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“0 Resplendent one! You exist for the welfare of the whole world

O Sun! May I acquire the opportunity to merge with You who is the
embodiment of the ultimate reality.”

- Surya Upanishad, Atharvaveda, 1200 BCE

From the Sun arise all beings.
The Sun sustains them all.
Into the Sun they all vanish.
What the Sun is,

that [ am.






More important than any one new application is the new
'materials' concept itself. It marks a shift from concern
with substances to concern with structures, a shift from
artisan to scientist as man's artificer, a shift from
chemistry to physics as the basic discipline, and a shift,
above all, from the concrete experience of the workshop
to abstract mathematics, a shift from starting with what

nature provides to what man wants to accomplish.

-The Age of Discontinuity, 1969 — Peter F. Drucker

We speak erroneously of “artificial" materials,
"synthetics", and so forth. The basis for this erroneous
terminology is the notion that Nature has made certain
things which we call natural, and everything else is
"man-made", ergo artificial. But what one learns in
chemistry is that Nature wrote all the rules of
structuring; man does not invent chemical structuring
rules; he only discovers the rules. All the chemist can do
is find out what Nature permits, and any substances that
are thus developed or discovered are inherently natural.

It is very important to remember that.

— R. Buckminster Fuller
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Abstract

The capture and conversion of solar energy into other useful forms has been the topic
of discussion for the past few decades, accentuated by the need to combat climate change
and face the challenge of non-renewability of conventional sources of fuel for our rising
energy demands. Photoelectrochemical (PEC) fuel generation from sources like water is a
promising method to achieve a carbon free path towards cleaner energy. As this method
combines multiple physico-chemical processes: light harvesting, charge generation and fuel

generation in one component, it is easier and inexpensive to make and use.

Usable solar energy is mostly concentrated in the near visible to near infrared region
of the spectrum, and due to bandgap and other material considerations, a single
photoabsorbing semiconductor system has made way for dual absorbing PEC
semiconductors, which work in tandem to carry out the reduction (photocathode) and

oxidation (photoanode) halves of a redox splitting reaction.

While the use of inorganic semiconductors in photoelectrodes is well established, to
overcome their inherent drawbacks organic semiconductors (OSCs) are being touted as
possible replacements. Indeed, the field of organic photovoltaics has demonstrated how
0OSCs are quite superior in many aspects, especially due to our ability to tune their properties
based on their chemical structures. Therefore, many researchers around the globe are
focusing towards OSCs for PEC applications. While photocathodic OSCs have indeed been
successfully demonstrated to have competing performance and stability, OSCs in

photoanodes is at its nascent stage.

This arises due to the inherent difficulties in photooxidation itself: the use of harsh
electrolytic conditions, high oxidative potentials placing strain on the components of
photoanode etc. In this thesis, a complete overview of how an OSC based photoanode can be
designed: right from the molecular level to the final device fabrication and optimization is
elaborated. In the first chapter, an introduction to this area of research, its motivation and

context is provided, with details from previous peer-reviewed research along with a bit of



theoretical insight. The second chapter briefly discusses the materials, methods and
techniques involved in this thesis. The third chapter is based on the Quaterrylene di-imide
(@DI) molecule, its chosen reason, synthesis, and practical difficulties in implementing a
workable photoanode using it. After realizing that neat OSCs themselves probably would not
make good photoanodes, a transition to using bulk heterojunction (BHJ) type photoanodes
is looked at. The fourth chapter discusses the donors: their synthesis, analytical and initial
PEC characterization, while the fifth chapter deals with acceptors for similar aspects. Moving
to BH]J, the sixth chapter elaborates optimizations and characterization of thin film BHJs and
delves deep into techniques to obtain high performance and stability. The seventh chapter
involves possible applications for these optimized photoanodes, and how these can be used

for unassisted solar fuel generation.

Keywords

Organic Semiconductors (OSCs), photoelectrochemical (PEC) oxidation reactions, rylene di-

imides (RDIs), tin oxide, Bulk Heterojunctions (BH]s), tandem devices.
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Resume

La capture et la conversion de I'énergie solaire en d'autres formes utiles a été le sujet
de discussion au cours des dernieres décennies, accentuée par la nécessité de lutter contre
le changement climatique et de faire face au défi de la non-renouvelabilité des sources
conventionnelles de carburant pour nos demandes énergétiques croissantes. La génération
de combustible photoélectrochimique (PEC) a partir de sources telles que 1'eau est une
methode prometteuse pour parvenir a une voie sans carbone vers une énergie plus propre.
Cette méthode combinant plusieurs processus physico-chimiques tels que larécupération de
la lumiere, la génération de charge et la génération de carburant en un seul composant, est

plus facile et peu cofiteuse a fabriquer et a utiliser.

L'énergie solaire utilisable est principalement concentrée dans la région du spectre
proche du visible au proche infrarouge, et en raison de la bande interdite et d'autres
considérations matérielles, un seul systéme semi-conducteur photoabsorbant a fait place a
des semi-conducteurs PEC a double absorption, qui fonctionnent en tandem pour effectuer

la réduction (photocathode) et I'oxydation (photoanode) de I'’eau respectivement..

L'utilisation de semi-conducteurs inorganiques dans les photoélectrodes étant bien
établie, pour surmonter leurs inconvénients inhérents, les semi-conducteurs organiques
(OSC) sont présentés comme leurs remplacants possibles. En effet, le domaine du
photovoltaique organique a démontré a quel point les OSC sont effectivement supérieures a
bien des égards, notamment en raison de notre capacité a ajuster leurs propriétés en
fonction de leurs structures chimiques. Par conséquent, de nombreux chercheurs du monde
entier se concentrent sur les OSC pour les applications PEC. Alors qu'il a en effet été
démontré avec succes que les OSC photocathodiques ont des performances et une stabilité

semblables, les OSC dans les photoanodes en sont a leurs balbutiements.

Cela est dii aux difficultés inhérentes a la photo-oxydation elle-méme : I'utilisation de
conditions électrolytiques difficiles, des potentiels d'oxydation élevés exercant une
contrainte sur les composants de la photoanode, etc. Dans cette thése, un apercu complet de

la facon dont une photoanode a base d'OSC peut étre congue sera exposé: du niveau
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moléculaire a la fabrication et a I'optimisation du dispositif final. Dans le premier chapitre,
une introduction a ce domaine de recherche, sa motivation et son contexte est fournie, avec
des détails de recherches antérieures évaluées par des pairs, ainsi qu'un peu de vision
théorique. Le deuxiéme chapitre présente brievement les matériaux, les méthodes et les
techniques impliqués dans cette these. Le troisieme chapitre est basé sur la molécule de
Quaterrylene di-imide (QDI), la justification de son choix, sa synthese et les difficultés
pratiques pour mettre en ceuvre une photoanode exploitable en I'utilisant. A I'heure actuelle,
nous avons des raisons de croire que les OSC seraient pas des photoanodes performantes, et
passeraient a l'utilisation de photoanodes de type a hétérojonction en vrac (BHJ). Le
quatriéme chapitre traite des donneurs: leur synthese, leur caractérisation analytique et
initiale du PEC. Le cinquieme chapitre traite des accepteurs avec des aspects similaires.
Passant a BH]J, le sixieme chapitre élabore des optimisations et une caractérisation des BHJ a
couches minces et approfondit les techniques permettant d'obtenir des performances et une
stabilité élevée. Le septieme chapitre concerne les applications possibles de ces photoanodes
optimisées et la maniére dont nous pouvons les utiliser pour la production de combustible

solaire sans assistance.

