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Abstract
Engineering solar-powered catalyst systems for fuel production is of critical importance to the
advancement of the global energy economy. Heterogeneous catalyst manifolds most promising for
photocatalysis are those that boast versatile and cheap, stable components. Huisgen’s 1,3-dipolar
cycloaddition (‘click” chemistry) and n-stacking graphene adsorption systems provide a range of
facile methods for electrode-surface modification and catalyst binding to build stable photocathode
systems. Prior to this work, Co""" bis(benzenedithiolate) catalysts had been reported as active
proton reduction catalysts in homogeneous phase. Due to the novelty of these complexes for use
as proton reduction catalysts, no work prior to that reported in this thesis has attempted to
heterogenize cobalt bis(dithiolene) catalysts and attach them to semiconductor surfaces. While
several hydrogen production catalyst systems had been reported electrostatically adsorbed to
graphitic supports, these studies lacked in-depth analysis of the ligand and graphitic support’s
effects on catalyst adsorption, activity and retention on the surface. Previous studies have
succeeded in functionalizing several semiconductor surfaces (such as silicon) with alkyne or azide
groups; however, such modification of gallium-based 3,5-semiconductor systems containing an
inherently strong driving force for proton reduction was previously unreported. Finally, previous
literature examples of hydrogen production catalysts electrostatically adsorbed on graphene-
coated semiconductors were relatively scarce, and were severely outweighed by work on covalent
catalyst tethered systems. This work has for the first time heterogenized cobalt bis(dithiolene)
complexes, a new class of Hz production catalysts, on graphitic supports and further attached the

catalysts to the surface of GaP by means of the graphitic interface. These studies have provided

XXi



insight into how the catalyst ligand structure and even the type of carbon in the interface can affect
catalyst loading, activity and retention on the surface of the support. Initial studies of graphene-
and Click-catalyst interfaces on gallium phosphide surfaces reported here represent some of the
first examples of such interface development on these materials. These results push the edge of
knowledge in solar-to-fuel conversion by expanding possibilities in the design of inexpensive,
robust and easily modifiable photocathode systems with interchangeable catalyst and
semiconductor components. With modifications, these interface methods could give access to a
nearly unlimited variety of photocatalytic systems beyond the solar-to-hydrogen manifolds

proposed in this work, making graphene and Click manifolds the template for a solar-fueled future.
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Chapter 1

Introduction

1.1. Sustainable and Renewable Energy Production

In the advent of the 21% century, over two millennia since the first known use of fossil fuels
and after several centuries of primary dependence on these fuel sources, initiatives to introduce
renewable energy sources into the global energy economy have developed substantially from
initial conceptualization nearly a century ago. The driving force behind this movement stems from
the variety of limitations to fossil fuel dependence, most notably the inadequacy of depending on
a naturally limited resource with an exponentially increasing global energy demand. In 2010,
approximately 14 TW of energy was consumed globally, a value that is estimated to double to 28
TW by 2050.1* While newly discovered sources and methods of retrieving fossil fuels (e.g.,
fracking for shale-bound natural gas) are expected to meet this increased demand at least until
2050, the increasing global energy demand of the world’s growing population will eventually
outweigh the ever-decreasing fossil fuel supply.*

In addition, with advances in technology for climate study in the 20" century, researchers
realized gaseous emissions from fossil fuel use were causing detriment to the environment, as
evidenced by climate change observations over the last few decades (Figure 1.1).° These
emissions, which reached a higher atmospheric concentration in 2007 than has been seen in nearly

seven centuries (380 ppm), are intrinsically tethered to the combustion of fossil fuels, further
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Figure 1.1. Comparison of observed and simulated climate change based on three large-scale indicators in the atmosphere, the
cryosphere and the ocean: change in continental land surface air temperatures (yellow panels), Arctic and Antarctic September
sea ice extent (white panels), and upper ocean heat content in the major ocean basins (blue panels). Global average changes
are also given. Anomalies are given relative to 1880-1919 for surface temperatures, 1960—1980 for ocean heat content and
1979-1999 for sea ice. All time-series are decadal averages, plotted at the center of the decade. For temperature panels,
observations are dashed lines if the spatial coverage of areas being examined is below 50%. For ocean heat content and sea ice
panels, the solid line is where the coverage of data is good and higher in quality, and the dashed line is where the data coverage
is only adequate, and thus, uncertainty is larger. Reprinted from Climate Change 2013: The Physical Science Basis, IPCC
working group | contribution to the AR5, Figure SPM.6, Page 18, Copyright (2013) by Cambridge University Press.
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motivating efforts to phase out these fuels as a primary energy source.®’ To this end, decades of
research has focused on developing relatively scarcely used renewable energy sources such as
wind, hydroelectric and solar to facilitate their incorporation into a demanding industrialized

energy economy, in addition to making this energy an economically viable alternative to fossil



fuels. Realization of these goals has provided a significant scientific challenge. Efficient harvesting
of natural energy is complicated by both obvious restrictions, such as limited geological
availability of hydroelectric energy, and technological limitations, most notably the difficulty of
collecting and utilizing solar energy with affordable materials.

