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Abstract

Photocatalysts formed from a single organic semiconductor typically suffer from inefficient intrinsic
charge generation, which leads to low photocatalytic activities. We demonstrate that incorporating a
heterojunction between a donor polymer (PTB7-Th) and non-fullerene acceptor (EH-IDTBR) in
organic nanoparticles (NP) can result in hydrogen evolution photocatalysts with greatly enhanced

photocatalytic activity. Control of the nanomorphology of these NPs was achieved by varying the
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stabilizing surfactant employed during NP fabrication, converting it from a core-shell structure to an
intermixed donor/acceptor blend, and increasing H, evolution by an order of magnitude. The
resulting photocatalysts display an unprecedentedly high H; evolution rate of over 60,000 umolhg?
under 350 to 800 nm illumination and external quantum efficiencies over 6% in the region of

maximum solar photon flux.

The development of sustainable energy sources is essential to avert impending climate change while
sustaining the global population and economic growth.! Solar energy is by far the greatest available
source of renewable energy, but its transience limits its utility.? If solar energy is to provide power on
a scale commensurate with or exceeding that currently generated from fossil fuels, it must be stored
and supplied to users on demand.? Storing solar energy in the chemical bonds of a fuel is therefore
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highly desirable.? H, is the simplest such “solar fuel” and can be generated from water via
electrolysis, or using semiconductor photocatalysts, which absorb light and convert it to electrical
charges that drive surface redox reactions. A “particulate” system in which photocatalysts are
directly dispersed in water is projected to be the cheapest way of producing solar H,.2 In the simplest
case, overall water splitting (OWS) can be achieved by a single photocatalyst that simultaneously
oxidises and reduces H;0O into H, and O.. However, the only particulate photocatalysts currently
capable of driving OWS are typically based on single component, wide bandgap semiconductors such
as Ti0,,* SrTiOs,® or carbon nitrides (CNx)®7, which are almost exclusively active at UV wavelengths
that constitute <4 % of the solar spectrum.® This fundamentally limits their maximum solar to
hydrogen efficiency (nSTH) below the target of 10 % deemed necessary for commercial viability.>®
OWS can also be achieved by two photocatalysts operating in parallel, where the hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER) take place on separate semiconductors. This “Z-

scheme” system is analogous to natural photosynthesis, and can potentially achieve higher nSTH by

employing semiconductors with narrower bandgaps which can absorb a larger proportion of the



solar spectrum.® Stable, low cost and efficient O, evolution photocatalysts, such as W05 and
BiVO,,! are active up to 470 and 510 nm respectively,'? but the development of stable, efficient and
low cost inorganic H; evolution photocatalysts (HEPs) has proved more challenging, particularly for
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HEPs which exhibit complementary absorptions and high activities above 500 nm.*3*> This greatly
limits the nSTH of current Z-schemes and has prompted the recent interest in developing visible light
active HEPs based on organic semiconductors other than CN,,” whose bandgaps can be tuned to
absorb further into the visible spectrum. Conjugated polymers!®!” and covalent organic frameworks
(COFs)*® have attracted the most attention due to their modular structures which enable their
energy levels and physical properties to be precisely controlled. However, the external quantum
efficiencies (EQEs) of these novel non-CNy photocatalysts have been limited by the high exciton
binding energies and short exciton diffusion lengths (typically 5-10 nm)*® of organic semiconductors
which cause high rates of exciton recombination in the semiconductor bulk,? and hence inefficient
generation of charges that can drive redox reactions at the photocatalyst surface. To overcome this
limitation, most research has been focused on improving exciton dissociation at the photocatalyst
surface by increasing the semiconductor/electrolyte interfacial area via nanoparticle (NP) formation,
hydrophilicity enhancements and/or by sensitising the photocatalyst surface with a suitable dye to
create a donor/acceptor (D/A) semiconductor heterojunction that is able to dissociate excitons at
the external photocatalyst/dye interface.??? Less attention has been given to developing organic
non-CNy HEPs with internal semiconductor heterojunctions that can drive exciton dissociation and
spatially separate charges in the photocatalyst bulk.!”?® Conjugated polymer NPs can be readily
fabricated with an internal D/A heterojunction by blending donor and acceptor semiconductors
together within the same NP.?* However, this feature has not yet been fully exploited, with most
studies to date focusing on optimising the photocatalytic performance of HEP NPs formed of a single

conjugated polymer.?>%’

