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Abstract

The recent interest in thapplication oforganic semiconductor colloid® photocatalytic
hydrogen evolution has sparked the need fassessment of the current state of this research
field. Here we showcase how the lessons learnt fsayanicphotovoltaicfOPV)research can

be applied to new applications the generationof solar fuels such asin photocatalytic
hydrogen evolutionPhotovoltaics generated fromganic semiconductaranoparticlestared

out with a power conversion efficiency (PCBj less thar0.01% in 20@, since then the
technology witnessed a steady clirttb 7.5% reportedin 2018 A large fraction of this
technology improvement can be attributed to morphology improvement of the organic
semiconductor colloids, improvements which can now be transferred to benefit the field of
photocatalytic hydrogen evolutiove begin with an intrduction to conjugated materials, then
move to a thoroughdescription of nanoparticle dispersion processes, comprising the
miniemulsion and the nanoprecipitatiorethod, before moving t@a summary ofhe different

morphologies encountered in organanoparticlestheirimpad on OPV performance arnttbw

1

&



this parameter is of crucial importance ptrotocatalytic hydrogegenerationindeed organic

semiconductocolloids convenientlyprovidethe field of photocatalytic hydrogegeneration
with a nanoengineering toolkit upon which to custammorphologiesn order to increase
photocatalytic activity and enhance hydrogen evolution rates (HER)

Introduction

As avastsource of energy, the sfirphotons are one of the best candidates to solve the energy
and environmental crisis the world is faciighe main drawback of photovoltaits that the
electricity produced should be consumed instantaneously otherwise tit Bdtteries and solar
fuels, which transform solar irradiationtinchemical bond$iave been developeas energy
storage systemn Batteries are challenged by the frequent udéroim and most of the fuels

are producing C®as a side product, which obgusly will not answer the global warming
problem. However, hydrogdhi.) is a clean fuel because it only produces electricity ail H
Nowadays, the vast majority (>95%) of global hydrogen is produced from fossil steam methane
reforming, a process emittir@0.. Recently, H productionvia photocatalytic water splitting

has emerged as a fantastic solution to store solar energy in a dispensable fuesthat do
produce CQ, neither at the fabrication nor consumption stages. In this context, Rihaud

have modeled and calculated by life cycle analysis that a colloidal system, in which the
photocatalysts are in the form of nanopatrticles dispersed in,wateld be the cheapest way

to produce H mainly because of increased interface area compared to butlalsodueto

lower initial capital cost.In 1985, Yanagidaet al. pavedthe wayfor the use of organic
semiconductors to perform photocatalytic hydrogen evolution, by demonstrating the
performance of conjugated pabyphenylene) as a photocatalysin this review we will
demonstratéow themore recenknowledge acquired from tHeld of organicphotovoltaics

in particular in organic semiconductoanoparticlesynthesishas advanced the development

of efficient systerato produce H

The development obrganic nanoparticles as preparations of coliidnks has received
significant consideration for various applications in the past three decades. Recently,
nanoparticlesvere developed from semiconducting conjugated polyfoetse photovoltaics
application, openinthe field of environmentallriendly processes as alternatives to classical
options which are typically in toxic organic solvents. Although this field ig yeung, many
lessons and insights were extracted from the global research effort. Recently, Ebkhes

published a review on this specifiabject,and we invite the reader to access this articlefor



deeper understandingf the impact of nanoparticlgynthesis on organic photovoltaic device

performancé.

Nanoparticles of organic semiconductors@n@ducedvia a selfassemblyrocess, rather than

a growth procesqpolymerization) hence we begin this review by briefly comparing the two
main routes of nanoparticpFeparationto provide context for a broadaudience in the colloid
science spacd-unctional mngarticles are synthesizegh two main routesgrowth or self
assemblythe choice of route being dependent on the nature of the starting materials and the

final application of th@anomaterials

Growth The formation process of nanopartic{egher inorganic or organi¢jom a solution
of ions (for inorganic nanoparticlespr small moleculegfor organic nanoparticlesis
predominantlyia nucleation and growth® Nucleation is the process wherathppletshuclei
(seeds) act as templates falymerization(for organic nanoparticle®)r crystal growth(for
inorganic nanoparticlesHomogeneous nucleation, a typical classical nucleation process,

occurs when nuclei form uniformly throughout the patentontinuousphasé.

SeltAssembly By comparison, theformation of nanoparticlesvia selfassembly of
macronoleculess a postpolymerizatiorroutefor forming organic nanoparticle§he driving

force for the selassembly formation is usually a surface energy minimization provesse

each material type moves to its final location in order for the system to reach equilibrium. For
example,the sel-assembly of nanoparticles from diblock copolymers, where block A is
insoluble(or hydrophobic in a hydrophilic parent phasejnpared to block B and hence self
assembly into a corshell structure with a block A cor@nd block B shelbccurs’ When
beginning instead with two immiscible liquid phases and employing a surfactant, a nanoparticle
dispersion can be generated firsttbgming a liquid-liquid colloidal dispersiorfanemulsion)

and then a soliiquid colloidal dispersion by removing the solvent of the dispersed phase
dropletsvia evaporation, hence converting the polymer material originally dissolved in that

phase to solid nanospheres.