Mots clés

Semi-conducteurs organiques (0OSC), réactions d'oxydation photoélectrochimique (PEC), di-

imides de rylene, oxyde d'étain, hétérojonctions en vrac (BH]), dispositifs en tandem.
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Abbreviations & Symbols

13C
H
Al

A2

A2b

A4axx/A4b
AFM
BBL
BH]

CB

CF

CV

D:A
DPPD
DSC
DS-PEC
DSSC
EIS
ETL

GC

GPC
HOMO

Carbon isotope with molecular mass 13
Hydrogen with molecular mass 1

5,6,12,13-tetrachloro-2,9-bis(2-ethylhexyl)anthra[2,1,9-def:6,5,10-
d'e'f'] diisoquinoline-1,3,8,10(2H,9H)-tetraone

2,3,13,14-tetrachloro-6,10,17,21-tetrakis(2-ethylhexyl)pyranthreno[6,7,8-
def:14,15,16-d'e'f":3,4,5-d"e"'f"g'":11,12,13-d""e""'f"""g'""|tetraisoquinolin-
5,7,9,11,16,18,20,22(6H,10H,17H,21H)-octaone

12,12',13,13"-tetrachloro-2,2',9,9'-tetrakis(2-ethylhexyl)-[5,5'-bianthra
[2,1,9-def:6,5,10-d'e'f'|diisoquinolin]- 1,1',3,3',8,8',10,10'(2H,2'H,9H,9'H)-
octaone

Heavier dimers of A2

Atomic Force Microscopy
poly(benzimidazobenzophenanthroline)
Bulk Heterojunction

Chlorobenzene

Chloroform

Cyclic Voltammetry

Donor:Acceptor

Dynamic Potential-pH Diagram
Differential Scanning Calorimetry
Dye-Sensitized Photoelectrochemical Cells
Dye-Sensitized Solar Cells
Electrochemical Impedance Spectroscopy
Electron Transport Layer

Gas Chromatography

Gel Permeation Chromatogrpahy

Highest Occupied Molecular Orbital
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IPCE Incident Photon to Converted Electron Efficiency

Jph Photocurrent Density
LIMNO The Laboratory of Molecular Engineering for Optoelectronic Nanomaterials
LUMO Lowest Unoccupoied Molecular Orbital

MALDI-TOF Matrix Assisted Laser Desorption lonization - Time of Flight

MO Molecular Orbitals

mSNO:2 mesoporous tin oxide

NMR Nuclear Magnetic Resonance

O/HERC Oxygen/Hydrogen evolution reaction catalyst

OFET Organic Field Effect Transistor

OPV Organic Photovoltaic

0SC Organic Semiconductor

P1 pPBDTTTPD/ poly[(5, 6- dihydro- 5- octyl- 4, 6- dioxo- 4H- thieno[3, 4- c]

pyrrole- 1, 3- diyl) (4, 8- bis[5- (2- ethylhexyl) - 2- thienyl] benzo[1, 2- b:4, 5-
b'l dithiophene- 2, 6- diyl)]

P2 pPBDTTCITPD / poly[(5, 6- dihydro- 5- octyl- 4, 6- dioxo- 4H- thieno|[3, 4- c]
pyrrole- 1, 3- diyl) (4,8-Bis(4-chloro-5-(2-ethylhexyl)thiophen-2-
yl) benzo[1,2-b:4,5-b'|dithiophene-2,6-diyl)]

P3HT poly(3-hexyl thiophene)
PCs1BM [6,6]-Phenyl C61 butyric acid methyl ester
PCE% Power Conversion Efficiency percentage

Perylene 2,9-bis(2,6-diisopropylphenyl) imide

PEC Photoelectrochemisty/Photoelectrochemical
PL Photoluminescence
pSn0O2 planar tin oxide

PTB7-Th poly([2,6'-4,8-di(5-ethylhexylthienyl)benzo[1,2-b;3,3-b] dithiophene]
{3-fluoro-2[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl})

QDIxx Quaterrylene di-imide derivatives
Rf Retention Factor
Rq Roughness Factor
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SAM Self Assembled Monolayer

SEM Scanning Electron Microscopy

TF-PEC Thin Film Photoelectrochemical Cells

TFT Thin Film Transistor

THF Tetrahydrofuran

TPD Thiophene Dicarboximide

TWh Terawatt hours

TWy Terawatt years

UV-Vis Ultraviolet-Visible (Absorption Spectroscopy)
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Chapter 1. Introduction

The field of PEC solar fuel generation is an emerging area of focus for ongoing
research. An interesting concept to improve the performance of the photoelectrodes is to
implement organic semiconductors in place of inorganic semiconductors, which suffer from
a few intrinsic limitations. While OSC based photocathodes have been demonstrated earlier
with reasonable performance and stabilities, OSC based photoanodes are still in a very
nascent stage of research. This chapter gives an insight into OSC based photoanodes, the
scope and challenges it faces. The two major device architectures: DS-PECs and TF-PECs are
discussed with a compilation of involved components in previously published, peer-
reviewed reports and their performance parameters. Based on this investigation, we infer
the need for alternate OSCs, which are traditionally not used in OPVs due to structural and
energetic reasons as possible candidates to obtain high performance and stable

photoanodes.



1.1. Challenges

Since the Industrial revolution in the 18t century, there has been a constant
increase in the demand for energy by humans.[l] The latter half of the 20t century saw
relative worldwide peace and bolstered by improved living conditions and science and
technology; this period resulted in a dramatic increase in human population. According to
the United Nations, it is estimated that by 2050, over 9 billion humans would compete for

resources on earth (Figure 1.1.1).[2]
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Figure 1.1.1: Trend of world human population. Notice the immense population growth in the 1900s - early 2000s, leading
to about 10 billion populations by 2100.5]

Improved standards of living in “developing countries”, which have the higher
population densities than the “developed countries”, combined with lengthened life
expectancies leads to a burgeoning middle class, who are avid consumers of energy
collectively. More technologies are increasingly globalized, and as these are often aimed at
consuming energy and resources than harnessing or storing, there is an urgent need for

alternate technologies to help humankind survive.

Energy is at the core of everyday human life, and progress of mankind. In 2019, the
total energy requirement was 173,340 TWh (Figure 1.1.2a) and is only expected to rise
with the population. Also, the rapidly developing countries in Asia, have led to a surge in

energy consumption.[4-6]

However, the conventional sources of energy used to cater to the major energy
demands of the world have been fossil fuels, like coal and petroleum products. Most of
today’s technologies consume these sources directly or indirectly, by means of engines,

generators, or power plants.
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Figure 1.1.2: Chronological evolution of a) (Left) Global primary energy demand by source,l57] b) (Right) CO2 emissions
from fossil fuels and industrial production by region.(89]
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“Top Ten Problems of Humanity for the
Next 50 Years.” (descending order of concern)

1.Energy 6.Terrorism & war
2.Water 7. Disease
3.Food 8. Education
4.Environment 9. Democracy
5.Poverty 10. Population

- Richard E. Smalley (late Nobel laureate) at
Woodrow Wilson Institute, Washington, DC.,
10/6/2003

Over the years, despite fluctuating oil prices, multiple wars and crises, petroleum
and natural gas have been primary energy resources. This indiscriminate use of fossil fuels
has led to a host of problems, including climate change and rise of sea levels following the
melting of polar ice caps.['%] This occurs due to the rise in greenhouse gases in the
atmosphere due to human activities involving fossil fuels (Figure 1.1.2b). Specifically, CO2
and CHg, lead to trapping of the incoming solar radiation within the atmosphere and cause
an overall increase in the temperature of the earth over timel'1l (Figure 1.1.3). As of 2019,
about 36.4 billion tons of CO2 have been emitted by human activities alone, which is double
the amount emitted in 1977, indicating that rapid human progress and development in a

mere span of about four decades is at the cost of the environment.

Therefore, an urgent need to alleviate the strain on the environment exists, so that
human development, progress and rise of technology is not stifled. This calls for
sustainable development, but also an alternate, greener source of energy to replace fossil

fuels.
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Figure 1.1.3: Chronological evolution of average global temperature anomaly.(11]
Mapping out energy resources according to their available quantity, it is clearly seen
that solar energy is the champion, with over 23000 TWy/year.[12l Comparing this with the
overall human energy requirement of about 32 TWy/year (as of 2018),[131 it is evident that

the use of solar power would be more than sufficient to satiate overall human energy needs

for centuries, and other energy resources dwarf in terms of availability (Figure 1.1.4).
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Figure 1.1.4: Available energy resources, showing renewable and finite non-renewable distinction. Mankind is primarily
using finite resources and needs to switch to renewables. Data from IEA, 2009.112]




1.2. Solar Energy

If the root cause of most sources of energy is traced out, it can be found that the sun
is the answer. Till the early Industrial revolution, it was primarily wood or wood-charcoal
that was being used as fuels.[13] Chemical energy stored in wood, which is harnessed by
combustion converts the biomass into usable energy in the form of heat. However, this
chemical energy buildup in wood occurs because of photosynthesis, wherein atmospheric
carbon dioxide is sequestered by plants and photosynthesized energy is eventually stored
in wood. This process can be dated back to the Carboniferous era (300,000,000 years ago)
where photosynthesizing algae, moss and dense forests were buried and compressed,
resulting in what is today known as coal.['4] Similarly, the wind, hydroelectric, tidal, ocean
thermal and other sources of energy also trace their origins to the sun, apart from direct

solar irradiation.

The Sun is a G-type main sequence star, based on its size and electromagnetic
emission. As with other stars, the main source of its energy is nuclear fusion at 107 K in the
sun’s core, where four protons fuse into one helium nucleus due to extreme thermal Kinetic
energy.l1>] However, most of this energy is absorbed by H ions closer to the surface of the
sun where heat is transferred by convection,[1¢] and finally at the surface of the sun, a

temperature of 5778 K is maintained.

