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ABSTRACT

PHOTOELECTROCHEMICAL CELLS EMPLOYING MOLECULAR LIGHT-HARVESTING

MATERIALS FOR THE CAPTURE AND CONVERSION OF SOLAR ENERGY

Solar light has the potential to be a substantial contributor to global renewable energy
production. The diffuse nature of solar energy requires that commercially viable devices used to
capture, convert, and store that energy be inexpensive relative to other energy-producing
technologies. Towards this end, photoelectrochemical cells have been the subject of study for
several decades. Particularly interesting to chemists, molecular light-harvestingmeteribe
employed in photoelectrochemical cells. For example, a dye-sensitized solar cell (B5C)
type of photoelectrochemical cell designed to capture solar energy and convert it to electricity
Alternatively, molecular light-harvesting materials have also been employed in water-splitting
photcelectrolysiscells (PECs), which capture solar energy and store it in the form of chemical
bonds such as4and Q.

The work presented in this dissertation falls into two major projects. The first involves
fundamental studies of water-oxidizing PECs employing a novel perylene diimide molecule as
the light-harvesting unit. Background is provided in Chapter Il, composed of a comprehensive
literature review of water-oxidizing PEC systems that employ light-harvesting materials
composed of earth-abundant elements. Chapter Il describes preliminary studies of a water-
oxidizing PEC composed of a perylene diimide organic thin-film (OTF) and cobalt oxide
catalyst, the first of its kind in the literature. Characterization of this novel device provided

knowledge of the efficiency-limiting processes that would need to be addressed in order to



improve device performance. Subsequently, Chapter IV describes preliminary studies of the
same perylene diimide molecule in an alternative, literature-precedented, dye-sensitized
photoelectrolysis cell (DS-PEC) architecture aimed at improving the efficiency-limiting
processes of the first OTF-PEC. Characterization of this DS-PEC architecture reveals that the
efficiency-limiting processes of the OTF-PEC were indeed improved. However, deposition of
the cobalt oxide catalyst onto the DS-PEC did not successfully result in water oxidation.
Alternative catalyst-deposition strategies from the literature are described as direction for future
studies.

The second project of this dissertation involves the study of novel high-redox-potential
organometallic cobalt complexes as redox mediators in DSSCs, and is presented in Chapter V.
Therein, it was found that the use of electron-withdrawing functional groups on cobalt-
coordinating ligands not only increased the redox potential, but also increased the lability of the
ligands. The resulting complex instability caused performance-limiting electron-recombination
reactions in assembled DSSCs. These results point future researchers towards the study of

higher-chelating ligands for enhanced stability in high-potential cobalt complexes.
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[. INTRODUCTION

7KLY GLVVHUWDWLRQ IROORZV D 3SMRXUQDOYfV IRUPDW" Z
been prepared for, submitted for, or accepted for publication in a peer-reviewed scientific journal.
Therefore, each chapter follows the formatting guidelines for its respective journal. For
manuscripts that were submitted with Supporting Information, those materials are added at the end
of their respective chapters. Dissertation chapters are not presented in historical order of journal
submission, but instead they have been arranged into two main projects, both of which involve the
study of photoelectrochemical cells employing molecular light-harvesting materials for the capture
and conversion of solar energy. The main project involves the study of photoelectrochemical
anodes for the capture of solar energy and its conversion to chemical energy by performing
photocatalytic water oxidation (ChapterstWf). A secondary project involves the study of dye-
sensitized solar cells for the capture of solar energy and its conversion to electrica{@hepger
V). In order to compile a cohesive dissertation document, the following sections have been added:
(i) this Chapter I Introduction, (ii) brief connecting footnotes at the beginning of Chaip#s
and (iif) a Chapter VI Summary at the end of the document. Chaptsfisalle briefly described
below.

Chapter Il serves to provide important background material and to place the original work
of this dissertation in the context of known literature. The chapter contains a comprehensive
literature review of water-oxidizing photoelectrolysis cell (PEC) systems that employ light-
harvesting materials composed of earth-abundant elements. This manuscript was formatted for the
journal Energy & Environmental Sciencand was submitted for review on February 16, 2017

(Kirner, J. T.; Finke, R. GEnergy Environ. Sck017, Submitted). The review consists of: (i) an



Introduction section describing important background of light-driven water-splitting strategies,
various water-splitting PEC configurations, a justification for the focus on organic light-harvesting
materials, properties that distinguish organic semiconductors from inorganic semiconductors, and
the two major device architectures for water-oxidizing photoanodes in the literature that are
composed of organic light-harvesting materials; (i) a summary of the major performance metrics
by which literature PEC systems will be compared; (iii) detailed reviews of published water-
oxidizing PEC systems employing an organic thin-film architecture; (iv) detailed reviews of
published water-oxidizing PEC systems employing a dye-sensitized metal oxide architecture; and
(v) a Summary and Outlook section.

Chapter Il describes preliminary studies of a water-oxidizing PEC composed of a perylene
diimide organic thin-film (OTF) and cobalt oxide catalyst, the first of its kind in the literature. This
chapter was published in the jourdeCS Applied Materials & Interfacd&irner, J. T.; Stracke,

J. J.; Gregg, B. A.; Finke, R. GACS Appl. Mater. Interface2014, 6, 1336743377
http://pubs.acs.org/doi/full/10.1021/am405598w). The study details the preparation and
characterization of our prototype photoanode. Characterization provided knowledge of the
efficiency-limiting processes that will be addressed in attempts to improve device performance in
the following chapter.

Chapter IV describes preliminary studies of the same perylene diimide molecule in an
alternative dye-sensitized photoelectrolysis cell (DS-PEC) architecture. This architecture was
chosen in order to improving the efficiency-limiting processes that were determined in Chapter Il
for the OTF architectureél'his manuscript has been prepared for submission to the jA@gl
Applied Materials & Interface¢Kirner, J. T.; Finke, R. GACS Appl. Mater. Interfacez017, to

be submitted). Characterization of tB&-PEC architecture reveals that the efficiency-limiting



processes of the OTF-PEC were indeed improved. However, deposition of the cobalt oxide catalyst
onto the DS-PEC did not successfully result in water oxidation. Alternative catalyst-deposition
strategies from the literature are described as direction for future studies.

Chapter V describes work done on a secondary project focused on dye-sensitized solar
cells (DSSCs) for solar energy capture and conversion to electricity. Rather than focusing on the
light-harvesting dye, this project focused on the use of organometallic cobalt complexes as
alternative redox mediators designed to increase the voltage (and therefore the power output) of
DSSCs. This project was carried out under the direction of co-advisor Prof. C. Michael Elliott. The
manuscript was completeD IWHU 3URI (OOLRWWY{V XQWLPH&Eu@d DWK D
of Physical Chemistry (Xirner, J. T.; Elliott, C. MJ. Phys. Chem. 2015 119, 1750247514
http://pubs.acs.org/doi/full/10.1021/acs.jpcc.5b02513). The results from this project demonstrated
that the use of electron-withdrawing functional groups on cobalt-coordinating ligands successfully
increased theF R P S O KefiBXVpbtentials, but also increased the lability of the ligands. The
resulting complex instability caused performance-limiting electron-recombination reactions in
assembled DSSCs. These results point future researchers towards the study of higher-chelating
ligands for enhanced stability in high-potential cobalt complexes.

Chapter VI summarizes the results from both main projects described in this dissertation.
The results and conclusions from each study are combined with literature knowledge to predict the

most impactful future directions for each project.



II. WATER-OXIDATION PHOTOANODES USING ORGANIC LIGHT-HARVESTING

MATERIALS: A REVIEW'

Overview

Solar energy storage by photoelectrochemical water splitting has garnered significant
research attention in recent years. While the majority of water-splitting systems are composed of
inorganic semiconductor light-harvesting materials, an increasing amount of research has studied
the use of earth-abundant organic semiconductors and dyes as an inexpensive alternative. Herein,
we provide a comprehensive review of published water-oxidizing photoanodes which employ
organic light-harvesting materials, including both organic thin-flm and dye-sensitized
photoelectrochemical cell architectures. We highlight the different materials that have been
employed, summarize recent advancements, and provide insights for future improvements of

device efficiencies and stabilities.

2.1 Introduction

OHHWLQJ PDQNLQGYV WKLUVW IRU VXVWDLQDEOH HQHUJ\
our timel* The harvesting of sustainable solar energy and its conversion into useful electricity or
heat is one promising stratejyHowever, solar energy is diffuse, making it challenging to collect
efficiently. Furthermore, solar energy is not always available on demand due to the diciaal cy

of the sun and intermittent cloud cover. Therefore, there is a need to efficiently store solar energy

' This chapter provides important background material and places the original work of this
dissertation in the context of the known literature. It also includes a brief description of the work
that is detailed in Chapter Ill. A version of this manuscript has been submitted for publication to
the journalEnergy & Environmental Sciend&irner, J. T.; Finke, R. GEnergy Environ. Sci.
Submitted February 16, 2017). A list of abbreviations is provided at the end of this dissertation.



when it is available so that the energy can be used when needed. The conversion n¢gplar e
into solar fuels can be achieved by artificial photosynthetic water splitting, which includes the
steps of light capture, charge separation, water-oxidation catalysis (WOQJ,Carmmat proton-
reduction catalysi$2° In this way, solar energy is stored in the chemical bonds of the hydrogen
and oxygen products of the water splitting reaction, and these molecules can be stored until their
energy is needed. The energy can then be released as heat by combustion, or iag ielectniel
cell 38

The two half cells that make up the water splitting reaction are the hydrogen-evolving

reaction (HER) and the oxygen-evolving reaction (OER) (egs 2.1 and 2.2, respectively). The OER

2H* +2eFp - 21
e pi c E tr+2ef (2.2
*p cE - e.3)

requires the reaction of two water molecules with four hole equivalents to faram@ is well-
established to be the kinetic bottleneck of water-splitting catdfy$ience, the OER takes on
additional importance and significaniceenergy storage research. The net electrochemical water-
splitting reaction (eq 2.3) stores 237 kJ per molexff%{-*°which corresponds to an electromotive
force for the cell reactioExn R 1 9 E\ WK HGH ThRBM 1WReeriis the number

of electrons transferred (n = 2 in eq 2.3) & FDUD G D\ 1 V. AcBo@Myud t@e¥Plank
Einstein relation = hd , whereE is photon energyy LV 30 D Q N f ¥isER gy @ @k,

and is the photon wavelength) ), the energy (1.23 eV) required to transfer an electron from half
cell (2.2) to (2.) can be provided by electromagnetic radiation with wavelengths smaller than
~1010 nm. However, electranole recombination reactions and concentration gradients during
these multiple-electron reactions often necessite#80 mV of overpotential beyond the
thermodynamic limit of 1.23 eV in order to maintain the reactions at reasonabl& tes, in

the presence of efficient catalysts. As a result, the energy required to perform water splitting is



often at least 1.6 e¥2 corresponding to light with wavelengttis775 nm. Fortunately, this
wavelength range includes ~6 R WKH LQFLGHQW VRODU S$Sa&zalddla@edv WKH |
from the air mass 1.5 global (AM1.5Golar reference standard (ASTM G173-63Therefore,
light-driven water splitting is a promising strategy to help mankind meet its energy needs.
Light-Driven Water-Splitting Strategies. Solar energy storage through light-driven
water splitting can be achieved by a number of straté€di¥s.*three of which are depicted in Fig.
2.1 in order to clarify the focus of this review. Perhaps the easiest method to conceptualize is
simply to wire a pn junction photovoltaic (PV) device (or multiple PV cells in series, to provide
sufficient voltage) to a commercial electrolyzer (Fig. 2.1, left). Alternatively, light-driven water
splitting can be accomplished by an integrapdubtoelectrochemicatell (Fig. 2.1, centey)
wherein the light-collecting panel (a single-bandgap semiconductor (SC) film, a PV film, or
multiple SC or PV films integrated together) is submerged directly in agueous solution. In this
strategy, the water-splitting half reactions to produce dthd Oe occur directly at the
semiconductottiquid junction (SCLJ). A third strategy is to prepare the light-harvesting materials

as tiny particulates to be suspended in solution as a colloid (Fig. 2.1, right)pHacbatalytic

_l
02 [’
PV/eIectrolyzer integrated PEC mixed colloid
mature technologles M unproven technologies
high cost low cost

Fig. 2.1 Schematic diagrams of various water splitting engineering strategies: (left) a photovoltaic
(PV) cell (or multiple cells in series) wired to an electrolyzer; (center) a submerged (integrated)
photoelectrolysis cell (PEC) wherein water-splitting reactions occur at the surface of a
semiconductor panel in solution; (right) a suspended colloid (photocatalytic) system wherein
water-splitting reactions occur at the surface of semiconductor particles throughout solution.
Reprinted with permission fromeR 14. Copyright 2014, American Chemical Society.



(suspended colloid) systems generateald Oeat the SCLJ throughout the bulk of the solution,
often within the same compartment.

While the PV/electrolyzer strategy is well-established, it has been prdgbsatiat the
strategy will remain too costly for broad commercialization because of the need for (historically)
relatively expensive solar power, the use of noble metal water-splitting catalysts, and because of
the costs associated with wiring the devices together. However, recent work has focused on
lowering the costs of PV/electrolyzer systems by employing inexpensive organic solar cells in
series® or triple-junction configuration®!” A recent 2016 study has also demonstrated a
PV/electrolyzer system composed entirely of inexpensivéi-ehundant inorganic materials, and
which is capable of 14.2% solt-hydrogen efficienclf (above the threshold for practical
commercialization of 10%).

The photoelectrochemical strategy (the focus of this review) has the advantage of avoiding
the costs associated with wiring the PV and electrolyzer together, but has the added challenging
requirement that the light-harvesting cell must be stable against photo-corrosion under harsh
water-splitting condition&1°2°A promising strategy to protect the light-absorbing semiconductor
against photo-corrosion is to coat the material with thin layers of metal oxide or metal
catalyst$:”1° On the other end of the spectrum, the photocatalytic (colloidal) strategy shows
promise for low cost, but has yet to be demonstrated on a large scale. A number of review articles
have highlighted the strategies and materials used in photocatalytic water-splitting $y&fems.

Published analyses have compared the promise and challenges of the photocatalytic and
photoelectrochemical water-splitting strategies from engineering and economic perspéétives.
Such studies have confirmed that the estimated cost for hydrogen production is significantly lower

for the photocatalytic strategy compared to the photoelectrochemical stihtégwever, the



photocatalytic strategy slargely unproven technology, and often has the added safety concern
of co-generating Hand Oe gases in the same compartment, creating a flammable mixture (the
flammable range of His 475% in air or 494% in Oeat standard temperature and presstire).
Importantly, the above economic analysis also concluded that the cost of hydrogen produced by
photoelectrochemical strategies could be significantly reduced by increasing the-$yldregen
efficiency beyond 10% arioly lowering the cost of the panel-based photoelectrochemicafells.
The latter strategy of reducing cost is one of the major motivations behind the focus of this review.
Before continuing, we will next describe several different configurations for photoelectrochemical
water-splitting cells.

Water-Splitting Photoelectrolysis Cell (PEC) Configurations.An integrated PEC can
take on many forms. The simplest is a single-bandgap SC photoelectrode (n-type photoanode or
p-type photocathode) submerged in an electrolyte solution with a metal counter eJectrode
sometimes called a Schottky-type PEThis name arose because the device is functionally similar
to a Schottky-barrier solar célwhich is composed of a semiconductor sandwiched between two
metal contacts. A SCLJ behaves similarly to a#®€tal junction in that they both form a Schottky
barrier, the physics of which are described in detail elseviH€Rriefly, charges transfer across
the interface in order to reach thermodynamic equilibrium, resulting in the buildup of a space
charge layer within the SC near the interface. The electric field in the space dupogeaffects
the local energy of electrons, which is expressed as band banding in an energy band diagram (Fig.
2.2). For an n-type semiconductor (n-SC), bands are bend upwards at the SCLJ (Fig. 2.2a). When
illuminated, this band bending causes photo-generated holes in the valence band to migrate
towards the SCLJ where they can induce oxidation reactions, and electrons in the conduction band

to migrate towards the bulk of the SC where they can be collected by the conductive substrate.



For a single semiconductor (Schottky-type PEC) to achieve unassisted light-driven water
splitting (Fig. 2.2a), it must have a band gap endggy, «1.6 eV (to provide sufficient kinetic
overpotential, see aboyand the bands must also be appropriately positioned relative to the half-
cell reactions. The electrochemical potential of the SC conduction Bagidnjust be positioned
more negative than the proton-reduction reaction (eq 2.1, by definition 0V vs the reversible
hydrogen electrode, RHE), and the SC valence band potdatgl fiust be positioned positive

of the water-oxidation reaction (eq 2.2, +1.23 V vs RHE). It has proved quite difficult to find SC

e— e —
)| | >
LA___ b
-
£V (HY7H;) - E(HH) | [n B
o ———— e Effr=———|-
E, hv
E£° (0,/H,0) Ey vl | E2(0,/H,0)

|

n-SC metal n-SC p-SC
anode cathode anode cathode
n-SC PEC p/ntandem PEC
e —

EV (H*/H,) E° (H*/H;)

E? (0,/H,0)

E? (0,/H,0})

n-SC dve metal p-n PV metal
cathode cathode

DS-PEC PV-PEC
Fig. 2.2 Representative band diagrams of various liquid-junction water splitting systems: (a) a
single-bandgap, n-type semiconductor photoanode with metal cathode (n-SC PEC); (b) a dual
bandgap (tandem) cell with n-type photoanode and p-type photocathode (p/n tandem PEC); (c)
a dye-sensitized metal oxide photoanode with metal cathode (DS-PEC); (d) a submierged p
junction photovoltaic photoanode with metal cathde-PEQ.



materials that meet all the above requirements, let alone the additional requirement of stability
against photo-corrosidht®2°0f the dozens of materials that were the subject of early studies, only
a handful of n-type metal oxides met all the above criteria, including §rKitaGs, Ta0O2, and

Zr0,.% Of these, only the former two successfully confirmed unassisted (no applied bias) light-
driven water splitting!3? Unfortunately, these materials also h&yes H 9d db Gan only
DEVRUE OLJKW ZLWK zZONd#Hiackdes wilk ¥4% of theicident power in the
AML1.5G solar reference standaldl.

To avoid placing all the above requirements on one semiconductor material, a common
strategy is to employ a tand&® (or p/n-typ&3) PEC (Fig. 2.2b). A tandem PEC is a dual
bandgap configuration employing both arS@-photoanode and $C photocathode. These
systems allow the use of materials with smaller and complementary bandgaps (absorbing
complementary wavelength ranges of light) compared to single-bandgap systems, and therefore
have a higher theoretical water splitting efficiency as a result of absorbing more of the incident
solar radiatiort? An example band diagram of a p/n-PEC is shown in Fig. 2.2b. In this
configuration, two photons (one at each electrode) must be absorbed to generate each usable
electrondhole pair, where holes reach the SCLJ of the photoanode to oxidize water, and electrons
reach the SCLJ of the photocathode to reduce protons. Therefore, the photoanode must have a VB
more positive than the potential of the OER, and the photocathode must have a CB more negative
than the potential of the HER.

Another strategy to improve the visible absorptivity of a stable, wide-bandgapdy€ is
sensitizationwherein dye molecules at the SC surf&tE VRUE YLVLEOH OLJKW GHSHC
absorbance spectrum) followed by a rapid charge-transfer reaction between the photdgcited

and one of the SC energy bafd his dye sensitization strategy was studied as early as 1968 by

10



Gerischeret al2® but resulted in sub-nanoampere photocurrents, likely because sensitization only
occurs from a monolayer of dye molecules adsorbed to the planar semiconductor38urface,
achieving a visible absorptance of only ~3%Tsubomura et al. later tried enhancing light
absorption by employing thicker films of insoluble dye, but this strategy failed because the dye
layers were electrically insulatirig.
A breakthrough came in 1976 when Tsuboneiral. demonstrated a photoelectrochemical

cell with greatly improved power efficiency by employing a high-surface-éset@de of sintered
ZnO powder coated with dye adsorbed from solution, ’MOORZLQJ D *ODUJH WRWDO
O L JK Rufthermore, their use of KI as a redox mediator in solution allowed for the rapid
regeneration of photo-oxidized dye at the surface, resulting in a power conversion efficiency of
1.5%3" This strategy was significantif QKDQFHG LQ E\ 295whdRQplayelG *UIW]|
a porous film of sintered Ti@nanoparticles (15 nm average diameter) with an internal surface
area ~780 times that of a planar surfffde/hen these films were sensitized by adsorption of a Ru-
based organometallic dye with carboxylic acid anchor groups and submerged in electrolyte
containing iodide redox mediator, they achieved 97% incident-photonrrent efficiency

,3&( D Wnm¥\OK the dye and a solar conversion efficiency of over3¥%uch an
accomplishment demonstrated the commercial promise of the dye-sensitized solar cell
(DSSC)**4% gpening up a huge field of research with >21,700 journal publications as of January,
20174

In a DSSC, the reduction reaction at the cathode is simply the reverse of the oxidation

reaction at the anode, both of which involve a redox mediator in solution. A DSSC is therefore a
photoelectrochemical photovoltaic gelvhich converts light energy into electrical poRéye-

sensitized films of sintered colloidal metal oxsdean also be decorated with water-splitting

11



catalysts for use gshotoelectrolysis cellswherein light energy is collected and stored in the
chemical bonds of the Hand Ossolar fuel Such water-splitting dye-sensitized photoelectrolysis
cells DS-PECs) have been the subject of several recent re¢f&kIhe band energy diagram of

an n-typeDS-PEC is shown in Fig. 2.2c. In this case, the photo-excited dye injects an electron
into the CB of the metal oxide, after which the photo-oxidized dye must accept an electron from a
water-oxidation catalyst (WOCatalyst) to avoid the back-electron-transfer recombination reaction.

A fourth type of PEC, Fig. 2.2d, consists of angunction PV in solution to provide the
photovoltage required to split water. One could also use multiple PV in tandem, or a PV integrated
in series with a single SC photoanode/catndde. such integrated devices, the PV cell is
considered to be &E X U phbtaélectrochemical junction, because it is not in direct contact with
the electrolyte, and can be classified as a photovoltaic photoelectrolysis cell (PV2HBEGYJem
and integrated PECs can also be prepared in a wireless configuration where each component is
sandwiched together by ohmic contacts. Such cells are often referred to as photochemical diodes,
monoliths, or artificial leav&®1%°2and have the potential for low cost manufacturing. However,
it is common to study the photoanodes and photocathodes in separate Schottky-type PECs before
they are integrated into a tandem device.

To summarize, a variety of configurations are possible for water-splitting
photoelectrochemical cells. When highlighting specific systems from the literature below, we may
reference Fig. 2.2 to clarify the configuration used.

A Focus on Organic Light-Harvesting Materials. Since Fujishima and Honda
demonstrated the first example of photoelectrochemical water splitting by @hd@banode and
Pt cathode (IBG-PEC) under UV light3 hundreds of other inorganic SCs have been studied for

PECg?25%4(most of which require UV light and/or sacrificial reagents to function). A select few

12



PEC systen$®8 have achieved solao-hydrogen efficiencies /&t,>° above the threshold for
practical commercialization of 10%However, those systems often exhibit poor long-term
stability and are composed of rare and expensive elentetisd Ga, for example). These features
are likely to limit their commercial applicatiéfA%* Many researchers have focused their studies
on water-splitting PECs composedinéxpensive, earth-abundant materiéisg. 2.3), especially

the light-harvesting SC materials and water-splitting catalyst(s).
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H O H P HRgiwvevard caption reproduced from Ref. \8i@2h permission from The Royal
Society of Chemistry.
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Organicsemiconductor (OSC) materials show promise for electronic and light-harvesting
applications because of their low cost, earth-abundance, low-temperature manufacturing
processes, and perhaps especially because of the structural tunability of their properties by well-
established organic synthesis technicfiiédThe present review will highlight literature examples
of water-splitting systems that employ organic semiconductors and dyes (organic molecules,
organometallic complexes with earth-abundant transition metals, and polymers) as light-
harvesting materials in light-driven water-splitting cells. Our fomuphotoelectrochemical
systems; photocatalytic (suspended colloid) systems that employ organic SC pf§foerdye-
sensitized colloids systefi<° will not be covered. We further narrow our focus to the more
kinetically limiting OER by giving preferential attention to PRbtoanodeghat have confirmed
WOC by the direct detection of ¢product. We have made our best effort to be comprehensive in
our inclusion of such systems, and we apologize in advance to the authors of any important systems
that we may have inadvertently missed.

Properties of Organic Semiconductors (OSCs)Before continuing, it is prudent to
highlight some of the major differences between molecular and polyarganicsemiconductors
and more traditionaihorganic semiconductors. Perhaps the most important difference between
OSCs and inorganic SCs is the low dielectric constant of OSC maféi@iganic materials are
composed primarily of second-row elements where valence shell electrons are held more tightly
to the nuclei than in lower-row elements, making organic materials less polarizable and less
efficient at shielding electric fields between charges. As a result, light absorption by OSCs
generally leads to the formation ekcitons(coulombically bound electrahole pairsf3 By
contrast, the higher dielectric constant of inorganic semiconductors generally allows for the photo-

generation of free charge carriers (that is, thermal energy even at room tempegitfilgent to
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overcome the binding energy between electrons and holes). In order to generate usable charge
carriers in OSCs, photo-generated excitons must diffuse to a heterojunction interfaceanith a b
offset sufficient to overcome the exciton binding enérgy.

A second major difference is the relatively weak electronic coupling between neighboring
molecules in an organic film when compared to the coupling between covalently bound atoms in
inorganic semiconductoP$ This results in relatively narrow valence and conduction bands, more
localized charge carriers, lower carrier mobilities, and anisotropic carrier molSfit®sch
mobility limitations allow excitons in organic materidts diffuse onlya short distance before
relaxing (typically on the order of tens of nanomgtesiad often the diffusion distance is much
shorter than the dept? KDW OLJKW FDQ SHQHWUDWH LQWR WKH ILOP
dependent extinction coefficierf.If excitons are generated by light absorption too far from a
materials heterojunction, they will relax before dissociation and their energy is wasted. In planar
heterojunction configurations, the thickness of organic thin-films is therefore limited to roughly
the exciton diffusion length, greatly limiting the light absorption efficiency. A common strategy
to overcome this limitation is to nanostructure the interface.

Device Architectures for PECs Composed of Organic Light-Harvesting Materials.
Modern studies of PECs employing organic light-harvesting materials generally come in one of
two main architectures, both of which are based on emerging PV technologies: organic
photovoltaics (OPV$}"*"2and DSSC$%*° Both OPVs and DSSCs have recently reached PV
efficiencies nearing 12%.If the energy bands of such PV devices are appropriately positioned
for one or both of the half-cell reactions for water splitting, the cells can potentialgcbeated
with water-splitting catalysts and submerged in aqueous solutions as PECs. We will refer to OPV-

type water-splitting architectures as an organic thin-film photoelectrolysis cells (OTF-PEC), a
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DSSC-type architecture sadye-sensitized photoelectrolysis cellODSPEC). Simplified
representations of each architecture are provided in Fig. 2.4.

a) b) MO, NP
H,O H,O O dye monolayer

O WOCatalyst

)
“u

WOCatalyst 4
L ReisSerd

Conductive Glass Conductive Glass

Fig. 2.4 Schematic cross-sections of two commadA ¥ LFH DUFKLWHFWXUHV IRU 3(¢
HDUWK DEXQGDQW PDWHULDOV D 2UJDQLF WKLQ ILOP SK
VHQVLWL]HG SKRWRHOHFWURO\VLV FHOOV '6 3(&

The OTF-PEC architecture (Fig. 2.4a) is composed of a planar thin-film of OSC(s). This
thin-film may be composed of a single OSC material, or may contain a planar bilayer
heterojunction between two different OSC materials; a bulk heterojunction wherein the two OSC
materials are mixed with nanoscale phase domains; or a trilayer junction wherein a blended bulk
heterojunction layers sandwiched between two single-OSC layers. The DS-PEC architecture
(Fig. 2.4b), on the other hand, is typically composed of a sintered nanoparticle (NP) film of
semiconducting metal oxide (with resulting internal surface area often 1000-times larger than a
planar surface, depending on thickn&Sshich is then sensitized to visible light by adsorption of
a monolayer of dye. When illuminated, the photo-excited dye can inject a charge icéorihe
metal oxide, where the carrier then diffuses through the interconnected nanoparticle film to be
collected at the conductive substrate, and the dye is subsequently regenerated by charge transfer

from a water-splitting catalyst.
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2.2 Performance Metrics

The water-oxidizing photoanode systems highlighted in this review will be compared by a
number of performance metrics. To our knowledge, none of the-REC or DS-PEC
photoanodes studied to date achieve sufficient photovoltage to perform overall water splitting
without additional applied bias. As a result, these photoanodes are typically characterized in a 3-
electrode configuration, and would require a complementary photocathode in a tandem
configuration (Fig. 2.2b) in order to achieve unassisted water splitting (a few examples of tandem
OTF-PEC* and DS-PE® devices for unassisted light-driven water splitting have emerged in the
literature’*" although most photoanodes are still at early fundamental stages of research). As
such, the overall solao-hydrogen efficiencies &r+°° are not a relevant (or possible) metric of
comparison for these systems. It has recently been highlighted that photolysis cells measured in a
3-electrode configuratiolFDQ VWLOO EH FRPSDUHGB-chewicq doe@vUL QV LF
HITLFL'HM@ FUDWLRPHWULF’ @dricsd None divtheGsystems highlighted in this
review had adopted such performance metrics, though they should certainly be considered for
future studies.

The most widely reported performance metric for water-oxidizing photoanodes is the
photocurrent density) $ FPO WDNHQ DV WKH GLIITHUHQFH LQ FXUU
electrode measured under illumination and in the dark. The measurement is typically @@ne
electrode configuratio??, wherein currents are measured between the (working) photoelectrode
and a metal counter electrode as a function of potential applied to the photoelectrode vs a reference
electrode (typically Ag/AgCI or saturated calomel electrode, SCE). Photocurrents are obtained
from separatd &/ experiments performed in the dark and under illumination, or fromJdvie

experiment with transient illuminatioalight source is cycled on and off throughout the scan). In
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the latter case, currents often show a spike-like behavior, wherein the current peaks when the light
is turned on and quickly decays towards a steady-state value over the course of seconds (see, for
example, Fig 2.6 and2.11 in the following section). In such cases, we reporisthady-state
photocurrent value. Of course, photocurrents depend highly on the measurement cofidttions,
so herein we report both the measured photocurrent density for each system as well as the specific
conditions for the measurement, including solution pH, electrolyte identity, applied potential,
illumination intensity, and illumination wavelength distribution.

For direct comparison across different systems we convert applied potentials reported vs
various reference electrodes to the reversible hydrogen electrode (RHE) by the following
conversion factors to the normal hydrogen electrddeR):'*

Table 2.1.Conversion factors for applied potential vs various reference electrodes t6'NHE.

Reference Electrode Conversion to NHE

Ag/AgCI (sat. KCl) +0.197 V

Ag/AgCI (3 M KCl) +0.210 V
SCE +0.241V
RHE F(0.0591 V x pH)

Conveniently, this conversion allows for the comparison of applied potentials to the
thermodynamic potential required for water oxidation (+1.23 V vs RHE, independent .of pH)
Efficient photoanodes should reach saturated water-oxidation photocurrents at potentials well-
negative of +1.23 V vs RHE.

A major concern with organic light-harvesting materials is that they may not have sufficient
photo- and oxidative stability for high-turnover water oxidation catalysis. Therefore, an especially
important metric of such systems is theadaic efficiencyor the fraction of the photocurrent that
actually corresponds to ©production. For inorganic systems, this is typically done by the
quantitative detection of €roduct in the gas phase above solution by gas chromatogfapbry.

organic systems, which typically exhibit lower and less-stable photocurrengsia@tification is
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often measured in solution using commercial probes based on fluorescence-quench#igpby O
by electrochemical methods such as Clark electf8dess Generatafollector methodt £2 (see
details in Sec. 4.1 below). By tracking both the d@ncentration and the current passed by the
photoelectrode over time, the faradaic efficiency can then be calculated.

A final performance metric we will use for comparison is the incident photoorrent
conversion efficiency, IPCE. The IPCE spectrum is calculated from a photocurrent action
spectrum experiment, wherein amperometric photocurtety i measured as a function of
monochromatic illumination wavelength. By measuring the power of the incident light at each
wavelength step, the photon flux can be calculated. Subsequently, dividing the steady-state
photocurrent by the incident photon flux yields the IPCE value at each wavelgiigIPCE of
a device is a combination of several characteristic efficieftiassluding light-harvesting
efficiency (and therefore the IPCE spectrum is expected to correspond well to the photoelectrode
light-absorptance spectrum), charge-separation efficiency (exciton dissociation), charge-transport
efficiency through the material to the SCLJ, and charge-transfer efficéeneysthe SCLF°

The characteristic efficiencies that determine the IPCE can be partially deconvoluted by a
combination of action spectrum experiments with and without a facile redox couple, and the UV
vis absorptance spectrum of the photoelectfddas mentioned above, the photoanodes
highlighted in this review do not have sufficient reducing potential to carry out overall water
splitting. IPCE measurements for such systems are generally performed at an applied bias in order
to provide additional potential to the counter electrode to carry out the HER and/or to provide
sufficient electric field for efficient carrier collection at the working photoelecttddes.such, we
report both the maximum IPCE value achieved by each system (usually attbethe organic

light collector) and the applied potential vs RHE.
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2.3 Water Oxidizing Organic Thin-Film Photoelectrolysis Cells (OF-PECs)

Herein we will highlight literature examples of water oxidizing OTF-PECs. Many of these
systems employ classic organic semiconductor mat&iai€ including phthalocyanine
derivatives (Pc), porphyrin derivatives (Por), or perylene derivatives, as well as the classic
fullerene, [6,6]-phenyl-g-butyric acid methyl ester (PCBM). The former three classes of
molecules garnered early attention because of their high molar extinction coefficients, high
FKHPLFDO DQG WKHUP DO -stadkindgEih @e wolid-state BeQuiEingvikvbemefzial E
charge-transport properti€$. Furthermore, Por and Pc molecules can be considered as
synthetically tractable analogues of chlorin, the core structure found in chlorophyll pigments used
by many photosynthetic systems in natfr@n the other hand, fullerenes such as PCBM are far
and away the most common acceptor materials in OPVs because of their positive redox potentials,
and their spherical structure results in small reorganization energies upon electron transfer and
direction-independent accepting abiltfy1-"2

Literature examples of OTF-PECs fall within two sub-categories. The first is based on
classic OPV$2 7172 wherein free charge generation is presumably achieved at the materials
heterojunction between two organic semiconductors. The second type is composed of a single-
bandgap OSC thin-film material, angay be considered as a Schottky-type PEGuch as that
in Fig. 2.2a (see the discussion at the end of Sec. 3.2 below). We will introduce literainpdes
of water-oxidizing OTF-PEC systems historically and separated by device sub-category. A

summary of the highlighted systems is provided in Table 2.2.
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Table 2.2.Summary of the 6 known OTF-PEC water-oxidizing photoanodes.

wocasya o SeSh e e e TR o
PTCBH,Pcbilayer NF-IrO; ‘(Spﬁi'lol K”Oa, +1.18 V vs RHE, ~70 mWicrm?) H519 ?ﬁg’ Abe & NagéF
PTCBICoPdilayer CoPc (ZF?H"il lN:OgH, +1.25V vs RHE, ~70 mwiam?) ND ND Abe & Nagdp
PTThMnPor MnPor (2p.I.H 7 NaSQ, +1.51 V vs RHE) ND ND s\/cvir:eegr:er%r,7
tF;JgfgprCDAPCBMPCBM Unknown (Ipll-l| > knglﬁng U =iXido s A» Z, U iii utl ug NP (+11'.21(ye;’V) Zhad®
PMPDIsingle layer CoQ Ln/I 6 I<L\J/\;a] U =iXAd s A» Z, U Fi0nmyl ug S0r15% &iﬁlﬁ’ GF:ﬁEgo&
BBL polymer single layer Ni—Cod e (TpiH ;N;Sla/ﬁKPi, +0.90 V vs RHE, 100 mW/cm?) 82+16% (+11..020§’V) Sivuld?

aAbbreviations are defined throughout the text and summarized in a List of Abbreviatidine end of this dissertatiof Applied bias has been converted to
the RHE reference electrode for direct comparison between systérgss $Z § /W ¢ u epE pv @&y %o %o 0] l]+B
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Organic Heterojunction Photoelectrolysis Cells. In 2006, the Pls Abe and Naget @l)
published an OPV-PEC syst&h(Fig. 2.2d) composed of an organic thin-film bilayer of the
electron acceptor material 3,4,9,10-perylenetetracarboxyl-benzimid&Z0GB(, hereafter, we
will abbreviate specific molecules in bold), and the electron donor material
29H,31H-phthalocyanineHzPc), Fig. 2.5a. The OPV was prepared on indium tin oxide-coated
glass (ITO) by vacuum vapor deposition BTCBI (450 nm) followed byH2Pc (160 nm).
Subsequently, the flmZzDV 3FRDWHG ~ E\ DQ XQ WBhHfirelyigiedd SIQRFHG XU
powder as a WOCatalyst (~1.2 x3@nol/cm?), which was then immobilized kg top coating
of ~30 nm-thick water- and proton-permeable Nafion membrane (Nf, a copolymer of
tetrafluoroelthylene and sulfonated tetrafluoroethylene). These PIMCBI/H2PdNf-IrO2
photoanodes were immersed in pH 10 (KOH) aqueous solution for photoelectrochemicafstudies.
A schematic energy diagram of the system (Fig. 2.5b) shows that light absorption in either of the

OSC layers should drive electrotes transfer towards the ITO

A= 3l g
oL <8 _
I \N H ; 3 O N:@ (-1.31 V vs. Ag/AgCl)
Seties
8 e Oa®at
41— t
H,Pc PTCBI (2.0ev) .
> E } [Photoanod:c reac ﬁon]
Nf-covered I TO-coated glass s =8
s i & Ir0,
5 — o O,/OH
R | ‘i <"+ 0.44 V vs. Ag/AC!)
E
B (1.7} V(E 0.69 V vs. Ag/AgCl)
Irradiation]
: Halogen lamp Eve

ITO PTCBI HyPc

Fig. 2.5 (a) Chemical structures fTCBI andH2Pc, and a device schematic fore@roduction
from an organic bilayer photoanode modified with Nafion-covered b&@alyst. (b) An
approximate energy diagram for the IFOLCBI/H2PdINf-IrO2 bilayer device. Figures
reprinted from Ref. 85, Copyright 2005, with permission from Elsevier.
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interface (fromH2Pc donor to PTCBI acceptor) and holes to transfer towards the SCLJ.
Furthermore, holes in thé2Pc VB should be sufficiently oxidizing for the OER.

Control experiments showed that the Nf4i@yer was necessary to observe photocurrents,
indicating that 'Q FDWDO\]HV WKH :2& UHDFWLRQ IDUDGDLF HIILFLH
by gas chromatography of the head space gasses after electrolysis carried out ové&t 1.5 h).
Additional controls found that IT®TCBI/Nf-IrO> films (without theH2Pc layer) were able to
achieve comparable photocurrents, but for unknown reasons nwa® detecte®? When
illuminated with 70 mW/cm? white light from a halogen lamp and held at +0.4 V vs Ag/AgCI
(+1.19 V vs RHE), ITGPTDBI/H2PdNf-IrO2 photoanodes achieved steady-state photocurrents
Rl a $ HRiong transient photocurrent experiments in which the light source is repeatedly
switched on and off, photocurrents spiked and quickly decayed towards the steady-state values

over tens of seconds, Fig.2.6. The authors interpreted this behavior as indicating that the water

1pA cm'zL
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off off

quuat
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thnhhnr
) <In oTn cIn oTn oTn
Fig. 2.6 Oxidative photocurrents produced at an IPOCBI/H2PdNf-IrO2 anode under transient
illumination with an applied potential of +0.4 V vs Ag/AgCl in pH 10 KOH. Film thicknesses
were 450 nmRTCBI)/160 nm H2Pc) coated with 1.2 x 18 mol IrQ,. Reprinted from Ref.
85, Copyright 2005, with permission from Elsevier.
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oxidation reaction at the SCLJ was kinetically slow, in spite of the well-established, highly-active
IrO2 WOCatalys£®

Action spectra for the IT®TDBI/H2PdNf-IrO2 system at +1.19 V vs RHE indicated a
maximum IPCE value of ~0.04%. Interestingly, the action spectrumnetia match for the
absorption spectrum of tH&TCBI/H2Pc bilayer OPV, but was closer to that of fR€CBI layer
alone. In other words, only excitons generated by light absorbed RPITi@G8I layer apparently
contribute to photocurrents, in contrast to comparable dry-type OPV®tdilse authors
hypothesized that this was likely because the overall kinetics of the PEC system are limited by the
electrochemical process at the SEt.dn the end, Abest al. proposed that the use of a more
efficient WOCatalyst would be the most promising route to improving the photolysis efficiency of
their devicé® However, given that Irgis among the most active of heterogeneous, metal oxide
WOCatalysts? an alternative hypothesis is that the above kinetic bottleneck is more likely
relatedto a low catalyst surface area or the efficiency of charge transfer (that is, the electronic
coupling) from theH2Pc layer to the IrQ WOCatalyst than to the turnover frequency of the
catalyst itself.

In the same year, Abe and Nagaial published a subsequent paper describing an
analogous ®V-PEC system in which the [BkONOCatalyst was omitted, and instead cobalt(Il)
phthalocyanineGoPd was used as the p-type O8(Fig. 2.7). As before, the OPV was prepared
by the vacuum vapor deposition®TCBI followed byCoPc When submerged in pH 11 (NaOH)
agueous solution and illuminated with ~70 mW/cm?2 white light, PT@BI/CoPcelectrodes
HIKLELWHG SKRWRFXUUHQWY RQ WKH RUGHU RI a $ FPO D\
(+1.25 V vs RHEJ® Controls showed essentially no currents in the dark, and negligible

photocurrents for single-layer ITCdPc films or ITOPTCBI/H2Pc films without cobalt. This
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Fig. 2.7 Chemical structures oPTCBI and CoPg and a schematic illustration of the
ITO/PTCBI/CoPc organic bilayer thin-film photoanode and testing apparatus for
photoelectrochemical measurements. Reprinted from Ref. 86 with permission from John Wiley
and Sons. Copyright 2006 Wiley-VCH.

work from Abe and Nagaét al®® is the first example in the literature of photoelectrochemical
WOC usingCoPc as the likely WOCatalyst. An important, yet untested, alternative hypothesis
from subsequent literatue€®® is that labile Co(ll) may have leached from @ePcfilm and re-
deposited on the electrode as heterogeneous.CoO

Importantly, WOC was confirmed by the detection offGrmed in the headspace by gas
chromatography, though the faradaic efficiency was not rep®rtEdrthermore, isotopic studies
in H2*®0 produced only®0™0 product, demonstrating that alls@roduced originated from
water®® Extended electrolysis studies showed thaw@s still being produced well beyond 3 h

(with a CoPc turnover number >35,000 estimated under the assumption thaCoRlyon the

surface participates), indicating a relatively stable performance for th@ TEBI/CoPcsystem.
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IPCE measurements (under applied bias and with the sacrificial electron donor triethylamine,
TEA) were again a closer match for the absorbance spectrum BT®BI portion of the film

alone, suggesting that light absorption by @@Pc layer does not contribute to photocurrents.
Instead, the authors suggested thatGo@c layer must aid in exciton dissociation at thenp
interface, allow hole conduction to the SCLJ, and also act as a catalyst through the inter-sphere
interaction between CtPc (hole-doped Cdc) and OHZB Importantly, this publication
presented the first example in the literature of a water-oxidizing OTF-PEC system composed
entirely of earth abundant elements (excluding the indium in the ITO substrate), including both
the light-harvesting material and the WOCatalyst.

In early 2012, the groups of Chen and Swieggral published a second example of a
water-oxidizing organic heterojunction thin-film system composed entirely of earth-abundant
materials$’ Specifically, their thin-film consisted of an anionic Mn-porphyrin dispersed
throughout a poly(thiophene) film (poly(thiophene) being one of the most-studied conducting
polymers due to its high stability and structural versaflityin their system, thin-films were
formed by the oxidative electrochemical polymerization of terthiophene to poly(terthiophene)
(PTTh) on ITO substrates in ethanol-dichloromethane (1:1) solution, while in the presence of the
dissolved 5,10,15,20-tetra(4-sulfonophenyl)porphyrin tetrasodium idalPdr, Fig. 2.8). The
resulting ITO/PTThVinPor film was characterized by SEM to show a porous surface structure
and a film thickness of ~500 nm. EDX-mapping showed tha¥tifeor was uniformly distributed
throughout the film, and elemental analysis suggested a ratio dvidBr : terthiophene
monomer.

When submerged in pH 7, 0.1 M #) and held at +0.9 V vs Ag/AgCl (+1.51 V vs

RHE), ITO/PTThMnPor anodes showed practically zero current in the dark and photocurrents as
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Fig. 2.8 Schematic illustration of the OTF-PEC photoanode studied in Ref. 87. The thin-film was
deposited by electrochemical polymerization of poly(terthiophene) (PTTh) in the presence of
5,10,15,20-tetra(4-sulfonophenyl)porphyrin tetrasodium §&itRor).

KLJK DV $ QRW QRUPDOL]JHG IRU VXUIDFH DUHD ZKHQ LC

intensity was not report®d’ Furthermore, when submerged in pH 8.6 filtered sea water and held

at +0.9 V vs Ag/AgCl (+1.60 V vs RHE), ITO/PTIMnPor films exhibited sustained

SKRWRFXUUHQWYV RI a $ 6XUSULVLQJIJO\ DIWHU -MX RI SKR

and analytical test strips revealec @roduct but no Glwas detected, despite the fact that the

overpotential for Cl oxidation is far less than WOC on most known catafistdence, the

apparent selectivity of the PTTnPor film for H O over Cf oxidation is noteworthy, but merits

independent verification and explanation.

The action spectrum of an ITO/PTMnPor anode was generally featureless, with a
maximum current at 375 nm, decaying to near zero by 55¥ kvhile the authors claimed that

the action spectrum was in good agreement for light absorption from one bimdPof, %’ the

overall action spectrum was not a match kdnPor nor the PTTHvVInPor composite film.

Nevertheless, control experiments attempting photolysis using bare ITO and diddolRed

showed no photocurrents. Additional controls of ITO/PTTh with p-toluenesulfonate (to mimic the

hydrophilic groups oMnPor VKRZHG RQO\ VPDOO SKRgvaErXCherb@dVV R a
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Swiegerset al concluded thatMnPor is indeed required for photolysis of watérUpon
illumination, they suggest thtnPor must transfer an electron into the PTTh matrix, which then
conducts the electron to the ITO substrate, and the photo-oxidizBdr must then oxidize water

(Fig. 2.8)8” We note, however, that the band energies of PTTHvarRRor were not provided to
confirm that the proposed electron transfer is thermodynamically favored. This is of particular
interest because the poly(thiophene) derivative P3HT, or poly(3-hexylthiophene), is one of the
most common electromonor materials in polymefullerene solar cellé-"2as well as in a bilayer
device with a Por derivativ®.That being said, the energy bands of poly(thiophene) are expected
to be slightly more positive than P3HTand can vary depending on preparation method, extent
of polymerization, film thickness, and even substrate elecffode.

As for the proposed water oxidation MnPor, a previous study found that covalently
bound dimers of analogous manganese porphyrins do function as water oxidation catalysts, while
individual monomers do ndt (suggesting a bimolecular mechanism). Therefore, Chen and
Swiegerset al®’ proposed that water oxidation in their system occurs by a bimolecular interaction
between two neighboringinPor molecules, which were at high concentration within the PTTh
film. They also hypothesized that the hydrophilic sulfonic acid groupg&or may be beneficial
because they could be providing-ebnduction pathways throughout the fitfn.

Later in 2012, the Zhao group published an additional example of a water-oxidizing OPV-
PEC photoanode composed entirely of earth-abundant eleffémtthat study, the researchers
prepared OPV films by vacuum vapor deposition of 3,4,9,10-perylenetatracarboxylic dianhydride
(PTCDA) and/or [6,6]-phenyl-&-butyric acid methyl estePCBM) on ITO (Fig. 2.9)Notably,

PCBM is being used asa@onor material in this study, whereas it is the most commacreptor

material in OPV<!"2Several compositions for the organic thin-film were tested, including: single
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ITO PTCDA PTCDA:PCBM PCBM

Fig. 2.9 (a) Chemical structures ®fTCDA and PCBM. (b) The trilayer film configuration
PTCDA/PTCDA:PCBM/PCBM. Also shown are two possible charge separation
mechanisms under light illumination: (1) electron transfer from the LUMO of exe{t&iM
to the LUMO of PTCDA (yellow arrows); (2) hole transfer from the HOMO of excited
PTCDA to the HOMO ofPCBM (green arrows). Both processes would produce free charge
carriers. Reprinted from Ref. 88 (Copyright 2011, Science China Press and Springer-Verlag
Berlin Heidelberg) with permission from Springer.

layers of PTCDA or PCBM; a mixed (bulk heterojunctionrpTCDA:PCBM layer; a bilayer

PTCDA/PCBM heterojunction; a three-layeT CDA/PTCBA:PCBM/PCMB film consisting of

an initial layer oPTCDA (20 nm), followed by a bulk heterojunction®fCBA:PCBM (35 nm,

11.6:1 molar ratio), and finally a thin layer BEBM (3 nm). For electrochemical testing, these

films were then submerged in agueous solution containing 35 mMz:KH@ adjusted to pH 2

with H>SQq, and illuminated with a halogen lamp (110 mW/crdd. WK D 89 ILOWHU ! |
Currentvoltage curves for all films showed negligible photocurrents in the dark. In the

OLJKW PRVW RI WKH ILOPV VKRZHG SGEGRWtRd rasUtes@dY theX S WR

trilayer (ITOPTCDA/PTCDA:PCBM/PCBM) film showed the largest photocurrents, reaching

DV KLJK DV $ FPO DW DQ DSSOLHG16RW RHEWTh3 PreBents 9 YV

29



a significant improvement relative to the previous planar bilayer systems fronetAdd&>8°
Interestingly, when Zhaet al tested a planar-heterojunction, bilayer film (IPOCDA/PCBM)
similar to the architectures used by Adteal ®>®® it showed the worst performance of all films
tested UHDFKLQJ RQOR This s€&emsP® indicate that, relative to the planar-
heterojunction, the increased surface area of the bulk heterojunction in the trilayer film
significantly enhances the exciton dissociation efficiency. Furthermore, the use of tREHBNh
film at the SCLJ of the trilayer film likely helped with the preferential collection of holes at that
interface (in comparison to the single-layer heterojunction, FTGDA:PCBM) .88

The stability of the system was probed by extended photolysis experiments. First, in the
presence of a redox mediator, Kl, the trilayer film (held at +1.16 V vs RHE) exhibited an initial
photocurrent spike which decayed over the course of ~200 sto a stéadp-WH YDOXH R $
The authors attributed this spike/decay behaR 3SKRWRHOHFWULFPFOhEKDUJLQ.
steady-state current then remained unchanged throughout 50 min of illumination. In the absence
of a sacrificial reductant, the authors were able to use a Clark electrode to depecti@t in
solution (a faradaic efficiency was not reported). This is surprising, given the fact that no known
WOCatalyst was deposited on the film. Interestingly, a recent study has detected light-induced
water oxidation by a colloidal suspension BTCDA nanorods, even in the absence of
intentionally added WOCataly$t(though this does not rule out the possibility of water oxidation
by trace metal impuritiesy. It has also been shown tHlREBM can be chemically oxidized when
illuminated in ait’ and even by water vapor in the d&tklt is therefore conceivable that
PTCDA, some oxidized decomposition productREBM, or trace metal impurity may be
functioning as a WOCatalyst in this syst&mn hypotheses which merit further experimental

investigation.
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During extended photolysis in the absence of a sacrificial reductant, photocurrents
gradually decayed by ~50% over the first 15 min of illumination before reaching a steady stat
Despite this, the ®evolution rate over time appeared to increase slightly over 100 fin o
illumination. After extended electrolysis, the W's spectrum of the film had decreased by less
than 10% relative to before electrolysis, indicating the relatively high stability of the film.
However, mass spectrometry did indicate some destruction of an unspésifitd OO %D QW LW\’
the PCBM. The IPCE spectrum indicates that absorbance from both film compoR&E@BA
andPCBM, likely contribute to photocurrents. At an applied bias of +1.16 V vs RHE, a maximum
IPCE value of 1.2 ZDV U H D F K Raf BOBMf30Hich is somewhat surprising given the
low extinction coefficient and low mass loading BEMB in the film. Overall, this system
demonstrates that a trilayer OPV architecture with a bulk heterojunction provided superior
performance to a planar, bilayer heterojunction.

A final example of an OPV-PEC meriting mention came from Gustafsah in 201474
though we do not include their results in Table 2.2 because water-splitting catalysis was not
confirmed by the direct detection of Hand Oeproducts Their system was composed of a
typical’>">OPV cell printed on ITO-coated plastic, Fig. 2.10. They used the common OPV active
materials of P3HT anBCBM in a 1:1 weight ratio to form a bulk heterojunction film, which was
printed from an organic-solventink onto either an electron-blocking interfacial layer
(PEDOT:PSS) for photocathodes or a hole-blocking interfacial layer (ZnO) for photoanodes. The
interfacial layers served to ensure the desired electron flow direction in each bulk heterojunction
electrode (Fig. 2.10). Next, these films were sputter-coated with Pt to function as water-splitting

catalyst and films were laminated with plastic except for a small window to allowtomitkac
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Fig. 2.10 Water-splitting photoelectrodes composed of a bulk-heterojunction organic active layer
containingPCBM and P3HT (structures shown in red). The photocathode (a) includes a
PEDOT:PSS electron-blocking interfacial layer, and the photoanode (b) contains a ZnO hole-
blocking layer. Arrows indicate electron and hole pathways. Reprinted from Ref. 74, Copyright
2014, with permission from Elsevier.

VROXWLRQ ,Q WKLV ZD\ WKHVH FHOOV F DRECEMwiFeRQ@MEGHUHG

of the OSC materials are in direct contact with solution.

When submerged in pH 7 phosphate buffer and illuminated by®00mW/cm? white

light, their photocathode achievée KRWRFXUUHQW GHQVLWLHV RI $ FPO

+0.51 V vs RHE, and their photoanode achiev@tk RWRFXUUHQW GHQVLWLHV RI

applied bias of +1.31 V vs RHE However, without the detection of water-splitting products, H

and Oe at cannot be known if these photocurrents truly correspond to the HER and OER

respectively. This is especially crucial becakse of the P3HT polymeric electron donor (hole

acceptor) materiais not innately positive enough to drive the water oxidation reaétfofi®
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Hence, further investigations of this interesting system are warranted, especially those fwtusing
photolysis products, and perhaps also on band bending and band edge positions during operation.
Importantly, Gustafsoet al also noted a degradation in electrochemical response over
time.”* They measured an increasing resistance across their cells as a function of time soaked in
water, which they interpreted as possible ITO delamination and/or morphological changes to the
active layer as a result of swelling from electrolyte int4kEhis brings up a serious concern for
PECs based on traditional OPV materials, especially since it is well-documented in the OPV
literature that exposure to water vapor aneléads to accelerated device degradation caused by
oxidation of the active materials and conductive contacts as well as morphological changes and
delamination of filimd?%:104497  Clearly, the application of such technology to
photoelectrochemical water oxidation will require either extremely effective encapsulation
methods or the engineering of alternative materials that are compatible with water and oxygen.
Single Organic SemiconductoiPhotoelectrolysis Cells. As described in Section 1.2,
PECs composed of a single-bandgap (inorganic) semiconductor (Fig. 2.2a) are often referred to as
Schottky-type PECsbecause of their parallel structure to a Schottky-barrier solat®d&drly
studies of photoelectrochemical cells employing porphyrin and phthalocydmmmiims were
also well-explained by semiconductor band-bending phenomena of Schottky junctions at the
substrate and/or electrolyte interfac®&4 Significantly, one example from the Armstrong group
demonstrated the first example of light-assisted hydrogen evolution by a single organic-
semiconductor thin-film, specifically, a chlorogallium phthalocyanine film decorated witfh Pt.
To our knowledge, the first example of a waberdizing single-layer OTF-PEC
(composed entirely of earth-abundant materials) came in 2014 from Gregg anetFahkein

that system, the authors designed and synthesized a novel perylene diimide (PDI) dye derivative
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with phosphonate groups under the hypothesis that it should enhance coupling between the organic
light-harvesting material and a popular, earth-abundant, heterogeneous WOCatalyst, CoO
(CoPi)1*® Previous studies had shown that this Co&alyst film contains phosphate groups as a
disordered component of the structure when formed electrochemically from phosphate-buffered
solution!t®

The OTF-PEC was prepared by spin coating the phosphdp&tdJ LYDWL]|HG -3', G\H
bis(phosphonomethyl)-3,4,9,10-perylenediimideMPDI, Fig. 2.11a) from basic aqueous
solution onto ITO, then dipping the film in acid to protonate the phosphonate groups and render
the dye film insoluble in neutral water. These80 nm-thick films were then submerged in pH 7
potassium phosphate (KPi)-buffered aqueous solution containing 1 mM ga(N&@th white
light illumination and an applied bias of +0.7 V vs Ag/AgCI (providing a driving force for electron

collection but below the oxidation potential of '§,oCd' in solution was oxidized by photo-

generated holes the PMPDI valence band and Co@as therefore photoelectrochemically
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Fig. 2.11 (a) Schematic illustration of the ITRPMPDI/CoO« OTF-PEC photoanode, where
PMPDI LV 1-bisfphosphonomethyl)-3,4,9,10-perylenediimide J®) curve with transient
illumination for ITOPMPDI/CoOx (red line), ITGPMPDI (green line), and bare ITO (blue
line) in pH 7 KPi buffer, 5 mV/s scan rate starting from 0.0 V with 5 s light transients.
Reprinted with permission from Ref. 80. Copyright 2014, American Chemical Society.
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deposited throughout the film. XPS studies confirmed that cobalt was retained by the film after
rinsing8°

TheJ &/ curve for these IT®MPDI/CoCQ, anodes submerged in pH 7 KPi with transient
LOOXPLQDWLRQ E\ D ;H DUF O 1B 8m) reveBl:aoBi® photocurresits with
initial spikes that then decay to steady-state values over the course of several seconds (Fig. 2.11b,
red trace). The authors attributed this behavior to a balance between the rates of exciton
dissociation, charge recombination, and WOC reacfidAs.the applied bias to the ITO substrate
was increased, both the spike and steady-state photocurrents steadily increased, likely a result of
enhanced rates of exciton dissociation and decreased rates of recombination reactions. The steady-
state anodic photoctt HQWYV UHDFKHG DV KLJK DV $ FPO DW 9
RHE) & According to Table 2.2, these are the highest water-oxidizing photocurrents reached by
an OTF-PEC, which is somewhat surprising given the simple composition of the device. Control
HISHULPHQWYV ZLWK EDUH ,72 )LJ E EOXH WUDFH VKR
ITO/PMPDI films without CoQ (Fig. 2.11b, greeWUDFH VKRZHG SKRWRFXUUHQ
indicating that Co@was indeed necessary to improve the efficiency of the OER, and must be
electronically coupled with theMPDI film for charge transfer to occur.

