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Solution processable organic semiconductors are-egédblished ashigh-performance
materials for inexpensivand scalablsolar energy conversion in orgamihotovoltaic (OPV)
devices but their pomise in the economic conversion siflar energy into chemical energy
(solar fuels) has only recently beeecognized Herein, the main approaches employing
organic semiconductdyased devices towards solae Heneration via water splitting are
compared ad performance demonstrations are reviewed. {OR8ed water electrolysis is
seen to advance significantlyith the development of theandem OPV device and the
optimization of operating potential and redox catalyBkss approach now exceeds 6% solar
to-hydrogen conversion efficiency while over 10% is reasonably feasible. In contrast, while
the direct water splitting by an organic semiconductor in a photoelectrochemical cell has
attractive advantages, increasing the performance remains a challng@athodes
employing a bulkheterojunction have been optimized to g8 mA cm'? water reduction
photocurrent under standard conditions, but photoanodes remain < 1 hAwcdrobustness
remains a critical issue However, recent investigations into the dict organic
semiconductor/electrolyte interface Ileawbrought important insights intofree charge
generationthe nature of the semiconductafalystinterface and the stability of organic
photoelectrodes. Outlooks toward advancing both approaches aussgid.

1. Introduction

In a sustainable energy economy, based entirely on renewable and carbon neutral energy
sources, the conversion of Solar irradiance to electricity by photovoltaic devices is foreseen to
represent a princg technology!? Howeve, due to the diurnal and annual variations of
insolation, meteorological phenomena, and its globaturoformity, methods to store solar
energy at various magnitudes and over several timescales will be méddedconversion of

Solar energy into thehemical energy of molecular bonds (Solar fuels) is a promising
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approach for longerm storage on a global scale, and can also provide various industries with
fundamental chemical feedstocks to replace fossil fuels sources. Water electrolysis, which
effectively transforms electrical energy into molecular hydroges) étd oxygen (€ that

can be reconverted into electrical energy on demand with a fuel cell, represents a leading
approach for the scalable lobgrm storage and transport of renewable enétgyyen the
terrestrial abundance of.8. Considering that Hs also an essential chemical building block
(e.g. for NH production) and can also be converted into liquid fuels withp @€ing
industrially established transformations (reverse wegéer shiftand FischérTropsch), an
energy and chemical economy based primarily on hydrogen produced from Solar energy is
not only conceivable, but highly anticipated. However, to attain economiealtjble solar

driven H production at a global scale, challengeain in the identification of materials and
systems that can achieve high Sdtafuel energy conversion efficiency and robust
performance at loveost® In particular, the development of suitable light harvesting
semiconducting materials with idealoperties for soladriven water splitting has been a
major focus of research in the past decde¥o date, although numerous inorganic
semiconductof§ 2 have demonstrated solar wasglitting in various device
architecture$:® systems that can pilace H at a price competitive with fossil fuel based H
production remain elusié! Therefore, a new generation of high performance, stable
materials based on earth abundant elements and low cost processing is needed to enable solar
water splitting forthe globalized storage of solar energy and a canemtral industrial
chemical economy.

Solutionprocessed organic semiconductors, which contain an aromatic core of conjugated
carboncarbon bonds, which brings an electronic structure suitable for sesmiciomg
operation, and flexible appendages (e.g. alkyl groups) to afford solubility in common solvents,
represent a promising class of materials to enablectmst; high performance Solar fuel

production. Indeed, both conjugated polymers and small motebalee already been well
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established in organic photovoltaic (OPV) deviegg€® The solasto-electricity
(photovoltaic) powepp) ofctateoiviiees rars OP¥Yhasestirpassed 18%h c y  (
by optimization of the organic semiconductor molecular structures and device engiféering.

241 Considering the success of solutiprocessable organic semiconductors in OPV, research

is now emerging to exploit their advantages over inorganic semiconductors intdsolar
hydrogen conversion. In particular, organic semiconductors (OSs) consist of earth abundant
elements, and their optical bayap, energy levels, charge transport mobility and other
physical properties can be customized by molecular enginé&finghich affords the
possibility of tuning their properties for ideal operation in solar water splitting devices.
Moreover, OS devicesan be prepared from low cost and large scale processing techniques,
such as doctor bladifg};?® inkjet printing??”28l and rolkto-roll printing!2°2% Hence, solar

water splitting devices based on solutfmmocessed OSs can potentially meet theirements

for largescale implementation of this technology. Herein, we present an overview of the
application of OSbased devices in solar driven water splitting focusing on two main
strategies: OP\biased water electrolysis and @8sed photoelectrocheralc(PEC) cells.

The opportunities and challenges of these strategies are discussed and contrasted to competing
technologies using organic light harvesting systems for-sioiaen water splitting including
dye-sensitized inorganic photoelectrod&s* and photocatalyti€> " systems with an aim to

promote the further development of OSs in the field of solar driven fuel production.

2. Device architectures for solardriven water splitting with organic semiconductors

When it comes to the design of senmdactorbased devices for sotdriven water splitting,

different configurations have been proposed and té'$tein obvious choice is the use of a
standard photovoltaic device electrically connectechte & e ct r o c h e mi iased c e | |
electrosyhet i ¢ cel |l 6 configur at i o rheterojumctiom(BHJy pi c al

between electron donor and acceptor phases separated at the nasoaetsr used as the
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photoactive layerUpon light absorption, excitons generated in both phases areasptié
donor:acceptor interface generating free charge carriers (electrons and holes) that are
separately transported throughout the blend and eventually collected at the selective contacts.
Here, the voltage generated under illumination correspond< tdiffierence in the chemical
potential of the two photogenerated charge carrfeis. t he st andard Gi bbs f
for splitting water into hydrogen and oxygen is 237 kJ'fah principle a photopotential
equivalent to the st andar douldlbe¢he minimudnequirpdot ent i
to drive the overall water spiiing reaction. However, an operation voltage in the range of 1.5

T 1.9 Vis typicallyneededdue to kinetic overpotential losses and electrical resistance. Indeed,
the voltage requireid dictated bythe magnitude of the electrical current and chemicetisg
involved in the electrocatalysis. Although OPV devices have greatly advanced in the last few
decades including the optimization of photopotefifsf! the reported highest open circuit
photovoltage of a single junction OPV is still much lower tla# V, therefore a single
junction OPVcould notbe used to drive overall wateplitting without an externalkapplied

bias. While standard BHJ OPV cells can certainly be simply connected in series to increase
the potential to be sufficient for water eflysis!*>*1 a tandem OPV cell configuration,
where two or more serigonnected BHJs are layered on a single substratelso be used

to increase the photopotential. Moreover, the optoelectronic tunability of the BHJ and its
components makes OP\ideally suitable for tandem cell fabricatif®@*¥! and the tandem
structure benefits from an intrinsic advantage of superior scalability compared to single
junction celld** Therefore efforts to couple OPVs to electrolysis cells lawstly focused

on the implementation of these multijunction tandem cdhgure la shows the device
architecture of a tandem OFMased water splitting cell, which consists of an OPV device
wired to an electrolysis cell filled with aqueous electrolyte. The cathode perfibrens
hydrogen evolution reaction (HER) and the anode performs the oxygen evolution reaction

(OER). From an electron energy point of view, such a device operates as shown in Figure 1b.
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In this case two BHJ sutells are shown connected in series by annmeliate contact layer

(ICL) where photogenerated electrons from one BHJ recombine with photogenerated holes
from the other. Due to the series connection of the BHXslb in a tandem OPV cell, the
maximum photopotential (the open circuit potentiak) Yyroduced by the tandem cell is equal

to the sum of the 3 s f r om e acellhin BBeHdbserscal &f voltage loss at the
intermediate contact layelf8! If the photopotential produced by the tandem cell is greater
than the 1.23 V required to split watelus the resistive and kinetic overpotentials, the two
water splitting half reactions (OER and HER) will occur in the electrochemical cell.
Importantly, the overpotential losses can be reduced by employing optimized HER and OER
catalysts on the electrosleSince the OPMbiased water splitting consists of two separated
modules, viz. the PV cell and electrolyzer, both can be optimized independently facilitating
the optimization of the complete devida addition, since this approach does not require the
OPV cells to contact the aqueous electrolyte, the OPV device can be easily protected by
encapsulation, which is beneficial for long term stability. As a drawback, using tandem OPVs
requireselaboratedevice fabrication using orthogonal solvent processingramitiple ultra

thin layers without pinholeswhich increases the coahd complexityof the tandem OPV

cells with respecta single junction counterpartespite this possible disadvantage, the
performance of OP\iased water splitting has advanced digantly in recent years, as
detailed in Section 3.