On average, the distance between the Sun and the earthis 1 AU or 1.5 x 101 m. The
photosphere, which is the outermost surface, being opaque and ionized, almost acts as a
black body, and hence, the solar energy radiated into space from the sun can be estimated

from Stefan-Boltzmann equation:

Pemic = AO—S(Ts‘Lurface - Ts%ace)
where,
A: surface area of the sun
o: Stefan-Boltzmann constant
€: Emissivity of the solar surface

Tsurface: Solar surface temperature

Tspace: average space temperature (2.7 K)




Only a fraction of this power reaches the earth, corresponding to the solid angle subtended

m(Earth’s radius)? _ 63962
4m(Earth—Sun distance)? 4(149600000)2

by the earth’s surface at the sun’s core ( ~ 1078 %),

and this corresponds to approximately 175000 TW solar irradiation, or 1367 W.m=.
Assuming reasonable energy losses and harness-able energy fractions, a working solar
conversion efficiency of 10% would provide enough energy for humankind. And since the
sun is a renewable resource, its usage would not directly have an adverse impact on the

environment.

1.3. Solar Spectrum

As mentioned before, since the surface of the sun can be approximated as a black
body electromagnetic radiator, Planck’s radiation law can be used to estimate the emitted

spectra of the sun:

B 2hc? 1

5 h
A <e—1k,§T _ 1)

where, h: Planck’s constant, c: speed of light in vacuum, kp: Boltzmann constant, E} r:

Energy per unit area, per unit time, per unit wavelength (emitted as a function of A

:wavelength and T:Temperature).

However, this spectrum is only observed at the edge of the earth’s atmosphere,
uncontaminated by any absorptive interference by air. Air Mass Coefficient is useful in
characterizing solar spectrum on earth, wherein the direct optical path length ratio with
respect to the zenith is the coefficient. AM1.5G refers to the solar spectrum obtained at a
zenith angle of 48.2° and includes both direct and diffuse irradiation, averaged to 1000
W.m~2 and is usually taken as the standard value for solar cell testing conditions (Figure
1.3.1). Another difference between AM1.5G and AMO spectra is the absence of certain
fingerprint wavelengths corresponding to vibrational absorption with atmospheric gases

like Oz, CO2 and H20 in AM1.5G.
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Figure 1.3.1: (Left) Various solar irradiation spectra and Blackbody radiation at 5777K for reference, data from NREL,[18]
(Right) Air Mass Coefficient Illustration.

1.4. Solar Energy Harvesting

While it is evident that the solar energy would solve most of our energy demand, an
average 1000 W.m2 solar irradiation is obtained at the earth’s surface. This would imply
an overall land area of around 500000 sq.km covered by solar panels with a conversion
efficiency of 20% power conversion efficiency,[17] based on 2009 IEA estimates (Figure

1.4.1a), is sufficient to cover the worldwide energy requirements.
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Figure 1.4.1: a) Estimated land area under solar panels for world energy consumption,[1°1 b) Power and energy densities by
various storage technologies.(20]

However, due to the major problem of intermittency, due to weather, cloud cover,
pollution and the night-day cycle, the integration of solar energy with the existing
electricity grid is also made difficult, as it requires a regular, stable power source which
results in alternating current.[?l] Even for standalone, off-grid photovoltaic systems,
continuous power output is not possible. This necessitates storage of harnessed solar

power in some form to use later, when irradiation is absent. The traditional method is to




use batteries or capacitors, which are charged when sunlight is available by solar
photovoltaic cells (PVs) and discharged when required. However, they have low energy
densities[20], which makes its use application specific, like for powering up small electronic
gadgets, etc. For industrial or automotive purposes, it is often an advantage to use fuels,[22-

24] as it is more economical and needs no new infrastructures (Figure 1.4.1.b).

But these fuels should be solar generated, as opposed to conventional fossil fuels.
The process of obtaining solar fuels is also known as artificial photosynthesis, as it mimics
the natural phenomena, wherein, plants and chlorophyll containing algae convert ambient
CO2 and water into hydrocarbons and energy. Various fuels could be candidates for this
purpose. When carbon dioxide is used as the source, fuels like CO[25] and methanol,[2¢] and
even gases like methanel27] or longer chain hydrocarbons(28! can be produced by reduction
using solar energy. However, the most promising solar fuel is hydrogen, produced by
reducing water. In these fuels, solar energy is converted to chemical energy in the form of
covalent bonds in the fuel molecules, which could then be harnessed either by combustion,

or electrochemically.

1.5. Water Splitting Thermodynamics

Water splitting is the chemical reaction, where water molecules are broken down

to hydrogen and oxygen molecules. The energetics of the reaction is:[2°]

1
Hzo _)HZ +502

k] kJ
AHf,H20 = _28583ﬁ' AHf,Hz = AHf,Oz =0 @

ASy o = 69.91 J ; ASy. = 130.68 J ; ASy. = 205.14 J
H20 mol. K~ ~— 12 mol. K’ =02 mol. K
AG =AH—-TS = (285.83 — 48.7) __ 237.1 l

298 K — ( )298K_ - - mOl_ . mOl

This process occurs spontaneously at high temperatures of ~800°C or higher (AG <
0), where the covalent bonds of H20 break down, however, the kinetics are slow, which
warrant higher temperatures for reasonable reaction rate. Such high temperatures put
constraints on the materials used and often, catalysts[Z8] are used to accelerate the process

or solar irradiation is concentrated to split water thermally.[31]




However, the easier approach is to electrochemically break down water into its
components. This process is easily explained when the reaction is split into two half

reactions as explained in Table 1.1.

When water is split electrochemically and the source of energy to drive the reaction
is the sun, the process is called solar driven water splitting, and whose various methods

are detailed in the next subsection.

Table 1.1:Thermodynamics of Water Splitting
Reduction Half-Reaction!*’! Oxidation Half-Reaction!*’!
In acidic conditions,

4H* + 4e~ - 2H,

2H,0 - 0, + 4H* + 4e~

40H - 02 +4e” + 2H20

In alkaline conditions,
EI?IZO oxidation = T1.229 Vpyg

4H,0 + 4e~ » 40H™ + 2H,
EI(-)IZO reduction — 0.00 VRHE

0o _ 0
ECell - EIE)IZO reduction ~ EHZO oxidation
= —1.229V at 25°C and 1 atm
E..;; changes with different parameters based on the Nernst Equation:

ARed

RT
Ece = E¢oy — ﬁln( )

QAox
E ;.- Half-Cell Reduction Potential

E?,;: Standard Half-Cell Reduction Potential

R: Universal Gas Constant

T: Temperature (K)

F: Charge of 1 mol of e in C

«:n

a; : Activity of species “i




1.6. Photoelectrochemical Water Splitting*

Broadly, the major types of solar-driven technologies to split water into Hz and 02
can be divided into three types: Photovoltaic-Electrolysis (PV-E), Photoelectrochemical
(PEC), and Photocatalytic reactors (PC) (Figure 1.6.1).

Device Efficiency and cost

Unitary Systems
Photons — Electrons Photons —— Electrons —— Chemical Fuels
Energy stored in Redox Couples. Energy stored in covalent bonds.
Photovoltaics Photovoltaics
+ v Photoelectrochemical Photocatalytic
Batteries Electrolyzers Reactors Reactors

Modular

Device Simplicity

Figure 1.6.1: Scheme showing simplicity and efficiency differences in the 3 major technologies for solar fuel generation.

Photovoltaic-Electrolysis (PV-E) technology simply couples available photovoltaic
systems with water splitting electrolyzers. The photovoltaic component uses a
semiconductor-based device to convert solar photons to excited electrons (driving an
electrical current in an external circuit) and the electrolyzer device uses this electrical
power to drive the two water-splitting half-reactions: water (or proton, H*) reduction on
the cathode to form Hz and hydroxide (or water) oxidation on the anode to make O-.
Effectively in PV-E, the photon-to-electron and electron-to-fuel conversions occur using
different components that are electronically connected. Individually, as both technologies
themselves are quite well established on a large scale, this method of producing hydrogen
has been demonstrated with high efficiency[3233] and can be easily implemented at
different scales. Unfortunately, as previously mentioned the price of the H2 produced is not
yet economically competitive with conventional H2 production techniques, so a common
goal in research is to increase the Solar-to-Hydrogen (STH) efficiency of PV-E systems.

However, systems with high STH efficiency require multiple junction PV-devices and

t: This section is adapted and used from a review article, titled “Organic Semiconductors
as Photoanodes for Solar-driven Photoelectrochemical Fuel Production” (A. Sekar and K.
Sivula, Chim. Int. J. Chem. 2021, 75, 169-179)
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concentrated solar irradiation,34 which are typically very expensive. As a benchmark
example of a simple PV-E implementation under 1 sun illumination, the highest STH of
20.6% has been reported by Tae Nam and coworkers[3>] which used an AlGaAs as a PV
device coupled to an electrolyzer (membrane electrode assembled configuration) with IrOx
as the oxygen evolution reaction catalyst (OERC) on the anode and Pt on nanocrystalline
carbon as the hydrogen evolution reaction catalyst (HERC) on the cathode. About 78% of
the electrical energy generated by the PV was effectively converted to hydrogen. Despite
the progress with PV devices and the PV-E approach, many researchers look for an

alternative approach that could produce H:2 at a significantly reduced cost.