Another barrier to replacing fossil fuels with natural energy sources is the challenge of
distributing and utilizing the harvested energy, when infrastructure has been designed largely for
petroleum and coal in our fossil fuel-dependent energy economy. Several fuel alternatives to
petroleum have been proposed and implemented for use in vehicles and generators, most
commonly short chain alcohols such as ethanol.®1° While use of these fuels provides a step away
from dependence on petroleum, the energy densities of the short chain alcohols are lower than
gasoline, and energy is still attained by combustion, which produces carbon emissions. Further,
while ethanol is a renewable resource that can be produced from plant material such as corn,
harvesting sufficient amounts of plant material for ethanol to completely replace fossil fuels may

not be possible, or at the very least would place a strain on farming resources in some countries.!!-

13

1.2. Dihydrogen as an Energy Source: Benefits and Challenges

One viable energy carrier with well-documented merits is dihydrogen gas. The use of
hydrogen provides several advantages not realized with petroleum-based fuel. One such benefit is
the energy density of hydrogen; it has the highest energy density per mass of any fuel at 120 MJ/kg,
approximately three times higher than that of gasoline (44.4 MJ/kg) and nearly five times higher
than ethanol (26.6 mJ/kg) and methanol (19.9 MJ/kg). Along with its high energy density for use

in internal combustion engines, hydrogen has the highest possible electron density of any material



as two electrons can be extracted per molecule. This highlights another advantage of hydrogen
over gasoline; while use of the latter is restricted to combustion engines with efficiencies typically
not exceeding 30—40% due to loss of energy as heat, electrical energy extraction from hydrogen
can be performed at near-quantitative efficiencies in fuel cells. Lastly, while cost has traditionally
provided a barrier for gasoline fuel substitution, more recent analyses of hydrogen fuel produced
in the latest alkaline and proton polymer exchange membrane electrolyzers and used in fuel cell
electric vehicles give costs as low as approximately $6/kg, the equivalent of $3-$5/gallon in
gasoline prices. These competitive costs, which have the possibility of decreasing further with
additional infrastructure and technology advances, make hydrogen an increasingly viable
alternative as a carbon-free energy carrier for development in the 21 century.*

While hydrogen is known for its explosive nature and involvement in such tragedies as the
Hindenburg disaster, hydrogen actually provides several safety advantages compared to gasoline.
First and foremost, as noted above, use in a fuel cell-based power source avoids combustion of the
material, meaning ignition of the fuel in a hydrogen fuel cell-powered vehicle is unlikely. In the
event the hydrogen is ignited, the gas’s propensity to burn quickly and rise make hydrogen-related
fires end relatively quickly and leave the immediate area generally unmarred, as demonstrated in
simulated fuel leak fires comparing gasoline and hydrogen fuels.®®

Implementing hydrogen as an energy carrier is by no means an initiative without challenges
or drawbacks. The most obvious of these is the inherent difficulty of incorporating a gaseous fuel
in a society so accustomed to liquid fuel transport and storage. In addition, pressurization or
cryogenic temperatures are required to store hydrogen as a liquid (which is preferable due to the
low energy density per volume of hydrogen gas under standard temperature conditions). Not only

does this require changes in commercial and private sector fuel infrastructure, but pressurized or



cryogenic containment presents safety concerns. Alternative means of storage, such as use of
chemicals for physisorption (e.g., zeolites, metal organic frameworks)'%-18 and chemisorption (e.g.,
metal hydrides)'®2, are currently under development. However, previous research has shown
these storage methods have difficulty meeting the weight percent standards set by Department of
Energy application guidelines. Finally, one of the most significant challenges in implementing a
hydrogen fuel economy is renewably producing sufficient amounts of clean hydrogen, as outlined
in section 1.3 below. This is a key barrier to the economically viable production of a variety of
alternative fuels, such as for the hydrogenation of CO> to methanol, a liquid fuel that can more

easily be implemented as a gasoline alternative in the current fuel infrastructure.