The development of organsemiconductonanoparticlse was mainlymotivatedby the search
for avenues toedue the environmental impact of OPV technologyd the replacement of
halogenearomatic solvents. As a consequeraeveloping water or alcohol basedlloidal
inks would afford environmentallyfriendly processability of photovoltaimmodules The
nanoscale morphology of the orgaaictive layeris of utmost imporance inthe OPV field.

Indeed,in order to reach optimum photovoltaic performance, a large part césbanchn the



OPV field is dedicated to optimization of thalk heterojunction (BHJnorphologyto reach,

on the one handjanoscale domain size that more closely matches exciton diffusion length
(approx. 10 nmpand, on the other hand, conduction pathways for bloéinges Due to this
specific target for domain size, muatsearch effort has been invested prtoduchng organic
semiconductor nanoparticlegith controlled morphologies and sizes, includirmgreshell,
molecularly intermixed, distributed namlmmains and biphasic/Janu§his detailed
morphology investigation and optimization can now benefit the field of photocatalytic
hydrogen evolution in which a strong drawback of organic materials i®sbeof excitos
before reaching the interface with wateesolvent of the Fireagent. This is only one example

of the formidable lessons extracted from photovoltaics and others will be reported herein.

The plan of this review is to start witfmacromolecules, the building blocksnove to
nanoparticle synthesis, and end with hydrogen photocatalysis applicsiendescribe the
basics of conjugated materials which constitute the organic semiconductors used as building
blocks for the organic nanoparesl. Then we detaithe organic nanoparticiereparatiorvia
colloidal dispersion processes, both the miniemulsion and the nanoprecipitationsbeihgd
covered and the key parameters controlling the morphology and hbasitmpacted OPV
performanceFinally, we detail th@ew applicatiorareaof photocatalytic hydrogen evolution

and showcase how the knowledge of nanoparticle material development for photovoltaics can
be applied to thiglternatefield.

Organic semiconductor colloids for photocatalytic H, production

Figure 1 Graphical overview of the focus of this reviedpplying organic semiconductor colloids in
photocatalytic hydrogen generation using the knowledge acquired from photovoltaics research.



Conjugated Materials

The unexpected observation of a conducting polyacetylene thin film, thanks to the undeliberate
addition of a catalyst amount 1000 times higher than the tradittgnauntby a student of
Hideki Shirakawapshered irthe use of conjugated polymers in elentcs® This discovery
wasawarded to him and his collaborators Alan Heeger and Alan MacDiarmid with the Nobel
Prizein chemistry in 2000. From this starting point in the field of synthetic metals, several
discoveries bconjugated polymers in the early@0s, such as the electralinescence of
poly(p-phenylene vinyleng)PPV) or the ultrafast charge transfer from PPV to fulleretook

place

The semiconducting behavior in organic materials originates from the alternation of djfhgle (
and double & carbonbonds,termed Sconjugation. Eachsp? carbon presents thresp?
hybridized orbitals providing covalenkbonds with neighboring carbons, plus the remaining
unhybridized2p;, orbital. Therefore, the overlap of thgserbitals forms a delocalized oaf-

plane Selectron cloud along the conjugated backbone (Figure 2a). This leads to the electron

motion owingto the optoelectronic and charge transport properties in these materials.

In comparison with inorganic semicordars, the valence band corresponds tohilgbest
occupied molecular orbital (HOMO), and the conduction band to tlmvestunoccupied
molecularorbital (LUMO). The HOMGOLUMO energy difference is called the energy band
gap. As shown in Figure 2b, this @ifence decreases as the number of conjugated bonds in the
backbone increases. The energy corresponding to the first optical transition explains the
bathochromic absorption. In an infinite chain, the molecular orbitals are so close to each other
that they lecome indiscernible and constitute the valence and conduction bands. In the band
model, the electronic structure affords the electrical properties of the material, among metals,
semiconductors and insulators. Semiconductors are characterized by an andrggpbbelow

3eV.
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Figure 2. (a)lllustration ofsp? hybridization alonga @onjugated polymer chaiib) calculated band
structure of polythiophene (adapted fro®alzner et al®); (c) processes occurring during
photoconversion in an organic solar cell, in particular the-tasacharge transfer.