An alternative approach for soldriven water splitting using OBased devices is to use
photoelectrodes in a PEC cdiligure 2a) where the (hole or electron) extraction layers or the
OS itself is in diect contact with the aqueous electrolyte. Both single component OS (e.g. a
conjugated polymer or a molecular semiconductor thin film) and donor:acceptor BHJs (e.g.
conjugated polymer:fullerene composites) can be applied as photoactive layerbas€dS

PEC cells as indicated schematically in Figure 2b. The electronic operation of a PEC cell

based on a photocathode or a photoanode wired to-agmbrabsorbing counter electrode is
5



shown in Figure 2c and 2d, respectively. Here, either an OER or HER tatatyshe
integrated directly onto the photoelectrode to reduce the overpotential, but since neither a
single OS nor a BHJ can supply the required photopotential of > 1.23 V, an extapyigd

bias, \app is generally required to drive the overall watsplitting reaction. As
photoelectrodes are typically examined in-al&ctrode configuration with a potentiostat, the
applied voltage is usually reported as potential relative to a reference (e.g. the reversible
hydrogen electrode, RHE).

Following this dea of a direct O8quid junction, wassisted overall solar water splitting can

be achieved without an external bias, in principlEng a photoanode/photocathode tandem
cell, where the photoelectrodes harvest complementary portions of the solar spaudrum
together generate sufficient photopoteriffdl This type of PEC tandem cell for solkar
hydrogen conversion has been considered to have advantages over the PV plus electrolyzer
approach in part due to the conceivable simplicity of the PEC appfé48hyhich requires

only a few materials to integrate the ligitisorbing and electrocatalysis functions. In addition,
since the electrochemical reactions occur directly at the semicondlgoidrinterfaces, the
current densities passing through thatenials under PEC operation are about two orders of
magnitude smaller than those in commercial electrolyzer syster0(h0A cni? vs. 1000

2000 mA cm?). This greatly reduces the demands on the HER and OER catalysts and
represents a route to reduce |lessdue to overpotentials and electrical resistéfite.
Nevertheless, the development of-B&ed PEC tandem cells for overall water splitting has
remained a challenge, and the single photoelectrode PEC cell architecture, shown in,Figure 2
has beerprimariy used to dateThis single photoelectrode cell is a conveniglatform for
examining the performance of €fased photoelectrodes under the relatively challenging
PEC operation conditions. Indeed, sirgehotoelectrode integrates multiple physical pssce
including light absorption, free charge generation, charge transport and charge transfer to the

electrolyte at the solid/liquid interfacé, needs to satisfy key requirements. First, as the
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photoelectrode is in direct contact with the aqueous eletdtdlye OS materials used should
exhibit stability under the operating conditions, either via protecting overlayers or intrinsic
stability. Secondly, the OSs should have optimized energy band gap eBgrgy balance

solar energy utilization and the démement of photopotential. In addition, the HOMO and
LUMO levels of the OSs should be appropriately aligned with the water redox |Bvels (

and En2o/09 in the electrolyte used to establish a thermodynamic driving force for the
photoreduction or photaadation reactions. Besides this, a favorable charge mobility is
preferable in the OS thin film in order to decrease the charge recombination during transport.
Much progress toward engineering ©&ed photoelectrodes to satisfy the above
requirements haseen recentlyeported andavill be presented in Section 4.

A related approach to the OS PEC cell is to use a photoelectrode consisting of a molecular
dye (metalcomplex or conjugated organic) grafted to a high surface area widegband
inorganic oxide sdéold in the dye sensitized photoelectrochemical {BEC) cell
approach?® which operates analogous to the -gpmsitized photovoltaic céff’!
Conceptually the main difference of the IPEC approach compared to using a BHJ active
layer in a PEC devices the decoupling of light absorption and charge transport in the DS
PEC. As a drawback only a few wide beagap oxides have suitable optoelectronic
properties® This limits the choice of dye to those with energy levels suitable for charge
carrier injetion into the oxide. Moreover, the high temperature processing conditions
required to form high performance oxide layers makes Jarga rolto-roll processing a
complex challeng®®! Regardless, the BBEC approach have proven invaluable to enable the
study and engineering of the complex physical processes occurring in photoelectrochemical
cells (e.g. charge transfer from dye to catalysts and recombination with carriers in the oxide).
Accordingly, this approach is under active development by many gemgsecent reviews

dedicated to the DBEC approach have been publishéd->!



A final technique to afford lighinduced hydrogen production using cardmased organic
semiconductors is to simply disperse or dissolve the organic semiconductor direcater

to drive the direct photocatalytic hydrogen production. Insoluble micron or nanometer sized
particles can be used in a heterogeneous fashion, or soluble molecular dyesdmptex or
conjugated organics) can be employed in a homogeneous atadyscs approach. From a
technoeconomic viewpoint, solar hydrogen production via photocatalytic dispersions has a
significant cost advantage over the PV plus electrolysis or the PEC appribasimilar
material performance can be achiedeglven the simptiity of the photocatalytic
approach®¥ However, the performance of semiconducting materials in photocatalytic water
splitting lags far behind that of the PEC approach despite both techniques employing a direct
semiconductaliquid junction!®>%¢ This is in part due to the difficultto efficiently separate
photogenerated carriefprevening recombinatioh and the inherent fragility of molecular
photocatalysts. Despite this, the photocatalytic approach is technologically enticing and
organic semiconduet photocatalysts both in heterogeneous and homogeneous systems have
drawn considerable research attention in recent years. Since the challenges of developing
efficient photocatalytic systems differ from the #Vased and the PEC water splitting
approach,and the progress in organic semiconductor photocatalysis has been recently
reviewed?> 375759 jt will not be the focus of this report. In the next sectionswilereview

and discusshe main results in the emerging fields of OB¥sed water electroligsand OS

based photoelectrochemical (PEC) cells.

3. OPV-biased solar water splitting systems
3.1. Side-by-side seriesconnected systems

The straightforward method of seresnnecting single junction OPV cells to afford sufficient
photovoltage to split ater was first reported in 2011 by Aoki et“8l.where six standard

poly(3-hexylthiophene) (P3HT) : [6,§henyl G1 butyric acid methyl ester (REBM) BHJ
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cells positioned sidby-side were connected in series to generate gof\2.9 V. Connected

to two Pt electrodes as cathode and anode the operating current depsapdJoperating
voltage, \4p, for electrolysis in 0.1 M EBQu electrolyte was 1.3 mA crhand 2.6 V,
respectively, under standard (1 sun) illumination conditions corresponding taaretosol
hydr ogen ¢ onv egmsof 10686. Wd rote that tbeshof 2.6 V ig much greater
than the 1.81.9 V typically required.This high voltage demand originates from the large
overpotential for water splitting in this case. Indeed, althouglk ®ellknown for being an
excellent HER catalyst, its performance as OER catalyst is poor, thus inducing a high
overpotential on the anode.

The concept of serieonnected sidby-side single junction OP¥iased solar water splitting
was extended in 2@1lby Esiner et al. who theoretically examined the performance limits of
this approach considering staibthe-art OPV materials and cataly§d. The authors
predicted a stHoh 8.9%mwith thage series connected cells, and further
demonstrated a step toward this limit with OPVs based on a donor of PdhgHE2-
ethylhexyl)thiophef2-yl)benzo[1,2b;4,5b']dithiophene2,6-diyl-alt-(4-(2-ethylhexyl)}3-
fluorothieno[3,4b]thiophene)-2-carboxylate2-6-diyl)] (coded as PTBTh) and P@BM as

the acceptor using a Pt cathode and a ROER catalyst on a Ti anode. With three series
connected OPVs st tf €.9% (withtde=i 4198 A ca? add Vop=1.5V).
Interestingly, aside from a study on siolgside single junction devices in their work, the
aut hor s pr edsmcatoend 100% vher emplayihg vdrtically stacked (tandem)
photoactive layers. The predicted improvement in the fundtition atndem case was
ascribed to more efficient photon harvesting and reduced losses, suggesting this as a path
forward.

