 nanoparticles. Data of PM6:Y6 are obtained from the publication by Kosco et al. (ref.21) d) TA of 
PM6:PJ1-R (7:3) nanoparticles excited at 720 nm e) Kinetics of the PM6 photobleach (PB) signal (integrated over 600 nm to 620 nm) for neat PM6, neat PJ1-R, 
and PM6:PJ1-R (7:3) nanoparticles, showing the diffusion-limited hole transfer timescale. f) Fluence-dependent kinetics (µJ cm-2) of the neat PJ1-R PA signal 
(integrated over 880 nm to 950 nm), excited at 720 nm. Overlaid as solid lines are best fit results from a global fit to the singlet exciton-singlet exciton 
annihilation model.

percentage of nanoparticle batches that show no aggregation and 
perform above 80% of the optimum hydrogen evolution rate)22 of 
the all-polymer nanoparticles is 100% (over 16 samples), the same as 
that of commercial TiO2 and g-C3N4. In contrast the optimised 
PM6:Y6 samples prepared for this study still showed significant 
variation in performance, size distributions, and stability towards 
aggregation. This is reflected in a poor fabrication yield of 42% (over 
14 samples). 

Spectroscopic characterisation of the nanoparticles was performed 
to further investigate the reasons for the high rate of hydrogen 
production. Time-resolved photoluminescence (TRPL) spectroscopy 
was employed to determine the exciton lifetime (ex) of the 
nanoparticle suspensions by fitting the decay kinetics using bi-
exponential functions, where ex was taken as the intensity-average. 
The PL spectra as a function of decay time are shown in 
Supplementary Figure S17. As shown in Figure 4a, neat PM6 
nanoparticles show a lifetime of 99.5 ps, while the donor emission 
from PM6:PJ1-R blend nanoparticles exhibit a much shorter lifetime 
of 16.3 ps, resulting in a photoluminescence quenching efficiency 
(PLQE) of 83.6%, calculated using the equation:

𝐏𝐋𝐐𝐄 =  𝟏 ―
𝛕𝐛𝐥𝐞𝐧𝐝

𝛕𝐧𝐞𝐚𝐭

This value is nearly double the reported 44.9% for PM6:Y6 
nanoparticles22 due to a more efficient energy transfer from PM6 to 
PJ1-R, likely arising from better inter-mixing between PM6 and the 

PSMA, as well as stronger spectral overlap between the emission of 
PM6 and absorption of PJ1-R. This high quenching efficiency 
quantitatively supports our earlier hypothesis that the polymeric 
acceptor prevents the formation of large, phase-separated 
crystalline domains, which were observed to hinder performance in 
the PM6:Y6 system. For acceptor emission, the exciton lifetime of 
neat PJ1-R nanoparticles was reduced from 448.1 ps in neat 
nanoparticles to 63.9 ps in PM6:PJ1-R blend nanoparticles (Figure 
4b). The higher PLQE of 85.7% for PM6:PJ1-R nanoparticles indicates 
superior exciton-to-charge conversion compared with PM6:Y6 
nanoparticles (72.6%).41 We note that neat PJ1-R nanoparticles also 
retain a relatively high PL quantum yield (1.76%) compared to PM6 
nanoparticles (0.24%), despite their narrow bandgap, near-infrared 
emission (Supplementary Figure S18).