Semiconducting conjugated polymers (donor) are good candidates to be used in an active layer,
mixed with an electron acceptanaterial, either fullerene, small molecule or polynter
organic photovoltaic device$he photoconversion then consists of photon absorptierthmsr

the donoror the acceptor materjaienerating a highly bound electrbole pair (exciton) that

can only be separated by an internal field createdolpximity of the donor andcceptor
matrials (Figure 2c).Nevertheless, the properties of organic semiconductor materials make
them suitable for different tygef electronic devices: organic ligkmitting diodes, organic

thin film transistors, sensors or even for hydrogen production, wéible iscope of this review.
Dispersion Processes

Nanoparticles (NPs) of conjugated materials are prepared mainly bypgigsterization
techniques such as miniemulsion and nanoprecipitation. In the miniemulsion process, organic
semiconductor nanoparticlese formed from an emulsified droplet solution, and usually
require a wateimmiscible solvent. By contrast, in hanoprecipitation the semiconductors are
precipitated by rapidly mixing the material solution witte antisolvent and requiregwo
miscible sdvents. In both cases, the organic solvent is finally removed under high temperature.
Interestingly, experimental parameters used in the preparation show a significant influence on
the size ohanoparticlesin the following section we describe both tecjugs by emphasizing

their advantages and limitations in the dispersion of conjugated pohaneparticles



Miniemulsion is the most common method used for the preparation of conjugated
nanoparticles. The conjugated material is first dissolved in a good solvent (most of the time
chloroform), and an aqueous phase containing surfactant molecules is then added to the organic
solution. Nanodroplets of organic phase are produced by applying high shear using ultrasonic
waves or higkspeed homogenization. Evaporation of the organic solvent from the dispersed
phase leads to the formation of solid nanoparticles dispersed in watedditional step

aiming to remove the excess of fre@factant and also to reduce the volume of the aqueous
phase, in order to concentrate the dispersion, is often required (Figure 3).

The first report of the preparation of nanoparticles of organic secuobors via a
miniemulsion process was 2002by Landfesteset all° The authorgprepaednanoparticlesf

three different conjugated polymers (methyl substituted latgher polyp-phenylene) (Me
LPPP), polyfluorene (PF) and polycyclopexithiophene. They used sodium dodecyl sulfate
(SDS) as surfactant to stabilize the gleas from collision and aggregation and the polymer
solution was sufficiently hydrophobic to prevent Ostwald ripening. Stable dispersions were
obtained withnanopatrticlesizes ranging from 75 to 250 nm, by varying the amount of SDS,
yielding a solids comint of 2.2 to 9.3 wt% after evaporation of the organic solvent (chloroform

in this case).

Varying the experimental parameters of the miniemulsion preparation can easily control the
nanoparticle size. Indeed, the size of tfamoparticless strongly infllenced by the initial
concentration of the conjugated polymer in the organic phase: the higher the concentration, the
larger the diameter. For example, Xe¢ al. reported the increase of the active material
(poly(diketopyrrolopyrrolequinquethiopheng low band gap alternating copolymer
(PDPP5T) and phem@zi-butyric acid methyl ester (R@M) concentration from 15 to 40
mg.mL? leading to an increase in the nanoparticle size from 5 to 107 fihe trend can be
explainedby the pesence of more active material in the polymer solution droplets during the
miniemulsion generation, resulting in an increase in the nanoparticle size after organic solvent
evaporation. Depending on the semiconductor used, it is however important totlaejust
organic phase concentration as a function of its solubility in the primary organic solvent, in

order to avoid aggregation.

The shear force applied during the miniemulsion process, by using sonifiers -résghre
homogenizers, is also a highly intpent parameter. Increasing the sonication power and/or the

sonication time enables the formation of smaller nanoparticles.



The presence of surfactant enhances the colloidal stability of the dispersion but can also affect
the particle size. Increasing tlaenount of surfactant leads to smaller and more numerous
nanodroplets leading to smaller nanoparticles. For certain applisationganic electronics,

the presence of surfactant is a limitation due to its insulating character. However, thanks to the
presace of these moleculethe miniemulsionmethodenables the preparation of highly stable

dispersions exhibiting high soBd¢ontent.

Nanoprecipitations an alternative to the miniemulsion technique, enabling the generation of

surfactantfree nanoparticle dispersiarit requires the selection of a solvent and asalment

of the conjugated materials that are fully miscible. The process is simpéentheonductor is

first dissolved in an organic solveand then mixed into a large volumeanftisolvent under
stirring. In general, the solvent/argblvent couple is THF/water howewdrloroform/lcohol
systems have also been reportétie solution beanesan antisolvent for the conjugated
material and leads to its precipitation into small particles in a continuous phase of both solvent

andanti-solvent (Figure 3).

The addition rate is quite importantorderto obtain stable dispersions exhibitingnoav size
distributiors. Although the literature mostly reports a slow addition of the organic phase into
the antisolventunder stirring, it has been shown that a quick addition of a large volume of
antisolventinto the organic phase leads to mbmmogeneous dispersion with a narrow size
distribution of nanoparticle®zo effect)t? In addition, the use of suitable mixing techniques,
which increasg the homogenization rate (highear and ultrgonification process), leads to

smaller nanoparticles and narrow size distributions.