During the scan, dark cathodic current spikes were present foPMEIDI/CoO, anodes
but not for ITOPMPDI controls without Co®@ (Fig. 2.11b). At higher applied potentials, these
spikes decrease. This suggests that recombination reactions with hole equivalents stored in the
CoO catalyst are kinetically competitive with the desired OER, but become less favored at higher
applied potentialsSteady-statedark currents were negligible at potentials up to +1.0 V vs
Ag/AgCI (1.61 V vs RHE). At higher potentials, anodic dark currents flowed, corresponding to

the onset potential for direct electrochemical WOC by the Qa@alyst® Taken together, these
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data suggest that theMPDI film is porous, with Co@ catalyst near to the ITO substrate.
Therefore, one hypothesis is that the hydrophilic, anionic phosphonate groups of PMPDI provide
H*-conduction channels throughout the organic film, similar to those proposed above for sulfonate
groups in the PTTMnPor system by Chen and Swiegetsal®’

IPCE experiments were performed in a 2-electrode configuration at short-circuit with a Pt
wire counter electrode. The resulting action spectrum was a good match for the absorptance
spectrum of th@MPDI film, and reached a maximum IPCE of 0.12%. Unfortunately, given that
the Ecs of thePMPDI film is not sufficiently negative for the HE®R the photocurrents flowing
during the IPCE measurements could not have corresponded to the overall water-splitting reaction
(that is, the reduction reaction at the Pt counter electrode is unknown, and may have been limiting
photocurrents). HowevetPCE measurements with added sacrificial reductarnsekCN) or
hydroquinone (HQ) also matched tHeMPDI absorptance spectrum, and reached IPCE values of
0.32% and 0.69%, respectivéfy.

Importantly, extended photolysis experiments were performed forPIMI®DI/CoO«
photoanodes at a bias of +1.51 V vs RHE argduct was detected by a Clark electrode with
a Faradaic efficiency of 80 + 15%.During such experiments, steady-state photectsr
gradually decayed by ~30% within only 5 min, suggesting some unknown, gradual deactivation
of the system that remains to be characterized. In an efficiency analysis, it was determined that the
ITO/PMPDI/CoQ systeris most limited by the efficiency of charge dissociation and trarfSport
(that is, recombination reactions dominate), which may explain why such high applied potentials
were needed to reach maximum photocurrents (Fig. 2.11b). Performance was also significantly
limited by the low light absorbance of the tHdMPDI films. Thicker films showedvorse

performance, likely due to the longer exciton diffusion distdhtethe end, Gregg and Finké
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al. predicted that their system may be improved by employing their dye in a DS-PEC architecture
(such as those in the following section) due to improved light absorption and possibly decreased
recombinatiorf® An initial paper testing this hypothesis has been submitted for publid¢ation.

A second example of a water-oxidizing single-layer OTF-PEC system was recently
published by Sivulaet al in 2015%° This system is based on the n-type conjugated polymer
poly(benzimidazobenzophananthroline) (BBL, structure shown in Fig. 2.12). In that study, two
separate film deposition methods were used to test the effect of film morphology. In one strategy,
films were dip coated onto glass coated with conducting fluorine-doped tin oxide (FTO) from a
BBL solution in methanesulfonic acid. In a second strategy, an aqueous solution of BBL
QDQRILEHUV ZDV SUHSDUHG E\ D 3ZHW VSLQQLQJ  PHWKRG

substrate. The different film morphologies are shown in SEM images in Fig 2.12. The dip-coated
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Fig. 2.12 SEM images of BBL films on FTO prepared by dip-coating (a) and spraying (b), along
with optical images of each electrode (c). Panel (d) slowgurves for a sprayed film (blue
line) and a dip-coated film (red line) in sacrificial electrolyte (0.5 M3@, pH 7) while under
transient illumination to the substrate. Scan rate was\/@.mReprinted from with permission
Ref. 89. Copyright 2015, American Chemical Society.
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film shows homogeneous coverage of the FTO with globular BBL particles ranging fras0000
nm, whereas the spray-coated films show a rough, interconnected network of BBL nafidfibers.
We note that the nano-structure and film porosity of the latter architecture could potentiatly resul
in (i) fully depleted, field-free semiconductor and (ii) facile electrolyte transport throughout the
film. Both of these factors could eliminate the contribution of charge carrier migration influenced
by macroscopic electric fields, leaving diffusion as the major charge transport process, similar to
nanoporous TiQin DSSC application¥'811°

When the two FTO/BBL films of similar thickness (~40 nm) and similar light absorptance
were submerged in pH 7 electrolyte with the sacrificial reductan®a J &/ curves with
transient illumination (100 mW/cm? white light) revealed that photocurrents for the spray-coated
film were 6.5-fold higher than the dip-coated film. This suggests that the nanofiber morphology
offers advantages of shorter exciton transport distances and higher surface area at the SCLJ where
hole transfer occu®.In this way, we propose that it may be more appropriate to consider such an
DUFKLWHFWXUH DV DQ (RUJDQLF VHPLFRQGXFWRWUSEDHEBWURC(
Schottky-type PEC. In the absence of sacrificial reductant, thicker spray-coated BBL films (still
without WOCatalyst) were subjected to electrochemical impedance spectroscopy ard Mott
Schottky analysis in aqueous solutions of varying pH. The results showed evidence for the
formation of a depletion region at high applied potentials, and that band energies were
approximately constant wiil the pH range of 3.5 to 10%8.As such, higher photocurrents
observed for FTO/BBL anodes in higher-pH solutions are consistent with a higher driving force
for the OER (which shifts negatively with pEf).

IPCE measurements for FTO/BBL anodes in pH 7 buffer with an applied bias of +1.23 V

vs RHE matched the absorptance spectrum of the BBL film. Howeveprduct was not
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observed by GC analysis of the headspace gases under these conditions, so photocurrents observed
from the FTO/BBL films could not be attributed to the desired OER. In pH 7 buffer without a
sacrificial reductant, a fluorescence probe technique provided evidence that illumination of
FTO/BBL anodes generated trace hydroxyl radical, a possible byproduct of
photoelectrochemically generated®4.2° This suggests that BBL may be capable of the direct
(that is, without an added WOCatalyst) photo-oxidation of wates@,t reaction which requires

a higher thermodynamic potential than the OER, but which involves only two electrons instead of
four. These FTO/BBL films in pH 7 buffer were subjected to extended phstédysat least 120

min. Photocurrents decayed by 43% within the first 10 min, then stabilized at a steady-state value.
Over the extended electrolysis, the film passed more charge than would have been theoretically
required to oxidize the entire BBL film, suggesting that currents did not originate from BBL
degradatior¥® Furthermore, SEM and Raman characterizations of the film before and after the
extended photolysis revealed no discernible morphological or structural changes by those physical
methods.

In order to catalyze the desired OER, ~230-nm-thick BBL films were decorated with an
earth-abundant Ni-Co WOCatalyst. Attempts to load the catalyst directly onto the BBL surface
did not produce @ possibly due to poor adhesion and/or poor electrical contact. However, when
the BBL films were first coated with a thin-film (1 nm) of T#®y atomic layer deposition (ALD),
then spin coated with nickel and cobalt salts and annealed, a successful interface was®chieved.
In pH 7 buffer, such3EXULHG M ¥XQ#BBI/ROYNI-Co films reached steady-state
SKRWRFXUUHQWY DV #ladkapiiad potentidl ¢f F@.9 V vs RHE. While the
application of the TiGand Ni-Co catalyst did not significantly enhance photocurrents, they were

necessary to observesProduct, with a faradaic efficiency of 82 + 16%.
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Overall, the Sivulat al system provides important evidence that the morphology of the
OSC film and SCLJ can significantly affect photoelectrochemical performance. Specifically, the
VPDOO GRPDLQ VL]IH RI %%/ QDQRILEHUV DFKL Hyppe& t&\ 3ZHW
enhance the charge collection efficiency by decreasing the distance that excitons hadito travel
order to dissociate at the SCLJ. The high surface area of the SCLJ also likely erthances
efficiency of hole transfer to the electrolyte. Furthermore, the BBL material exhibits promising
stability for an organic material, with no detected evidence for oxidative degradation. Finally, the
use of ALD TiOeproved to be an effective method to couple the WOCatalyst to the organic dye.
Still, Sivula et al. hypothesized that performance was likely limited by interfacial exciton
dissociation, and suggested that improvements might be achieved through the use of a solid-state
semiconductor heterojunction or charge-separating overl&ers.

Before continuing, we would like to point the interested reader towards additional OTF-
PEC photeoathods for the HER 66:74102.10311112830 thogh it is beyond the scope of this review
to detail each specific system. These include single-bandgap OSC thit¥-tfiht&as well as
organic-bilayer heterojunctiotf§*?t and bulk-heterojunction systerffs:92:103.12830 Thjg field
has benefitted from the fact that the model polythdlierene (P3H:PCBM) bulk-heterojunction
OPV has appropriate band energies to drive the HER, which has led to faster progress relative to
OTF-PEC photanodesMajor improvements in cell performance and stability have been achieved
not by making significant changes to the active layer, but by judicious selection and application of
various interfacial layers to enhance charge-collecting efficiefiti€$1232° Additional systems
of note include miti-junction OPV/electrolyzer systens!®as well as a (buried) tigjunction
OPV artificial leaf!’” Such multi-junction architectures allow for the generation of sufficient

photovoltage for overall water splitting.
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2.4 Water Oxidizing Dye-Sensitized Photoelectrolysis Cell®G-PECs)

Compared to water-oxidizing OTF-PECs, far more DS-PEC systems have been published,
and are the subject of several recent review arttéfe'sHowever, the vast majority @S-PECs
employ Rl (bpys-W\SH VHQVLW L] H thiggriding) whi€\are histhrically popular and
well-understood in DSSC studig&’®!3! Indeed, the two top-performing water-oxidizing
DS-PECs employ TiQ nanoparticle films with surface-anchored"fpy)-type dyes andRu-
based organometallic WOCataly$té1**These cells exhibit steady-state photocurrents as high as
a $ FPd DQG PD[LPXP -lo@ile@ dfffdhceKf@PEEd@s high as 14%
(while using an applied electrochemical bias and ur@esun 300 mW/cm2 illumination§32133
Unfortunately, these Ru-based dyes and catalysts depend on a low-abundance, relatively expensive
transition-metaf® Therefore, this review will highlight the important fundamental studies which
have tested DS-PECs containing all-organic sensitizer dyes or organometallic dyes containing
first-row transition metals.

Many all-organic dyes have been studied in DS8ES13} as well as dye-sensitized
photocatalytic (colloidal suspension) systefth&roadly, all-organic dyes tend to have higher
molar extinction coefficients than metal complexes, but are more prone to aggregation on the nano-
02E VXUIDFH ZKLFK -aigtivél @l&xatiQr-plod@sRel and result in poor excited-
state-injection efficienc§®131134To alleviate aggregation, co-adsorber molecules are sometimes
added to the dying solution, or molecular engineering of the dye can include sterically bulky groups
W R P BshaekingE unfavorabl®-31134However, it should be noted that examples exist where
aggregation has enhanced efficiency due to improved light absorption by the dye agdtegates.

Organic dyes have also been employed in water-splitting DS-PECs. In what follows, we

highlight literature examples of water-oxidizing DS-PEC photoanodes (summarized in Table 2.3),
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Table 2.3.Summary of the known DS-PEC water-oxidizing photoanodes using organic sensitizers.

Sensitizet  WOCatalyst Substrate ?éaoxndsitt(ie::s);-State Photocurrents ;?IL?S:(I:; (a,\pfl;).( II)I;;E . Cogﬁf‘g?g (;ing
Zrporl — Cpir dix (.I;H §Nalzsuqfa+o.91 V VRHE 200 mW/cm2, , E ®hm) D ND Cr:l;:tr:g(]:tf ETJZ?/%G
HoPor(s) IO, NPs d1K ?r?H'éBl N B0V vsZ . AD (X1 gonm  102£5% (83)_733:5‘; Malloukis”
ZnPorz (Ff:l:)t/b;:it dgyadg) 91K (Lﬂ L3NaPi, 43V vs RHEBMLl upU ,ETol + % (igilz(y{)/) Sun & Imahof?®
SubPor Ruthda2 diK S:%,o él Xi E &U =iX68 5 As 7 LU i o (+06.06/2 y Sunldnfgmﬁa%un’ .
TEPDI IrO.NRS tK (7[)iH 'é'ringczzm +092V VSRHEL00 mW/em?U L E3if D (+?)§;/OV) Pragi’ggggﬁori’ :
PMI CpirSil cdo]reK/silwech) (Iprl1-| 58 IKI\IIJQ,‘)3+O.71 VvsRHE]I utl ugU ,Ed81 20% ND Wasielewskf"*
DA Rutpdcl dlK &ikmb X6l s Ae Z, U (11 utl ugu T3% ND Surf®

D-A  Rutbdad cAo\:eljsJe?H ('},iﬁ'. 7 Pi, I+ou.szés V RHE, 100 mWicmt) LE31) vu 2% ND Meyer'®
g-GNe  IrO;NPs d]K (1|02HI 7 pi, Ii.Zzﬂv VSRHE , EZDnm) 19% (+711j? V) Beranek® 2

aAbbreviations are defined throughout the text and summarized in a £.&bbreviations at the end of this dissertati®f\pplied bias has been converted
to the RHE reference electrode for direct comparison between systéMate that IPCEs measured under appliedebi&y
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covered in semi-historical order, but organized by sensitizer type. Before continuing, we again
point the interested reader towards several published DS-PECGathmdesfor the HER'>144
152including many that employ earth-abundant sensitizer Qyé'47.14%452 e note, however,
that the performance of DS-PEC photocathodes tend to lag behind that of photoanodes due to the
lack of a highly efficient hole-conducting nano-porous substrate, the most common beitfg NiO.
Aromatic Macrocycle Dyes.As mentioned above, porphyrin and phthalocyanine
derivatives have long been studied as light collectors in OPVs, DSSCs, and PECs, in part because
of their relation to chlorophyll pigments used in natural photosyntffesisfact, a porphyrin
derivative is responsible for the top-performing DSSC to tatds such, it is not surprising that
the first example of an organic dye used in a water-oxidizing DS-PEC was a porphyrin, published
in 2011 from the groups of Schmettenmaer, Crabtree, and Brifvigeir system employed a
zinc-porphyrin sensitizer dyeZPorl, Fig. 2.13) anchored on the surface of a sinteredsTiO
nanoparticle (NP) film. To our knowledge, this was also the first example in the literature to use
the strategy of co-loading the nano-Ti@im with an anchored, molecular WOCatalysthe

specific catalyst used was lan

Fig. 2.13 Schematic representation of the water-oxidizing DS-PEC employing a high-potential
Zn-porphyrin gnPorl) and Ir organometallic WOCataly<Eg*Ir ), co-anchored on a sintered
TiO « nanoparticle film. Reproduced from Ré&t® with permission of The Royal Society of
Chemistry.
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complex with a carboxylic acid anchor grougpélr , Fig. 2.13), belonging to a class of Cp*Ir-
type WOCatalysP* originally developed by the groups of Eisenstein, Crabtree, and Brirdvig.
The specific Por dye was functionalized with pentafluorophenyl electron-withdrawing groups
(Fig. 2.13) which shift the oxidation potential of the dye positive of the onset potential of the Ir-
complex WOCatalyst3®

When submerged in pH 7, 0.1 M 2 and illuminated with 200 mW/cm?2 white light
(through a 400 nm long-pass filtéq eliminate direct bandgap excitation of Ti®y UV ligh),
TiO « films sensitized with botlZnPorl and theCp*Ir WOCatalyst (TiO/ZnPorl:Cp*Ir)
HIKLELWHG SKRWRFXUUHQWYV RI a $ FPO DW DQ DSSOLHG EL
Controls with onlyZnPorl or Cp*Ir anchored to TiG both reached photocurrents of only ~5

$ FPO 5RW BdWde@peribherfsdvere used to confirmpg@oduction for TiOfilms loaded

with Cp*Ir WOCatalyst under electrochemical conditions, albeit not for the full device under
photoelectrochemical conditionsThe authors concluded that the photocurrent controls were
consistent with light-activation of the catalyst by electron injection from the photo-excited dye into
the TiO+CB, followed by hole transfer from the photo-oxidized dye(s) to Ir sife@verall, the
system by Schmettenmaer, Crabtree, and Brudvig constitutes the first example of a water-
oxidizing DS-PEC employing a dye composed only of earth-abundant elements, and also the first
example of any DS-PEC to use the strategy of co-anchoring a molecular WOC#talyst.

In 2015, the Mallouk group reported the results of a study in which they employed a series
of metal-free porphyrin derivatives {Plor) as sensitizers on Ted@lims, along with co-loaded Ir©
NP WOCatalyst3’ Following a previous studf,citrate-capped IrONPs (~2 nm diameter) were
loaded onto bare Tiefilms (prior to dye loading) by soaking from colloidal solution, followed by

calcination at 450 °C to burn off the ligands and crystallize the MBs. Such crystalline IO
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particles are more active WOCatalyst, but their location directly on the surface aehakes the
scavenging of TiG CB electrons by the catalyst the dominant recombination patfiwky.
minimize recombination, the concentration of 4MIPs was kept low. However, this strategy adds

the requirement that the dye monolayer be conductive to holes in order for the highly dispersed

catalyst to regenerate many surrounding dye molecules (Fig. 2.14).

e 0+ H*_
H,04Z

. \ / TiO,
—
Fig. 2.14 Schematic of the DS-PEC system composed.Biorsensitized TiGco-loaded with
IrO2 nanoparticle WOCatalyst. The scheme displays various electron transfer processes: (i)
injection, (ii) recombination, (iii) hole transfer, (iv) regeneration of oxidized sensitizer, and (v)

diffusion to the FTO substrate. Reproduced from Eéf.

The series of porphyrin derivatives included differing numbers and positions of sterically
bulky mesityl (electron donating) groups, as well as a few derivatives with multiple carboxylate
(electron withdrawing) groups. These varying substitutions shifted the oxidation potentials of the
dyes over a range of roughly 200 ni/.In pH 6.8 sodium phosphate (NaPi) buffer and
illumination by a Xe arc lamp through AM1.5 and 410 nm long-pass filtersyHor:IrC;
photoanodes exhibited peak photocurrent spikes followed by steady, gradual decay. The top
SRUSK\ULQ G\H UHDFKHG D SHDN SKRWRFXUUHQW VSLNH RI

$ FPO DIWHU V DQG GRZQ WR1¥AOthetdfeRB & thd ek exhitftedQ
photocurrents within the same order of magnitude. Differences in performance were somewhat
less pronounced than expected by the varying electronic properties. The authors rationalized this
result based on energetic tradeoffs; dyes with more negative HOMO and LUMO energies had a

higher driving force for electron injection into T¥Jbut a lower driving force for the OER!
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Most of the TiOYH2Por:IrQ; anodes studied showed no appreciable change W\heis spectra

after 10 min of electrolysis, indicating their general stability at least over that timescte. IP
values were estimated by the lamp power and the integrated current collected over 10 min, reaching
only 0.036 + 0.007% at beSt.

The faradaic efficiency for ®@production measured for one representative dye was 102 +
5% 2137 For this calculation, ®@product was detected electrochemically in solution by a previously
developed Generata€ollector methodt €2 wherein a planar platinized electrode (collector) is
sandwiched several mm away from the working electrode (generator) and held at a potential
sufficient to reduce any €hat diffuses from the working electrode. While this technique is not
rigorously selective for @(any chemical species that reaches the collector and that can also be
reduced at equal or more positive potential could also contribute to collector current), controls
using various applied potentials for both generator and collector electrodes can improve
confidence that @is the product being detect&§.Furthermore, the high collection efficiencies
achievable by the Generat&ollector method make it especially useful in the DS-PEC field
where photocurrents are often quite small and can decay quickly.

As a control, results for the >Hor dyes were compared to the better-studied
[Ru'(bpy  -(POsH2)bpy)l?* dye under the same conditioiéDespite absorption of a wider
portion of visible light by the HPor dyes and comparable dye surface loading, photocurrents for
the HPor dyes were roughly half those achieved by thé(By)-type dye. The authser
determined that this result was at least partially caused by (i) lower excited-state electraminjecti
efficiencies (estimated at approximately 2.4 to 7.4% for the varieBerHlyes vs 21% for the
Ru'(bpy)-type dye), despite similar thermodynamic driving force for injection of ~130 mV, and

(i) low hole diffusion coefficients through the dye monolayer (not detectablé*<¥8?/s for the
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HoPor dyes compared to Pa10™° cmz?/s typically for Rli(bpy)k-type dyes)3” All in all, this
valuable study demonstrated that a variety of all-organi®oH dyes are capable of
photoelectrochemically-driven water oxidation in DS-PEC architectures, and withNFO
WOCatalyst.

In early 2016, the groups of Sun and Imahori co-published a third example of a water-
oxidizing DS-PEC employing an aromatic macrocycle sensitizer dye, specifically axotigor
derivative®®® This group used an alternative strategy wherein the sensitizer and the WOCatalyst

are covalently attached asmlecular dyaqRu-ZnP, Fig. 2.15). The WOCatalyst chosen has the
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Fig. 2.15 (upper) A schematic diagram of the DS-PEC composed of a molecular seasitizer
catalyst dyad Ru-ZnP) anchored to nano-Ti®glower) The currentime responses for
TiO YRu-ZnP (black), TiOYZnP-ref:Ru-ref (blue), TiOYZnP-ref (red), and TiO/Ru-ref
(green) electrodes under transient white light illumination in pH 7.3 buffer and at +0.23 V vs
RHE. Reproduced from Reéf-Published by The Royal Society of Chemistry.
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[Ru(bda)(pic)] structural moti®* (bda =  $ipyridine- flicarboxylate, pic= 4-picoline)

developed by the Sun grotiy.Hereafter, we will use the nomenclature ofda to describe this

class of catalyst which contains both bda and pic ligands, either of which may be functionalized
with anchor or linking groupsNote that in Table 2.3, we refer to tRu-ZnP dyad as separate
componentsZnPor2 and Ru bdal to indicate the respective molecular components. The
molecular dyadstrategy follows from the hypothesis that a covalent linkage will ensure that the
WOCatalyst is always in close proximity to the sensitizer dye and should promote rapid electron
transfer from the WOCatalyst to the photo-oxidized dye after excited state electron injection into

the TiOe conduction band (Fig. 2.15). Such a configuration should also negate the need for
extended hole conductivity across the dye monolayer, as required for the previous system depicted

in Fig. 2.14.

When submerged in pH 7.3, 0.1 M NaPi buffer and illuminated with a halogen lamp (35

P: FPO ! QP QRWH WKH SRVVLEOH Qlabdthélthata poe@idiD S H[F I
of +0.23V vs RHEa TiO« film dyed with the molecular dyad@-ZnP) exhibited a peak
photocurrH QW R a $ FPO0 ZKLFK TXLFNO\ GHFD\HG WR a $ FF
At the end of two additional 10 s light transients, steady-state photocurrent had decayed by ~35%
WR $ FPO )LJ 7KH SKRWRFXUUHQW DFWLRQ VSHFWL
DEVRUSWDQFH VSHFWUXP ZLWK D P Dyd&f ¥hE dyd.&Notaby,QhicH R |
maximum IPCE value for the TiOYRu-ZnP system is higher than the best-performing
water-oxidizing DS-PEC to daté? which used the common [Ribpyr  -{POsH2):bpy)]** dye

with a co-anchored R#rda catalyst (TiGRu(bpy):Ru bda)!*2 That system reached an IPCE of

14%, though with a higher faradaic efficiency of 85%.
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As an important control, individual molecular analogues of the individual components of
theRu-ZnP dyad were also preparednP-ref andRu-ref, respectively}3® Control photoanodes
were prepared by adsorbing o@lgP-ref, only Ru-ref, or co-adsorbednP-ref : Ru-ref ina 1:1
molar ratio. Under the same conditions as above,» UOP-ref anodes without catalyst showed
steady-stateSKRW R F XU U H Q W ¥ndRTiCa Ru-r& dnBd®s without dye showed steady-
state phot- XUUHQWYV R a 2.1%).FSBrprisipgly, co-adsorbed T¥2nP-ref:Ru-ref
anodes showed no photocurrent enhancement relative to thZii@f anode (Fig. 2.15), which
suggests inefficient intermolecular electron transfer from theb&u WOCatalyst to the ZnPor
dye when they are not covalently link&8.

The rapid decay in photocurrent for the ®MRu-ZnP anode shown in Fig. 2.1ggests
some instabilityto the system. Consistent with this,@etection experiments found a faradaic
efficiency of only 33% after 1h of electrolysis, with a turnover number of only 1.RpetnP
dyad.UV wvisible, IR, and XPS studies of the films before and after 1h of electrolysis gave no
indication that théRu-ZnP dimer degraded or desorbed, but the Ru component had evolved to
higher oxidation states. Therefore, the authors concluded that the Zn-Por dye was not sufficiently
oxidizing to generate the higher oxidation states of Ru at appreciable turnover®ratas.
alternative hypothesis here is that oxidation of the poly(ethylene glycol) chains of the dye structure
(Fig. 2.15, the purpose of which were not discussed in the paper) may have contributed to the low
faradaic efficiencies.

Near the end of 2016, the groups of Sundstrém, Sun, and Imahori published an additional
DS-PEC system which employed a novel subporphyrin sensitizer SiyePor.>3® SubPor
incorporates a carboxyphenyl electron-withdrawing anchor group and two triphenylamine

electron-donating groups (Fig. 2.16). The molecule can therefore be considered ackepior
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Fig. 2.16 Schematic diagram of the DS{& V\VWHP FRPSRVHG RI D 3SXVKzxSX(
sensitizer dyeJubPor) and a Rubda type WOCatalystRu bda2) co-anchored on nano-
TiO « Reproduced from Ref®-Published by The Royal Society of Chemistry.
(D #A) type dye, or3S XV K = @y¥,QvBerein the electron density of the HONEDspatially
distributed closer to the triphenylamine groups and the electron density of the LUMO is spatially
distributed closer to the anchor grotipThis type of electronic engineering of the dye is expected
to enhance electron injection from the excited state intosVi®@the anchor group, and decrease
recombination because the hole (empty HOMO) is distributed further away from tlsuFi@ce.
Anodes were prepared by stepwise co-adsorpti@ubPorand a Rubda type WOCatalysRu +
bda2) in a ratio of 7.5:1 (Fig. 2.16). The groups of Gao and Sun had previously found that using
a propylene spacer between thesia WOCatalyst and the phosphonate anchor group showed
superior performance relative to a methylene spRédiis may be a result of enhanced linker
flexibility improving the efficiency with which the catalyst can regenerate surrounding photo-
oxidized dye, or possibly a result of a decreased rate of recombination between tis¢ @athly
WKH &% HOHFWURQV LQ WKH 02E EHFDXVH RI WKH LQFUHDVH!
When submerged in pH 7, 0.1 M NaF solution (this electrolyte showed a ~50%

improvement in photocurrent relative to NaPi) and illuminated with white LED light (100
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P: FPO ! QP wih@®&IGaded TiO SubPor.Ru bda2 exhibited photocurrents
ZKLFK VWDELOL]HG D W. Gontrof lisih@ aboldéshivith or8ybPor or onlyRu +
bda2loadedon TIOVKRZHG SKRWRFXUUHQWYV R ly. TDeaGion sgedithd UHV S
for TiO « SubPor.Ru bda2 anodes was a close match for the absorptance specti&ubbr,
ZLWK D PD[LPXP ,3& (nddf the @y&/ OXyHdr gas was measured by GC after 1 h of
photolysis with a faradaic efficiency of only 64% and a catalytic turnover number of427 +
Additionally, H*®0-labeling studies showetfO, product as well as tracO-labeled CQ
indicating that oxidative decomposition $tibPor and/or theRu bda2 catalyst occurred along
with water oxidatiort>®

Importantly, transient-absorption spectroscopy (TAS) experiments helped elucidate some
of the kinetics of the relevant electron-transfer processes. The formation of photo-oRidiRat
on TiO e (without catalyst) was observed with a time constant of 800 fs after a pump light pulse,
providing evidence for the expected rapid electron injection from photo-ex@&iteBor* into
TiO « The oxidized dye was returned to the ground state (by back-electron-transfer) with a half-
life on the order of tens of ns, despite the ppsii dye engineering. However, the ground state
recovery fitted rate constant was accelerated 85% in the presence of co-addotbdd?
catalyst, indicating competitive electron transfer from the catalyst to the oxidizedluy@uthors
concluded that undesired rapid back-electron-transfer fromGi@e photo-oxidized dye greatly
limits the waer-splitting efficiency, and as such, improving electfioole separation should be the
focus of future system's®

In early 2016, the Jiang group published a rather non-conventional D$XPE®hat the
high-surface-area, charge-transporting substrate was composed of carbon nanotubes (CNTs, rolled

sheets of graphehénstead of sintere#lOx nanoparticles. CNTs are known to have excellent
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charge transport properties due to their high conductivity and high aspecti*#oesviously the
Jiang group also showed that multi-walled carbon nanotubes (MWCNTS, concentric tubes) with
2 8 walls showed promising electrochemical water oxidation activity relative to those with higher
numbers of walls or single-walled nanotub®dn the current study, commercial MWCNS+

P O H @dré\Xirified and separated into fractions by a series of acid washes with sonication,
and then suspended in ethanol solutions with 10% Nafion and various dyes: zinc(ll)
phthalocyanine ZnPc), cobalt(ll) phthalocyanineQoPc), and [RU(bpy)s]?*. These solutions
were pipetted onto FTO glassantdd HG WR IRUP S KRW R Ehickidésy, idonthiGiligy R1 a
dye adsorbed on CNTs suspended within the water-aigetineable Nafion matrix. A
representative film was 60 wtZnPc, which was uniformly adsorbed onto MWCNTEBS\ &=+
stacking as determined by STEM-EBS.

TheZnPc dye on MWCNTSs showed a relatively weak light-absorption band in the visible

region Z L Whk of 665 nm, but strong absorptidd W LighPabsorption by dyed CNT
films was a distinct function of the nanotube composition (that is, the average number of CNT
walls in the sample), with the highest light absorption by samples composed of mostly 3-walled
CNTs (57% 3-walled CNTs, 20% 4-walled CNTs, and 19% 5-walled CN¥Sf This
phenomenon was not explained, but may be a result of the differing surface areas of the CNT
films, 169 differing electronic coupling between the dyes and CNTs as a function of CNT diameter
or possibly a combination of the two. When submerged in 1 M KOH (pH 14) and illuminated with
atransient white light romdHQRQ DUF ODPS P: FHO/CNT/ZnPc &nbdes
showed varying photocurrents, which were also a function of the CNT film composition
Consistent with the light absorption trends, FTO/CRiHc samples composed of mostly 3-

walled CNTs show& WKH KLJKHVW SKRWR BX%UJWHQ RHE, Rhich is qéitd= P 6
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high compared to other water-oxidizing DS-PEC systems (Table 2.3). By contrast,
FTO/CNT/ZnPc films composed of mostlgingle-walledCNTs showed roughly 2.5-fold lower
photocurrents, and those composed of CNTs with >12 walls showed 4-fold lower photocurrents.
Bubbles were observed on CNPc films during photolysisalthough analysis of the evolved
gas to confirm Qproduct was not reportee®

For comparison, un-dyed CNT films containing mostly 3-walled CNTs displayed
SKRWRFXUUHQW\at RIL.2 V vs RHEPBilms dyed witBoPc or [Ru(bpy}]?* dyes
showed photocurrents that were roughly 2-fold lower and 2-fold higher, respectively, when
compared t&nPc-dyed CNT films at +1.2 V vs RHE® The authors hypothesized that the films
composed of mostly 3-walled CNTs showed the highest PEC activity because of enhanced
electrondhole separation, as represented in Fig. 2.17. They propose that electron injection from the
photo-excited dye to the outer CNT is followed by rapid electron tunneling to the inner tube(s),

where the electron then diffusés the conductive FTO substratd. Given the previously

Bias Voltage
(V)—68

Fig. 2.17 Scheme for a PEC composed of a film of multi-walled carbon nanotubes (MWCNTS)
sensitized with a zinc-phthalocyaninénfc) dye. Electron injection is postulated to occur
from the photo-excited dye into the outer carbon nanotube, followed by electron tunneling to
the interior of the nanotube providing electdhole separation. Reproduced from Ref. 159
with permission of The Royal Society of Chemistry.
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demonstrated activity of MWCNTSs for WO the authors hypothesized that the outer-most CNT
may transfer an electron to regenerate the photo-oxidized dye, and the OER may occur on the CNT
surface!® Additional studies are needed to confirm that these resultant electron-transfer processes
are energetically favorable.

Finally, we would like to draw attention to an alternative, noteworthy strategy for preparing
a water-oxidizing DS-PEC. Instead of sensitizing nanostructured anodes with molecular analogue
of the natural water-oxidizing photosystem I, several research groups have extracted the actual
photosystem Il complex from biological samples and loaded them on high-surface-area electrodes
to perform photoelectrochemical WOE&#53 while such systems have achieved impressive
oxygen-HYROYLQJ SKRWRFXUUHQWY DV KLJK DV a $ FPO DW
V vs RHE), the rapid decay of photocurrents with half-lives of <5 min indicate major stability
concerns that remain to be addressed and overtdme.

In summary, aromatic macrocycle sensitizer dyes such as porphyrins, subporphyrins, and
phthalocyanines have been the most commonly studied organic dyes for water-oxidizing DS-
PECs. In fact, there are many additional studies concerning aromatic macrocycle dyes in DS-PECs
enroute to water oxidatiotP*2’*While these dyes are inspired by chromophores found in natural
photosynthesis and absorb farther into the visible than the most commbfpbdRy -1
(PQsH2)2bpy)?* sensitizerthey still have not extended light absorption beyond ~650 nm, leaving
room for additional improvements.

Perylene DyesLike porphyrins and phthalocyanines, perylene diimide (PDI) molecules
garnered early attention for OPV and PEC studies due to their unique properties, including high
molar extinction coefficients, low band energies, liquid crystalline behavior, high electron

mobility, as well as high thermal, oxidative, and photochemical stabilifjie same properties
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have made perylenes popular materials for water-splitting applications, such as the OTF-PEC
systems highlighted abo{&88688175|n addition, it has recently been demonstrated that
suspended colloiddTCDA or PDI nanostructures in the presence of sacrificial reductant are
capable of light-driven water oxidation even without an intentionally added WOC&Ea{fst!’
Several studies have demonstrating the ability of PDIs to advance the oxidation states of
WOCatalyst.’>178480 and to sensitize metal oxides in DS-PEC architectiP&8? though
successful water oxidation has remained difficult to confirm.

In 2015 the groups of Prato, Caramori, and Bignozzi published the first example of a water-
oxidizing DS-PEC system wusing the cationic perylene derivativel 1fis(2-
(trimethylammonium)-ethylene)-3,4,9,10-perylenediimide ) HTEPDI), co-loaded onto a
nanostructured Wdsubstrate with citrate-stabilized WONP WOCatalyst (Fig. 2.18f° In
addition to WOZ the group also studied the sensitization of nanostructuredafi® SnO with
their cationic PDI. This allowed for the comparison of injection dynamics from the relatively
positive LUMO of TEPDI into substrates with different CB energi€@&PDI was able to adsorb

on eachof these materialgjespite its lack of #&aditional carboxylate or phosphonate anchor

Fig. 2.18 Schematic of the DS-PEC device composed of a nanostructurediwi@ensitized
with a caionic PDI dye TEPDI, and decorated with IfFONP WOCatalyst:3KRWRLQGXFHGC
electron injection by PBI loaded on W@y exploiting aggregation forces, triggers water
oxidation at co-deposited 1E0Q D Q R S D lRéptoHUedd \from Ref. 50Copyright 2016
Springer International Publishing Switzerland) with permission from Springer.
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JURXSY 7KH DXWKRUV K\SRWKHVL]HG WKDW WKH VHQVLWL]D
L Q W H U B*AMAaLC §G/configuration with Lil redox mediator, photocurrents were highest on
WO Z followed by SnG, then TiO= Consistently, transient spectroscopy experiments showed
decreasing rates of injection from photo-excité&PDI into the semiconductor CB in the order
WO Z> SnOs > TiO.,'* likely caused by a decreasing thermodynamic driving force in that
order87 Furthermore, the Wdsurface is the most acidic (lowest isoelectric p&iatn the
series, so the authors hypothesized that its negative surface charge even at low pH may enhance
electronic coupling to the cationitEPDI 140

After decoration with Ir@ NP WOCatalyst, optimized W@rEPDI/IrO, anodes were
submerged in pH 3, 0.1 M NaCj@nd illuminated with AM1.5GLJKW a P: FPO !
nm). Steady-state photocurrents reached as high as ~70 A/cm? at +0.92 V vs RHE. For comparison,
WO ZTEPDI anodes without Ir@under the same conditions reached photocurrents of only ~16

$ FP® D QABO; anodes without dye rddK HG SKRWRFXUUHQWWaRhoa $ FP¢

confirmed by the detection of ® products, but instead inferred from the previously
demonstrate* activity of the IrQ NP catalyst. Action spectra were not a direct match to the
TEPDI absorption spectrum, indicating that some light absorption by the yellow Mgy
contribute to photocurrents, and a maximum IPCE of 0.8% was reached. Transient spectroscopy
showed that regeneration of photo-oxidiZz&PDI by IrO, occurs on the same timescale as back-
electron-transfer recombination, and therefore is likely the kinetic bottleneck of the H8vice.

A second example of a water-oxidizing DS-PEC using a perylene sensitizer was published
in 2017 from the group of Wasielewsit al1*! In that study, a perylene monoimideMl, Fig.
2.19 dye was used to sensitize nano-TidFollowing literature precedef?> ! the dyed anode

was subsequently treated with varying thicknesses & Zbverlayer by atomic layer deposition
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Fig. 2.19 Schematic representation of a nano-¥im sensitized with perylene monoimide
(PMI). The dyed film was subsequently treated with anQAdoverlayer by atomic layer
deposition to partially encapsulate the dye, increasing its stability. ThéPMD/Al O Zilms
were subsequently decorated with monomeqi Ir -Sil (left panel) or dimeridrir (right
panel)WOCatalysts. Reproduced with permission from REf. Copyright 2017, American
Chemical Society.
(ALD). The Al O Zoverlayers were found to enhance the stability’fi on the TiO» surface
relative to untreated film¥! ALD overlayers have also previously been shown to reduce
recombination between conduction band electrons and oxidants at the surface or in solution, due
WR WKH SDVVLYDWLRQ RI 02E VXUIDFH VWDWHY DQG WKH F
transfer8”188After ALD treatment, TIO/PMI/Al O Zilms were decorated with either a dimeric,
Irlr, :2&DWDO\VW ZKLFK ELQGV G (Fig.RWOrigW/mRn#&) Krth roch&meri U | D H
Cp*Ir-type WOCatalyst with a phenylene spacer and strongly-binding silatrane anchor group,
Cp*Ir-Sil %9 (Fig. 2.19, left panel).
Transient absorption spectroscopy of the dry films suggested thatPMO can oxidize
both Irlr  andCp*Ir-Sil to form the TiQF/PMI/Al O ZCat" charge-separated stafé.Thicker
Al O Zlayers slow the rate of charge transfer between catalyst and dye, but also increase the
lifetime of the TiQFPMI/Al O ZCat charge-separated stdfé.In aqueous electrolyte and
LOOXPLQDWLRQ a P: FP& Its for TRAYPMISARINARDESS Wvithid D

catalyst were enhanced for samples with thickeOAllayers up to 20 deposition cycles, likely

due to passivation of recombination-active Pebirface states and an increased tunneling barrier
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for recombination from any redox active species in solutibfihe addition ofrlr catalyst always
produced lower photocurrents than without catalyst, likely due to relatively fast recombination
with Irlr * bound directly to the surface. Indeed, increased thicknesses@#dtween TiGand

Irlr resulted in improved photocurrents as a result of the increased tunneling*farrier.

In the case o€p*Ir-Sil , photocurrents were always higher than without catalyst, and the
presence and thickness of the @lZlayer had minimal effect! This likely indicates the
effectiveness of the phenyl spacer group to decrease the rate of recombination. In pH 5.8, 0.1 M
KNOs3 solution, TiOYPMI /Al -OiCp*Ir-SiI DQRGHV UHDFKHG a $ FPOo DW
V vs RHE). However, photocurrents decayed by ~66% over 5 min of repeated scans, despite the
Al O Zencapsulation. Given the demonstrated improved stabiligMif dye with ALD Al<O Z
encapsulation, we propose the most likely degradation mechanism is catalyst instability.

Oxygen quantification was done by the GeneraAZotlector method, which indicated
roughly 20% faradaic efficiency for films with eithielr or Cp*Ir-Sil catalyst, or even without
catalyst (Wasielewslgt al.also cautioned that the 5 method could detect degradation products
in addition to O).14* All in all, this study provides a second example where a spacer group between
the WOCatalyst and its anchor gro@p¢Ir-Sil ) can reduce recombination. It also demonstrates
that encapsulation of dye with ALD overlayers may be an important strategy to improve stability
of dye molecules in DS-PECs. However, such overlayers may also interfere with charge transfer
from oxidized dye to WOCatalyst, and so a balance between overlayer thickness and WOCatalyst

spacer length may be required for efficient water-oxidation catalysis.

58



All Organic Donor #cceptor (D #A) Dyes.Many donoracceptor () RU 3SXVKxSXOO
type dyes have been employed in DSSC stufffi€8:13%n 2015, the Sun group published the first
example of a water-oxidation DS-PEC using this class of sensitize diyethis work, they
employed a DA dye consisting ohcommon triphenylamine donor group anclyanoacrylic acid
acceptor/anchor group(#, Fig. 2.20). This dye was co-loaded onto Pi@lith a derivative of
the [Ru(pdc)(picd (pdc = 2,6-pyridinedicarboxylate) WOCatalyst structural motif (Fig. 2.19),
which was also developed by the Sun gr&lipdereafter, we will use the nomenclature of-Ru
pdc to describe this class of catalyst containing the pdc and pic ligands, either of which may be
functionalized with anchor or linking groups. We will refer to the specific catalyst used in this
study asRu $dcl, which employed a pdc ligand as a strong anchoring group. Impressively, this
paper demonstrated a rare example of &Q#REC tandem cell capable of overall water splitting
without an applied bias. The photocathode also utilized a differefvttipe dye, co-loaded onto

NiO with a cobalt complex proton-reduction catalyst (Fig. 2720).

Fig. 2.20 Schematic representation of a publishedPBBPEC tandem cell. The photoanode is
composed of ® 1A sensitizer dye co-loaded onto Tt@ith Ruipdc WOCatalystRu #dcl).
The photocathode is composed of a differeeDype sensitizer dye co-loaded onto NiO with
a cobalt complex proton-reduction catalyst. Reprinted with permission from Ref. 75. Copyright
2015, American Chemical Society.
Focusing on the OER, when submerged in pH 7, 0.05 M KPi buffer and illuminated with
ZKLWH /(' OLJKW P: FP & 9D A:Ru 16)&1 anddes achieved steady-state

SKRWRFXUUHQWYVY RI a $ FP6 DW 9 YV $J $Jdlese 0 .&O
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photocurrents are 3-fold higher and achievable at a lower applied potential than similar
photoanodes prepared with the [lRapye( JPOsH2)bpy)?* sensitizer dye and the same
WOCatalyst'% Under the same conditions, controls of W4 with no catalyst showed
SKRWRFXUUHQVYnw (RO-folal lowe$), and TiGRu #pdcl with no dye showed
photocurrents of only $ F 50-fold lower). Notably, in the Ti@D fA:Ru Ppdcl anodes, light
absorbance frorRu #dcl catalyst is stronger and covers a broader wavelength rangP than
yet photocurrents for Ti@Ru pdcl withoutD A were not significant® Therefore, it is possible
thatD #A functions as both a sensitizer and an electron-transfer mediator for injection from photo-
excitedRu #dcl catalyst. This could be elucidated by the action spectrum of théO'#:Ru +
pdcl anode, although one was not reported.

During extended photolysis at +0.62 V vs RHE, steady-state photocurrents frof® EO
A:Ru #dclanodes decayed by ~30% R $ FPO D bMamy~70®itcQ $ F Rfter
60 min, indicating some degree of instability. Consistent with thigré@duct generated over the
60 min period was detected by GC with a faradaic efficiency of just 73%. For the fully-assembled
tandem cell depicted in Fig. 22 SKRWRFXUUHQWYV RI a $ FéectrddeUH DFKI
configuration with no applied bias, and a faradaic efficiency fprgeneration of 55% was
measured. This corresponds to an overall gokaydrogen efficiency, stv, of 0.05%.
Interestingly, it was found that the pho&dhodewas the kinetic bottleneck of this tandem device,
owing to the poor hole-transport properties of the nanostructured NiG>film.

The Sun group published a second DS-PEC system in late 2016 employing a subporphyrin
D #A dye!*® which has already been detailed in Sec. 4.1 above. In early 2016, the Meyer group
published their own systéfit employing a dye molecule with donor and acceptor units separated

E\ DBcofjugated bridge, a structural motif commonly abbrevidted D-@A. The specific dye
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employed in the Meyer group studlyRQVLVWHG RI D WULSKHQ\D§uiRedS KLQH (
thiophene bridge, and a cyano acceptor group with phosphonate dxc@., This dye waso-
loaded onto the substrate with a Rda type WOCatalyst with phosphonate anchor grdrRps;

bda3 (Fig. 2.21).

— Ti0,
5
— Sn0y/TiO,

Fig. 2.21 Schematic of &S-PEC composed db- GA sensitizer dye co-loaded with a Bula
type WOCatalyst Ru bda3) on a nanoparticle film of core/shell SADIO+& Si % %%
electrode represents the generatorcollector technique used to detect photogenerated
o <o ¢'Z—8SSHU SORW FXUUHQWiWLPH WUDFH IRUYKH JHQH
@A :Ru bda3 (black line) and core/shell SakPiO YD- G ;Ru bda3 (red line) electrodes
with 100 mW/cm? illumination in pH 7 Pi with +0.88 V Y®HE. Lower plot: currentime
traces at the ®FROOHFWRU HZDH/FMWRHE Réproddted from Ref*? with
permission from The Royal Society of Chemistry.

An additional strategy employed in this work was to use a nanostructuredT8D®
core/shell film, wherein a sintered film of Sm@anoparticles (~20 nm diameter) was subsequently
treated by atomic layer deposition to form a 3 nm thick s&kell, then dye&*? As shown in Fig.

2.22, the core/shell strategy can be viewed as a functional analogue of photosystem II, in that a
cascade of electronic energy levels is designed to thermodynamically drive electrons and holes in
different spatial direction in order to decrease the probability of recombirfation.

Nanosecond transient-absorption spectroscopy experiments indicated rapid injection
(complete within 20 ns) from photo-excit&t GA into both TiOs and SnO/TiO « core/shell

films.142 By following the decay of the absorption signature of photo-oxidize@ (due to back-

electron-transfer recombination), it was found that the half-life for the oxidized dye otilm®
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Fig. 2.22 Schematic energy diagram for a DS-PEC employing a core/shell semiconductor
substrate. Photo-excitation of the dye is followed by injection into the CB of thesTi€ll,
followed by injection into the CB of the Sn@ore. This enhances spatial separation of the
injected electron and the hole on the oxidized dye molecule, thus reducing the rate of
recombination by back electron transfer and allowing more time for regeneration by the
WOCatalyst.

was 170 ns, whereas on SHOO «core/shell films the half-life was 1,020 ns, or six-fold longer,
and thereby confirming the expected decrease in recombination by employing the core/shell
strategy. Photocurresttme measurements in pH 7, 0.1 M phosphate buffégh 20 mM
hydroquinone sacrificial reductardnd illuminationZLWK ZKLWH OLJKW P: FPO
produced photocurrents up to ~2, $ FPO |IRUN®GMP2EA anodes at +0.2 V vs SCE
(+0.86 V vs RHE) as compared ®Q O\ a B doftrdls for TiOYD- A anodes examined
under the same conditions, results which again demonstrate the enhanced charge separation for the
core/shell film. The action spectrum for SHTOO YD- @A (still in the presence of hydroquinone
as a sacrificial reductant ZHUH D JRRG PDWFK IRU WKH G\HYfV DEVRUS
maximum IPCE value of ~21942

To explore water oxidation catalysiB; GA dye andRu :bda3 WOCatalyst were co-
loaded onto Sn@TiO « films with a ratio of 5:1, respectively. Photolysis experiments with
SnOYTiO ¢D- A:Ru bda3 anodes in pH 7 buffer (now in the absence of hydroquinone)

produced steady state photocurrents of ~1$ FP & D | WFbrldomparison, TiGD- :Ru +
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bda3 anodes without the core/shell structure produced no photocurrent under the same conditions,
indicating that back-electron-transfer recombination out-coaspdtole transfer to the
WOCatalyst. Curiously, Sn@riO /D- GA anodes without catalyst also produced comparable
photocurrents to those with cataly$t.The O product was detected directly in solution by the
generatoteollector technique adapted from the Mallouk grétiRepresentative current profiles
for generator (photolysis) and collector {@etection) electrodes are includashe upper-right
portion of Fig. 2.21. Significant @roduct was not detected for either SO /D- A anodes
without catalyst, or TiQD- GA:Ru bda3 anodes without the core/shell structure. Dioxygen
product was detected for Sn@TiO YD- GA:Ru bda3 anodes, but even then the faradaic
efficiency was only 8.2%, indicating that the majority of photocurrent did not yield the desired O
product!4?

The oxidative stability oD- G was studied by CV on nanoparticle Ti@ms in both
acetonitrile and water solutions. In acetonitrile, a reversible oxidative wave was observed even
after 50 repeated CV cycles. By contrastpH 7 aqueous electrolyte the oxidative wave was
irreversible and gradually decaytedractically zero within 50 cycles. This indicates the oxidative
instability of D- @& in aqueous solution, which in turn provides the most likely explanation for
the low faradaic efficiency measured under water-oxidation conditions. Importantly, the authors
pointed out that photocurrents from S#0OO YD- GA anodes in agueous solution were much
more stable over the course of 15 min when in the presence of hydroquinone sacrificial reductant,
indicating that even this relatively unstable dye could cycle repeatedly when kinetically protected
against oxidative degradation by rapid electron transfer from an excess of the easily oxidized
hydroquinoné*2 Put more generally, the results imply that even all-organic dyes may be capable

of kinetic stabilityin water-oxidizing DS-PECs if strategies can be devised to promote rapid
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regeneration of the photo-oxidized dye on a timescale competitive with recombination and
degradative oxidation reactions. This highlights the need for efficient hole transfer from light-
harvesting materials to WOCatalysts and for highly active (rapid turnover rate) WOCatalysts.
Polymeric Sensitizers.In addition to molecular sensitizers, light-absorbing conjugated
organic polymers have also been studied in water-splitting applications. One common example is
a material called graphitic carbon nitride (gN@), or polyheptazine (structure shown in Fig.
2.23). This g-GN4 material has been studied as a highly stable OSC in photocatalytic (colloidal

suspension) Hproduction studie®®¢%°To our knowledge, the firstto apply this material to a

co-catalyst
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Fig. 2.23 (a) Schematic of a DS-PEC consisting of nano2hiodified at the surface with gsiS4
(polyheptazine); (b) Energy diagram illustrating visible light absorption bW hsN4 based
on direct optical charge-transfer excitation of an electron from theNg-BOMO into the
conduction band of Ti® (red arrow). Reprinted from Ref®) Copyright 2013, with
permission from Elsevier.
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water-oxidizing DS-PEC was the Beranek group in 28Photoanodes were prepared by heating
nanostructured Ti®films at 425 °C in the presence of gaseous urea pyrolysis products to form
g-CsN4 on the TiO surface. The UMvis absorption spectrum of the T¥Q-C3N4 composite had
a broad ightDEVRUSWLRQ IHDWXUH H[WHQGLQJ RXWa\WaRdgap a QP
smaller than either Ti®@or g-GN4 alone’® This suggests direct optical electron transfeirom
the HOMO of g-GN4 to the CB of TiOe(Fig. 2.23b, red arrow) due to strong electronic coupling,
as opposed to the more commupimotoinduced electron transférom the VHQ V LWMH U V
Subsequent studies provided TEM data showing that théNg{&yer thickness ranges from&.
nm*3and XRD evidence that the planar g\NG sheets lie flat on the Tiesurface'®®

In pH 7, 0.1 M phosphate buffer, T#@-C3N4 electrodes illuminated with visible light (Xe
ODPS ! QP LUUDGLDQFH QRW UHSRUWHG DQG KHOG DV
UHDFKHG SKRWRFXUUHQWYV RI a $ FP0 ZKLFK ZHUH VWDEQ
anodes were loaded with Is®IPs by soaking in a colloidal Ig&olution overnight, photocurrents
ZHUH HQKDQFHG WR a $ FPO DQG GHFD\HG RQO\ VOLJKWO\
O« product was confirmed by a commerciak €ensor, though a faradaic efficiency was not
reported. Under the same conditions, ¥i@D, anodes without g-£Bl4 showed no photocurrent
and no O product’® A subsequent study revealed that FPCsN4 anodes with no Ir@showed
significant photocurrents but no «<®roduct, and slightly lower photocurrent stability during
extended photolysis than anodes with 2§ Furthermore, the maximum IPCE for T¥Q-
CsN4/IrO2 anodes in pH 7 buffer was 7 + 1% at +1.42 V vs RHE, and the faradaic efficiency was
determined to be only 19%, suggesting poor electronic coupling between the organic film and

inorganic catalyst*®
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Subsequent optimization studies from the Beranek group further improved the performance
of their systent®32% One study tested the effect of Nb-doping in the J8Q@bstraté® Therein it
was found that 0.1 atomic % was optimal, and Nb-fg&C3N4 achieved roughly 4-fold higher
photocurrents and 30% higher IPCE in pH 7 buffer than un-dopedgF@N4, presumably due
to increased electron conductivity in T#@nd reduced recombinatiéff. Other studies tested
alternative WOCatalysts and deposition stratetffe¥>1°0ne paper showed that decorating their
(un-doped) TiO/g-C3N4 anodes with an earth-abundant Ga@talyst by a photoelectrochemical
method rather than loading If@®IPs from a colloidal solution resulted in improved photocurrents
and Oe yield, presumably because the photoelectrochemical deposition method allowed for
improved adhesion and electrical coupling of the Co@alyst:®31%This was the first example
(and to our knowledge, the only example so far) of a water-oxidizing DS-PEC composed entirely
of earth-abundant materials, including both sensitizer and catalyst.

Subsequently, it was also shown that thexlo@talyst could be deposited by the same
photoelectrochemical methd® Comparing the performance of T¥g-CsN4/IrO2 anodes
prepared from colloidal Ir©NPs to those prepared by the photoelectrochemical deposition
method, both had remarkably similar photocurrents at short times. However, at longer times, films
prepared from colloidal Ir&NPs showed steady decrease in photocurrent aggk{d, suggesting
instability of IrG; loading. By contrast, films prepared by photoelectrochemical deposition
displayed more stable photocurrents and continugbroduction over the course of 1h. Further
optimization experiments demonstrated that the faradaic efficiency fofgFtaN4/IrO, anodes
was affected by buffer anidfi® showing lowest performance with phosphate buffer (which is
known to reduce the activity of 1e)'°"1%and highest performance with sulfate buffer. Finally,

LW ZDV DOVR IRXQG WKDW DQRGH SHUIRUP bfxé¢H), eBuiteR SWLPL
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in lower (but stable) photocurrents and constant faradaic efficiency, possibly caused by
deprotonation of g-éNsand decreased Ig@ctivity.1% Finally, pH 12 buffer resulted in high, but

unstable photocurrent and loss of faradaic efficiency, likely due to decompositiorsiif §20n

summary, Beranekt al have demonstrated water-oxidizing DS-PECs based on sensitization by

the robust, earth-abundant polymer material sy and demonstrated that photoanode
SHUIRUPDQFH FDQ EH RSWLPL]HG E\ GHYSdrying tRelWOGatANE2 E VHP |
and catalyst deposition methods, and by varying the electrolyte.

A final system of note was published in 2013 by X¢aal'® wherein ZnO nanorods were
decorated with poly(pyrrole) (PPy) conducting polymer. Zinc oxide is a common wide-bandgap
semiconductor for PECs and has a higher conductivity thar*¥n this study, ZnO nanorods
(=150 x 1,500 nm) were electrochemically grown on ITO from pH 7.5 aqueous solutionzfn(NO
The nanorod anode was subsequently chemically etched to make a rough ZnO surface, and PPy
was deposited by in-situ chemical polymerization of pyrrole by Fe&idant. SEM images
indicated that the ZnO surface was uniformly decorated with PPy nanoparticles of 30 nm diameter.
When submerged in pH 7 aqueous buffer (0.5 MI@a) and illuminated with a Xe arc lamp
(irradiance not reported), ZnO/PPy reached very impressive steady-state photocurrents of ~680

$ FPd DW 9 YV $J $J&O aétully geew(slighfl\KdvErkLO minutes of
WUDQVLHQW LOOXPLQDWLRQ )RU FRPSDULVRQ EDUH =Q2 DC
under the same conditions. In the dark, all anodes had clhfrent $ PPWhile such
photocurrents are promising,*@roduct quantification was not reportesh especially important
omission given that ZnO is unstable under such conditions and is known to photd€affode
(though the PPy coating may help prevent corrosithBurthermore, Gproduction is in question

given the fact that a WOCatalyst was not intentionally added, although Fe impurity from the
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chemical polymerization of PEY is certainly possible, if not likely (trace Fe impurity has been
shown to greatly enhance the WOC activity of select transition metal oXidesyardless, this

interesting ZnO/PPy system warrants further study.