To probe the charge carrier dynamics of the donor-acceptor system, 
transient absorption (TA) spectroscopy was employed. Under 500 
nm excitation, the neat PM6 nanoparticles demonstrated a 
photobleach (PB) signal at 550 nm - 650 nm and a broad 
photoinduced absorption (PA) signal from 850 nm – 1400 nm, with 
the maximum at 1150 nm (Figure 5a). These signals are characteristic 
to PM6, and the signal has been previously attributed to PA by singlet 
excitons (PAex).21,42 The neat PJ1-R nanoparticles were excited with a 
wavelength of 720 nm, and demonstrated 2 distinct PB bands in the 
range of 650 nm - 850 nm, with 3 PA bands at 550 nm - 600 nm, 870 
nm - 980 nm, and 1000 nm - 1400 nm (Figure 5b). The spectral 
features of PJ1-R nanoparticles were very similar to those of Y6 
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nanoparticles21,22 and films43–45, where the dominant PA band 
centred at 910 nm has been attributed to a hybrid charge transfer 
(CT)-exciton species (PACTex).43 In the PM6:PJ1-R blend, when excited 
at 500 nm, PB signals from both the donor (PBD) and acceptor (PBA) 
were present, and there were 3 dominant PA bands between 650 nm 
– 785 nm, 870 nm – 1000 nm, and 1040 nm – 1300 nm 
(Supplementary Figure S19a). The negative ∆T/T bands at 650 nm – 
785 nm have been attributed to PA from charges in the acceptor43,46 
(PAch,A) for the peak centered at 750 nm, as confirmed by 
spectroelectrochemistry experiments47 on Y6, and electroabsorption 
from PM6 (EAD) for the peak centered at 685 nm46. The PA band at 
870 nm – 1000 nm is a convolution of the PACTex of PJ1-R 
superimposed on the overlapping charge absorption by both 
PM646,47 (PAch,D) and PJ1-R. Finally, the PA band centred around 1130 
nm corresponds to PAex from PM6, similar to that of the neat PM6 
nanoparticles. The identities of each of the long-lived species, arising 
from charges, EA, and/or triplet states, were further confirmed using 
nanosecond-microsecond TA measurements (Figure S19b). 

The PAex signal from neat PM6 nanoparticles decayed with an 
amplitude-averaged lifetime of 32.8 ps using a bi-exponential decay 
fitting, which was reduced to 3.9 ps when blended with PJ1-R (Figure 
5c). This rapid reduction of the PAex lifetime indicates efficient energy 
transfer from PM6 to PJ1-R which occurs at this timescale.41 
Compared with PM6:Y6 nanoparticles, the PAex had similar lifetime, 
demonstrating that energy transfer occurred at similar timescales for 
both systems. The long-lived tail from PM6:PJ1-R nanoparticles arose 
from additional broad PAch species centred at ~1400 nm forming at 
longer timescales. To investigate hole transfer from PJ1-R to PM6, 
the acceptor was selectively excited at 720 nm (Figure 5d). The TA 
spectra were dominated predominantly by features of PJ1-R at early 
timescales, although the PBD from PM6 was also present at earliest 
timescales, indicating ultrafast hole transfer from PJ1-R to PM6 
occurred at sub-120 fs timescales. As charge separation occurs 
orders of magnitude faster than the catalytic turnover, this suggests 
that the rate-limiting step for hydrogen evolution in this system is 
surface catalysis, not charge generation. The PAch,D signal at ~950 nm 
became more pronounced with longer pump-probe delay times. As 
expected, there was no PAex,D signature present when exciting at 720 
nm, unlike when directly exciting PM6 (Supplementary Figure S19). 
Hole transfer kinetics were obtained by probing the PBD peak at 610 
nm (Figure 5e). Since PJ1-R featured an isosbestic point around 0 at 
this wavelength, the signal came predominantly from the ground 
state PB of PM6. As there was already a signal of ~0.5×10-3 at the 
earliest timescales, some fraction of holes transferred from PJ1-R to 
PM6 at sub-120 fs timescales. Using an exponential growth-decay 
function to fit, the signal continued to rise up to 17.4 ps, accounting 
for the time additional PJ1-R excitons took to diffuse to the 
donor:acceptor interface prior to hole transfer.48–50 