The main advantagef using nanoprecipitation is that the preparation does not involve the use
of surfactants. Moreoversing this method, it is also possible to tune the size of nanoparticles
by adjusting the polymer concentration. The final size reached by the nanoparticles varies as a
power law of the polymer concentration in the solvent. Additionally, the polymer maks m
influences the nanoparticle size, with larger nanoparticles obtained for higher polymer molar

mass.

The main drawback of the nanoprecipitation procetee low colloidal stability for high solids
content, limiting the final dispersion to low solidsntent. The addition of a surfactant in the
nanoprecipitation process is a way to enhance the stability of the dispersipma@mcemore
concentrated dispersions. Xeal reached a final nanoparticle concentration of 2.5 mg.mL

prior to concentration, using Pluronic F127, a poloxamer andiaroa surfactant. This



surfactant has the advantage of possessing a tempesahgiéive critical micelle
concentration (TSCMC) enabling the removal of the surfactant excess by centrifli@skis
at low temperatur&® The authorsshowed that efficient and environmentditiendly solar
cellscould be processed by using an aqueous dispensaddingthe current record in PCE for
OPV devices made from ngparticlesat 7.5% for the PBQQF:ITIC system This value
directly compared t@ PCE of 4.4%whenusing SDS as surfactaahd the miniemulsion

technique

Amphiphilic copolymers can also be used as surfactant. Several studies reported the use of a
polystyrenecombpoly(ethylene oxide) copolymer as surfactant and showed that stabilizing
the conjugated NPs with this surfactant greatly improved the photocatalytic performance of

hydrogen evolution compared to the pristivemoparticled*#6

/ Post-polymerization dispersion techniques of organic semiconductors \
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Figure 3.Preparation ofconjugatedpolymer nanoparticles byniniemulsion ornangrecipitation
technique

From PhotovoltaicsKknowledge «

Organicsemiconductor nanoparticlesesefirst used in thdield of organic photovoltaics with
the work of Landfesteet al in 20021° In their first articleutilizing organic semiconductor
nanoparticles to fabricate OPV dess they selectedio conjugated polymerBFB(poly(9,9
dioctylfluoreneco-N,N-bis(4-butylphenyl}N,N- diphenytl1,4-phenylenediamineas electron

donor material and F8BTpély(9,9-dioctylfluoreneco-benzothiadiazoleds electroracceptor

(o]



material and prepared composite nanoparticles using the miniemulsion technique. Although
device efficiency was very low (1.7% maximum external quantum efficiency), a photovoltaic
effect had been achieved as a proof of concept for the use of angaojuaticlesin electronic
devices!’

For the entire journey ithe development obrganic electroic devices based on colloidal
dispersiors, probing the precise nanostructure of the colloidal nanoparticles of donor and
acceptor materials has been of great interest to reseatiet®the substantial influence
nanostructure has on deviperformance While the available morphology categories of
nanoparticles range from phaseparated corshell, biphasic and eccentric to molecularly
intermixed, for two component systems, the mostntepanorphology type for don@cceptor

nanoparticles has been limited to two categories-sloell and molecularly intermixed.

Figure 4 presents a library of organic semiconductor nanoparticle morphology types and
examples of such morphologies being amed in the literature, in order to provide a
comprehensive overview of categorization of morphologidse internal morphology of
organic semiconductor nanoparticles forma selfassembly, particularly in the case of
miniemulsionpreparechanoparticle®f donor and acceptor.

A coresshell morphology (Figurda,b) is most commonly reported when the miniemulsion
method is applied to nanopartigheeparation Here the donor and acceptor materials- self
arrange in the miniemulsion droplets to minimize swefanergy while the epphase solvent
(e.g.chloroform or exylené?®) is being removedia thermal evaporation. When a polymer
donor is combined with a fullerene acceptor, the fullerene acceptor invariably has a higher
surface energy, 38/2J m? for PG::BM and39 mJ n? for PG1BM, and moves to the core of

the nanoparticle, while the polymeiorres to occupy the sh€Figure 4a) Hence a donerich

shell and acceptaich core is formed, vhich was reported for TQ1:P@BM?® and
P3HT:PG1BM?° nanoparticlesin the OPV field,fullerene derivatives (P&BM, PCG1BM,

ICBA) have been foalong time the standard organic semiconductor used as acceptor material.
However,with nanoparticledeing thenew building blocks ofthe active layerthe coreshell
morphology achieved with thes high surface energy materiais detrimental for OPV
performancesince after exciton dissociation, electrons can be trapped in the core. As a
consequenc@ower conversion efficiencies of such devices were lower than that achieved with
active layers deited from organic solvent2.5% and 2.15 forP3HT:ICBA NP$! and
P3HT:PG1BM?? respectively.Kosco et al. also reported an acceptoch core/ donorrich

shellfor nanoparticlesynthesizedy miniemulsion (surfactant: SDS) anding PTB7Th as
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donor anda nonfullerene acceptoeh-IDTBR.?® They attributed this morphology to the
chloroform{SDSwater interfacial tension being highdor chloroform solution with eh
IDTBR compared to chloroform solution with PTHh. With asolar hydrogen fuel setuthis
typeof morphology led to a low fproduction as electrons trapped in the core could not reach

thenanoparticle surface.