2.5 Summary And Outlook

Herein we have compiled a comprehensive review of literature systems that employ earth-
abundant, organic light harvesting materials in photoelectrochemical water-oxidizing anodes.
These materials include derivatives of aromatic heterocycles including porphyrin, subporphyrin,
and phthalocyanine, perylene derivatives, as well as conducting polymers and fullerenes.
Architectures include organic thin-flms composedadfingle-bandgap organic semiconductor
material or heterojunctions between two organic semiconductor materials, as well as dye-
sensitized nanostructured semiconductor films. The use of organic materials in such devices takes
advantage of their low materials cost, the synthetic tunability of their properties, and low-
temperature manufacturing processes.

OTF-PECs. Progress in water-oxidizing OTF-PECs has largely paralleled the OPV
field,%37172 showing that planar heterojunctions between two OSC materials can improve
performance by enhancing charge separation efficiency relative to the individual®¥&jers.
However, film thicknesses in this planar bilayer architecture are limited by the exciton diffusion
length, usually on the order of tens of nanometerssulting in poor light-harvesting efficiency.
Therefore, bulk-heterojunctions with nanomorphology allow thicker active layers while
maintaining short distances between the two phases, and have been successfully employed in
water-oxidizing photoanodéé8 However, systems are rare in which the bulk-heterojunction

electron donor (hole acceptor) material has a HOMO energy sufficiently positive to oxidize water,
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with only one such system published to d&tas such, further improving the efficiency of OTF-

PEC photoanodes will likely require enhanced efforts to develop high-efficiency bulk-
heterojunction active layer materials with more positive energy bands, or further studies of multi-
junction cell architecture€:!” Film morphology was also found to have a large effect on
performance, especially for photoanodes composed of a single organic-semiconductor material.
For example, a film of conducting polymer showed much higher activity when prepared with
nanofiber morphology instead of globular morphol8gyve have proposed herein that siach
morphology may best be described as@ganic semiconductaelectrolyte bulk heterojunction

and also merit further study.

One of the great challenges in the OTF-PEC field is to ensure both strong physical and
electronic coupling between the organic light harvesting materials and inorganic water-splitting
catalysts. The identity and deposition method of the WOCatalyst can also greatly affect
performance. Successful strategies to date include the immobilization of catalyst within a Nafion
thin-film at the electrolyte interfaée or within a conductive polymer fil¥, the use of
organometallic catalyst as part of an organic bil&yére use of an interfacial layer such as FiO
(by atomic layer deposition) between the OSC and cafflgsigl the use of incorporation of ionic
linking groups such as phosphonate as part of the ®8®as also been hypothesized that the
incorporation of ionic groups such as sulfonate or phosphonate throughout the OSC film may
enhance electrolyte uptake and provideddnduction channef€:8’

Finally, perhaps the most promising developments in the field of OTF-PECs includes the
selective use of charge-rectifying interfacial layers. Such layers can decreas®ir@ation
between active materials and charge-collecting substrate, enhance coupling with the water-

splitting catalyst, and can also enhance the stability of the organic active métdtesstudy of
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various interfacial layers has been especially pronounced in the field of OTF-PEC bulk-
heterojunction photmathodeg 12328 and advancements in that field promise to inform similar
strategies for use in bulk-heterojunction plastodesas additional high-potential active materials
are developed.

DS-PECs A variety of organic dyes and polymers have been employed in water-oxidizing
DS-PEC architectures, though there is no clear trend in performance to indicate if one type of
sensitizer offers a clear advantage over another (Table 2.3). In general, the DS-PECs highlighted
here show lower faradaic efficiencies and shorter lifetimes compared to the OTF-PEC systems.
This suggests that the organic light-harvesting materials in a DS-PEC architecture may be more
prone to oxidative decomposition or perhaps desorption. WOCatalysts have been loaded by a
variety of strategies. The most common (and to date the most suc®esétdj strategy is to load
thenanoO2E VXUIDFH ZLWK ERWK DQFKRUM®GQEsDEEB*FKRUHG
It has also been shown that performance can be enhanced by anchoring the molecular catalyst
through a longer, aliphatic linker grotf3:**®This strategy may enhance the efficiency with which
the catalyst can regenerate surrounding photo-oxidized dye, and/or decrease the rate of
UHFRPELQDWLRQ EHWZHHQ WKH FDWDO\VW DQG WKH &% HO
surface can be loaded with a heterogeneous WOCatalyst such ;asam@particleg®137:140
although this strategy tends to enhance recombination between the catalyst and CB &lectrons.
Beraneket al have demonstrated that DS-PEC performance and lifetime can be enhanced by the
photoelectrochemical deposition of heterogeneous WOCatalyst suchaanblGCoQ, likely
because of enhanced coupling between sensitizer and citalyst®®

Note that the above strategies of @RDGLQJ WKH 02E VXUIDWhile ZLWK :2

successful for demonstrating photoelectrochemical water oxidation, can have the added
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disadvantages of (i) competing with dye for surface loading, thereby reducing the light-harvesting
efficiency; and (ii) if catalyst concentration is low relative to dye, the dye layer mushtedtive
to photogenerated holes in order to allow for regeneration of oxidized dye molecules that are not
in direct contact with catalyst. A third catalyst-loading strategy involves the covalent coupling of
dye and catalyst to form a molecular dy&twhich is expected to provide a fast regeneration of
the photo-oxidized dye and negate the need for hole conductivity throughout the dye layer.
However, cases exist where the dye component may not be sufficiently oxidizing for efficient
complete turnover of the catalyst:38

We note that all the water-oxidizing DS-PEC systems highlighted in Table 2.3 employ
WOCatalyst composed of rare transition metals. However, the literature does contain one system
by the Beranek group composed entirely of earth-abundant elemeng(Tidla/CoOs) wherein
CoQ«was photoelectrochemically deposifé@l®There is an additional recent example where a
CoQ nanopatrticle catalyst was co-anchored to nanosTh@ugh long linker groups alongside
the common [RUbpyr  -(PGH2)bpy)P* sensitizer dy&%? Furthermore, alternative
molecular WOCatalysts exi8t that are composed of earth-abundant transition metals yet still
exhibit turnover frequencies \the approximate rate achievable by the photon flux at 1-sun
ilumination®’ However, the stability of such catalysts may not be sufficient for long-lived
devices'® and they have yet to be employadS-PECs.

IPCE values for the beBIS-PECs to date reach only 14%and 17%%, falling far short
of the 80% achieved by the top DSES€This major difference comes from regeneration rates of
the oxidized dye after photoinjection. In DSSCs, this is accomplished by fast electron transfer from
a redox couple in solution on the microsecond times$€afeDS-PECS, this step is limited by the

rate of hole transfer to the WOCatalyst, which can be much slower, on the order of milliseconds
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for dye-ligated IrQ nanoparticles, for exampt€ Clearly, it is of great interest to enhance rates
of dye regeneration by catalyst oxidation. It has already been shown that hole transfeurcan occ
within ~500 ps for some covalent chromophgatalyst dyad$! leading to longer lifetimes for
that charge-separated state.

It also appears that recombination rates in DS-PECs may be faster than in DSSCs.
Nanosecond transient absorption spectroscopy studies on dye-sensitizecar8h@iOe in
agueous media have shown that a significant fraction of injected electrons can recombine even on
the timescale of tens of nanosecoffithough recombination is not complete for hundreds of
microseconds to millisecosd® This indicates that back-electron transfer is likely competitive
with catalyst oxidation in most systems, and is therefore a dominant recombination pathway in
DS-PECs. The Mallouk groupas recently found evidence for proton intercalation into the nano-
TiO «of DS-PECS, which cause long-lived, electron-trapping surface $tat€&Such trap states
were shown to enhance the recombination rate constant with surface-bound, oxidized sensitizer
dye by a factor of 4% Protons are constantly generated at the surface of water-oxidizing
SKRWRDQRGHY DQG DUH OLNHO\ GULY HQoripéehsat® erthafg O D WH
of injected electrons. Overall, continued efforts are needed to improve efficiencies of DS-PECs
by retarding rates of back-electron transfer, and proton-management at the surface of DS-PECs
may prove to be of key importance to decrease recombination. T&&hcapsulation method
highlighted above (Fig2.19) was shown to decrease recombination with oxidized cat&hzsig
the SnOYTIO « core/shell structure (Fig. 2.22) was shown to decrease the rate of back-electron
transfer to oxidized dye by almost an order of magnitéitlost likely, a combination of charge-
separation strategies (the use of interfacial layers as well as dye and catalyst structusimgigine

will be required to achieve highly efficient DS-PECs.
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Stabilty 7KH SHOHSKDQW LQ WKH URRP™ IRU ZDWaditt R[LGD\
light-harvesting materials is stability. Practically all systems highlighted in this review exhibit
deactivation in the form of gradual photocurrent decay over the course of minutes. In general, DS-
PECs seem to exhibit fastdeactivation and lower faradaic efficiencies than OTF-PEC systems.
Improving device stabilities can only be accomplished by understanding the cause(s) of
degradation. In this regard, very little is known in the field. In one instance, the Meyer group
probed the degradation of their DS-PEC by performing repeated cyclic voltammetry sve&3ps (x
of their dyed photoanode in acetonitrile and in water, finding that the oxidative wave &i-tkgir
A dye was highly reversibly in the former but highly irreversible in the latter, thus indicating the
G \ HdkMative instability in the presence of wat&In another example, Hansehal followed
the change in the visible absorbance spectrum of a dyed photoanode during extended photolysis,
assigning broadband absorbance decay to dye desorption and a spectral change with an isosbestic
point to chemical degradation of the d#jéKnowledge of the major deactivation pathway can
inform subsequent strategies to improve stability, such as the use of alternative anchor groups or
surface treatments to prevent dye desorgtidft1818r molecular structural changes to replace
oxidatively unstable units.

A variety of stability tests have been recommended for photoelectrochemical water
splitting.”® which should be applied to this field of PECs based on organic light-harvesting
materials. A starting point is to track photocurrents over extended photolysis times. To our
knowledge, the longest test of an OTF-PEC lasted only 24 RbErgure studies should take
systems to their end of lifetime in order to determine their total turnovers. Subsequently, the
electrolysis solution can be analyzed for degradation products, for example by ICP-MS to detect

metal ions from the corrosion df 2 Esubstrate or catalyst decomposition. Additional analyses of
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the electrode can be performed both before and after extended electrolysis, including optical and
electron microscopy, XRD, XPS, and vibrational spectroscépiksnay also be of interest to
recover the organic material from the device for analysis by NMR and mass spectrometry to detect
oxidation products. Hopefully, such analyses will provide insights on how to improve the stability
of future organic-based systems. It is worth noting that even the [Rei@dftype sensitizers
common in DSSCs are oxidatively unstatffealthough dyes in such devices &iaetically
stabilized for high total turnovers when a redox couple is present to quickly regenerate the oxidized
dye. Likewise, oxidatively unstable organic materials in water-splitting PECs may be kinetically
stabilized if efficient coupling to fast water-oxidation catalysts can be achieved. Overall, in-depth
studies of the deactivation pathways, degradation products, and the kinetic and thermodynamic
stability of organic light-harvesting materials in water-oxidizing photoanodes are important topics

for future research.
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[ll. VISIBLE-LIGHT-ASSISTED PHOTOELECTROCHEMICAL WATER OXIDATION BY
THIN FILMS OF A PHOSPHONATE-FUNCTIONALIZED PERYLENE DIIMIDE PLUS

COBALT OXIDE COCATALYST!

Overview

A novel perylene diimide dye functionalized with phosphonate groups, N,N’-
bis(phosphonomethyl)-3,4,9,10-perylenediimide (PMPDI), is synthesized and characterized. Thin
films of PMPDI spin-coated onto indium tin oxide (ITO) substrates are further characterized,
augmented by photoelectrochemically depositing a yCo@alyst, and then investigated as
photoanodes for water oxidation. These ITO/PMPDI/Celectrodes show visible-light-assisted
water oxidation with photocurrents in excess of 150 pu&/aml.0 V applied bias vs. Ag/AgCI.
Water oxidation is confirmed by the direct detection afvdth a faradaic efficiency of 80 + 15%
measured under 900 mV applied bias vs. Ag/AgCI. Analogous photoanodes prepared with another

PDI derivative with alkyl groupsL,Q SODFH RI 303", \groapsRIY 8d Ruqcion,

I This study details the preparation and characterization of a prototype, organic thin-film
photoanode architecture. Characterization of this device provides knowledge of the efficiency-
limiting processes that i be addressed in Chapter IVhis chapter contains the complete
published manuscrigKirner, J. T.; Stracke, J. J.; Gregg, B. A.; Finke, RAGS Appl. Mater.
Interfaces2014, 6, 13367#4.3377. http://pubs.acs.org/doi/full/10.1021/am405598w.) which has
been reproduced with permission. The article is licensed under ACS AuthorCoice, and further
permission requests related to the article should be directed to the ACS. The project was the
brainchild of the Pls, Dr. Gregg and Prof. Finke. Graduate student J. Stracke was the first to
synthesize the novel perylene diimide dye and performed preliminary spin coating, catalyst
deposition, and photocurrent measurement experiments. All such experiments were repeated by
the first author, and all additional characterization experiments were performed by the first author
alone. Minor changes to the manuscript have been made to meet dissertation formatting
requirements. For example, table and figure numbers have been changed to indicate that they are
specific to this chapter, and Supporting Information have been moved to Appendix I. A List of
Abbreviations has been combined from all chapters and is provided as a Supplementary Section at
the end of this dissertation.
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providing evidence thaB 0 3 ', fphosphonate groups may be important for efficient coupling
between the inorganic Ce@atalyst and the organic dye. Our ITO/PMPDI/G@Dodes achieve
internal quantum efficiencies for water oxidation ~1%, and for hydroquinone oxidation of up to
~6%. The novelty of our system is that, to the best of our knowledge, it is the first device to achieve
photoelectrochemically driven water oxidation by a single-layer molecular organic semiconductor

thin film coupled to a water-oxidation catalyst.

3.1 Introduction

The growing need for clean and renewable energy has led to considerable interest in the
development of systems to harvest and stbr® U sb#nfiant solar energy resouréeOne
promising solution is to store solar energy in the form of chemical bonds by forming solar fuels
such as hydrogen gas. Indeed, the efficient photocatalytic conversion of liquid water to hydrogen
DQG R[\JHQ JUJDVHV E\ DUWLILFLDO SKRWRV\QWKHVLV KDV EF
& K HP L ¥\&lndé Honda and Fujishima first reported light-induced water oxidagianTiO,
semiconductor electrodgyhotoelectrochemical water-splitting systems have received a great deal
of attention. Although several inorganic solar water-splitting systems have achievetb-solar-
hydrogen efficiencies above 10% (the threshold for practical commercializatidnihey are
limited by the use of expensive materials or by poor long-term stability. It is, therefore, of
continuing, significant interest to study alternative water-splitting systems based on
semiconductors and catalysts that are composed of cheap and abundant materials.

Organic semiconductors are promising materials for electronics and photovoltaics due to
the synthetic tunability of their properties, to their low cost, and to the low-temperature

manufacturing processes they generally have available. If a suitable system were found, then these
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three favorable properties could help make organic-semiconductor-based water-splitting systems
economically viable. Several examples of water splitting photoelectrochemical cells employing
organic materials are present in the literafiite. These systems generally use organic or
organometallic dyes as light collectosdne electron/hole per photon process), coupled with
catalysts to assist in water oxidation (a multi-electron process). Architectures include organic
photovoltaic bilayer§? trilayersl® and dye-sensitized mesoporous semiconductor architectures
using either organometallic® or organic polymer dye sensitizéfs.

The hypothesis on which the current research is based is that perylene diimide dyes (PDI
dyes; see the List of Abbreviations at the end of this dissertation) are promising organic molecules
to study for organic water-splitting schemes, because of their robust nature and strong visible light
absorption (they are relatively cheap, industrial dyes commonly used as colorants in car paints and
plastics)!® PDIs exhibit high thermal stability, with decomposition temperatures typically in the
range of 306600 C,'° and high oxidative stability in air and water, even resisting photobleaching
in concentrated hypochlorite solutioffdvlany PDIs exhibit a highest occupied molecular orbital
(HOMO) that has a positive enough potential to oxidize waterthe solid state, PDIWHQ G WR &
stack, which often leads to a high degree of molecular order and strong electronic coupling between
neighboring PDI molecules. Indeed, a polycrystalline PDI derivative has shown one of the longest
exciton-transfer length(2.5 + 0.5 An) reported for an organic materfdlThese favorable
properties have led several groups to propose the use of perylene derivatives in organic water
oxidation system&?210:23.24

Herein we examine a water-oxidation photoelectrochemical cell based on light absorption
E\ D QRYHO 3', G HUis(pHospHoiorhethyl)-B%,9,10-perylenediimide (PMPDI),

shown in Figure 3.1. A sub-hypothesis of this research is that the phosphonate groups of PMPDI
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should be beneficial when coupling the dye with, specifically, a heterogeneous cobalt-oxide
catalyst (CoQ or Co-Pif® which has been shown to have phosphate groups as a disordered
component of its structure when electrochemically formed from phosphate-containing séfutions.
We show herein that thin films of PMPDI on indium tin oxide (ITO) plus photoelectrochemically
deposited’ CoOx (ITO/PMPDI/CoQ) are capable of photo-assisted water oxidation with current
densities in excess of 150 pA/émnder a positive bias of 1.0 V vs. Ag/AgCl. We confirm the
water-oxidation reaction through the direct detection ofwith a faradaic efficiency of 80 £ 15%
under positive applied bias. We compare the performance of ITO/PMPD{/@uades to those
XVLQJ DQRWKHU 3',-bi3H-ethyipidbiyl)-3,419,10-peiylenediimide (EPPDI), as a
way to probe the importance of phosphonate groups in the structure, the results of which do
implicate a role for the phosphonate groups in PMPDI. Finally, we hypothesize about the

performance-limiting factors of our current system and propose future directions for optimization

0
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/\

O HO OH
Figure 3.1 Structure of N,N"-bis(phosphonomethyl)-3,4,9,10-perylenediimide (PMPDI).

of the system.

o

3.2 Results and Discussion

Synthesis and characterization of PMPDI.PMPDI was conveniently synthesized by
adjusting a literature procedédfel R U D Qbis(ph@sphonethy) PDI derivative. Specifically,
PMPDI (Figure 3.1) was formed from the dehydration reaction between perylene tetralb@rboxy

dianhydride (PTCDA) and (aminomethyl)phosphonic acid in molten imidazole. The crude product
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was purified by two cycles of dissolving the product in water by deprotonating it to the tetra-
potassium salt in basic solution, filtering out any remaining PTCDA, precipitating the product by
adding acid until pH 1, then collecting the solid on a filter to separate it from residual imidazole
dissolved in the acidic solution. The purified product was dried overnight in a vacuum oven, giving
a 90% yield. The product was pure by proton and phosphNME (see Figures S3.1 and S3.2 in

the Supporting Information), although the proton NMR showed highly broadened peaks, especially
for the aromatic protons. Peak broadening is commonly observed for PDIs and has been attributed
W Rsta@king aggregatioff:?® HPLC showed evidence of trace PTCDA (see Figure S3.3 in the
Supporting Information), though it is likely that this impurity was due to the slow hydrolysis of
PMPDI under the basic chromatography conditions, not from remaining starting material. Mass
spectrometry was used to confirm PMPDI by the identification of its mono- and di-deprotonated
LRQV 3®e@ >01, regectively). Elemental analysis of the product, as collected, was
consistent with the monopotassium, dihydrate salt of PMPDI (K1-PNEID).

Cyclic voltammetry of PMPDI (aq) was performed in pH 10 potassium carbonate buffer
degassed with argon (Figure 3.2a). At this pH, PMPDI is actually the fully-deprotonated, PMPDI
(see below). A boron-doped diamond working electrode was used for its low background currents
in the scan region. Voltammetry was started at 0.0 V vs. Ag/AgCI and scanned in the negative
direction. The voltammogram of PMPD(aq) shows two reduction waves, typical of PBsjth
the B RI WKH ILUVW UHGXFWLRQ DW i 9 DQGTW KadondHFR QG
reductive wave shows less chemical reversibility than the first, and if dissolved oxygen is present
in solution, both reduction waves become almost completely chemically irreversible. This is to be
expected, due to the known reactivity of reduced PDIs with oxygen, even leading to their use as

oxygen sensor¥.
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The oxidation potentials of PDIs cannot typically be determined in aqueous solutions, as
their oxidation potential lies more positive than that of witerterestingly, we did see a catalytic
oxidative wave for PMPDI (aq) on a boron-doped diamond electrode at potentials slightly
negative of the background water oxidation (see Figure S3.4a in the Supporting Information). Bulk
electrolysis experiments coupled with oxygen detection indicates that the majority of this oxidative

current does not yield {see Figure S3.4a in the Supporting Information and the accompanying
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Figure 3.2 (a) CV of PMPDI dissolved in degassed 0.1 M carbonate buffer (pH 10) using a
diamond working electrode, Pt wire counter electrode, Ag/AgCl reference, 50 mV/s scan rate.
(b) CV of ITO/PMPDI electrode in degassed 0.1 M pH 7 potassium phosphate buffer, Pt wire

counter electrode, Ag/AgCl reference, 50 mV/s scan rate, showing the first and second sweeps
(red and blue lines, respectively).

98



discussion). This indicates that the catalytic oxidative wave in the CV in Fig. S3.4 in the
Supporting Information may originate from the irreversible degradation of oxidized PMPDI or by

some other PMPDI-catalyzed oxidation reaction that does not yiel@v@n if these currents are
FDXVHG E\ WKH GHJUDGDWLRQ RI 303", WKLV GRHV QRW QHFL
under the photoelectrochemical conditions below when it is used as a water-oxidation photoanode,

as these anodes have Ga@atalyst present to help regenerate, and thus kinetically protect, any
photo-oxidized dye.

Thin films of PMPDI were prepared by spin coating PMPDI from basic water solution onto
clearedITO slides, then protonating the PMPDI by dipping the film in acidic solution to render it
insoluble. X-ray photoelectron spectroscopy (XPS) was used to determine the C:K ratio in the
films at various stages of preparation (see Figure S3.6 in the Supporting Information). The films,
as spun from basic solutions, showed C:K ratios consistent with the tetrapotassium salt, K4-
PMPDI. After submerging in acidic solution, no potassium was detected, consistent with the fully-
protonated PMPDI. After submerging in pH 7 potassium phosphate (KPi) buffer, the C:K ratio
was consistent with the dipotassium salt, K2-PMPDI.

Cyclic voltammetry was performed on the ITO/PMPDI films in 0.1 M pH 7 KPi buffer
solution, in which the dye should be in the K2-PMPDI form. Similar to the dissolved, K4-PMPDI
dye, K2-PMPDI films also show two reductive waves (Figure S3.4b in the Supporting
Information); however, the voltammogram does not show the behavior expected for an ideal
nernstian reaction of a surface-confined film (i.e., where anodic and cathodic waves are mirror-
images reflected across the potential axis, and where the peak anodic current and potential equals
the peak cathodic current and potepffal Instead, the films showed significant chemical

irreversibility (as indicated by unequal peak heights) and poor electrochemical reversibility (as
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indicated by a 170 mV offset in the peak potential between the anodic and cathodic waves at 50
mV/s scan rate). The chemidcateversibility is likely due to a combination of 1) reaction of
reduced PMPDI with trace dissolved oxygen, and 2) loss of the twice-reduced dye from the film
due to dissolution. Indeed, the chemical reversibility is greatly improved if the scan is reversed
before the second reduction (Figure 3.2b). It should also be noted that the initial reduction wave
of a virgin film is quite broad (red line, Figure 3.2b), but subsequent cycles consistently result in
a sharper reduction wave which peaks at a less negative potential (blue line, Figure 3.2lak The pe
potential of tK H UHGXFWLRQ ZDYH DIWHU WKH ILUVW VZHHS RFFX!I
reoxidation peakLV VKLIWHG SRVLWLY HKCILVWRthermore9 theé Vhtegrdtel Eharge
under the reoxidation wave is only about half of that under the reduction wave. This behavior of
significant potential shift between anodic and cathodic peaks has been reported previously for thin
films of a liquid crystal PDI derivativ&. In that case the results were rationalized as a reversible
molecular reorganization or phase change in the film as a result of the reduction or oxidation (likely
as a result of counterions diffusing into or out of the film), causing the reverse electron-transfer
process to occur at a different potenttal.

When preparing PMPDI films, it was noted that after they are immersed in acid solution to
protonate the phosphonate groups, the film tint visibly changes from red to a darker violet color.
This change can be seen in the Wi$ as a broadening of the absorbance, especially in the longer
wavelengths, as showm Figure 3.3a. The absorbance broadens further after the films are
submerged in pH 7 KPi solution (the electrolyte used for subsequent experiments). A similar color
change was also observed in small isolated regions of PMPDI films that were left on the benchtop
under ambient conditions for several weeks. Red and black phases have been reported for many

PDI films3%% forming both spontaneously and under solvent vapor annealing. These different
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Figure 3.3.(a) Absorbance spectra of PMPDI thin films on ITO taken after spin coating from
basic solution (red line), after dipping in acid solution (blue line) and after dipping in pH 7 KPi
buffer (purple line). A clean ITO slide was used as background. (b) Tade gidhe KPi-
rinsedfilm used to estimate the band gap (see the main text below).

SKDVHV DUH DWWULEXW H GstagkiRg DffsetetwEeww n&lghhdrig pedyleneK H &
molecules, leading to a lower-energy intermolecular charge transfer tradttion.

A Tauc plot can be used to estimate the optical band gap of amorphous thin film m#terials,
plotting ( /A @2 vs. the photon energi, Qwhere Dis the absorption coefficieni, is Planc\sf
constant, andQis the photon frequency. The exponent of 1/2 is used for amorphous solids derived
under the assumption that the density of states at the band edges have a parabdficrbkape.
solid-state optical band gap of the KPi-rinsed PMPDI film was estimated by this method to be 1.75
eV (Figure 3.3b).

Construction of an Approximate Band Diagram. The electrochemical and optical
information gathered for PMPDI can be used to estimate the energies of the HOMO and LUMO
(or, more accurately, the valence band and conduction band, respectively, in the solid state)
order to generate an approximate band diagram for our system. Although the field of organic

semiconductors and their applications are growing rapidly, there is not yet a consensus in the
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literature as to the best way of measuring their electronic energy ¥&%&Fhe most direct
methods are based on surface photoelectron spectrd8seiigh take measurement of solid films
in a vacuum; however, approximations are also frequently made by measurement of
electrochemical reduction and/or oxidation potentials, sometimes combined with measurements of
the optical band gafy. The latter method was chosen for this study, since the electrochemical
experiments are done on wet films suspended in electrolyte solution, nearly identical to the
operating conditions of our final photoelectrochemical cell.

While the LUMO energy of PMPDI can be estimated from the & its first reductive
wave when dissolved in solution, this LUMO energy is likely different from the conduction band
edge of PMPDI films because of strong intermolecular interactions between nearest néfghbors.
Therefore, the energy of the conduction band edge is likely best estimated by the reduction
potential of PMPDI in the solid-state film. Unfortunately, the irreversibility of the ITO/PMPDI
voltammograms shown in Figure 3.2b makes the precise determination of a formal reduction
potential problematic; however, a rough estimation of the conduction band edge can be made from
the average onset potential of the first reductive i&(Ehe peak reduction potential would be a
more straightforward estimation, but the peak potential shifts significantly with scan rate, as shown
in Figure S3.5 in the Supporting Information.) The average onset potential for four
YROWDPPRJUDPV RI GLIITHUHQW VFDQ Ud&Wigwe 305 inithe 9 YV
Supporting Information).Combining this value with the optical band gap of the PMPDI film as
determined above, approximateband diagram for our system is shown in Figure 3.4. Potentials

of materials other than PMPDI are estimated as described below.
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Figure 3.4Band diagram for the ITO/PMPDI/Cq@®ystem. Estimated energy levels are given vs.
Ag/AgCl, though a secondary y-axis is shown vs. vacuum as an additional reference. Arrows
indicate the absorption of light by the perylene layer, and the energy-storing transfer of
indicated charge. *The actual potential of ITO in most experiments in this study is that applied
via potentiostat vs. Ag/AgCI.

The work function of ITO under similar cleaning conditions has been reported as 4.40 eV
vs. vacuunf? although the actual potential in most of the experiments in this study is the applied
potential vs. Ag/AgCl from the potentiostat. The catalytic onset of water oxidation byd»oO
an ITO electrode is reported as (and was confirmed by us at) 1.23 V vs. NHE in pH 7 KPPbuffer.
By the Nernst equation, the potential of water oxidation is 0.82 V vs. NHE at pH 7. The above
potentials can be reported relative to the Ag/AgCI reference electrode employed by the following
relationships®

"cztga t_asdk VaWBL AZiga RLI (3.1)
"ztga RUT ré&r 8 L ZiqaEeEecj (3.2)

Importantly, it is clear from the band diagram in Figure 3.4 phettogenerated holes in the

PMPDI film should have sufficient thermodynamic potential to oxidize water

Photoelectrochemical Deposition of CoCatalyst. Photoelectrochemical deposition of

the catalyst was chosen since it has the advantage of preferentially depositing catalgst in are

where there is a high concentration of photogenerated HdtBriefly, ITO/PMPDI anodes were
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immersed in 0.1 M pH 7 KPi buffer containing 1 mM Co®OThe catalyst was deposited at a
potential of 700 mV vs. Ag/AgCI for Bin while illuminated by a xenon arc lamp at approximately
100 mW/cn? intensity. Controls varying the process by using different cobalt concentrations,
deposition times, and applied bias did not yield significantly different photo-assisted water-
oxidation photocurrents. After depositing the catalyst, anodes were removed from cobalt solution
and rinsed with DI water before further use. XPS spectra of PMPDI films were taken before and
after the deposition in order to confirm that cobalt remains on the film after the catalyst deposition
and a water rinse (see Figure S3.7a in the Supporting Information).

Photoelectrochemistry of ITO/PMPDI/CoOx Anodes. Photocurrent transients vs.
applied potential of an ITO/PMPDI/Cq@node in 0.1 M pH 7 KPi buffer are shown in Figure
3.5a. Importantly, practically no photocurrent (<1 pAfgia observed for bare ITO controls (blue
line, Figure 3.5a, or Figure S3.10b in the Supporting Information for better scaleglanely

small photocurrents (<10 pA/cGnare observed for ITO/PMPDI controls (green line, Figure,3.5a
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Figure 3.5. (a) Photocurrent transients vs. applied potential for ITO/PMPDKGd line),
ITO/PMPDI (green line), and bare ITO (blue line), in 0.1 M pH 7 KPi buffer, 5 mV/s stan ra
starting from 0.0 V (i.e., from right to left) with 5 s light transients. (b) average IPCE and
standard deviation (blue squares and line) using a two-electrode configuration at short circuit
in degassed 0.1 M pH 7 KPi buffer solution. The absorptanegljispectrum (red line) at
dry PMPDI film is overlaid for comparison.
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or Figure S3.10a in the Supporting Information for better scale). The origin of the photocurrent at
ITO/PMPDI anodes is not known, but could possibly be due to photo-oxidation of trace impurities
by PMPDI, low levels of water oxidation by PMPDI, or some destructive oxidation of PMPDI
itself. When the Co©cocatalyst is present on ITO/PMPDI anodes, photocurrents grow ten-fold
from about 15 pA/crhat zero applied bias to over 150 pAfcat 1.0 V applied bias. At applied
biases higher than 1.0 V vs. Ag/AgCI, oxidation currents begin to flow even in the dark (red line,
Figure 3.5a).

The photocurrent transients of ITO/PMPDI/Gaidodes exhibit a spikelike behavior, with
an initial peak in anodic current when the light is turned on. This indicates the generation of charge
carriers from exciton dissociation, where electrons are collected at the ITO/PMPDI interface and
holes are transferred to Cp@t the opposite interface where they can then oxidize water. The
initial photocurrent spike is followed by a gradual decay to a steady-state photocurrent, indicating
that a fraction of the photogenerated holes are lost to bulk or surface recombination before they
can contribute to the faradaic currént.

When the light is turned off, a reverse, cathodic current peaks and quickly decays to zero,
indicating that recombination of the hole reservoir (i.e., the oxidized catalyst or water-oxidation
intermediates at the surface) is competitive with the forward water-oxidation process. When a one-
electron redox couple is added to the electrolyte solution, such'é@Nje ' (i.e., a kinetically
more facilepne-electromedox reaction vihe four-electron, two-water-molecule water-oxidation
reaction), the cathodic spikes are greatly reduced, especially at lower potentials (se8FRjure
in the Supporting Information). Also, when no catalyst is present (i.e., the ITO/PMPDI control,
Figure S3.10a in the Supporting Information) there are no cathodic current spikes when the light

is turned off, consistent with the cathodic current being associated with thec@ayst.
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It should be noted that many of the phenomena occurring during the photocurrent transient
experiments (such as exciton dissociation efficiency, the amount of charge buildup, and all charge-
transfer rate constants) are potential dependent. As the applied potential is increased, the peak
anodic currents also increase, indicating that more holes are reaching the interface to oxidize water.
This buildup of holes also leads to higher recombination currents, as indicated by the increasing
dark, peak cathodic currents as the applied potential increases from 0 to 0.5 V vs. Ag/AgCI. At
applied potentials positive of 0.5 V, the cathodic peaks begin to decrease despite the still-rising
anodic peaks, indicating a decreasing rate of recombination, which then leads to the higher steady-
state anodic photocurrents observed in Figure 3.5a.

As for the general stability of our anodes, they can be stored under ambient conditions for
months, and still show comparable photocurrents when tested in a transient experiment as
described above. Also, the photocurrents tend to increase slightly for freshly-prepared anodes after
repeating such transient experiments.

Cell Efficiency Studies.A few diagnostic cell efficiencié® can help to determine the
shortcomings of our ITO/PMPDI/CaQwvater-oxidation anodes. First, the incident phdten-
current efficiency (IPCE), or external quantum efficiency, can be measured in a two-electrode
configuration by a chronoamperometry experiment while holding the electrodes at short&ircuit.
GHYLFHYV ,3&( LV D PHDVXUH RI WKUHH IXQGDPHQWDO SURF
create excitons gy, the efficiency of charge dissociation and transport of those charge carriers
to their respective interfacestnd, and the efficiency of interfacial charge transfé).*® The
IPCE spectrum averaged for several ITO/PMPDI/Ca@odes is shown in Figure 3.5b. The

absorptance (1+T) spectrum of a dry PMPDI film (KPi-rinsed, K2-PMPDI) is shown for

106



comparison, indicating that the photocurrents observed during these measurements coincide with
absorption of light by PMPDI.

, I DOO RWKHU SURFHVVHV ZHUH HITLFLHQW D GHYLFH
light harvesting efficiency ko9, that is, its absorptance spectrum. The low absorptance values
measured for our ITO/PMPDI/Ca@nodes (12% at th@.a) clearly indicate that light harvesting
limitations are a major contributor to our low IPCE values. To investigate the other limitations to
performance, av \ vV W kterfidl quantum efficiency, oabsorbedphotonto-current conversion
efficiency (APCE), can be calculated by dividing the IPCE value®hiy H ldb&oRptavice values
at each wavelength. The APCE thus measures only the efficiencies of charge dissociation and
transport, and the efficiency of interfacial charge transkemsand K, respectively® By this
treatment, our anodes typically show APCEs between 1 and 2%.

Finally, if the IPCE experiment is carried out with an added facile redox couple, Erd if
can be taken a8l, then the APCE should be a measure of d¢fdys*® For our ITO/PMPDI/Co®@
anodes, we repeated the IPCE measurements with adéeddN) (a kinetically more facile
albeit one-electron, redox couple), whielBuledin IPCE values that were generally double those
without any Fé' (see Figure S3.9 in the Supporting Informatiom)e APCE values (which should
reflect only the charge transport efficiency) were then estimated te&3%e (assuming the
efficiency of the interfacial hole transfer to"F€N)s*' is 8L; the control performed next suggests
that it is actually <1).

As a control, we also ran an IPCE experiment with added hydroquiadn@-electron,
two-proton redox couple, a therefore closer model to the four-electron, four-proton water oxidation
reaction. Interestingly, the IPCE values measured in the presence of hydroquinone are roughly

double the values when'REN)s*" was used at the same concentratidgnriM, see Figure S3.9
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in the Supporting Information), giving APCE values®#%o0. As an additional control, we ran an
IPCE with much more concentrated hydroquinone (200 mM), but the photocurrents were
essentially unchanged. Therefore, with the assumption th#tfer hydroquinone is 1, then the
estimated maximuniansin our ITO/PMPDI/CoQ anodes is6%.

Preliminary Optimization Studies and Controls. Because the efficiency of light
absorption is a major performance-limiting factor in our system, one key question to answer was
whether or not our efficiencies could be improved by employing thicker PMPDI films to absorb
more of the incident light. Attempts to alter the spin coating parameters employed to produce
thicker films (e.g., lowering the spin rate) yielded only small changes in thickness. Thicker films,
although not very uniform, were prepared by drop coating PMPDI solutions and letting the water
slowly evaporate. A few of these films, roughly 3 times thicker than typical spin-coated films
according to UWvis, were used to prepare ITO/PMPDI/Gagodes following the same standard
procedures. Under photoelectrochemical testing, these thicker ITO/PMPRI&AD0@es showed
roughly one-tenth the steady-state photocurrents as our standard, thinner-film anodes (see Figure
S3.10a in the Supporting Information).

The low dielectric constant of most organic materials causes excitons in such media to be
strongly bound because of the coulombic attraction between electrons and holes. Therefore,
excitons often must reach a materials interface in order to dissociate into separated charge
carriers?? Exciton diffusion lengths in most organic materials are short (between 5 and 30 nm);
hence, if films are prepared that are thicker than the exciton diffusion length, most excitons formed
in the film bulk are expected to relax before reaching an interface to dis$8ckmugh a
combination of UWis and optical profilometry measurements, the absorption coefficient of

PMPDI films (KPi rinsed, K2-PMPDI) was estimated at 2vA.0*cm? (see Figure S3.11 and its
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discussion in the Supporting Information). This absorption coefficient was used to determine that
typical thicknesses of our spin-coated PMPDI films are 40-50 nm. The thicker, drop-cast films
were then roughly 150 nm thick, and therefore about an order of magnitude thicker than typical
exciton diffusion lengths. Therefore, it can be expected that the majority of excitons formed in
these thicker films will relax before they can dissociate into useable charges.

To test the hypothesis that the phosphonate groups of PMPDI are important for the overall
performance of the device, we also prepared anodes using another PDI derivative, EPPDI, with 1-
ethylpropyl groups inWKH SODFH RI1 303",V SKRV®KRERDHIMEWeJUR XSV
prepared by spin-coating EPPDI from CHGblutions. Interestingly, these films remained a
bright-red color upon submerging in aqueous solution (no black phase was observed). Regardless
of film thickness, photocurrents during CeoOcatalyst depositions and subsequent
photoelectrochemical testing were about an order of magnismagler than our typical
ITO/PMPDI/CoQ anodes (see Figure S3.10b in the Supporting Information). XPS spectra were
collected both before and after catalyst deposition, and showed that only trace cobadtsesats pr
on the EPPDI films (see Figure S3.7b in the Supporting Information), which is further supported
by the lack of any dark cathodic peaks during transient experiments (see Figure S3.10b in the
Supporting Information)as such peaks were characteristic of the ,Gma@alyst on PMPDI films.

These results are consistent with phosphonate groups being important for efficiently linking the
CoQx catalyst to the organic film; however, the results could also be explained by poor
conductivity of the film, which could be caused by film morphology, poor interaction with the ITO

substrate, or other unknown factors. Indeed, we found that EPPDI films did not adhere well to
ITO, and often delaminated upon rinsing. Needed here is a systematic study of the

photoelectrochemical properties of more PDI films, including testing derivatives with different
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functionalities (i.e., studies of dyes with and without phosphonate groupsithubtherwise
similar structures) to see if PDI dyes with different functional groups are also capable of visible-
light- and CoQ-assisted water oxidation. Such studies are currently underway.

Evolved Oxygen Quantification. To confirm that photocurrents observed from the
ITO/PMPDI/CoQ anodes originate from oxidation of water and not from some other undesired
process, it was necessary to directly quantify any photoelectrochemically produfééRf&vious
studies have followed the concentration of oxygen in the headspace above solution in the
photoelectrochemical celt,or dissolved oxygen in the working electrolyte itdéf21"We chose
the latter, well-established method for our studies due to the relatively small photocurrents
produced by our anodes, and due to an observed gradual deactivation of our photoanodes over the
five minute time scale of water-oxidation experiments (see Figure S3.12 in the Supporting
Information). Details for oxygen-quantification experiments are provided in the Experimental
Section; attention to those details matter for anyone reproducing this work as it took on the order
of 3 months of research to optimize, and then make, thgigld measurements and controls
reported herein. Brieflya Clark-type electrode was used to measure the dissolved oxygen
concentration in the working compartment solution both before and after a 5 min, illuminated,
amperometric water-oxidation experiment. The change in dissolved oxygen concentration and the
known volume of solution in the working compartment were used to calculate the number of
micromoles of oxygen produced. By recording the amount of current passed during the 5 min
water oxidation, and using the stoichiometry for the water-oxidation reactio® (ZE4H" + O,

+ 4€'), the theoretical yield for a perfect faradaic reaction can be calculated as:
~B88544F |\ 53aB 2

5a2aR é aam
@i%aésaaé Y} A %6&54/333@% aan A (3.3)
L tav{salKHWoKQHKI> L=O0A@
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Then, the faradaic efficiency was calculated by dividing the measured oxygen vyield by the
theoretical yield.

The literature reports that ITO/Ce®as a faradaic efficiency of 100% in 0.1 M KPi buffer
at pH 7, with an applied bias of 1.1 V vs. Ag/Ag€Beveral controls were done in order to both
verify the literature result in our hands and to check our multipoint calibration. First, ITQ/CoO
anodes were prepared as publisteekcept that a more concentrated? Canlution was used (1
mM vs. 0.5 mM) and the deposition was stopped after 5 min (depositing less catalyst) in order to
closelymimic our conditions for Co@formation on ITO/PMPDI. The ITO/CoCanodes thus
prepared were used for a 5 min amperometric water-oxidation experiment held at or below 1.1 V
vs. Ag/AgCI (slightly lowering the potential decreases currents to more closely parallel the
currents in the ITO/PMPDI/CoOsystems) and under both illuminated and dark conditions
(ITO/CoO« anodes have little light absorption in the visible, and therefore exhibit no additional
photocurrent; however, these controls provided confidence in our Clark electrode calibration
concerning temperature changes in solution caused by illumination). Results of 17 1KO/CoO
water-oxidation control experiments, both dark and illuminated, resulted in an average faradaic
efficiency of 100 + 14%. These controls provide confidence in the method used for oxygen
detection and its accuracy.

Finally, the same method was used to determine the faradaic efficiency rfor ou
ITO/PMPDI/CoQ anodes under illumination and held at 900 mV vs. Ag/AgCI. Nine anodes
yielded an average faradaic efficiency of 80 = 15%, near the theoretical limit of 200% auithi
experimental error. Of course, it cannot be ruled out that other oxidative side reactions may be
occurring, such as oxidation of trace impurities, degradative oxidation of PMPDI, or the formation

of other water-oxidation products, such as hydrogen peroxide. Controls of ITO/PMPDI films
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without the CoQ catalyst yielded no detectable oxygen, even when illuminated and held at 900
mV positive bias vs. Ag/AgCI. Overall, the results are quite pleasing in that a high, 80 = 15%
faradaic efficiency for water oxidation was achieved with our novel ITO/PMPDKGy€tem
developed and studied herein. Further study of PDI-based photoelectrochemical water oxidation
systems and their optimization and longer-term stability studies are, therefore, of interest in our

opinion.

3.3 Conclusions

Although other perylene derivatives have been studied as components in organic bi- (or
tri-) layer PV and water-oxidation devic&¥] the current study is, to our knowledge, the first
device to achieve photochemically-driven water oxidation by a single-layer molecular organic
semiconductor thin filntoupledto a water-oxidation catalyst. Our comparison with anodes using
another PDI dye, ITO/EPPDI/CqQielded much lower performance. This indicates that the
phosphonate groups found in PMPihy be important for close electronic coupling between
PMPDI and the Co@catalyst, but continued studies of other PDI derivatives will be required to
further support or refute this hypothesis, and are currently under investigation.

It is important to note that the photocurrent densities generated by our ITO/PMPDI/CoO
anodes, just over 150 pA/énat 1.0 V applied bias vs. Ag/AgCl, are small relative to many
photoelectrochemical water-oxidation cells based on inorganic semicondifttdosvever, our
observed current densities are quite comparable to those achieved using other organic
semiconductor$?11217 despite ours being a largely unoptimized system. Current transient
experiments revealed that the rate of recombination between holes in the oxidized catalyst and

conduction band electrons is competitive with the desired water-oxidation reaction. While
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improvements &n be expected for the current system through the use of a faster water-oxidation
catalyst, such catalysts are generally composed of less earth-abundant, more expemsivameta
cobalt (i.e., iridium or ruthenium). We can, however, expect at least some improvement in the
performance of our current system by the use of different interfacial layer materials to enhance
charge separation and prevent recombination between ITO and the perylene film. Suchainterfaci
layers may also help to reduce the large applied bias required in our current system to reach its
maximum photocurrents, given that the estimated HOMO of PMPDI should have more than
sufficient overpotential to oxidize water (Figus4).

Efficiency measurements of our system reveal that our anodes only reach a maximum IPCE
of 0.12%. APCE calculations show that light absorption is a large limitation. Our PMPDI thin
films are optically quite thin, absorbing only about 12% of incident light at the maximum
absorbance. IPCE experiments with added hydroquinone allowed us to estimate the internal charge
transport efficiency at 6%. Anodes with thicker PMPDI films which alkessbniore of the incident
light showed lower photocurrents, likely limited therefot®y exciton diffusion lengths. We can
still hope to improve our overall anode efficiency by employing a dye-sensitized mesoporous
semiconductor architecture, where more light can be absorbed due to the high surface area of the
semiconductor, while keeping the dye thickness to a monolayer, thereby eliminating the need for
lengthy exciton diffusion. Those needed studies are also in progress.

We are currently in the process of synthesizing and testing other PDI derivatives in order
to further test the hypothesis that phosphonate or other ionic groups are important structural
components for coupling with the inorganic catalyst; those additional PDI derivatives will also
probe if device stability can be improved by the choice of especially the most oxidation resistant

PDIs. Of particular interest are lifetime studies which push the limit of a more optimized device,
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while also characterizing any deactivated device and system to understand its limitations (i.e., in
light of the gradual drop in photocurrent we see, Figure S3.12 in the Supporting Information, which
raises questions about the stability of the current PMPDI dye employed under extended
photoelectrolysis conditions).

In summary, a novel perylene diimide derivative, PMPDI, was successfully synthesized
and characterized. This dye is conveniently soluble in basic solutions and insoluble in neutral and
acid solutions, allowing for solution-based processing. PMPDI absorbs strongly in the visible and
has electronic energy levels conducive to water oxidation. We have preliminary evidence that the
phosphonate groups of PMPDI may be a critical component to effectively couple theatal@st
to the organic dye. It has been confirmed that PMPDI thin films, spin-coated from solution onto
ITO, can achieve photo-assisted water oxidation when coupled with photoelectrochemically
deposited CoQ catalyst. Our IPCE results confirm that photocurrents generated by the
ITO/PMPDI/CoQ electrodes originate from PMPDI absorption of light, and water oxidation has
been confirmed by the direct detection of With a faradaic efficiency of 80 + 15% under positive
applied bias. Additional studies of other PDI dyes, of nanostructured versions of our device, of
the stability of those second-generation devices, and of the kinetics of the photoelectrocatalysis

are in progress and will be reported in due course.

3.4 Experimental Section

Materials. Perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) (97%, Aldrich),
(aminomethyl)phosphonic acid (99%, Alfa Aesar), and imidazole (99%, Acros Organics) were all
used as receivedl 1-fis(1-ethylpropyl)-3,4,9,10-perylenediimide (EPPDI) was synthesized

according to the literatur®.Characterization data can be foumtdhe end of the Supplemental
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Information. One-inch-square indium tin oxide (ITO) glass slides were purchased from Delta
Technologies and cleaned before use (see below). Solvents were purchased from Sigma-Aldrich
or Fisher SSHQWLILF DQG XVHG ZLWKRXW IXUWKHU SXULILFDWLRQ
all cleaning steps and for preparation of electrochemical solutions.

Synthesis of N,N"-bis(phosphonomethyl)-3,4,9,10-perylenediimide (PMPDI)The
synthesis of PMPDI was modified from a literature proceduoe W K H -his@pfiosphonethyl)
PDI derivative. A mixture of PTCDA (79 mg, 0.20 mmol), (aminomethyl)phosphonic acid (47
mg, 0.42 mmol), and 1.5 g of imidazole were added to a 25 mL round-bottomed flask with a
magnetic stir bar. The flask was sealed with a rubber septum to prevent evaporative loss of
imidazole and lowered into a hot oil bath at 130 °C (venting briefly as the flask contents warmed).
After stirring for 20 min in the oil bath, the flask was removed and allowed to cool for
approximately 2 min before 5 mL of a 50/50 vol% mixture of 2 M HCl/ethanol was added to
precipitate a fine black solid. The solid was collected on a nylon, 0.22 um vacuum filter and rinsed
with 5 mL each of 50/50 water/ethanol, then ethanol. This product (an imidazolium $dk by
NMR) was suspended in 10 mL DI water and dissolved by the dropwise addition of 1 M KOH (the
solid began to dissolve at p&B and was completely dissolved by pH)9Hhe solution was then
vacuum-filtered to remove any unreacted PTCDA. (Note: if the solution is made too basic, the
PTCDA will dissolve as well and will not be separated from the product.) The filtrate was then
acidified bythe dropwise addition of 2 M HCI while under rapid magnetic stirring. (Note: the
product precipitates in bulk at approximately pH 5.5, forming a gel, likely as the dipotassium salt.
More acidic conditions are required to remove imidazole impurities, and further stirring and
dilution helps liquefy the gel before filtering.) The mixture was brought togdH and the

precipitated product was collected by vacuum filtration. NMR of this product usually contained
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trace imidazole, but can be purified by repeating the dissolving and precipitation proceduge, givin
a 90% yield after drying overnight in a vacuum oven at 100 °C. Elemental analysis of the product,
as collected, was consistent with the mono-potassium, dihydrate of PMPDI, indicating that the
product kinetically precipitates as the mono-potassium salt, which was used for subsequent studies.
The fully-protonated product was also obtained by dissolving the solid in NaOH solution and
leaving the solution to slowly acidify for 24 h in a desiccator saturated with HCI VapdR
(Nicolet SX-60 FT-IR spectrometer with ATR-ZnSe): 3403%don m, 3067 w, 3000 w, 2948 w,
1690 s, 1650 s, 1589 s, 1575 m, 1506 w, 1485 w, 1435 m, 1402 w, 1392 m, 1363 m, 1335 m, 1301
m, 1248 m, 1186 w, 1162 w, 1106 w, 970 w, 928 br m, 861 w, 843 w, 809 w, 792 w, 733 w, 708
w. Samples for NMR (300 MHz Varian Inova) were dissolved by sonicationr@vidth half a
drop of 30% NaOD (in BD). 'H-105 / SSP EU + $U CHP)EsBe + 1z
Figure S3.1 in the Supporting InformatioMtP-105 / S:SHE2.15 ppm (see Figure S3.2 in
the Supporting Informatign MS (ESI/APCI in NHOH matrix): m/z calculated for PMPDI
(C26H16N2010P2 IRXQG P ] i >0i+@i Eemental analysis of
the fully-protonated product, calculated fofsl16N2010P2 (found) 53.99% C (51.97); 2.79% H
(3.17); 4.84% N (4.80); 0% Na (0.194). The product was also analyzed by HPLC (see Figure S3.3
in the Supporting Information) and cyclic voltammetry (Figure 3.2a and Figure S3.4a in the
Supporting Informatiohn

ITO/PMPDI/CoO x Photoanode PreparationITO slides were cleaned by sonication for
30 min in a Liquinox surfactant solution, rinsed with water, then sonicated for 30 min each in
acetone and isopropanol solutions and allowed to dry under ambient air for at least half an hour.
Before use, slides were air-plasma treated (Harrick PDC-3XG) for 15 min and moved directly into

a spin coater (SCS G3P-8 Spin Coater). The phosphonate groups of PMDPI make it conveniently
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VROXEOH LQ Z2DbaytHdxeapotassium salt. PMPDI solutions were prepared by adding
5 mg of PMPDI product (K1-PMPDRH-0) to 1 mL of water and 2 drops of 1 M KOH, and
sonicated to fully dissolve. These solutions were dripped through a 0.2 um filter to cover the
surface of a freshly cleaned one-inch square ITO substrate and spin-coated at 1000 rpm for 60 s.
Dye was wiped from one edge of the slide by a wet Kimwipe in order to provide a naked ITO
surface to attach copper tape as an electrical contact. These ITO/PMPDI slides wengittared
glass cutting tool and cleaved into two or three segments for further testing (typical acsve area
were 1.5 cnf). The slides were then submerged for 30 s each in 20 mL of a 50/50 mix2ure of
M HCl/ethanol (fully protonating the PMPDI film and rendering it insoluble), distilled water,
ethanol, and then blown dry under an argon stream for about a minute. Films were characterized
at this point (before depositing catalyst) by WA spectroscopy and cyclic voltammetry (see
below). Before depositing Ca@atalyst, a fingernail topcoat was used to cover the slide edges
and any uncoated portions of the ITO surface to ensure that the only conductive surface in contact
with solution was the PMPDI film. After the fingernail polish had dried, catalyst was deposited by
submerging the active area of the ITO/PMPDI anode in a glass vial containing 10 mL of 0.1 M pH
7 KPi containing 1 mM Co(N¢)», applying a potential of 700 mV vs. Ag/AgCl, and illuminating
the anode for 5 min by a 65 W xenon arc lamp focused to approximately 100 minensity
(measured with a Thorlabs Thermal Power Sensor model S302A). Anodes were then removed
from the cobalt solution, rinsed with DI water, and used for further testing. The presence of cobalt
on rinsed and dried ITO/PMPDI/Ce@nodes was confirmed by XPS (see below, and Figure S3.7
in the Supporting Information).

Thicker PMPDI films were also prepared by drop coating two (or more) drops of the above

PMPDI solutions onto cleaned ITO slides, covering with a petri dish to protect from dust, and
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letting them air dry on a rotary table (Thermo Scientific Lab-Line Maxi Rotator). Such films did
not evaporate evenly and created films of nonuniform thicknesses. These films were used to
estimate the solid-state absorption coefficient as described in the Supporting Information, Figure
S3.11. A few drop-coated films (roughly 3 times thicker than spin-coated films according#o UV
vis) were tested for their photoelectrochemical performance. These films were processed and
catalyst deposited under the same procedures as described above, and submitted to the same
photoelectrochemical testing as described below. Resulting transients can be seen in Figure S3.10a
in the Supporting Information.

ITO/EPPDI/CoOx Photoanode Preparation.Photoanodes were prepared as described
above, except spin coating was done from GHlution, still at 2000 rpm for 60 s. Using the
same dye concentrations as above (5 mg/mL), films spun fromGt&T¢ roughly 10 times the
thickness of standard PMPDI films, as estimated byAi&/ Thinner films, comparable to the
thickness of spin-coated PMPDI films, were also prepared by reducing dye concentrations to 1
mg/mL. EPPDI films stayed bright-red upon submersion into KPi solutions (no change to a black
phase was observed). Cobalt catalyst was deposited under the same conditions described above.
XPS was performed on one of the films after catalyst deposition, showing that only trace cobalt
remained (Figure S3.7b in the Supporting Information). ITO/EPPDIl/Car@@des were then
submitted to the same photoelectrochemical testing as described below. Resulting transients can
be seen in Figure S3.10b in the Supporting Information. Film thickness did not significantly alter
the observed photocurrents.

XPS.6 SHFWUD ZHUH WDNHQ RQ D 3+, ;36 ZLWK $0 .. VI
analyzed using PHI MultiPak software. Samples were prepared by spin coating PMPDI onto ITO

slides as described above. Slides were scored and broken into 3 pieces. The first was untreated
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after coating, a second was submerged in 20 mL of 50/50 2 M HCI / ethanol for 60ringdkdn

by dipping several times in DI water then ethanol, and drying for a minute under arstaegom

The third piece was treated identically to the second, then also submerged for 60 s in 0.1 M pH 7
KPi buffer and rinsed again as above. These slides were allowed to dry overnight, and then
analyzed by XPS, taking both a survey scan and a high resolution scan in the region of 280 to 305
eV to calculate the C:K ratio (see Figure S3.6 in the Supporting Information). This experiment was
performed 3 times and the average C:K ratios were consistent with K4-PMPDI as coated, PMPDI
after acid treatment, and K2-PMPDI after KPi treatment. XPS was also taken of PMPDI and
EPPDI films both before and after a standard Co&@alyst deposition (see Figure S3.7 in the
Supporting Informatiohn

UV #is. UV vis data were collected by a Hewlett Packard 8452A diode array
spectrophotometer. ITO/PMPDI slides were scored and broken icnieviide slices to fit into
the sample holder and pressed against the back wall for consistent sample placement. An ITO
slide, cleaned under the standard conditions (and spin coated with ~0.05 M KOH as a control for
the basic dye solution) was used as the reference blank.