This work details the development of novel organic semiconductor NP HEPs which incorporate an

internal D/A heterojunction that enhances exciton dissociation in the NP bulk, leading to greatly



enhanced photocatalytic activity, compared to single component NPs. By selecting an appropriate
stabilizing surfactant employed during NP fabrication, it was possible to optimize the heterojunction
morphology from the common, but unfavourable, core-shell structure to a more intimately mixed
blend, where both donor and acceptor components are present at the NP surface. This dramatically
improved charge extraction from the NPs and resulted in stable (35 h) H; evolution photocatalysts
with unprecedentedly high activity under broadband visible light illumination, and EQEs exceeding
5% at 660 to 700 nm. These are the highest EQEs at wavelengths > 500 nm reported for any organic
HEP to date, and may provide a pathway to high efficiency solar to chemical energy conversion by

substantially improving the nSTH of current Z-schemes.
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Fig. 1: Materials and energy levels. a) Chemical structures of PTB7-Th and EH-IDTBR. b) Highest
occupied and lowest unoccupied molecular orbital energy levels of PTB7-Th and EH-IDTBR compared
to the proton reduction potential (H*/H>), water oxidation potential (O2/H,0), and the calculated

potential of the two hole oxidation of ascorbic acid to dehydroascorbic acid in solution (DHA/AA)?! at



pH 2 (the experimentally measured pH of 0.2 mol/L ascorbic acid). All energy levels and
electrochemical potentials are expressed on the absolute electrochemical scale (0 V vs. SHE = -4.44 V

vs Vac.).%®

NPs were fabricated via the miniemulsion process,? initially employing sodium dodecy! sulfate (SDS)
as the stabilising surfactant, from the donor polymer Poly([2,6'-4,8-di(5-ethylhexylthienyl)benzo[1,2-
b;3,3-b]dithiophene]{3-fluoro-2[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl}) (PTB7-Th)
matched with the nonfullerene acceptor EH-IDTBR. The NP size distributions were measured by
dynamic light scattering (Fig. S1, Table S1). This D/A combination was chosen for its strong visible
light absorption (Fig. S2), type Il energy level offset (Fig. 1), and interfacial morphology that drives
efficient charge separation at the PTB7-Th/EH-IDTBR heterojunction® while also generating
sufficiently reducing photoexcited electrons in the EH-IDTBR lowest unoccupied molecular orbital
(LUMO) to drive the HER with the aid of a Pt co-catalyst as well as sufficiently oxidising holes in the
PTB7-Th highest occupied molecular orbital (HOMO) to oxidise ascorbic acid. Pt was photodeposited
in-situ on the organic NP surface during all H, evolution measurements. Measuring the HER rates of
NPs composed of a range of PTB7-Th:EH-IDTBR mass ratios formed using SDS (Fig. 2a-b) revealed
that all D/A NPs formed from a PTB7-Th:EH-IDTBR blend were significantly more active than single
component NPs formed of either pristine PTB7-Th, pristine EH-IDTBR, or both pristine NPs mixed
together. The HER rate increase is therefore attributed to enhanced charge generation in the blend
NPs driven by their internal D/A heterojunction. This is confirmed by photoluminescence quenching
yield (PLQY) measurements, which show partial quenching of both PTB7-Th and EH-IDTBR excitons
for all two component NP blend compositions (Fig. $3). Interestingly, the maximum HER rate (3044
+ 332 umolhg?) occurred at a blend ratio (EH-IDTBR mass fraction of 90 %) where there is
insufficient PTB7-Th to efficiently quench all excitons generated in EH-IDTBR, as indicated by the
relatively low EH-IDTBR PLQY (52 %, Fig. S3). We attributed the suppressed HER rates at < 90 % EH-
IDTBR to a core-shell NP morphology as indicated from our structural analyses detailed below. This

morphology would allow exciton dissociation at the PTB7-Th/EH-IDTBR heterojunction, but would



subsequently confine most photogenerated electrons to the EH-IDTBR core, preventing efficient
electron extraction to the Pt cocatalyst at the NP surface, leading to low photocatalytic activity.
Increasing the EH-IDTBR fraction increases the probability of NPs having a partially exposed EH-
IDTBR core onto which Pt can be deposited, which improves electron extraction from the NP. This
gradually increases the HER rate until the EH-IDTBR mass fraction exceeds a threshold value
between 85-90% at which point PTB7-Th can no longer fully encapsulate the EH-IDTBR core; allowing
more efficient extraction of both electrons from EH-IDTBR and holes from PTB7-Th, and leading to

the maximum HER rate at 90% EH-IDTBR.
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Fig. 2. H, evolution vs. time from PTB7-Th/EH-IDTBR nanoparticles formed from a range of PTB7-
Th:EH-IDTBR ratios using a) SDS c) TEBS surfactant. Average H; evolution rates of PTB7-Th/EH-IDTBR
nanoparticles formed using b) SDS d) TEBS surfactant over 16 h as a function of blend composition.