If we transition completely from fullerene tmnfullerene acceptomaterials the synthetic
versatility ofthis new suite ofmaterials opens up the possibility of a larger ramgguirface
energiedor the acceptor, henge some caespromoting the formation of donorrich core/
acceptorrich shell nanoparticlemorphology(inverted coreshell) (Figure 4b). For example,
when nonrfullerene acceptor elDTBR, with a surface energy df8.3mJ m?, is combined

with P3HT, with a surface energy @6.9 mJ m? ehIDTBR-rich shell / P3HTrich core
nanoparticlesreformed?* Similarly, whenthe non-fullerene acceptor N2200 (surface energy

= 23.7mJ m?) is combined with TQ1 (surface energ&mJ m?), N2200rich shell / TQ1

rich core nanoparticleare formed Chambonet al?®> demonstrated that @onokrich core/
acceptorrich shell morphology (inverted coreshell) is also ahievable using the
nanoprecipitation method if strategic successive solvent displacement is applied. Here P3HT
rich core / P@BM-rich shell nanoparticles were formed by first precipitating P3#élthe
addition of DMSO to THF, and thenprecipitating P@BM on the surface of the P3HT
nanoparticles by the addition wiater to DMSO Suchtype of coreshell structure might also

be detrimental for OPV ansblar hydrogen fugbroduction setups, as in this case the holes
would be trapped in theore. However, the study of Batral. highlighted that choosing donor
acceptomaterialcombinations with matched surfageergiesould be an efficiergtrategy to
target molecularly intermixed nanostructures using the miniemulsion process. This
morphdogy has proven to improve thgerformance of both OPV devices amanoparticle

based Hproduction setupss/ide infrg).

Molecularly intermixed (Figure 4c) isnather frequently reported internal morphology type
for organic semiconducteranoparticles,ra itis mostly reported when the nanoprecipitation
method is applied. Durintipe nanoparticldormation the quenching action of the nenlvent
leaves little time for the donor and acceptor material tessedinge according to their diffing
surface energies, hence forming a molecularly internmegparticle internatructure. In the
case of P3HT:P&BM nanoparticles, utilizing chloroform as solvent and ethanol as non
solvent in the nanoprecipitatigmmocesded to intermixed nanopactes and unresolvable sub

domains inscanningiransmission Xay microscopy $TXM).26 This type of morphology of
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organic semiconductor nanoparticlegpeaedto bemore suitable for OPMndeed Gartneret
al.?’ in 2014 and Saxena at.?® in 2021 prepared P3HT:ICBA coposite nanoparticles by
nanoprecipitation using chloroform/alcohol (ethanol or methanol) as solversddwent
systemsand used them in OPV devicdhe champiomells gave PCEs of 4.1% and 3.5% for
chloroform/methanol and chloroform/ethanoéspectivey.?’ Interestingly Saxenaet al.
showed thatP3HT:ICBA devices preparedrdm colloidal dispersian gave similar
performance to those prepared fromhalogenearomatic solvents 3.5% and 3.6%
respectively’® But more importatly, the performancevasimproved compared to devicesth
the same donor:acceptor combinationfmepared fronthe miniemulsion techniqué2.5%)2*
highlighting the beneficial effect @molecularly intermixed morphologyn 2018, Xieet al
reported ahoroughstudy of P3HT:ICBAnanoparticleformed by nanoprecipitation using
chloroform/alcohol as the solvent/astlvent system and a robledsed higkthroughput
method® and managgto improve the performance tifese typesf devices up to 4.52% he
morphology of activéayersprepared from the calidal dispersionsvas studied by STXM and
revealed a finer phasseparationfiner than that obtained with miniemulsiorhe morphology
was finer than what is resolvable with STXM, a technique with a resolution limit of 30 nm,
hence the domain size wasd<t@m.This intermixed morphologiymprovesexciton dissociation

andcharge transpowthich is likely toexplain the better performanteOPV.