Photoelectrochemical (PEC) water splitting combines light harvesting and chemical
fuel generation into a single component: the semiconductor (SC) photoelectrode. SCs which
either self-catalyze the water oxidation/reduction reactions directly using their surface or
use electrocatalysts deposited at the SC-water interface form the photoanode and
photocathode in PEC water splitting. The advantages of this technology can be lower device
complexity and potentially lower cost. Working photoelectrodes can easily be immersed in
electrolytes to produce chemical fuels without any complicated electronic connections. The
simplicity of the device architecture is visible from Figure 1.6.2, where the scheme of a PEC
tandem cell is shown. Here the HERC/photocathode (SC1) and OERC/photoanode (SC2)
are wirelessly connected via an Ohmic contact and immersed in a water-based electrolyte.
SC1 and SC2 absorb complementary portions of the solar spectrum and build sufficient

photopotential to drive the overall water-splitting reactions.

Ohmic
Eve, RHE Contact HERC
OERC
E’ ERRINN
FSC2,n,
€ €l €)E B i H
I —— e M e — E7H+/HZ ,
4 ESC1,n
H,0 ’ h*hY h h 2
Egoz/Hzo
OZ
Photoanode (SC1) Photocathode (SC2)

Figure 1.6.2: Scheme of tandem PEC electrodes splitting water, showing Fermi and quasi Fermi levels upon illumination.

The thermodynamic driving force for the electrolysis of water is 1.23 eV per

molecule of H20. In addition to the thermodynamic energy, accounting for energy losses
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due to charge recombination and catalytic overpotential of the materials, the valence band
of the SC in the photoanode needs to be more positive than 1.23 V vs. the Reversible
Hydrogen Electrode (Vrue) and the conduction band of the photocathode needs to be more
negative than 0 Vrue. While the Fermi levels represent the average energy of electrons
present in the semiconductor, the quasi Fermi levels show the influence of photopotential
as well. Upon illumination, the quasi Fermi level of minority charge carriers equilibrate,
Erscap = Erscin while the quasi Fermi level of SC1 at the electrolyte/semiconductor

interface is sufficient to transfer holes to OERC and oxidize water (Efsc1p, > Ep, /H,0)

while the quasi Fermi level of SC2 at the electrolyte/semiconductor interface is sufficient

to transfer electrons to HERC and reduce water (Ef gcpn < Ej+ /u,)- The band bending in

SC1 and SC2 results in an internal electric field which causes holes drifting towards OERC

and electrons drifting towards HERC for overall water splitting.

Photocatalytic (PC) systems comprise the simplest of the three device architectures.
SCs with appropriate energy band levels are suspended as micro- or nanoparticles in
water, and upon illumination the photogenerated electrons and holes are used by HERCs
and OERCs on the surface of the particles or in solution to produce hydrogen and oxygen.
The ease of this system configuration however comes with drawbacks. A lack of a driving
force for charge carrier separation, poor STH efficiencies (around 1%), and the
requirement of sacrificial electron shuttles to afford overall water-splitting, to name a few,
make this method of splitting water the least performant.[3¢! However, from an economic
perspective PC water splitting can potentially produce the most cost-effective Hz if the STH
can be raised to the level of the PEC or PV-E devices. Moreover, like PEC water splitting, the
PC approach employs a direct SC/water interface, the further study of photoelectrodes
with various semiconductors can help to gain insight into the limitations of the PC water
splitting approach and further develop both systems towards viable commercial

application.

Considering the SC materials that can be suitable for PEC or PC water splitting, the
direct SC/water interface places harsh demands on the stability. The seminal report of PEC
water splitting is often cited as Fujishima and Honda in 1972,137] where n-type TiO2, a wide
energy gap, Eg, SC material was used as a photoanode to directly oxidize water on its
surface under illumination. However, TiO2 cannot harness much of the incoming solar

spectrum due to its wide Eg of 3.1 eV. Similar wide E¢ SCs like SrTiO3 (Eg> 3.2 eV) and KTa0s3

12



(Eg> 3.6) have good relative performance based on the light that they can absorb, but they
are limited to STH < 2%.[3839]

More recently, smaller Eg SC materials in PC systems and as photocathodes and
photoanodes capable of much higher STH which can be used in a tandem cell have been
developed. A few examples of photocathodes with high performance include p-Si(001)
based photocathodes with epitaxially grown SrTiO3s and a nanostructured HERC (Pt)[40]
reaching a 1-Sun photocurrent density, Jph, of 15 mA cm-2at 0 Vrue and inexpensive Sb2Ses
sublimed into compact, well-oriented films protected by TiO: and with RuOx HERC

deposited photoelectrochemicallyl4ll giving Joh ~ 30 mA cm-2at 0 Vrye.

While the photocathodes have almost reached the SC’s theoretical maximum Jph,
photoanodes however, typically perform more poorly. The state-of-the-art photoanode
materials are metal oxides and oxynitrides. For example, LaTiO2N[42] gives (unstable) Jph of
8.9 mA-cm-2 at 1.23 Vrug, BiVO4 gives stable Jph of 1.7 mA-cm-2 at 1.2 Vgrug, etc. These
materials suffer from low Jph due to crystallographic disorders, high internal recombination
states due to traps, low absorption coefficients, low carrier hole mobilities and lifetimes of
the SC. Moreover, these materials often require expensive processing techniques like vapor
deposition which severely limit the scalability of the photoelectrode devices.[#3-46] Thus,

there is a clear need for the development of new high performance photoanode materials.

1.7. Organic Semiconductors for PEC Water Oxidationt

Carbon-based organic semiconductors (OSCs) have been widely demonstrated in
organic photovoltaics (OPVs) and dye sensitized solar cells (DSSCs) and have various
advantages over the typically used inorganic SCs used in photoanodes. Most of the OSCs
used in OPVs and DSSCs are solution processable, which facilitates large area fabrication of
devices using printing techniques capable of high Power Conversion Efficiency (PCE).[47-50]
With relatively high charge mobilities and high light absorption properties, even thin films
of OSCs lead to high PCEs (up to 17% in OPVs and 14% in DSSCs).[51-54] Accordingly, the
use of OSCs for solar-driven water splitting has been recently considered. OPVs coupled
with electrolyzers as PV-E systems have been demonstrated, usually with multijunctions
to obtain high open circuit potentials (> 1.23 V) and expensive fabrication methods, and

scalability issues with respect to surface area of electrolyzer vs. solar cell.[55-57]
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Alternatively, OSCs have been employed with a direct OSC/water interface in
photocathodes for Hz production. For example, a bulk heterojunction (BHJ) of PTB7-Th
donor and PDI-V acceptor polymers[>8] (Figure 1.7.1) over MoOs as the hole-selective
transport layer (HTL) and RuOx as HERC resulted in a Jph 0of 8.2 mA-cm-2 at 0 Vrug, retaining
85% of the initial Jpn after 8 hours of operation.

FTO substrate

/ MoO,
/ Polymer BHJ

RuO,HER
catalyst

a Cato CeHys CeHia b

CyHo PTB7-Th C6H13)\CGH13 PDI-V P oH

Figure 1.7.1: a) Polymers used in a recently reported OSC-based photocathode, b). A schematic of the employed
photocathode which uses a F-doped tin oxide (FTO) substrate, the polymers in a bulk heterojunction (BH]) and a direct
contact of the OCSs/catalyst with the water-based electrolyte. Reproduced with permission from ref. [#5] © 2020 American
Chemical Society.

While the use of OSCs as high performance and stable photocathodes have been
demonstrated successfully,[58-63] their use as photoanodes has been somewhat restrained.
A major issue is likely the harsh oxidative electrochemical conditions. At such high applied
potentials, the OSC should be functionally stable to oxidize water instead of decomposing.
Due to synthetic ease of tuning energy levels in OSCs, many OSCs are reported that possess
suitable energy levels to oxidize water under illumination and do remain stable in the harsh
environment of a photoanode, at least temporarily. In the next section the details of device
architectures that make functional photoanodes based on OSCs and the progress made
recently using OSCs as photoanodes for the water oxidation reaction is reported. It is
important to note that the OSC inherently only performs the light absorption, exciton
generation and charge separation and charge transport processes.[64-66] Unlike inorganic
metal oxide photoanodes, the photogenerated hole at the OSC/water interface almost
always requires the use of a water oxidation heterogeneous catalyst or a molecular catalyst
(OERC) deposited on the photoanode to oxidize water, due to the kinetic complexity of the

water oxidation reaction.