3.2 Tandem OPVtbiased systems

In practice multjunction tandem OPV cells have indeed excelled in @Réed solar

hydrogen production giverthe recent advances in the development of OPV tandem
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cells[*®218163] \which have achieved sokuw-electricity (photovoltaic) power conversion
ef fi ci m)rexceeding 17%dandsy> 1.6 V4 In 2013, Janssen and-emrkers first
demonstrated solatriven water splitting using a triple junction tandem OPV cell with one
junction based on a BHJ with a wide bandgap polymer (coded PF10TBT) an@MPC
together with two junctions based on a small band gap polymer (coded PDPPTPT) and
PCGs1BM (see polymer chemical structureshigure 3a and the device schematic in Figure
3b)1%4 The authors engineered the intermediate contacts as a multilayer Zn@upidl
poly(3,4ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)/Nafion structure to
optimize the charge transport and transparency, and the triple junction tandemePV c
e X hi b iprtok53%aan npressiveyof 2.33 V, and a voltage at the maximum power
point of 1.7 V (see-V curve in Figure 3c). Solar water splitting biased by this tandem OPV
device was realized in 1 M KOH electrolyte using Pt for both cathndeanode (Figure 3c,

i nset ), an gnoa3.lavasiobmaned. The same group improved upon this result
by tuning the BHJ active layer components and employing.RagOthe HER and OER
catal yst st of 5.4%5% €artraabutidant NiMozZn and €8, HER and OER
catalysts, respectively, were also emploj@delivera dsth of 4.9%!%°

Homotandem OPV cells, which integrate multiple junctions containing the same BHJ
composition, can also be adopted as a strategy to provide a sufficient voltagatdéor
splitting. It has been shown that hottamdem solar cells can not only improve light
harvesting, but also reduce bimolecular recombination by decreasing the carrier transport
distancé®*®1A's a r e @ oflthe homdtandem splar cells undeptimal conditions is
higher than that of single BHJ OPV. A tv8HJ junction tandem cell caprovide a
reasonable tradeff between device complexity and increased performance, if the tandem can
be optimized to produce sufficient photovoltage. Beaujugeceivebrkers optimized a homo
tandem solar cell for ORdriven water splitting using 2x PBDTTPD:R8M photoactive

layers (see donor polymer structéiigure 4a) and MoQultrathin Al/ZnO as an ICL (Figure
10



4b) 1571 A dpv of 8.35% (9% greater than the single BHJ control) andz0#/1.84 V were

obt ai ned (see pFVawa)Soladdavenfwater spliting wag carried out at

Vop = 1.5 V with Pt and nickel foam as cathode and anode, respectively, in 1M AlaDél

ma x i msrdof 601% was achieved (see red curve in Figure 4c). The authors also showed
that a triple junction homtandem would not increase the water splitting performance as the
Vop Of the electrolysis cell (1.5 V) was already close to the maxinpower point of the
doublejunction cell as can be seen in Figure 4c. In a similar demonstration, Esiner et al.
developed ahomb and e m c e\Jof 53%ianndla M af 1.d4 V that was based on 2x
BHJs of PTPTIBDTOD:PC1BM (see polymer structure Figei 4a) and a ZnO/pideutral
PEDOT:PSS/Mo®@ multilayer ICL58 The PTPTIBDFOD was optimized to have a higher

Ey (2.04 eV) and thus produce more photovoltage, but since only 1.5 V was required when
using Ru@ as both OER and HER catalyst in 1M KOH, andwdr current was produced
B5mAcm?duri ng wat e rsthwgs linitedtoi4/3%.) , t he d

The water splitting operating voltage of ca. 1.5 V reported for the examples above with
optimized catalysts were accomplished in either strongly acidic or alkaline electrolytes.
Indeed, in order to mimize the overpotentials, Pbiased water splitting is generally carried

out at pH 0 or 14. However, these harsh conditions can lead to a strong electrode and cell
corrosion. Elias et al . addr®:0s6edn pdrieatral dr a wil
electrolyte by using a horm@andem solar cell (see device structure Figure®3d)o
overcome the higher operating voltage required, the tandem solar cell employed 3x BHJs
based on PTB7:PCBM and optimized ICLs of MaflirathinAg/PFN (a polyfluorene
derivative), and showed @pv of 8.7%, a \§c of 2.1 V, and a remarkably high FF of 76% (see
Figure 4e). A graphic carbon (GC)/Ru@athode and stainless steel (SST)/NiMoZn anode
were used to drive electrolysis apd& 1.701.75 V (green line Figure 4e). More importantly,
79% of the operation current remained after 50 hours of pdateen electrolysis (Figure 4f),

indicating a promising stability.
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3.3 Outlook on OP\tbiased solar water splitting

The progress achieved in the development of @R¢ed water splitting is summarized by
the device performance metrics presentedable 1 Although significant advances have
been achieved over the first demonstration with-bigside P3HT based cells, the reported
highestdsTh of about 6% is still inferior to statef-the-art results based obtained at 1 sun
illumination with inorganic group BVt r i pl e t an d em= 16B8%%)ttwoo n
sideby-side halide perovskite cells (12.8%) or three sidéy-side CulnGa.xSe cells
(10%73) . Tstm @ the stateof-the-art OP\tbiased approach is mainly limited by the
output current density of the OPV assenduiglthe electrolysis ¥, range of 1.51.7 V. So far,
for OPV-biased water splitting the highest reporteglisd less than 6 mA ch In principle,

the short circuit current densitysfJof a seriesconnected tandem solar cell is determined by
the lowest current density obtained from its-seblls. Thusone strategy to improve the: of

a tandem OPV device, atitus to improve o) for water splitting, is to more effectively match
the Jc of the subcells. In addition, the development of high performance-fnbarene
acceptors has significantly d v a ngg i@ @PVdcells in the last few yedfé.”® In general
these optimized nofullerene acceptors exhibit a strong light absorption, tunéglea
favorable charge mobility, and the ability to decrease photopotential l&s$eRecently,
dualBHJ tandem OPV c evloves17% asing neanfeased roefudlerede
acceptors optimized transport layers, and optimized light absoHstiéhThe champion cell

to date has shown acbf over 10 mA cri? at 1.5 V, thus tandem OPV biased wter
splitting can emneoftl® im the neas futune.aRegardiray thg possible
industrial implementation of ORYiased hydrogen production, assuming the stability issues
of OPV can besuccessfullyaddressefi?! the tandem cell configuratiohas the advantage
over the sidéy-side approach by providing an improved scalability for OPV device
fabrication. However, the scalability of the overall GBiMsed electrolysis systems will also

have to be considered. Simply scaling up the OPV active algle keeping the same
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electrode area will mean higher electrolysis current density and thus higher operating voltages
will be required. This would in turn require tandem OPVs with higher voltage at the
maximum power point then the current statehe-art. Alternatively the active area of the
electrodes could also be increased, however, this requires radgstgn electrolysis system

and expensive metals like Pt and $twuldbereplaced by earthbundant electrocatalgst

4. Direct water splitting from organic semiconductor PEC cells

While the performance of ORWfriven solar hydrogen production is not far behind the
performance of solar water splitting with other thin film-Bkvven approaches, the relative
complexity of the tandem architectures reqaite achieve the highest device performance
poses a serioudrawback towards the largeale implementation of this technology. As was
mentioned in Section 2, the integration of the semiconductor and the electrode in a
photoelectrochemical cell can bringtpntial advantages toward overall sdlahydrogen
conversion devices. However, engineering robust dndghperformance OSbased
photoelectrodes with a direct interface between the semiconducting material and the aqueous
electrolyte brings additional clenges. Recent work on developing ©&sed photocathodes

for water reduction and photoanodes for water oxidation have begun to address these
challenges establigiy the foundations to develdpasiblesolar fuel productionvith organic
semiconductors inEEC cells.

4.1 Photocathodes using a single organic semiconductor
In a characteristic inorganic semiconductor photocathode for solar water redubgon,

equilibrationof electron energwt the semicaductor/liquid junction inducea spacecharge

region in the semiconductowherein the associated electric field serves to separate
photogenerated electrons in the conduction band from holes in the valence band. Given the
formation of excitons instead of free charges in O%nas under ambient operatiand he

need to employ a donacceptor heterojunction fogeneratingfree chargs, employing

organic photocathodesith some form oforganicbrganic heterojunctioms of interest(see
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Section 4.2). However, a few reports have investigated PEC water reductosifgle OS.

In fact, thisconfigurationcan be an effective platform to study the complex interactions
between an OS and a liquid electrolyte. Early work by Holcroft and coworkers on
photocathodes of solutigorocessed regiorandom or regioregular P3Id&duelectrochemical
impedance spectroscopy to establish that a spa@mee region doedorm at the
semiconductor/aqueous electrolyte interfd&é” Regioregular P3HT performed better as a
photocathode with a photocurrent density, &f 20 uA cm? under 1 sun illumination at
T0.14 V vs RS$SEpHIligconfpared toM 1 HA ¢ with regiorandom P3HT).