1.3. Development of Photocatalytic Systems for Hydrogen Production
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Figure 1.2. Allocation of hydrogen produced in 2007 by production method from National Energy Institute
report. Reprinted from ‘Techno-Economic Study of Hydrogen Production via Steam Reforming of
Methanol, Ethanol, and Diesel’, Volume 1, Seyyed Mohsen Mousavi Ehteshami and Siew Hwa Chan, Page
16, Copyright (2014) by Taylor & Francis Group.

Production of hydrogen has been an industrial focus for decades; however, the predominant
applications driving this production have not been renewable energy. Rather, the majority of
industrially produced hydrogen has been used for petroleum refinement, food processing, the
synthesis of ammonia (via the Haber-Bosch process) to produce fertilizer; and as a feedstock to
produce a variety of chemical compounds such as methanol. More than 50 million tons of hydrogen
is produced and consumed every year, and only a small fraction of this amount is used as a carbon-
free fuel alternative to petroleum. Of greater concern is the current means of hydrogen production,
since use of hydrogen as a carbon-free energy carrier is only effective if the production method
does not generate carbon emissions in turn. To date, more than 90% of hydrogen produced globally
is sourced from fossil fuels, most commonly via steam reformation of methane and coal

gasification, generating COx waste and effecting a negative environmental impact (Figure 1.2).22

Thus a means of renewably producing hydrogen while minimizing carbon emissions is vital to



continue meeting the global demand for industrial and farming applications, while making
hydrogen a truly clean energy carrier from production to utilization.'*

Solar energy provides a viable fossil fuel alternative for hydrogen production, as outlined
in Figure 1.3, and has the potential to provide the most energy of any natural resource, far
surpassing our global energy demands.?® The challenge to effectively utilize this energy has been
met by scientists across the globe with impressive results, arguably starting with the introduction
of the first functional patented solar cell in 1940 by Russel Ohl, a semiconductor researcher at Bell
Labs who discovered the device as a silicon piece with an accidental yet fortuitous crack to provide
the p-n junction basis of a solar cell. By 1954, three scientists at Bell Labs — a chemist named
Calvin Fuller, a physicist named Gerald Pearson, and an engineer named Daryl Chapin — together
designed the first practical arsenic- and boron-doped silicon solar cell connected in series to
provide a ‘solar battery,” whose functionality was demonstrated by successfully powering a radio

transmitter. Low solar cell efficiencies (defined as the percentage of solar energy converted to
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Figure 1.3. Production and utilization paths of solar hydrogen. Reprinted from ‘A review on solar-
hydrogen/fuel cell hybrid energy systems for stationary applications’, Volume 35, A. Yilanci, I. Dincer,
H.K. Ozturk, Page 233, Copyright 2008, with permission from Elsevier.



electrical energy) of these early designs and the high cost of the cells, particularly compared to the
cheap and well-instituted fossil fuels primarily used at this time, did not provide ideal conditions
for immediate commercialization. However, within a decade of initial development solar energy
harvesting devices began to find their way into various applications, most famously perhaps for
use in powering satellites.

Since these early models, designing more efficient solar cells with more affordable
materials has been the primary focus of solar research.?® Several core strategies have been
developed to utilize inexpensive semiconductor materials. One of these is the development of thin
film semiconductor materials, which have been furthered modified since initial introduction in the
late 1970s to be as thin as a few nanometers in thickness. They also can be easily coated on glass
or devices and have recently attained efficiencies of over 15%, in some cases even outperforming
multicrystalline silicon cells.?#?> Another method for more efficient solar cell production is the
dye sensitization of semiconductor materials. In 1988, Brian O’Regan and Michael Gratzel at UC
Berkeley modernized this method by developing a device composed of a porous electron accepting
material, most commonly titanium dioxide, coated with a light-harvesting organic dye. These cells
are now commonly referred to as Gratzel cells.?® These cells are not as competitive as thin film
cells in terms of efficiency, and they are more difficult to construct due to the necessity of an
electrolyte solution (e.g., Is/I" in water) for electron transport to complete the circuit. However,
they display reasonable maximum solar conversion efficiencies of ~10-15% while costing a
fraction of the price in materials compared to traditional silicon solar cells, allowing them more
potential for scalable applications.?”?® More recent ‘third generation’ solar cell technology

utilizing tandem cells overcomes efficiency limits of single band-gap solar cells, and when coupled



to thin cell and dye sensitizing innovations, provides exciting prospects for the design of
affordable, highly efficient solar cells. 2%