Conditions: 2 mg PTB7-Th:EH-IDTBR nanoparticles, 0.2 mol/L ascorbic acid (20 mL), pH 2, 5 % (10 pg)



Pt, 300 W Xe lamp (350 to 800 nm), 16 cm? reactor. Error bars were calculated as a percentage

uncertainty based on 6 repeat measurements.

Core/shell morphologies are common in polymer/small molecule blend nanoparticles prepared from
miniemulsions stabilised by SDS.3'"33 This morphology occurs because as the organic solvent is
removed, the low volatility components phase segregate to minimize interfacial tension between
one another and between the continuous and disperse phases of the emulsion.3* The
chloroform/water interfacial tension in the presence of SDS was twice as high when the chloroform
phase contained EH-IDTBR vs. PTB7-Th (Fig. $4). Therefore, when forming NPs from a mixed PTB7-
Th:EH-IDTBR solution, it is thermodynamically favourable for PTB7-Th to segregate to the surface of
the emulsified chloroform droplets in order to minimise their surface tension; eventually forming
NPs with a PTB7-Th rich shell and an EH-IDTBR rich core. We attribute the difference in interfacial
tensions to a greater affinity between the long aliphatic tail of SDS and the higher alkyl chain density
of PTB7-Th compared to EH-IDTBR. Correspondingly, a surfactant with a short aromatic tail, such as
sodium 2-(3-thienyl)ethyloxybutylsulfonate (TEBS)3 was expected to have increased affinity for EH-
IDTBR because it can interact more strongly with its exposed aromatic units. In the presence of TEBS,
the chloroform/water interfacial tensions were almost identical when the chloroform phase
contained EH-IDTBR vs. PTB7-Th (Fig. S4). Because the affinity of TEBS for PTB7-Th and EH-IDTBR is
approximately equal, radial segregation of PTB7-Th or EH-IDTBR within the NP is no longer
thermodynamically favoured. Consequently, when TEBS is employed as the stabilising surfactant,
PTB7-Th and EH-IDTBR are expected to be more homogenously mixed throughout the NP and to
reside at its surface in approximately equal proportions; providing pathways for efficient extraction
of both electrons and holes, thereby increasing the HER rate. Employing TEBS during NP formation
dramatically enhanced the HER rates of the blend NPs at all PTB7-Th:EH-IDTBR ratios (Fig. 2b-c), with
the maximum HER rate (28,133 + 3067 umolh™g?) increasing by almost an order of magnitude
compared to NPs formed using SDS. The optimum blend composition also shifted from an EH-IDTBR

mass fraction of 90% to 70%; a composition in which there is more efficient exciton dissociation, as



evidenced by PL quenching (Fig. S3), and which has been previously reported to deliver optimal
photon conversion efficiency in the active layer of solar cells.3® An even greater increase in the
relative HER rate upon replacing SDS with TEBS as the stabilising surfactant was observed for
P3HT:PCBM NPs (Fig. S5), which highlights the broad applicability of this technique for optimising
the morphology of D/A NP photocatalysts formed from a wide range of solution processable

semiconducting polymers and small molecules.






Fig. 3: Bright field cryo-TEM images of nanoparticle photocatalysts showing differences in internal
nanoparticle morphology. a) PTB7-Th (SDS) b) PTB7-Th (TEBS) c) EH-IDTBR (SDS) d) EH-IDTBR (TEBS)
e) PTB7-Th:EH-IDTBR 30:70 (SDS) f) PTB7-Th/EH-IDTBR 30:70 (TEBS) Note: The dark contrast at the
bottom of images a,c,e arises from the carbon TEM grid. High resolution images of a-f and detailed

analysis of images c-f can be found in Fig. $S6-12.