Cyclic Voltammetry. Electrochemical experiments were performed on a CH Instruments
CHI630D potentiostat using a platinum wire counter electrode and Ag/AgCI (sat. KCI) reference
electrode. The potential of the Ag/AgCI reference was confirmed to be +0.20 V vs. NHE by a
mM Fe(CN} ' fin 0.1 M HCI reference redox systéfCyclic voltammetry was performed on
PMPDI both dissolved in basic solution (PMPPhand as a thin film on ITO in neutral solution
(K2-PMPDI). For the aqueous PMDPI exipeents, a solution of ~4 mM PMPDI 0.1 M pH 10
potassium carbonate buffer was degassed with argon before testing to avoid interference due to

reduction of oxygen by reduced PMPDI or at the working electrode itself (3 mm tdopeat
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diamond (CCL Diamond)). Voltammograms of K2-PMPDI films on ITO were performed in
degassed 0.1 M pH 7 KPi buffer.
Photoelectrochemical TestingAll photoelectrochemical experiments were performed in

a custom-made two-compartment photoelectrochemical cell, with a working compartment made
from 1 ™1.5 cm quartz rectangular tubing with a working volume of 5 mL. The ITO/PMPD}/CoO
anodes were pressed against the front wall of the cell (the glass back of the anode against the glass
cell wall)and illuminated through the ITO-side with a 65 W xenon arc lamp (PTO model A 1010)
powered by an OLIS XL150 adjustable power supply. The lamp was focused onto the cell through
a bandpass filter (31810 nm, Thorlabs FGS900S) to more closely simulate the AM1.5 solar
spectrum, with an incident power density measured to be approximately 100 f\Wieasured
with a Thorlabs Thermal Power Sensor, model S302A. Photoelectrochemical experiments were
recorded with the same potentiostat and electrodes as described above for cyclic voltammetry.
Transient light experiments were performed by manually chopping the light source every 5 s using
an opaque sheet of construction paper, while the applied potential was scanned from low to high
values. Photocurrent densities tended to improve slightly upon repeating the transient experiment

Action spectra were collected on a separate PV testing apparatus provided by Prof. C. M.
( O O Lriesaave group, which consisted of a xenon arc lamp (Oriel model 66002, 100 fiw/cm
power supply (Oriel model 68700), monochromator (Oriel Cornerstone 130, model 7400), and a
Kiethley 2400 source meter. For these experiments, a two-electrode setup was used
(ITO/PMPDI/CoQx working electrode and Pt wire counter electrode) in the same two-
compartment photoelectrochemical cell described above, containing degassed 0.1 M pH 7 KPi
buffer (5 mL in the working compartment, 3 mL in the auxiliary compartment). The face of the

cell was pressed against an aperture, leaving an illuminated area of 02385 cwilect the action
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spectrum, the electrodes were held at short circuit while the incident light was scanned from 400
to 700 nm L0 nm bandwidth) in 25 nm steps, recording the steady-state current between the
electrodes 15 s after each wavelength step. The incident lamp power at each wavelength step was
recorded using a Thorlabs silicon standard power sensor, model S120B, in order to calculate the
final IPCE values.

Oxygen Detection.Due to the relatively small photocurrents and gradual deactivation of
our ITO/PMPDI/CoQ anodes, dissolved oxygen concentration was directly detected in the KPi
buffer solution instead of detecting @ the headspace of the cell (consistent with this, the oxygen
produced was not sufficient to generate visible bubbles). Dissolved oxygen was measured using a
Clark-type electrode and meter (Microelectrodes, Inc., model M1-730A electrode and OM-4
oxygen meter), and recorded on LabView software. The Clark electrode was calibrated daily in
two standard solutions of 0%@.1 M NaSQs)*® and 20.9% (vortexed under ambient air) oxygen
solutions? which corresponds to O and 236 A& dissolved oxygen, respectively, at 20 °C,
correcting for the atmospheric pressure in Fort Collins, CO (typically between 83.2 and 85.6
kPa)*® Because the working solution is heated by the lamp irradiation and because the Clark
electrode response is temperature sensitive, the response was calibrated in both standard solutions
over a temperature range of B0 °C (see Figure S3.13 in the Supporting Information for a typical
calibration.

Water-oxidation experiments for our anodes were carried out using the same
photoelectrochemical setup as described above. For these experiments, the lamp intensity was
increased toa300 mW/cm and an applied bias of 900 mV vs. Ag/AgCl was used in order to
maximize the photocurrent, and thus the resultant oxygen production, yet stay below the potential

at which PMPDI films showed dark oxidative currents (see Figure S3.4b in the Supporting
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Information). To avoid the difficulties of sealing the electrochemical cell from the atmospleere,
air-saturated solutions to begin with (i.e., vortexed under ambient air for at least 10 min). This
way, any increase in dissolved oxygen concentration had to come from water oxidation and not
from the surrounding air. The Clark electrode response in the 5 mL volume of solution in the
working compartment and the temperature of soluiiof.1 °C) were recorded both before and

after a 5 min, illuminated, amperometric water-oxidation experiment. The solution was stirred only
while measuring oxygen, and then only fast enough to yield a maxatamnode response. The
calibration curve was used to convert the Clark electrode responses and temperatures to their
corresponding oxygen concentrations. The volume of solution and change in concentration after
the electrolysis was used to calculate the number of moles of oxygen produced. Finally, the current
passed during the water oxidation was used to calculate the theoretical oxygen yield and the
faradaic efficiency of the reaction.

It is important to note here that water oxidation and rising solution temperatures (due to
high intensity illumination) resulted in solutions with dissolved oxygen concentrations above the
equilibrium value. Controls were done by bubbling 100% oxygen into air-saturated solutions,
creating slightly supersaturated conditions. Oxygen concentration was then monitored as a
function of time and stir rate, confirming that the oxygen produced during electrolysis remained
primarily in solution and did not escape to the atmosphere over the 5 min time scale of the

experiments, at least to within the observed +15¥i€ld error bars.
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IV. SENSITIZATION OF NANOCRYSTALLINE METAL OXIDES WITH A
PHOSPHONATE-FUNCTIONALIZED PERYLENE DIIMIDE: A
PHOTOELECTROCHEMICAL ANODE EN ROUTE TO WATER-OXIDATION

CATALYSIS!

Overview

A organic thin-film composed of a perylene diimide dye (N,N"-bis(phosphonomethyl)-
3,4,9,10-perylenediimide, PMPDI) with photoelectrochemically deposited cobalt oxide)(CoO
catalyst was previously shown to photoelectrochemically oxidize water (DOI:
10.1021/am405598w). Herein, the PMPDI dye is studied for the sensitization of different
nanostructured metal oxide (naf2E ILOPV tsénsibze pHotoelectrochemical cell
architecture. Dye adsorption kinetics and saturation decreases in the orderSiQe>> WO Z
Despite highest initial dye loading on T#Ophotocurrent with hydroquinone () sacrificial
reductant in pH 7 aqueous solution is much higher on <Sitv@s, likely due to a higher driving
force for charge injection from the more positive conduction band energy ok $nihg
conditions and Sn®film thickness have been optimized to achieve light-harvesting efficiency
>99% at the max Of the dye and absorbed photimreurrent efficiency of 13% with KQ, a 2-fold

improvement over our previous thin-film architecture. Attempts to photoelectrochemically deposit

Il The work described in this chapter is a continuation of the project in Chapter Ill, wherein a first-
generation water-oxidizing photoanode was developed with an organic thin-film architecture
based on a perylene diimide dye. Herein, the same dye is applied in a second-gengeation, d
sensitized metal oxide architecture in an attempt to improve the light-harvesting efficiency and
charge-transport efficiency relative to the first-generation device. This chapter contains a
manuscript that has been prepared for submission to the jo@@l Applied Materials &
Interfaces (Kirner, J.T.; Finke, R. GACS Appl. Mater. Interfacef017, To be submitted).
Supporting Information has been compiled in Appendix Il.
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Co(Q as a water-oxidation catalyst resulted in lower photocurrent due to enhanced recombination
between catalyst and photo-injected electrons in $a®confirmed by open-circuit photovoltage
measurements. Alumina overlayers deposited by a solution-based method were shown to enhance
dye loading kinetics and saturation, but always resulted in lower photocurrent due to a decreased
injection efficiency. Possible future studies to enhance photoanode performance are discussed,

including alterative catalyst deposition strategies or structural derivatization of the perylene dye.

4.1 Introduction

Global energy needs are growing due to an increasing global population and a more energy-
intensive global economly.In order to meet these energy demands while also minimizing CO
emissions, the use of fossil fuels as energy feedstocks must be decreased relative to carbon-neutral
(and ideally, renewable) fuel sourde€f the available renewable energy feedstocks, solar energy
is by far the most abundant, yet one of the least-utifizéolwever, solar energy is diffuse, making
efficient collection and conversion a challenge. Additionally, the intermittency and daily
fluctuation of solar energy means that the collected energy must be stored for future use, either in
the form of heat, electrical energy, or chemical energy in the form of solar fuels. For this reason,
artificial photosynthesis, the light-driven conversion of abundant and renewable liquid water into
hydrogen and oxygen gasé§DV EHHQ LGHQWLILHG DV RQH RFWKH 3+RO\

An artificial photosynthesis device, or water-splitting photoelectrolysis cell (WS-PEC, see
the list of abbreviations at the end of the text), requires a semiconductor for light absorption and
photogenerated charge transport, and catalyst(s) for the efficient oxidation of water and reduction
of protons. For practical applicationV&S-PEC should be efficient, long-lived, and produce H

gas at a price competitive with steam reforming from naturaf gedevant to the price point,
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many researchers have employed earth-abundant, organic materials as the light-collecting
components of WS-PECSs, the subject of our recent review dri®lieh devices include both
organic thin-film and dye-sensitized photoelectrolysis cell architectu®3F-PECs and DS-
PECs, respectively) and have employed materials including aromatic heterocycle dyes such as
phthalocyanines, porphyrins, and sub-porphytitis; perylenes;®13%8 all-organic Donog
Acceptor type dye$“®as well as organic polymers and fullerefh&sl922

Previousy, our group developed a water-oxidation photoanode based on an organic thin-
film composed ofa novel perylene diimide (PDI) dye with co-deposited Ca@ter oxidation
catalyst (WOCatalyst The dye, N,N’-bis(phosphonomethyl)-3,4,9,10-perylenediimide
(PMPDI, Fig. 4.1), incorporates phosphonate groups in an attempt to help couple the organic dye
to the inorganic Co@catalyst. We previously found that the device efficiency was limited by low
light absorption efficiency (only 12% of incident light was absorbed WKH WKLQ ILOP DW V
may) and significant charge carrier recombination (only 6% charge transport efficlénug).
hypothesized that both of these limitations might be improved through the use of a nanostructured
device architecture such5-PEC. There have been many examples of water-oxidizing BLS-

systems in the literature, which have been summarized in several review affifes.

HO oH o o]
)0
0=—FR
P=——0
/\
o 0 HO o

Figure 4.1 Structure of N,N"-bis(phosphonomethyl)-3,4,9,10-perylenediimide (PMPDI

Perylene dyes have been studied as light-harvesting materials in many systeths aime
towards light-driven water splitting, including homogeneous (dissolved or suspended)

photocatalytic systen’$58 OTF-PEC system®13143%1 gnd DS-PEC system&164245 Of the
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handful of DS-PEC system3264245 syccessful water oxidation had remained elusive until two
recently published systenhs!® Specifically, a 2015 study by Roncaeti al!® reported a water-
oxidizingDS-PEC composed of a nanostructut®® Zilm sensitized with a cationic PDI dye and
coloaded with IrO» nanoparticle WOCatalyst. In pH 3 buffer and ~1 sun illumination,
WO ZPDI/Ir0s SKRWRFXUUHQW U Hdppréxitnately a 4-®ld-éhBancement relative
to WO ZPDI without catalyst), though water oxidation was not confirmed by the direct detection
of O eproduct.

A second system by Kamiet al'® was composed of nanostructured Fe2nsitized with
a perylene monoimide (PMI) dye. ThéOlYPMI film was subsequently treated by atomic layer
deposition (ALD) to partially encapsulate the dye with an electronically insulating Al
overlayer. WOCatalyst (either a dimeric Irlr catalystaanonomeric Ir catalyst with a phenyl
spacer and silatrane anchor group) was subsequently loaded atopQh#aseri® Kamireet al.
found that the AIO Zoverlayer served to enhance the stability of the PMI dye on the surface, and
also served to decrease the rate of recombination between photo-injected electrons ire the TiO
conduction band and oxidized catalyst at the surface or oxidizable species in $6|8teedy-
state photocurrent for TI@PMI/Al O Ar anodes in aqueous electrolyte with 1-sun illumination
reached as high as ~1%/cmz2, though faradaic efficiencies forsProduction were low, ~209%.

Herein we report an exploratory study on the dye-sensitization of several nanoparticle
metal oxide (MQ) films with our precedentél PMPDI dye. While nano-Ti@is the most
common substrate for DS-PEC studié¥? %examples exist where perylene dyes do not have
sufficient LUMO energies (lowest unoccupied molecular orbital) to photo-inject an electron into
the TiO+conduction ban®*° Furthermore, transient absorption spectroscopy studies of perylene

dyes on various MOfilms have found different rates for electron injection and recombination
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GHSHQGLQJ RQ WKH ,B6iHduiihg WO«BhOs/at el WIZ Eherefore, we chose

to broaden our initial studies to include these thdezEmaterials. & report on the preparation

and characterization of Ti® SnOs and WOZ nanostructured films. We then study the
sensitization of these films with PMPDI dye and test photocurrent in the presence of sacrificial
reductant. Overall, we find that: (i) the Sm&ubstrate shows the most promising results with our
PMPDI dye; (ii) optimization of dying conditions and Sridm thickness allowed for >99% light-
harvesting efficiency at thenax of PMPDI; (iii) absorbed phototo-current efficiency (APCE)
measured for this DS-PEC architecture and sacrificial reductant are superior to our previous OTF-
PEC architecture; (iv) employing photoelectrochemical deposition ok @®@/OCatalyst results

in decreased photocurrent, contrary to results for our previous architecture, and for reasons which
will be described. This last finding illustrates the difficulty of coupling the catalyst to the dye while
also preventing recombination, and we list several possible pathways for future studies to improve

efficiency and achieve water oxidation.

4.2 Experimental Section

Materials. The following starting materials and solvents were used as received: Perylene-
3,4,9,10-tetracarboxylic dianhydride (PTCDA) (Aldrich, 97%); (aminomethyl)phosphonic acid
(Alfa Aesar, 99%); imidazole (Acros Organics, 99%); formamide (certified ACS grade, Fisher);
Co(NOZ «6H O (Fluka, >99%); hydroquinone (Aldrich, >99%). Buffer solutions were prepared
from water (Barnstead NANOpit XOWUDSXUH ZDW KH POs\REHeR Certifi€d
ACS grade, 99.3%, 0.0005% Fe); KOH (Fisher, Certified ACS grade, 88.5%, 11.5% water,

0.00028% Fe, 0.0008% Ni).
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6\ Q W K H YV L Widgphospionomethyl)-3,4,9,10-perylenediimide (PMPDIPMPDI
was prepared as detailed in our previous publicdfi@riefly, the starting materials PTCDA and
(aminomethyl)phosphonic acid were stirred together in molten imidazole at 130 °C for 20 min,
followed by precipitation of the product by the addition of 2 M HCl/ethanol. The product was
purified from PTCDA starting material by dissolving the product with aqueous KOH, filtering,
then slowly acidifying with HCI to re-precipitate the product and dissolve residual imidazolium,
collecting the product by filtration. This process was repeated twice to yield the di-potassium salt
of PMPDI. Finally, the fully-protonated form of PMPDI was obtained by dissolving the solid in
agueous NaOH solution and leaving the solution to slowly acidify for 24 h in a desiccator saturated
with HCI vapor. The final product was collected by filtration. Characterization data are provided
in our previous publicatioi

SUHSDUDWLRQ DQG &KDUDFWHUL]DWLRQ FExpériienall QW HUH
details for the preparation and characterization of nano~800s, and WOZilms are provided
in Sections S4.2 and S4.3 of the Supporting Information. Briefly, ta@d= SDVWHV ZHUH HL
purchased or prepared in-house, doctor bladed onto fluorene-doped tin oxide coated glass (FTO)
between Scotch tape spacé&r#4 layers, where stated, to vary the resulting film thickness), and
the resulting paste films were calcined to form the sintered, mesoporous films. Paste formulations
may be adjusted in future studies for the convenient preparation of a given thickness by 1-layer of
Scotch tape. Where stated, alumina overlayers were@BoSRVLWHG RQ 02E FLOPV E\
based methotf*’ prior to dye loading (see Sec. S4.7c in the Supporting Information for
experimental and characterization details).

'\LQJ RI 02E PRieldfndry dying experiments were done by placd@E ILOPV

(approximately 1.20.2 cm films on 1.22.5 cm FTO) in a covered petri dish filled with enough
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dye solution to cover the entire film surface with several millimeters of solution. Dye solutions
usually consisted of 3 mg of PMPDI (fully protonated form) in 10 mL of formamide (sonicated to
dissolve, saturated, <0.5 mM PMPDI)\LQJ ILOPV ZHUH VWRUHG LQ D GDUN C
dying, films were soaked in fresh formamide for 1 min (to remove any weakly adsorbaddlye
residual dye solution on the pores of the film), soaked in water for 1 min (to rinse away
formamide), and were then allowed to air-dry. Note, no effort was made to exclude water from the
ILOP VXUIDFH EHIRUH G\LQJ DV LV JHQHUDOO\ GRQ@H IRU '66&
°C immediately before submerging in dye solution) because the anodes are to be tested in water
solutions anywayUV #vis spectra of dyed films were collected usingHeavlett Packard 8452A
diode array spectrophotometerL OOXPLQDWHG IURP WKH VXEVWUDWH VLG
were measured and subtracted from the dyed films to give the absorbance by the dy&@gione.
4.2 below shows UWis spectraRl G\HG 02E ILOPV HDFK SUHSDUHG XVLQJ
spacer) as well as the time-dependent dying kinetics. Subsequently, dying conditions were
optimized for SnO by varying the dying solvent and solution temperature (Sec. S4.7 of the
Supporting Information).

SKRWRHOHFWURFKHPLFDO 7HVWLQU pRoloeladd@hetzdd )LOPV
experiments were performed in a custom-made two-compartment photoelectrochemical cell with
a working compartment made from 1 x 1.5°dPyrex rectangular tubing with a working volume
of ~5 mL and separated from the auxiliary compartment by a medium porosity glass frit.
Experiments were controlled by a CH Instruments CHI630D potentiostat, using a platinum wire
counter electrode (in the auxiliary compartment) and Ag/AgCl (3 M NaCl, +0.215 V vs NHE)
reference electrode (in the working compartmet LWKLQ VHYHUDO PLOOLPHWHUV

surface).
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JRU WHVWLQJ WKH )72 <e2bBeld®)3anodésRire clamped against the
front wall of the cell with the working electrode alligator clip (the glass back of the anode against
the glass cell wall) and the cell was filled with electrolyte solution (pH 7, 0.1 M KPi aqueous
buffer) to cover the active area of the film. The anode was illuminated through the substrate side
by a 65 W xenon arc lamp (PTO model A 1010) powered by an OLIS XL150 adjustable power

supply. The lamp was focused onto the cell through a bandpass filteZ {8lBm, Thorlabs KG3,

FGS900S) and UV filter (400 nm long-pass, Thorlabs FGL400S), and the power density was
adjusted to closely match the visible region of the standard AM 1.5 G spectrum (see thesSec. S4.
of the Supporting Information for additional details) according to a Thorlabs Thermal Power
Sensor, model S302A. For transient experiments, the light was chopped with black cardboard at
the stated time interval.

Oxygen quantification in solution was done by a Gener&toltector (G£) method®*°,
with details and results described in Sec. S4.8 of the Supporting Information. IPCE measurement
details and results are described in Sec. S4.9 of the Supporting Information. Open-circuit
photovoltage Vo) measurements were performed in a 3-electrode configuration. Following a
current transient experiment such as that shown in Fig. 4.5c¢, the cell was allowed to short-circuit
in the dark for 60 s to depopulate electrons from Ssd-bandgap states. TWe was measured
(vs the Ag/AQCI reference) forl0 s in the dark until stabilized, followed by exposed to white
light illumination (same as above, approximating 1-sun irradiance in the visible wavelength range).
The measurement was continued until a steady-gtat®@as reached (typically within 90 s). We
note that the steady-state: of our anodes in the dark were significantly negative of ferghe
O YH O couple (+0.61 V vs Ag/AgCl, 3 M NaCl), consistent with a previous observation by the

Mallouk group®® This suggests that the Sm®@lectrode is not at equilibrium with the /8l O
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couple, and instead its resting potential is likely determined by dark redox processes such as O
reduction or SnQtrap states?
Photoelectrochemical Deposition of Co© SnOYPMPDI anodes were submerged in pH
7, 0.1 M potassium phosphate buffer (KPi) containing 0.5 mM CofN®@nodes were biased at
+0.2 V vs Ag/AgCl and illuminated with visible light for 3 min. After the deposition, anodes were

VRDNHG LQ ZDWHU IRU " P Uan?/dpiduslp f¥ed vitiQiated HH & R

4.3 Results And Discussion

Preparation and CKDUDFW H U L] D \ManBp@rti&d Foras Nanostructure0 2 E
films have been widely used the DSSC and DS-PEC literature, and so a variety of nanoparticle
paste formulations and film preparation procedures exist. A detailed discussion on our selection of
O2E ILOP SUHSDUDWLRQ SURFHGUd the FSDporing InfBrich, LQ 6 HI
followed by experimental details and characterization data in Sections S4.2 and S4.3, respectively.
Briefly, a commercial TiGnanoparticle paste was purchased, W@noparticles and paste were
prepared by a literature metd@with poor reproducibility), and a commercial Sm@noparticle
powder was purchased and formulated into a paste. Nanoparticle pastes were subsequently doctor
bladed onto fluorine-doped tin oxide (FTO)-coated glass between Scotch tape spacer(s), and
subsequently calcined to form mesoporous, sintered films. Characterization data for the as-
SUHSDUHG & &inm@iged in Table 4.1.

Table 4.1Characterization data for sinter®tDy nanoparticle films.

Characteristic, unit (method) TiO SnO WO
Particle diameternm (reported) 15t20 18 (BET) 501100 (SEM)
Particle diameter, nm (SEM) 18+3 165 52+13
Particle diameter, nm (PXRD) 15 17 33

Film crystal system (PXRD) tetragonal tetragonal monoclinic
Film thickness,.m (profilometry) 55+0.3 25+0.2 0.75 + 0.05
Ece V vs Ag/AgCl (photoelectrochemistryy .51+ 0.01 .16+ 0.01 0.035 + 0.001

aParticle size as reported by manufacturer or literature preparation method.
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The TiOe«and SnO paste formulations produced optically transparent films, whereas the
WO Zpaste formulatiott was found to be irreproducible until an experimental typographical error
was confirmed (see Sec. S4.2c of the Supporting Information). Even with the error corrected, the
resulting WOZilms were usually optically opaque due to light scattering from micrometer-scale
cracks in the film (see Fig. S4.1 of the Supporting Information). Powder X-ray diffraction (XRD)
ZDV XVHG WR FR Q Hiclé®PwveKchystallhe Efte® Balcination. Scherrer anafysis
the most intense diffraction peaks allowed for estimation of the average crystallite size, which was
compared to average particle sizes as determined from SEM images of the films.

The good agreement between SEM and XRD patrticle sizes for botk afi® SnO
suggestsmonocrystalline particles. Fa¥O Zthe average particle diameters were 52 and 33 nm
by SEM and XRD, respectively, which could indicate some polycrystallinity of theivd@icles.

The measured particle sizes found for the sintér@Hilms were consistent with the respective
starting material particle sizes reported by the manufacturer @@ SnO ;or the literaturgt

(WO %, indicating that particles did not grow significantly during calcination. It would be ideal to
obtain WOZilms with smaller average sizes that are comparable to @@ SnOG (~20 nm), so

that particle size would not be a variable when comparing DS-PEC performance. However, the
surface chemistry of Wdquickly eliminated the material from our consideration (see below).
Therefore, alternative synthetic procedures for W@noparticles® as well as alternative, more
reproducible, and more stable paste formulations are of interest for future research, but were not
pursued as part of the present study.

Film thicknesses were measured by optical profilometry, and are reported in Table 4.1 for
each film prepared with one layer of Scotch tape as spacer. Film thicknesses variedsilynific

between the thre& L | | H U HQ38¢n® 2rost likely due to the differenaepaste formulations,
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such as different molecular weights and wt% of the different metal oxides, and different identities
and wt% of paste-thickening and stabilizer material. For initial studies herein, film thicknesses
were varied when necessary by using multiple layers of Scotch tape sfageFRWFK”™ -ILOP 3
6 FRWFKétchLOP

Also included in Table 4.1, the electrochemical energy of the conduction band=edge (
IRU HDFK 02E ILOP ZDV HVWLPDWHG E\ DQ HOHYME#IBRBKHPLFD!
of the Supporting Information). For comparison, the HOMO and LUMO of PMPDI were estimated
by cyclic voltammetry and visible absorption and fluorescence spectroscopy (Sec. S4.4 of the
Supporting Information). This allows for the preparation of an approximate energy diagram for
the DS-PEC systems under study (Fig. 4.2), which reveals that the thermodynamic driving force
for electron injection from the LUMO of photo-excited dye, PMPDI*, into the CB of the specific
02E LQFUHDVHV L& SMXHWRU GHdh tidt hjection is expected to occur in the
Marcus normal regioi where the rate increases with increasing driving force, we therefore expect

increasing rates (and overall yield) of injection in the ordersT#C5n0Oe < WO Z #&his predicted
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Figure 42 (VWLPDWHG HQHUJ\ GLDJUDP IRU WKH 02E 303', &R2[°
Ag/AgCI for the components in solution at pH 7KH HQHUJLHV oRducoK bhnd2 E F
edges [Ecg) were estimated herein (Sec. S4.8iy. S4.7). Energy levels of PMPDI are
discussed and estimated i®ecSS4.4a and Fig. S4.8 of the Supporting Information. The
catalytic onset of water oxidation by Co@n an ITO electrode is 1.03 V vs. Ag/AgCl in pH
7 buffer?® and the thermodynamic potential for water oxidation at pH 7 is 0.62 V vs Ag/AgCl.
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trend was previously observed by for a perylene derivative by Roet@it® using transient

absorption spectroscopyW KRXJK WKH\ GLG QRW PHDVXUH WKH 02E FRQ!
0 2 ESensitization with PMPDI. 3UHOLPLQDU\ VWXGLHV IRU WKH G\LC

PMPDI were done using formamide dye solutions because the visible absorbance spectrum of

PMPDI in that solvent showed vibronic structure indicative of molecularly dissolved dye instead

of dissolved aggregat¥$® (see Fig. S4.8b for example). To track dye@aQJ RYHU WLPH 0

films were removed from dye solution at varying time intervals and rinsed, ®it)&bsorbance

spectrum was collected, and the film was returned to solution to continue dying. Absorbance

VSHFWUD IURP GLIIHUHQW 02E ILOPV QRUPDOIL48hGancRU ILOP

normalized absorbance is plottesitime in Fig. 4.3b.Dye adsorption onto TiGwas kinetically

fastest, and also reached the highest dye saturation level (inset photo, Fig. 4.3a) aferWilday

saturated dye loading, the absorptance:Ttansmittance) of PMPDI on 1-Scotch Ti@ached

>99% at the max 0f 490 nm. For comparison, the kinetics of dye adsorption one%m@@ much

slower, taking ~3 weeks to reach a significantly lower satursgigal, whichis clearly not
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Figure 4.3 Dye adsorption kinetics oY DU L R XV O0GhEFTIQ @)RIV wis spectra of dying
TiO « (blue) and Sn@(orange) films over time (light to dark), normalized by average film
thickness according to Table 4.1. Films were dyed from 0.5 mM PMPDI in formamide. Spectra
correspond to absofy LRQ E\ 303', RQO\ DV VSHFW Wbé&nRubfEbtedtH 02E |
out. TheinsetSURYLGHV S KR W fitnddaRed B Wedkd of @ying. Note that Wibad
no appreciable dye absorbance. (b) Dye absorbance at 460 nm, normalized by fdnerage
thickness on TIO(” DQG 6@ 2 RY H UTHh¥ wWawvelength was chosen because it is
relatively insensitive to dye aggregatitf® Dashed lines are provided to guide the eye.
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convenient for preparation and study. At saturation, the absorptance of PMPDI on 1-Scotch SnO
reached only 76% at th@ax of 490 nm.

Similar behavior of significantly lower dye loading on nano-Snan TiOe was
previously reported by Kay and Grat?®lusing the common Ru-based dye, N719. They
rationalized this behavior based on the different isoelectric poini8V RI WKH 02E WKDW
pH at which the net surface charge of the oxide is zero). The IEP ofdn@tase) is generallyi6
7, whereas that of Sn@cassiterite) is 46.51%3 Hence, the Sn@surface is more acidic than T
and therefore the interaction between the $s@face and acidic dye anchor groups such as
carboxylates or phosphonates is expected to be weaker than fore TAD
alternative/complementary hypothesis for the lower dye loading one&n@ lower internal
surface aré4 relative to TiOs, as suggested by the higher degree of particle aggregation observed
by SEM for SnOfilms relative to TiO«films (Fig. S4.4). Consistently, Wihas the lowest |IEP
of <1 (most acidic surface), and also likely a lower film internal surface area due to the larger
particle size (Fig. S4.4). Therefore, it is not surprising tiwatietectable PMPD{with its acidic
archor groups) was adsorbed onto \¥@Qvhereas thecationic perylene derivative reported
previously by Ronconet al!® was successfully adsorbed on V¥Qlbeit, interestingly, with
slower kinetics than on Ti@and SnO).

SKRWRFXUUHQW R 0.7Ee dbBelettradHemical performance of the dyed
TiO «and SnOfilms were studied in pH 7 buffer, using a Xe arc lamp calibrated to closely match
the irradiance spectrum of the Air Mass (AM) 1.5 stanfancthe visible region (see Sec. S4.5 in
the Supporting Information for details). For such conditions, low photocusrexppected because
no water oxidation catalyst has been added. The water-oxidation reaction requires two water

molecules and the removal of four electrons to generate omao®@cule(H O A£O-«+ 4H" +
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4e"). By contrast, light absorption by a dye molecule followed by rapid injection of the excited
HOHFWURQ LQWR WKH 02E FRQG XFW)dRthe 8@pHteRnMacelidrQ H U D W
dye molecule per photon. With no catalyst to accumulate the multiple holes required for an overall
water oxidation reaction, it is likely that the majority of photo-generated holes on the dye
molecules are lost to recombination before they can participate in the multiple-electron reaction.
In order to gauge the relative performance of photoelectrodes before catalyst is deposited,
it is common to add a sacrificial reductant to solution, one whose oxidation is thermodynamically
and kinetically more facile than that of water. Examples of sacrificial reductants used in related
studies include ferrocyanid® triethanolaminé/ sulfite?? isopropanof® and hydroquinon&*18
For our studies, we chose to use hydroquinon&jHoecause its oxidation to benzoquinone
involves 2é and 2H, arguably making it a closer model for the water oxidation reatieh
4H"). The standard reduction potential of@§°is +0.7 V vs NHE at pH 0 (+0.076 V vs Ag/AgCl,
pH 7).
Initial controls with SnO/PMPDI showed that photocurrerst saturated well before a
concentration of 20 mM M, andby an applied potential of +0.2 V vs Ag/AgCI (see Fig. S#.10
W LV SUXGHQW WR QRWH WKDW 3 RXsaddfidiql véd @R mete®)” FDQ |
the initial (presumably outer-sphere) photo-oxidation generates a more-easily oxidized
intermediate tht may be capable of a subsequently (outer sphere) electron transfer to the
semiconductor conduction band before diffusing away from the surface, generating apeat 2e
photon. This effect is dependent on semiconductor band energies &Ad\pie we have not
been able to confirm if current doubling occurs fronQHnN our system, it was previously found

not to occur at TiG photoanode& We note that current doubling would not be analogous to the
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inner-sphere, catalyzed water-oxidation reaction, which requires at least 4 photorisptaliyic
turnover’?

Figure 4.4 shows the photocurrent densljyof dyed TiOsand SnOfilms (films prepared
with 1-Scotch spacer and dyed 3 weeks from formamide solution as shown in Fig. 4.3) in pH 7
potassium phosphate (KPi) buffer, using 30 s transients white light illumination. Anodic current
(with a negative sign by the American convention) has been plotted upwards to accentuate
photocurrent. Figure S4.11 of the Supporting Information includes control experiments showing
photocurrent density on bare (undyed) Fi@hd SnO films with and without HQ, as well as
photocurrent for dyed films without dark currents subtracted. Figure S4.12 also shows current
density transients as a function of scanned potedti#¥ {fansients) for dyed and undyed T4O

and SnOfilms, both with and without HQ.
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Figure 4.4 Anodic photocurrent density-timel £) traces with 30 s light transients for
TiO yPMPDI (blue) and Sn@PMPDI (orange) with 20 mM KQ in pH 7, 0.1 M KPi buffer
and held at +0.2 V vs Ag/AgCI. lllumination was provided with a Xe arc lamp calibrated to
approximag¢ the AM1.5 visible spectrum. Dark currents were subtracted, which were ~25
$ FPO IRU3DI32, DQG a $ F P@MPOU(se€Rlg. S41 of the Supporting
Information).

In the presence of K, TiO YPMPDI and Sn@PMPDI anodes showed photocurrent
GHQVLWLHV Rl a DQG a wHchiwee relati/glpsthblevunnl e 5 min test.

Importantly, despite the much higher dye loading on <Tg@mpared to Sn® (Fig. 4.3),

141



photocurrent was nearly 5-fold highéwr SnOYPMPDI. This is consistent with a significantly
lower quantum yield for charge injection from excited PMPDI into the conduction band ef TiO
than SnO, as predicted from the low driving force for this process (Fig. 4.2). With no ad€gd H
TiO /PMPDI and Sn@PMPDI anodes still exhibited photocurrent densities of <1 and <10

$ FPd UHVSHFWLYHO\ DQG Hethyedtb@ahout 4QRAthE Bhe/fikstB QIR G H V
of transients (see Fig. S4.11c). Controls with bare (undyed) @&i@ SnO under the same
FRQGLWLRQV \LHOGHG SKRWRFXUUHQW RI 4lla).@ér the $ FPO
inability of PMPDI to adsorb to Wdand the preliminary photocurrent results for dyed Ja@d
SnO¢ we chose the Sn@ilms for subsequent optimization studies.

Optimization of SnO YPMPDI Anodes.

Dying Solvent and SneFilm Thicknessln an attempt to improve PMPDI dye adsorption

kinetics and saturation on Sn@ims, alternative solvents and higher temperatures were tested
(see Sec, 4.7a of the Supporting Information for details). It was found that dying kinetics were
faster from water and ethylene glycol dye solutions than from formamide, and that increasing the
dying temperature to 90 °C allowed for dye saturation within 24 h, a clear improvement over the
3 weeks required in Fig. 4.3 (notably, freshly-dissolved PMPD (acid form) in water was pH ~4,
which may result in a positively-charged Sn®urface to attract the negatively charged
phosphonate groups of PMPDI). Photoelectrochemical measurements indicate that the steady-state
photocurrenis strongly correlated to the integrated absorptance of PMPDI on@mdis, higher
dye loading results in a corresponding higher photocurrent, see Fig. S4.14).

Interestingly, when dye loading was kept loly (shorter dying times), the visible
absorbance spectra of PMPDI adsorbed on €il@s from ethylene glycol solutions exhibited

vibronic structure suggesting monomeric, non-aggregated °d92 while spectra of PMPDI
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adsorbed from water exhibited vibronic structure suggesting that the dye was at least an aggregated
dimer on the surfaéé®® (see Fig. S4.14). Dye aggregation in DSSCs and DS-PECs often results

in lower photovoltaic performance due to non-radiative relaxation pathways that compete with
electron injection into the conduction banRI WKH 02E Y¥XEY Goddsianty,
SnOYPMPDI films dyed from ethylene glycol exhibited higher photocurrent than those dyed from
water with comparable, low dye loading (Fig. S4.14d). However, the effect was less pronounced
at higher dye loadings (where surface aggregation was comparable for both solvents). Given that
ethylene glycol can likely co-adsorb to the Sr&dirface, we chose to complete all subsequent
studies with water dying solvent to eliminate that variable.

Subsequently, we studied the effect of increasing the«3ih® thickness in order to
maximize the light absorptand®y PMPDI (see Sec. S4.7b for details). Film thicknesses were
varied by depositing multiple layers of nhano-Srgaste onto FTO before calcination. Upon dying
the films, it was found that light absorptance and photocurrent were saturated fot BGOP V o

P W Kane Mhat light absorptance and photocurrent were strongly correlated (Fig. S4.16). SnO
ILOPV ZLWK D WKLFNQHVV RI a P FRXOG EH UHSURGXFLEO\
of nano-SnO paste between two thicknes®f Scotch tape. Therefore, optimized SfRMPDI
ILOPV ZHUH S U HGDRW BKeffilvga@2ed from PMPDI in water at 90 °C for 24 h.

Alumina Overlayer AttemptSeveral studies have shown that recombination is often faster

for dye-sensitized nano-Sn@han TiO«">"® due to faster electron diffusion in Sm@nd to the
more positive conduction band resulting in a lower driving force for recombination (occurring in
the Marcus inverted regioRj.Kay and Gratzel previously demonstréfdtiat the deposition of a
thin shell (overlayer) of insulating metal oxide such as alurfih&) Z@nto the surface of nano-

SnOe films could significantly enhance dye loading on those films because of the more basic
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surface (higher IEP¥. When assembled in DSSCs, the resulting films also achieved up4to a
fold enhancement in efficiency, consistent with the introduction of an electron tunneling barrier
by the insulating oxide resulting in significantly reduced the rates of recombiftiomas
subsequently confirmed that even a single layer o©Alon SnO» by atomic layer deposition
(ALD) could increase the lifetime of injected electrons by 2 orders of magnitude, attributable
primarily to the passivation of SnGsurface states which can act as recombination cefters.
However, it has also been shown tARtO Zverlayers can significantly decrease the rate of photo-
injection from excited dye, especially as the overlayer thickness increases, agdm ttee
introduction of a thicker electron-tunneling barrier.

Hence, it was of interest to study the effect ok@Foverlayers on our own system. We
chose to prepare overlayers by a convenient solution-based method originally developed by
Ichinoseet al,*® involving the reaction of the Sn@urface with dissolved aluminum alkoxide in
solution, followed by hydrolysis and calcination to produce Ah& Zoverlayer. Because the
chemical reaction requires the availability of surface hydroxyl groups, this method is expected to
deposit a monolayer or less of @8l Zafter one cycle of reactidfi.The experimental details and
results of our AKO Zoverlayer experiments are provided in Sec. S4.7c¢ of the Supporting
Information. Briefly, one cycle of reaction of nano-Snénd WOZfilms with aluminum(lll)
isopropoxide successfully altered the surfaces without changing their optical properties.
Successful surface alteration was evident by the significantly faster dying kineticsghed hi
saturation of PMPDI loading on both Sménd WOZFig. S4.17).

Contrary to previous studi€$/” we did not observe any performance enhancement after
one layer of AKO Z Instead, the photocurrentU R P 0 2®& ZBKPDI films was significantly

ORZHU WKDQ 02E 303', IL O PsvggeitingkiaXte &fer 6 lir@rBasing the
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tunneling barrier and hindering injection yield counteracts the benefit of enhanced dye loading.
We propose that our PMPDI dye may be more affected by the aluamnaling barrier than
previous systeni8’’ because of an already low injection efficiency, which can be expected due to
dye aggregatiofi*>’2"4 or due to poor electronic coupling between the perylene core aned SnO
as a result of the non-conjugated phosphonomethyl anchor §r6Ufherefore, future studies of
interest include strategies to reduce the aggregation of PMPDI on thes8ri@re, or structural
derivatization of the dye to include conjugated and short linker groups between the perylene core
and the anchor group.

Characterization data for a representative optimized HNIPDI anode are provided in
Fig. 4.5. Figure 4.5a shows the absorbance spectrum of PMPDI loaded on a 2-ScotGmSnO
from 90 °C water for 24h (the spectrum from a bare Siilfd on ITO has been subtracted). The
inset displays the spectrum converted to absorptance. Notably, PMPDI reaches an absorptance of

DW WAOHI90 nm, and absorbs strongly over a broad portion of the visible spectrum. The

integratedabsorptance of PMPDI in the visible wavelength range #4000 nm, Fig. 4.5a inset) is
61%. Figure 4.5b shows the photocurrent transients for thisfBMP DI anode held at +0.2 V vs
Ag/AgCl in pH 7 buffer with 20 mM HQ sacrificial reductant. Again, anodi@ (currents are
SORWWHG XSZDUGV IRU FODULW\ DQG GDUN FXUUHQWYV RI
Steady VWDWH SKRWRFXUUHQW UHDFKH Gfold enhancémér® dveruhe¢ SUH V H
unoptimized Sn@PMPDI film shown in Fig. 4.4. Photocurrent gradually decayed during each
light transient, which is likely related to mass transport & Hthe solution was not stirred), as
photocurrent recovered after each dark transient. This demonstrates relatively good stability for
the SnO/PMPDI anode, at least over the course of the 5 min experiment in the presen€g of H

sacrificial reductant.
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Figure 4.5Characterization of optimized SrO303', DQRGHYV Pe dyad R4EnNroénQ 2
0.5 mM PMPDI in 90 °C water). (a) U¥is absorbance spectrum of PMPDI on SnO
(absorbance of bare SrQilm subtracted). The inset shows the spectrum converted to
absorptancé€l iT). (b) J % transients in the presence of 20 mMMHsacrificial reductant, with
background dark currents. (d) transients in tb absence of mM HQ, no background
subtractionJ # transients were performed at +0.2 V vs Ag/AgCl in pH 7, 0.1 M KPi buffer
with 15 s transient illumination by a Xe arc lamp approximating the AM1.5 visible spectrum.

In the absence of sacrificial reductant, SfMPDI anodes in pH 7 buffer still exhibit
photocurrent (Fig. 4.5c), even before any WOCatalyst has been added. Upon illumination, sharp
anodic current spikes appear, then quickly decay over the course of seconds towards a steady-state

value. Pronounced photocurrent spikes are absent at higher applied potentials (see Fig. S4.12,
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Fig.4.7 below). Our current best hypothesis for the cause of the current spikes auBace
states that act as recombination centers (see Sec. S4.6a of the Supporting Information), which have
previously been proposed for SWOand TiO«8%3 Figure 4.5c¢ also shows that in the absence of
H Q, steady-state photocurrent from SYMPDI anodes decays by ~50% over the course of the
5mnJt H{SHULPHQW IDOOLQJ IURP a WR $ FPO 6XFK SKRW
result from oxidative instability of PMPDI in the absence of sacrificial reductant. However, an
alternative hypothesis from the literature is proton intercaldfidine Mallouk group recently
showed evidence that proton intercalation into nano<TS-PECs occurs within the first few
minutes of testing, resulting in long-lived electron traps near the Jiace that subsequently
enhance recombination by back-electron transfer to surface-bound oxidized dye météeules.
We propose that the same process could be happening in outb8s€ anodes, thereby
responsible for the observed potential-dependent current spikes and gradual photocurrent decay.

We note that the chemical reaction giving rise to photocurrent fromyBMPDI anodes
in the absence of K) or WOCatalyst (Fig. 8¢) is unknown, though similar transient photocurrent
shapes and magnitude®V HQ V R | have®b&ed reported for many other DS-PEC systems that
employ organic sensitizers, also before addition of WOCatalyst!617:19868Gjven that recent
reports of photocatalytic systems (suspended colloids with sacrificial reductant) composed of
nanostructured perylene derivatives can generate oxygen even before decoration with a
WOCatalyst®>3¢38water oxidation by PMPDI is one hypothesis for the photocurrent observed in
Fig. 4.5c. Alternative hypotheses include degradative oxidation of PMPDI, or the oxidation of
trace buffer impurities.

Preliminary O xygen Detection Experiments.n order to probe the origin of photocurrent

observed for Sn@PMPDI anodes in pH 7 buffer in the absence of sacrificial reductant and before
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the deposition of WOCatalyst (Fig. 4.5¢), we chose to follow the dissolved oxygen concentration
in solution during photolysis experiments. Given the low magnitude and gradual decay of
photocurrent, we were unable to detect any change in dissolved oxygen concentration within the
15% experimental error when using our previous method of a Clark elettr&ddsequently, we
chose to try a GenerattfLollector (G£2) method for oxygen quantification, which was originally
used by the Mallouk grodp and subsequently adapted by the Meyer grbufhis method
involves the use of a planar Collector electrodé® @t FTO*) spaced a short distance from the
oxygen-generating photoanode, and poised at a potential sufficiently negative to redbhae O
diffuses through solution from the Generator to the Collector. Oxygen-collection efficiencies as
high as 96% have been reported for thiscGnethod? illustrating the high sensitivity of this
electrochemical technique. We note that the lack of an oxygen-selective membrane between the
Generator and Collector allows for the possible detection of species other than oxygen, though
potential-varying controls can improve confidence thatsQhe product being detectéd.

Experimental details and data for oxygen detection by te @ethod are provided in
Sec. S4.8 of the Supporting Information. Our experiments for &MIPDI anodes yielded
average faradaic efficiency for Qor possibly other reducible products)lot 2%. This means
that, within experimental error, practically none of the photocurrent observed atP8EDI
anodes can be attributable tos @volution. The next most likely hypothesis for the origin of
photocurrent is PMPDI degradation, given the gradual decay of photocurrent (Fig. 4.5c).
Therefore UV wvis and film dimension data were used to estimate the amount of dye contained in
SnOYPMPDI films (Sec. S4.8a of the Supporting Information). In summary, 1.4-times more
charge was passed during 10 min of photolysis than the approximate number of PMPDI molecules

on the SnO film, and photocurrent remained stable beyond this time. Meanwhile, th&i&JV
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absorbance spectra of the film before and after photolysis indicates only 12% loss of PM&DI.
indicates that the majority of photocurrent cannot be attributed to decomposition of PMPDI, nor
to O+ production by water oxidation. Therefore, the last remaining hypotheses for the origin of
photocurrent is the oxidation of water to®e or the oxidation of solution impurity species (for
example,Cl' leached from the reference electrode or the parts per million trace metals in the
buffer).

IPCE of SnOYPMPDI. In order to further probe the origin of photocurrent from
SnOYPMPDI anodes without catalyst, we collected photocurrent action spectra (photocurrent vs
monochromatic illumination wavelength) and calculated the incident-photourent efficiency
(IPCE, see Sec. S4.9 of the Supporting Information). The IPCE spectrum for optimized
SnOYPMPDI anodes in the presence of 20 mMQHs shown in Fig. 4.6. Notably, the IPCE
spectrum with HQ is a good match for the absorptance spectrum of PMPDI. Deviation at 400 nm

may indicate photocurrent contribution by direct light absorption by SnO

IPCE (%)
{1-T) @aueidiosqy

400 500 600 700 800
Wavelength (nm)

Figure 4.6 IPCE spectrum of optimized Sm®MDDI anodes in pH 7, 0.1 M KPi buffer with 20
mMHe4 EOXH WUDFH FRPSDUHG WR WKH DEVRUSWDOQFH
from bare SnGwas subtracted).

To aid in interpretation of the IPCE spectra, we note that the factors which contribute to
the IPCE of DS-PECs aré:

‘a; L ra; HylppH Bmj 4.1)
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where LHE is the wavelength-dependent light-harvesting efficiency (absorptance speckum),

LV WKH LQMHFWLRQ HIILFLHQF\ WKH IUDFWLRQ RI H[FLWHG C
relaxation), and col is the charge collection efficiency (the fraction of injected electrons that are
collected through the circuit, counteracted by recombination reactions such as back-electron
transfer to oxidized dye at the surface or reduction of species in sof#tDiv)ding out the LHE

(the measured absorptance spectrum), we can estimatbsihioedphotonto-current efficiency

(APCE), which is therefore a combination @f and cor:

MTG|
L ==L BiH R (4.2)

This calculation for our Sn@PMPDI anodes in the presence of(Hyields an average APCE of
13 £ 2%. For comparison, the same testing conditions for our previous, organic-thin-film PEC
system* (ITO/PMPDI/CoQ) achieved APCE of only 6 + 2% in the presence & HTherefore,
we can conclude that ti¥S-PEC architecture in the present study has not only improved the light-
harvesting efficiency relative to the previous OTF architecture, but also the APCE, even before
depositing catalyst.

We note that the IPCE spectra for SfRMPDI anodes in the absence ofHare less of
a match for the absorptance spectrum (Fig. S4.23) and are not well understood, especially because
the precise oxidation reaction responsible for photocurrent is unknown. We note that by eq. 4.2,
the APCE is limited by inj and co. While we have not yet measureg for our SnOYPMPDI
system (by transient absorption spectroscopy, for example) we predict that it is likely the major
limiting factor to the APCE, given the dye aggregafidn’?* and poor electronic coupling
through the phosphonomethyl anchor grétifi.As described above, future studies may improve

inj Dy using strategies to reduce dye aggregation, or by structural derivatization of PMPDI.
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Photoelectrochemical CoQ Deposition. As the ultimate goal of our DS-PEC is light-

driven water oxidation, we next studied the effect of loading our optimized/BRBDI anodes
with CoO, WOCatalyst, following the same photoelectrochemical method used in our prior
system* We hoped that the two phosphonate groups of PMPDI (Fig. 4.1) would allow the dye to
anchor to Sn@®by one group, leaving the second extending towards solution to provide a binding
group to heterogeneous Cp€usters (Schem&1A). This picture is also promising given recent
OLWHUDWXUH H[DPSOHV ZKHUH DQFKRULQJ PROHFXODU :2&D
groups can decrease the rate of recombination between the catalyst and conduction band
electronst®® Note that, based on compiled pKalues for a variety of phosphonatésan
educated guess for the p¥alues of PMPDI are 1.8, 2.3, 7.7, and 8.2. If the values are unchanged
upon adsorption to Sn® we would predict that in pH 7 buffer, the majority of the free
phosphonate groups of PMPDI will be in tHeBO;H ' form with a smaller fraction in thePQ;
form, and therefore capable of coulombically attracting Co(ll) in solution.
Scheme 4.1(A) Proposed ideal binding modes of PMPDI and @ Catalyst. (B) More likely

binding modes of PMPDI and deposited GMOCatalyst as prepared herein. Green arrows

indicate the desirable charge transfer reactions for water oxidation, red arrows indicate

undesirable charge recombination reactions, and blue arrows indicate electron diffusion within
SnOe
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To deposit catalyst, SndPMPDI anodes were submerged in pH 7 KPi buffer containing
0.5 mM Co(NOJ ¢ poised at +0.2 V vs Ag/AgCl (a potential too negative to oxidize Co(ll), but

sufficiently positive of the Sn®Ecg to collect photo-injected electrons) and illuminated with
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visible light for «3 min. Theoretically, after injecting a photo-excited electron, oxidized PMPDI

will accept an electron from Co(ll) in solution. The oxidized Co(lll) can then precipitabeion
electrode, and subsequent oxidation reactions can grow the heterogenequd/GGétalyst.

After the photo-deposition, anodes were copiously rinsed with water and subsequently tested by

J &/ photocurrent transients in pH 7 KPi. Results are shown in Fig. 4.7.
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Figure 4.7 Linear sweep voltammograms (a) with transient illumination for an $HPDI
anode before (solid line) and after (dashed line) photoelectrochemical depositionypaQbO
(b) in the dark using a bare (undyed) nano-Safiode before (solid line) and after (dashed
line) soaking in a pH 7 KPi solution containing 0.5 mM Co(X©Voltammograms were
recorded in pH 7, 0.1 M KPi buffer using a 10 mV/s scan rate and 5 s white light transients

where indicated.

The onset of a catalytic anodic current at approx. +0.9 V vs Ag/AgCl is evidence that Co
was successfully deposited on the film (Fg7a, dashed line). Unfortunately, steady-state
photocurrent between +0.2 and +0.9 V vs Ag/AgCl is not enhanced after catalyst deposition, but
actuallydecreasedy a factor of 28. Furthermore, the presence of Gafdes not significantly

enhance the faradaic efficiency for oxygen production as measured byZh@aé&hod (3 + %).
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This was surprising, given that photoelectrochemical deposition of Bagreviously been used

by the Beranek group to enhance photocurrent from their water-oxidizing DS-PEC based on nano-
TiO «decorated with poly(heptazine) light-harvesting polyMésiven that the IEP for Sn@s

the range of 455193 we expect the surface to be negatively charged in pH 7 buffer, and therefore
it will coulombically attract cationic Co(ll) ions in solution. As a control, a naked nanoBinO

was soaked for 1 min in pH 7 KPi buffer, and linear sweep voltammetry was performed in the
GDUN UHYHDOLQJ PLQLPDO FXUUHQW LQ WXKT, EobdQrace).R1 i
Subsequently, the film was soaked for 1 min in the dark in buffer with 0.5 mM Cz¢N\iBen

soaked for 1 min in nanopure water and thoroughly rinsed to remove any Co(ll) that was not
strongly adsorbed. Subsequent voltammetry of this film (Fig. 4.7b, dashed trace) shows significant
catalytic anodic current at potentials positive of +0.9 V vs Ag/AgCl, confirming that Co is retained
on the SnO surface without the need for photoelectrochemical oxidation.

Therefore, it follows that when we try to photoelectrochemically deposity,Cth@
majority actually ends up directly on the Sr€dirface, where it can easily scavenge photo-injected
electrons from Sn®@(Scheme 4.1B). Indeed, the Mallouk group previously studied a DS-PEC
using a nanoparticle IrewWOCatalyst loaded directly on the T#Qurface, which was shown to
dominate recombination under those conditidh$he successful use of photoelectrochemical
CoQx deposition by the Beranek grddgo enhance photocurrent may haverbdue to more
complete surface coverage of their nano-Tifdm with poly(heptazine), preventing direct
recombination between the TK@onduction band electrons and Go@ alternatively due to the
higher IEP of TiO,, possibly rendering the Ti€surface less negative at pH 7 during deposition.

Open-Circuit Photovoltage MeasurementsTo provide additional evidence that Co on

the SnOvsurface acts as a recombination center, we chose to study theimogphotovoltage
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(Voc) of our DS-PEC anodes. Théc of a DS-PEC is the difference between the quasi-Fermi

energy of electrons in the nar®2 E V X E,\ENV, @ridl \thédelectrochemical potentidf, of the

redox couple in solutio®>®(the OYH O couple for DS-PEC anodes), as shown in Fig. 4.8a. Under
illumination, theEr, is kinetically determined by the relative rates of electron injection from
photo-H[FLWHG G\H DQG DOO UHFRPELQDWLRQ UHDBWHeRQV ZKL

modified diode equatioff:

§C..)[3p3_®i qup (4.3)

V_reswnil ekj

wherekg is the Boltzmann constant (eV/K], is the temperature (K), arglis the elementary
charge. Based on this relation, at 25 °C, every order of magnitude changeaiiotioé injection
relative to recombination causes a change of 59 miX4dn

The results of ouvoc measurements are illustrated in Fig. 4.8b. The av&fageeasured
for SnOYPMPDI anodes was 0.00 £ 0.02 V vs Ag/AgCI. After photoelectrochemical deposition
of Co, SnO/PMPDI/CoQ anodes exhibited an average photovoltage of +0.05 + 0.02 V vs
Ag/AgCl. We do not expect the deposition of Gotd significantly alter the rate of electron
injection from excited PMPDI. Therefore, we can attribute the +50 mV shift in avesagéer
Co deposition to a 7-fold enhancement in the rate of recombination. We also testge dhe
SNnOYAIOZ303', DQRGHV \LHOGLQJ DI3DMHE BgbBl. RY described
above, the AIO Ztunneling barrier is expected to decrease the rates of all electron rtransfe
processes at the interface, including both injection and recombind@tkml UHIRUH WKH i P9 |
in Voc of SNOYAI O ZPMPDI anodes relative to SM®PMPDI anodes suggests a 15-fditrease
in the rates of recombination relative to injection (though injection rate was also clearly decreased,

given the reduced photocurrent, Sec. S4.7c).
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Figure 4.8 (a) Schematic diagram of the SWHPMPDI DS-PEC studied herein. Green arrows
indicate favorable charge transfer processes, while red arrows indicate unfavorable charge
transfer processes. The theoretival of the photoanode is the difference between the
thermodynamic potential for water oxidatioB’(O YH O)) and the quasi-Fermi energy o
electrons g n) (that is, the occupancy of Sn@ub-band gap states). The, therefore depends
on the relative rates SnGstate population (electron injection from excited PMPDI) and
depopulation (all recombination reactions, including back-electron-transfer to the oxidized
dye, reduction of @or water oxidation intermediates, or any redox active impurities in the
electrolyte). (b) Averag¥,c values measured herein for several different cell configurations,
overlayed with the Sn@density of states estimated by linear sweep voltammetry (Fig. S4.13).
Error bars indicate the experimental standard deviation.
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Insights for an Improved Device by Rational Placement of Co© The above results
provide clear direction for future experiments that may allow for the rational placement pf CoO
WOCatalyst, that is, as shown in Scheme 4.1A as opposed to 4.1B. First, we have already begun
survey experiments to photoelectrochemically depositx@@r a range of lower pH. Ideally, a
range will be found where the Sn®urface is positively charged tepel Co(ll), while the free
phosphonate of adsorbed PMPDI remains negatively chargettdot Co(ll). Alternatively, we
are studying the effect of loading the SWHEMPDI anode with pre-formed @04 nanoparticles?

Initial results are similar to photo-deposited Go&here the deposition of @04 nanoparticles

results in decreased photocurrent, like as a result of enhanced recombination from@ny Co
nanoparticles loaded directly on the Svgdrface. Therefore, controlling the Sm€urface charge

by pH surveys will be important for these studies as well. We will also study a precedented
methods of decorating the catalyst nanoparticles with long anchor &roopswith dye

molecules? DOORZLQJ IRU WKHLU DWWDFKPHQW WR WKH 02E VXU
reduce the rate of recombination.