The photocurrents were stable and no degradation of the polymer was observed after hours of
irradiation, suggesting the photocurrent was duedaéeduction of a solution species and not
due to the irreversible photoelectrochemical reduction of the film. Sincea® excluded

from the PEC cell, the authors concluded that the most reasonable explanation for the origin
of photocurrent was the redumti of protons and the evolution of hydrogen (although po H
was detected”] The authors conjectured that a protonated P3HT at the padlgtaetrolyte
interface is an intermediate in the élolution reaction. However it should be noted residual

Ni in P3HTI’® (as a nickel catalyst was used to prepare the polymer) was likely present as
well and could participate as electrocatalyst for HER.

To achieve enhanced mechanical attachment of the OS to the inorganic electrode substrate for
photocathode applicatipnconjugated polymers in th@olythiophene family, such as

p o | y-kitRigplzehg) (PBTh) or polyterthiophene (PTTh), have been polymerized directly
onto the electrode (without including solubilizing side chains). For example, Ng and co
workers employed a vapor phase polymerizatiorthoek to prepare PBTh films in the
presence of Fe(lll) goluene sulphonate as oxidafit.Increasing the roughness of the film

was found to be important for increasing the photocurrent, suggesting that either exciton
dissociation was occurring at the seamductor/liquid junction, or that the HER reaction

limited electron transfer. Under 1sdin illumination in 1 M phosphate buffer (pH 7) a
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photocurrent of ca.100 pA cm? was obtained at 0.11 V vs RHE, and ca. 50% of the
photocurrent remained after 12 daylscontinuous testin§” Molecular H evolution was
observed by GC analysis at an average Faradic efficiency of 72%. WJethezn and
coworkers recently extended this work by demonstrating an iediperassisted
polymerization in the absence of mstto fabricate PTTh films (sdégure 5a for synthesis
scheme®! XPS data indicated no detectable iodine or other metals in the resulting PTTh
films after a washing step, and the resulting film was slightly porous according to the SEM
image (Figure 5b)The PTTh photocathode showed an increased photocurrent density and a
more positive photocurrent onset potential with increasing pH electrolyte solution (Figure 5c).
This norNernstian behavior was attributed to the oxidation state of the PTTh insatar as
must reach a state close to neutral to be photoactive. The authors further leveraged this result
to reduce the potential needed to drive overall water splitting in aeleatrode water
electrolysis cell with a PTTh photocathode and a (dark) Mmi®de At a low applied bias
potential Vapp = 0.3 V in pH 12 electrolyte water splitting with a Faradic efficiency of 91%
was observed with a current density of ca. 1 pA%ciat Vapp = 1.23 V the current density
increased to 25 pA crhand reasonably stable gbourrent for 30 min was shown (See
Figure 5d).

In addition to engineering the mechanical robustness of the OS film by directly polymerizing
to the substrate, a parallel research theme has heedetelopment 0©S materials with
increased surface arearfsolar water splitting applications. Indeed, if free charges are
generated at the semiconductor/electrolyte interface, then maximizing this surface area could
serve to increase the photocurrent even without a traditional donor.acceptor type
heterojunction In this regard porous semiconducting network polymers, including carbon
nitrides®223 covalent triazine framework&:2% conjugated microporous polymé?&87 and
covalent organic frameworks (COF®)®! have been of recent interest for appimatas

dispersed particle photocatalysts or water splitting, and a few review articles have
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summarized their recent progrdsas mentioned in Section®:3"1 Considering the promising
performance of these materials as particle photocatalystszfevatuion from water, it can

be expected that photocathodes based on these matmidts also operate with high
conversion efficiency. However, a factor limitinginvestigations into the
photoelectrochemistry of porous semiconducting network polymers is picioele
preparationtself. Indeed, the network structure of these materials leads to a poor solubility
and challenges with processing into thin fi
photocathode based on an organic porous polymer codedEBDA (see chemical structure
Figure 6a)°¥ The BDT-ETTA COF film was synthesized on an ITO substrate (Figure 6b)
using a chemical bath method, where the orientation of the COF film could be controlled by
the synthesis solvent. Mesitylene or anisole led tonoeoriented film growth, while a
mesitylenedioxane mixture resulted in an oriented and porous COF film. PEC tests indicated
the nonoriented films was neither photoactive nor stable under operation conditions
(comparing the dark and light cyclic voltamimye CV, curves in Figure 6c do not evidence
photoactivity). In contrast, a stable photoresponseo(d ¢ a . '24at 0.3 VAvs RHE in in
nitrogenpurged 0.1 M Nz5Qy) was obtained for the oriented films even in the absence-of co
catalyst (Figure 6c). A fodiold increase ingh ( up t o 4 at3.3 & As RHE) was
achieved after loading Pt nanopelds as HER catalyst (Figure 6d), and the photocurrent
even in the absence of Pt was stable for at least 5 hours (Figure 6€). In the castabilitiye
measurements for bare electrodaswn in Figure 6e, the authors positioned a Pt mesh near
the photeathode to oxidize the products of the photocathode. The oxidation current (Figure
6e, red curve) coincided with the photocurrent from the cathode, strongly suggesting that that
the bare BDTETTA COF can photelectrochemically reduce water te.HWhile this result
represents the first application of porous organic semiconducting network polymer as a water
splitting photoelectrode, the reported photocurrent still limits the practical application. From

the view of device engineering, the authors stated thptavement is likely possible by
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reducing the energy mismatch between the work function of TBX (eV) and the HOMO

level of BDT-COF film (5.5 eV). In addition, improved control over film formation may be
possible using ann situ film polymerization tehnique for semiconducting network
polymersi®!!

Overall, despite the relatively low photocurrent density observed in the -sierglieonductor
photocathode systems, the use of only one OS has helped to gain insight into the operation of
the organic semicatuctor/aqueous electrolyte interface. Indeed, the results suggest that free
charge generation can occur at the semiconductor electrolyte interface, and that bare
unmodified organic semiconductors can drive the HER reaction, albeit at low efficiency. This
later point accords with recent results using organic photocatalyst particle dispersions for H
evolution from water as welfl® However, the exact mechanism for water reduction on
organic semiconductors is still an open question, and the role of metaitieg?’! cannot be

easily discounted.

4.2 Donor:acceptor heterojunction photocathodes

While single OS photocathodes provide an interesting platform for gaining insight into the
OS-electrolyte interface, poor charge separation apparently limits thdormpance,since
evenwith HER catalysts, photocurrent densities are well below 1 mA2.cEBmploying
donor:acceptor heterojunction photocathodes have accordingly been investigated to produce
higher photocurrents, althougsignificant photoelectrode engingeg has been required.
Early work by Abe et al. in the 2000s demonstrated the potential of organic heterojunctions as
photocathodes in aqueous solutith?s! Vapordeposited bilayers of a metiake
phthalocyanine anddgwere investigated for their altif to reduce F& to F&* and 3 on the

order of 10 pA cri? was observed. This work pointed to a kinetic limitation of electron
transfer at the §gelectrolyte interface. In 2012, Lanzarini et al. extended the concept of
heterojunction organic photocathes to solutiofprocessed BHJs by employing P3HT:PCBM

in direct contact with an aqueous saline solution from whigk J 1 & 2Avasaaported®?
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Interestingly, gas bubbles were observed on the illuminated portion of the photocathode
during operation, suggesting the production efgls, although this was not quantified. Soon
after, Bourgeteau and aworkers introduce@n earth abundant HER catalyst Maf top of

a P3HT:PCBM BHJ laye?® The Jn was improved to 200 pA crhat 0 V vs RHE, and H
production was confirmed by gas chromatography. These initial results indicated that a hybrid
organic semiconductor BHJ/irganic catalyst device structure could integrate the exciton
dissociation and catalytic activity to exploit photogenerated free charge transfer at
electrodéelectrolyte interface. Nevertheless, thegknerated was significantly lower than the

Jsc (normally larger than 8 mA chd) of OPV cell based on P3HT:PCBRA!