Nanoparticles with noffullerene acceptors have also been prepared by nanoprecipi¥agon.
et al. compared the performance of OPV devices fabricated with four differens kind
donor:acceptonanoparticleprepared either by miniemulsion (using SDS as surfacE®

NP) or by surfactant assistedanoprecipitation (using F127 surfactacgNP).*2 In all four
cases, the devices fabricated withnoparticlessynthesized by nanoprecipitatioicsNP)
outperfornedthose fabricated withanoparticlesyntheized by miniemulsioiSDSNP). We

can highlight thgtwith PBQ-QF:ITIC as donor:acceptor combination, the authors achieved
6.9%% average PCE with ¢§P and only3.98% average PCE for SBSP 3 The authors
attributed the improved performance &fficient removal of the surfactaniné higher
crystallinity of the materialsEven though the morphology of-88 has not been deeply
studied,it is likely to be molecularly intermixed since the morphology is generally quenched
during the nanoprecipitation procemsdit may playa role in the performance enhancement
compared to SDSIP. The analysis of the impact of molecularly intermixe@dnoparticle
morphology on OPV devices shewhat it improves the device efficiency by allowing both

high exciton dissociation rate and condatpathwayg for chargeextraction Thereforeit is
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likely that this typeof molecular arrangement in tlm@anoparticleis also more suitable for
nanoparticlebasedhydrogen solar fuebroduction setupsas electrons and holes will have

pathways to reach ¢hsurface of theanoparticle

A similar morphology category, described distributed nanalomains (Figuredd), was
reportedby Subiantoet al3® and Koscoet al?® This morphology was achieved liging a
surfactant which has a functional group with greater affinity for the donor matedal second
functional group with greater affinity for the acceptor material. Subiantl. utilized the
thiophenebased surfactant@-thienyl)ethyloxybutylsulfonate sodium s@iEBS) toproduce
nanoparticles of P3HT:R@M via the miniemulsion process, reporting a morphology type of
distributed nana@lomains from small angle neutron scattering (SANS) d&tesco et al.
reported PTB7Th:ehIDTBR nanoparticlegxhibiting a morphology comprised of distributed
nanedomains,whenusing TEBS as surfactant. They suggested that such morphology was
obtained due to similar chloroform/water interfacial tensions whether ATBi} eRIDTBR

is dissolved in the oil phase, which is not the case when SDS isladggdrogen solar fuel
productionsetugs, the distributed nanodomamorphologyimproved the H evolution rate

from 3,044 +332 pmol hi'g™ to 28,133 + 3,067 pmol hg™, compared to the coshell
morphology?® This improvement was attributetd the available conduction pathways for
electrors to reach thenanoparticlesurface @ HH e Solar Hydrogen FUePURGXFWLRQ’

sectionfor details).

A fifth morphology category, biphasic/Janus (Figuke), while familiar to the field of
nanoparticles in general, lssscommon to organic semiconductor nanoparticles and has only
been theorized by Landfestet al3! using a model system gfolystyrenepoly(propylene
carbonate]PSPCQ). The authors showed that biphasic nanopartwl®formedfrom these

two immiscible polymers by the miniemulsion process. They theorized that biphasic
nanoparticles could also be formed of immiscible combinations of donor and acceptor
semiconductor polymers, such as PFB:F8Bfis morphology has not been testedlevices,
neither OPV nohydrogen solar fugdroductionsetupsHowever it is expected to be the ideal
morphology since Janus nanoparticle of small diametet8 (in) could combine high exciton

dissociation rate and perfect conduction pathways fdr tlodrges.
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Figure4. Nanoparticle morphologyategorieseportedn the literature. With (a) corghell, (b) inverted
coreshell, (c) molecularly intermixed, (d) distributed namdomains and (e) biphasiehus
morphologies. Chemical structures of organic semiconduoas polymes) described can be found
in panel (f).Scale bars are 600 nm (Holnesal1°29, 1 um (Barret al?*) and 500 nm (Darwist al ).

« 7R 6 RI@yBragen Fuel Production

The many lessons takdrom research irorganic photovoltaics allowed the recent use of
conjugated polymers as photocatalysts for hydrogen evoltdidre rapidly efficientLet us
present the basics of this technologgla® energy can be st in the form of the chemical
bond of a fuel and later be supplied on demands the cleanest solar fuel since it only releases

water as a product and electricityz id produced from photocatalytic water splitting through
the reaction* g1 \ *g4 E—z 1lgwith an energy barrier of 1.23 eV. This bargan beovercome

by the energy brought by the photons, absorbed by the semiconductors. The absorption
generates the excitérom which electrond) and holel*) take part in reduction and oxidation
processes respectively (Figie Thereforethe basic conditions for the use of semiconductors

as light harvesting materials for hydrogen evolution are: i) a-gapdallowing he absorption

of the solar irradiation (mainly from 1 to 3 e vacuum), ii) a LIMO presenting a potential

lower than the one used to reduce(li* > Et A’ \ *4,atpH=0,E =0V vs NHE or 4.44

eV vsvacuum) and iii) alOMO energy set at a higher potential than the one needed to oxidize
water (t D Et*gl \ v*~ E—z 1ls ,at pH = 0,E =1.23 VvsNHE or 5.67 eWsvacuum).

For H evolution especially, this last point can be overcome with the use of a sacrificial organic
electran donor (for example trimethylamine or ascorbic acid) to fill the semiconductor HOMO
and regenerate the material. In this ¢ase acidic medium is required to provide enough
protons. We chose here to prestma recenstudies that are elegant strategesinderstand

the overall mechanism and improve the efficiency of the hydrogen photocatalysis by organic

nanoparticle.