To confirm that the increased HER rates in NPs formed using TEBS were indeed due to a transition
from a core-shell to an intermixed NP morphology, the internal morphologies of PTB7-Th:EH-IDTBR
NPs fabricated using TEBS and SDS were analysed by cryo-transmission electron microscopy (TEM,
Fig. 3). This technique was chosen because it can image the NPs in an environment that is close to
their native state, and therefore sample preparation is expected to preserve their morphology.
Single component PTB7-Th NPs formed using SDS or TEBS (Fig. 3a-b) are both amorphous, as
indicated by the round NP shape and relatively featureless nanoparticle projection which suggests
that there is little structural order in the polymer microstructure. Single component EH-IDTBR NPs
formed using SDS and TEBS (Fig. 3c-d) both had highly crystalline structures with a lattice spacing of
1.6 nm, clearly visible as lines of alternating high and low electron density. This spacing is consistent
with the diffraction peak at 0.39 A in the grazing incidence X-ray diffraction (GIXRD) pattern of an
annealed EH-IDTBR thin film.3” However, EH-IDTBR NPs formed using SDS mostly consisted of a
single EH-IDTBR crystal, as indicated by the hexagonal nanoparticle projection and the constant
lattice orientation throughout the NP, whereas EH-IDTBR NPs formed using TEBS had a more
polycrystalline structure with multiple lattice orientations and visible grain boundaries. The
polycrystallinity is attributed to the higher chloroform/water interfacial tension in the presence of
TEBS vs. SDS (Fig. S4). This induces more rapid EH-IDTBR nucleation and hence a more polycrystalline
NP structure. Two component PTB7-Th:EH-IDTBR particles formed using SDS typically exhibit a
crystalline phase in the particle core surrounded by a thin amorphous shell. The lattice spacing of the
crystalline domain is close to that observed in pure EH-IDTBR (1.7 nm), and the lattice planes have

the same orientation throughout the crystalline domain, which suggests that the particle core is



formed from a single EH-IDTBR crystal. In a 95 nm diameter particle shown in Fig. 3e, the crystalline
core radius is approximately 42 nm, and the amorphous shell radius is approximately 5 nm.
Modelling the particle as a sphere, and assuming equal densities of PTB7-Th and EH-IDTBR (Fig. S7)
shows that the volume of the core and shell domains is consistent with the 30:70 PTB7-Th:EH-IDTBR
mass ratio in the blend. Furthermore, the 30:70 PTB7-Th:EH-IDTBR NPs formed using SDS
occasionally display an additional periodic spacing in the shell (2.14 nm, Fig. 5a) which corresponds
to the lamellar stacking distance of PTB7-Th determined by GIXRD.3® Both these observations
strongly suggest that that the NPs formed using SDS are composed of a crystalline EH-IDTBR core
surrounded by an amorphous PTB7-Th shell, which is in agreement with the interfacial tensions
measured in the presence of SDS (Fig. S4) as well as the trend in HER rate vs. blend composition (Fig.
2a-b). Two component PTB7-Th:EH-IDTBR NPs formed using TEBS comprise a distributed blend of
crystalline and amorphous domains. The crystalline domains showed two different lattice spacings:
1.9 nm and 3.2 nm, both of which correspond to minor peaks in the GIXRD pattern of an EH-IDTBR
film at Q = 0.33 A and 0.19 A respectively.?” This suggests that the rapid crystallisation invoked by
TEBS can give rise to multiple EH-IDTBR polymorphs forming within the NP, as has been previously
observed in P3HT:EH-IDTBR blend films.3° Therefore, based on the 30:70 mass ratio of PTB7-Th and
EH-IDTBR within the NP, the crystalline regions with 1.9 and 3.2 nm lattice spacings are both
assigned to EH-IDTBR. The lack of any apparent radial segregation between the PTB7-Th and EH-
IDTBR within the NP, and an approximately equal distribution of PTB7-Th and EH-IDTBR at the NP
surface is consistent with the interfacial tensions measured in the presence of TEBS (Fig. S4) as well

the dramatically increased HER rates achieved with NPs formed using TEBS vs. SDS.
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Fig. 4: Small-angle neutron scattering (a, b) and deconstructed partial scattering functions (c) for
PTB7-Th (PCE10):dEH-IDTBR nanoparticles in H,0/D,0 solutions with SDS (a) or TEBS (b) surfactants.
In all plots, solid-black lines represent a spherical form-factor model fits to the data. In parts a and b,
the curves are successively shifted by 10%°and 10° respectively, while the upper two curves in part

c are both shifted by 10%.