Interface engineering is currently emerging as a promising route to improve the performance
of P3HT:PCBM based photocathodes. Indeed, in OPV cells;deslgned interface layers

are able to remrkably improve the device performance as the interface layer plays a crucial
role on the charge extraction and mitigating interfacial recombinéfidth. For a
photocathode an ideal hole transport layer (HTL) must possess suitable energy levels to
accep photogenerated holes from the BHJ donor HOMO and block photogenerated electrons
from the acceptor LUMO, while energy levels of an ideal electron transport layer (ETL) must
accept electrons and transfer these electrons to the HEGatalgst, but also bk
photogenerated holes. In addition, ideal interfacial transport layers should possess sufficient
carrier mobility and a low light absorption. Examples of HTLs and ETLs that have been
investigated for application in P3HT:PCBM based photocathodes are igivieigure 7a,

which shows the material conduction band edge (LUMO) and valence band edge (HOMO)
energy levels with respect to vacuum energy and the potential of normal hydrogen electrode
(NHE = RHE at pH 0). Especially important for PEC operation, sefiicrobustness and
water resistance are also required, even for a HTL inserted between the conductive substrate
and the BHJ in a photocathode. This was demonstrated by Bourgeteau et al. when they

compared well known PEDOT:PSS, the most commonly used HTORWV devices to
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reduced graphene oxide (rGO), Nj@nd MoQ layers® The linear scanning voltammetry
(LSV) curves of the photocathodes based on ITO/HTL/P3HT:PCBMMI& shown in
Figure 7be. Note that the LSVs are collected under intermittent illaton showing both

the dark current and the reductive photocurrent.

The photocathode with PEDOT:PSS as an HTL provided a photocurrent of less than 100 pA
cm'2at 0 V vs. RHE. In comparison, a photocurrent of at least 1 mAwas obtained in the
photocatledes based on rGO, NiOand MoQ. This difference can be attributed to the
interaction of water and the PEDOT:PSS. Moreover, it should be noted that among the better
performing HTLs in that work, Mog) exhibited the most positive photocurrent onset
potertial and also the highest photocurrent density,af about 2.5 mA ci at 0 V vs RHE.

These results demonstrate the feasibility of improving the photoelectrode performance by
changing the interface layer, and suggests that the other factors besidhse gmhduction

and valence band edges could be important for optimizing performance. Indeed, subsequent
works have investigated a variety of HTL materials, including einked PEDOT:PS$
nanoflake Mog ™Y Cul 1292 MoQ5.10%

Compared to HTLsthe development of materials for the ETL is less advanced. Althogtgh C
and Al:ZnO (AZO) as ETLs demonstrated some improvement in the performance BHJ
photocathodes, the photocurrent was observed to quickly decay due to the instabity of C
and AZO in a® water!*?41%I|n contrast, given its excellent aqueous stability, |draedyap
energy, and effective ability for electron transport, the most effective ETL material so far
demonstrated is titanium oxide. Importantly, the conduction band of a0 matches well

with the LUMO level of most acceptors in the typical BHJ (see Figure 7a), which is beneficial
for electron extraction, and its low valence band level can effectively block photogenerated
holes from transferring across the semiconductor liquidction, reducing interfacial
recombination. However, depositing high quality Ti@h top of an organic BHJ can be a

challenge, given the high temperatures requisite for synthesis. Haro-aradkay's overcame
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this challenge by using a sgél solutionrbased approach with annealing at only 85°C to make
TiOx overlayer8% and demonstrated the importance of the layer thickness in photocathodes
with geometry shown ifrigure 8a (note here that the Pt layer HERaadalyst deposited by
sputtering is about 0.Bm thick). While photocathodes with only 40 nm of TiOst about

half of their photocurrent after 60 min (Figure 8b), a 140 nmyT&yer gave a BHJ
photocathode with >3 hours of stable operation under intermittent illumination with
chronoamperometry, CAneasurements at 0 V vs RHE (Figure 8c). Alternatively, Steier and
co-workers developed a novel low temperature atomic layer deposition (ALD) to prepare
TiO2 on a BHJ, and apdof >3 mA cn? at 0 V vs RHE and a stability of >3 h under CA
measurements weralso achieveld®? ALD-grown TiQ« ETLs have also been shown to
stabilize photocathodes based on a BHJ of PCDTBT (see Table 1 for full polymer name) and
PCBM. In this case Francas et al. used a NiO HTL and-Ra@oparticle HER cgatalyst in

the optimizd photocathode structure. Interestingly, both the NiO HTL and the HIQ

were shown to be necessary to maintain stable photocurrents (of ca. 3'Ae 0 vs RHE

in 0.1 M phosphate buffer, pH 7) for > 'ff!

Using the TiQ ETL plus Pt HER caatdyst strategy while optimizing the HTL led to a
breakthrough in the photocurrent of BHJ photocathodes when Cul was employed by Di Fonzo,
Antognazza, and eworkers. After first using Mo®as an HTL%® they switched to Cul and
demonstrated a photocathd@& O/Cul/P3HT:PCBM/TiQ/Pt) with a Jn of > 7 mA cmi?at 0

V vs RHE (in 0.1 M HSQs plus 0.1 M NaSQq at pH 1.0) and @aemarkablephotocurrent
onset potential of around 0.6 V vs RHE! The photoelectrode crosectional imagend

LSV are shown inFigure 9 and Figure 9Qbrespectively It should be noted that similar
photocurrent density (> 7 mA ¢fat 0 V \vs RHE in 0.5 M HSQy) was alsoobtained by
optimizing interlayers aseported byBourgeteau et &°! who employedan Al/Ti metallic

layer between the ETL (LIF) and the HER catalyst (Mog) in an

| TO/ PEDOT: PSS/ P3HT: PCdeWee Lstrdcturd Whilg i thedd onBrks
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represent théenchmark gh of 7-8 mA cni? for a BHJ based photocathode for solar H
production, the stability ohie photocathode still remainscatical performance limitationtn

the caseo f Di Fonzo and Ant ogbsavedzaaca. s75%wmeduckioh © he a
photocurrent after 1 h operation (CA at 0 V vs RHE). The delamination of the Pt from the

TiO2 ETL (See Figure 9c) was cited as a major factor in the poor stabiiy.althors

improved on the stability by spin coating a branched polyethyleneimine (PEI) overlayer from

a 0.1 wt% in ethanol solution onto the Pt g
hydrophilicity, proton affinity, and chelating properties antbh i o n s [&lwmithouhet al s .
affecting the initial gh or the onset potential, the PEI layer resulted in an increase in stability

(only about 57% of thepdwas lost after 1 hour), but a significant decrease was still observed

(see Figure 9d)In the case of Bourgeteau et &P the photocathode with a LiF/Al/Ti

interfacial layer was found to lose 4586the initial photocurrent over only 10 m{@A at 0

V vs RHE) The use of titanium as the sole interfacial layer increased the stability under
opeamtion, with a loss of 12% under similar conditiolxespte the drawback of stability,

these demonstations have confirmed the possibility of obtaining values of photocurrent

density andbnset potentials that rival traditional inorganitype photocathode Indeed, the

favorable onset potential and higi dbserved in the optimized configuraticeported by Di

Fonzo, Antognazza and coworkdesds to a single electrode (not tandem cell) applied bias
photonto-current efficiency (ABPE%®)) of ca. 3.7% athe maximum power point (mpp = 0.3

V vs RHE, see inset of Figure 9b).

In particular a highly positive photocurrentonset potential is an importaphotocathode

property for the construction of tandem PEC cells and this result has paved the way towards
more practical device demonstrations using organic semiconductor photocathodes. For
example, Shao et al. reported a tandem PEC cell for bias free overall water splitting, using a

Pt coated P3HT:PCBM photocathode and a modified, T{@ith IrO2 as the OER)

phaoanode, that gave an operating photocurrent density of ca. 150 [iA winich
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corresponds to adsti= 0.2 %1% In addition, Abe et al. examined a wagglitting system
comprising a Ti@ photoanode and HO/Zinc phthalocyanine/égsi Pt photocathodevhere
overall (2electrode) water splitting occurred at a small applied bias voltage of 0.25 V with an
dsth = 0.1%!% Another engineering aspect towards the practical application of organic
semiconductor photocathodes is to develop-¢émst processing tenlgues by avoiding
vacuum deposition steps for under overlayers. Two recent reports demonstrated all
solutionprocessed photocathodes based on P3HT:PCBM BHJs from whioh 9.25 mA
cm2and 6.01 mA cit at 0 V vs RHE were obtained, respectiviéy1? To further establish

the scalability of the solutieprocessing fabrication approach, Bellani et al. prepared a
photocathode with an area of 9%am a flexible substrate and a photocurrent of 2.8 m& cm

at 0 V vs RHE was observ€d? Overall these demonstrations strongly show that organic
semiconductorscan perform as competitivephotocathode exhibiting not only high
photocurrents and onset potentials, bisio providing advantages towamv costscalable
PEC cells.