14



OSC thin film

+ OERC
Anchored OERC

\ / Dye Sensitized Metal Oxide

TCO/ Glass Substrates

. Anchored dye

Figure 1.7.2: Schematic Diagram of TF-PEC (left) and DS-PEC (right). While the TF-PEC uses a heterogeneous OERC, in the
DS-PEC, two ways of anchoring an OERC are shown. A molecular OERC (Ru complex in orange) is directly anchored on the
metal oxide, or a heterogeneous OERC can be anchored via the dye (Ru complex in magenta).

Overall, there are two major strategies in which OSCs are used as photoanodes. The
first borrows the device architecture from DSSCs and incorporates a mesoporous metal
oxide layer over a conducting substrate onto which a monolayer of dye is sensitized. Light
absorption by the dye leads to ultrafast injection of a photogenerated electron from the dye
into the mesoporous metal oxide’s conduction band, leaving the photogenerated hole on
the dye and available to oxidize a species in the electrolyte. When these dye-sensitized
photoelectrochemical cells (DS-PECs) are placed in contact with an aqueous electrolyte the
hole can oxidize water if it can be transferred to an OERC first. The second strategy
employing OSCs in photoanodes involves replacing the dye sensitized mesoporous metal
oxide with a thin film OSC and can be called a thin film photoelectrochemical cell (TF-PEC).
In this case, the OSC acts both as a medium for light harvesting and photogenerated charge

transport. Figure 1.7.2 illustrates schematics of the two different photoanode architectures.

1.7.1. DS-PECs: Literature Overview

Broadly, the DS-PECs can be further classified as those using metal-organic
complexes as dye sensitizers (MC DS-PECs), and those which utilize chromophores without

metal centers i.e.,, “metal-free” (MF DS-PECs).
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The metal-organic-complex-based dyes inherently are more expensive, based on
raw materials, and likely more toxic. Hence MC DS-PECs could have limitations in terms of
scalability and processability.[51]1 Synthetically, modifying the energy levels of these
complexes is also limited by the substituents on the ligands, leading to constraints in terms
of band gap and energy level tuning.[6567.68] The demonstrated metal-organic complexes
used in MC DS-PECs usually follow a similar molecular template. A Ruthenium central ion
ligated by aromatic N-heterocycles like bipyridines with anchoring groups like
phosphonates is the primary photoabsorber (Figure 1.7.3a shows dye molecular
structures, which will be discussed below), and which is anchored to a thick (7-12 pm)
mesoporous electron accepting metal oxide scaffold. Reports of photoanodes using this
concept and other DS-PECs are summarized in Table 1.2 with typical performance

parameters.[69-76]

Another known template for DS-PECs uses porphyrin derivatives as
macromolecular dyes: both with metal centers,[77] and as metal free (sub)porphyrins.[78-81]
While these Ru- dyes and metal porphyrins are efficient photo-absorbers; their onset
wavelength is limited to < 700 nm, leading to limited light capture in the near infrared
region of the solar spectrum. To extend the light harvesting, researchers have more
recently employed alternate OSCs: robust intrinsic n-type OSCs like rylene di-imide
derivatives,[82831 Donor-m conjugation-Acceptor moieties (D- m- A),[8485] or metal free
(sub)porphyrins.[7879.86] Figure 1.7.3b shows the structures of the D- m- A dyes employed
in DS-PEC photoanodes where the incorporation of electronic push-pull phenomena at the
molecular level in their conjugation length can be noticed. Triphenyl amine-based dyes
with cyanoacrylic acid anchoring groups have been successfully demonstrated in DS-PEC
as photosensitizers. For example, in 2015, Sun and coworker(84l managed to make an
organic tandem DS-PEC with both photocathode and photoanode sensitized by OSCs. The
photoanode in use involved L0 dye (Figure 1.7.3b) sensitized on TiO2 over Fluorine doped
Tin Oxide (FTO) using RuWOC4 sensitized on TiO2 as the OERC (the structures of the OERCs
used for DS-PECs are shown in Figure 1.7.4). Slightly modifying this dye, Meyer and
coworkers(85] in 2016, used the P-A-n-D dye (Figure 1.7.3b) on TiO2 coated SnO2 as the
photoanode. While P-A-mt-D-based photoanodes worked well in sacrificial conditions (20
mM hydroxyquinone, H2Q), giving stable sacrificial Jph,sac of ~2.5 mA cm-2at 0.66 Vruein pH
7, with the OERC RuWOC6 (Figure 1.7.4a) in absence of sacrificial electron donors, Jph was

significantly lower.
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An interesting example of an n-type OSC dye is from Bignozzi and coworkers in
2015, who used an organic di-cation PDI (Figure 1.7.3d) as the photoabsorber.[82! In this
study, multiple metal oxides like TiO2, SnO2 and WO3 were sensitized over long periods,
when PDI was adsorbed on the nanocrystalline metal oxide. Spun-coat and air-dried IrO2
nanoparticles on PDI-sensitized WO3 was used as the photoanode. Other examples of n-type
0SC dyes include photoanodes by Wasielewski and coworkers[87] and Finke and Kirner.[88]
PMI and PMPDI (Figure 1.7.3d) were the dyes investigated, using [rWOC3 (Figure 1.7.4b)
and CoOx as catalysts respectively. Interestingly, Kirner and Finke also investigated their
photoanodes with sacrificial electron donors (20 mM H2Q), reaching stable Jphsac of 1.1 mA
cm-2at 0.61 Vruein pH 7. Unfortunately, with the OERC, Jph for water oxidation was in the

HA cm~2 scale.

Examples of metal-free (sub)porphyrin photoanodes include PPor-OPh-COOH
anchored to Sn02 and SP anchored to TiOz (Figure 1.7.3c) by van der Est and coworkersl(8¢]
and Imahori and co-workers.[7°l With IrWOC3 and RuWOC4 as OERCs (Figure 1.7.4a-b)
respectively, these photoanodes fared rather poorly in terms of performance and stability.

Indeed, stability is a critical issue for the practical application of OSC-based photoanodes.

From Table 1.2, it can be observed that engineering OERCs plays a major role in the
device performance and stability. In all the cases, illumination was from the side of the back
contact: F-doped SnO2 (FTO) or Sn-doped In203 (ITO), and OERC was in contact with the
electrolyte to oxidize water. Moreover, Mallouk and coworkers initially used hydrated IrOx-
bound to-dye-bound to-TiOz as the photoanode in 2009[701 and in 2012, used ligand
modified IrOx (IrWOC2, Figure 1.7.4b)[71] in which Jph marginally increased to 0.2 mA-cm2
but was not very stable;[8>89 there was a 50% reduction in Jph after just 95 seconds of

operation.
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Figure 1.7.3: Subtypes of Dyes in DS-PECs: A) Ru- based dyes (red box), B) D-m-A dyes (blue box), C) porphyrin derivatives
(green box), D) n-type OSC dyes (purple box, E) miscellaneous dyes (black box). Anchoring groups are bound to metal
oxides.

layer along with Ru3 (Figure 1.7.3a) resulted in Jph ~2.5 mA-cm-2, which dropped to
0.7 mA-cm-2after 100 seconds of operation.[®°] In another study, binuclear RuWOC2 (Figure

1.7.4a) with a phosphonate group anchored to TiO2 showed ~83% higher Jph than its mono
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Figure 1.7.4: Subtypes of OERCs: A) Ru- molecular catalysts (blue box), B) Ir- catalysts (red box), C) non-noble metal
catalyst (black box), D) bifunctional (photosensitizer + molecular OERC) binuclear metal complexes (green box).

-nuclear variant,[72l however losing ~37% of its initial Jpnh within 100 seconds of operation.
Binuclear bifunctional molecules[73201 (RuWOC3-Ru4 and RuWOC5-Zn2) were also
sensitized onto metal oxides, wherein two metal organic complexes, one a photosensitizer
and another a molecular OERC which are covalently bonded (Figure 1.7.4d) resulted in
poor stability. More recently in 2020, Sartorel and coworkers reported their DS-PEC
photoanode which utilized a tetraruthenium polyoxometalate OERC (RusPOM with 1%
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Nafion, Figure 1.7.4a) showing oxygen evolution for 90 minutes[®1] with a pentacyclic dye
KuQ(0)3OH (Figure 1.7.3e), albeit with a modest Jph. An overarching observation is that
using Ruthenium based molecular catalysts always led to poor Faradaic efficiencies for
oxygen evolution (lowest:[85] 8.2%, highest:[°] 83%), compared to heterogeneous oxide
nanoparticles (lowest:[7t] >85%, highest:[781 102+5%) and low stability (the best

performing unprotected photoanode was operational for < 2 minutes).