Small-angle neutron scattering (SANS) (Fig. 4) of blend NPs of PTB7-Th and deuterated EH-IDTBR
(dEH-IDTBR) in D,0O/H,0 solutions further supports the morphological analysis from the cryo-TEM. In
Fig. 4a, NPs formed using SDS surfactant near the contrast match point of PTB7-Th (volume fraction
of 24.7 % D,0) indicate a spherical dEH-IDTBR core. At contrast conditions near those of dEH-IDTBR
(volume fraction of 82.0 % D,0), a large feature emerges at a middle-g range between
(0.02<g<0.2) A~1. Despite the visual appearance of the NPs in Fig. 3e, no core-shell model could
be fit to the full range of data shown. This includes core-shell models with varying number of shell
layers and varying mathematical descriptions of the layer interfaces. To further understand the data,
we decomposed the contrast series into partial scattering functions (Fig. 4c) which isolate the

contributions from the PTB7-Th (Sprg7—11(q)) and dEH-IDTBR (Sarn—1prer(q)) to the total
scattering function, % (q).* This analysis clearly shows that the mid-q feature arises from the PTB7-

Th domain while the dEH-IDTBR scattering is described well by a spherical form-factor model. Taken
together, these data describe the particle as having a spherical dEH-IDTBR core and a PTB7-Th

domain(s) that displays a broad secondary length-scale. Given the cryo-TEM analysis, this secondary



length scale likely still describes a shell-like feature, but there is some additional structural
complexity that is not captured in the core-shell models explored here (e.g., local aggregation of
PTB7-Th on core-surface, or PTB7-Th/SDS mixed morphologies). The NPs formed using TEBS also
showed no significant secondary length scale at any SANS contrast condition (Fig. 4b). Simultaneous

fits to the spherical form factor model with the radius (R) and log-normal dispersity
dR . . . ! dR
(?) parameters constrained across contrast conditions yield reasonable fits (R = 10.2 nm,—- =

0.57). The decomposed partial scattering functions (Fig. 4c) also show spherical behaviour, with
Saen—-1prer(q) displaying a better fit than Sprg7_7,(q). The deviations in Sprg7_7,(q) along with
those of the full scattering curves at intermediate contrast conditions (Fig. 4b) indicate that there is
microstructure that is not perfectly described by a spherical model. These observations are likely
related to the multiple amorphous and crystalline domains observed in the cryo-TEM (Fig. 3f).
Overall, the SANS analysis indicates that the blend NPs prepared with TEBS are more intermixed
than their SDS counterparts, consistent with the transition from a core-shell NP morphology to a
more intermixed D/A heterojunction NP. This is further supported by Kelvin probe force
microscopy (KPFM, Fig. $12) which shows that the workfunction of the blend NPs formed with TEBS

is greater than that of those formed with SDS; suggesting a more EH-IDTBR rich surface in the TEBS-

formed NPs.




Fig. 5: Cryo TEM images of NPs after deposition of Pt co-catalyst and 20 h H; evolution. a) PTB7-
Th:EH-IDTBR 30:70 (SDS). The upper and lower insets are magnified images of the areas in the right
and left rectangles respectively. The periodic spacings along the diagonal lines in the upper and
lower insets correspond to the lamellar stacking distances of PTB7-Th (2.1 nm) and EH-IDTBR (1.6

nm) respectively (Fig. $13).378 b) PTB7-Th/EH-IDTBR 30:70 (TEBS).

The photodeposited Pt co-catalyst decorates the surface of the PTB7-Th:EH-IDTBR NPs (Fig. 5) and
facilitates electron transfer from the photocatalyst to protons in the aqueous phase by providing
sites for proton adsorption and electron accumulation.?®4! Optimising the Pt loading further
increased the HER rate of the best performing NPs (30:70 mass ratio PTB7-Th:EH-IDTBR TEBS) to a
maximum of 64,426 + 7022 umolh-1g-1 at 10% Pt (Fig. S14). To the best of our knowledge, this is by
far the highest mass normalized HER rate reported to date for any organic HEP under broadband
visible light irradiation.”?#? Measuring the EQEs of the NPs over a range of wavelengths (Fig. 6a)
revealed that the NPs were highly active throughout the visible spectrum; achieving EQEs of 2.0%,
2.3%, 4.3%, 5.6% and 6.2% at 400, 500, 620, 660, and 700 nm respectively. This is in contrast to state
of the art CNx HEPs which can achieve higher EQEs at wavelengths <450nm but are inactive above
500 nm due to their wide bandgaps.” High EQEs at wavelengths >500 nm are essential for the
photocatalyst to efficiently utilise photons in the region of maximum solar photon flux, and hence
achieve high nSTH.8 The EQEs of the PTB7-Th:EH-IDTBR NPs at wavelengths >500 nm are significantly
higher than those reported for any organic HEP to date,”?*? and make the PTB7-Th:EH-IDTBR HEPs
particularly attractive for use in a Z-scheme in conjunction with an efficient wide bandgap OEP such