4.3 Organic semiconductor lased photoanodes

In contrast to the significant progress of photocathoded)@38d water splitting photoanodes

are still at an early stage of development. This is partly due to the complexities of the water
oxidation reaction, which requires four holesgenerate oxygen and has been established to
be a kinetic bottleneck of water splittifg1'® Furthermore, organic materials generally
exhibit poor stability in strongly basic electrolytes in which photoanodes normally obtain
better performance. So fahe best performance of a nromrganicbased photoanode was
achieved from dye sensitized photoanodgge £J1.7 mA cm? at 0.6 V vs RHE in a pH 6.8
phosphate buffer solution using a molecular-BRised sensitizety'*! However, since the
development of th DSPEC approadh’! differs significantly from using a single organic
semiconductor or a BHJ as photoactive layer as discussed in Section 2, progress in this field

will not be discussed further in this review. Instead, photoanodes using OSs as thg prima
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light harvester and charge transport medium offer some advantage over-BEe(M™&hd are

under parallel development. For example, in 2006 Abe, Nagai and coworkers reported a
bilayer with 3,4,9,1perylenetetracarboxylic acid bisbenzimidazole (PTCBI, ratype
semiconductor) and cobalt(ll) phthalocyanine (CoPc). Photocurrents of about 20" flatcm

1.2 V vs RHE were observed (in aqueous NaOH solution pH 11) anc®©measured:® In

this case the CoPc was thought to play a role of light absorptiogéckaparation (accepting
holes from the PTCBI and also injecting electrons into it) while also activating the OER via
the holedoped CH#Pc centers. In another example, 3,4,%&6@ylenetetracarboxylic
dianhydride (PTCDA) was combined with PCBM in a plastode and its PEC characteristics
under various conditions were studi€d! More recently, Finke and coworkers continued
efforts with perylendb a s e d OS s -big(shosphgnormithygM;j,9,10perylenediimide
(PMPDI) with a CoQ OER catalyst to obtain mespectablepd of 150 pA cm? (at 1.56 V vs

RHE in 0.1 M pH 7 KPi buffer:'"l Interestingly, in this study the authors argued that the
generation of free charges from exciton dissociation occurred at the semiconductor/substrate
(ITO) interface and nothe semiconductdiguid interface. Despite the detection of @ith

an estimated Faradaic efficiency of 85+15%, the photocurrent decreasedddpsilhyg more

than half of its initial gh in thefirst 5 min of CA testing.

Stability is indeed a major issuwith OSbased photoanodes, and accordingly innovative
materials and approaches have been pursued to attain both high OER photocurrent and
reasonable longevity in organic semicondudtased photoanodes. For example, Wang et al.
demonstrated that an uktiain ZnO overlayer (deposited by ALD at 85°C) on a RBM thin

film could both improve the photocurrent magnitude and the photoanode staljilityis is
somewhat surprising as the energy band alignment of the PCBM/ZnO interface (shown
schematicallyn Figure 10a) suggests that photogenerated holes in the organic semiconductor
should be blocked by the ZnO ovayer. The dependence of the measured water oxidation

photocurrent on the thickness of the ZnO eager (Figure 10b), which first increasesdan
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then decreases after a certain limit (~1.3 nm), suggests that photogenerated holes are able to
tunnel from the PCBM to the ZnO/electrolyte interface to participate in the OER. Furthermore,
the increase thexlfor ZnO thicknesses less than 1.3 nm imptlest the ZnO layer affords
increased charge separation or charge injection until the layer is too thick for tunneling.
Moreover, CA results (Figure 10c) show that a 1.44 nm ZnO overlayer extends thte half

for the photocurrent generation from 200 shia bare photoanode to over 1000 s. The authors
of this work also optimized the semiconductor/substrate interface (also with ZnO) and
obtained a ) of up to 60 pA cri? at 1.23 V vs RHE!!8

A strategyalternative to protecting the semiconductor witkertayers could be to simply
identify an organic semiconductor with an intrinsic stability under the harsh water oxidation
conditions. Bornoz et &% investigated this possibility using an exceptionally robust
semiconducting polymer, poly(benzimidazabephenanthroline) coded as BBL (chemical
structureFigure 1la inset), as a photoanode for water oxidation. BBL had been previously
characterized as an exceptionally thermally stable organic semiconductor with reasonable
electron mobility up to 0.1 chV s'L2021U However, given the absence of solubilizing side
chains and the ridged ladegpe structure, the processing of this polymer into thingivas
poseda significant challengeTwo processing strategies (dip coating and dispersion spray
depositon) were investigated to prepare thin film photoanodes of.BBe PEC response of
these electrodes in a sacrificial hole acceptor electrolyte (0.5 M®apH 7) displayed
significantly different g under intermittent 1 sun illuminatioepending on th@rocessing

route (See Figure 11a). The higher photocurrent of the sgeppsited photoanode (150 pA
cm? at 1.23 V vs RHE), was not attributed to a greater light absorption (similar optical
density is seen in both types of photoanode in Figure 11d)athd#rrthe morphology of the

BBL film was argued to be the main cause for the difference. Indeed, the dip coatidhthin
displayed a relatively smooth morphology (Figure 11b), while in contrast the spray coated

electrode exhibited a rougher nanofiber nmmpgy (Figure 11c) with an increased
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BBL/electrolyte interfacial area. Since the oxidation of the sulfite should not be kinetically
limiting, increased free charge generation due to exciton dissociation at the
semiconductor/electrolyte interface was reegbto be the origin of the difference in this case

(in contrast to free charge generation at the semicondswebstrate interface). The bare BBL
photoanodes also showed photoactivity in-sanrificial electrolyte (sulfate/phosphate buffer

pH 7) reachinglhn D3 0 & ¥ atd.@8 V vs RHE with the spragpated film (Figure 11e).
Remarkably, CA measurement (Figure 11e inset) showed a stabjiZp8l J £ A'? far B0

min after an initial decrease. In addition, similar to the PTTh photocathode discussed in
Sedion 4.1, a noflNerstian behavior of the photocurrent was observed with pH, with more
basic electrolyte giving higher steadyt at e phot ocurr ehatpH 2up t o
Interestingly the steadstate photocurrent was not attributed to moleculae@lution but
ratherAOH was detected, I ndicating thacompiexhe bar
OER. More importantly, no indication of the selfidation of BBL after a zhour PEC test

was detected, suggesting that BBL is sufficiently robustgptieation as a photoanode. After
loading a NiCo catalyst on the BBL photoanode, gas chromatography confirmed molecular
O, production with a Faradaic efficiency of 82+16%. This demonstrations gauegible
prospect to the possibility of stable @8sed pbtoanodes, however the photocurrent remains

far below what would be needed for practical application.

Indeed, the magnitude of the photocurrents observed with all of tHea€#8l photoanode
discussed above are small compared to the progegssted onorganic semiconductor
photocathodegdowever, and dspite he poor performancetheseinitial works as discussed

above have not only established that the nanostructure of the film ptaysial role on the
performance anthdicatesstrategies for increasintye stability, but alstvaveopened a new

path for the rational design and optimization of photoanodes based on organic semiconductors.

4.4 Outlook on organic photoelectrodes
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The performance metrics of the key reports ofliaSed photocathodes and photmies are
summarized inTable 2 Overall the application of a BHJ and engineering ETLs HTLs and
HER catalysts have demonstrated thatif@aSed photocathodes have a promising application
potential in lowcost and scalable PEC cells. Nonetheless, comparetietcstateof-art
inorganic photocathodes, which have achieved a photocurrents3¥ a0\ cni? at 0 V vs

RHE after four decades development (e.g. 10 mA?érom Cu@Q,[*?2128135 mA cmi? from

INP 124 25 mA cm? from WSe,[? and 13 mA cri? from CulnS[*?)), the performance of
organic BHJ photocathodes remain inferior. However, the fabrication of thigke
performance inorganic HER photocathodes is based on expensive andscatable
processing techniques, such as atomic layer deposition, sputterththeamal evaporation.
Indeed, while the innovative synthesis of these competing inorganic photocathodes via low
cost methods has attracted considerable attention in recent!’$&&%, the obtained
photocurrent is comparable to that of the BHJ phatmzie reported bourgeteau et &)

and Comas Rojas et #°1 Thus combining the aspects of photocurrent and-dost
implementation, O$®ased photocathodes are on an equal position to their inorganic
counterpartsln addition, the ability to tunene banelgap and the energy levels of the organic
semiconductor gives advantages to control the light absorption and the photocurrent onset
potential, as was recently demonstrated using subnaphthalocyanine and sexithiophene small
moleculesemiconductor83 Currently, the main limitation of organic BHJ photocathodes

lies in photocurrent instability. The photocurrent decay, in part, can result from the interface
layer degradation and catalyst detachment. Some strategies, such as adopting robust interface
layers such as G&*? adding a protective PEI layer on the top of catdi8tand blending