In 2016, Tian and ceworkers ZHUH WKH ILUVW WR XVH QDQRSDUWLF
dioctylfluorenyt2,7-diyl)-co-(1,4benze § ~ WKLDGLD]ROH @b) f@&)Re7 LQ )L.
evolution. The particles (30 to 50 nm diameter) were preparedmgrecipitation, stabilized

with an amphiplilic comb copolymer polystyrerombpoly(ethylene oxideglassically used

for photovoltaics The particles were then dispersed in water at pH 4, with ascorbic acid as a
sacrificial electron donor and the reactor was irradiated wthE®D lamp (O> 420 nn). An

initial rate constant for hydrogen generation of 8 mmgfhwas measured. They demonstrated

that stabilizing thenanoparticlesisingthis surfactant greatly improved the catalytic activity,

15



by creating small nanoparticles. However, after 1 lexposure, particle aggregation led to a
loss of activity>? Years later, in 2021, the same group increased the stability of the catalytic
activity by anchoring the PFBT dots at the surfateeommercially available crodmked
dextranbeads’® By precipitating the mixture of the conjugated polymer and the microbeads
from THF to water, they created raspberfike microparticles in which polymetots and their
clusters were formedponthe microbeadubstrateswith the assistance ofithtemplate, the
immobilizedPFBTincreasd the hydrogerevolutionascompared to thensupported polymer
dots Thestability of the catalytic activity waslongated from several hours to more than 80 h.

In 2017, Patiet al.improved the efficiency of thel, evolution rates (HER) to 50 mmoty*
by reducing the polymer bagdp,a wellknown strategy to harvest more photons from the
sunlight,introducing thiophene spacers between the donor and acceptor u@BTBTF in
Figure5). Most importantly they provedby density functional theory calculatiotihat the

nitrogen atoms are the catalytic binding sitéth protonst*

A co-catalyst, such as platinum (Pt), can alsoubed to increase the rate of the hydrogen
production by providing active reaction sites and suppressing the charge recombination and
reverse reaction¥.With the aim to bind the coatalyst, Chowand ceworkerssynthesized a
conjugated cycloplatinated polymer, in which the platinum complex unit is linked to the
conjugated backbone (PFTH&Py in Figure 5). The authors used the sarmpeeparation
processas Tian and ceworkersand measured a HER of 12 mmégt that was lower than

previously reported, but the stability was increased to 10 Rours.

Alike platinum, palladium (PR is known as a highly active HER electrocatalyst. Yet, many
FRQMXJDWHG SRO\PHUV LQFOXGLQJ WKH RQMSPHOWLRQH
synthesized by csscoupling reaction catalyzed by Pd, which is difficult to completely
eliminate at the purification stage. Thus, Kosta@l. investigated the HER of particles made

of the same polymer poly(3,& L R F W\ O -alkbeRzdthialidzole) containing different

amount of residual Pd, from 1 to 1000 ppthWhen all Pd was removed (1 ppnmo H:

evolution was observed. Then the HER increased with Pd content until itdeaplaeawp

to 160 umolh'g? at around 200 ppm. It ithusimportant to always measure the residual

catalyst content in #setypesof studies.

Chemistry will certainly be an efficient tool to improwbe performance of organic
nanoparticls. Hu et al. synthesized three polymers based on the same conjugated backbone

but bearing different side chains, one alkyl hydrophobic and two hydrophiliqetiytene
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oxide) (EO) presenting 4 and 7 units (see FiguRBDTBT-7EQ)*ThePBDTBT-7EO could
improvetheHER by a factor of 90 over that of alkfginctionalized conjugated polymers. This
was attributed to the positive effects of OE; (i) the creation of smaller particles (around 6 nm)
which increased the interfiat area ofNPs/waer, (ii) the creation of interactions between EO

side chains and both Pt-catalyst and protons, which improved charge transfer.

Extensively demonstrated through the photovoltaic field, organic semiconductors suffer from
their high exciton binding energ which lead to short exciton diffusion lengths. Therefore,
most of the excitons generated by light absorption recombine before reaching the nanoparticle
interface with water. Koscet al. then had the idea to introduce in the particlasbulk
heterojuntion of two materials, the PTBTh polymer donor and the nduallerene acceptor
ehIDTBR (Figure5), to increase exciton dissociati&hThe authors prepared nanoparticles

by miniemulsion using two different surfactants, SDS and sodius(3- 2
thienyl)ethyloxybutylsulfonate (TEBS)vhich lead to different morphologies, ceskell and

bulk heterojunctior(distributed nanalomairs), respective}l. The first conclusion is that the
HER of the blendwere higher than the singmmponentanoparticls, by at least a factor of

30 (Pt is used as a-matalyst).The £cond point is that the ceshell morphology, in which

the core is formed by the agter, is 9 times less efficient (the electrons are trapped in the
core) in catalyzing thél, evolution than théulk heterojunction (distributed nammairs)
morphology. Finally, by optimizing the Pt loading, the authors reached a HER record of 64

mmolhig™.
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Figureb. a) H photocatalysisnechanism. bprganic #miconductors used in the selected studies.