as W03 or BiVO,!! that is only active at wavelengths <500 nm.
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Fig. 6: External quantum efficiencies and performance comparison. a) External quantum efficiencies
at 400, 500, 620, 660 and 700 + 10 nm and absorbance spectrum of PTB7-Th:EH-IDTBR 30:70 mass
ratio (TEBS) nanoparticle photocatalysts. b) H, evolution vs. time, c) Average H, evolution rates of a
range of photocatalysts measured over 16 h. Conditions: PTB7-Th:EH-IDTBR: 2 mg photocatalyst, 10
% Pt, 20 mL 0.2 mol/L ascorbic acid (AA). P25 TiO,: 100 mg photocatalyst, 1.5 % Pt, 20 mL 10 %

triethanolamine (TEOA). gC3N4: 100 mg photocatalyst, 1 % Pt 20 mL 10 % TEOA. F8BT: 2 mg



photocatalyst, 5 % Pt, 20 mL 0.2 mol/L AA. Note: HER rates were higher for TiO; and gCsN4 with

TEOA instead of AA as the sacrificial hole scavenger. Irradiance spectra can be found in Fig. S15.

The HER rate of the optimised PTB7-Th:EH-IDTBR NP photocatalysts was compared to a range of
benchmark materials measured in the same reactor, under illumination from the same light source
(Fig. 6b-c). To ensure a fair comparison between photocatalysts, the HER rates were measured
under saturated conditions (0 % light transmission through the reactor throughout the
photocatalyst’s absorption range).*® The Pt loadings of g-CsN4 (1 %)* TiO; (1.5 %)* and F8BT (5 %)%
were chosen based on previously reported optima, and the photocatalytic activities reported for g-
CsNgand TiO; are the higher of two measurements taken in the presence of different sacrificial
reagents (ascorbic acid or triethanolamine). HER rates were compared in terms of the absolute
amount of H, produced per hour.* The average HER rate over 16h of the PTB7-Th:EH-IDTBR NP
photocatalysts (128.9 umolh™) was over 4 times higher than that of TiO, (32.1 pmolh?), almost 10
times higher than that of commercial g-CsN4 (13.3 umolh), and over 75 times higher than poly(9,9-
dioctylfluorene-alt-benzothiadiazole) (F8BT) NPs (1.7 umolh), a commonly studied single
component conjugated polymer photocatalyst.?4” Although the optimum Pt loading (10 %) was
significantly higher for the PTB7-Th:EH-IDTBR NPs than for the other photocatalysts, when
comparing photocatalytic activities in terms of HER rate per total mass of Pt used (Fig. 6d) the
activity of the PTB7-Th:EH-IDTBR NPs rises even further above the g-CsNsand TiO; benchmarks. This
is because the strong light absorption and efficient charge generation of the PTB7-Th:EH-IDTBR NPs
allows them to produce significantly more photogenerated charges per unit mass of photocatalyst.
This increases the turnover frequency of the Pt co-catalyst (Table S3) compared to the benchmark

photocatalysts, which is highly advantageous in terms of both cost and scalability.*®



We have demonstrated the fabrication of organic NP HEPs with an internal D/A semiconductor
heterojunction, which significantly improves charge generation inside the NP bulk, and thus greatly
enhances photocatalytic activity compared to NPs formed from a single organic semiconductor. By
varying the stabilizing surfactant employed during NP fabrication, it was possible to optimize the
heterojunction morphology from an unfavourable core-shell structure to a more intimately mixed
blend. This improved charge extraction from the NPs and increased the HER rate of PTB7-Th:EH-
IDTBR NPs by almost an order of magnitude, leading to the unprecedentedly high HER rate of 64,426
+ 7022 pmolh™g?! under broadband visible light illumination, photocatalytic activity throughout the
visible spectrum, and EQEs exceeding 5% at 660 to 700 nm. The EQEs at wavelengths >500 nm are
the highest reported for any organic HEP to date, and may provide a pathway to increased nSTH of
current Z-schemes via improved visible light utilization. Furthermore, the NP fabrication and
heterojunction optimization process provides a platform for the vast library of existing soluble
organic semiconductors to be processed into NP photocatalysts energetically tailored to drive a wide
range of redox chemistries including OWS, CO, reduction,* and N; fixation,*® which all rely on the

same fundamental photon-to-electron conversion processes as photocatalytic hydrogen evolution.
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Methods

Nanoparticle fabrication:

Individual stock solutions (0.50 mg/mL) of PTB7-TH and EH-IDTBR were prepared in chloroform. The
solutions were heated overnight (80 °C) to ensure complete dissolution and filtered (0.2 um PTFE).
Nanoparticle precursor solutions were prepared from the stock solutions by mixing them in the ratio
of the desired nanoparticle composition. 5 mL of the nanoparticle precursor solution was then added
to a 0.5 wt.% solution of surfactant (SDS or TEBS) in water (10 mL), and stirred vigorously for 15 min
at 40 °C to form a pre-emulsion, which was then sonicated for 5 min with an ultrasonic processor
(Sonics VibraCell VCX130PB) to form a mini-emulsion. The mini-emulsion was heated at 85 °C under a
stream of air to remove the chloroform, leaving a surfactant stabilised nanoparticle dispersion in
water. Finally, the dispersion was filtered (0.45 um glass fibre) to remove any large aggregates or

debris from the processor tip.

DLS:

The size distribution of each nanoparticle batch was measured by dynamic light scattering (DLS,
Malvern Zetasizer ZS, Fig. S1, Table S1). Fig. S1 shows that all NP batches had unimodal size
distributions and that the Z,,; hydrodynamic diameter between batches remained relatively constant
at 50-80 nm regardless of whether SDS or TEBS was used as the stabilising surfactant. TEBS narrowed
the NP size distributions and slightly increased the Z,,s NP size for all PTB7-TH:EH-IDTBR ratios, but
overall all NP batches were of a similar size. This is important when comparing HER rates between
batches, because NP size affects the total available surface area, which would likely affect the HER
rate. Having samples with similar size distributions minimises this variation and allows the effects of

nanoparticle composition and morphology to be isolated.

TEM:

Cryo Transmission Electron Microscopy (cryoTEM) of the samples was carried out with a Titan Krios

80-300 TEM from Thermo-Fisher Scientific, USA. This microscope is optimized for carrying out



cryoTEM analysis of liquid samples. It is also equipped with an energy-filter of model GIF Quantum
968 from Gatan, Inc., USA, underneath the column to filter the energy-loss electrons to improve the
contrast in the acquired images. Moreover, behind the GIF column, a highly sensitive direct electron
complementary metal oxide semiconductor (CMOS) camera of model K2, also from Gatan, Inc., USA,
was installed for the recording of high-resolution images at extremely low electron dose conditions
(~1 e/A2). Specimen preparation of samples for cryoTEM analysis was carried out by using an
automated plunge-freezing tool of model Vitrobot Mark-IV. Moreover, the specimens were prepared
with a special type of copper TEM-grid of model Quatifoil MultiA. These grids have a carbon layer with
various size holes and were chosen with a purpose of varying ice-thickness in the holes. In this way,
the chance of organic particles being present in the specimen was dramatically higher than with the
single hole-size carbon containing grid. Each specimen was prepared by placing 3.5 micro-litre of
solution onto grids followed by 1 second of blotting-time and plunge-freezing into liquid ethane
cryogen. The cryoTEM analysis was performed by setting the microscope at the accelerating voltage
of 300 kV. Prior to the analysis, the microscope as well as GIF were aligned to have higher quality
images. Furthermore, the images were recorded under so called dose-fractionation conditions. In fact,
instead of acquiring a single frame with total electron beam exposure time, the images were acquired
in stacks that contained frames whose exposure time was more than ten times smaller than the total
exposure time. The acquired stacks were then aligned and summed along z-direction in order to have
final images. This exercise of image-recording ensured higher quality images of organic particles with
as minimum damage as possible. The total electron dose given to images, acquired at low-
maghnifications (<50,000X) was kept below 10 e/A2. Whereas, higher magnification images (>100,000X)
received the electron dose of about 20 e/A? so as to maintain a good signal-to-noise condition. It is to
be noted that the entire image acquisition as well as processing was performed using Gatan

Microscopy Suite of version 3.2.