To further evaluate the exciton diffusion within PJ1-R nanoparticles, 
fluence-dependent TA kinetics of neat PJ1-R nanoparticles were 
measured under 720 nm excitation (Figure 5f). The signal intensities 
were converted into exciton densities, which were then fit with the 
singlet-singlet annihilation (SSA) model (detailed in Supplementary 
Information Experimental and Figure S20).51,52 From the fits, a 
bimolecular SSA rate constant (α) of 6.9 × 10-8 cm3/s was obtained. 
Accordingly, an exciton diffusion coefficient (Dex) of 2.6 × 10-2 cm2/s 

was calculated using a singlet exciton annihilation radius (Ra) of 1 nm, 
and, taking an ex of 448.1ps, an exciton diffusion length of 35 ± 4.2 

 nm was calculated. Given that the hole transfer timescale (HT) 
occurred at 17.4 ps, the PJ1-R domain size (L’D) within the blend 
nanoparticles can be estimated by:

𝐋′𝐃 = 𝐃 ∙ 𝛕HT

giving an L’D of 6.9 ± 0.8 nm. This domain size is significantly smaller 
than the typical exciton diffusion length, confirming that the 
'intermixed' morphology observed in Cryo-TEM (Figure 2c) creates a 
donor-acceptor network that is highly favourable for exciton 
dissociation. Therefore, we conclude that the efficient energy 
transfer process from PM6 to PJ1-R, coupled with the fast hole 
transfer from PJ1-R to PM6 and the small PJ1-R domain sizes, account 
for the high exciton-to-charge conversion efficiency for these 
nanoparticles, and subsequently the fast rate of hydrogen evolution.

Conclusion
This study demonstrates the successful fabrication of all-polymer BHJ 
nanoparticles for application in sacrificial photocatalytic hydrogen 
evolution. Comparative evaluation between nanoparticles based on 
polymer PM6 and the benchmark acceptor molecule, Y6, with its 
polymeric analogue, PJ1-R, revealed a substantial enhancement in 
catalytic activity for the all-polymer system across all investigated 
blend ratios. Notably, the optimal catalytic performance was 
achieved with a PM6:PJ1-R ratio of 7:3, yielding a hydrogen evolution 
rate of 24.89 µmol cm-2 h-1. This represents an approximate 
improvement of 2.5-fold compared to the PM6:Y6 (7:3) blend (9.9 
µmol cm-2 h-1). Importantly, the preparation of the all-polymer 
nanoparticles was shown to be highly controlled and reproducible. 
Furthermore, nanoparticle sizes were consistently maintained within 
a narrow z-average diameter range of 80–120 nm. Hydrogen 
evolution rates for the all-polymer nanoparticles exhibited excellent 
reproducibility, with minimal deviations in the rate of photocatalysis 
(± 8% H2 evolution rate) observed around the optimal blend ratio. 
TEM analysis of the nanoparticles provided evidence that an 
intermixed morphology between PJ1-R and PM6 was present in the 
all-polymer blend, with small regions of local order corresponding to 
lamellar stacking of PM6. 

Spectroscopic analysis revealed that the optimum blend for the all-
polymer nanoparticles showed high photoluminescence quenching 
efficiencies of 84% for donor and 86% for acceptor materials, which 
is significantly greater than that of PM6:Y6 analogues (45% for donor 
and 73% for acceptor). Transient absorption spectroscopy revealed 
efficient energy transfer occurred from PM6 to PJ1-R in sub-
picosecond timescales, and that prompt hole transferred from PJ1-R 
to PM6 occurred at sub-120 fs timescales, whereas excitons 
generated farther from the interface underwent diffusion-mediated 
hole transfer on a 17 ps timescale. Exciton diffusion measurements 
demonstrated the diffusion length of PJ1-R was 35 nm, yielding a 
domain size of 6.9 nm for PJ1-R within the blend nanoparticles. This 
yielded an efficient exciton-to-charge conversion efficiency, which 
gave rise to the fast rate of hydrogen evolution. This work embodies 
the continued development of highly efficient organic photocatalytic 
design and fabrication principles, showing a large improvement in 
catalytic efficiency.
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Data availability

The data that support the findings of this study are available from the corresponding 
author upon reasonable request. All relevant experimental data generated and analyzed 
during this study are included in the manuscript and its supplementary information. 
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