Nafion polymer in the cataly§tt?l have exhibited the ability to suppress the photocurrent
decay to some extent. Nevertheless, BHJ photocathodes with phatbciemsitiesabove5

mA cm'? and even modest stability (less than 10% photocurrent decay after 1 hour under

operation)under standard testing conditioresnain elusive in the field. Therefore, continued
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efforts on preventing catalyst detachment and saayctur robust interface layers are still
required. On the other hanidreversiblechemical and morphologicalegradatiorof organic

BHJ could also be one of the reasons for photocurrent decay. Unexpected chemical reactions
could occur for organic matersalunder light illumination in the presence of and water and
021132 Since various organic BHJs that are more stable than P3HT:PCBM are developed in
recent year8331% investigation into the relationship between the photocurrent stability and
molecularstructures of the OS used in BHJ based photocathodes should follow to establish
the criteria for stability in BHJ photocathode materials.

Regarding the outlook on G&ased photoanode development, a first task should be to
demonstrate higher watexidizing photocurrent densities, asdate the performance latg

behind that exhibited by stateof-the-art photocathode Taking inspiration from the
photocathodes, the use of BHJ photoanode could be one effective strategy to improve the free
charge generan. However, the HOMO level position of the electron donor material needs to
be carefully considered for application in water oxidation. As shown in Figure 7a/thgd0

redox potential En20/02) lies at 1.23 V vs NHE (pH 0), corresponding to a vacuusstein

energy ofi 5.67 eV, and the Nernstian shift of the redox potential 59 mV for every decade of
pH effectively shifts the potenti al Aupo wi't
pH of electrolyte solution. Considering the observed-Nemnrstian behavior of organic
semiconductor photoelectrodes, increasing thefitHe working solution could be beneficial,
affording a higher driving force for OEREor example Enzoi02at pH 7 is equivalent to an
electron energy of 5.26 eV vs. Vacuum (0i5.02 eV at pH 11). However, to avoid
degradation of the organic semiconductors in strongly basic electrolytes and also drive the
OER (where an overpotential of 0.3 V is typically needed for 10 m&)arHOMO level of

at least 5.3 eV will likely be needetbr the stable antigh-performanceperation of a direct
BHJ/electrolyte based photoanode. This may be possible with some of the more recently

developed Quinoxalite® or Benzodithiophen¥! based donor polymerghe successful
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demonstration of a BHJhptoanode with pi~10 mA cm? will open the door for the
construction of BHJ photocathode/BHJ photoanode tandem*tEifsfor overall water
splitting.

A final point for investigation for both photoanodes and photocathodes is the rational design
of the interface with the respective redox catalyst. Indeed, reports to date ninastéy
considered depositing anorganic catalyst on the surface of the OS. This organic/inorganic
interface can lead to high charge transfer resistance and suffers from poanivecstability.
Developing a molecular understanding of this interface or even by implementing stable
molecularlygrafted catalyst complexes at the-@i8ctrolyte interface wilplay a pivotal role

in advancing the performance of OBased photoelectrodefor solar water splitting

application.

5. Summary and Conclusiors

This report has summarized the application of organic semiconductors ifilrthinased
devices for soladriven water splitting. Various device configurations have been
demonstrated, fra simply using OPV cells to bias an electrolyzer, to directly immemsimg
OS-based photoelectrode into an aqueous electrolyte. In the past few years, belia€dtV
water splitting and O®ased photoelectrodes have drawn considerable research intérest an
displayed aapid development. For ORMased water splitting, the use of tandem structures
has proven advantageous over a simple-Bidside approach to deliver the photopotential
required to splitwaterinfand Q. T h e b effitieacy has igproved from just 1.6 %

in 2011 to now exceeding 6% with a remarkable stability (current density >75% retained after
50 h illumination). Optimizing the tandem OPV device structure, HTL, ETL, and the HER
and OER catalysts has proven a fruitful method to rclvgerformance. The main limitation

of the dstH is attributed to the lowod at the voltage required (1.4.6 V). However, recent

optimization of OPV tandem cells via the combination of novel polymers;fuilemene
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acceptors, tuned fil m t hipcoktandesnOP\s lmdvanced nt er f

past 17%, which brings new opportunities to the development ofld®éd water splitting.
Thus,dstH from OP\+biased water splitting will reasonably surpass 10%hénnear futureln
addition, considering the economic competitiveness of DR¥ed solar fuel generation,
while the solutiorprocessed nature of the stafiethe-art devices are a great advantage, the
continued development of earth abundant and inexpensive catalysts for the HER and OER
el ectrodes will bsen, angstendvatid an ing¥pendive fabricatior/costs
and stability on the order of 1feas, the OPVbiasedgenerabn of solar fuel will be a
realistic contender compared to their inorganic PV counterparts. Consideribgse® PEC

cells, which have some potentedlvantages over the ORdased approach, work on single
OS-based thin film photoelectrodes has given important insights into the complex behavior of
the OS/aqueous electrolyte interface. The photoelectrode morphology has been shown to be
important, suggemg that free charge generation can occur at the OS/electrolyte junction.
Moreover, the notNernstian behavior of this interface has proven udetydon optimization

of the electrolyte pH to improve the driving force for free charge transfer. HoweverJghe

of singleOS photoelectrodes has remained low. The use of a BHJ together with optimized
interface layers and catalysts has proven constructive in enhangingwidich for
photocathodes have increased from < £ A'? it 2012 to over 8 mA cm'? to date. The
development of O®ased photoanodes falls far behind, partly due to a lack of materials with
energy levels suitable for driving the OER in mild conditions. BHJs based on a donor OS with
a deep HOMO levedhould be explored to advance the performance. In addition to advancing
the $n and photocurrent onset potential in O&ed photoelectrodes, the challenge of
improving the photocurrent stability remains a critical issue. As pointed out above, a few
factors might contribute to the observed photocurrent decay, including catalyst detachment,
interface layer degradation, and even chemical or morghwalbtransformationof the OS

materials. While using robust interfacial layers and protec$toategiesfor caalysts can
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improve the robustness, a stability bey¢dnehdredsof minutes remains a challenge. In order

to achieve long term stability over the duration required for practical application, deep
insights between the organic materials and photocurrenadi&igon mechanisms are still
required. Overall, the examples reviewed in this report show that chedseul
semiconductors exhibit promising potential in salewen H production via water splitting.
After substantial continued efforts, it is optimistitat organic semiconduct@rswvith their
advantages of great natural abundance, optoelectiamability, and low cost processidg

will become one of the most competitive classes of materials for solar driven water splitting.
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Figure 1. a) Schematic representation fOPV-biased water splitting using a double BHJ
junction tandem cell wired to an electrolysis cell. The cathode and the anode drive the water
reduction and oxidation hateactions, respectively, and a membrane separates the evalved H
and Q gasses. b) Thenergy level diagram of a double BHJ junction tandem OPV device and
the operation of water splitting reactions. ICL represents the intermediate contact layer in the
tandem OPV device. The solid and dash line is the energy level of the donor and the accepto
in the BHJ, respectively. The total photopotential developed by the cell is represented by the
difference in the energy of the cathode and the anode. Charge transfer to the electrolyte and
the electrochemical reactions are mediated by the OER and HalRstsat

36



\)
a) \'% b) Single semiconductor
photoactive layer

\ y
VSR S
B

) =Y

s
N
Hole or RN <X
electron '4®4 N ! ,/r‘"
transport =
layers Donor:Acceptor BHJ

photoactive laye

OS-based 3

photoactive
layer

Catalyst
layer

Membrane
Photocathode Or Photoanode Counter

electrode
& )
= N
1e—
| | | | | |
I o
: | I : HER : }
| .'_'/,\ catalyst i i
-t /i\. N
|  — I 1 | |
| | | | | |
| | I I 2H*+ I I
| | i T I {
H*/H,
N S R o
N
OWQ | @ | i‘—' i E
! L | ¥ B 1 acoted
""" pplie
| | i i 0; .’f\ | | | bias, v
o - 1
Conductive | | i i 2H,050ER | i
substrate] HTL | BHJ | ETL | catalyst | Anode |
d) 7R
o ©
| | | 1 | |
| | I I HER ! I
| | | | | |
: | : I cataly‘s/ti\ l
| |
i | I | 2 I I
L e =
./i\ .‘—i I sl | | | Avpiied
DS ! Eiytm bias, V
| | @ | S 2 | |
2+ 0 1.9 2 L
| | I N I I
I i | |- ! !
1 e
| | " e
| 1 TN ™~ le) | |
e e g >
| | | | | |
S SR - el N
onauctive | 'catal st
substrate; ETL | BHJ | HTL |00 ICathode