Hydrogen evolution:



Hydrogen evolution from PTB7-TH/EH-IDTBR nanoparticles was measured using ascorbic acid (AA) as
a sacrificial electron donor. PTB7-TH/EH-IDTBR nanoparticles with varying PTB7-TH:EH-IDTBR ratios (2
mg) in 0.2 M AA (20 mL) were loaded into a recirculating batch reactor (area = 452 mm?) which has
been previously reported.”® The desired Pt loading was achieved by adding a specific amount of
aqueous potassium hexachloroplatinate solution (0.401 mg/mL Pt). The reactor was evacuated and
purged with Ar 5 times to remove oxygen, and the pressure was set to 100 Torr. The suspension was
stirred and illuminated with a 300 W Xe lamp (Asahi Max 303) fitted with a UV-vis mirror module (350-
800 nm) and H; evolution was quantified by a gas chromatograph equipped with a thermal
conductivity detector. The same method was used to measure H, evolution from TiO; and g-CsNa,
except in this case 100 mg of photocatalyst was used, and the reaction was carried out eitherin 0.2 M

AA, or 10 vol.% triethanolamine.
EQE measurements:

EQE measurements were carried out in the same way as hydrogen evolution measurements, but with
suitable band pass filters fitted to the light source. The sample was first illuminated under unfiltered
light (350-800 nm) for 4 h to complete Pt photodeposition. Then the reactor was evacuated and
purged with Ar 5 times to remove all of the H, evolved during this time. The light source was fitted
with a band pass filter, and illuminated with filtered light within a narrow wavelength range (irradiance
spectra in Fig. S16). The EQE was calculated using Equation 1, where nH; represents the number of
moles of H, evolved per hour, and n photons represents the total number of photons incident on the
reactor per hour. Photon flux was measured using a calibrated spectrometer (Ocean Optics USB2000
calibrated with an Ocean Optics DH3-plus light source) fitted with a fibre optic cable and a 0.4778 cm?

cosine corrector.

Equation 1:

200n H,

EQE (%) = n photons



Atomic Force Microscopy:

Nanoparticles were drop-cast on ITO coated glass substrates and characterised with a SOLVER NEXT
SPM (NT-MDT) using an atomic force microscopy (AFM) measuring head. To confirm the core-shell
morphology, samples were placed in a plasma-asher (HPT-100, Henniker plasma) for two ten second
periods, a few nanometres of material was removed from the surface of the nanoparticles.
Topography and surface potential were measured in semi-contact mode using a 20 nm Ptlr-coated
conductive 0.01-0.025 Ohm-cm Antimony (n) doped Si cantilever (SCM-PIT, Veeco). The cantilever had
a resonant frequency and stiffness of 60-100 kHz and 1-5 N/m, respectively. The work-function of the
tip was estimated by measuring the contact potential difference (Vcep) of a gold standard (5.1 eV) from

Digital Instruments Veeco Metrology Group and using the equation:

Equation 2

_ q)tip - (l)sample
VCPD = _—e

Where ¢ is the work-function and e the charge of an electron. The work-function of the tip was found
to be 5.05 eV (mean Vcpp for gold = 50 mV from Fig. S12e). To confirm, a commercial ITO sample was

measured (Fig. S12f) and the work-function estimated as 4.84 eV (mean Vcpp for ITO =-213 mV).
Surface and interfacial tension measurements:

Surface and interfacial tensions were measured with a Kruss Tensiometer using the ring method. The
probe was rinsed in water and heated until it was red hot. The glass vessel used to hold the liquid was
cleaned with acetone and rinsed with water. To confirm no contamination, before each measurement,
the surface tension of water was measured. The liquid to be measured was placed in the glass vessel,
and the temperature allowed to equilibrate for 30 min. The concentration of TEBS or SDS in deionized

water was 0.5 wt % and for PTB7-TH or EH-IDTBR 0.5 mg/ml in chloroform. The surface tension



measurements were performed by attaching the probe to the balance. The glass vessel containing the
liquid to be measured was raised until the probe was just above the liquid. The probe and liquid were

slowly brought together until in contact with one another.

Where F is the force acting on the balance. The contact angle can be assumed to be zero as the plate
is roughened platinum and optimally wetted. The plate method can be used for interfacial tension,
but the light phase should have a lower surface tension than the heavy phase. Which is not the case
(Fig. S4 and S5). We therefore use the ring method. An advantage of the ring method is the wetted
length is greater than the plate method. Which leads to a greater force on the balance and more
accurate results. This effect is not relevant for surface tension, only interfacial tension, but for
comparison we have performed surface tension measurements (Fig. S5). After contact with the liquid,
the sample is lowered until a maximum force (Fmax) On the ring is recorded. The interfacial tension was

calculated according to equation 3.
Equation 3

Fmax - EJ
L - cosO

Where F, is the weight of liquid volume, L the wetted length, and © the contact angle. © = 0 because
the force vector is parallel to the direction of motion. A Harkins and Jordan correction factor is applied
to correct for the curvature of the film being greater on the inside than the outside of the ring. The

results of the interfacial tension measurements are shown in Fig. S4.
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