Alternatively, additional studies ofl O Zoverlayers may be of interest, but where
deposition is attempteafter dye loading bubeforecatalyst loading, as recently done by Kamire
et al'® by atomic layer deposition, which is expected to result in a more uniform overlay®r film
than the solution-based methods employed in this study. This strategy of overlayer degitesition
dye loading should not significantly decrease the injection efficiency from PMPDI, but still
provide a tunneling barrier for subsequently depositedx@aalyst. Finally, and as described
above, we may explore methods to enhance the efficiency of charge injection, perhaps by using
co-adsorbers to decrease dye aggregation, or by synthetically atterithge structure to include

conjugated anchor groups.
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4.4 Conclusions

Our previous study of a phosphonomethyl-substituted perylene diimide, PMPDI, used in
an organic thin-film photoelectrochemical cell, confirmed that ITO/PMPDI/Ca@des are
capable of light-assisted water oxidation, but suffered from low light-harvesting efficiency and
low charge-transport efficiency (pronounced recombinatibir).the present study, we applied
that same PMPDI dye in an alternat@&-PEC architectures. We first prepared na@@E ILOPV
of TiO ¢ SnO« and WOZfrom commercial starting materials, or by literature methods, and
characterized the films by a variety of physical methods. We found that the kinetics and saturation
of PMPDI adsorption onto the surface of na@@E ILOPV GHFUHDVHG InQ*WKH RUG
WO Z consistent with the decreasing isoelectric points (increasing a@®dity KH 02 E) i X UIDF H\
that order. In fact, the acidic phosphonate anchor groups of PMPDI were not able to bind to the
highly acidic WOZsurface at alll.

The loading of PMPDI onto Ti® proved more facile than tm SnOe However,
photocurrent measured in the presence of hydroquinone sacrificial reductant are much lower on
TiO «than on SnQ@ consistent with poor injection efficiency from the LUMO of PMPDI into the
more negative conduction band of Ti®lence, SnGwas chosen for optimization studies. SNO
film thickness and dying conditions were optimized to achieve >99% light-harvesting efficiency
atthe mac Of PMPDI R Q a -thiek films. PhotocurrenR | a $ iFtypial for optimized
SnOYPMPDI films in pH 7 buffer in the presence of hydroquinone.

In the absence of hydroquinone and before depositing a water-oxidation catalyst,
SnOYPMPDI anodes still exhibit photocurrent that decay¢RP a WR $ FPO RYHU
However, Osdetection experiments by a Generaftwllector method revealed that such currents

do not originate from water oxidation. Furthermaeapproximation of the dye concentration on
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SnOeindicates that a significant portion of photolysis current cannot correspond to degradative
oxidation of PMPDI. All attempts to load Ce@ater-oxidation catalyst by photoelectrochemical
deposition from Co(Ng)2 have resuéid in decreased photocurrent. Controls and open-circuit
photovoltage measurements are consistent with enhanced recombination in the presenge of CoO
due to catalyst adsorbed directly to the SreDrface intercepting conduction band electrons.
Although our goal of a water-oxidizing SM®BMPDI/CoQ DS-PEC has yet to be realized, the
present studies have yielded several readily testable hypotheses for the rational preparation of a

successful device. Additional studies of a now third-generation device are now under way.

158



(1)

(2)

®3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

REFERENCES

Lewis, N. S.; Nocera, D. G. Powering the Planet: Chemical Challenges in Solar Energy
Utilization. Proc. Natl. Acad. Sci. U. S. 2006 103 15729#45735.

Bard, A. J.; Whitesides, G. M.; Zare, R. N.; McLafferty, F. W. Holy Grails of Chemistry.
Acc. Chem. Re4995 28, 9191.

Bard, A. J.; Fox, M. A. Artificial Photosynthesis: Solar Splitting of Water to Hydrogen
and OxygenAcc. Chem. Re4995 28, 141445.

Kirner, J. T.; Finke, R. G. Water-Oxidation Photoanodes Using Organic Light-Harvesting
Materials: A Review2017, Submitted to Energy and Environmental Sciefrebd 2017

Abe, T.; Nagai, K.; Kabutomori, S.; Kaneko, M.; Tajiri, A.; Norimatsu, T. An Organic
Photoelectrode Working in the Water Phase: Visible-Light-Induced Dioxygen Evolution
by a Perylene Derivative/Cobalt Phthalocyanine Bilag@gew. Chem. Int. EQ00G 45,
2778R781.

Abe, T.; Nagai, K.; Ogiwara, T.; Ogasawara, S.; Kaneko, M.; Tajiri, A.; Norimatsu, T.
Wide Visible Light-Induced Dioxygen Evolution at an Organic Photoanode Coated with a
Noble Metal Oxide Catalysd. Electroanal. ChenR006 587, 127H32.

Moore, G. F.; Blakemore, J. D.; Milot, R. L.; Hull, J. F.; Song, H.; Cai, L.;
Schmuttenmaer, C. A.; Crabtree, R. H.; Brudvig, G. W. A Visible Light Water-Splitting
Cell with a Photoanode Formed by Codeposition of a High-Potential Porphyrin and an
Iridium Water-Oxidation CatalysEnergy Environ. ScR011, 4, 23892392.

Chen, J.; Wagner, P.; Tong, L.; Wallace, G. G.; Officer, D. L.; Swiegers, G. F. A
Porphyrin-Doped Polymer Catalyzes Selective, Light-Assisted Water Oxidation in
SeawaterAngew. Chen012 124, 19434946.

Swierk, J. R.; Méndez-Hernandez, D. D.; McCool, N. S.; Liddell, P.; Terazono, Y.; Pahk,
l.; Tomlin, J. J.; Oster, N. V.; Moore, T. A.; Moore, A. kt;al. Metal-Free Organic
Sensitizers for Use in Water-Splitting Dye-Sensitized PhotoelectrochemicalfZelts.

Natl. Acad. Sci2015 112 16814686.

Yamamoto, M.; Wang, L.; Li, F.; Fukushima, T.; Tanaka, K.; Sun, L.; Imahori, H. Visible
Light-Driven Water Oxidation Using a Covalently-Linked Molecular Catafystsitize
Dyad Assembled on a Ti€ElectrodeChem. Sci2016 7, 14304439.

Yamamoto, M.; Nishizawa, Y.; Chabera, P.; Li, F.; Pascher, T.; Sundstrom, V.; Sun, L.;

Imahori, H. Visible Light-Driven Water Oxidation with a Subporphyrin Sensitizer and a
Water Oxidation CatalysChem. Commur2016 52, 137024.3705.

159



(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

Cheng, Y.; Memar, A.; Saunders, M.; Pan, J.; Liu, C.; Gale, J. D.; Demichelis, R.; Shen,
P. K.; Jiang, S. P. Dye Functionalized Carbon Nanotubes for Photoelectrochemical Water
Splitting £Role of Inner Tubesl. Mater. Chem. 016 4, 24732483.

Liu, G.; Chen, C.; Ji, H.; Ma, W.; Zhao, J. Photo-Electrochemical Water Splitting System
with Three-Layer n-Type Organic Semiconductor Film as Photoanode under Visible
Irradiation.Sci. China Chen012 55, 19531958.

Kirner, J. T.; Stracke, J. J.; Gregg, B. A.; Finke, R. G. Visible-Light-Assisted
Photoelectrochemical Water Oxidation by Thin Films of a Phosphonate-Functionalized
SHU\OHQH 'LLPLGH 30 ACSAR®R MageR RENEIEOIWOM 3367+
13377. http://pubs.acs.org/doi/abs/10.1021/am405598w.

Ronconi, F.; Syrgiannis, Z.; Bonasera, A.; Prato, M.; Argazzi, R.; Caramori, S.; Cristino,
V.; Bignozzi, C. A. Modification of Nanocrystalline WAvith a Dicationic Perylene
Bisimide: Applications to Molecular Level Solar Water SplittidgAm. Chem. So2015

137, 46304633.

Kamire, R. J.; Materna, K. L.; Hoffeditz, W. L.; Phelan, B. T.; Thomsen, J. M.; Farha, O.
K.; Hupp, J. T.; Brudvig, G. W.; Wasielewski, M. R. Photodriven Oxidation of Surface-
Bound Iridium-Based Molecular Water-Oxidation Catalysts on Perylene-3,4-
Dicarboximide-Sensitized Ti€Electrodes Protected by an @ A ayer.J. Phys. Chem.

C 2017 121, 37528764.

Li, F.; Fan, K.; Xu, B.; Gabrielsson, E.; Daniel, Q.; Li, L.; Sun, L. An Organic Dye-
Sensitized Tandem Photoelectrochemical Cell for Light Driven Water Splidtiign.
Chem. So2015

Wee, K.-R.; Sherman, B. D.; Brennaman, M. K.; Sheridan, M. V.; Nayak, A.; Alibabaei,
L.; Meyer, T. J. An Aqueous, Organic Dye Derivatized SA@ «Core/Shell
Photoanodel. Mater. Chem. 2016 4, 29692975.

Bledowski, M.; Wang, L.; Ramakrishnan, A.; Bétard, A.; Khavryuchenko, O. V.; Beranek,
R. Visible-Light Photooxidation of Water to Oxygen at Hybrid Fiolyheptazine
Photoanodes with Photodeposited Gd- & R2E & RIWENRIYSCHemD12 13,
3018:8024.

Wang, Z.; Xiao, P.; Qiao, L.; Meng, X.; Zhang, Y.; Li, X.; Yang, F. Polypyrrole
Sensitized ZnO Nanorod Arrays for Efficient Photo-Electrochemical Splitting of Water.
Phys. B Condens. Matt@013 419 5156.

Gustafson, M. P.; Clark, N.; Winther-Jensen, B.; MacFarlane, D. R. Organic Photovoltaic
Structures as Photo-Active Electrodegectrochimica Act2014 140, 3098313.

Bornoz, P.; Prevot, M. S.; Yu, X.; Guijarro, N.; Sivula, K. Direct Light-Driven Water
Oxidation by a Ladder-Type Conjugated Polymer Photoarbden. Chem. So2015

160



(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

Caramori, S.; Cristino, V.; Meda, L.; Argazzi, R.; Bignozzi, C. A. Hydrogen Production
with Nanostructured and Sensitized Metal Oxidexp. Curr. Chem2011, 303 3994.

Young, K. J.; Martini, L. A.; Milot, R. L.; Snoeberger, R. C.; Batista, V. S.;
Schmuttenmaer, C. A.; Crabtree, R. H.; Brudvig, G. W. Light-Driven Water Oxidation for
Solar FuelsCoord. Chem. Rev012 256, 25032520.

Alibabaei, L.; Luo, H.; House, R. L.; Hoertz, P. G.; Lopez, R.; Meyer, T. J. Applications
of Metal Oxide Materials in Dye Sensitized Photoelectrosynthesis Cells for Making Solar
Fuels: Let the Molecules Do the Wotk.Mater. Chem. R013 1, 4133#4145.

Swierk, J. R.; Mallouk, T. E. Design and Development of Photoanodes for Water-Splitting
Dye-Sensitized Photoelectrochemical Celleem. Soc. Re2013 42, 23572387.

Ashford, D. L.; Gish, M. K.; Vannucci, A. K.; Brennaman, M. K.; Templeton, J. L.;
Papanikolas, J. M.; Meyer, T. J. Molecular ChromopHBegalyst Assemblies for Solar
Fuel ApplicationsChem. Rev2015 115 13006#.3049.

Yu, Z.; Li, F.; Sun, L. Recent Advances in Dye-Sensitized Photoelectrochemical Cells for
Solar Hydrogen Production Based on Molecular ComponEntsxgy Environ. ScR015
8, 760#75.

Yamamoto, M.; Tanaka, K. Artificial Molecular Photosynthetic Systems: Towards
Efficient Photoelectrochemical Water Oxidati€@hemPlusCher016 81, 1028#1.044.

9DJQLQL 0 7 6PHLJK $ / %ODNHPRUH - ' (DWRQ
F.; Crabtree, R. H.; Brudvig, G. W.; Co, D. T.; Wasielewski, M. R. Ultrafast Photodriven
Intramolecular Electron Transfer from an Iridium-Based Water-Oxidation Catalyst to
Perylene Diimide Derivative®roc. Natl. Acad. Sci. U. S. 2012 109 15651H5656.

Chen, S.; Jacobs, D. L.; Xu, J.; Li, Y.; Wang, C.; Zang, L. 1D Nanofiber Composites of
Peylene Diimides for Visible-Light-Driven Hydrogen Evolution from Wate6C Adv.
2014 4, 4848648491.

Kunz, V.; Stepanenko, V.; Wirthner, F. Embedding of a Ruthenium(ll) Water Oxidation
Catalyst into Nanofibers via Self-AssembGhem. Commur2014 51, 290293.

Weingarten, A. S.; Kazantsev, R. V.; Palmer, L. C.; McClendon, M.; Koltonow, A. R;
Samuel, A. P. S;; Kiebala, D. J.; Wasielewski, M. R.; Stupp, S. I. Self-Assembling
Hydrogel Scaffolds for Photocatalytic Hydrogen Productidat. Chem2014 6, 964+
970.

Chen, S.; Wang, C.; Bunes, B. R.; Li, Y.; Wang, C.; Zang, L. Enhancement of Visible-
Light-Driven Photocatalytic MEvolution from Water over g-@& «through Combination
with Perylene Diimide Aggregate&ppl. Catal. Gen2015 498 6368.

161



(35) Li, J.-X,; Li, Z.-3.; Ye, C.; Li, X.-B.; Zhan, F.; Fan, X.-B.; Li, J.; Chen, B.; Tao, Y.; Tung,
C.-H.; et al. Visible Light-Induced Photochemical Oxygen Evolution from Water by
3,4,9,10-Perylenetetracarboxylic Dianhydride Nanorods as an N-Type Organic
SemiconductorCatal. Sci. TechnoR016 6, 672676.

(36) Liu, D.; Wang, J.; Bai, X.; Zong, R.; Zhu, Y. Self-Assembled PDINH Supramolecular
System for Photocatalysis under Visible Lightlv. Mater.2016 28, 72844290.

(37) Sun, T.; Song, J.; Jia, J.; Li, X.; Sun, X. Real Roles of Perylenetetracarboxylic Diimide for
Enhancing Photocatalytic +ProductionNano Energy2016 26, 8389.

(38) Wang, J.; Shi, W.; Liu, D.; Zhang, Z.; Zhu, Y.; Wang, D. Supramolecular Organic
Nanofibers with Highly Efficient and Stable Visible Light Photooxidation Performance.
Appl. Catal. B Environ2017, 202, 289297.

(39) Rawls, M. T.; Johnson, J.; Gregg, B. A. Coupling One Electron Photoprocesses to
Multielectron Catalysts: Towards a Photoelectrocatalytic SysieEiectroanal. Chem.
201Q 650, 1045.

(40) Abe, T.; Chiba, J.; Ishidoya, M.; Nagai, K. Organophotocatalysis System of p/n Bilayers
for Wide Visible-Light-Induced Molecular Hydrogen EvolutidRSC Adv2012 2, 7992+
7996.

(41) Balapanuru, J.; Chiu, G.; Su, C.; Zhou, N.; Hai, Z.; Xu, Q.; Loh, K. P. Photoactive PDI
Cobalt Complex Immobilized on Reduced Graphene Oxide for Photoelectrochemical
Water Splitting ACS Appl. Mater. Interface015 7, 880886.

(42) Ferrere, S.; Zaban, A.; Gregg, B. A. Dye Sensitization of Nanocrystalline Tin Oxide by
Perylene Derivativesl. Phys. Chem. B997, 101, 4490#4493.

(43) Brennaman, M. K.; Norris, M. R.; Gish, M. K.; Grumstrup, E. M.; Alibabaei, L.; Ashford,
D. L.; Lapides, A. M.; Papanikolas, J. M.; Templeton, J. L.; Meyer, T. J. Ultrafast, Light-
Induced Electron Transfer in a Perylene Diimide Chromophore-Donor Assembly en TiO
J. Phys. Chem. Le2015 6, 4736#4742.

(44) Chen, H.-C.; Williams, R. M.; Reek, J. N. H.; Brouwer, A. M. Robust
Benzo[ghi]perylenetriimide Dy&ensitized Electrodes in A#aturated Aqueous Buffer
Solution.Chem. - Eur. J2016 22, 5489+5493.

(45) Lindquist, R. J.; Phelan, B. T.; Reynal, A.; Margulies, E. A.; Shoer, L. E.; Durrant, J. R.;
Wasielewski, M. R. Strongly Oxidizing Perylene-3,4-Dicarboximides for Use in Water
Oxidation Photoelectrochemical Cells.Mater. Chem. 2016 4, 28802893.

(46) Ichinose, I.; Senzu, H.; Kunitake, T. Stepwise Adsorption of Metal Alkoxides on
+\GURO\]HG 6XUIDFHWet Préces3Cbdm. E¢it1698 5, 831832.

162



(47) Liberatore, M.; Burtone, L.; Brown, T. M.; Reale, A.; Carlo, A. D.; Decker, F.; Caramori,
S.; Bignozzi, C. A. On the Effect of AD ZBlocking Layer on the Performance of Dye
Solar Cells with Cobalt Based Electrolytéspl. Phys. Leét 2009 94, 173113.

(48) Zhao, Y.; Swierk, J. R.; Megiatto, J. D.; Sherman, B.; Youngblood, W. J.; Qin, D.; Lentz,
D. M.; Moore, A. L.; Moore, T. A.; Gust, Det al. Improving the Efficiency of Water
Splitting in Dye-Sensitized Solar Cells by Using a Biomimetic Electron Transfer
Mediator.Proc. Natl. Acad. Sci. U. S. 2012 109, 1561245616.

(49) Ashford, D. L.; Sherman, B. D.; Binstead, R. A.; Templeton, J. L.; Meyer, T. J. Eectro
assembly of a Chromopho#€atalyst Bilayer for Water Oxidation and Photocatalytic
Water Splitting Angew. Chen015 127, 48604863.

(50) Swierk, J. R.; McCool, N. S.; Saunders, T. P.; Barber, G. D.; Strayer, M. E.; Vargas-
Barbosa, N. M.; Mallouk, T. E. Photovoltage Effects of Sinterece N@nopatrticle
Catalysts in Water-Splitting Dye-Sensitized Photoelectrochemical GeRys. Chem. C
2014 118 1704647053.

(51) Meda, L.; Tozzola, G.; Tacca, A.; Marra, G.; Caramori, S.; Cristino, V.; Bignozzi, C. A.
Photo-Electrochemical Properties of Nanostructured 2Rf@pared with Different
Organic Dispersing AgentSol. Energy Mater. Sol. Cel)1Q 94, 788#796.

(52) Scherrer, P. Bestimmung der Gro3e und der inneren Struktur von Kolloidteilchen mittels
RontgenstrahleNachrichten Von Ges. Wiss. Zu Gott. Math.-Phys1%18 1918 98+
100.

(53) Santato, C.; Odziemkowski, M.; Uimann, M.; Augustynski, J. Crystallographically
Oriented Mesoporous WD) LOPV x 6\QWKHVLYVY &KDUDFWHAN.]JDWLRQ
Chem. So2001, 123 106394.0649.

(54) Beranek, R. (Photo)electrochemical Methods for the Determination of the Band Edge
Positions of TiO-Based Nanomaterial&dv. Phys. Chen2011, 2011, 1 20.

(55) Ardo, S.; Meyer, G. J. Photodriven Heterogeneous Charge Transfer with Transition-Metal
Compounds Anchored to Ti€semiconductor SurfaceShem. Soc. Re2009 38, 115+
164.

(56) Kanan, M. W.; Nocera, D. G. In Situ Formation of an Oxygen-Evolving Catalyst in
Neutral Water Containing Phosphate and'C8cience2008 321, 10724.075.

(57) Ford, W. E. Photochemistry of 3,4,9,10-Perylenetetracarboxylic Dianhydride Dyes:
Visible Absorption and Fluorescence of the Di(glycyl)imide Derivative Monomer and
Dimer in Basic Aqueous Solutiond. Photocheml1987, 37, 189204.

(58) Chen, Z.; Stepanenko, V.; Dehm, V.; Prins, P.; Siebbeles, L. D. A.; Seibt, J.; Marquetand,

P.; Engel, V.; Wirthner, F. Photoluminescence and Conductivity of Self-Asser@hiéd
Stacks of Perylene Bisimide Dy&shem. £Eur. J.2007, 13, 436#449.

163



(59)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)

(68)

(69)

(70)

(71)

Gallaher, J. K.; Aitken, E. J.; Keyzers, R. A.; Hodgkiss, J. M. Controlled Aggregation of
Peptide-Substituted Perylene-Bisimid€sem. Commur2012 48, 79617963.

Kay, A.; Gratzel, M. Dy HQVLWL]HG &RUHi6KHOO 1DQRFU\VWDOV x
Mesoporous Tin Oxide Electrodes Coated with a Thin Layer of an Insulating Oxide.
Chem. Mater2002 14, 29302935.

Parks, G. A. The Isoelectric Points of Solid Oxides, Solid Hydroxides, and Aqueous
Hydroxo Complex System&hem. Rev1965 65, 17798.

Kosmulski, M. The pH-Dependent Surface Charging and the Points of Zero Gharge.
Colloid Interface Sci2002 253 7787.

Kosmulski, M. pH-Dependent Surface Charging and Points of Zero Charge Il. Update.
Colloid Interface Sci2004 275, 214224.

Fukai, Y.; Kondo, Y.; Mori, S.; Suzuki, E. Highly Efficient Dye-Sensitized S&Qlar
Cells Having Sufficient Electron Diffusion Lengtilectrochem. Commu@007, 9,
14394443.

Reference Solar Spectral Irradiance: Air Mass 1.5
http://rredc.nrel.gov/solar/spectra/am1.5/ (accessed Dec 8, 2016).

Abe, T.; Nagai, K.; Matsukawa, T.; Tajiri, A.; Norimatsu, T. Photoelectrode
Characteristics of an Organic Bilayer in Water Phase Containing a Redox Molecule.
Solid State Electrocher007, 11, 3038009.

Lee, J.; Kwak, J.; Ko, K. C.; Park, J. H.; Ko, J. H.; Park, N.; Kim, E.; Ryu, D. H.; Ahn, T.
K.; Lee, J. Y.t al. Phenothiazine-Based Organic Dyes with Two Anchoring Groups on
TiO «for Highly Efficient Visible Light-Induced Water SplittinGhem. Commur2012
48,1143141433.

Durrell, A. C.; Li, G.; Koepf, M.; Young, K. J.; Negre, C. F. A,; Allen, L. J.; McNamara,
W. R.; Song, H.; Batista, V. S.; Crabtree, R. &i.al. Photoelectrochemical Oxidation of a
Turn-on Fluorescent Probe Mediated by a Surfacé @htalyst Covalently Attached to
TiO «Nanoparticles). Catal.2014 310, 37#44.

Memming, R.; Mdéllers, F. Two-Step Redox Processes with Quinones at Semiconductor
ElectrodesBerichte Bunsenges. Fur Phys. Chéd®ir2 76, 609616.

Frank, S. N.; Bard, A. J. Semiconductor Electrodes. 12. Photoassisted Oxidations and
Photoelectrosynthesis at Polycrystalline Titanium Dioxide Electrddésn. Chem. Soc.
1977 99, 4667#4675.

Walter, M. G.; Warren, E. L.; McKone, J. R.; Boettcher, S. W.; Mi, Q.; Santori, E. A.;
Lewis, N. S. Solar Water Splitting CelliShem. Rev201Q 110 64466473.

164



(72) Mishra, A.; Fischer, M. K. R.; Bauerle, P. Metal-Free Organic Dyes for Dye-Sensitized
Sdar Cells: From Structure: Property Relationships to Design Rélegew. Chem. Int.
Ed.2009 48, 24742499.

(73) Hagfeldt, A.; Boschloo, G.; Sun, L.; Kloo, L.; Pettersson, H. Dye-Sensitized Solar Cells.
Chem. Rev201Q 110, 65956663.

(74) Giribabu, L.; Kanaparthi, R. K.; Velkannan, V. Molecular Engineering of Sensitizers for
Dye-Sensitized Solar Cell ApplicatiorShem. Re2012 12, 306328.

(75) Green, A. N. M.; Palomares, E.; Haque, S. A.; Kroon, J. M.; Durrant, J. R. Charge
Transport versus Recombination in Dye-Sensitized Solar Cells Employing Nanocrystalline
TiO eand SnOFilms.J. Phys. Chem. B0O05 109, 12525 2533.

(76) Knauf, R. R.; Brennaman, M. K.; Alibabaei, L.; Norris, M. R.; Dempsey, J. L. Revealing
the Relationship Between Semiconductor Electronic Structure and Electron Transfer
Dynamics at Metal Oxid&Chromophore Interfaced. Phys. Chem. €013 117, 25259+
25268.

(77) Prasittichai, C.; Hupp, J. T. Surface Modification of SRBotoelectrodes in Dye-
Sensitized Solar Cells: Significant Improvements in Photovoltage Wa Zdtomic Layer
DepositionJ. Phys. Chem. Let201Q 1, 16114615.

(78) Guo, J.; She, C.; Lian, T. Effect of Insulating Oxide Overlayers on Electron Injection
Dynamics in Dye-Sensitized Nanocrystalline Thin Filchd?hys. Chem. €007, 111,
89798987.

(79) Asbury, J. B.; Hao, E.; Wang, Y.; Lian, T. Bridge Length-Dependent Ultrafast Electron
Transfer from Re Polypyridyl Complexes to Nanocrystalline 91@in Films Studied by
Femtosecond Infrared SpectroscopyPhys. Chem. B00Q 104, 119574.1964.

(80) Vandermolen, J.; Gomes, W. P.; Cardon, F. Investigation on the Kinetics of
Electroreduction Processes at Dark Pand SrTiOZSingle Crystal Semiconductor
ElectrodesJ. Electrochem. So&98Q 127, 324328.

(81) Salvador, P.; Gutiérrez, C. Mechanisms of Charge Transfer at the Semicoaaluctor
Electrolyte Interface I. Kinetics of Electroreduction at Dark of Fe(CNynd IrCI* Tin
Aqueous Solution on a Sintered bped n-SrTiQElectrode: Influence of pH.
Electrochem. S0d.984 131, 326336.

(82) Bisquert, J.; Zaban, A.; Salvador, P. Analysis of the Mechanisms of Electron
Recombination in Nanoporous TKDye-Sensitized Solar Cells. Nonequilibrium Steady-
State Statistics and Interfacial Electron Transfer via Surface Siatsys. Chem. B
2002 106, 87748782.

(83) Ondersma, J. W.; Hamann, T. W. Measurements and Modeling of Recombination from
Nanoparticle TiO ElectrodesJ. Am. Chem. So2011, 133 82648271.

165



(84)

(85)

(86)

(87)

(88)

(89)

(90)

(91)

(92)

(93)

McCool, N. S.; Swierk, J. R.; Nemes, C. T.; Saunders, T. P.; Schmuttenmaer, C. A;;
Mallouk, T. E. Proton-Induced Trap States, Injection and Recombination Dynamics in
Water-Splitting Dye-Sensitized Photoelectrochemical CAIZS Appl. Mater. Interfaces
2016 8, 1672746735.

Swierk, J. R.; McCool, N. S.; Saunders, T. P.; Barber, G. D.; Mallouk, T. E. Effects of
Electron Trapping and Protonation on the Efficiency of Water-Splitting Basitized
Solar CellsJ. Am. Chem. So2014 136, 1097440982.

Bledowski, M.; Wang, L.; Ramakrishnan, A.; Khavryuchenko, O. V.; Khavryuchenko, V.
D.; Ricci, P. C.; Strunk, J.; Cremer, T.; Kolbeck, C.; Beranek, R. Visible-Light
Photocurrent Response of T#@Polyheptazine Hybrids: Evidence for Interfacial Charge-
Transfer AbsorptionPhys. Chem. Chem. PhyQ11 13, 2151121519.

Poddutoori, P. K.; Thomsen, J. M.; Milot, R. L.; Sheehan, S. W.; Negre, C. F. A,;
Garapati, V. K. R.; Schmuttenmaer, C. A.; Batista, V. S.; Brudvig, G. W.; van der Est, A.
Interfacial Electron Transfer in Photoanodes Based on phosphorus(V) Porphyrin
Sensitizers Co-Deposited on Sm@ith the Ir(11I)Cp* Water Oxidation Precatalysk.

Mater. Chem. 2015 3, 38688879.

Gao, Y.; Zhang, L.; Ding, X.; Sun, L. Atrtificial Photosynthesiunctional Devices for
Light Driven Water Splitting with Photoactive Anodes Based on Molecular Catalysts.
Phys. Chem. Chem. Phy€114 16, 1200842013.

Jencks, W. P.; Regenstein, J. lonization Constants of Acids and Basasdbook of
Biochemistry and Molecular Biologizundblad, R. L.; Macdonald, F., Eds.; Taylor &
Francis Group, LLC: New York, 2010; pp. 3@51.

Grzelczak, M.; Zhang, J.; Pfrommer, J.; Hartmann, J.; Driess, M.; Antonietti, M.; Wang,
X. Electro- and Photochemical Water Oxidation on Ligand-Fre®Eblanoparticles
with Tunable SizesACS Catal2013 3, 383888.

Wei, P.; Hu, B.; Zhou, L.; Su, T.; Na, Y. New Strategy to Incorporate Nano-Particle Sized
Water Oxidation Catalyst into Dye-Sensitized Photoelectrochemical Cell for Water
Splitting. J. Energy Chen016 25, 345:8348.

Youngblood, W. J.; Lee, S.-H. A.; Kobayashi, Y.; Hernandez-Pagan, E. A.; Hoertz, P. G,;
Moore, T. A.; Moore, A. L.; Gust, D.; Mallouk, T. E. Photoassisted Overall Water

Splitting in a Visible Light-Absorbing Dye-Sensitized Photoelectrochemical £efim.

Chem. So2009 131, 926927.

van Delft, J. A.; Garcia-Alonso, D.; Kessels, W. M. M. Atomic Layer Deposition for

Photovoltaics: Applications and Prospects for Solar Cell ManufactiBgmgicond. Sci.
Technol.2012 27, 074002.

166



V. ARE HIGH-POTENTIAL COBALT TRIS(BIPYRIDYL) COMPLEXES SUFFICIENTLY
STABLE TO BE EFFICIENT MEDIATORS IN DYE-SENSITIZED SOLAR CELLS?

SYNTHESIS, CHARACTERIZATION, AND STABILITY TESTS

Overview

We report the synthesis of three new, high-oxidation-potential cobalt complexes. The
ligand lability of cobalt complexes, especially those of higher redox potential, has been scantly
addressed in the current literature on the use of these complexes in dye-sensitized solar cells
(DSSCs). In characterizing our high-potential complexes, multiple pieces of evidenakaeve
trend of decreasing complex stability with increasing redox potential. These include the
appearance of multiple waves in the cyclic voltammetry, a color change upon addition of
4-tert-butylpyridine indicating the formation of a new species, direct NMR evidence of free
dissociated ligand in acetonitrile solution, and potential-independent DSSC recombination
currents paralleling the stability trends as determined by NMR. We take advantage of a simple
guantitative NMR experiment to determine the approximate ligand-binding equilibrium (stability)

constants of our complexes in acetonitrile at room temperature. With the above information, we

v This chapter describes work done on a secondary project from the previous Chapters I
concerned with the study of dye-sensitized solar cells for solar energy capture and its conversion
into electrical energyrather than its storage in the chemical bonds of solar fuels. The work was
done under the advisorship of Prof. C. Michael Elliott. This chapter includes the complete
published manuscript (Kirner, J. T.; Elliott, C. Nl.. Phys. Chem. @015 119 17502-17514.
http://pubs.acs.org/doi/full/10.1021/acs.jpcc.5b02513.) which was completed after the untimely
death of Prof. Elliott in July of 2014. This article is reproduced with permission, and only minor
changes have been made to meet dissertation formatting requirements. For example, table and
figure numbers have been changed to indicate that they are specific to this chapter, and Supporting
Information have been moved to Appendix IlI
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propose alternative, clathrochelating ligand structures for the future study of high potential cobalt

mediators for application in DSSCs.

5.1 Introduction

Since their inception in 1985, dye-sensitized solar cells (DSSCs) have been identified as a
promising alternative technology for solar energy conversion when compared to conventional,
inorganic, solid-state devicésThis promise stems fromWKH '66& TV SRWHQWLDO
commercialization while still achieving relatively high conversion efficienciéko date, a large
proportion of DSSC research has focused on the relationships between the structure of the dye
employed and the corresponding charge-transfer reactions and overall cell perfdrfh&wzh
studies have led to a strong understanding of dye-related processes and the engineering of dye
molecules to gradually improve the efficiencies of DSSCs, reaching absorbed fmhotorent
conversion efficiencies of nearly 100%. To continue optimizing DSSCs, it has become evident
that research needs to focus on other aspects of the H39@e important example being the
need to study alternative redox mediators for regeneration of the oxidized dye.

Traditional DSSCs have almost exclusively employed iodide/triiodide as the redox couple.
The success of i3’ has been attributed to its fast dye regeneration kirfetims\bined with its
slow recombination reaction with Ti@onduction band electrod$.However, I/I3' possesses a
number of unfavorable qualities. Arguably the most significant of these is that its redox potential
(+0.11 V vs saturated sodium calomel electrode, SS@&Ehot ideally positioned for many
sensitizers, leading to a significant loss in the maximum open-circuit poteviialahd a
corresponding loss in the maximum overall efficiency of the cell. In 2001, researchers found that

cobalt complexes could exhibit DSSC operating kinetics that were comparable to thitisé'6f |
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Since that time, many new cobalt complexes have been successfully employed as DSSC mediators,
with several examples summarized in a recent review by HatAawotably, the current top-
performing DSSC uses the [Co(bgl§)”**redox couple as the dye-regenerating medi4tor.

Cobalt complexes are particularly promising mediator alternatives for several reasons.
They tend to be less colored than iodide solutions, and therefore compete less with the dye for
visible light absorption. Unlike'lls’, cobalt complexes are nonvolatile and noncorrosive to metal
cathodes. Perhaps most interesting to chemists is the fact that cobalt mediators have synthetically
tunable redox potentials, which makes them particularly promising for fundamental
structure/function studies. It is in the interest of the DSSC community to have a library of available
cobalt complexes with varying redox potentials. For example, when researching novel dyes or
semiconductors, one could select a mediator with optimal driving force for dye regeneration based
RQ WKH G\HTV UtMadatoS RitN r@a\pasdia redox potentials relative't 1are
of particular interest in maximizing th&cof DSSCs.

Herein, we report three new cobalt complexes, shown in Figure 5.1, employing ligands
with multiple electron-withdrawing groups in order to positively shift the redox potentials of the

complexes. While cobalt complexes containiiggnds with esteand amide groups have been

Figure 5.1 Structures of the three new cobalt mediator complexes studied (from left to right):
[Co(dma-bpy)]?*, [Co(me-bpy)]?*, and [Co(cn-bpy]?* (dma-E S\ -bigyridine- g
bis(N,N-dimethylcarboxamide), m&S\ -bigyridine-  $is(methylester), cn-bpy =

PHipyridine-  ficarbonitrile).
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previously studied® we targeted these ligands with shorter alkyl groups with the goal of
minimizing the impact of mass transport-limited photocurtént.

It is important to note that, when employing ligands with strong electron withdrawing
groups, the complex stability may be expected to decrease; withdrawing electron density from the
lone pair of electrons on the bipyridine nitrogen atoms is expectedhfbdnaVKH OLJDQG D ZHLEL
donor (Lewis base), and possibly more labile. However, the electron-withdrawing groups could
DOVR PDNH WKH ODHFHGWRWURWRHWNWKE HITHFWY RQ WKH FRF
easily predictabldn short, while it is desirable to study high-potential cobalt mediator complexes,
it is equally important to test their stabilities. Hence, herein we both prepare and chartuteeiz
new high-potential cobalt complexes, determine approximate stability constants by a
straightforward, semiquantitative NMR experiment, and relate dark current trends observed in

assembled DSSCs to mediator comptestability.

5.2 Experimental Section
Materials. The following chemicals were used as received: acetonitrile (EMD, OmniSolv

grade), 2830% ammonium hydroxide solution (Mallinckrodt Chemicals, ACS grade),
-butyrolactone (Aldrich, 99+%), dichloromethane (Fisher, HPLC grade), chloroform (Fisher,
HPLC grade), ethanol (Pharmco-Aap&E€S grade), isopropanol (Fisher, HPLC grade), methanol
(Fisher, HPLC grade}ert-butanol (Fisher, Certified grade), phosphorus oxychloride (Baker &
Adamson, 99+%), thionyl chloride (Sigma-Aldric9%), 4tert-butylpyridine (Aldrich, 99%),
cobalt(ll) perchlorate hexahydrate (Frederick Smith Chemical Company, 99497, sénsitizer

dye (Solaronix Ruthenizer 520-DN), RK1 organic sensitizer dye (Solaronix Sensidizer RK1),

170



silica gel (Sigma-Aldrich, 208100 mesh, 60 A), and aluminum oxide (Sigma-Aldrich, activated,
basic, Brockmann I, standard grade, ~150 mesh, 58 A).

Bipyridine-  flicarboxylic acid® D Q G -bipyfidine-  $is(methyl esteff were
prepared according to published proceduisl-Dimethylformamide (DMF, EMD Millipore
OmniSolv gradg was dried before use (where stated) following published procetfures.
Specifically, 100 mL of DMF was dried overnight over 5 g of thdlecular sieves (5% w/v). The
DMF was decanted into a 250 mL round bottomed flask with magnetic stir bar, and 5 g of
phosphorus pentoxide (Fisher, 99.1%) was added (5% w/v). The solution was stirred while heating,
then vacuum distilled (mechanical pump, low heat) onto anhydrous potassium carbonate (Fisher,
99.5%), then decanted into an oven-dried Erlenmeyer flask with 4 A molecular sieves, and finally
sealed with a rubber septum for storage before use. Lithium perchlorate (Aldrich, 95+%) was dried
overnight in a vacuum oven (100 °C, 25 in. Hg vacuum) and stored in a desiccator until use.
Nitrosonium tetrafluoroborate (Acros Organics, 97%) was sealed with Parafilm and stored in a
refrigerator until use. Anhydrous ethyl ether (EMD Millipore, ACS grade) was stored in a
refrigerator until use.

Analytical Methods. Cyclic voltammetry data was performed on a CHI-750D
bipotentiostat. Solutions of each cobalt complex (1.0 mM) were prepared in acetonitrile containing
100 mM LiCIQs. Testing was performed on 1.0 mL of each solution in a 1 dram shell vial, using
a gold working electrode (0.0314 &ysaturated sodium calomel reference electrode (SSCE), and
platinum wire counter electrode. The SSCE electrode potential was confirmed to be +0.24 V vs
NHE by a separate ferrocene reference solution in the same electrolyte. Before éashing
solution, the working electrode was polished with a DI water slurry of alumina polishing powder

R rinsed with DI water, cleaned by sonication in ethanol for 30 s, and allowed to air-dry.
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For voltammograms run in the presence ¢éd-butylpyridine (TBP), one drop of TBP (~9.7 mg)
was added to the 1.0 mL of solution by glass p{péd mM, large excess).
Infrared spectra were obtained for solid powder samples using a Thermo Scientific Nicolet
380 FT-IR spectrometer with attenuated total reflectance mode through a ZnSe. crystal
Thermogravimetric analysis was performed on a TA Instruments TGA 2950 thermogravimetric
analyzer. Elemental analysis was performed by Galbraith Laboratories by combu$tisuns
and quantitative NMR experiments are described in detail in the Supporting Information (SI).
6\QWKHYV L:BipRitine- 1 Hicarboxylic Acid Chloride. The desired amount (see
below) R1 -bifiyridine-  fflicarboxylic acid and a magnetic stir bar were added to a 25 mL
round-bottomed flask, followed by an excess (67 equiv) of thionyl chloride. The flask was fit with
a condenser and the stirring mixture was brought to reflux for 2 days until no solid was visible and
the solution was translucent yellow. Remaining thionyl chloride was removed by vacuum
distillation (mechanical pump), leaving a pale yellow solid. The flask was sealed with a rubber
septum and flushed withoNjas (first passing through a drying tube filled with Drierite desiccant)
for 15 min using a gas inlet and a vent needle, before using the product for subsequent reactions.
6\QWKHYV LBipridine- § %is(N,N-dimethylcarboxamide) (dma-bpy).A two-
VWHS VIQWKHVLY ZDV HPSOR\HG -bdippiditew L®icarBaxWidaddRoQ YHU V L
the dicarboxylic acid chloride, followed by reflux in distilled and dried DMF (taking advantage of
'0)IV NQRZQ GHFRPSRVLWLRQ WR A3ld&3¢ttibed WholveGH0@ HG(KOD DP L Q
mmol) R1 -bifyyridine-  flicarboxylic acid was converted to the acid chloride, isolated by
vacuum distillation, and stored in a flask sealed with a rubber septum undi@stled and dried
DMF (3 mL) was added by syringe through the rubber septum, and the solution turned bright red.

The septum was replaced with a condenser, and the mixture was brought to reflux for 6 h. After
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cooling, DMF was removed by vacuum distillation (mechanical pump), leaving a light brown
solid. The crude product was dissolved in dichloromethane and purified by silica column, using
~25 g of silica per ~1 g of product to be purified and eluting with 100% dichloromethane. The first
band (yellow/tan) was collected, evaporated to dryness by rotary evaporation to yield a light brown
solid, and dried overnight in a vacuum oven (100 °C, 25 in. Hg vacuum). The product yield was
511 mg of light beige powder, 84% yield.

'H NMR (300 MHz, CDC4 / SSP V 3} 3.16&st6H, 2xCh); 7.37 (dd,
2H, 2xH5); 8.44 (s, 2H, 2xH3); 8.75 (d, 2H, 2xHE)T-IR (solid powder): 3068 w; 3053 w; 3020
w; 2960 w; 2931 w; 1629 s; 1589 w; 1547 m; 1499 m; 1447 m; 1400 s; 1356 m; 1261 m; 1241 w;
1215 m; 1091 m; 1062 m; 986 w; 933 m; 874 s; 763 m; 741 m; 727 m.

6\QWKHYV LWBipRidine- § flicarboxamide. As described above, 500 mg (2.05
PPRO Rbipyridine- licarboxylic acid was converted to the acid chloride, isolated by
vacuum distillation, and stored in a flask sealed with a rubber septum und&nlbroform was
dried by passing through a column of activated aluminum oxide (~10 g) and added by syringe (~5
mL) through the septum to dissolve the acid chloride. A small beaker containing 10 mL of
concentrated aqueous ammonia solution (28%) was cooled on an ice water bath and stirred to
vortex with a magnetic stir bar. The acid chloride solution was added by syringe to the vortexing
ammonia solution at a rate of2drops per second, which immediately fumed and precipitated a
white solid. The mixture was transferred to a 20 mL vial and centrifuged, and the solution was
decanted away. Carboxylic acid byproduct was removed by washing the solid with additional
agueous ammonia (3x10 mL) and once with isopropanol (10 mL); the vial was shaken for several
minutes, centrifuged, and the liquid was decanted each time. The solid was dried by rotary

evaporation, at which point it turned bright pink (possibly due to the presence of an iron impurity).
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The solid was purified by dissolving in a minimum of hot DMF and collecting the fine white solid
from the cooled solution by vacuum filtration. The DMF precipitation also served to make the
product much more finely powdered, proving beneficial in the next step of the synthesis. The
average Yyield of purified product was 56%.

FT-IR (solid powder): 3300 m, br; 3129 m, br; 1678 s; 1631 m; 1601 m; 1549 m; 1433 w;
1412 s; 1365 w; 1269 w; 1246 w; 1165 w; 1138 m; 1102 m; 1075 w; 998 w; 928 w, 857 s; 807 w.

6\QWKHYV LBipRidline- 1 Hlicarbonitrile (cn-bpy). A literature procedure for this
molecule was followed though additional workup detaifswere required in order to isolate the
desired product. To a single-neck, 10 mL round-bottomed flask was added 265 mg (1.09 mmol)
of  Hipyridine- Hlicarboxamide as a fine white powder and 10 mL (100 equiv) of £OCI
The flask was fit with a condenser and drying tube (filled with anhydrous calcium sulfate
desiccant), submerged in a sonicating water bath up to the neck of the flask, and the bath was
covered by aluminum foil to slow evaporation. The mixture was left sonicating until all the solid
had visibly dissolved and the solution was a translucent dark red, taking anywhere from 18 to 48
h (depending on the water bath temperature, which ranged from room temperature to as high as 70
°C when covered with aluminum foil, and depending on how finely powdered the amide starting
material was). A magnetic stir bar was added and excessz:R@ S| removed by vacuum
distillation (mechanical pump) down to ~1 mL of solution. The stirring solution was cooled on an
ice bath and quenched by adding small pieces of crushed ice (from nanopure water) until no more
bubbling occurred upon ice addition. Still on the ice bath, agueous ammonia solution (28%) was
added dropwise until a pH of 7 or 8 was reached according to universal pH paper. During
neutralization, an orange precipitate formed. The solution was extracted with chloroform (10 mL

portions) until no more fluorescent material was evident in the chloroform by TLC/UV light. The
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combined organic phase was concentrated by rotary evaporation and purified by silica column,
using ~25 g of silica per ~1 g of product to be purified. The product was eluted with 100%
chloroform, collecting the first light-yellow band. The eluent was dried by rotary evaporation,
leaving a fluffy white powder, and additionally dried overnight in a vacuum oven on low heat (~70
°C, 25 in. Hg vacuum), as the product can subfiinéelds averaged 71%.

'H NMR (300 MHz,CDC} / SSP G + 1+ vV oo+ 1+
2xH6). FT-IR (solid powder): 3096 w; 3072 w, 3014 w; 2245 w; 2237 w; 1587 m; 1547 m; 1457
m; 1367 m; 1319 w; 1252 w; 1230 w; 1199 w; 1101 m; 1070 w; 989 m; 920 w, 854 s; 796 m; 754
W.

Synthesis of [Co(L}](ClO4)2 Complexes.The complexes shown in Figure 5.1 were all
prepared using the same procedure. Briefly, 3.3 equiv of the respective ligand were dissolved in a
minimum of hot methanol. When all ligand was dissolved, 1 equiv of cobalt(ll) perchlorate
hexahydrate was added, and the mixture was refluxed for 2 h. After cooling, solutions were
concentratedby ~80% by rotary evaporation, and diethyl ether was added to help precipitate the
light-yellow solid product. The yellow products were collected by vacuum filtration, rinsed with
excess diethyl ether, and dried overnight in a vacuum oven (100 °C, 25 in. Hg vacuum). In the
case of the [Co(dma-bpClO4)- product, the yellow solid began to form an oil as it dried on the
vacuum filter. This oil was dissolved in acetonitrile and transferred to a vial, and then evaporated
to dryness by rotary evaporator before drying overnight in a vacuum oven. The fullyrddedtp
was a solid.

Thermogravimetric analysis was performed on all complexes (stored in closed vials on the
benchtop), and each showed small percentage mass losses (3.2% or less) at temperatures below

150 °C, consistent with weakly hydrated complexes. Complexes were sent to Galbraith
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Laboratories for elemental analysis. Analyses are consistent with dihydrates. Complexes were
subsequently redried by vacuum oven and stored in a desiccator until use.

Elemental analysis (%) calculated for [Co(dma-Blf@IO4)2-2H20, CagHseCloCON12016
(1187.28): C 48.49, H 4.92, N 14.14; found: C 48.70, H 5.03, N 14.31. Calculated for
[Co(me-bpy}](ClO4)2-2H20, Ci2H10Cl2CoNsO22 (1110.09): C 45.42, H 3.63, N 7.57; found: C
45.30, H 3.73, N 7.69. Calculated for [Co(cn-Bp§d104)2-2H20, CeeH22Cl2CON12010 (912.48):

C 47.39, H 2.43, N 18.42; found: C 47.69, H 2.69, N 18.56. Note that the elemental sanalyse
indicate that, for each cobalt complex, the ligands are present in the expected 3:foligaimalt
ratio. NMR and U\is characterizations of the complexes are included in the SI.

DSSC Dark Current Testing. Experimental conditions were chosen to closely mimic a
previous recombination stud{. Cobalt mediator solutions were prepared with 40 mM
[Co(L)3](ClO4)2 and 100 mM LiClQin -butyrolactone (gBL) solvent. During preparatian,
measured amount of a stock solution of N@QBf.2 M in gBL) was added in order to oxidize
half of the mediator t€€o®". Gold cathodes and TiCanodes were prepared as described in a
previous publicatior® Briefly, cathodes were thermally evaporated gaethromium-on-FTO
The photoanode consisted of a compactTi@ler-layer on fluorine-doped tin oxide coated glass
(FTO, TEC 15, Hartford Glass) beneath a mesoporouslay@r. The compact layer was prepared
by spin coating a Ti®sol onto an FTO slide. On top of this, a commercial>Bl0rry (T-37
nanoxide, Solaronix) was doctor-bladed into the gap between two pieces of Scotch tape. The tape
was removed and the TiQvas sintered in air in a furnace gradually stepped to 500 °C and held
for 60 min. This procedure generally produces sTins that are ~2.5 P W KL Fhl anodes
were slowly cooled to 150 °C and placed directly in a solution of Z907 sensitizer (0.3 mM in 1:1

CHsCN #-BuOH) or RK1 sensitizer (0.2 mM in absolute ethanol), witeeg soaked in the dark
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IRU+« K $QRGHV ZHUH UH P RisHdZ|ddun Rith eéthadoNaRd@ceetnitieQand
dabbed dry with a Kimwipe before use.

Sensitized anodes werpretreated by soaking in the dark for at least 15 min in gBL
solution containing 100 mM LiCIg) rinsed with acetonitrile, patted dry with a Kimwipe, and
allowed to further air-dry until cell assembly. The pretreatment solutions containing RK1-
sensitized anodes became orange, likely dissolving aggregated dye which was not Igpecifica
anchored to the TiQsurface. When dark current tests were to be run with added TBP, the dyed
anodes were pretreated overnight in gBL containing 100 mM Li&h@ 200 mM TBP, in order
to avoid time-dependent effects which could result from slow TBP adsofp#to?5 P .DSWRQ
spacer was prepared by using a leather hole puncher to cut a 0.5@8atenout of a square
Kapton strip, allowing a defined area for the experiment. Electrodes were arranged in a sandwich
configuration, with the photoanode clamped against the cathode with small binder clips, separated
by the Kapton spacer. The mediator solution of choice was introduced.Y10a an auto pipet
with disposable plastic tip through one of two 1 mm holes drilled in the cathode. Holes were not
sealed during testing, made possible by the low vapor pressure of the gBL solvent.

Dark currents were run using a CHI-750D bipotentiostat in a two-electrode configuration
(working lead clipped to the T&kanode, auxiliary lead attached to the gold cathode, and reference
lead clipped to the auxiliary lead). The cell was kept in the dark during testing. Dataleeied
by linear sweep voltammetry, scanning from +0.11® V vs. the cathode, with a scan rate of 50
mV/s. After testing, cells were disassembled and each component was rinsed with acetonitrile and
dabbed dry with a Kimwipe. The cell was then reassembled and the next mediator solution was
introduced for testing. Each respective mediator solution was tested three times on three different

anodes, and the dark currents averaged to yield Figure 5.5 (see below). Very littlernvariati
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occurred between trials of the same mediator solution, and dark currents were not dependent on
the order of mediator testing.

For experiments shown in Figure 5.7 (see below), anodes included bare FTO, FTO/dense
layer Ti®, FTO/dense layer/mesoporous Tj@nd FTO/dense layer/mesoporous JA907.
These anodes were prepared as above, but stopping at the appropriate step. FTO and FTO/dense
layer TiQ, anodes were also annealed in air to 500 °C for 60 min and cooled to 150 °C before

being placed in pretreatment solution.

5.3 Results And Discussion

Synthesis of New Ligands and Cobalt ComplexeBetailed procedures for the synthese
of ligands are provided in the Experimental Section above, and a discussion of the selected
synthetic strategies for dma-bpy and cn-bpy ligands are provided $1. tB&ce the ligands were
in hand, cobalt complexes were synthesized by the typical proc€diiBequiv of ligand were
dissolved in a minimal amount of hot methanol, followed by 1 equiv of Caj& lé&hd the solution
was refluxed for 2 h. Usually, solutions tethyellow immediately upon addition of cobalt,
indicating the formation of the complex. Interestingly, the cn-bpy solution remained the light pink
shade of Co(CI@)- throughout the reflux, indicating that the cn-bpy ligand competed poorly to
coordinate with the metal at these high temperatures. After reflux, solutions were concentrated by
rotary evaporation and diethyl ether was added to help precipitate the product. It was not until this
concentration step that the [Co(cn-bg%) solution began to precipitate a white solid (likely
uncoordinated ligand), which then spontaneously turned yellow as concentration progressed.
Solids were collected by vacuum filtration, washed with diethyl ether, dried overnight in a vacuum

oven, and stored in sealed vials under ambient conditions before analysis. Elemental analyses of
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each complex were consistent witltCqL)s](ClO4)2:2H.O within +0.3 atomic percent.
Thermogravimetric analysis of the complexes was also consistent ®ithaters of hydration, as
indicated by small percentage mass losses at temperatures below 150 °C. Complexes were
subsequently redried in a vacuum oven and stored in a desiccator until used.

Cyclic Voltammetry of Cobalt Complexes.Each complex was characterized by cyclic
voltammetry. A previous study found that the electron-transfer kinetics of many cobalt
tris(bipyridyl) derivatives can by very dependent on the electrode material; the most reversible
behavior was observed on gold and glassy carbon, while non-reversible behavior was observed on
platinum?® Cyclic voltammograms (CVs) of our new complexes on gold electrodes are shown in
Figure 5.2, and electrochemical data are summarized in Table 5.1.

”50 blank [Co(dma-bpyy2/3* [Co(me-bpyjj2+2+ [Co(cn-bpy>++
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Figure 5.2 Cyclic voltammograms of the prepared cobalt complexes (1 mM) in acetonitrile with
100 mM LiCIOs supporting electrolyte (blue curves) and with added 1 drop (~70 mM, large
excess) of 4ert-butylpyridine (TBP) to the solution. Working electrodes were polished gold,
SSCE reference, platinum wire counter electrode, and 50 mV/s scan rate.

Table 5.1 Electrochemical Properties of Cobalt Complexes in Acetonitrile Electrolyte on
Various Electrode Materials.

gold glassy carbon platinum

solution Eip (MV)? e, (mV) Eip (MV)? 0E, (mV) Eip (MV)? e, (mV)
[Co(dma-bpy)] >+ 392 84 374 133 374 148
[Co(dma-bpy)]?*3* + TBP 381 279 409 382 NDP NDP
[Co(me-bpy)]?+=* 503 101 515 159 561 349
[Co(me-bpy}]?"** + TBP 440 270 534 432 NDP NDP
[Co(cn-bpy)] 2=+ 688 93 800 265 NDP NDP
[Co(cn-bpy}]?***+ TBP 479 568 NDP NDP NDP NDP
[Co(bpy)]>"** 220 60 223 86 223 60
Y[Co(bpy}]?*+ TBP ND® >650

ays SSCE P Peak(s) not discernihléAdjusted from previous publicatidfh scan rate = 200 mV/§From
previous publicatioR?
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In the present study the most reversible behavior, as indicated by the peak sep@gtion,
was found on gold electrodes. From Eae values of each complex, it is evident that the electron
withdrawing nature of the ligands increases in the order dma-bpy < me-bpy < cn-bpy. It is also
important to point out that the [Co(cn-bpl¥{C1O4)2 complex exhibited two electron-transfer
waves in acetonitrile; the first Bi,> 8500 mV and the second at 688 mV vs SSCE. The appearance
of two waves suggests the presence of two different electroactive species in solution. As discussed
in the Introduction section, ligand dissociation and resultant complex instability may be expected
to increase as the electron withdrawing nature of its functional groups increases. Therefore, it is
not surprising that [Co(cn-bm§ClO4)> showed evidence of two species by cyclic voltammetry.
The most likely identity of the second species, then, is [Co(cr{@CN)2]"", resulting from
the loss of a cn-bpy ligand and replacement by the mildly coordinating acetonitrile dlvent.

Effects of Added 4-Tert-butypyridine.common additive in DSSCs electrolyte solutions

is 4tert-butylpyridine (TBP), which has been found to improve DSSC performance by providing
a barrier to recombination between the mediator and electrons in theah® by negatively
shifting the energy of electrons in the conduction IFridkcauseert-butyl groups are electron
GRQDWLQJ LW LV H[SHFWHG WdoibWhahotha bipitidixediganiststudied W U R Q
here, though it lacks the chelate effect of the bidentate bipyridine ligands. It was of interest,
therefore, to study the effect that TBP might have on the stability of these high-potential cobalt
complexes. To probe this effect, one drop of TBP was added to each solution, and CVs were
repeated. We note that this addition results in a large, ~70-fold molar excess of TBP relative to the
cobalt complex, which should accentuate any potential stability issues.

It can be seen from Figure 5.2 and the data in Table 5.1 that the addition of TBP to solution

greatly reduces the reversibility of electrochemistry on all the electrode materials tested. The
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literature explanation for this decreased reversibility is that TBP adsaoidshe surface of the
electrode, increasing the resistance to charge transfer (decreasing electronic coupling) between the
electrode surface and the mediator complex, likely due to the steric bulktefttbatyl group?’

While we have previously shown that modifying gold cathode surfaces with sulfide ions can result

in much more Nernstian voltammetry for cobalt complexes in the presence of EBRore
pronounced redox wave due to TBP also appears withaaf about 0.55 V vs SSCE. Such a

redox wave would overlap with the redox chemistry of the more positive-potential cobalt
complexes in this study.

As shown by Figure 5.2, the effect of added TBP was qualitatively the same on the
electrochemistry of both the [Co(dma-bg{lO4). and [Co(me-bpy](ClO4)> complexes but
differed for [Co(cn-bpy)(ClO4)2. We note that th€V of [Co(bpy}](ClO4)2 on a gold electrode
with and without TBP has been published previously and was qualitatively similar to those shown
for [Co(dma-bpyj](ClO4). and [Co(me-bpy](ClO4). in Figure 5.2 The voltammetry of
[Co(cn-bpy}](ClO4)2 with TBP became almost completely irreversible, showing barely any
cathodic wave on the reverse sweep. This observation indicates that something fundamentally
different is occurring in the [Co(cn-bp()CIO4). + TBP solutionsthat is, increased resistance to
electron transfer is not the only effect of TBP in this case.