In addition to the OERC, another factor which affected the stability was the
photosensitizer itself. It is hypothesized that in DS-PECs, the loss of stability is primarily
due to detachment of the dye from the metal oxidel®293] or the oxidative decomposition of
the chromophore.[85891 To address these issues, additional protective overlayers were used
to enhance the stability. However, these overlayers are intrinsically insulating in nature for
hole transport (e.g. Al203,[73] polyacrylic acid (PA)[7¢]) and therefore lower the Jpn. The
longest functioning DS-PEC with a molecular OERC was demonstrated by Murray and
coworkersl74 in 2015. A thin layer of TiO2 by atomic layer deposition (ALD) over the
mesoporous nanolTO ensured stable sorption of the dye and oxygen evolution for 2 hours

of operation (with ~80% loss in Jph) was measured.
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Table 1.2: DS-PECs and operating parameters, observed Jpn and stability with faradaic efficiencies.

Overlayers (if any)/ OERC
and Photo-absorbera/
Electron Transport Layer
/ Electrode

IrOx.nH20/ Rul/
porous nanocrystalline
TiOz film (9 pm)/

FTO [70]
IrwoC1/Zn1/

P25 TiOz nanoparticles film
(10 pm)/ FTO 771

Type

Ir'WoC2+Ru2/
TiOz film (7 um)/FTO 7]

RuWOC1+Ru3/
nano TiO: film
(12 um)/FTO [6°]
RuWOC2b+Ru3/
TiOz film
(12 um)/FTO [721
AL;0; (0.3 nm)/ RuWOC3-
Ru4/ TiO2 (6.6 nm)/ Sn02z¢/
FTO 73]
IrOx.nH20/ Ru3/ TiO2 (6.6
nm)/ nanolTO
(3.2+0.5 um)/
FTO 174

RuWOC5-Zn2/ TiO;
(12 pm )/FTO 120)

CoWOC1+Ru3/ TiOz¢/ FTO
[751
(PA-RuWOC3)s5~(Ru5)sf/
TiO2 (6.6 nm)/ Sn0z¢/ FTO [76]
IrWwoOC1 + PPor-OPh-
COOHe/ SnO: film
(10 pm)/ FTO (86l

IrO, + DMEP: / TiO; film
(4 pm)/ FTO [78)

MC DS-PECs

IrO2/ PDI/ nanocrystalline
WO3h film (0.7 um)/
FTO (82

RuWOC4 + LO / TiO;
(8 wm)/ FTO (84

RuWOC6 + P-A-n-D/ TiO2
(3 nm)/ SnO2
(8 pm)/ FTO 8]
RuWOC4 + SP/
TiO: film (2 pm)/
FTO [79]
IrwoC3v» /Al03 (5 ALD
cycles)/ PMI/
TiO2 (10 nm)/ FTO [87]
Co0x/ PMPDI/
SnO2z" (6 um)/ FTO 88
RusPOM (1% Nafion)/
KuQ(0)30H/ SnO;
(3 pm)/ FTO o1

MF DS-PECs

[llumination
& Filters
(A: cutoff

wavelength)

A>410 nm

200 mW.cm-3;
A>400 nm

A>410 nm

300 mW.cm-3;
A>400 nm

300 mW.cm-2;
A>400nm

455 nm LED at
46.2 mW/cm?

455 nm LED
at 14.5 mW/cm?

35
mW.cm-2;
A>380 nm
100 mW.cm2;
A>400 nm
100 mW.cm-3;
A>400 nm

200 mW.cm-2;
A>400 nm

A>410 nm

AM 1.5G;
A>435nm

White LED at 100
mW.cm-2;
A>400 nm

100 mW.cm-2;
A>400nm

LED
at 100 mW.cm-2;
A>420 nm

200 mW.cm-2;
A>410 nm

~AM 1.5G;
A>400 nm

AM 1.5G
A>400 nm

a OERC/dye refers to OERC bound to dye. OERC+dye refers to both co-sensitized on metal oxide.

OERC-dye implies a binuclear bifunctional metal organic complex.

b Multiple OERCs investigated. Best performing molecule is mentioned.

¢Thickness of mesoporous metal oxide not mentioned.
d Pt was used as both reference and counter electrode.
©Jph here is photocurrent; the area of cell is not mentioned.

Jon
(A-cm-2) @
Applied
Potential
(VRHE)

~7.5x10-7
@ 0.54

~3.3x10-7
@091

1.8x10+*@
0.54

~2.5x103 @
0.67

~1.1x103 @
0.61

~5.0x10* @
0.6 V vs. Ptde

>6.0x10* @
0.61

~1.7x10* @
0.23

~1.3x10*@
0.9

~1.8x10-> @
0.85

<2.0x10° @
0.91

~8.0x10-° @
0.70

<7.0x105@
0.77

~5.0x10* @
0.41

~1.4x10-3 @
0.85¢

~8.0x10* @
0.64

~1.7x10* @
0.66

~2.0x10-° @
1.41

~2.3x10-° @
1.14

Stability
(Jpn, in
A-cm-2 after
time, in
seconds)

~1.7x10-7
after 60

~3.0x10-7
after 60

~9.0x10-5
after 95

~7.0x10-*
after 100

~7.0x10-4
after 100

~7.0x10-5
after ~1300

1.1x10-*after
7200

7.0x10-5 after
60

<4.0x10-5
after 120
~6.0x10-6
after 600

<2.0x10-5
after 300

~1.0x10-5
after 600

Chrono-
coulometryt

~2.0x10-4
after 400

~1.0x10-4
after 600

~6.0x10-5
after 30

<2.5x10-5
after 600

~3.0x10-6
after 5400

Electrolyte

Na:SiFe-
NaHCOs buffer at
pH 5.75;

0.5 M NazS04

M NazS04
atpH7

Na:SiFs-NaHCO3
buffer at pH 5.8;
0.1 M LiClO4

phosphate buffer
atpH 6.8

0.1 M Naz2S04
atpH7

0.1 M phosphate
buffer at pH 7

NazSiFs-NaHCO3
buffer at pH 5.8;
0.1 M LiClO4

0.1 M phosphate
buffer at pH 7.3

phosphate buffer
atpH 6.8
0.1 M phosphate
buffer at pH 7

0.1 M NazS04
atpH7

0.1 M sodium
phosphate buffer
atpH 6.8

0.1 M NaClO4
atpH3

0.05 M phosphate
buffer at pH 7

0.1 M phosphate
buffer at pH 7;
0.5 M KNOs

0.1 M NaFatpH 7

1 M NazS04
atpH 2.5

0.1 M phosphate
buffer at pH 7
0.1 M Na:SiFe-

NaHCOs buffer at

pH5.8

Faradaic Efficiency
for Oz generation
(%)

285%

83%

75%

41%

33%

22%

102 5%

73%

8.2%

64%

22%
31+7%

70 +15%

fThe polymer-OERC and polymeric Ru5 were deposited layer by layer 5 times over each other.

& Multiple dyes investigated. Best performing molecule is mentioned.

h Multiple metal oxides investigated. Best performing oxide is mentioned.
i First 50 s of illumination cycle allows 1.25x10-2 C.cm-2, the third cycle allows 7.50x10-2C.cm-2.
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1.7.2. TF-PECs: Literature Overview

DS-PECs in general suffer the same drawbacks as traditional DSSCs, such as charge
recombination due to the high surface area of the metal oxide/dye interface.[94-9¢]
Moreover, the demonstrated stability of DS-PEC does not suggest that these photoanodes
will be used in practical devices soon. These drawbacks warrant investigation into
photoanodes with a different architecture to reduce charge recombination and improve the
Joh and stability. Thin film (TF) based OSC PEC cells can be considered as an improvement
as they reduce the device complexity. Indeed, given the relatively high charge carrier
mobility in many OSCs, a reasonably performing photoanode can be prepared by simply
coating a thin film of an OSC on to a conductive substrate. However, while planar TFs of
0SCs absorb light quite efficiently due to high absorption coefficients, they do not integrate
a mechanism for charge carrier separation like the DS-PEC (via fast charge injection into
the mesoporous metal oxide). In fact, given the different reorganization energies and
dielectric constant of an OSC (compared to a typical inorganic semiconductor),
coulombically-bound electron-hole pairs (excitons) are typically present at room
temperature and these need to be separated to create free charge carriers. Different
strategies to enhance charge separation in thin film OSCs, compared to a simple mono-layer
TF-0SC multilayering of OSCs[®7-1001 where different energy levels and intrinsic charge
transport properties of the OSC layers can facilitate charge separation, and the blending of

0SCs into BH]Js[101-104]1 which increase the interfacial area between electron donating (p-

type) and electron accepting (n-type) OSC phases, which are shown schematically in Figure

Vowards Increasing Interfacia| Area

1.7.5.

Figure 1.7.5: Schemes for increasing the interfacial area between n-type (Red) and p-type (Blue) OSCs in n-i-p architectures.
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Both latter approaches create an internal photogenerated electric field which aids
in exciton separation and transport of electrons and holes. In all cases, OERCs deposited on
the surface or embedded in the OSC thin films accept the photogenerated holes and oxidize

water under operational conditions.