Atthe sametimef . RVFRYV UHSRUW &RRSHUTV JURX®iYBMWLVKHG |
ternary donor/acceptor nanoparticles made bgnoprecipitation without the use of a
surfactant® They used five different polymer electron dasamndfour small molecule electron

acceptos, either fullerene or nofullerene They found that binary or ternary blergreatly

outperform thepure constituent donoor acceptorparticlesin terms of H production The

blends made from theon-fullerene acceptolTIC-2F gave highest initial photocatalytic
performance, which again relates recent progress in OR\but experienced a very low

stability due to rapid aggregationhe PCDTBTPGs:BM blend waseventuallythe champion

with a high hydrogen evolution rate of 105.2 mdg* ( G= 420 nm platinum, ascorbic acjd
andastablity of around one daynterestingly, in some cases, the ternary blends outperformed
WKH SDUHQWYTV ELQDU\ EOHQGV $OWKRXJIK Wdpehsthe WKR UV
doorfor potential futue optimization.

Indeed, h 2021 Liu et al®' reported the use of panchratit ternary polymer dots consisting
of two organic conjugated polymgRFBT and PFODTBTas energy and electron donors and

a small moleculgITIC) as energyand electron acceptor to complemeityaharvest the
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photors from 350 to 750 nmThey produced péicles of 90 nm by nanoprecipitatiavith a
polystyrenepoly(ethylene glycol) copolymarsedas surfactant. Themmeasured a maximum
photocatalytic hydrogen evolution of 60.8 + Grinolh’'g™ with the assistance of a Pt
cocatalystand ascorbic acid as sacrificial electron donor. Interestingly, this highest efficiency
was achieved when the ITkbntent was 55% of the blend corresponding to the ratio when the
highest ITIC fluorescence quenching yield was observed by sstatty flusescence
measurement. The stability of the hydrogen generation was held at 50% of the initial
performance after 120 Given the complex nature of the system, three components, the charge
and energy transfer pathways were investigated in detaibbgieén absorption spectroscopy
measurementsThey discoveredthat excitationenergy transferfrom excited PFBT to
PFODTBTand ITIC within 600 foccurred and charge transfer between PFODTBT and ITIC
happenedvithin 200 fs.

Conclusionand Perspectives

The development obrganic semiconductor colloidal dispersions has shown significant
progress in the past decade for applications in both photovoltaics and photocatalytic hydrogen
evolution. The key benefit afanoparticles for photocayic hydrogen evolution over thin

films being the increased interface area for the reaction to take place. In addition, the benefit
of organic semiconductors ovekisting photocatalysts, such smrganic semiconductors

includea broader absorbanda@gher quantum efficiency and lower toxicity.

The extensive research on the orggrhiotovoltaic sidded to the development alifferent
methodgo overcome the issues limiting the efficiency of the deyiaed in particulaon the

control overnanoparticlemorphology The morphology of theanoparticlehas shown to be
tunable either by)imatching surface energies of the donor and acceptor materials and/or ii)
playing with the interfacial energyia the use of alternative surfactant&rom the experience
developed in the OPV field, it appears that the molecularly intermixed morphologyrés
suitablefor OPV devices since it can both enable high exciton dissociation rate and conduction
pathwaydor chargeextraction Such characterissarealso likely to be a requirement feolar

fuel productiorand the first reports showed tlaatintermixed morphology outperfornacore

shellmorphology

Although the fieldof organic semiconductaranoparticles for solar fuel productio very
young, interesting findings were achieved thanks to the knowledge gained from photsvoltaic

researchsuch as the promising use of a bulk heterojunction to increase exciton dissociation
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efficiencyand thus HER. These ideas might also be applicable to carbon dioxide reduction to
produce other solar fuels like ethanol. Wat@l. have fabricate@ biohybrid material made

of chloroplast and conjugated polymer nanoparticles to improve photosyrithdsis.
nanoparticles were added to increase the absorption of the chloroplast W\ tihegion.
Improving photocatalytic activity will require an interdisciplinary field of action to better
understand and improve the charge transfer from light absorbexctialgst and protons. The
development of nanoparticles bearing covalently attddatalytic sites (to prevent from
catalyst delamination), the use of easthundant elemesfinstead ofaremetal platinum), or

the synthesis of porous or proton permeable particles, are strategiesettiatbe pursued in

the future. Of course¢he main issue towards the viability of this technology lies in the stability

of the conjugated materials in the condition of potential and pH in a water and oxygen medium,
even more if the oxidation of water is involved to cover thevaller splitting.This point will

needto be extensively studied by applying standardized methodologies that are applicable in

the differentiaboratoriesinvolved in the field.
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