Cobalt complex solutions were characterized by ¥ spectroscopy, both before and
after adding TBP, and again after performing cyclic voltammetry (see Figuren855.2 in the
SI). All solutions initially had a pale-yellow hue. For [Co(ke}{104)2, [Co(dma-bpyd](ClO4)2,
and [Co(me-bpy](ClO4)2 complex solutions, the absorption spectra remained unchanged after
adding TBP and performing CVs. By contrast, [Co(cn-EJp$)O4). solutions changed to bright

green after adding TBP and performing CVs, providing evidence for the formation of a new
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species. Absorption spectra and a discussion of this color change can be foundli(Fthere
S5.2). After several controls and review of literature spectra, we conclude that the color change is
likely caused by the formation of a small percentage of a bright blue, Co{BByproduct,
following dissociation of labile cn-bpy ligands, and with the chloride ions originating from the
SSCE reference electrode (see the discussion iBljh&/e note that this byproduct would not
form under DSSC conditions due to the lack of chloride ion and merely served as a fortuitous,
early indication of complex instability.

While acetonitrile is one of the most common electrolyte solvents in DSSC studies due to
its low viscosity and high dielectric constérit,is a relatively strongly coordinating solv&hand
is therefore not the most ideal solvent for potentially labile cobalt complexes. Therefore,
electrochemistry of [Co(cn-bpyJClO4)> was also tested in two less-coordinating solvents:
QLWURPHWERQNUBRBQGFWRQH J%/ I1RWH WKDW J%/ LV WKH V
research group for DSSC studies due to its very low volatility, thereby eliminating the need to run

experiments on sealed cells. The resuls with alternative solvents are shown in Figure 5.3.
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Figure 5.3 Cyclic voltammograms of 1 mM [Co(cn-bp}(Cl04)2 in (a) gBL and (b) nitromethane
with 200 mM LiCIQs supporting electrolyte (blue curves) and with added 1 drop (large molar
excess) of TBP to the solution (red curves). Working electrodes were polished gold, SSCE
reference, platinum wire counter electrode, and 10 mV/s scan rate.

For [Co(cn-bpy3](ClO4)2 in gBL, Ex2 P9 D @G 240 mV. In nitromethané&2
P9 D @G 8D mV vs SSCE. Notable in both these voltammograms is that only one wave
is present as opposed to the two waves observed in acetonitrile (F@)maé&aning there is no

electrochemical evidence for complex instability in these less-coordinating solvents. However,
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when 1 drop of TBP is added, the electrochemistry becomes completely irreversible, just as in
acetonitrile (Figure 5.2). Similar to the acetonitrile case, [Co(cnsl{y4)- in gBL also turned

bright green after addition of 1 drop of TBP and performing CVs. The nitromethane solution for
electrochemistry did not turn green upon adding TBP, but a translucent precipitate formed. It is
noteworthy that the complex was already at its very limit of solubility even at 1 mM concentration
in the nitromethane electrolyte solution. Despite the lack of a color chan@gy timneFigure 5.3b

still seems to indicate that the complex is unstable in the presence of TBP in nitromethane at room
temperature.

NMR Determination of Stability Constants. In light of the above results, it became of
interest to determine, at least semiquantitatively, the stabilities of our cobalt complexes. A simple
metric would then be to measure the stoichiometric ligand-binding equilibrium conktdatso
referred to as stability constants or formation constants), between a metal ion and its ligands in
solution. The sequential equilibrium constants of ligand (L) coordinating to a metal cation (M) as

classically defined are given belcW:

. ~E R
E - aslomoa, (5.1)
p ER
, > AR
o B - 1arloaa, 53)

,W KDV EHHQ IRXQG IRU FRE bhipywine andRIP-pI@hbhthdlinZ ligahids 1
in water, that the above equilibrium constants decrease in the expectelorder> K33 If it

is assumed that, upon dissolution, @oamplexes equilibrate only into species present in eq 5.3
(this assumption was clearly not valid for the case of [Co(cns|§¥P4)2, see the discussion in

theSl), and if the equilibrium concentrations of two of the three chemical species i3 @n3e
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determined, then an approxim#tevalue can be calculated for that complex. Due to the ubiquity

of NMR instruments in chemistry departments and the simplicity of NMR experiments, we chose
this technique as a facile and quick method which can be used for probing the stability of new
cobalt mediator complexes for DSSC applications.

Cobalt(ll) tris(bipyridyl) complexes are low spin and diamagnetic, so NMR of the
complexes should be straightforward. However,Gio&" species of the redox couple is expected
to be much less labile than the high s@iof* and is therefore not the correct species to study if
stability is a concern. Brisig et al. have previously shown@ieétcomplexes can often be studied
by NMR despite being paramagneticThe 'H signals of the coordinated bipyridine ligands are
broadened and shifted significantly downfield of the typical aromatic range due to the
paramagnetic cobalt center. Fortunately, this leaves the aromatic region uncluttered,*ahd the
signals of any dissociated free ligand can be easily detected. NMR spectra of our new)cobalt(
complexes, as well as [Co(bpClO4)2 as a control, are provided in Figure S5.3 in the SI.

In order to quantify the amount of free, dissociated bpy ligand from each complex,
individual samples were prepared watetonitrile with a known starting concentration of each of
our new, high-potential cobalt compks< as well as [Co(bpy)ClO4).. Once dissolved and
equilibrated, any detectable free ligand was quantified against a benzene internal standard. In
addition, each sample was diluted at least twice withcetonitrile, allowing for multiple<s
calculations and averaging of tKe for each sample. Details of the experiments and calculations
are provided in th&I, and results are provided in Table 5.2.

Table 5.2Stability Constants for [Co(k)CIO4)2 Complexes in gtAcetonitrile Calculated by
Quantitative NMR Experiments.

complex K3 (std dev) Ei2 (mV vs SSCE)
[Co(bpy)k]?* 456 (0.7) A0 220
[Co(dma-bpyj]?* 8(3) A 392
[Co(me-bpy}]?* 9.2 (0.5) A 0® 503
[Co(cn-bpy}]?* 2(1) AR 688
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As further detailed inth&l WKH 105 VSHFWUD VKRZHG WKDW WUDFH
of the complexes had been oxidizedCw*. We note that no oxidized complex was evident in the
[Co(cn-bpy}](ClO4)2sample, which has the most positive redox potential, and therefore the lowest
driving force for oxidation relative to the other three complexes studied. As samples were diluted,
the detected percentage ©6*" complex impurity remained essentially unchanged, while the
percent dissociated ligand increased. This observation provides additional evidence that the
detected free ligand in each sample originated from an equilibrium process, not simply from
residual, uncoordinated ligand impurity. Also, recall that the elemental analysis of each sample
was consistent with the ligands being present in the expected 3:1 {maadalt ratio.

The results summarized in Table 5.2 show (i) thaKihstability constants estimated for
the new cobalt complexes studied herein vary by several orders of magnitude and (i) that the trend
in Kz stability constants decrease as redox potentials increase. We note tKat sttadility
constants calculated in this study are likely underestimates, due to our simplifying assumption that
the equilibria reactions in eqs 5.1 and 5.2 did not contribute to the detected equilibrium
concentration of dissociated ligand. In fact, the breakdown in this assumption is likely what led to
the significant 50% uncertainty in thi€z values calculated for the least stable complex,
[Co(cn-bpy}](ClO4)2. By contrast, the nearly 40% uncertainty in the meadtiseclues for the
most stable complex, [Co(dma-bplfC104)>, illustrates the difficulty of measuring such high
equilibrium constants by NMR.

The [Co(bpy3](ClO4)2 complex was also included as a control. While [Co(#($)O4)2
has the most negative redox potential of the complexes studied, it did not show the largest
equilibrium constant. For comparison, a previous study of [CofFpyih aqueous 0.1 M KCI

found a logKs) value of 4.80 K3 of 6.3x1d), as determined by a more sensitive ligtigglid
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partition techniqué! Our calculateds value of (4.6+0.7)x10s significantly larger, which is not
necessarily unexpected. The stabilities of complexes will, of course, vary by solvent as already
shown above for our [Co(cn-bp)IClO4). complex based on the different electrochemical results

in acetonitrile vs gBL or nitromethane (Figures 5.2 and 5.3, respectively). In fact, the overall
stability constant, 3 ( 3= K1K2K3), for [Co(bpy}]?* has also been found to be ovef®ligher in
water-saturated dichloromethane than in water soldtion.

Under the conditions of our NMR study, we found that the approximate peteént
complex that had dissociated a ligand ranged from less than 1% for [GN®[9)). and
[Co(dma-bpy3](ClO4)2 up to more than 100% for [Co(cn-bp104). (that is, some proportion
of [Co(cn-bpy}](ClO4). dissociated more than one cn-bpy ligand, see Table S5.2 81)th&s
an additional control, NMR spectra were taken for each complexaoedonitrile with added TBP
(2.5 mol equiv vs cobalt). Though the concentrations of free bpy ligand were not quantified in
these experiments, the free bpy signals increased upon TBP addition for all three of our new
complexes, indicating that TBP shifts the equilibrium toward more bpy ligand dissoéfation.
Restatedthe TBP additive reduces the stability of cobalt(ll) tris(bipyridyl) complexes.

DSSC Dark Current (Recombination) MeasurementsThe precise effect that mediator
complex instability would have on DSSC operation is difficult to predict but would likely depend
on the extent to which ligand substitution occurs, and the ultimate speciation of the new complex
formed. It was expected that the easiest metric to test a possible effect would be dark current
measurements. Dark currents gauge the extent of recombination between electrochemically
generated electrons in the piénd the oxidized form of the mediator complex in the electrolyte
solution. Therefore, each of the new cobalt complexes were used to prepare DSSC mediator

solutions.
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While it would be ideal to compare dark currents from mediator solutions in acetonitrile
solvent so that the results could be directly related tdtheonstants calculated by NMR, the
[Co(cn-bpy}](ClO4)2 complex is only soluble up to 5 mM in acetonitrile and gradually precipitates
after being oxidized t€o* by NOBFR. Hence, mediator solutions were prepared in gBL solvent,
where [Co(cn-bpy]** remains soluble up to at least 20 mM. Mediator solutions contained 100
mM LiClOsand 40 mM [Co(Ly](ClOa)2, half of which was oxidized t60*" using a stock solution
of NOBF. Again, the choice of gBL solvent also has the advantage of a very low vapor pressure,
so that DSSC tests can be performed without the complication of sealing the cell to avoid
evaporation of the electrolyte solvent. Although thegnitudesof the stability constants are
expected to be different in gBL and acetonitrile solvents, the qualitative staleititlis expected
to hold. That is, the complex stabilities are expected to decreabeiasespectiveEs» values
increase.

To mimic a typical DSSC cell, mesoporous T&nodes (with a dense TiBlocking layer
to prevent recombination between the mediator and FTO support) were dyed with a common
ruthenium DSSC sensitizer, Z907, shown in Figure 5.4. This sensitizer was originally designed to
improve the stability of DSSCs by adding hydrophobic nonyl groups which repel trace water
impurity.® It has been found that these groups can also act as a steric barrier to recombination
between cobalt mediator complexes and sE@ctrons’® Cells were assembled in a sandwich
configuration with a gold cathode and a 26 Kapton spacer, and dark currents were measured

using linear sweep voltammetry.
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Figure 5.4 Structure of the common Z907 DSSC sensitizer.

Note that in dark current experiments, potential is applied to the aBagg relative to
the potential of the cathode. The potential of the cathode in a DSSC has been shown to be pinned
at the redox potential of the electroRftén this case, thEi, of each complex as reported in Table
5.1 on gold electrodes) and which will be different for each respective mediator complex. In order
to compare recombination across different mediators, it is necessary to plot dark currents relative
to the electrochemical potential of electrons in the,TdD the quasi-Fermi leveEg), rather than
Eappr This simple conversion is showy eq 5.4:

Er = Eappi* E1/2,redox (5.4)
Averaged dark currents for each mediator solution on three different dyeafa@es are shown
in Figure 5.5.

For the new, high-potential cobalt complexes, recombination currents are highest for
[Co(cn-bpy}](ClO4)2 mediator solutions, followed by [Co(me-bp)ClO4). and then
[Co(dma-bpy3](ClOa)2. As for the [Co(bpyl(ClOa4)2 control, the dark current onsets at the most
negative potential, consistent with its more negative redox potential. However, as potential is
scanned in the negative direction, the current magnitude increases more rapidly for
[Co(bpy)k](ClO4)2 than for the other three complexes. This result is expected because the lack of

additional functional groups on the ligands means that [Co{l§8y®4). should have the fastest
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Figure 5.5Dark current densities vs Ti@uasi-Fermi level for cobalt mediator solutions on2liO
anodes (with dense Ti@inder-layer) sensitized with Z907 dye. Mediator solutions contained
40 mM [Co(L)](ClOa)2, half of which was oxidized to Gdbwith a stock solution of NOBE
and 100 mM LiClQin gBL solvent. Dark current curves are each an average of three trials
with three different anodes. Also shown is the dark current measured with blank electrolyte
(100 mM LiCICys in gBL), which was not corrected by eq 5.4. The inset is zoomed in on the
region of potential-independent current.

mass transport through the electrolyte solution, and the least intrinsic barrier to recombination at

the TiG; surface.

The dark current for the [Co(cn-bpj(ClO4)> complex shows an unexpected feature.
When scanning from positive to negative potentials, the recombination current immediately
increases and then quickly plateaus to a (nearly) potential-independent value. Gaoéaout
0.2 V vs SSCE is reached, current again increases rapidly, as was observed for the other three
mediator complexes at the same potential. From the inset of Figure 5.5, it can be seen that
[Co(me-bpy3}](ClO4)2 also exhibits some nearly potential-independent current but at a much lower
magnitude (consistent with the higher stability constant for that complex). Another peculiar feature
of the dark currents for [Co(cn-bp}(ClO4)> and[Co(me-bpy}](CIO4). are 3 E X P S/ the
currents centered at about 0.0 V vs SSCE. This feature is not present for [Co(dsh&1aw?

or [Co(bpy}|(ClO4)2, which showa more typical exponential looking increase in current as the

potential is scanned in the negative direction.
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A previous publication by Feldt et al. studied 13 different cobalt complex mediators with
varying redox potentials. Dark current measurements were performed for each of those
complexes (viewable in th@l of that studyy and potential-independent recombination currents
such as those seen in Figure 5.5 were not observeshyaf those mediator€ However, some
of the mediatorslid exhibit a similarbump”in the current curve at similar adjusted potentials.

Recombination Modelindn order to better understand the above dark current results, we

chose to model expected recombination rates for the different cobalt complex mediators.
Heterogeneous electron transfer at semiconductor electrodes can be modeled bybéaisuiser
theory, which is based on overlap between the electronic density of states of the electrode and
those of the dissolved reactant in solutfdn. This model was used to estimate relative
recombination rates for each of the cobalt complexes in this study, with the important assumption
that the mediator complexes are 100% stable and that the complexes only weakly interact with the
semiconductor surface (that is, there is not significant overlap between the electronic wave
functions of the cobalt complexes and the J80rface)® Therefore, recombination features not
present in the modeled current can potentially be attributed to complex instabiityfically to
some unknown redox species originating from the dissociation of one or more of the original
bipyridine ligands. Details for the recombination modeling are provided iSltlend results are
provided in Figure 5.6.

From the density of states diagram shown in Figure 5.6a, it is clear that the model predicts
that recombination between Ti@lectronic states and mediator acceptor stated"\Ghould
increase as the redox potentials of the mediators grow more positive, caused by improved overlap

of the densities of states. In other words, recombination is expected to be in the Marcus normal
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Figure 5.6 Recombination modeled using Marcfserischer theory: (a) overlap of electronic
states with indicated isoenergetic electron transfer fromp TiOnoenergetic trap states
(dashed orange line), exponential distribution of trap states (dashed green line), and from the
conduction band (dashed blue line); (b) total modeled recombination rateMsSeri@ energy
for [Co(cn-bpy)]®*, also showing individual contributing currents from electrons originating

in different TiQ states; (c) modeled total recombination rates v F&mi energy for each
of the new cobalt complexes in this study.
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region. This is consistent with our experimentally observed dark currents (Figure 5.5). Figure 5.6b
shows that the recombination model can resolve individual contributing currents for electrons
originating in different TiQ states. These states include free conduction band electrons, as well as
localized electrons in an exponential distribution of trap $at&sQG 3PRQRHQHUJHWLF
stateg?44142

Figure 5.6¢ shows the calculated total recombination rates wjU&3i-Fermi energy for
each of the new cobalt mediators in this study. The [Cofp{yjontrol was omitted from this
figure for the following reason: the recombination model assumes an equal electron-transfer rate
constant between each of the complexes and thgsLi@ace. As described in the text above, the
lack of additional functional groups on the ligands of [Co(BBy)means that it should have the
least intrinsic barrier to recombination at the Fg0rface, likely leading to the higher dark current
slope observed for this complex in Figure 5.5. Rather than arbitrarily adjusting the electron transfer
rate constant in the model for [Co(bgly}, the complex was omitted.

Note that the qualitative shapes of the modeled recombination currents in Figure 5.6c
match relatively well with the observed recombination currents in Figure 5.5 at more negative
potentials. Specifically, thé E X P &served in the current curves for [Co(cn-hBi{®)IO4). and
[Co(me-bpy3}|(ClO4)2 mediator solutions can be attributed to recombination originating from
monoenergetic trap states in the 7i@s shown in Figure 5.6b. Importantly, the modeled
recombination currents (calculated assuming stable mediators which only weakly interact with the
TiO> surface) couldnot account for the potential-independent currents observed for
[Co(cn-bpy}](ClO4)2 and [Co(me-bpy](ClO4). solutionsat more positive potentials. Therefore,

the hypothesis that these currents could be caused by complex instability is still plausible.
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Additional Discussion on Potential-Independent Recombination CurrBantarding to

previous literature, potential-independent recombination currents (also describatlirasion
recombination current) are expected for recombination from fully occupied deep trag®sites.

45 When the rate of recombination from these trap states is slower than the rate of detrapping to
the conduction band, their occupancy can be calculated as a function of the Fermi energy by
Fermi-Dirac statistic® (we note that this condition is made more likely on dyed anodes, because
the steric bulk of the dye reduces the rate of recombination). Under this condition, the trap states
would be fully occupied when the Fermi energy reached alkglitabove the potential of the trap
states (about 100 meV at room temperature), and a saturation current would result.

Indeed, the recombination currents modeled in this study show that a saturation current is
expected for recombination from the monoenergetic trap states ofdaShed orange curve of
Figure 5.6b). Potential-independent currents have also been experimentally observed for dark
currents between a sintered, Nb-doped Sg'El@ctrode and ferricyanide redox mediator in basic
buffered water solutiorf§.However, recombination from deep trap states alone cannot explain the
saturation currents observed for [Co(cn-B®IO4)2 at potentials as high as +0.6 V vs SSCE
(Figure 5.5). This would require the existence of additional states in Figure 5.6a; both electronic
states for [Co(cn-bpy)*" in solution at more positive potentials, and the existence of
monoenergetic trap states in the 7&3 high as +0.7 V vs SSCE, in order for the states to be fully
occupied by +0.6 V to give rise to a saturation current. There is no evidence for such positive TiO
trap states, either in this study or in the literature.

An alternative hypothesis for the origin of the potential-independent recombination current
could be the presence of some redox-active impurity. As a control, cyclic voltammograms were

performed for each mediator complex in gBL electrolyte, scanning the full potential range of the
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dark current experiments (Figure S5.10, Sl), that is, scanning as far negative as the TiO
conduction band, approximately 9 YV 668&( WKH FRPSOH[HVY SRWHQWL
positive, a second redox wave begins to occur within the solvent window at more negative
potentials, consistent with the £6*couple. In the case of [Co(cn-bp)CI04)2, a Co'*?* wave
occurred with arky2 of 10.35 V vs SSCE, and a second, less reversible wave was present with an
E1 of approximatelyi0.58 V vs SSCE. This set of two waves for thé*€bcouple in gBL is

very similarto the voltammogram shown for the €8" couple in acetonitrile (Figure 5.2). As
discussed in th&l, this result is consistent with enhanced complex stability in gBL relative to
acetonitrile, but still dissociating crtbpy ligand after reduction of the complex. Moreover, if a
redox-active impurity were responsible for the unusual dark current behavior observed for
[Co(cn-bpy}](ClO4)2, we would expect to see its redox activity by CV at potentials as positive as
+0.6 V vs SSCE, in order to give rise to the observed potential-independent dark current of Figure
5.5. As an aside, an important insight gained from Figure S5.10 in the Sl is that, for high-redox-
potential cobalt complex mediators, reduction of'@Go Cd* by conduction band electrons could
potentially contribute to recombination currents.

Another alternative hypothesis for the origin of the potential-independent recombination
current could be direct recombination betw&@si* complex and electrons in the FTO substrate
beneath the Tiefilm. This is unlikely due to the use of a dense Jlidcking layer between the
FTO and the mesoporous Ti@im. Regardless, controls were performed to eliminate FTO
recombination as a possibility. Figure 5.7 shows recombination currents for cells containing
[Co(cn-bpy}](ClO4)2 mediator on different anodes, including bare FTO, FTO/dense layey TiO

FTO/dense layer/mesoporous tj@nd FTO/dense layer/mesoporous JJA907 sensitizer.
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Figure 5.7 Dark current densities on various anodes vs anode quasi-Fermi level for 40 mM [Co(cn-
bpy)](ClO4)2, half of which was oxidized to Gbwith a stock solution of NOB& and 100
mM LiClO4in gBL solvent.
Compared to bare FTO anodes, recombination currents were roughly halvedTidth
dense layer, which is much less conductive. Currents were slightly higher on FTO/dense
layer/mesoporous T anodes due to the higher surface area of the mesoporous TiO
Unexpectedly, currents were slightly higher again on anodes dyed with Z907 sensitizerjtdespite
known steric blocking effect. The opposite was seen for cells containing [Co(dm¥Dlieys)2
and [Co(me-bpy](ClO4)2 mediator solutions; recombination was lower, as expected, on dyed
anodes compared to undyed anodes. Most notably, the potential-independent recombination
current observed for [Co(cn-bpy(ClO04)2 and [Co(me-bpy](ClO4). mediators wasnly present
on dyed anodes, implying that the potential-independent current is caused by some interaction
betweeraredox species and the Z907 sensitizer.
A third alternative hypothesis for the origin of the potential-independent recombination
current could be adsorption of the mediator to the: Bi@face, whereby the rate of recombination
could be limited by the rate of either adsorption or desorption of the mediator. Indeed, carboxylic

acid derivatives such as esters and amides have been used as sensitizer ancHoFrgresifis

metal cyanides have also been shown to adsorb totAii@ugh ambidentate cyano ligarfdso it
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seems reasonable to expect that cn-bpy could also adsorb. However, Figure 5.7 also rules out this
hypothesis; if the potential-independent recombination current were caused by mediator
adsorption, we would expect to see the feature on undyed anodes as well, which was not observed.

In order to test dark currents under cell conditions that more closely mimic a typical DSSC,
cells were also run with added 200 mM TBP (a typical concentration for DSSC mediator
solutions). Interestingly, after adding TBP to the [Co(cn-£($)Oa)2 solution, an unidentified
precipitate began to gradually form as fine needles. Dark current measurements were repeatedly
taken from this mediator solution over time (Figure S5.11, Sl). The resulting potential-independent
recombination current decreased over time, coinciding with precipitate formation, which indicates
that the saturation current is proportional to the concentration of some redox species related to the
original mediator in solution. An additional dark current experiment without TBP showed that the
saturation current is also independent of scan rate (see Figure S5.12, Sl). Both of these results are
consistent with a diffusion-limited curreni) (of some species in solutiéh:

BL J(#1% (5.5)
wheren is the stoichiometric number of electrons involved in the electrode reakEtisnthe
Faraday constang is the area of the electrod®,is the mass transfer coefficient of the reacting
species, an@* is the bulk concentration of the reacting species.

As our remaining hypothesis, we propose that the reacting species giving rise to the
saturation recombination current is some mediator complex species that has lost a bipyridine
ligand, that is present in low concentration as determined by the stability constant of the complex,
and that interacts with the Z907 dye as required by the results in Figure 5.7. An illustration of a
possible interaction is shown in Figure 5.8. Indeed, a previous study by Mosconi et al. performed

molecular dynamics simulations which suggested that an associated complex can form between
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TiOz-adsorbed ruthenium based dyes (including Z907) and a [Ca]bpylediator*® A positive

binding energy was calculated for the associated complex formed between [€)é{lamg Z907

dye even when the dye carried no formal charge (fully protonated carboxylate anchor groups) due
to a partial negative Mulliken charge calculated for the sulfur atoms of the thiocyanate §roups.
Such an interaction would bring the mediator close to the $i®face, which should enhance
electronic coupling and therefore recombination. We assume that the loss of a bpy ligand would

only enhance this interaction.

Figure 5.8 Proposed interaction betweartabile cobalt complex mediator and Z907 sensitizer,
IRUPLQJ D EULGJHG FRP S'Gighndy. SGchvarkassdasiated sonipte® could be
responsible for observed potential-independent dark currents.

In the above study by Mosconi et al, molecular dynamic simulations were also performed
to probe the interaction between [Co(k3) mediator and several fully organic dyes which have
achieved high-efficiency DSSCs. Interestingly, nearly zero binding energy leatated for the
associated complexes between [Co(B¥)and the neutral organic dyes, in contrast to the neutral
Z907 dye*® In a subsequent study by Liu et al., the calculated resistance to recombination between

[Co(bpy)]®*and TiQ electrons was found to be #DO times lower for Z907-dyed anodes when

compared to those dyed with the fully organic Y123 dye, one of the top-performing DSSC
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sensitizers at the tinf&. Therefore, it was of interest to test the dark currents of our
[Co(cn-bpy}](ClO4)2 mediator on anodes dyed with an organic dye.

For this purpose, we chose a commercially available daunoeptor-type organic dye,
RK1, which is structurally similar to Y123. The dark currents observed on RK1-sensitized anodes
are provided in Figure513, Sl, along with the structure of RK1. Interestingly, a nearly potential-
independent recombination current was still observed, though its magnitude was roughly one-third
that of Z907-sensitized anodes. The magnitude difference could be explained by differences in dye
coverage and packing, different steric effects of the dyes, differences in the alitignioate the
electronic coupling between the mediator and>,TICRU GLIITHUHQFHV LQ WKH G\HVT
with the C3* complexes near the TiGurface’® It may be possible that unstable mediator could
interact with the nitrile group of RK1 similarly to the SG Z907 as shown in Figure 5.8.

Discussion and Implications of Cobalt Complex Mediator Instability on DSSC
Performance.The precise effect that mediator complex instability should have on overall DSSC
performance is difficult to predict, but would certainly depend on the extent to which ligand
substitution occurs, and the ultimate speciation of the new complex formed. Other ligands in
solution which could replace the lost bipyridyl ligand includesCN solvent (if used), TBP
additive, or possibly trace 2 or NCS (the NCS ligand may be present in very small
concentrations in DSSCs which employ the archetypal heteroleptig(ROE)-type dyes, as a
rare decomposition product of the excited dy@¥.these ligands, the relative coordinating abilities
DUH H[SHFWHG WR GHFUHDYV H H@> WHEEN R an tHaUmasvosbusdahi& 6
ligands are CBECN and TBP (a typical TBP concentration in DSSC mediator solutions is 200
mM). Therefore, TBP seems the most likely candidate to replace a dissociated bipyridyl ligand in

a typical DSSC cobalt mediator solution.
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If, in DSSCs mediated by cobalt tris(bipyridyl) complexes, TBP additive replaces bipyridyl
ligands to some extent, we can predict some possible effects. For example, a TB&(k]™
species would likely have a more negative redox potential than its LB (harent complex, due
to the electron-donating nature of tteet-butyl group. If this species formed to a large enough
extent, it could negatively shift the redox potential of the electrolyte. This would have the effect
of reducingtheVoc and, therefore, the overall efficiency of the cell. In addition, a [GE[BP)]"*
species might have higher charge transfer resistance with the cathode, the sensitizer, and/or the
TiO2; electron transfer for [Co@u-bpy)]?*3* (t-Bu- ES\  -di-fert-butylbipyridine) has been
found to be significantly nonadiabafit.

A recent study tested the 2000 h photostability of DSSCs with Z907 dye and acetonitrile
electrolyte containing [Co(bpylf*** mediator and TBP additiv.The efficiency of these cells
deceased by 34% over the course of the study. Some of the loss in efficiency was attributed to
increases in both the counter electrode charge transfer resistance and Nernst diffusion resistance
over time>* Interestingly, the gradual decomposition of [Co(BYF** to some species such as
[Co(bpyk(TBP)]?*3* could contribute to both higher charge transfer resistance at the cathode and
higher diffusion resistance due to the bulk thattérebutyl groups would add to the complex.
However, considering the hig& constant we found for [Co(bp}|ClO4)2, it seems unlikely that
the ligand substitution would occur to such an extent as to accowaik fiee drop in efficiency.

Preliminary DSSC Testing of New Cobalt Complex MediatorsIn order to probe the
performance of our new, high-redox-potential cobalt mediators, DSSC cells were characterized
employing each of the mediators in gBL solution with Z907-sensitized anodes. While these cells
were highly unoptimized, results are useful for comparison of the performance of the new

mediators relative to a [Co(bpy)ClO4)2 control, to determine if further testing of the new
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mediators is warranted. The new [Co(cn-B{{)IO4)> complex was not tested in a DSSC due to
its much lower solubility and gradual precipitation upon addition of TBP. Experimental details for
DSSC testing are provided in ti4, as well as testing results in Figure S5.14 and Table S5.5,
along with a detailed discussion.

Neither [Co(dma-bpy)(ClO4)2 nor [Co(me-bpyy)(ClO4)2 mediators resulted in improved
overall efficiency relative to [Co(bpyl(ClO4)2, owing to significantly lower photocurrents. Both
new complexes did, however, achieve higitieivalues than [Co(bpy)(ClO4)> mediator. Perhaps
most promising, the [Co(dma-bp}(ICIO4)> complex has a redox potential that is 172 mV more
positive than that of [Co(bpyCIO4)2, and was able to achieveva.that was 135 mV greater.
Open-circuit voltage decay (OCVD) measurements allowed for the calculation pElE€ron
lifetimes, which are limited by recombination with the oxidized mediator. Electron lifetimes were
higher for [Co(dma-bp¥)(ClO4)> mediator than for [Co(bpyl(ClO4)2 at most electron energies,
indicating slower overall recombination. By contrast, electron lifetimes with
[Co(me-bpy}]|(ClO4)2 mediator were equal or smaller at all electron energies, likely owing to a
significant saturation dark current observed for this complex, which we hypothesize is caused by
complex instability.

Results of current transient experiments indicate that the short-circuit cdggestlimited
by mass transport of the mediator complexes in all cases, though this limitation is more severe for
the larger [Co(dma-bpyf(ClO4)2 and [Co(me-bpy](ClO4). complexes. Finally, incident photon-
to-current efficiency (IPCE) values for [Co(dma-bg¢l04). and [Co(me-bpy](ClO4)2
mediators were roughly one-half and one-tenth those found for [Ca|{&fi®)4)2, respectively.

This reduced IPCE is most likely caused by a lower dye regeneration quantum ytieddhiogh-
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redox-potential cobalt mediators, owing to a smaller driving force for reduction of the oxidized
dye (see the discussion in t&8.

In summary, preliminary DSSC testing showed that our new, high-redox-potential
[Co(dma-bpy3](ClO4)2 mediator achieves significantly high®e: than [Co(bpy)](ClO4)2, and
shows less recombination current. Overall efficiencies in these cells suffered from low
photocurrents. However, significant improvements in photocurrent should be achievable by
optimizing cell conditions. Mass transport limitations of the mediator could be significantly
reduced by using a less viscous solVeat through the use of sensitizers with higher extinction
coefficients, which then allows for thinner Tiims.>? Furthermore, employing a sensitizer with
a more positive redox potential should result in a higher dye regeneration quantum yield and,

therefore, higher photocurrents.

5.4 Conclusions

We have synthesized and characterized three new, high-potential cobalt complexes and
examined them as possible redox mediators for high-potential dye-sensitized solar cells. Multiple
pieces of evidence indicate decreasing complex stabilities as the redox potentials increase. In the
case of [Co(cn-bpy)ClO4)2, these included multiple waves in the cyclic voltammetry analysis in
acetonitrile solution, a color change upon addition of TBP indicating the formation of a new
species, and direct NMR evidence of dissociated free cn-bpy ligand in acetonitrile solution at 25
°C, despite elemental analysis results indicating that the complex began with the expected 3:1
ligand<o-cobalt ratio. DSSC recombination currents followed the stability trends of the complexes

as determined by NMR.
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The above results reveal that the instability of the [Co(mesl{{@{Ds). and
[Co(cn-bpy}](ClO4)2 complexes make them poor choices as mediators in DSSCs. In addition,
these two complexes were limited by much lower solubilities than typical mediator concentrations
in DSSCs, though the selection of different counterions could likely alleviate this. The
[Co(dma-bpy3](ClO4)2 complex showed superior stability vs that of even [Co@)¥)O4)2
despite having a more positive redox potential. Preliminary DSSC testing also indicates that further
testing of this complex is warranted for more optimized, high-potential DSSC studies.

Our findings highlight the importance of examining the stabilities of novel mediator
complexes, especially high-potential complexes, for DSSC applications. The NMR quantification
of free, dissociated ligand used in this study is a quick, direct experiment to determine an
approximate stability constant. The complex instabilities found herein also show the importance
of designing ligand structures alternative to bipyridine. Indeed, it was likely no mistake that many
of the higher-potential cobalt complexes which have already been studied possess phenanthroline,
terpyridine, and other more strongly coordinating ligafiddoving forward, a focal point should
be toward clathrochelating ligands that can retain extremely high stabilities even with highly
electron-withdrawing groups. Some examples of cobalt complexes with highly coordinating
ligands are already beginning to appear in the liter&&ifeThe present studies support that

direction for future DSSC research.
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VI. SUMMARY

This dissertation has presented several studies concerning the use of photoelectrochemical
cells that employ molecular light-harvesting materials for the collection of solar energy and it
conversion to electrical or chemical energy. The main project described in Chagténsvblves
the development of water-oxidizing photoelectrochemical cells with two different architectures:
organic thin-film photoelectrolysis cells (OTF-PECs) and dye-sensitized metal oxide
photoelectrolysis cells (DS-PECs). A secondary project described in Chapter V involved dye-
sensitized solar cells (DSSCs) for the collection of solar energy and its conversion to electrical
energy.

Chapter Il provided important background knowledge and a comprehensive review of
literature systems that have achieved photoelectrochemical oxidation of wateusm@organic
light-harvesting materials. Major conclusions from this review are that (i) the use of interfacial
layers appear to be key to enhance the efficiency of charge separation and to tieemredsef
recombination of charge carriers. (ii) Interfacial nanostructuring appears to be a promising strategy
to enhance light-harvesting efficiency, allowing for thicker films to collect more light while
keeping the domain size of the organic material low. (iii) A variety of strategies have beé¢m used
deposit a variety of water-oxidation catalysts (WOCatalysts) in different systems, which can
greatly affect the electronic coupling (and therefore the efficiency of charge transfer) between the

catalyst and dye for regeneration, as well as between the catalyst and substrate for recombination.

7KHUH LV DV RI \HW QR FOHDU *EHVW PHWKRG ™ IRU FDWDO!

vary with system architecture. However, it has been shown in both architectures that the use of

appropriate interfacial layers can help to slow electron scavenging by the catalyst. {Fnahg,
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long-term stability of organic light-harvesting materials in water-oxidizing PECs has yet to be
demonstrated iany system to date, and therefore remains to be an important unknown.

Chapter 11l described the development of a first-generation water-oxidizing photoanode
composed of a perylene diimide thin film with photoelectrochemically deposited cobalt oxide
WOCatalyst. This anode represents the first and only example in the literature of successful water
oxidation by an organic thin-film without the use of an interfacial layer. In characterizing the
device performance, it was determined that the largest performance-limiting efficiencies were the
charge-transport efficiency (limited by low exciton dissociation efficiency and/or high charge
recombination) and the light-harvesting efficiency (limited by the exciton diffusion length, and
thereforethe thickness of the organic film). It was proposed that the efficiency of a second-
generation device might be improved by the ussan@ippropriate interfacial layer to aid in exciton
dissociation and charge separation from the organic thin-film. Alternatively, it was proposed that
a dye-sensitized metal oxide architecture might improve both the charge-separation and charge
transport efficiency as well as the light-harvesting efficiency.

Chapter IV described preliminary studies for the use of the same perylene diimidaleole
in a dye-sensitized metal oxide architecture. For this study, nanostructured films of three different
metal oxides (TiG, SnOs, and WOJ were prepared and characterized, then studied as substrates
for dye sensitization. It was found that surface acidity played a large role in dye |&auditigs
and saturation, with the best results on Ti®ith the most basic surface, and practically no dye
loading onWO Zwith the most acidic surface. However, the negative electrochemical potential of
the TiO+conduction band relative to Sr@sulted in lower photocurrent for dyed Tithan dyed

SnO¢ as a result of poor charge injection efficiency from the photo-excited dye.
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Optimized dying conditions and SrGilm thickness allowed for a light-harvesting
efficiency >99%, or a >8-fold improvement relative to the first-generation OTF-PEC architecture.
When DS-PEC anodes were tested in aqueous solution in the presence of hydroquinone sacrificial
reductant, an absorbed-photmreurrent efficiency of 13% was found, which was a >2-fold
improvement relative to the first-generation OTF-PEC architecture. However, when cobalt oxide
WOCatalyst was deposited by the same photoelectrochemical method as used in the previous
system, it did not result in enhanced photocurrent, but insteaaseghotocurrent. Controls
and open-circuit photovoltage measurements indicated that the cobalt was likely depositgd directl
on the SnOsurface, where it could enhance recombination by scavenging electrons from the SnO
conduction band. Therefore, proposed directions for future study include (i) alternative conditions
for catalyst deposition (for example, lower pH where the Ssi®face will become positively
charged in order to coulombically repel g (ii) alternative catalyst preparation and loading
strategies (for example, pre-formed cobalt oxide nanoparticles with lengthy, aliphatic anchoring
ligands to space the catalyst away from the Ss@face), and (iii) further study of interfacial
layers to space the catalyst away from the Ssface (for example, insulating alumina deposited
by atomic layer deposition).

Finally, Chapter V described a secondary project involving solar energy collection and
conversion to electrical energy by dye-sensitized solar cells. Specifically, the goalimasase
the voltage (and therefore the overall power conversion efficiency) of DSSCs by studying
alternative, high-potential redox mediator such as organometallic cobalt complexes. The redox
potentials of the complexes were varied by synthetically incorporating different electron-
withdrawing groups onto bidentate bipyridine ligands. Characterization of the resultant cobalt

complexes confirmed that such ligands successfully shifted their redox potentials positively, but
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also showed evidence for decreased complex stability as the redox potential was shifted more
positively due to ligand lability. This instability resulted in high recombination currents in
assembled DSSCs. Therefore, future studies were proposed to prepare electron-withdrawing, but
also higher-chelating ligands for cobalt complexes that should allow for high redox potential but

also high stability.
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Figure S3.3HPLC trace and integration results of PMPDI. Solvent: 75% 50 mMO¥H 25%
CHsCN; Flow rate: 3.5 mL/min; Column: Hamilton PRP-1, 7.0 x 305mm, 100 A pore size.
The inset shows a zoomed-in view of the tail of the 220 nm PMPDI signal, and shows that the
tail peaks are consistent with trace PTCDA starting material.

It is possible that the PMPDI sample contained trace PTCDA as leftover starting material,
(though it was not detectable by NMR). It is also possible that the PMPDI product began to degrade
to PTCDA under the chromatography conditions. PMPDI does gradually degrade to PTCDA under

highly basic conditions (over tens of minutes in 1 M NaOH, as confirmed bivI13V/
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Figure S3.4 Cyclic voltammograms of background and (a) PMP@aq) in 0.1 M pH 10
potassium carbonate buffer, diamond working electrode, 25 mV/s scan rate (actual species is
>303"',i %@ this pH, see Fig. S3.6), and (b) PMPDI on ITO in 0.1 M pH 7 potassium
phosphate buffer, 100 mV/s (actual species is K2-PMPDI at this pH, see Fig. S3.6).

To further investigate the origin of the catalytic anodic wave in Fig. S3.4a, the
concentration of oxygen was followed in solution during bulk electrolysis experiments at 1.4 V
vs. Ag/AgCl in pH 10 potassium carbonate buffer solutions with and without PM@&®), using
high surface area glassy-carbon foam electrodes. When PMPDI was present, current densities were
generally lower than the same electrode in the buffer alone (a result opposite of the CV experiment
above) suggesting an interference with the electrode surface, possibly caused by precipitation of

the oxidized PMPDI caused by reduced solubility. Also, the faradaic efficiencies for detected

oxygen were much lower when PMPDI was present in solution (average 5% with PMPDI vs. 27%
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without), which also indicates some deactivation of the electrode. We therefore conclude that the
oxidation wave in the CV of PMPDI may be caused by degradative PMPDI oxidation, or by some

PMPDI-assisted oxidation reaction with products other than dioxygen.
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Figure S3.5Scan rate dependence of the cyclic voltammograms of a PMPDI film on ITO in 0.1
M KPi buffer, pH 7 (actual species is K2-PMPDI at this pH, see Fig. S38KH EXDFN 3
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extrapolating the linear portion of each reductive wave to the intercept.
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Figure S3.6(a) XPS survey spectrum of a PMPDI film on ITO untreated after spin coating, as

well as high resolution XPS spectra of ITO/PMPDI films as coated (b), after submerging 1
minute in 50/50 2 M HCl/ethanol and rinsing with DI water (c), and then after submerging 1
minute in 0.1 M pH 7 KPi buffer and rinsing with DI water (d). High-resolution spectra were
used to calculate the C:K ratio of the films. Results (averaged from 3 separate experiments)
are tabulated in (e) and compared to calculated values for various levels of PMPDI protonation,
thus providing evidence for the protonation state of PMPDI after each phase of treatment.
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Figure S3.7(a) XPS of an ITO/PMPDI film before and after Gaf@position and rinsing. The
presence of cobalt remaining on the film is clear. (b) ITO/EPPDI before and after CoO
deposition and rinsing. Only trace cobalt is detected.
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Figure S3.8ITO/PMPDI/CoQ photocurrent transients with (red line), and without (blue line),
added ~1 mM KFe(CN}in 0.1 M pH 7 potassium phosphate buffer, 5 mV/s scan rate starting
at 0 V, 5 second transients, approximately 100 m\Wittomination intensity (315-710 nm).

We associate the cathodic current spikes with a performance-limiting recombination between
the hole reservoir (i.e., oxidized Cp@r water oxidation intermediates) with electrons in the
PMPDI film. This recombination rate appears to compete with the rate of water oxidation, but
not with the oxidation of F§CN)s ', as the cathodic spikes are greatly reduced when iron is
present.
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Figure S3.9 Average IPCE for three ITO/PMPDI/Ce@nodes without (blue) and with (red)
added KFe(CN) 8§ PO DV ZHOO DV RQH WULDO JUHHQ ZLWK D
Experiments were performed in a two-compartment photoelectrochemical cell separated by a

glass frit, filled with 0.1 M pH 7 potassium phosphate buffer degassed with argon, using a two-
electrode setup with platinum wire counter electrode.
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Figure S3.10(a) Photocurrent transients of an ITO/PMPDI/Gadode employing a thicker,
drop-coated PMPDI film (red line). For comparison, photocurrent transients of a typical
ITO/PMPDI thin, spin-coated filnwithout CoQ are shown (blue line). (blPhotocurrent
transients of an ITO/EPPDI/Ca@node (red line). For comparison, photocurrent transients of
a naked ITO anodare shown (blue line). All transients were run in 0.1 M pH 7 potassium
phosphate buffer solution, 5 mV/s scan rate starting at 0 V, Ag/AgCl reference and Pt wire
counter electrodes.

These results show that ITO/PMPDI/CeCanodes perform significantly worse when
employing thick, drop-cast PMPDI films than the thinner spin-cast films. The presence of cathodic
current spikes indicate the presence of Co&alyst, which means that the low photocurrents are
likely due to increased exciton recombination in the bulk of the film. In contrast, the lack of

cathodic spikes from the ITO/EPPDI/Co@node help to indicate that the catalyst was not
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successfully deposited. The very low magnitude of photocurrents could also indicate that the

EPPDI film are not in good electrical contact with the ITO substrate.
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Figure S3.11 Absorption at@ax (UV is) vs. film thickness (optical profilometry) of thick, drop-
cast PMPDI films on glass for the estimation of the absorption coefficient of PMPDI films.

Several thick films of PMPDI were prepared by drop casting on glass slides and
evaporation under air on a rotary table. Films thus prepared showed poor unifsortig,
absorption spectra were recorded in a grid pattern across the film surface. A razor blade was then
used to scrape a channel through the film in the center of each grid region, and the film thickness
was determined by measuring the step height between the substrate (bottom of the channel) and
the film surface using a ZeMetrics ZeScope Optical Profiler . The film thickness and absorbance
at the Qax for each grid region were then plotted in the above graph, and the yiéding
cmit from the slope of the best-fit line. Thdvalue is roughly half of those found in the liter&re
for films of other PDI derivatives, but this is not necessarily unexpected for a number of reasons:
1) our PMPDI films were formed by drop casting from solution, whereas those in the literature
were formed by vacuum vapor depositt8rand 2) our films are anionic, and contain large

potassium counter ions (deposited as K4-PMPDI under these conditions). Under working
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conditions, our films are submerged in pH 7 buffer solution, protonating the film to the K2-PMPDI

state and thus shrinking the film further. One of the above thick PMPDI films was submerged in
0.1 M pH 7 KPi buffer and re-analyzed, yielding film thicknesses that were about half of the
original, K4-PMPDI films, and arD §20,000 crt. This value was used to estimate the thicknesses

of thinner, spin-cast films.
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Figure S3.12 A representative example of the gradual photocurrent decay during a water

electrolysis experiment of a typical ITO/PMPDI/Co@xperiment, showing the gradual
deactivation of the anode.
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Figure S3.13 A representative calibration of the Clark electrode response as a function of

temperature and dissolved oxygen concentration.
Standard solutions were 0.1 M #$8:*® (0 %, 0 uM dissolved oxygen) or water vortexed
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in air for at least 30 minutes before testing (20.9%, 236 uM dissolved oxygen, accounting for local
air pressure). Each solution was suspended in a water bath on a magnetic stirrer/hotplate. The
stirring rate was gradually increased until the detector response was independent of the stir rate.
The detector response in each standard solution was recorded at regular intervals while the
temperature was gradually increased.

Early controls using the above standard solutions as well as oxygen-saturated solution
(bubbled with oxygen gas) confirmed that the Clark electrode shows a linear response to dissolved
R[\JHQ FRQFHQWUDWLRQ. [ESHOE beth@ted thBx h6 solublity of oxygen in
water decreases as temperature increases. Controls showed that, under the stirring rates used, the
concentration of dioxygeim a super-saturated solution did not appreciably change (i.e., excess O
did not leave solution) during the 5 minute timescale of subsequent water oxidation experiments.
It should be noted that even if small amounts of oxygen did escape solution, it would result in a

low calculated value for the faradaic efficiency of water oxidation.

&KDUDFWHUL]DW L Rig1etbhwirbpwR34,9,10-flerylenediimide (EPPDI)

The perylene diimide derivative EPPDI was synthesized according to the litéfaRFdR

(Nicolet SX-60 FT-IR spectrometer with ATR-ZnSe): 2965'am, 2934 w, 2876 w, 1696 s, 1647

s, 1592 s, 1576 s, 1506 w, 1457 w, 1434 w, 1405 m, 1393 w, 1383 w, 1333 s, 1301 w, 1247 m,
1208 w, 1196 w, 1177 w, 1159 w, 1121 w, 1086 m, 975 w, 960 w, 929 w, 906 w, 852 m, 806 s,
789w, 783 w, 759 s, 745 m, 706 ¥-NMR (300 MHz Varian Inova) (CDG): G= 0.95 (t, 12H),

2.12 (m, 8H), 5.08 (m, 2H), 8.68 (2d, 8H). Elemental Analysis: CalculatecfdedBl2O4 (found):

76.96% C (75.84), 5.70% H (5.66), 5.28% N (5.34).
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APPENDIX II. SUPPORTING INFORMATION FOR CHAPTER IV

6 'LVFXVVLRQ RQ WKH 6HOHFWLRQ RI 02E ODWHULDOV DQG

TiO DQDWDVH LV E\ IDU WKH PRVW VWXGLHG QDQRSDUWIL
both dye-sensitized solar cells (DSSEg)nd water splitting, dye sensitized photoelectrolysis cells
(WS-DSPECSs¥;* which makes it an obvious starting point for our studies. However, literature
examples exist where perylene derivatives do not have sufficient driving force to photo-inject
electrons into the conduction band of TO Therefore, it is of interest to study other
semiconductor materials witfcg positive of that for TiOG. Other commonly studied, single-metal
oxide semiconductors for DSSC and water splitting applications that alscEbaymsitive of
TiO einclude FeO ZSn0s and WOZ" Fe O Zwith a bandgap of 2.1 eV, will absorb wavelengths
shorter than ~600 nhand would therefore compete with our PMPDI dye for light absorftion.
For this reason, F© Avas not considered as a semiconductor material for this study. Also relevant
is a recent paper by Roncosti al. in which they studied the performance of a cationic perylene
diimide (PDI) dye in dye-sensitized photoelectrolysis cells (DS-PECSs) om $i@e, and WOZ
nanoparticle films, finding the best performance on Wat is therefore of interest to compare
their results to our own studies using our anionic PDI dye, N,N"-bis(phosphonomethyl)-3,4,9,10-
perylenediimide (PMPDIS.

Given that TiO- films are commonly studied, a variety of Tt@anoparticle pastes are
commercially available for the formation of mesoporous nanoparticle films. Studies of DSSC
performance as a function of nanocrystalline ¥p@rticle size have found optimal performance
for particles that were about 20 nm in diamétét,due to a balance between dye loading and

charge collection efficiency. That is, smaller particle sizes result in higher surface argafiichs
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improves dye adsorption, but also allows for higher rates of recombination of injected
electronst®!! To our knowledge, no such studies have been done for water-splitting DS-PECs,
but we predict that a similar trend should hold, with 20 nm particles being the most efficient,
because of the similar function and device architectures for both types of devices. Therefore, we
chose to begin our studies with a commercial 9p@ste from Solaronix, composed of 28 nm
anatase patrticles.

SnOe<has been well-studied in DSSC applications as an alternative semiconductosto TiO
for a number of reasons reviewed previodsIFirst, the more positivEcg of SnOs relative to
TiO « allows the use of dye sensitizers with more positive LUMO energy levels. Second, the
electron mobility of SnQis significantly higher than that of anatase tiBowever, SnGbased
DSSCs have been shown to suffer from slightly lower dye loading (relative t9 dfi€ensitizers
with acidic anchor groups. As for particle sizes, Chappel and Zaban found improvési DSS
performance for Sn@anodes after hydrothermally growing particles from 4 nm to 183nm.
Nanoparticle Sn@ films have also been studied as anode materials in dye-sensitized
photoelectrolysis devic€s*%8 For our studies, we chose to start with a commercial SnO
nanopowder with average particle size of 18 nm (according to specific surface area by gas
adsorption analysis), and formed a paste by slight alteration of a published formidlation.

Nanostructured W® films have been studied primarily for (photo)electrocatalysis,
electrochromic, and gas sensing devicé$ though a few papers have dye-sensitized this material
for DSSC®?*and WS-DSPEZapplications. Unfortunately, we were unable to find a commercial
source for WQZnanoparticles in our target size range of about 20 nm. We note that a few papers

exist which have studied the effect of WADm particle sizes on photoelectrolysis or gas detection
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performance$?2® usually finding better performance for somewhat larger particles. However,
none of these studies are directly relevant to DSSC or WS-DSPEC devices.

Nanostructured WeXilms have been prepared by a variety of methods, which have been
reviewed in the literatur€:?"28The preparation method can strongly influence particle size and
shape. We chose to narrow our search tageblhydrothermal methods, with the advantage of
cheap scalability, and because Fi@anoparticles for DSSC applications are typically formed by
such route® and tend to result in spherical nanoparticles. A recent review of nanostructuréd WO
films for water splitting applications contains a table listing water oxidation photocurrents from a
variety of WOZilms.*®* 21 WKH ILOPV SUHSDU H 6 péste YoRrDIatidh Oy RedsdV KR G V
al.*° showed the highest photocurrents when accounting for the reported film thitkfikissalso
happens to be the same procedure used to prepaiiMi©in the Ronconét al study mentioned
above? wherein they found that W@ZDV WKH EHVW SHUIRUPLQJ 02E ILOP IR
dicationic PDI dye. For these reasons, we chose the ktealaWO Zpreparation procedures for

our studies.

S4.2 Experimental DHWDLOV IRU WKH 3UHSDUDWLRQ RI 02E )LOPYV
S4.2a Preparation of TiOefilms. The film substrates were conductive fluorine-doped tin
oxide (FTO) on glass (TEC 15, Hartford Glass). The glass was cut into 5x7 cm slides, then each
piece was scored on the non-conductive side to make 10 (1.2 x 2.5 cm) sections, with two leftover
(1 x 2.5 cm) junk pieces. Each glass was then cleaned by soaking in a large crystatlightion
containing saturated KOH in isopropanol for 30 min, thoroughly rinsing with DI water, then with

ethanol, and allowed to air-dry. Scotch Magic tape (Cat. #810, 5Pt W KLFN DFFRUGLQJ WHF
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profilometry) was placed on two parallel sides of each glass slide, securing the slide to the
benchtop and forming a channel for doctor-blading.

TiO « paste was purchased from Solaronix (Ti-Nanoxide T/SP, reported 18 wt % TiO
DQDWDVH QDQRSDUWLFOHV i QP GLDPHWHU LQ WHUSLQH
For doctor blading, ~0.25 mL of the paste was collected by plastic syringe and deposited onto the
end of an FTO substrate in a line perpendicular to the Scotch tape spacers, taking care to avoid any
bubbles in the paste. A clean glass stir rod was used to spread the paste across the entire channel
using one smooth motion, creating a film. The slide was covered with a petri dish and allowed to
V HW W O H nita tédute @i surface irregularities. After settling, the tape was removed and the
slide was placed in a small benchtop furnace (Thermolyne 1300). According to the paste
PDOQXIDFWXUHUYY UHFRPPHQGDWLRQV WKH ILORNA® &®rJUDG XD
and held at temperature for 30 min to evaporate the solvent, burn off the organic binder, and allow
the TiOe«nanopatrticles to sinter together to form a mesoporous film. After calcination, heat was
turned off and the furnace door was gradualy\Hop HG WR DOORZ WKH ILOP WR VOI
Once cool, the slide was removed and cleaved into individual anodes using glass-nipping pliers.

S4.2b Preparation of SnOFilms. A paste of Sn@Gnanoparticles was prepared by slight
modification of a published precedufeysing a commercial Sn&hanopowder (tin(1V) oxide,

NanoArc®©, Alpha Aesar, Lot Analysis: 99.6% S®@7 nt/g specific surface area (SSA) by BET
analysis, 18 nm average particle size according to SSA and 6.95dgasity). Using a plastic
spatula, 800 mg of white Sn@owder was weighed into a 20 mL scintillation vial. Next, 1.0 mL

of glacial acetic acid (ACS grade, Mallinckrodt) was added as a peptization agent. Acefted-
magnetic stir bar was added and used for mixing so that the acid completely wetted the SnO

powder, forming a grey paste. The wetted powder was aged in an ultrasonic water bath (Branson
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IRU PLQ 1H[W P/ R1 ZDW H laddédaqdRte Xdluton wa®again D V
mixed by stir bar. The mixture was then homogenized using a QSonica Q125 ultrasonic liquid
PLFURSURFHVVRU 19 S U BE&+amMitdd® Gor B WinJ-tR @i la opRAX&/
white suspension. Note, an ultrasonic probe (not just an ultrasonic bath) was necessary to
sufficiently break up particles to achieve transparent Sih@s.

Next, 1.16 g of polyethyleneglycol bisphenol A epichlorohydrin copolymer (PEG-BAE),
(Sigma, My = 15,000£20,000), was added in small pieces while mixing by stir bar. This PEG-BAE
serves as a stabilizing/thickening agent. Once all the PEG-BAE had visibly dissolved, one drop
(20 mg) of Triton X-100 (octyl phenoxy polyethoxyethanol, Sigma) was added to aid adhesion to
the glass substrate, and the vial was sealed and stirred overnight befofdeudmal paste
formulation should be ~11 wt % S5 wt % acetic acid, 17 wt % PEG-BAE, and 57 wt %
water. We note that the original paste formulattbmsed about 6 wt % polyethylene glycol{M
20,000 and 100,000) as stabilizer and thickening agent. We chose to use a higher wt % of PEG-
BAE for our paste for consistency between our Sp@ste and the W@paste described below.
Pastes were stored in a sealed vial with continuous magnetic stirring for up to 3 weeks, with no
detectable change in film transparency.

As described above for Ti©films were formed by doctor blading the paste onto clean
FTOglassEHWZHHQ RQH WKLFNQHVV RI 6FRWFK-BHRIMHFKS DIFGIRW
Thicker films were prepared using multiple thickness of Scotch tape, where noted. The film was
covered with a petri dish to prevent dust contamination and allowed to settle for 5 min to reduce
any surface irregularities (if films rested long enough to begin to air-dry, the surface became tacky
and resulted in a less transparent films after sintering). After settling, the tape was removed, the

slide was placed in the furnace, and the temperature was gradually increased (~30 °C/min) to 450
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°C under air and held at temperature to sinter for 1 h. After calcination, heat was turned off and
WKH IXUQDFH GRRU ZzDV JUDGXDOO\ RSHQHG WR DOORZ WKH

We note that we also tried an alternative Sp@ste formulation, starting with the same
commercial SnG nanopowder, but following a published procedure for Tifbat uses ethyl
FHOOXORVH DV D VWD E L Otetpingo/\aKsbIFext-HSRdh@dstEs SHoQIMdEAY G
be stable for longer, up to yedtshecause the higher viscosity of the mixture should prevent
aggregation of the particles. Such pastes had a higher wt % of(Sa@wt %), but a lower wt %
of ethyl cellulose stabilizer. Films resulting from the use of such pastes had a lower thickness per
single layer (as determined by optical profilometry, see below) than the previously described,
water-based pastes. This may be due to differences in film porosity. Preliminary testing of dyed
films of comparable thickness and otherwise identical conditions revealed that films prepared from
W Kterpineol-based paste formulation achieved slightly lower photocurrents than the above
water-based paste.