The earliest reported TF-PECs were by Norimatsu and coworkers,[105106] where the
relatively insoluble but electrochemically robust OSCs PTCBI (n-type) and CoPc (p-type),
see structures in Figure 1.7.6, were successively vacuum deposited at high temperatures
on ITO substrates forming a bilayer photoanode. The use of an OERC (Nafion covered Ir0z2)
resulted in Jph of 10 pA cm-2 at 1.23 Vgrue. After this, Swiegers and coworkers used a Mn-
molecular catalyst embedded in polymers ((7Th)nand (EDOT)n), see structures in Figure 7,
that were either electrochemically polymerized or vapor phase polymerized with the help
of an oxidant on ITO or flexible ITO-Polyethylene terephthalate (PET) substrates,[107.108]
which could oxidize seawater and were stable for 1 hour, albeit with Jyh ~ 30 pA cm—2 at

potentials > 1.33 VRaE.

Another class of TF-PECs focused on using traditional n-type OSCs as the
photoabsorbers. For example, JinCai and co-workers used a hybrid trilayer photoanode of
PC61BM/PTCDA11.6:PC61BM1/ PTCDA on ITO,[1991 achieving a Jph of ~17 pA cm-2at 0.36 VrHE
in acidic conditions. TF-PECs by Finke and co-workers!110l used water-processed PMPDI
spin-coat on FTO (40-50 nm) with CoOx as the OERC. A Jph ~0.28 mA cm-2at 1.81 Vrue was
achievable using this photoanode in neutral pH conditions. Another fullerene derivative
(PC71BM) of a smaller bandgap with ZnO passivated overlayer showed photoanodic
properties without any OERC. These photoanodes operated in alkaline conditions and were

stable for over 1400 seconds, albeit with Jph ~ 15 pA cm-2.

To improve the stability of TF-PEC anodes with OSC, at LIMNO, the researchers
sought a robust organic semiconductor. BBL was known since the 1990s as a robust,
semiconducting, stable n-type conjugated polymer. But due to poor solution processability,
was not widely explored for photoelectrochemical applications. Bornoz et al.[111]
demonstrated an organic acid processed, spray-coated BBL film that was extremely stable
as photoanode for water oxidation with Ni-Co OERC (where a thin, 1 nm, TiO2 layer was
used to help the adhesion between the OERC and the BBL). In addition, by tuning the
deposition method this work established that increasing the surface area of the OSC/water

interface helped to increase the rate of the solar-driven oxidation reaction. However, the
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most stable TF-PEC photoanodes to date used reduced graphene oxide (rGO) as an
overlayer, with nanoNi or NiOOH as water oxidation catalyst, as demonstrated by Swiegers

and coworkers(!12] and Chan Lim and coworkers[113] respectively.
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Figure 1.7.6: OSCs in TF-PECs: A) n-type (red box), B) p-type (blue box). Mn- catalyst is an OERC used.

While Chan Lim’s photoanode consisted of an organic Bulk Heterojunction (BH]J)
donor:acceptor (P3HT:PCs1BM) blend as the photoactive layer, the photoanode of Swiegers
aided the intrinsic electrocatalytic ability of Pt by depositing an OSC, (EDOT)y, over it. In
alkaline pH, theses photoanodes effectively oxidized water and were stable for hours, and
in the case of Chan Lim’s work, at Jph ~0.6 mA cm-2 with only 0.25 Sun illumination

intensity. TF-PEC photoanode results are summarized in Table 1.3.

At LIMNO, recent work indicates that using a BH] approach easily facilitates charge
separation and stable photoanode functionality, at least for a few hours. The first approach
involved an organic-inorganic heterojunction, with the mesoporous SnO: acting as the n-
type electron acceptor (and also the electron transport layer (ETL)) in the heterojunction,

and the in-situ generated covalent polymer network as the p-type electron donor.[114! In
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this work, iodide was oxidized to iodine/triiodide as it has a lower redox potential than

water oxidation and does not require catalysts (Figure 1.7.7).

Also, subsequently, a preliminary demonstration of tandem PEC electrodes, for HI
splitting was shown. The stable BH] photocathode from earlier demonstration was chosen
and electronically connected to the hybrid photoanode. Due to high onset potentials, j-V
curves of the two complementary electrodes only had poor overlapping regions, and hence

led to Jph ~ pA, but this is the first demonstration of an OSC based tandem PEC application.

The second demonstration is the use of an organic BH] in n-i-p architecture form
with sprayed Li* doped IrOz nanoparticles as oxygen evolution catalyst.[115] To improve
stability, the contact area between ETL and BH], the former was made mesoporous, and the

device could function in neutral-weakly alkaline pH where Jph ~ 2 mA-cm-2 (Figure 1.7.8).

Note that this table focuses on photoelectrodes and not “buried junction” devices
where the active semiconductor layers are not in close contact with the aqueous interfaces.
However, results from these buried junction devices can also be impressive. Indeed, Jang
and coworkers[116l used a BH] donor:acceptor (D:A) blend in a fully functional OPV
protected with overlayers and liquid metal eutectic interlayers, and demonstrated a
stability for over 10 hours with about 10% loss in Jph when using a Ni-Fe layered double
hydroxide OERC. A few other noteworthy publications also try other variations using
similar metal-based and metal free OSCs (ex. C12)[117] but are not elaborated in this article
due to poor stability, performance, oxygen evolution.[7581118] Polyheptazine derivatives (g-
C3N4) also show decent performance and stability as photoanodes for water oxidation,[119-

125] however these semiconductors are not solution processable.
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Figure 1.7.7: a) Hybrid OSC-Inorganic BH] photoanode, b) Covalent Polymer Network generated thermally in-situ, c)
Photoelectrodes connected electronically, tandem PEC HI splitting, d) Chronoamperometric evolution of the device.
Reproduced with permission from ref. (1141 © 2021, Energy Environ. Sci.

Figure 1.7.8: a) Overall Device architecture, b) Energy levels of acceptor, donor and hole transport layer, c) Linear Sweep
Voltammetry under chopped light illumination in pH 9 electrolyte. Reproduced with permission from ref. [1151© 2021,
Springer Nature Limited.
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Table 1.3: TF-PECs and operating parameters, observed Jph and stability with faradaic efficiencies.

. h Stabilit
Overlayers (if any)/ o o 5 Hy
[llumination = (A.cm=2)  (Jpn, in .
OERC and Photo- . 5 Faradaic
& Filters @ A.cm- Electrolyte .
Type absorber/ Electron . . Efficiency for Oz
(A: cutoff Applied after time, g
Transport Layer / . . generation (%)
wavelength) Potential in
Electrode
(VruE) seconds)
CoPc (0.19 ym)/ PTCBI (0.6 70 ~1.7x105 ité‘%l)flag_é op NaOH(ag)atpH
[105] -2 . ab
um)/ ITO mW.cm @1.14 ~3600 11
I(\Ioailg“ S)O/rl‘,“Tl)c']';I(zg/ 422');) ;70 ~1.0x105  ~5.0x106 KOH (ag)atpH
o1 oW mW.cm-2 @1.23 after 60 102
ITO [106]
(TTh)3n-(Mn catalyst)a/ ITO 50 W halogen ~2.3x10-5 Stable over 0.1 M NazSO4 at o
[107) lamp @ 1.51 24 hours pH7 >99.2% in seawater
35 mM KNO3
PCe1BM (3 nm)/ " - " » :
e, sy om0 oo oI
PTCDA (20 nm)/ ITO [109] : ]
M H2504)
(EDOT)3n-(Mn catalyst)s/ ITO 3 sunintensity. = ~3.0x10-5 ~2.6x10-5 Seawater at pH o ; .
TF-PECs (108) A>420 nm @1.33 after 3600 8.57 >99.2% in seawater
0.1 M potassium
Co0x/ PMPDI (40-50 nm)/ ~ ~2.8x10-* ~1.0x10-* o
[TO ro] 100 mW.cm @ 181 after 300 phosphate buffer 80 +15%
atpH7
Ni-Co/ TiOz (1 nm)/ 5 ~3.0x10-5 Stable at Phosphate buffer o
BBL (230 nm)/ FTO 111 100 mW.cm @123 1.03x10-5 at pH 7¢ 82 £16%
rGO/ NiO-OH/ (EDOT)uPSS/ 160 vy e >1.0x10  Stableat 0.1 M Na;SO0s at
P3HT:PCe:BM (1:1;100nm)/ e @ 1.23 ~6.0x10-5 0130 -
Zn0/ ITO [113] : : after 4 hr P :
Zn0(<2 nm)/ PC7:BM (~60 100 mW.cm-%; <1.5x10-5 <6x10-¢after = M KOH ~33
nm)/ ITO [126] AM 1.5G @1.23 1400 atpH ~13 0
rGO/nano-Ni/ 0.25 sun 5.5x10* @ 6.0x10-*after = 0.2 M NazSO4 at 599.9%
(EDOT)a/ Pt/ FTO [112] intensity 1.7 50 hr pH 12 7
C12/ TiOz nanorods (250 Xe lamp; 3.25x10-5 >3.0x10-° 0.5 M NazS0s at )
nm)/ FTO [117] A>420nm @1.21 after 200 pH~7.0

a Under Argon atmosphere

b Sacrificial electron shuttle of 1 MM TEA was used.