Figure 2. a) Schematic representation for a photoelectrochemical cell based on organic
semiconductor photocathode or photoanode. b) Scheme representation for the photoactive
layer based on a single semiconductor (e.g. a conjugated polymer)donoaacceptor
polymer:fullerene BHJ. ¢) The energy level diagram of photocathode/anode PEC cell with
applied bias for overall water splitting. d) The energy level diagram of photoanode/cathode
PEC cell with applied bias for overall water splitting. EThdaHTL represent the electron
transport layer and hole transport layer, respectively. The solid and dash line is the energy
level of the donor and the acceptor in the BHJ, respectively.
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Figure 3. Solar water splitting with a triple junction OPV. a) $tures of the wide bandgap
(PF10TBT, B= 1.95 eV) and small bandgap (PDPPTEJs 1.53 eV) polymers used in the
BHJ active layers (with PCBM). b) Schematic layout of the 1+2 type triple junction solar cell.
The red BHJ is the wide bandgap and the greddsBare the small bandgap. ¢) Comparison
of the IV curves of the triple junction cell measured using a water electrolysis cell with
different sized contacts and using a sour@asurement unit. This particular triple junction
cell had \6.= 2.50 V when masured under white light conditions close to AM1.5G. The inset
shows the evolution of Hand Q from the Pt cathode and anode during the experiment.
Adaptedwith permissiord®” © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Homotandem OR's for solar water splitting. a) Molecular structures of the donor
polymers used in the active layers of the haamedem OPVs mentioned in the main text. b)
Schematic of the double junction PBDTT#@Ased device. c) Power conversion efficiency
(PCE) of the PBDTTPDbased cell (measured via souroeasurement unit) and the
estimated solato-hy dr ogen conversion efficiency (d)
d) Schematic representation of the triple junction PTB7 based cell (PFN is poly[(998 ( 3 N;j
(N,N-dimethylamino)propyh2, 7-fluorenejalt-2,7-(9,9 dioctylfluorene)])e) current density, j,
versus potential, E, curve of the triple junction cell where the water splitting thermodynamic
potential (orange) and water splitting operating potential range (green) are indicated. f)
Current density vs time profile of a water #jolig experiment using a triple junction solar cell
with a GGRuG anode and SSNiMoZn cathode in a two electrode configuration and a two
compartment cell containing 0.1 M phosphate buffer, pH = 7.0, under AM 1.5 G illumination
with a GG400 filter. Figure (b)(c) are adapteavith permissiord®”! © 2016 WILEY-VCH

Verlag GmbH & Co. KGaA, Weinheim. Figures {d) are adaptedvith permissiod®? ©

2016 American Chemical Society.
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Figure 5. (a) Schematic of the iodineaporassisted polymerization procedurfor
terthiophene (TTh) polymerization. The-pslymerized PTTh films are in the oxidized
(conducting) state, and are reduced during washing in ethanol or acetonitrile by the removal
of excess 4 and I. (b) SEM image of the optimized PTTh film. (c) LimeScanning
voltammetry of the PTTh photocathode at 1 mV uder illumination at different pH. (d)
Chronoamperometry measurements on adleatrode PEC cell with a PTTh photocathode
and a MnQ anode at pH 12 (0.1 M sodium phosphate/ sodium hydiqi@shate buffer)
with various applied bias potentials (vs. MjQAdaptedwith permissiord®! ©The Royal
Society of Chemistry 2018.
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Figure 6. a) Synthetic approach for the formation of BETTA COF with a structural
overview of the resulting 2D layers. BEM image (crossection) of a thin (ca. 100 nm)
BDT-ETTA film grown on ITO substrate. c) Cyclic voltammograms (in nitregarged 0.1
M NaSQs aqueous electrolyte) of BDETTA films grown from different solvents onto ITO
measured in the dark and undeunrfiination (AM 1.5 substrate side). The red curves represent
the COF grown in a mesityleftBoxane mixture. d) Linear sweep voltammograms of BDT
ETTA films on ITO in the dark (black) and under (red) with platinum nanoparticles (solid
lines) compared to barBDT-ETTA films (dashed lines). e) Chronoamperometric data
recorded on a BDETTA film at +0.4 V vs. RHE (black) under chopped AM 1.5
illumination. Oxidation current recorded simultaneously on a platinum mesh indicator
electrode (red) indicates the fornwet of hydrogen under illuminationAdapted with
permissiort® © 2018 American Chemical Society.
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Figure 7. Hole transport layers (HTLs) and electron transport layers (ETLs) used in organic
photocathodes. (a) Shows a summary of the literature reportegyeevers of materials used

in photocathodes with reference to the BHJ of P3HE:BK and the water redox potentials.
(b-e) Show the effect of the HTL on a P3HT4®M based photocathode with linear
scanning voltammograms recorded at 50 ri\hs0.5 M H2SQ, with intermittent visible light

for a (b) ITO/PEDOT:PSS/P3HT:PCBM/MaS  photocathode, (c)
ITO/rGO/P3HT:PCBM/Mo$S photocathode, (d) ITO/NiZP3HT:PCBM/MoS photocathode

and (e) ITO/MoQ/P3HT:PCBM/MoS photocathode. Electrode area: 0.2& cRigures (ke)
adaptedvith permissior®® © 2016 The Royal Society of Chemistry.
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Figure 8. (a) Photocathodearchitecture used to examine Tithickness. (k) Normalized
chronoamperometry measurementso)(jjor the configuration glass/ITO/REDOT:PSS
(crosslinked) /P3HT:PCBM/TiQ/Pt in aqueous N8&Q: (0.1 M, pH 2) under intermittent
illumination. (b) shows results when a thin layer of J{@0 nm) was measured at 0.15 V vs
RHE while (c) shows a thick layer of Ti@®150 nm) measured at 0 V versus RHEapted
with permissior*®® © 2015 American Chemical Society.
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showing its inner structure and nominal thicknesses of each layer (scale bar 100 nm). b)
Photoelectrochemical enacterization in pH 1 electrolyte with a representative LSV scan of a
photocathode under chopped light illumination (AM 1.5 G) and identification of the
maximum power poinfinset). c) SEM micrographs of the surface (capping Pt layer on top of
the nanostrictured TiQ) after onehour operation at 0 V vs. RHE, pH 1 and 1 sun
illumination showing Pt delamination and fragments folded back (scale bar 100 nm). d) Effect
of the PEI ovetayer at pH 1 and AM 1.5 illumination with a CA test at 0 V vs. RHE of the
protected photocathode. The vertical double arrows indicate the time when 60% loss of the
photocurrent occuré\daptedunder the terms of the CC BNC 3.0 licensé!?’]
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Figure 10. a) Schematic energy band diagram depicting the band alignment between the
PC7:BM thin film and ZnO passivation layer. b) Averags heasured during the first PEC

scan cycle with respect to the ZnO passivation thickness at E = 1.23 V vs RHE (in 0.1 M
KOH solution pHD 13) under AM1.5G solar illumination. ¢) Representative PECemwat
oxidation chronoamperometry (JIT t:BM threflmavi or
photoanodes with 1.44 nthick ZnO passivation (red) and without passivation (blue),
obtained in 0.1 M KOH solution (p# 13) at 1.23 V vs RHE under the 1 Sun AM1.5G
condition. Adaptedvith permissiori**® © 2017 American Chemical Society.
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Figure 11.(a) The structure of BBL polymeaind theJ-V curve of a sprayed film (blue line)
and a dip coated film (red line) in sacrificial electrolyte (0.5 M3&, pH 7) under kbopped

light substrateside illumination (scan rate 10 mV's Scanning electron micrographs (top
view) of a dipcoated film (b) and sprayed film (c) with optical images of both electrodes (d).
(e) The 3V curve in aqueous sulfate/phosphate electrolyite{punder chopped illumination.
The inset shows the CA measurement at 1.23 V vs Rdlaptedunder the terms of the
Standard ACS AuthorsChoice liceris¢!
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