S4.2¢ Preparation of WOZFilms. As noted in the main text, we chose a n&vo-Zpaste
formulation from the literatuf® because of its superior water oxidation photocurrents, when
accounting for film thickness, compared to other formulatitgnfortunately, we were unable
to reproduce the specfi SDVWH IRUP XODWRR QV kadalQie’ based on the
provided experimental details alone (see below).

Following the published preceddte(at 30% scale), 0.84 g of oxalic acid dihydrate
(Crystal?2 Technical grade, Fishet)that is, 0.60 g of the equivalent non-hydraigas added to
a weighed, 20 mL scintillationvick LWK PDJQHWLF VWLU EDU IROORZHG E\
nanopure). The vial was capped and stirred on a sand bath at 60 °C to allow the acid to dissolve.

Meanwhile, 1.68 g N&VO «2H O (ACS reagent 99%, Sigma-Aldrich}hat is, 1.50 g of the
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equivalent non-hydrate, N&/O 2 was dissolved with magnetic stirring in 30 mL of nanopure

water in a 100 mL beaker. While rapidly stirring (not specifled mL of concentrated HCI (12.1

0 &HUWLILHG $&6 30XV JUDGH )LYbun condedéd tEngstid hbiG L G O\ |
species, WQ@xH O. Additional details from a previous pat&nby the same research group
FODULILHV WKDW 3UDSLGO\ DGGHG™ OLNHO\ PHDQV GURSZL\
addition, a light-yellow precipitate with a gel-like consistency forms. (According to Freé¢§man

such an acidification at room temperature leads toX®@<O, which can be washed with neutral

water to remove NaCl without peptization of the solid. By contrast, acidification at 100 °C formed

WO Z1H O, which required washing with 0.1 M HCI to avoid peptizafirAs soon as the HCI

addition was complete, the mixture was transferred to a plastic, 50 mL centrifuge tube and the
solid precipitate was separated from solution (by centrifugation at 4000 rpm for 3, min
discarding the solution.

The fine, light-yellow solid was washed 3 times with ~15 mL of nanopure water in the
same centrifuge tube. For each wash, the solid was completely suspended by a glass stir rod, and
the solution was vigorously shaken by hand for 60 s before centrifugation (again, 4000 rpm for 3
min) and subsequently discarding the wash solution. After washing, the wet precipitate (~4 mL
volume) was addedortionwise(specified in the pateff) by plastic spatula to the above oxalic
acid solution at 60 °C to form a transparent colloidal solution. For all attempts, a stable transparent
solution was not achievable at the reported concentration of tungsten species, even with trials using
more than the reported amount of oxalic acid. During, or soon after the portionwiZad#@ons,
the solution would grow opaque yellow, indicating the aggregation of condensed tungstic acid
species. Interestingly, the published procetfutists twice the amount of N&VO e starting

material (5 g) as compared to the previous p3tef@®5 g) despite otherwise very similar
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conditions. Upon contacting the corresponding author, they confirmethéhptiblished® 3 J°
PDVV ZzDV DFWXDOO\ D W\SR DW0D& VKRXOG EH 3 J°" RI 1D
Taking this typo into account, we repeated the above synthesis exactly (still at 30% scale),
except now using 0.84 g of NWO «2HO?2 that is, 0.75 g of the equivalent non-hydrate,
Na WO « With this change, transparent, colorless, colloidal solutions were consistently obtained
after dissolving the washed tungstic acid solid in the oxalic acid solution. For the next step, the
colloidal solution was weighed and polyethyleneglycol bisphenol A epichlorohydrin copolymer
(PEG-BAE), (Sigma, M = 15,00020,000), as a stabilizer and thickener, was added to solution in
small pieces in a 1.5, PEG-BAB-solution weight ratio, and stirred to dissolve. The exact mass
of PEG-BAE varied with each preparation, due to variable loss ofZ2HDO during washing
steps, but was typically 1.08 + 0.08 g. Once all PEG-BAE had visibly dissolved, 3 drops (60 mQ)
of Triton X-100 (octyl phenoxy polyethoxyethanol, Sigma) was added to aid adhesion to the glass
substrate, and the vial was sealed and stirred overnight beforéhesénal paste formulation
should be approximately 18 wt % W&19 wt % oxalic acid, 17 wt % PEG-BAE, and 46 wt %
water. Note, these values assume 100% recovery ofZ#f@ do not account for the mass of water
from the wet WQZxH O precipitate, and are therefore a very rough approximatibe. true
formulation almost certainly has a higher wt % water. Such prepared pastes grqichvaligore
yellow and opaque over 3 days stirring at room temperature, but remained transparent for many
weeks if stored unstirred in a refrigerator.
Films were formed by doctor blading the paste onto FTO between one thickness of Scotch
tape spacers (unless noted otherwise) as described above fopdi@. W(¥films were not
allowed a settling time to alleviate surface irregularities, because oxalic acid would often begin to

crystallize as the film dried at room temperature. Instead the tape was quickly removed and the
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slide was placed in the furnace at 100 °C to dry for 10 min (following the reported prd€edure

Next, the temperature was gradually increased at ~30 °C/min (heating rate was not originally
specified®33 to 550 °C under air and held at temperature to sinter for 1 h. After calcination, heat
ZDV WXUQHG RII DQG WKH IXUQDFH GRRU ZDV JUDGXDOO\ RES
°C/s, not specifietf).

Unfortunately, following the published sintering parameters consistently results id WO
films that have some degree of opacity caused by cracks throughout the film (see Fig. S4.1 and
SEM images in Fig. S4.4). A leading hypothesis for the cause of the film craskinegshrinkage
of the paste as different components are evaporated or burned off. Attempts to avoid film cracking
by lowering the temperature ramp rate to 10 °C/min had no effect. In order to determine the
temperatures at which the most mass is lost from the paste during sintering, thermogravimetric
analysis (TGA) was performed on the W®aste using a TA Instruments TGA 2950

Thermogravimetric Analyzer under air flow and using a 10 °C/min heating ramp rate (Fig. S4.2).

' o

[l

Figure S4.1(a) photograph of a representative \Bidm on FTO glass, viewed both on a grid
paper to show transparency of the film and the black benchtop to show the opacity caused by
film cracks; (b) digital microscope image of the film cracks; (c) optical profilometry image of
film cracks.
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Figure S4.2TGA plot of the WOZpaste. Experiment was performed under 50 mL/min air flow
with a 10 °C/min ramp rate.

As a final attempt to eliminate film cracking, a new \¥idm was prepared by ramping
the furnace temperature at ~15 °C/min, but also using ramp rests at the major mass loss
temperatures observed by TGA: ramped to 100 °C and held for 30 min; ramped to 150 °C and held
for 30 min; ramped to 225 °C and held for 15 min; ramped to 400 °C and held for 15 min; finally,
ramped to 550 °C and held for 1 h. After sintering, the furnace door was opened gradually to allow
VORZ FRROLQJ DW "w fyrdack ta@pingtovedQrel had no effect on the resulting
films, which were cracked just as before.

Given the above troubles, we also tried an alternative@Doparticle paste/film prep
published by Santatet al®** These films have shown the second-highest photocurrents, when
accounting for film thickness, compared to other formulati8nsnfortunately, these published
procedures also have very poor experimental details, though a few additional details are available
in a patent by the same grotiBriefly, an aqueous solution of N&O «is run through a proton
exchange column and eluted into stirring ethanol to prevent agglomeration of tungstic acid species.

The solution is then concentrated by rotary evaporation, and a PEG stabilizer is added. In our
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attempts to repeat this procedure, colloidal solutions became opaque yellow, indicating condensed
WO ZxH O species, during or soon after the concentration step. Even so, one such opaque paste
still formed transparent, crack-free WAIms on FTO after the doctor blade/sinter procedure.
While the photocurrents of bare W@Ims from this prep in pH 7, 0.1 M potassium phosphate
(KPi) buffer were significantly higher than films prepared by the Medd method®® subsequent

testing (dying, alumina-treatment, dye-related photocurrents) showed no advantages over the

aboveWO Zilms prepared by the Meds al°

S43&KDUDFWHUL]DWLRQ RI 02E )LOPV

S43a3RZGHU ;5' Rl 02E )LOPV WR '"HWHUPLQH &U\WWDOOLW
Phase. 7KLQ ILOP ;5' VSHFWUD ZHUH FROOHFWHG IRU HDFK 02E
Scotch tape) on FTO and on glass substrates (microscope slides) using a Bruker D-8 Discover
Diffractometer (Cu K radiation, =1.54060 A) with the source set to 40 kV and 40 mA and using
a 0.6 mm source slit, 0.1 mm divergence slit, and 0.2 mm antiscatter slit. Scans were performed
from 20 or 3080° (2 ), 0.02° step size, and 1 s/step. Diffraction spectra were analyzed using
DiffracPs Evaluation Package software. Estimations of the crystallite domain size were
GHWHUPLQHG IURP WKH PRVW LQWHQVH GLIIUDFWLRQ SHDN

V R I W Zbilt-iAd §¢quation, S4.1:

(S4.1)

whereLC is the crystallite size domairk is the Scherrer constant, taken as 0.94 according to the
original Scherrer formulatio?f, is the wavelength of x-ray radiation,is the angle of the

diffraction peak FWHM LV WKH GLIIUDFWLRQ SHDNTYfV IXanGsigthe WK DW
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instrument broadening (2 determined to be 0.11° by measuring the FWHM of peaks from a
BaFs standard (NIST SRM 660c) tested under the same conditions.

7KH UHVXOWLQJ ;5" VSHFWUD IRU HDEBER Wkdfe posSille, DUH VK
spectra are shown for films on glass substrate, in order to eliminate any potential peak broadening
by overlap with peaks originating from the FTO substrate. We note that, feahiDSnOfilms,
there was no distinguishable difference between the XRD spectra of films annealed on glass vs
)72 DQG RQO\ D VPDOO GLIIHUHQFH QP LQ WKH FDOFXO
of WO Zfilms on glass, additional XRD peaks appeared which were consistent with sodium
tungsten oxidelNa W D @Erot shown). Such peaks were not present when the samépdéee

was prepared on FTO substratas,shown in Fig. S4.2c. The most likely explanation for this

[ ] L]
L] °
Sample Peak FWHM k s LC

f f f (hm)
TiO eon glass | 25.345 0.596 0.94 | 0.11 14.5

SnOe-on glass| 26.600 0.511 094 | 0.11 171
WO Zon FTO | 24.314 0.277 094 | 0.11 334

Figure S4.3Powder XRD spectra of sintered nanoparticle films including (a)*®BiOglass, (b)
SnOeon glass, and (c) W&bn FTO. Included in each spectrum is the best-fitting PDF file.
Also, (d) is a table showing data used in the calculation of the crystallite domain size for each
02E
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observation is that sodium ions from the glass substrate (soda glass, ¥@Y«ii@ise into the
WO Zfilm during sintering, which used a higher maximum temperature than fof &H® SnO
films.

As shown in Fig. S4.3, Ti®ilms on glass were well fit by PDF file number 03-065-5714
for anatase TiGwith a tetragonal crystal system (as were iidns on FTO, not shown). Sn©O
films on glass were well fit by PDF file number 00-041-1445 for Cassiteritee®itda tetragonal
crystal system (as were Snims on FTO). The WQilm on FTO is generally well fit by PDF
pattern number 01-072-0677 for WA the monoclinic crystal system. However, the peak at
23.6°, corresponding to the (020) crystal plane, is significantly lower intensity than expected, and
the peak at 24.3°, corresponding to the (200) crystal plane, is significantly higher intensity than
expected. A similar XRD spectrum has been previously observed for nanocrystalliZéimgO
on FTO by Santatet al** This group found that their W@ilms (prepared by a similar sajel
method, but using an ion-exchange column for acidification of tungstate) showed preferred
crystallographic orientation: the three peaks from283 (2 ) were significantly higher intensity
than other peaks, and gained intensity from low to high angle.

S43b 6(0 RI 02E )LOPV WR 'HWHUPLQH ORUSKRadmMy\ DQG 3
HOHFWURQ PLFURVFRS\ LPDJHYVY ZHUH REWDLQHG IRU HDFK 02
particle morphology and to determine particle sizes by a second technique. Images were obtained
in house using a JEOL JSM-6500F field emission scanning electron microscope (FESEM), using
15 kV accelerating voltage and 10 mm working distance. Images were obtained at multiple
magnifications for each film, shown below in Fig. S4.4. It is clear from the images at 100X and
1,000X magnifications that Ti®films were the most uniform. Sn&ilms contain small cracks

up to tens of microns in length, whereas \Efns had large cracks which were microns wide
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and networked across the whole film surface. These large cracks throughout ##gnve@vere
the cause of some opacity due to light scattering (see Fig. S4.1 above).

Images at the 10,000X magnification level reveal that sTins and WOZfilms (in
regions between cracks) were quite homogeneous, whilee 8in@3 appear somewhat more
porous. Finally, images between 100,000 and 200,000X magnification reveal a significant
variation in particle sizes and morphologies between films.sf@rticles appear to be mostly
spheroidal, and with a relatively narrow size distribution. $p&ticles are less well defined, and
appear to have a larger distribution of sizes. Finally, vé@ticles are significantly larger and less

spherical than both Ti®and SnO.
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. d]K e AVK . tK

Figure S4.4)(6(0 LPDJHV Rl HDFK VLQWHUHG 02E ILOP DW PXOWL
shown in lower right corner of each image) to show both film and particle morphology. Column
(a) TiOs (b) SnOs, (c) WOZ
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The images taken at 200,000X magnification were analyzed to obtain an estimate of
particle size distribution, average size, and standard deviation. This was done using Paint.NET free
image-editing software. First, the scale bar from each image was used to calibrate the pixel scale
(2.13 pixels = 1 nm, 4.54 square pixels = 1%nnmlext, the area of individual particles were
estimated from each image by drawing an ellipse around each pMtiKEe SH DQG XVLQJ WKH
ZDQG" VHOHFWLRQ WRRO WR PHDVXUH WKH SL[HO DUHD RI HD
recorded in Microsoft Excel and converted to?nifio determine the average diameter of each
individual particle, the diameter of a circle with an equivalent area to each measured ellipse was

FDOFXODWHG )LQDOO\ ([FH-DWds $2d10 curvatt the IRB 3DpErtifis G
diameters to Histogram data, and also analyzed by Descriptive Statistic to determine the mean and

standard deviation of the average particle diameters. The results are shown in Fig. S4.5 below.

Figure S4.5Particle size analysis from SEM images and corresponding average particle diameter,
standard deviation, and average particle diameter distribution for sintered films of(&)O
and (b), respectively; for Sn€(c) and (d), respectively; and for Wje) and (f), respectively.
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S4.3c2SWLFDO 3URILORPHWU\ RI 02E )LOPV W¢iRy aHazoH UPLQH
EODGH D FKDQQHO ZDV VODVKHG WKURXJK WKH FHQWHU RI H
was used to measure the film thickness by determining the step height at several locations across
WKH UD]JRU FKDQQHO IRU HDFK 02E \LHOGLQJ DQ DYHUDJFH
deviation. Whenever possible, measurements were taken in Robust Scan mode. However, Robust
Scan mode gave poor results for Silns (possibly owing to the rougher surface for Sfins,
see Figure S4.6) so scans were taken in Film Scan mode, which gave better, but stibultésy re
Profiles for WOZfilms also revealed the cracks responsible for film opacity caused by light

scattering.

Figure S4.6Representative optical profilometry 3D maps and cqrresponding height profiles for
estimation of film thicknesses for (a) T¥kJb) SnOs, and (c) WQZ

S43d3KRWRFXUUHQW 7UDQVLHQWYV RI| EcbAsHescatied)tyOPV WR
Beranekd’ the conduction band edgeEcg RI VHPLFRQGXFWLQJ QDQRSDUWLF
HVWLPDWHG E\ D 33KRWRFXUUHQW 2QVHW OHDVXUHPHQW" PH
submerged in the electrolyte of interest, and illuminated with light sufficient for bandgap
HIFLWDWLRQ 7KLV LOOXPLQDWLRQ JHQHUDWHY H[FLWHG HOI
bending of the n-type semiconductors, in this case, should drive photo-generated holes in the

YDOHQFH EDQG WRZDUGV WKH 02E HOHFWURO\WH LQWHUIDF
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suitable redox species in solution. At the same time, photo-generated electrons in the conduction
EDQG FDQ GLIIXVH WKNRWIKO WKHH O DB HLBROOHFWHG DW WKH
process is then measured as an anodic (photo)current.

If the potential (that is, the Fermi energy) of the underlying FTO substrate is scanned in
the cathodic direction, the driving force for collection of the conduction band electrons is
decreased. Once the flat band potential is reached, there is no driving force for charge collection,
and photocurrents should become zero. An important assumption is that the flatband potential is
very close in energy tBeg, as is true for doped, n-type semiconductors such as Tit@refore,
the Ece can be estimated by performing a curmnttage scan under interrupted illumination
(photocurrent transients), and then determirphgtocurrent onset potentiabr the potential at
which the photocurrent decays to zero if scanned in the cathodic direction. An important note is
that the electrolyte should be purged with an inert gas prior to the experiment, because oxygen
dissolved in solution can scavenge photo-generated electrons. Indeed, even with gas purging,
values ofEcs determined by this method are often anodically shitted.

7TKHUHIRUH SKRWRFXUUHQW RQVHW PHDVXUHPHQWY ZHU
film. The electrolyte solution was 10 mL of pH 7, 0.1 M KPi buffer in a 20 mL scintillation vial,
and was degassed for 1 h with Ar before testing to remove dissowved ®ULQJ WHVWLQJ WEk
DQRGH ZzDV ORZHUHG LQWR WKH YLDO DQG VXEPHUJHG LQWR
film. These films were left in solution for as short a time as possible before testing was begun,
usually less than 2 min. The vial also contained a Ag/AgCI (3 M NaCl) reference electrode and a
Pt wire counter electrode. During testing, the Ar bubbler needle was withdrawn to just above the
solution surface. After each experiment was completed, the needle wasdbaek into solution

to continue degassing for at least 5 min before the next experiment was begun.
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Photocurrent onset measurements were performed by illuminating the cell in 10 s intervals
of white light from a 65 W Xe arc lamp (for these tests, the KG3 bandpass$ fisansed in other
photoelectrochemical experime#tsvas left in place to avoid heating the solution from infrared
radiation, but the 400 nm long-pasOfWHU ZDV UHPRYHG WR DOORZ EDQGJD.
VHPLFRQGXFWRUYV 'XULQJ WKH OLJKW WUDQVLHQWY WKH 02
DW P9V 7KH VFDQ ZLQGRZV ZHUH WRWIR i 9 48WRAKQ®BL 2
i0.3 V vs Ag/AgCl for WOZ Only the data from the first photocurrent onset experiment was
DQDO\]HG IRU HDFK QHZ SUHYLRXVO\ XQXVHG 02E DQRGH EI
potential shifts anodically with each repeated experiment. The simplest explanation for this
observations that O«is generated in solution by photo-generated holes during testing, which then
scavenges photo-generated electrons and shorts the photocurrent. However, extended buffer
degassing times did not shift the measured photocurrent onsets back in the cathodic direction for
repeated scans, which seems to rule out this hypothesis.

$IWHU WHVWLQJ WKH VXUIDFH DUHD RI HDFK 02E ILOP Z
the film atop a ruler. Using this measured area, photocurrents were converted to current densities.
The photocurrent onset potential was defihed avoid possible error caused by measuring by eye
alone? as the potential at which the maximum photocurrent (measured at the end of the first
transient of each scan) had decayed to 5% of its original value. We note that defining the onset
potential in this way results in a very slight anodic shift of the measured values, but decreases error
EDUV S5HSUHVHQWDWLYH GDWD IURP SKRWRFXUUHQW RQVHV
Fig. S4.7. The average photocurrent onset potential and standard deviation for three films of each

O2E PDWHULDO DUH VXPd? hdéhdikitextLQ 7DEOH
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Figure S4.73KRWRFXUUHQW WUDQVLHQW H[SHULP HQéisdngRfU VLQW |
(@) TiO« (b) SNOe, and (c) WQZtaken in argon-degassed, pH 7, 0.1 M KPi buffer solution.
Scans were taken in the cathodic direction with a 2 mV/s scan rate and 10 s light transients.
Light from a Xe arc lamp was directed through a KG3 bandpass filtee{3051m), measuring
60 mW/cm?,
S4.4 Estimation of PMPDI Energy States
7KH HQHUJLHV RI D G\HfV +202 DQG /802 FDQ EH HVWLF
oxidation and reduction potentiaBi"° andEi, ' respectively, in V) of the dye in the ground
state as measured by cyclic voltammétiowever, the electrochemical potential of the dye in
the excited stateE**, is often more positive thaBi, 'because of vibrational relaxation and
solvent shell reorganization, for example. That is to say, the neutral, excited dye (D*) is often a
less powerful reductant than the reduced dye in the ground stat@ i3 distinction is important
when considering photochemical reactions. For example, in order for D* to inject an electron into

the conduction band of a metal oxide substrate, that metal oxide must have electronic states that

energetically overlap with D*.
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In DSSC studies, the excited state enerd¥, V), is usually estimated 5%

EY  §E1s"° +Eoo ($4.2)
whereq is the elementary charge angoks the energy (eV) of the transition between the lowest
vibrational energy level of the electronic ground state)(Bnd the lowest vibrational energy léve
of the electronic excited statei(§£1? Eo.o is often estimated from the wavelength at which the
normalized absorption and emission spectra overlap by the Plank Equation:

E(eV) =KF 1239.8 eV-nm/(nm) (4.3)
Unfortunately, we have not been able to mea&iifefor PMPDI due the limiting solvent

window in aqueous solutions (Fig. S4.8a) andt0 3 ', flivhited solubility in organic solvents.

Figure S4.8 &) Cyclic voltammograms of PMPDI (solid red trace) and the solvent background

(dashed grey trace) in Ar-degassed 0.1 M carbonate buffer (pH 10) using a diamond working
electrode, Pt wire counter electrode, Ag/AgCI reference electrode, and 25 mV/s scan rate.

While the oxidation waveE2*'°, for PMPDI is expected to be beyond the solvent window, a
catalytic oxidative current of unknown origin was observed with PMPDI. (b) Normalized
absorption and emission spectra for ~0.5 mM PMPDI dissolved in ethylene glycol and (c)

nanopure water. Note the vibronic structure of the absorption spectra are consistent with

monomeric PMPDI in ethylene glycol and dissolved aggregated dimer in $3ter.
Fluorescence spectra were collected on a Horiba Jobin-Yvon FluoroLog-3 Spectrofluorometer,
using 495 nm excitation in ethylene glycol and 525 nm excitation in water.

However, our measured.Eof 2.22.3 eV (Fig. S4.8b,c) is approximately equal to electrochemical

band gapsoE2" i qEw2 ) typically found for PDIS? which are typically insensitive to the N-

substitution of the molecule. Importantly, the same observatiop©b&ng approximately equal
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to the electrochemical band gap was also recently observed for a series of perylene dyes by
Lindquistet al** This suggests th&@> 'is likely a good approximation for the reducing power
of PMDPI*, and we can estimate the HOMB£"°) of PMPDI as:

E12"® 8E12 '+ Booq i 9 YV $J+8.2&806 +1.65V vs Ag/AgCl  (S4.4)

S4.5 lllumination Setup for Photoelectrochemical Experiments

A 65 W Xe arc lamp was used as a white light source for photoelectrochemical
experiments. Such arc lamps are generally considered to be decent approximations of the terrestrial
solar spectrum in the visible wavelength range, but their output spectrum extends farther into the
UV than the solar spectrum, and contains high intensity spikes in the IR fégiomompensate
for these discrepancies, we directed the lamp beam through a visible wavelength bandpass filter
(Thorlabs, KG3, ~31%10 nm) to cut off the IR region, as well as a 400-nm long-pass filter. The
use of such filters also has the advantage of minimizing cell heating, and largely eliminating direc
EDQGJDS H[FLWDWLRQ RI WKH 02E ILOPV HPSOR\HG LQ WKHV}

In order to closely approximate the visible region of the terrestrial solar spectrum, we
calculated the effect of directing the Air Mass (AM) 1.5 G reference solar irradiance sgéctrum
(100 mwW/cm?) through the above two filters, then scaled the filtered spectrum to match the original
(unfiltered) intensities in the visible region (Fig. S4.8). The integrated irradiance resulting from
the filtered and scaled spectrum contains 44.5 mW/cm?. Therefore, we set up our testing station to
closely approximate the irradiance of the AM 1.5 G spectrum in the visible region by directing our
Xe arc lamp through the above two filters, then adjusting the beam focus and cell location until an
incident irradiance of 44.7 mW/cm2 was achieved, as measured by a ThorLabs S302A thermal

power sensor. This light source was used for all photoelectrochemical experiments unless noted
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otherwise. Importantly, control experiments with higher light intensity (still through the KG3 and

long-pass filters) did not significantly improve photocurrent for SREIPDI anodes.

Figure S4.9.Calculating the irradiance needed to closely approximate the visible region of the
AM 1.5 G solar spectrum after passing through a band-pass filter (KG3/315m) and
UV filter (400 nm long-pass).
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S4.6 Supplemental Photoelectrochemical Experiments for Ti®@and SnOeAnodes

Figure S4.10Photocurrenusing a 2-Scotch Sn&film dyed for 48 h from ~0.5 mM aqueous
PMPDI solution at 90 °C. Photocurrenasumeasured in pH 7, 0.1 M KPi buffer solution,
illuminated with the lamp described above for 10 s on/off transients over 2 min, plotting the
SKRWRFXUUHQW OLJKW FXUUHQWIiIGDUN F XdépeAdeiweoR1 WKH
H Q: Between experiments, a solution of 200 mMHn 0.1 M KPi was added a drop at a
time to obtain gradually increasing [g]. The working electrode was held at +0.05 V vs
Ag/AgCI during transients. (b) Potential dependence: The potential of the working electrode
was held at varying potentials during photocurrent transients while submersed in buffer

containing 20 mM HQ.
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Figure S4.11Control experiments showing anodic current densiitye (J &) traces with 30 s light
transients for TiO (blue) and Sn@®(orange) films (1-Scotch thickness) both with (solid Ijnes
and without (dashed lines) 20 mM<@ in pH 7, 0.1 M KPi buffer and held at +0.2 V vs
Ag/AgCI. (a) Bare (undyed) MEnanoparticle films with and without . Traces with HQ
are plotted with dark currents subtracted for convenient comparison; (b) Bare films @ith H
withoutdark currents subtracted; (c) Dyed films withoutt (d) Dyed films with HQ, as
shown in Fig. 4.3 of the main text, bwithout dark currents subtracted. Note that anodic
currents are given a negative sign according to the American convention, but are plotted in the
positive direction to illustrate photocurrent.
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Figure S4.12 Current densitwoltage (/) traces, plotted according to the American
voltammogram convention (anodic currents have a negative sign), with 5 s light transients for
TiO « (blue) and Sn@ (orange) films (1-Scotch thickness) in pH 7, 0.1 M KPi buffer and
VFDQQHG IURP i WR 9 YV $J $J&0 ZLWK D VFDQ UDW
provided with a Xe arc lamp approximating the AM1.5 visible spectrum. (a) Control
experiment showing &/ transients of bare films without €; (b) Control experiment showing
the effect of repeated J-V transient scans for the same/PNPPDI film; (c) Control
experiment showing the effect of repeated J-V transient scans for the samieN3RDI film;
(d) Control experiment showing the effect of J-V transient scans on bare and dyeahd@iO
SnOe«films in the presence of 20 MM .

S4.6a Interpretation of J &/ Traces for M2 E 303", $Q R& dis¢ussed in Section
S4.3d above, when the potential applied to the FTO substrate is equal to or negative of the
FRQGXFWLRQ EDQG &% HGJH RI WKH 02E QDQRSDUWLFOH ILC
for charge collection and no photocurraatexpected. As such, photocurrent for Fi@nd

TiO YPMPDI is observed throughout the whole potential window in Fig. S&JRfér TiO e=
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i0.51 V vs Ag/AgCl, Fig. S4.7a). For Sn(Ecs | 9 YV $J $J&I(Qb),)thd scén in

Fig. S4.12a begins just above the conduction band, and therefore populates CB states with
electrons. As the scan continues in the positive direction, these @B @lectrons are collected

from the film and appear as a broad anodic background wave until a potential of approx. +0.3 V
vs Ag/AgCl is reached (Fig. S4.12a,c).

We note that for Sn@PMPDI anodes (Fig. S4.12c) we consistently observe sharp current
transient spikes (both anodic and cathodic) centered at approximately +0.1 V vs Ag/AgCl. Such
current spikes are also present, though less pronounced, on barare®s (Fig. S4.7b), which
indicates that the current spikes are not attributable to PMPDI alone. Furthermore, the current
spikes are independent of the scan direction and the solvent used to dye the film (formamide,
ethylene glycol, and nanopure water were tested). To further probe this observation, we studied
the SnO density of states by cyclic voltammeffyFig. S4.13. The trace shows a clear
capacitance peak at +0.06 V vs Ag/AgCl, consistent with the potential where photocurrent
transient spikes are observed. A similar peak has been observed in the capacitance traces of bare
TiO ¢ nanopatrticle films (at more negative potentials, consistent with the more negative CB of
TiO 9, and have been attributed to mono-energetic, sub-bandgap (surface) trai StatesTiOe
trap states have been proposed as recombination centers which degrade DSSC peffitfnance.
Mono-energetic surface traps in Sm(anoparticle films have also been proposed as
recombination centef$,but have been much less studied. Regardless, sucar8o@nbination
centers are currently our best hypothesis for the cause of the observed photocurrent transient

spikes.
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Figure S4.13SnOe«chemical capacitance estimated by linear sweep voltammetry of a bare nano-
SnOe«film on FTO in pH 7, 0.1 M KPi buffer, using a Pt wire counter electrode, Ag/AgCI
reference electrode, and 100 mV/s scan rate. Capacitance was calculated by dividing the
measured current by the scan rdte.

Referring back to thé#/ transients for Sn@PMPDI in Figure S4.12c, as the potential of
WKH )72 VXEVWUDWH LV VFDQQHG Sk phstbdUtierR quidkly Brodg E & %
to a maximum value at approx. +0.2 V vs Ag/AgCl, then gradually decays over time as the scan
continues. When thd &/ scan is immediately repeated for the same anode, the steady-state
photocurrent at potentials higher than +0.2 V vs Ag/AgCl reach constant, potential-
independent value. This time-dependent decay in both photocurrent spikes and steady-steady
photocurrent for Sn@PMPDI at a constant +0.2 V vs Ag/AgCIl over 4 min is also apparent in
Figure S4.11c. We interpret this gradual decay in photocurrent as a gradual changertiated
SnOesurface state. Recently, the Mallouk group have proposed that proton intercalation into TiO
is responsible for the rapid drop in photocurrent observed in the first few minutes of testing for
most dye-sensitized, water-oxidizing photoancd&5These intercalated protons then stabilize

injected electrons near the surface and enhance recombination by back-electron transfer to the

photo-oxidized dyé?!
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S4.7 SnO/PMPDI Performance Optimization Experiments

S4.7a Alternative Dying Conditions.In order to improve dye loading saturation and
kinetics on SnQGfilms (see Fig. 4.3 of the main text), we chose to study alternative dying solvents
and conditions. We had originally chosen to dye from formamide solvent because this UV
absorbance spectrum of PMPDI in that solvent looked the least aggregated (that is, it exhibited
clear vibronic structurg®®2 see Fig. S4.8b for example) at least at low concentrations. Moving
forward, we tested the solubility of PMPDI (fully protonated form) in a variety of solvents:
unbuffered nanopure water, methanol, ethanol, isopropanol, formamide, acetonitrile, ethylene
glycol, dimethylsulfoxide, and 1-methyl-2-pyrrolidinone. We also tested combinations of 50/50
water/organic solvent, with negligible improvement in solubility. We found that PMPDI was most
soluble (darkest solutions, though often aggregated) in water, DMSO, formamide, and ethylene
glycol. Comparing the kinetics of Sn@ying from these 4 solvents indicated that both water and
ethylene glycol solutions were faster than formamide (raw data not shown). Notably, freshly-
dissolved PMPD (acid form) in water was pH ~4, which could result in a positively-charged SnO
surface (with its isoelectric point of 8)*>%° to coulombically attract the negatively charged
phosphonate groups of PMPDI. Repeated use of the aqueous dye solution resulted in a rise in pH
and a drop in dye-loading efficiency.

Further improvements in dying kinetics were achieved by increasing the dying
temperature, following literature preced&rt®® It was found that Sn®films dyed from 90 °C
ethylene glycol or water dye solutions reached dye saturation within ~24h, a significant
improvement over the 3 weeks required for room temperature formamide solutions (Fig. 4.3 of the
main text). Figure S4.14a below displays the absorbance spectra of PMPDI on 2-Scotch SnO

films (see Sec. S4.7b below) after dying from ethylene glycol (green traces)oi(lovae traces)
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solutions for varying times. In Fig. S4.14b, the spectra are converted to absorptatce (1
Transmittance = light harvesting efficiency, LHE). Notably, with these improved dying conditions,

PMPDI was able to reach an LHE >90% from ~48&0 nm, and >99% from 474500 nm.

Figure S4.14SnOYPMPDI photocurrent as a function of dye loading. (a) PMPDI absorbance
spectra (spectrum of bare Sm8ubtracted). Spectra are for films dyed from 0.5 mM PMPDI
in ethylene glycol solvent (green) or water (blue) at 90 °C, dyed for varying amounts of time
up to 24h. (b) Traces in (a) converted IbE V R U S W Di érdter toidalculate integrated
absorptance (light harvesting efficiency) within the displayed wavelength window. (c) Steady-
state photocurrent density at +0.2 V vs Ag/AgCI in the presence of 20 ngMirHpH 7 KPi
buffer (as measured at the end of a 5 ddinexperiment such as that shown in Fig. S4.11d,
for example) vs the integrated light absorptance by PMPDI dye in the region &5000m.
Green squares correspond to films dyed from ethylene glycol solution, while blue circles
correspond to films dyed from water solution. (d) Same as (c), but with photocurrent measured
in theabsenceof 20 mM HQ.

SnOYPMPDI anodes with varying dye loading were photoelectrochemically characterized
by measuring curredtime (@ %) transients such as those shown in Fig. S4.11(c) and (d). Anodes
were submerged in pH 7, 0.1 M KPi buffer and illuminated by a Xe arc lamp calibrated to match
the visible portion of the AM1.5G solar spectrum (see Sec. S4.5). Figures S4.14(c) and (d) plot
the steady-state photocurrent with added 20 mkK) Hacrificial reductant (c) and without<®

(d), plotted versus the integrated absorptance within the wavelength window #&5800m.
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5HVWDWHG )LIJXUHV 6 F DQG G SORW SHKBRWsitgXUUHQW
efficiency within the window shown in Fig. S4.14b. Clearly, both with and witho«®,H
photocurrent is strongly correlated to the integrated absorptance of PMPDI. W@h H
SnOe 303", ILOPV ZLWK WKH KLIJKHVW G\H ORDGLQJY DFKLHYH S
absence of M), SnOYPMPDI anodes still exhibit photocurrent (the origin of which is still
XQFHUWDLQ JLYHQ WKH ODFN RI DGGHG :2&DWDO\VW ZKLFI
loadings.

Aside from enhanced dying kinetics, the ethylene glycol and water dying solvents were of
interest for an additional reason. The WA6 absorbance spectrum of PMPDI dissolved in
ethylene glycol exhibits vibronic structure that suggests the dye is molecularly dissolved as
opposed to dissolved aggragdtéd(see Fig. S4.8b). By contrast, the spectrum of PMPDI in water
is consistent with soluble dimé?s® (Fig. S4.8c). These solution spectra are unchanged at 90 °C.
The UVwis spectra of PMPDI on Sn@n Figures S4.14(a) and (b) suggest that the aggregation
character is retained, at least when PMPDI is kept at low dye loadings (low dying time); at the
lowest dye loadings, the spectra of PMPDI on Sdg&d from ethylene glycol (green traces) retain
vibronic structure that suggests mostly monomeric dye, whereas the vibronic structure for spectra
dyed from water (blue traces) resemble that of the dimer. However, as dye loading increases
(longer dying times) the spectra for PMPDI on Siéaded from either solvent begin to broaden
and the vibronic structure degrades, suggesting higher degrees of PMPDI aggregation orr the SnO
surface.

"\H DJJUHJDWLRQ RQ WKH 02E \VRACEDOEdh reslts m6l&ker DQ G '€
performance, because the dye aggregation often allows non-radiative relaxation pathways that

FRPSHWH ZLWK HOHFWURQ LQMHFWLRQ L Q ¥'R*SHAK &ireBIRQ G X FW L
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the charge-injection efficiency is often lower when aggregates are pfésetftt This may
account for the observation in Fig. S4.14d, wherein @#KPDI anodes dyed from ethylene
glycol (green data points, less aggregation) generally showed higher photocurrent than those dye
from water (blue data points, more aggregation). Consistently, the effect was less pronounced at
higher dye loading, where even the anodes dyed from ethylene glycol show# dpectra
indicative of aggregation. An alternative hypothesis is that ethylene glg@alsorbs to the Sn©
surface, and could possibly act as a barrier to recombination with redox species in solution, or
could become oxidized itself. To remove this variablesubsequent studies were done on anodes
dyed from water.

S4.7b Varying SnOeFilm Thickness.In order to optimize the light-harvesting efficiency
of SnOYPMPDI anodes, we performed studies to vary the thickness of the ffmOThicker
films were prepared by doctor blading the Sigaste between multiple layers of Scotch Magic
tape (Cat. # 810,5 * P WKLFN DFFRUGLQJ WR RSWLFDO SURILORPHYV
into one Scotch spacer, drying in between each layer at 120 °C for 10 min. After spteading
paste, the tape spacers were removed and the anodes were transferred to a furnace, where the
temperature was gradually increased (~30 °C/min) to 450 °C under air and held at temperature to
sinter for 1 h. After calcination, heat was turned off and the furnace door was gradually opened to
DOORZ WKH ILOP WR VO R g@ant v&RiedGnEfilmftBicknhessésiwerdénhbasured
by optical profilometry. Results are shown in Fig. S4.15a. Film thicknesses increased
approximately linearly with the number of scotch tape spacers, or the number of layers spread
between 1 layer of scotch tape. Films prepared by multiple Scotch tape spacers were slightly

thicker than those prepared by multiple paste depositions within 1-Scotch spacer. Films with
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WKLFNQHVYV ! P WHQGHG WR FUDFN IODNH JLYdnQlarggrtVH WR

error bars.

Figure S4.15Varying SnO-film thickness. (a) Sn®film thickness (after sintering, as measured
by optical profilometry) as a function of the number of Scotch tape spacers used during doctor
blading (blue diamonds), or the number of layers of Spéste spread between 1 layer of
Scotch tape (orange circles). (b) W spectra of bare Sn@ilms (dashed lines) of varying
thickness, and after dying with PMPDI (solid lines). Films were dyed 24 h from ~0.3 M PMPDI
in water at 90 °C. The inset shows the absorbance spectra of PMPDI alone (spectra of bare
SnO-films were subtracted). (c) Anodict traces with 30 s light transients for S{EMPDI
films of varying thickness, held at +0.2 V vs Ag/AgCl in pH 7, 0.1 M KPi (n@Hsacrificial
UHGXFWDQW G 303, LQWHJUDWHG D E VasWU W arahgeH i7
circles, see inset) and steady-state photocurrent (blue triangles) plotted sfdi8nidckness.
Dotted line is added to guide the eye.

SnOe-films of varying thickness were dyed from ~0.3 mM PMPDI in water at 90 °C for
24h. Longer dying times did not enhance dye loading. After dying, films were soakeahiforril
nanopure water to rinse away any non-adsorbed dye, and were allowed to air dsys UV
absorbance spectra were recorded for bare and dyed films of varying thickness, windware

in Fig. S4.15b. The inset shows absorbance by PMPDI (bare film subtracted) on different film
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thicknesses, and shows that light absorption is approximately saturated for the 3-layer filnP
thickness).

Photocurrenttime (J ) transients were measured for the SIRMPDI films of varying
thickness in pH 7, 0.1 M KPi buffer (without€®), held at +0.2 V vs Ag/AgCl. Results are shown
in Fig. S4.15c¢, demonstrating that photocurrent saturates at higher film thicknesses. By converting
the PMPDI absorbance spectraafosorptancespectra (1+xTransmittance, see the inset of Fig.
S4.15d), we can calculate the integrated absorptance for each dyed film within the wavelength
window of 400650 nm. Restated, the area under each PMPDI absorptance curve in the inset of
Fig. S4.15d represents the overall light-harvesting efficiency of the dye in that wavelength
window. Finally, plotting both the steady-state photocurrent and the PMPDI integrated
absorptance as a function of Safdm thickness (Fig. S4.15d) demonstrates that photocurrent is
VWURQJO\ FRUUH O Dtégtaied ZdsvvptandeR Y GG BHRIW K VDW X UBIWH E\ a
thickness. Fortunately, this thickness was reproducibly produced by using 2 Scotch tape spacers
to doctor blade the Sn&paste (Fig. S4.15a). Therefore, this 6 F R Wifeod was used for all
subsequent experiments.

S4.7¢ Preliminary Al O ZOverlayer Testing.Alumina overlayers were deposited by the
method of Ichinoset al®? following adaptations by Liberatoret al®® Specifically, a 0.1 M
solution of aluminum(lll) isopropoxide was prepared in apfiéed glovebox: a 20 mL
scintillation vial (previously dried in an oven at 150 °C) was rinsed twice with anhydrous
isopropanol iEPrOH, Sigma, 99.5%, Sure/Seal cap, reported <30 ppm water), then 200 mg of
aluminum isopropoxide (AKPrOx, 6 LJPD - WUDFH PHWDOV EDVLV ZD\
vial, followed by 10 mL of anhydrous isopropanol by plastic syringe. The vial was capped,

wrapped in Parafilm, and removed from the glove box (Palonear@$* stated that solutions of
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aluminum isobutoxide were air-stable once dissolved). The solution was agitated in a sonicating
water bath until there was no visible solid, then heated on a sand bath to 60 °C without stirring.
Note, all such solutions were slightly opaque, likely indicating that the solid aluminum
isopropoxide starting material had reacted with trace water to form insolulide/éfore being
brought into the glove box. Therefore, solutions were centrifuged before use to collect the fine
solids at the bottom.

Following the procedures of Palomargsal,** VLQWHUHG 02E ILOPV ZHUH S
exposure to water vapor (films on ITO were held above a vial of water at 60 °C) for 1 min, then
dried in a furnace at 120 °C for 10 min. This step is presumably to ensure the presence of metal-
aquo or metal-hydroxide groups on the surface to react with thé®&ds. The 02E ILOPV ZHUH
transferred directly from the 120 °C furngoehe Al(-PrO} solution at 60 °C for 10 min, one or
two at a time (back to back, thus preventing alumina deposition on the glass substrate as well).
After treatment, films were immediately rinsed by dipping in a vial of anhydtBu®H to remove
any unreacted AKPrO)s. Finally, films were placed in a furnace and gradually heated (~30
°C/min) to 400 °C and held at that temperature for 20 min, presumably burning off any residual
organics (iPrO ligand) and to complete oxidation of the layer to for® ZAfter slowly cooling

” f& PLQ ILOPVY ZHUH SODFHG LQ 303', G\H VROXWLRQV

Theoretically, this method is expected to deposit a monolayer or less of alumina onto the
O2E ILOP VXUIDFH DIWHU RQH URPX®@ndrsuriace DyeyRy@uigH W Z HH Q
With care, we were able to use this method to produce highly uniform alumina overlayers, with no
alteration of the nanMOy film apparent to the eye (Fig. S4.16DQG QR FKDQJH WR WKH
vis absorbance spectrum (Fig. S4.17a). Therefore, th® Zdverlayer does not alter the light

absorption or scattering properties of the substrate. We note that if tier@) solution was not
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centrifuged prior to use, andl 02E ILOPV ZHUH ULQVHG -éanhwiidus i@ DWPHQ
WKHQ WKH UHVXOWLQJ DOXPLQD RYHUOD\HU ZDV RIWHQ YLV

Al O Zparticle aggregates.

Figure S4.16Photographs of various Sn@®2-Scotcih a P WKLFNZ(®-Qdbtch?
a P WKLFN ILOPV LQ )72 VXEVWUDWHYVY ERWK EHIRUH D

under various stated conditions.

Figure S4.17(a) UV wisible spectra of bare FTO and FTO coated with bare (un-dyedy SnO
(orange) and W@ (green) films @-Scotch’  a P W KAISEdtch 2 a P WKLFN
respectively) both before (solid line) and after (dashed line) deposition of alumina overlayer.

(b) Visible absorbance spectra of PMPDI adsorbed on<$a@nge) or WQ(green) films

after dying from water solvent under the stated conditions. Absorbance spectra from the bare
0O2E ILOPV ZHUH VXEWUDFWHG IURP WKH VSHFWUD WDNHQ
that absorbance spectra are not corrected for the differeM QielVVHY RI WKH 02E ILOF

The successful surface treatment of Sa@d WOZilms is evident by the altered kinetics

and saturation level of PMPDI dye loading (Figures S4.16 and S4.17b). Untreatedil®sO

259



reached PMPDI saturation (~1.9 A.U. at they after ~24h of dying from 0.5 mM PMPDI in 90
°C water. By contrast, SN\l O Zilms reached saturation (~3.0 A.U. at they) after <5h of
dying under the same conditions. The broadened and absorbance spectrum and red-shifted
absorption onset of PMPDI on Sn@I <O Zalso indicates that PMPDI is more aggregated on this
surface. Furthermore, PMPDI could be adsorbed on 4@ Zeven at room temperature,
reaching a lower saturation (~1.0 A.U. at they within 24h (for comparison, untreated SnO
reached only 0.77 A.U. after 72 h under the same conditions), though higher aggregation was still
evident by the red-shifted absorption onset. Importantly, alumina treatment also allowed for the
loading of PMPDI on W{films, reaching saturation of ~1.0 A.U. (note these ¥§itns were
significantly thinner than Sn®within 5 h at 90 °C.

Fig. S4.18 provides &/ transient experiments which show the effect of the alumina
overlayer on photocurrent, both before and after dying. Both untreated basar8h&nO/Al O Z
ILOPY UHDFK VDWXUDWHG SKRWRFXUUHQW RI a ~08WPO6 LQ S
vs Ag/AgCl. SnO/PMPDI without alumina treatment and dyed for 24h from 90 °C water solution
UHDFKHG VDWXUDWHG SKRWRF X Ubasihv@ 0f ~B.2 \dvs AGAGE Fi@W SR W |
S4.18a). By contrast, S@l O ZPMPDI dyed from hot water for 5 h reached saturated
SKRWRFXUUHQW RI RQO\ a $ FPO XQGHU WKH VDPH FRQGLV
loading compared to the un-treated SHEMPDI film (Fig. S4.18b). Hypotheses for the lower
photocurrent for Sn@Al O ZPMPDI despite higher dye loading include (i) that the high dye
aggregation (indicated by red-shifted absorbance onset, Fig. S4.18b) on alumina-treated films
results in enhanced non-radiative relaxation of the dye before injection cart- 6ttt (i) that
dye aggregates were deposited in more than a monolayer, and therefore much o riyte

DW WKH VXU ID F HgR-IndivdédHel8c2r&n Irfettio®, and (iii) that the tunneling barrier
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introduced by the A Zoverlayer significantly decreases the injection efficiency from photo-

excited PMPDF65

Figure S4.18Current densitwoltage &) traces for anodes with and without @I Zoverlayer
treatment for Sn@(a) and W& E ~ *UH\ WUDFHV LQGLFDWH EDUH 02E IL
indicate dyed films, solid traces indicate films without®@ and dashed traces indicate films
with Al O Zoverlayer treatment] &/ traces were obtained in pH 7, 0.1 M KPi buffer and
VFDQQHG IURP WR i 9 YV $J $J&0 ZLWK D VFDQ UDW
provided with a Xe arc lamp approximating the AM 1.5 visible spectrum. All scans were
recorded immediately following a 5 miltt transient experiment such as that shown in Fig.

S4.11c.
To test the above aggregation-based hypotheses, af/$rOZAilm was also dyed from

room temperature water, reaching saturation within 24 h, with a lower saturation than un-treated

SnOe dyed from hot water and still more aggregated (Fig. S4.18b). Photocurasriiavely

different from the Sn@GAI O ZPMPDI anode dyed from hot water despite significantly less dye

ORDGLQJ UHDFKLQJ VDW XU D VdtpaergidRpasitve ¥ldU2MYSAGRAg@ $ F P«

(Fig. S4.18a). This is consistent with the hypothesis that much of the dye ofASKIZPMPDI

prepared from hot solution is aggregated away from the <Suface. Finally, an Sn@Al O Z

anode was also dyed from room temperature ethylene glycol for 5 days. This anode tteached

VDPH G\H VDWXUDWLRQ DV WKDW G\HG IURPnw RRIFadWesEP SHUD YV

aggregation (no red-shifted absorbance onset, data not showind/ Experiments, this anode
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UHDFKHG VDWXUDWHG SKRWRFXUUHQW RI RQO\ a $ FPO DW
thus indicating that photocurrentasnot improved by a lower degree of aggregation.

A similar trend was found for Wd@films. For bare films, the deposition of an @IZ
overlayer actually enhanced photocurrentfram $ FPd WR a $ FP 9, ppésibly 6 E
due to enhanced stability of the WAD pH 7 buffer. However, photocurrenagshalved after dye
loading for both treated and untreated \EfDns. This may indicate that adsorbed PMPDI has a
poor injection efficiency into W@and also pacifies the surface towards whatever electrochemical
reaction takes place on the bare film, or possibly that theZ#® corrodes during the dying
process.

In summary, the deposition of an @ZRYHUOD\HU RQ 02E DQRGHV VLJQLI
PMPDI dye loading kinetics and saturation, but resulted in decreased photocurrent relative to un-
WUHDWHG 02E 808 prétiddshbeen shown that@lZoverlayers can significantly
decrease the rate of photo-injection from excited dye, especially as the overlayer thickness
increases, again due to the introduction of a thicker electron-tunneling Bafti€herefore, our
remaining hypotheses for the lack of a photocurrent enhancement effect by our single cycle of
Al O Ztreatment include: (i) more than the expected monolayer € Alvas deposited by the
solution-based, dip-coat process used herein, or (ii) the injection efficiency of our specific PMPDI
is significantly lower than previously-studied dyes in systems employing a single alumina
overlayer, so that the addition of a tunneling barrier had a more pronounced effect on injection
efficiency.

Consistent with hypothesis (i) above, it has been suggested that overlayers prepared by
solution methods such as that employed herein can have non-uniform thiSkaedgherefore

we might expect improved results with more uniform overlayers (which can be prepared by atomic
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layer depositiot® for example), either used before dye adsorption or afterwards to partially
encapsulate the dy& Consistent with hypothesis (ii) are previous studies which have shown that
injection is slower and injection efficiency is lower for dyes such as PMPDI that can
aggregateé™>%! gor that employ a non-conjugated spacer groups between the anchors and
chromophor®®’ such as phosphonomethyl groups of PMPDI, due to poor electronic coupling.
Thereby, we would expect improved performance by changing the dye structure to include

conjugated and short linker groups between the perylene core and the anchor group.

S4.8 Oxygen Quantification by GeneratoeCollector Method

To determine if observed photocurrenasathe result of photoelectrochemical water
oxidation catalysis, ®@in solution was quantified by a Generatollector (G£) method?®5°
This technique has improved sensitivity relative to a Clark electrode due to its higher collection
efficiency (detection of @by electrochemical reduction), but lower selectivity due to its lack of
an oxygen-selective membrane as in a Clark electrode. This method uses two working electrodes
in a sandwich configuration, with the photoanode (Generator) as the first working electrode (W1)
facing a second working electrode (Collector, W2). While original Collector electrodes viére Pt,
Meyeret al showed that FTO was also usafjle.

We began by testing the potential-dependent response of a planar FTO electrode in aqueous
buffer with differing amounts of dissolved oxygen (Fig. S4.19 below). Multiple cycles of cyclic
voltammetry (CV) were performed in pH 7, 0.1 M KPi buffer that was degassed with Ar for 15
min (blue trace), then repeated after degassing with air for 5 min (orange trace), then repeated
again after degassing with«®@r 5 min (grey trace). Consistent with previous restiteductive

FXUUHQW DW WKH )72 HOHFWURGH DERYH i 9 YV $J $J&0 LQ
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dissolved oxygen. Reduction currents were nearly saturated at potentials negative of the peak at
i0.60 V vs Ag/AgCl, consistent with @eduction.7KHUHIRUH D SRWHQWLDO RI i

was chosen for subsequentGstudies with FTO as the Collector electrode.

Figure S4.19Cyclic voltammograms of an FTO working electrode in pH 7, 0.1 M KPi buffer
degassed 15 min with argon (blue), 5 min air (orange), then 5 m{gréy). Scan rate was
100 mV/s.

Subsequently, we assembled a€IGtesting configuration by attaching a copper tape
electrical contact to the top (FTO) portion of an FTO/SR®™MPDI (Generator) anode, then
masked the top and bottom FTO portions (where there was na/FBviPDI film) with un-
VWUHWFKHG 3DUDILOP UHSRUWHG P WKLFN &RSSHU WD
(Collector) electrode of similar size. The two electrodes were sandwiched together, with the
Parafilm spacers preventing contact between the electrodes or the two Cu tape contacts (see the
G £ schematic in Fig. S4.20a below). The two electrodes were then wrapped together with two
thin, long strips of stretched Parafilm. This way, two sides of tH8 &ndwich were open to

allow diffusion of solution into and out of the cell.
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Figure S4.20 (a) Schematic representation of a £I5 electrode configuration. The
FTO/SnOYPMPDI Generator electrode is sandwiched against a bare FTO collector electrode
with Parafilm spacers above and below the SR®IPDI film to prevent contact. Both
electrodes have Cu tape as electrical contacts for connection of alligator clips. (b) Current
measured at the Generator (upper, blue traces) and Collector (lower, orange traces) held a +0.2
9 YV $J $J&0 DQG i , Bespectiviely, BT, 0.1 M KPi buffer degassed
with Ar for 15 min. Solid line traces were illuminated from 800 s. Dashed lines were
subsequently measured in the dark as a baseline. (c) Integrated tumeebtaces from (b)
used to calculate faradaic efficiency. (d) WNs absorbance spectra of PMPDI (spectrum of
bare SnOwas subtracted) before and after 10 min of photolysis.

Once assembled, the £ cell was submerged in solution in a two-compartment
photoelectrochemical cell with a working compartment made from 1 x ZHymex rectangular
tubing with a working volume of ~5 mL and separated from the auxiliary compartment by a

medium porosity glass frit. The cell was filled with pH 7, 0.1 M KPi buffer solution which was

degassed with Ar for at least 30 min. The Ag/AgCIl (3 M NacCl) reference electrode was placed
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near the GC cell in the working compartment, and a Pt wire counter electrode in the auxiliary
compartment. Argon was flowed over the top of solution throughout experiments. Electrochemical
testing was controlled with a CH Instruments 750D bipotentiostat, using amperometric £urrent

time experiments. Current was measured at the Generator/E8iPDI) and Collector (FTO)
electrodes held W 9 DQG i 9 YV $J $J&0 UHVSHFWLYHO\ IRU
cell was illuminated from the back (substrate) side of the §H@PDI electrode from 1810 s,

using a Xe arc lamp calibrated to closely match the visible portion of the AM1.5 standard solar
spectrum (see Sec. S4.5). Subsequently, and without moving the cell, the experiment was repeated
in the dark.

An example currentime trace from a GC cell is provided in Fig. S4.20b. Photocurrent
measured at the SM®PMDPI Generator electrode was consistent with previous measurements
(see Fig. 4.5c of the main text), with steady¢ DWH SKRWRFXUUHQW GHFD\LQJ IL
during 5 min of photolysis. Currents at the Collector electrode were above zero throughout the
experiment, even in the dark. This likely indicates tracet@ther impurities in solution. Curreat
time traces were integrated to determine the charge passed (Q) at each electr@ie2Gay.
Subtraction of charge passed in the dark (dashed lines) from charge passed during illumination
(solid lines) allows for the calculation of charge attributable to photoelectrochemical processes
(Qphoto) such as water oxidation. Notably,Ho at the collector electrodes were very small,
indicating minimal O production by the Sn@PMPDI (see below).

In order to calculate the collection of efficiency of the sant€ @ell, the currentime
traces were repeated in the presence € shcrificial reductant (following literature precedéiit).

This step was dongecondn order to prevent contamination of tracaHduring Ostesting. To

do this, the electrolyte was removed from the cell by pipet (without moving any of the electrodes),
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and replaced with Ar-degassed pH 7, 0.1 M glBs 20 mM HQ. The current-time measurements

were then repeated in the light and dark. The collector efficiesgywas calculated as:

Eoourdoaoalbcadra A
2EgounhaRR@OcRAL A

[ aclk (S4.5)

using the charge passedy6g) at the end of illumination, 310 s. An average of 92 + 3% was

found from our experiments. Finally, the collector efficiency can be used to calculate the overall

faradaic efficiency for water oxidation, as:

EooudDadaldcgié;
&L ?E@OUQ%éBBGC)@é%,m” (S4.6)

again using the charge passed at the end of illumination, 310 s, measured prQraddition.
Our experiments for Sn€PMPDI anodes yielded average faradaic efficiency fepfduction
(or other reducible products) &f+ 2%. This means that, within experimental error, practically
none of the photocurrent observed at SRMPDI anodes can be attributable te&volution.