¢ Clz detection in Oz gas by Merckoquant® test strips.
40.5 M NazS04 + 0.09 M KH2PO4 + 0.01 M K2HPO4

1.8. Thesis Goals

From the above sections and the results compiled in Table 1.2 and Table 1.3, it is
understood that DS-PECs despite initial high performance, eventually are not long lasting
and quickly degrade or deteriorate. Therefore, in this thesis, TF-PECs are explored. Most of
the OSCs used in the photoelectrodes are derivatives of perylene imides, due to deep MO
levels of the molecule. Taking cues from earlier works at LIMNO, extended conjugation was
shown to result in stable photoanodes. Therefore, the initial goal is to work with an OSC
combining the features of perylene di-imides and extended conjugation. And from 1.7.2.TF-
PECs: Literature Overview, blending multiple OSCs resulting in multi-junctions should also
be explored to enhance the charge separation to get higher Jph. Eventually the obtained
photoanode could be used in devices, in tandem with OSC based photocathodes to result in

an unassisted all OSC based tandem PEC cell.
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1.9. Conclusion and Thesis Overview

This chapter outlines the introduction and motivation to the relatively new field of
OSC based photoanodes. The first few sections highlight the challenges and requirements to
move towards a solar driven carbon free energy resource and provide theoretical
background necessary to understand the upcoming chapters. The three different methods of
generating solar fuels are discussed, and the focus towards PEC is stated. Then a brief recap
into the literature of OSC based PECs is mentioned elaborating the different OSCs, catalysts,
additional layers and their resulting performance parameters. Lastly, the goals of this thesis

are mentioned.

The second chapter gives an idea about the methods used to measure the
performance of the photoanodes. In the next chapters, a few OSC molecules which were tried
and tested as candidates for potential high performance, stable photoanodes are described.
The motivation, synthesis, material characterization, device optimization and outlook of the
molecules chosen will be described in detail. Specifically, the third chapter deals with the use
of quaterrylene diimide as a photoanode material, the drawbacks of using a neat material
etc. despite structural modifications. The fourth chapter transitions to BH] photoanodes, and
the donor molecule of choice. The fifth chapter deals with the acceptor molecule to
complement the donors. The BH] properties of thin films are elaborated in the sixth chapter,
and how these thin films perform as photoanodes. Finally, the photoanode is tailored for use
in tandem with a photocathode to drive a complete photoelectrochemical reaction in the
seventh chapter. An outlook for the future and conclusion is provided in the last concluding

chapter.
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Chapter 2. Methods

A typical project involved the selection of semiconductor, its synthesis, separation,
and purification, followed by physical and chemical characterization. The OSCs are then
used in devices for PEC applications, and the device had to be fabricated and optimized as
well. The various methods, techniques and instrumentation used in the entire process are
explained in this chapter. The first section in this chapter deals with the general methods
and instrumentation. The second section is a brief description of a typical organic synthesis
reaction. Once the desired product is purified, it is characterized analytically, and the next
sections explain the various characterization tools used. The first step is confirming the
chemical nature of the product, and hence it is subject to NMR and mass spectroscopy. This
is followed by optical, electronic, and electrochemical characterizations, all of which are
explained briefly. From a device perspective, the experiments and methods are elaborated
in the PEC subsection, and other tools to evaluate thin films visually and microscopically

are also mentioned.
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2.1. Overview
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Figure 2.1.1: Stages involved in research - from synthesis to application.

Different stages of the process involved, from synthesis to the final device testing

are illustrated in Figure 2.1.1 and elaborated in the following sections.
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2.2. General Methods & Instrumentation
2.2.1. Synthetic methods

All reagents were of commercial reagent grade (Sigma-Aldrich, Acros, TCI &
Fluorochem) & were used without further purification. Toluene, Chloroform,
Tetrahydrofuran (Fisher Chemical, HPLC grade) & chlorobenzene (Alfa Aesar, HPLC grade)
were purified & dried on a Pure Solv-MD Solvent Purification System (Innovative
Technology, Amesbury, United States) apparatus. Dioxane, Ethanolamine and
trifluoroacetic acid were purchased from TCI. Technical grade solvents for purification and
workup were from Thommen-Furler AG and were used directly. Normal phase silica gel
chromatography was performed with an Acros Organic silicon dioxide (pore size 60 A, 40-

50 um technical grades).

2.2.2. Gel Permeation Chromatography

The polymers were analyzed using Shimadzu Prominence LC-20AP in CF at 40°C,
armed with an analytic size exclusion PSS SDV linear M column (8mm x 250 mm, 40°C, CF,
mobile phase 1 mL/min) with the UV-Vis detectors at 371 and 462 nm. For the reference

calibration, commercially available fluorophore-tagged polystyrene was used.

2.2.3. Nuclear Magnetic Resonance characterization

The 1H & 13C NMR spectra were recorded at room temperature using per-
deuterated solvents, usually CDCl3, as internal standards on a 400 MHz NMR Bruker
AVANCE 1I1-400 spectrometer (Bruker, Rheinstetten, Germany) unless explicitly
mentioned. For heavier molecules and polymers, to get spectra with higher resolutions, a
600 MHz NMR Bruker AVANCEIIIHD-600 spectrometer (Bruker, Rheinstetten, Germany)
and 800 MHz NMR Bruker AVANCEII-800 spectrometer (Bruker, Rheinstetten, Germany)
were used, in which samples could be heated, hence here TCE-d2 (CD2Cl4) was used as a
solvent and spectra measured at 60°C. Chemical shifts are given in parts per million (ppm)

referenced to residual H or 13C signals in CDCls (1H: 7.26, 13C: 77.0).

2.2.4. Mass spectrum characterization

EI-MS spectrum was recorded on an EI/CI-1200L GC-MS (Varian) instrument &
APPI-MS spectrum was recorded on an ESI/APCI LC-MS Autopurification System with a ZQ
Mass detector (Waters, Milford, United States) instrument using a positive mode. However,
these results are used at a purification stage and not reported in this thesis. Instead, the

MALDI-TOF spectra are reported. The MALDI-TOF (see 2.3.1.Mass Spectroscopy for
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details) AutoFlex speed can be operated in reflector and linear modes (up to 100 kDa for
intact proteins and large molecules such as polymers), as well as TOF/TOF tandem mass
spectrometry. Its SmartbeamTM-II 2 kHtz laser and system electronics allow intensive and

high throughput applications.

2.2.5. UV-Vis and Photoluminescence Spectroscopy

Shimadzu UV-3600 UV-Vis-NIR spectrophotometer for Absorbance and Transmission
analysis is used. Armed with an integrating sphere, the film’s reflection was also measured
if needed. The photoluminescence spectra were measured using a Fluorolog-3
Spectrofluorometer (Horiba), whose Xe lamp was aimed at an angle of 45° at the substrate.

The excitation wavelength depended on the sample but varied from 450-600 nm.

2.2.6. (Photo)Electrochemical Studies

The electrochemical cyclic voltammetry data was recorded by a computer
interfaced SP-200 potentiostat (Biologic Technologies). This potentiostat also offered a
vast variety of built-in options to execute other electrochemical studies, which were used
for photo-electrochemical characterizations like linear sweep voltammetry, chrono-
amperometry, open circuit potential calculation, electrochemical impedance, chrono-
potentiometry etc. The techniques used, and components of the PEC cell are explained in

2.5.Photoelectrochemistry (PEC).

2.2.7. Miscellaneous Instrumentation

For Differential Scanning Calorimetry, the instrument used is a PerkinElmer DSC

8000, calibrated with the low melting Indium element.

The optical microscope images were captured by a NIKON Eclipse E600 microscope
and processed digitally using a computer interface. These images shed light on the
micrometer sized topography and overall roughness of the film formed. In certain cases,

neat crystals of stacked or aggregated OSCs could be seen as well.

The surface topography/morphology of the blended OSCs were studied by Atomic
Force Microscopy (AFM) using Asylum Research Cypher in alternate current tapping mode

using the soft Pt-Ir Atomic Force AC240 tips, measuring the films in dark conditions.
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2.2.8. Electrolyte Preparation

1 M stock solutions of H3PO4, KH2P04, K2HPO4 and K3PO4 are prepared in water and
stirred at room temperature. (Buffer) Solution of needed pH are<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>