S4.8a PMPDI Concentration Calculations for Stability Estimation.Given the above
hypothesis that photocurrent from SHEMPDI anodes (without catalyst) in aqueous solutions
originates from oxidative decomposition of PMPDI, we estimated the amount of PMPDI on a
given anode. The molar extinction coefficient of PMPDI in water solution was determined to be
~22,000 Mlcm' (or 2.2 M* P') at the max of 500 nm. The Sn@PMPDI anode tested indr
S4.20b had Absx of 1.7 using a 2-Scotch SPALOP P WKLFNQHVYV $VVXPL
extinction coefficient is roughly the same for PMPDI adsorbed on«&s0n agueous solution,
we get a value of ~0.13 M PMPDI, or 0.13 mol PMPDI per L of Sfillh volume. (Typical
optimized values ranged from 0.13 to 0.16 M PMPDI on $n@ypical dimensions for
SnOe 303', ILOPV ZHUH a FPo 1 P JLYt®DI oD7.8ROXPH RI

Therefore, the amount of dye on our anode was (0.13 mol/L) x (7/8k1L& 1.0x10’ mol
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303", 8VLQJ $Y R JEaGtUR fiat (EGQOMol) x (6.02x18® PROHF B.6x00° §
molecules PMPDIin this SnOefilm.

As shown in Fig. S4.20c, this SMBMPDI anode passed a photo-generated charggs Q
of 0.0080 C over 5 min of uninterrupted photolysis. Given that a coulomb is equal to 624x10
electrons, approximately 5.0x#0electrons were passed during this 5 min of photolysis. Thus,
0.83 electrons were passed per PMPDI molecule on the film. Subsequently, an additional 5 min of
photolysis was carried out wherein photocurrent settled to a stéathb WH R1 a $ GDWI
shown), and an additionalpfdw of 0.0050 C was passed, giving a total8dfx10° electrons
passed Therefore, approximately 1.4 electrons were passed for every molecule of PMPDI in the
film, sufficient to perform at least a 1-electron oxidation of all PMPDI or a 2-electron oxidation of
67% of the PMPDI. Meanwhile, the U¥is absorbance spectrum of the SfRMPDI anode was
taken before and after this 10 min of photolysis, and is shown in Fig. S4.20d. The change in
absorbance at thenax is consistent with a loss of only 12% of the PMPDI by desorption or
degradation.

In summary, more charge is passed during 10 min of photolysis than the appedximat
number of molecules of PMPDI on the Ssfdm, and photocurrent remained stable beyond this
time. Meanwhile, the U\Wvis absorbance spectra of the film before and after photolysis indicates
only 12% loss of PMPDI. This clearly indicates that the majority of photocurrent cannot be
attributed to decomposition of PMPDI, nor toe @roduction by water oxidation. Therefore, the
last remaining hypothesis for the origin of photocurrent is the oxidation of wateOw &t the
oxidation of solution impurity species such as @hached from the reference electrode or trace

metal impurities from the buffer, for example.
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S4.9 IPCE Measurements for SnQPMPDI

Action spectra were collected using a testing apparatus consistirXecadra lamp (Oriel
model 66002, calibrated to approximately match the AM1.5 reference power in the visible region),
power supply (Oriel model 68700), monochromator (Oriel Cornerstone 130, model 7400), and a
CH Instruments 630D potentiostat. Experiments were run in the same two-compartment
photoelectrochemical cell as previous experiments, with FTO#SMIPDI working electrode
and Ag/AgCl reference electrode in the working compartment and Pt wire counter electrode in the
auxiliary compartment. The face of the cell was pressed against an aperture defining an illuminated
area of 0.38%n?. To collect the action spectra, the electrodes were held at +0.2 V vs Ag/AgCI
while the incident monochromatic light (~3 nm bandwidtlas scanned from 400 to 700 nm in
25 nm steps. Photocurreigs, was measured at each wavelength step by recording three 15 s light
transients, subtracting the dark current from the light current at the end of each transient, and
averaging the three values. The incident lamp power at each wavelengBwstepyas recorded
through the same aperture using a Thorlabs silicon standard power sensor, model S120B, in order
to calculate the final incident-photdo-current efficiency (IPCE) values. The calculation was

performed according to the equatitn:

a. . AniKE; H567&< 1X®
R Ecede:k[ 5 H 1k ;

(S4.7)

A representative photocurrent action spectrum for an optimizedBMPBDI anode in pH
7, 0.1 M KPi buffer is provided in Fig. S4.21, showing the three cutiierd transients at each
illumination wavelength (plotted by the American convention with anodic photocurrent plotted in
the negative direction). Notably, there is small photocurrent present throughout the whole scan,
even at high (red) wavelengths where PMPDI does not absorb light. This low photocurrent may

originate from excitation of intra-bandgap Sn@efect states, for example. In the wavelength
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range where PMPDI absorbs light (~4800 nm), photocurrents are slightly larger and take on

the spike behavior that was previously observed in polychrondaticand J4&/ transient
experiments at +0.2 V vs Ag/AgCI (see Figures S4.11 and S4.12, for example). We note that, given
the Oesdetection results above, the origin of photocurrent is noegéderation, and is currently
unknown. The current spike behavior likely results from rapid injection from photo-excited
PMPDI, followed by a buildup of oxidized PMPDI at the surface as a result of poor chagfertra

to solution, given the lack of a sacrificial reductant or WOCatalyst. The result is a decay to a low

steady-state current where charge injection and back-electron transfer are at kinetic equilibrium.

Figure S4.21Transient Photocurrestime traces from a representative Sf®MPDI anode in pH
7, 0.1 M KPi bufferAnode was held at +0.2 V vs Ag/AgCl and illuminated with a Xe arc lamp
approximating 1 sun illumination through a monochromator. For each wavelength step, three
15 s transients were performed. There was a shorti6630 break between each wavelength
measurement while the cell was held in the dark at open-circuit.
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Photocurrent action spectra were also collected in the presence of 20<@\BgEfificial
reductant. A plot from one representative SI-MPDI anode is shown in Fig. S4.22. Again,
similar to polychromatid # andJ & transient experiments in the presence @HFigures S4.11
and S4.12), photocurrent was much higher in magnitude and showed much less spike-like behavior
than without HQ. This suggests much more efficient regeneration of photo-oxidized PMPDI,
allowing for rapid turnover to absorb additional photons. There was slight drift in the overall dark
current during each scan, though the photocurrent magnitudes were quite stable over time and with

repeated transients.

Figure S4.22Transient Photocurrestime traces from a representative SfRMPDI anode in pH
7, 0.1 M KPi buffewith 20 mM H&. Anode was held at +0.2 V vs Ag/AgCI and illuminated
with a Xe arc lamp approximating 1 sun illumination through a monochrometer. For each
wavelength step, three 15 s transients were performed. There was a shdf s3feak
between each wavelength measurement while the cell was held in the dark at open-circuit.
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Subsequently, photocurrents at each wavelength were used to calculate the IPCE spectra
by equation S4.7. Resulting spectra are shown in Fig. S4.23 fofEv@DI anodes without, (a),

and with, (b), HQ.

Figure S4.23IPCE values calculated for SM®MPDI in pH 7, 0.1 M KPi in the absence (a) and
in the presence (b) of 20 mM €. IPCE values in (a) were calculated from the peak
photocurrent values, (blue squares) or from the steady-state curdesfprange diamonds),
and are compared to the absorptance spectrum of PMPDI (light absorbance and scattering from
bare SnO is subtracted). Error bars represent the standard deviation obtained from (a) 4
different anodes (11 transient measurements) taken both fronolbigh wavelengths and
highto-low wavelength, and (b) two different anodes (5 transient measurements).
Notably, the gradual decay of photocurrent over time in the absenceQof{Hiy. S4.11c, for
example) resulted in relatively large error bars (Fig. S4.23a, note that action spectra werd recorde
both from highto-low and from lowto-high wavelengths to avoid a systematic error). In contrast,
the stable photocurrent observed in the presence Qf ftdsulted in much smaller error bars.
Without HQ, IPCE data calculated (incorrectyjrom peakphotocurrent (spike) values were a
relatively good match for the absorptance spectrum of PMDPI (Fig. S4.23a, blue square data),
whereas IPCE data calculated (correétijiom thesteady-stat@hotocurrent values were a poor
match (Fig. S4.23a, orange diamond data). This observation is not well understood, but may be a

result of recombination-limited current or of the specific (unknown) oxidation reaction that is

taking place.
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Importantly, the IPCE spectrum for SW®MPDI films in thepresenceof H Q is a close
match to the absorptance spectrum of the PMPDI (Fig. S4.23b). We notdl tHRECE points
recorded at 400 nm are higher than expected from the absorptance spectrum of PMPDI. This likely
indicates a photocurrent contribution from direct light absorption by 3a€k the absorption
spectrum of bare Snoin Fig. S4.17a). The maximum IPCE of 12.4 £ 0.3% for optimized
SnOYPMPDI anodes in the presence ofHs far from the ~86% achieved by top DSS&ikely
due to poor injection efficiency caused by dye aggregatio¥®! and poor electronic coupling

through the phosphonomethyl anchor grétfy.
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APPENDIX Ill. SUPPORTING INFORMATION FOR CHAPTER V

S5.1 Discussion on Ligand Syntheses

Bipyridine-  $is(N,N-dimethylcarboxamide) (dma-bpy).A Chemical Structure
search of dma-bpy on SciFinder.cas.org reveals that the ligand has a CAS registry number
(220833-72-7). However, the patent reference on record for its synthesis describes the synthesis
of the dethylamide derivative insteadTherefore, the synthesis of themdithyamide derivative
is, to the best of our knowledge, previously unpublished. The synthesis described in the above
patent involves reaction of $ipyridine-  flicarboxylic acid with thionyl chloride to form the
acid chloride, followed by reaction with diethylamine in toluéme precise extension of these
published conditions to form dma-bpy would requireneihyamine as the precursor, but
dimethyamine is a gas under ambient conditions which would make the synthesis unnecessarily
complex. Instead, in the present work, the acid chloride was refluxed in distilled, dried DMF,
which is known to decompose to dimethylamine during reflux, and which therefore serves as a
precedented precursor to form dimethylamide prodcts.

Bipyridine-  flicarbonitrile (cn-bpy). 7R WKH DXWKRUVY NQRZOHGJH
published syntheses for the exact Bipyridine-  flicarbonitrile ligand molecul&® Of these,
the oldest procedure reported the highest yield of 88% using a dehydration reaction between
bipyridine-  flicarboxamide starting material and P@@s$ the dehydrating agehThe two
SXEOLVKHG SURFHGXUHV |kipyridineH \AliCawdkaimide ¥taRing\watetial - |
both involve the reaction of carboxylic ester precursors with anhydrous ammo#fia lgastder
to avoid this expensive reagent we chose to start with the much more reactive acid chloride, which

was then added to a concentrated aqueous ammonia solution (hoping that the reaction would be
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much faster with ammonia than water, since ammonia is the stronger nucleophile). Separation of
the desired amide product from its carboxylic acid byproducts was foreseen to be a problem, as
ERWK FRPSRXQGV DUH H[WUHPHO\ LQVROXEOH GXH WR VW
interactions in their corresponding solids. Fortunately, we found that the carboxylic acid could be
selectively dissolved in excess ammonia solution by deprotonation, and that the amide
preferentially precipitates when the crude solid is dissolved in hot DMF. Using these purification
techniques, the desired amide product was typically collected in a 56% vyield. Previously
XQSXEOLVKHG WR RXU NQRZOHGJH ,5 DEV PigE@d@FHJIUHT XH (
dicarboxamide are reported in the main text.

With the primary amide product in hand, we followed the literature procedure for its
dehydration to the dicarbonitrile using P@@Ehydrating ageritUnfortunately, this published
procedure did not contain sufficient details to successfully complete the reaction, as repeated
attempts vyielded only the amide starting material after workup (hydrolysis of sPOCI
neutralization, and extraction with chloroform). Using additional workup details found in a
published reaction for a close analogue (specifically, evaporating off excess B€iQie
guenching, quenching with ice instead of water, neutralizing with (df), and extracting with
chloroform)® an average yield of 71% was attained. The necessity for additional workup details
to achieve the final ligand illustrate that the nitrile can be hydrolyzed back to the amide under the
high heat and highly acidic conditions present when excesssP&xgent is not removed before

guenching.
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S5.2UV Wis Characterization of Cobalt Complexes
UV wisible spectrophotometry was performed using an Agilent 8453widible

spectrophotometer. The instrument was blanked using neat acetonitrile in an appropriate quartz
cuvette. Samples were prepared in acetonitrile (EMD, OmniSolv grade) and diluted as necessary
to obtain adequate spectra. Spectra are shown in Figure S5.1, and calculated molar extinction
coefficients are provided in Table S5.1. The strong absorption bands in the UV region (Figure
S5.1a) are consistent with light absorption from the bipyridine ligands (see below). Weaker peaks
or shoulders from these bands extended into the visible region (Figure S5.1b), and very weak
absorption features were present at higher wavelengths (Figure S5.1c), both of which may

originate from Cé" d  transitions.

.8 .5 60
, €}~ %Ge o~ ok » M €1}~ %GCe o~ o « ¢ €1}~ %GCe -~ oK -
[Co(dma- % G+ +~|oK > 4l [Co(dma- % G+ *~ K « T 50 [Co(dma- % G+ +~
6 [Co(me- %o G e o~ K « [Co(me- %G+ *~ ofK « = [Co(me- % C+ +~ oK
és [Co(cn- %o G+ *~ oK « rT‘n s | [Co(cn- % G+ *~ oK + 40 ‘ [Co(cn- %o G+ +~ oK =
4 2 130
> =
-3 _2 x
_ 20
<2 x
1 t 10
0 0 . —— o
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Figure S5.1UV wvis spectra of the four cobalt complexes studied herein in acetonitrile: (a) 0.1

mM complexes in a 2 mm quartz cuvette, (b) and (c) 5 mM complexes in a 5 mm quartz

cuvette.

Table S5.1UV #is Data for Cobalt Complexes Studied Herein in Acetonitrile.

complex s ~Vu x ~fm>) | , ~vu x ~“m>)| , ~vu x ~&m>)| , ~vu x ~m>)
€}~ %Ce o~ 245 3.2x10 295 3.9x10 450 0.90x106 910 8
[Co(dma- % G+ <~ | 245 4.8x10 300 3.8x10 450 1.8x10 885 24
[Co(me- % Ce* «~ ¢ 240 3.9x10 310 3.2x10 450 3.0x16G 650 16
[Co(cn- % Ce <~ d 240 4.2x10 297 3.4x10 450 1.2x16 920 11
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One observation from the spectra in Figure S5.1a is that the band centered at 300 nm for
the [Co(cn-bpyg](ClO4)> complex showed a shoulder at longer wavelengths, which was not
present in the spectra of any of the other complexes studied. Because the [Ca{|(G{0pR))
complex is the least stable, we hypothesized that this shoulder may be evidence for dissociated
cn-bpy ligand. The control Udspectrum of free cn-bpy ligand was not consistent with this
shoulder (see Figure S5.2a below). It is still possible that the shoulder could originate from a

[Co(cn-bpy)(solv)]?* species, though this hypothesis was not tested.
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Figure S5.2UV wis spectra of [Co(cn-bpyf(ClOa)2 in acetonitrile, as well as various controls:

(&) UV region in a 2 mm quartz cuvette of (i) 0.1 mM [Co(cn-BIf€)Oa)2; (i) 0.1 mM
[Co(cn-bpy}](ClO4)2, 1.5 mM TBP, 10 mM LiCl@after performing electrochemistry
and aging overnight; (iii) 1 mM TBP control; (iv) 0.3 mM free cn-bpy ligand.

(b) Spectra in a 5 mm quartz cuvette of (i) 1.0 mM [Co(cn<4}EA04)2, 100 mM LIiCIOy
(solution was yellow); (ii) 1.0 mM [Co(cn-bp}iClO4)2, 100 mM LIiCIQs, 15 mM TBP
after performing electrochemistry and aging overnight (solution was green).

(c) Spectra in a 5 mm quartz cuvette of a control solution consisting of (i) 5 mM G{CIO

and (ii) the same solution after adding 1.0 mg of NaCl (saturated), arV(il)after adding
16 molar equiv TBP (vs cobalt).

As discussed in the main text, a solution color change from yellow to green was observed
for the [Co(cn-bpyy?>* complex after adding TBP and performing electrochemistry (both in
acetoQ L W U L chhtyrdleQ@he solutions). To better characterize this change, we recorded the
UV wvis spectra for each of the complexes in this study as several changes were made to the
solutions. For all complexesp significant change in the absorption spectra shown in Figure S5.1

were observed after (i) adding 100 mM LiGI€upporting electrolyte, (ii) after performing cyclic
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voltammetry (Figure 5.2 of the main text), (iii) after adding one molar equivalenttef-4-
butylpyridine (TBP) (of course, an increased absorbance in the UV region was observed, consistent
with the spectrum of TBP in acetonitrile, see Figure S5.2a below), (iv) after repeating cyclic
voltammetry in the presence of TBP, or (v) after aging the solutions overnight with the added 1
molar equivalent of TBP.

The solution color change to green was only observed for the [Co(cg@5mpmplex,
and only after adding a large molar excess of TBP (one drop) and performing etuisich
Figure S5.2 below characterizes the changes in the absorbance spectrum responsible for this color
change. In the UV region, the band centered at ~240 nm grows, consistent with absorption from
free TBP. The color change appears to originate from the appearance of an absorption feature with
peaks at 575 and 610 nm, and shoulders at ~635 and 660 nm (Figure S5.2b). Knowing that this
absorption feature only appeared after both adding TBP and performing electrochemistry, we set
out to probe its origin. We hypothesized that either water or NaCl may be responsible, leaching
into solution from the aqueous saturated sodium calomel reference electrode (SSCE) used during
cyclic voltammetry. Indeed, the absorbance feature in Figure S5.2b was very closely reproduced
by a control experiment in which NaCl and then TBP were added to a Gi&dMution in
acetonitrile at room temperature (Figure S2c) resulting in bright blue solutions. Separate controls
involving controlled water additions had no effect.

The ultimate absorbance feature of Figure S5.2c very closely matches a previously
published spectrum for tetrahedral Co@@h in pyridine (py) solutiort® as well as the absorbance
peak values published for the same complex in Gld@lution!! Therefore, we propose that the
color change from yellow to green observed for [Co(cn-<)fgplutions after addition of TBP

and performing electrochemistry originates from the dissociation of cn-bpy ligand, leading to the
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ultimate formation of a small percentage of a brightly blue colored Cog{BlR)species. We
remind the reader that this exact byproduct would not form in a DSSC mediator solution due to
the lack of chloride ions. Furthermore, the only significance we assign to the formation of this
byproduct is that it was one of the first indications that our new [Co(crjBpyomplex is

unstable.

S5.3 Determination of Cols Equilibrium Constants by NMR

Benzene was chosen as an internal standard for quantitative NMR because it was readily
available in high purity. We note that benzene is not an ideal internal standard because it is volatile
and its proton signal can overlap with some of the bipyridine signals. However, the vapor pressures
of benzene and acetonitrile are very similar, meaning they should evaporate at similar rates.
Therefore, any evaporation during sample preparation should not significantly alter the
concentration of the internal standard. We also performed experiments using
1,3,5-trimethoxybenzene as an internal standard, which is nonvolatile and its proton signal is
shifted upfield away from bipyridine peaksHowever, the quantitative NMR results were no
better with regard to the observed error bars.

NMR samples were prepared by weighing out each complex into a 1 dram shell vial. To
eachvialZDV D G G H G of a previbusly prepared stock solution of 5.0 mM benzene-in d
acetonitrile by glass syringe. Samples were agitated by sonication to dissolve all solid, and the
solutions were transferred into NMXtE H V PP WKLQ ZD&iy) by glass pipetie.

H NMR spectra were recorded on a Varian Inova 400 MHz NMR. Signals from bpy ligands bound
to paramagnetic cobalt(ll) were evident between 10 and 95 ppm as shown in Figure Sa@eand h
previously been fully assignéd)RU TXDQWLWDWLYH 105 VSHFWUD ZHUH U

9.5 ppm with 64to 128 transients, 1 s relaxation delay, 45 degree pulse angle, @t 2%ter

285



taking the NMR spectrum for each sample, samples were diluted with additional 5.0 mM benzene
in dk-acetonitrile in 250 / portions by glass syringe. Samples were inverted several times to mix,
allowed to equilibrate for at least 30 min, and the spectrum was collected again.

Quantitative NMR data were processed according to Bharti antf:Roy

1) Prior to Fourier Transform, an exponential window function was applied to the FID data
with a line broadening value of 1.0 Hz to improve the S/N and resolution of the spectrum.

2) FID data was zero filled to a factor of 2.
3) Fourier Transform.
4) Manual phase correction.

5) Manual baseline correction.

6) Manual peak integration. When integrating, the relative area of the benzene internal
standard peak was set at 50. If it was known that other bpy peaks overlapped with benzene,
the average area of the other respective peaks (free ligand'dig@ods) were obtained
and their area added to the 50 value of benzene.

7) Concentrations were calculated using the straightforward formula from Whllace:

EaR@eOaasaadachacgUadR :0aaaaa04; @OUBRGRIG44caae 404 aaR@ U4aa éwuz(??gci eU0a0R
EaR@BACUBACAOBacBUAOR A0 UDAB A0 M a00@OBIacade 404 aaRP UAaaa Oaazavodac @UUaos

Quantitative NMR spectra are shown in Figures 3559, and data from quantitative NMR is

summarized in Table S5.2.
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H6 H3 H5 [Co(cn-bpy}]?*

H6 H3 H5 [Co(me-bpy)]**
H6 H3 H5 [Co(dma-bpyj]?*
H6 H3 H5 [Co(bpy)s]?* H4

Figure S5.3'H NMR spectra of cobalt(ll) complexes in-dcetonitrile solutions
EHQJHQH DV DQ L QWi QIPPMVY WD QGDUG /

H6 H3 H5
H3  H6 H5
H6 H3 H5
H6 H3 H4 HS

Figure S5.4'H NMR spectra of free ligands, for reference, jradetonitrile.
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H5 H3 H6 [Co(cn-bpy}]3*

H3 H5 H6 [Co(me-bpy}]“
H3 H5 H6  [Co(dma-bpy)]3*
H3 H4 H5 H6 [Co(bpy)s]®*

Figure S5.5'H NMR spectra of cobalt(lll) complexes, for reference sHacetonitrile. Note, these
complexes were oxidized in situ using NOQB&nd contained benzene as an internal reference.

7KH EHQ]JHQH SHDN [/ 8§ SSP ZDV UHPRYHG IURP HDFK VS
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""" [Co(bpy)]**
————— free bpy

diluting
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(benzene)

Figure S5.6Aromatic region offH NMR of [Co(bpy}](ClO4)2 in ds-acedonitrile with benzene
internal standard. Note that peaks shift as the sample is diluted because of the changing
concentration of paramagnetic cobalt(ll), so specific chemical shifts are not as helpful
assigning peaks as are the splitting patterns. The splitting patterns of the peaks marked with
red dotted lines match that of a trace [Co(b3y)mpurity. Peaks marked with blue dotted
lines are not resolved enough to see splitting patterns, but their chemical shifts converge toward

those shown in Figure52 for free bpy ligand as the sample is diluted.

————— [Co(dma-bpyj]®*
————— free dma-bpy?
----- unknown

diluting

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

(benzene)

Figure S5.7 Aromatic region of'H NMR of [Co(dma-bpyj](ClO4), in ds-acedonitrile with
benzene internal standard. Note that peaks shift as the sample is diluted because of the changing
concentration of paramagnetic cobalt(ll), so specific chemical shifts are not as Ielpful
assigning peaks as are the splitting patterns. The splitting patterns of the peaks marked with
red dotted lines match that of a trace [Co(dma-pyimpurity. Peaks marked with green
dotted lines have not been identified. Note from Figures S5.2 and S5.3 that the signal for H6
of free dma-bpy ligand overlaps with the signal for H3 of [Co(dmadbByand the signal for
H5 of free dma-bpy ligand overlaps with the benzene internal standard. Not shown, the methyl
protons off free dma-bpy and those of [Co(dma-§p¥)also overlap. However, spiking
experiments with free dm&S\ LQGLFDWHG WKDW D VPDOO SHDN MXVW
with H3 of the free dma-bpy ligand. The fact that only one signal from free dma-bpy was not
overlapped by other peaks makes this assignment much less confident than other samples.
However, the lack of any larger peak for H3 of free dma-bpy illustrates that this complex is

clearly the most stable of those studied.
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o [Co(me-bpy)]**
] e free me-bpy

diluting

. (benzene)

Figure S5.8Aromatic region ofH NMR of [Co(me-bpyj](ClO4)2in ds-acedonitrile with benzene
internal standard. Note that peaks shift as the sample is diluted because of the changing
concentration of paramagnetic cobalt(ll), so specific chemical shifts are notpdsl re
assigning peaks as are the splitting patterns. The splitting patterns of the peaks marked with
red dotted lines match that of a trace [Co(me-1pyimpurity. Peaks marked with blue dotted
lines are not resolved enough to see splitting patterns, but their chemical shifts converge
towards those shown in Figure S5.2 for free me-bpy ligand as the sample is diluted.

————— free cn-bpy

diluting

(benzene)

Figure S5.9.Aromatic region ofH NMR of [Co(cn-bpy}](ClO4)2in ds-acedonitrile with benzene
internal standard. Note that peaks do not appear to shift as the sample is diluted, likely because
of the low starting concentration of the sample as necessitated by its low solubility in
acetonitrile. As a result, the changing concentration of paramagnetic cobalt(ll) as the sample
is diluted is very small relative to the other samples. The splitting patterns and chemical shifts
of the peaks marked with blue dotted lines are consistent with free cn-bpy ligand, as shown in

Figure S5.2.
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Table S5.2NMR Data and Calculatelds Stability Constants. Subscripteinde Indicate Initial
and Equilibrium Concentrations, Respectively.

[Cols]i Detected % Detected  Calculated %dissoc. Calc. K Ave K
(M) [COL** (M) [Col]*  [Ll(M) [Colle (M) ligand (M) (gd dev)
0.0736 0.00@0 0.28 0.00036 0.0733 0.49 5.7x10
[Co(bpyj]? 0.0591 0.00QL9 0.33 0.00037 0.0587 0.63 4.3x10 4.6x10
0.0494 0.000L9 0.39 0.00035 0.0490 0.71 4.0x16  (0.7x10)
0.0999 0.00096 0.96 0.00013 0.0998 0.13 5.9x10°
[Co(dma-bpy]?* | 0.0716 0.00073 1.0 0.000L1* 0.0715 0.15 5.9x10 8x10
0.0527 0.00056 1.1 0.00007 0.0527 0.13 1.2x10 (3x10)
0.0513 0.00041 0.81 0.00235 0.0490 4.6 8.86x10
[Co(me-bpy]?* | 0.0344 0.00@8 0.81 0.00181 0.0326 53 9.94x10  9.2x10
0.0256 0.00@1 0.83 0.00164 0.0240 6.4 8.91x10 (0.5x106)
0.0052 ND ND 0.00643 NA 125 NA
[Co(cn-bpy)?* | 0.0034 ND ND 0.00516 NA 152 NA NA
0.0025 ND ND 0.00403 NA 158 NA

2 Not definitively known to be free dma-bpy ligand

As discussed in the main text, sequential equilibrium constants of ligand (L) coordinating

to a metal cation (M) are defined beléfv.

. ~ER
E - aslomoa, (S5.2)
) ER
, A
s E - ,a-L >>£z>m (S5.4)

It was assumed that, upon dissolution, €@implexes equilibrate only into species present in eq
S5.4. TheKs stability constants were calculated by eq S5.4 using the detected equilibrium
concentration of free ligand, [§] and the calculated equilibrium concentration of complex
([ColLs]e = [CoLg]i #[L]e), and assuming [Mile = [L]e.

In the case of [Co(cn-bpyf* it is clear that the above assumption does not hold, because
the amount of detected free cn-bpy ligand was greater than the initial concentration of camplex. |
this case, a simplification was made by assuming that 100% of the initial [Co(ci#bpginplex

dissociated a ligand to form [Co(cn-bgy). Therefore, any free ligand detected in excess of the
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initial concentration of [Co(cn-bpy]f* was assumed to be present due to a second dissociation
event, and th&: stability constant was calculated by eq S5.3. These simplified calculations are
included in Table S5.3, and an averagelapyalue of 3.1 was calculated. It was previously found
that for [Co(bpyj]?* in aqueous solution, the ratio l&g(Ks) was 0.8 Assuming the same ratio
holds for this complex in acetonitrile, thi&a for [Co(cn-bpy)]?* § 7TKH VWDQGDUG GH
calculated foK2 was extrapolated fd{s.

Table S5.3 Calculated Values an#&. and Ks Stability Constants for [Co(cn-bp§j*. See
Discussion Below.

[Col]i Detected % Detected Calculated %dissoc Calc. K Ave K Calc g
(M) [Col]**(M) [Cds]®*  [LL (M) [Colz]e (M) ligand (1/M) (std dev)  (std dev)
0.0052 ND ND 0.00128 0.0039 24.9 2.36x10
[Co(cn-bpy)?* | 0.0034 ND ND 0.00175 0.0017 51.5 5.36x106 1.1x10 2x1¢
0.0025 ND ND 0.00149 0.0011 58.4 479x16  (0.9x16)  (1x1)

a Ref. 17 found logéK<s) = 0.8 for [Co(bpylF*, see discussion below

S5.4 Recombination Modeling

The kinetics of heterogeneous electron transfer at semiconductor electrodes is commonly
described by a MarcuSerischer modeff This model assumes isoenergetic electron transfer
governed by the Frankondon principle, and accounts for overlap between the distributions of
electronic states in the electrode and those of the reactants in solution. For a deeper understanding
and background on recombination modeling in DSSCs, the reader is directed to several earlier
publications®#!

Distributions of Electronic States.We begin by describing different types of electronic
states in the Ti®@nanopatrticle film. As with any semiconductor, ?iBas a density of states
making up the conduction band. However, due to the high surface area of nanocrystalline films,

surface states become much more influential, and result in localized trap states within the band
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gap of the film?? If we assume that the electrons in trap states are in equilibrium with electrons in
the conduction band, then the occupancy of trap states at a given Ereg\be calculated by

the Fermibirac function:

5
5>CVR¥%? ¥ bol?

B'F';: L (S5.5)
whereEr is the Fermi energy an@T is the thermal voltage (about 25 meV at room temp). When
E +Eris much larger thaksT, eq S5.5 can be simplified to the Boltzmann approximation, and the

volume concentration of occupied conduction band states is given by:
T X1 f X? K:)
L'y L Opats —épTC (S5.6)
whereNg is the effective number density of states of the conduction banE.aistthe energy of
the lower edge of the conduction band.

The literature has described an exponential distribution of trap states tailing off below the

TiO2 conduction band edge BY:

Gacun: L ij‘l,[‘”f:c 5 ﬂgl—yxc (S5.7)
whereNexp is the number density of the exponential distribution of trap state§amd tailing
parameter with temperature units which defines the tail shape of the distribution curve. In addition,
WKHUH KDV EHHQ HYLGHQFH Rl *PRQRHQHUJHWLF" VXUIDF

function21:2425

Gaci' i L Gial ¢§’_?e|<3/42'3/7.r‘i[°'h (S5.8)

96
whereNstmelS the number density of monoenergetic surface trap stisethe standard deviation
defining the width of the function, artel; meis the mean potential of the states. The total volume

concentration of occupied trap states as a functidt of then:

Jg:'J;Li;/;T(XB:' F';;G:';@" (S5.9)
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As stated above, this model assumes that electrons in trap states are in equilibrium with
electrons in the conduction band, and therefore their occupancies can be described by Fermi
statistics. Bisquert et al. have shown that, in the case of deeper trap states, this assumption will
only be valid if the rate of de-trapping to the conduction band is very fast relative to the rate of
mediator reduction directly from the tr&pWe have no evidence to support or refute that this
condition is met, but we note that it is made more likely when working with dyed anodes, as the
dye sterically blocks the TOsurface and should reduce the rate of trap state recombination
relative to de-trapping.

Next we must define the density of unoccupied (acceptor) states for the redox mediator.
The concentration density of states function for acceptor electronic states in solution (the oxidized
form of the redox mediator) is given &%

&nyv' i L %Pmvad’; @' (S5.10)
whereCox is the concentration of the oxidized form of the mediator in solution Véxnds the
probability density function which is dependent on both electron enEygin( the reorganization
energy () of the specific redox couple. The energy levels of mediator species in solution are
widely distributed due to fluctuations in the solvent shell surrounding each spagiesn be
defined from Marcus theory, and has the form of a normalized Gaussian function as a result of

treating solvent shell fluctuations as a harmonic oscilfgtor:

XA 5 V1?,.k%??(‘fzel? o
Oniad; Logme $ 30T Hzed 2y (S5.11)

whereE%eqoxiS the standard potential of the redox couple.
Recombination Rate.According to Gerischer, the electron transfer event will depend on
the level of interaction between the electrode surface and the reactant in Séllitwe.assume

a weak interaction (that is, mediator ligands are strongly bound and prevent significant overlap of
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electronic wave functions between the cobalt complex and the stiace), the recombination
rates,Ui, between various Tigelectron states (i = cb; st,exp; st,raef the oxidized form of the

mediator in solution are given by:

Tat' 3 L Gl&dat '35 &y as (S5.12)
Tqacvn s L Qr"/ﬁ]ﬁ)i;/}xBi' F'3:Gacvni9my' 1 @' (S5.13)
Tokc: 0i L GO, TB F ' 3iGac: i9mi' ;@' (S5.14)

Trmy 3o L 722" 30 E Tqacvin 30 E Tqae i os (S5.15)

whereket is the electron transfer rate constant (assumed to be the same for each of the different
mediator complexes, and regardless of the type of surface state from which the electron originates),
andVs is the volume fraction of populated TiGtates which are close enough to the surface to be
captured by mediator states in solutfon.

As for the specific parameters used for recombination modeling, a previous publication by
Ondersma and Hamann compiled most of the required data, either from previous literature or
calculated from their own measuremeftt®ecause the TiDanodes used in this study were
prepared similarly, and because dark current experiments also followed very similar conditions,
many of the parameters were adopted from that work. Exceptions inclugR:thesalues, which
were measured by cyclic voltammetry in this work. All other potential values were adjusted to the
SSCE reference used in this study as opposed to a Ag/AgCI refeEene@dce= Ev vs agiagel
0.045 V). Ondersma and Hamann also included a volume fradiomhich accounts for the
fraction of electrons in Ti@which are close enough to the particle surface to participate in electron
transfer?! TheVs used in our model was adjusted for our larger, 37 nm fpédticles, as opposed

to the 20 nm particles used in that study. A list of parameters used are provided in Table S5.4, and
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a copy of the Excel spreadsheet used to generate the model data is also provided. Modeling results

are provided in Figure 5.6 of the main text.

Table S5.4.Parameters Used for Recombination Modeling.

parameter value
Eredox, Co(dma-bpy)(V vs. SSCE 0.392
Eredox, Co(me-bpyy(V vs. SSCE) 0.503
Eredox, Co(CN-bpyy(V vs. SSCE) 0.688
B (V vs. SSCE) %.745
Estme (V vs. SSCE) %.205
Neb (cm?®) 8x10%°
Nexp(Cm’®) 1.73 x10%°
Nime (cm?®) 4.86 x10V
T(K) 295
To(K) 850
ket (Cnt* s2) 6 x 10%7
e ~ S 0.08
w T S 1.41
Cox (Molec cn¥) 1.20 x10%°
Vi 0.15

S5.5 Additional Electrochemical Characterization of Cobalt Complexes

The unusual dark current behavior observed for the [Co(cre]tpids).complex (Figures
5.5 and 5.7 of the main text) caused one of our reviewers to ask if we could perform cyclic
voltammetry over a larger potential range than Figure 5.2 of the main text, in order to check for
possible redox-active impurities. The full potential range that is likely to affect an operating DSSC
is that between the potential of the cathode (pinned at the redox potential of the mediator redox
couple§’ and the potential of the anode (the quasi Fermi energy of electrons in thewlhi@h
could feasibly reach as far negative as the conduction band edge of th@Higlatter value is

JHQHUDOO\ FLWHG DV i 9 YV 1+( RU i 9 YV 66&( WKH UHI
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‘H SUHSDUHG VROXWLRQV RI| HDFK -Butyrdtaxtehe HBEDOW FR
containing 100 mM LiCl®@supporting electrolyte. Voltammetry was run on 1.0 mL of solution in
a 1 dram shell vial using a gold working electrode (0.0319),c88CE reference, and platinum
wire counter electrode. Before testing each solution, the working electrode was polished with a DI
water slurry of alumina polishing powder (0. P ULQVHG ZLWK ', ZDWHU FOHDQ
ethanol for 30 s, and allowed to air dry. In order to reach sufficiently negative potentials, the
solutions were degassed (bubbling argon)H & min prior to testing. Resulting voltammograms

are shown below in Figure S5.10.

150

100

]
[ €}~ %Ce o~ 0K~ Co(dma- % Ce+ ¢~ 0K e
00| ! ¢ A < - [CoC b G A
g 3 5 50 =
< st <
2 [ Z =7 = o
7} 0 F <«~=-=-~""22 = D ot =TS p
: P s b —
S o f 8
] . & 50
5 100 = s
gl o o A 00 e v
1 0.6 0.2 -0.2 -0.6 -1 1 0.6 0.2 0.2 -0.6 -1
Potential (V vs SSCE) Potential (V vs SSCE)
« 150 T « 300 [ ;
L [Co(me- % Ce ¢~ 0K -« ! I [Co(cn- % Ce o~ 0K 1!
& 100 f ! & 200 F M)
E £ [ 1)
< I € 100 | K
> 50T > ) T~ S S
@ @ 0 [ socoofocommmsms oo
c c
o) 0 @ [
Q | 2 -100
c g r
e 07 £ 200 f
o I a3 s
400 b v v e 800 b e v v v v A
1 0.6 0.2 0.2 -0.6 -1 1 0.6 0.2 0.2 -0.6 -1

Potential (V vs SSCE) Potential (V vs SSCE)

Figure S5.10Cyclic voltammograms of the four cobalt complexes studied herein in gBL with 100

mM LiClOg4: (a) 1 mM [Co(bpyj](ClOa)2, red; (b) 1 mM [Co(dma-bp{(ClOa)2, blue; (c) 1

mM [Co(me-bpy3](ClO4)2, green; (d) 5 mM [Co(cn-bpyf(ClO4)2, purple. The CV of the

blank electrolyte is included in each figure as a grey dashed line.

Each voltammogram in Figure S5.10 shows a redox wave for tR&*Coouple at

potentials positive of 0 V vs SSCE. Asthe cB® H[HVY] UHGR[ SRWHQWLDOV JURZ
Fig. S5.10a to S5.10d), redox waves for thé*Ebcouple begin to occur within the solvent

window. Importantly, for the [Co(cn-bpafClO4). complex, the CE?* couple has ar2 of
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approximatelyi 9 YV 66&( 7KLV UHVXOW LV VLPLODU WR WKDW LC
those conditions ([Co(cn-bJClO4)2 in acetonitrile electrolyte) a second, less reversible wave

was observed for the €& redox couple instead of the £6* couple. These results, taken

together, are consistent with a slightly higher complex stability for [Co(crs]Bpy) gBL relative

to acetonitrile, but which still dissociates a cn-bpy ligand after reduction. Furthermore, this
interpretation is consistent with the other main results of this study, that is, direct evidence for
ligand dissociation in acetonitrile solution by NMR, as well as indirect evidence hyi/ior a

new complex forming, both in acetonitrile and gBL solutions.

Figure S5.11Dark currents on a Z907-sensitized photoanode as a function of time after adding
200 mM TBP to the bulk mediator solution containing 40 mM [Co(cn4)&/)0a4)2, half of
which was oxidized to Co with a stock solution of NOBE and 100 mM LiCIQin gBL
solvent. Anode was pretreated in 200 mM TBP, 100 mM Li@IBL solution overnight before
testing. Cell was disassembled, rinsed, and blotted dry with a Kimwipe in between each
experiment. A precipitate formed in the bulk mediator solution over time, coinciding with the
decrease in potential-independent current. The scan rate was 50 mV/s.
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Figure S5.12Dark currents on a Z907-sensitized photoanode as a function of scan rate. Mediator
solution contained 40 mM [Co(cn-bp}(ClO4), half of which was oxidized to Cbwith a
stock solution of NOBE and 100 mM LiCIQin gBL solvent. Experiments were performed
consecutively without disassembly of the cell.
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Figure S5.13Dark currents on Z907 or RK1-sensitized photoanodes (averaged current from two
cells each), and the molecular structure of RK1. Mediator solution contained 40 mM
[Co(cn-bpy}](ClO4)2, half of which was oxidized to Gbwith a stock solution of NOBgand

100 mM LiCIQwin gBL solvent. Averaged current is shown from two anodes of each dye. Scan
rates were 50 mV/s.
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S5.6 Preliminary DSSC Testing of New Cobalt Complex Mediators

Cobalt mediator solutions were prepared with 150 mM [GH(C)O4)2, 200 mM lithium
trifluoromethanesulfonate (LiTriflate) (Aldrich, 96%, stored in desiccator), and 200 mMnrBP
gBL. During preparation, enough of a stock solution of NQBFR2 M in gBL) was added in order
to oxidize 10% (15 mM) of the mediator to ¥0Z907-dyed anodes and gold cathodes were
prepared as described in the Experimental Section of the main text, un0&S38eDark Current
Testingsubheading. Prior to testing, Z907 anodes were pretreated by soaking for 30 min in a gBL
solution of 200 mM LiTriflate and 200 mM TB# Mediator solutions of [Co(cn-bpaCIO4)2
were not tested in DSSC due to its poor stability as determined in this study. Other factors such as
its lower solubility and precipitation upon addition of TBP would have made its DSSC
performance incomparable to the other mediators studied herein.

Electrodes were arranged in a sandwich configuration, with the photoanode clamped with
the glass side against the 0.385 @perture of a custom-built cell holder. The edges of the anode
ZHUH PDVNHG ZLWK P .DSWRQ VSDFHUV DJDLQVW ZKLFK W
screw clamp. Mediator solution was drawn into a glass pipette tip, which was placed against the
top of the photoanode and drawn into the cell by capillary action. After DSSC tests were completed
(see below), the cell was disassembled and each peace rinsed with acetonitrile and dabbed dry with
a Kimwipe. The cell was then reassembled, and the next mediator solution was introduced for
testing. The photoanode was not removed from the cell holder in between tests, ensuring that the
exact same area was tested with each mediator, eliminating fluctuations in DSSC performance that
could be caused by lateral variations in Fikkickness or dye loading.

DSSC testing was performed in a two-electrode configuration using a Keithley 2400

SourceMeter controlled by a virtual instrument in Labview 8.2 software. The cell was illuminated
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through a 400 nm high-pass cutoff filter, then through the 0.38%elrholder aperture by a 100
W Oriel xenon arc lamp (calibrated to closely match the AM1.5 solar irradiance after passing
through a Thorlabs KG5 33665 bandpass filter, in order to compensate for the higher IR
irradiance of the lamp when compared to the AM1.5 spectr@al)s were allowed to equilibrate
in the light under open circuit for 20 min prior to performing a battery of tests, performed in the
order:J & curve, dark current, open-circuit voltage decay (OCVD), current transient, and IPCE.
ForJ# curves and dark current measuremenBWHQWLDOV ZHUH DSSOW$G IURP
the cathode with 50 mV/s scan rate. For OCVD and current transient experiments, a Pentax camera
with the back cover removed was utilized as a shuf@r incident photorte-current efficiency
(IPCE) measurements, light was passed through an Oriel 1/8 M Cornerstone monochromator,
controlled by the Labview software. The light power through the monochromator was recorded
across the range 4@00 nm in 10 nm steps using a silicon standard power sensor (Thorlabs
S120B). The subsequent DSSC photocurrent at each respective wavelength was used to calculate
IPCE values.

DSSC testing results are shown below in Figure S5.14) andesults are summarized in
Table S5.5. First, we would like to point out that these cells are highly unoptimized, but should
serve adequately for general comparisons between mediator complexes. Figure S5.14a shows the
J/ curves for [Co(bpy](ClO4)2 mediator as a control, and for our new, high-redox potential
complexes [Co(dma-bpyfJClO4)2and [Co(me-bpy](ClO4)2. As indicated in Table S5.5, neither
of the new complexes reach efficiencies higher than the [Ce{tP¥)s). control. The
performance of both new mediator complexes is significantly limited by a low short-circuit current
density (s¢) value. Thelsc for [Co(dma-bpyd](ClO4)2 is more than 2 times lower, and that for

[Co(me-bpy}](ClO4)2 is nearly 10 times lower than for the [Co(bfdG104)2 control. Importantly,
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Figure S5.14DSSC testing results of Z907-sensitized anodes and mediator containing 135 mM
[Co(L)3]?*, 15 mM [Co(L)]®*, 200 mM LiTriflate, and 200 mM TBP in gBL. Red curves
indicate [Co(bpyj](ClO4)2 mediator, blue curves indicate [Co(dma-bj¥)I04). mediator,
and green curves indicate [Co(me-bipy3|O4)> mediator. (a)J &/ curves; (b) dark current
curves (the inset has been expanded to view lower current onsets, andxieenas been
converted to Ti@ quasi-Fermi energy); (c) OCVD curves; (d) Ti€lectron lifetimes; (e)
current transients; (f) IPCE curves.
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Table S5.5Key DSSCs data employing Z907-sensitized anodes and cobalt mediator solutions
studied herein.

Bz (MV vs SSCH Voc (MV) X (MA/cn?) FF Efficiency (%) 1 t(3s/ B
€ }~ %Ce o~ 220 650 2.60 0.538 0.909 0.27
[Co(dma- % C e «~ 392 785 1.07 0.735 0.619 0.57
[Co(me- %o C e *~ 503 690 0.277 0.530 0.101 0.63

@ See discussion below.

cells with both new mediatordid show an improved open-circuit voltag€.d) compared to
[Co(bpy)](ClO4)2. The [Co(dma-bpy)(ClO4). mediator has aki,2that is 172 mV more positive
than that of [Co(bpy](ClO4)2, and cells with [Co(dma-bpyjJCIO4)2> were able to achieve\a.
that was 135 mV higher. On the other hand, the [Co(me:}§B¥P4)> mediator has aRi»that is
283 mV more positive than that of [Co(bgl{IC104)2, but cells with this mediator were only able
to achieve &/ cthat was 40 mV higher.

Figure S5.14b shows dark current densities for each mediator solution. As shown by the
inset, the [Co(bpy)(ClO4). control has a much higher slope for the current onset than our two
new complexes. As discussed in the main text, this is likely due to the lack of additional functional
groups on the bpy ligands, resulting in stronger electronic overlap between the mediator and the
TiO2 as well as faster mass transport through solution. Interestingly, both new high-redox-potential
complexes exhibit initial dark currents that are nearly potential independent (saturation dark
current). Notably, the saturation dark current for [Co(me<)E)O4)> has a much larger
magnitude under these conditions (135 mM'Cb5 mM Cd*) than for the same complex under
the conditions of Figure 5.5 in the main text (20 mMC&0 mM Cd%). This suggests that the
saturation dark current is proportional to the initiaPCooncentration, not Cé. Interestingly,

Co** should be much more labile, but Toshould be the species responsible for dark
recombination current. Perhaps small amounts of tRéc@mplex lose a bipyridine ligand, which

is replaced with some other ligand species that is then retained upon oxidatidh to Co
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OCVD curves for each mediator complex are shown in Figure S5.14c. DecayMg the
indicates depopulation of electronic states inTi@ough recombination with Gbcomplex in
solution. Consistent with their initial recombination rates (dark current slopes at onset, Figure
S5.14b), voltage decays the fastest with [Co@#($)O4)> mediator, followed by
[Co(me-bpy}|(ClO4)2, then [Co(dma-bpy)(ClO4).. OCVD curves can be converted to 7iO
electron lifetimes according to Zaban ef8hs shown in Figure S5.14d. The shapes of the lifetime
curves may suggest recombination originating primarily fromzTa@nduction band states for
[Co(bpy)X](ClO4)2, but more contribution from Tigsurface trap states for [Co(dma-bfG104)2
and [Co(me-bp¥](ClO4), mediators?

Current transients for each mediator complex are shown in Figure S5.14e. Upon
illumination, cells reach a peak current densily) (vhich should be proportional to the light
intensity, but then quickly decay to a steady-state curdeditconsistent with thdsc from J &/
measurement¥. Such current decays indicate a mass-transport-limited current, governed by the
rate of transport of the oxidized mediator to the catibdeable S5.5 compares the percentage of
current loss due to mass transport @ (Js§y Jp)) between mediator complexes. The
[Co(bpy)k](ClO4)2 control showed about a 30% current loss due to mass transport, while the
[Co(dma-bpy3](ClO4)2 and [Co(me-bpy](ClO4). mediators showed double this loss, consistent
with their larger size.

IPCE curves for each mediator complex are shown in Figure S5.14f. Generally, IPCE
values for [Co(dma-bpy)ClO4). mediated cells were less than half of those using the
[Co(bpy)k](ClO4)2 control, and those for [Co(me-bpl)CIO04)2> were nearly 10 times lower. Such
experiments measure very small photocurrents under monochromatic light illumination, and

WKHUHIRUH SUHFOXGH PDVV WUDQVSRUW OLPLWDWLRQV
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efficiency, the quantum vyield for electron injection from the excited sensitizer into the TiO
conduction band, and the electron collection efficieficyf KH G\HYV TXDQWXP HIILFL
electron injection is not expected to vary due to a change in mediator. Therefore, differences in
IPCE between these cobalt complexes are likely caused by differences irmdigesting

efficiency and electron collection efficiency.

As shown in Figure S5.14d, recombination is slower (electron lifetimes are longer) for
[Co(dma-bpy3](ClO4)2 compared to [Co(bpy(ClO4)2 at more negative electron potentials, but
faster at more positive electron potentials. In the case of [Co(me}iGH¢ds)2, recombination is
approximately the same or faster than for [Co(Bp$)O4)2 at all positive electron potentials,
which likely contributes to its significantly lower IPCE by reducing the electron collection
efficiency. Light harvesting efficiency could be reduced either by competing light absdoption
the mediator or by poor regeneration efficiency of the oxidized dye by then@miator. As
shown Figure S5.1b, the cobalt complexes do have a visible light absorption shoulder between
400550 nm (the molar extinction coefficient for this band is largest for the [Co(meH&D)4)-
complex), and so competitive visible light absorption by the mediators may be a factor. Perhaps
more importantly, a recent study by Feldt et al. found that a driving force of 400 meV for oxidized
dye regeneration by cobalt mediators was required to achieve an efficient dye regeneration
quantum yield? With the ground state redox potential for Z907 at 0.76 V vs S3®@Ef
[Co(dma-bpy3](ClO4)2. mediator has ~370 mV of driving force, and [Co(me-Bjf§)Oa4)2 only
~260 mV of driving force for dye regeneration. Extrapolating from the results of Feldt et al., we
would expect regeneration quantum yields of ~0.88 and 0.78, respectively for our mediator

complexes.
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LIST OF ABBREVIATIONS

General Abbreviations

ALD atomic layer deposition

AM1.5G air mass 1.5 global standardized solar irradiance

APCE absorbed photan-current efficiency

BBL poly(benzimidazobenzophananthroline)

CNT carbon nanotube

Cp*Ir D FODVV RI :2&DWDO\VW V-pE)0/st@cRr@ métit H >&S , U

CVv cyclic voltammetry, cyclic voltammogram

DA sensitizer dye composed of electron-donor and acceptor functional groups

D- @& sensitizer dye composed of electron-donor and acceptor functional groups
V H S D U D Wddrugatedvridge

DS-PEC dye-sensitized photoelectrolysis cell

DSSC dye-sensitized solar cell

FTO fluorine-doped tin oxide coated glass

g-CsNg graphitic carbon nitride (polyheptazine) (see Fig. 2.23)

HER hydrogen-evolving reaction

HOMO highest occupied molecular orbital

HQ hydroquinone, 1,4-dihydroxybenzene

IEP isoelectric point

IPCE incident photome-current efficiency

ITO indium-tin oxide coated glass

KPi potassium phosphate buffer (inorganic)

K1-PMPDI  monopotassium salt of PMPDI
K2-PMPDI  dipotassium salt of PMPDI
K4-PMPDI tetrapotassium salt of PMPDI

LHE light-harvesting efficiency

LUMO lowest unoccupied molecular orbital
02E metal oxide

MWCNT multi-walled carbon nanotube

Nf Nafion

NHE normal hydrogen electrode

NP nanoparticle

n-SC n-type semiconductor

OCVD open-circuit (photo)voltage decay
OER oxygen-evolving reaction

OPV organic photovoltaic

OSC organic semiconductor

OTF organic thin-film

Pc a phthalocyanine derivative

PDI a perylene diimide derivative
PEC photoelectrolysis cell
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Pi

PMI
p/n-PEC
Por

PPy
p-SC
PTTh
PV
P3HT
RHE
Rubda
Ru#pdc
SC

SCE
SSCE
SCLJ
SubPor
WOC
WOCatalyst
WS-PEC
XPS
XRD

Variables

inorganic phosphate

a perylene monoimide derivative

tandem photoelectrolysis cell with n-SC photoanode and p-SC photocathode
a porphyrin derivative

poly(pyrrole)

p-type semiconductor

poly(terthiophene)

photovoltaic

poly(3-hexylthiophene)

reversible hydrogen electrode

a class of WOCatalysts based on the [Ru(bda)(stcyictural motif
a class of WOCatalysts based on the [Ru(pdc)]mituctural motif
semiconductor

saturated calomel electrode

saturated sodium calomel electrode

semiconductaliquid junction

a subporphyrin derivative

water-oxidation catalysis

water-oxidation catalyst

water-splitting photoelectrolysis cell

X-ray photoelectron spectroscopy
X-ray diffraction

electrode area

speed of light (m/s)

bulk concentration of a redox species (M)

elementary charge of an electron (C)

applied potential (V)

electrochemical potential of a semiconductor conduction band (V)
Fermi energy (V)

guasi-Fermi energy of electrons under illumination (V)
guasi-Fermi energy of holes under illumination (V)

bandgap energy (V)

electromotive force of a cell reaction (V)

electrochemical potential of a semiconductor valence band (V)
reversible half-wave potential from cyclic voltammetry (V)
Faraday constanéia)

Plank constant (e%)

diffusion-limited current, as in cyclic voltammetry (A)
FXUUHQW GHQVLW\ $ FPOo

mass transfer coefficient, as in cyclic voltammetry (cm/s)
number of electrons transferred in an electrochemical process
open-circuit photovoltage (V)

peak separation of a cyclic voltammogram (V)
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G
KtH
o

free energy change (kJ/mol)
solarto-hydrogen conversion efficiency (%)
photon wavelength (m or nm) or reorganization energy (eV)

Specific Molecules

CoPc
Cp*Ir

Cp*Ir-Sil

DMF
DA

D- d&A
EPPDI
H2Pc
Irir
MnPor
PCBM
PMI
PMPDI
PTCBI
PTCDA
RK1

Ru bdal
Ru bda2
Ru bda3
Ru $dcl
Ru-ZnP

SubPor

TBP
TEPDI

ZnPc
ZnPorl
ZnPor2
Z907
gBL
t-BUOH

cobalt(ll) phthalocyanine (see Fig. 2.7)

a Cp*Ir-type catalyst derivatized with a carboxylic acid anchor group (see Fig.
2.13)

a Cp*Ir-type catalyst with phenylene spacer and silatrane anchor group (see
Fig. 2.19)

N,N-dimethylformamide

anall-organic donotacceptor sensitizer dye (see Fig. 2.20)

an all-organic donat (E E Uac€gtet sensitizer dye (see Fig. 2.21)

N,N’"-bis(1-ethylpropyl)-3,4,9,10-perylenediimide

phthalocyancine (see Fig. 2.5)

a dimeric Ir catalyst (see Fig. 2.19)

5,10,15,20-tetra(4-sulfonophenyl)porphyrin (see Fig. 2.8)

[6,6]-phenyl-Gi-butyric acid methyl ester (see Fig.s 2.9, 2.10)

a peryelene-3,4-dicarboximide dye derivate (see Fig. 2.19)

1 1-Bis(phosphonomethyl)-3,4,9,10-perylenediimide (see Fig. 2.11)

3,4,9,10-perylene tetracarboxylic bis(benzimidazole) (see Fig.s 2.5, 2.7)

3,4,9,10-perylene tetracarboxylic dianhydride (see Fig. 2.9)

an all-organic DSSC dye (see Fig. S5.13)

the Rubda type catalyst portion of a molecular dyad (see Fig. 2.15)

a Rubda type catalyst with an aliphatic anchor linking group (see Fig. 2.16)

a Ru:bda type catalyst with phosphonate anchor group (see Fig. 2.21)

a Ru¥pdc type catalyst with a pdc anchor group (see Fig. 2.20)

covalentmolecular dyad with a Zn-Por dye and Rda type catalyst (see Fig.
2.15)

a subporphyrin dye derivative with pugtull molecular engineering (see Fig.
2.16)

4-tert-butylpyridine

1 ZHis(2-(trimethylammonium)-ethylene)-3,4,9,10-perylenediimide (see

Fig. 2.18)

Zinc(Il) phthalocyanine (see Fig. 2.17)

a Zn-porphyrin sensitizer dye (see Fig. 2.13)

the Zn-porphyrin dye portion of a molecular dyad (see Fig. 2.15)

a Ru-based DSSC dye (see Fig. 5.4)

-butyrolactone

tert-butanol

Organometallic Ligands

bda
bpy

PHipyridine-  flicarboxylate
$Hipyridine
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cn-bpy PHipyridine-  Hicarbonitrile (see Fig. 5.1)

dma-bpy Pipyridine-  4bis(N,N-dimethylcarboxamide) (see Fig. 5.1)
me-bpy Pipyridine-  $is(methylester) (see Fig. 5.1)

pdc 2,6-pyridinedicarboxylate

pic 4-picoline

ppy 2-phenylpyridine
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