As scientists have known for decades, the most abundant potential source of hydrogen is a
substance which covers more than two-thirds of the earth’s surface. The oxidation of water, a
readily available resource, provides four electrons and protons in addition to a molecule of
dioxygen for every two water molecules, which in turn can be used to generate two molecules of
hydrogen gas. Yet extracting hydrogen from water is non-trivial, as water oxidation requires a
minimum applied potential of 1.23 V (237 kJ/mol) to meet the thermodynamic requirements for
oxygen production. Further, additional energy (overpotential) is typically required to overcome
activation barriers for the oxidation of water and to achieve high efficiencies, and an appropriate
catalyst is necessary to lower overpotentials as much as possible. The catalysts observed to display
the lowest overpotentials for water oxidation generally include precious metals such as platinum.
Such materials incur high costs for application in water electolyzers, and their limited abundance
in the earth’s crust provide obvious limitations for common use on a global scale.3!3

Nature is able to facilitate the anodic reaction of water splitting (Scheme 1.1), i.e. the
extraction of energy (electrons) and protons from water, using only sunlight in photosynthesis.
This impressive feat has been thoroughly studied. One of the core components of this finely tuned

system is a cube-like structure able to catalyze the 4-electron oxidation of water, while only

comprising the inexpensive metals manganese and calcium. Research on these systems has

Hydrogen Production From Water (Water Splitting)

Anode: 2H0—— 0, +4H ' +4¢

Cathode: 2HY"+2¢ — H)

Scheme 1.1. Anode and cathode reaction components for the production of hydrogen from water.



allowed further elucidation of the electronic structure of these manganese clusters, and even for
the production of functional models for water oxidation. These models complexes, in addition to
a variety of other molecular and solid state materials composed of inexpensive materials, have
been developed to provide viable substitutions for platinum as water oxidation catalysts. The
design of such catalysts, and their incorporation into photoanode systems allowing for the direct
utilization of solar energy to extract protons and electrons from water (as seen for photosystem I1
in nature), has an immense impact for prospects for the carbon-free production of hydrogen.
While water oxidation is the most naturally abundant source of the protons and electrons
to make hydrogen, and thus an important focus of research, the cathodic reaction in water splitting,
i.e. the combination of protons and electrons from any source to evolve hydrogen, is inevitably
another important focus for clean hydrogen production. Hydrogen production can only be

facilitated at reasonable energy levels by using a catalyst capable of efficiently combining the

Figure 1.4. Ribbon representation of Clostridium pasteurianum (Cpl) [FeFe] hydrogenase with the FeS
clusters and H cluster shown as space filling models, and zoom of the H cluster as ball and stick
representation. Reprinted from PNAS, Synthesis of the 2Fe subcluster of the [FeFe]-hydrogenase H cluster
on the HydF scaffold, Eric M. Shepard et al., Volume 107, pg. 10448, Copyright (2010) by National
Academy of Sciences.
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electrons and protons, and has been observed to be most efficient with the use of platinum and
similar precious metals. Nature, however, is observed to reversibly catalyze the combination of
protons and electrons for hydrogen production or oxidation in enzymes known as hydrogenases at
negligible overpotentials using only inexpensive metals such as iron and nickel. These enzymes
are categorized into the classes [FeFe], [NiFe] and [Fe] hydrogenases based on the metals present
in the active site, and in nature their primary function is the production of hydrogen as an energy
carrier or to safely dispose of excess electron equivalents. One of the most active [FeFe] enzymes,
from Clostridium pasteurianum (Figure 1.4), is capable of reaching turnover frequencies of
10,000 s for hydrogen production in pH neutral agueous solutions.®® Even without precious
metals, these enzymes are able to function at nearly negligible overpotentials even lower than those
attained by platinum, are functional in neutral pH ranges, and often show nearly indefinite stability
in their native state.3*3® This impressive activity profile is the reason hydrogenases have been the
focus of intensive study since their initial discovery in the 1930s. After more than a half century
of fervent analysis, the structure, reactivity, and even mechanisms of hydrogenases have been
largely elucidated, allowing insight into how we might utilize similarly inexpensive materials for
electron/proton and hydrogen interconversion.36->

Efforts to model the active sites of hydrogenases to create inexpensive early transition
metal catalysts with incredible hydrogen production activities have been ongoing for nearly as
long as hydrogenase enzyme studies. While the enzyme remains uncontested in overall
performance, individual aspects such as turnover frequency (TOF), overpotential, and catalyst
durability expressed as turnover number (TON) have been very nearly matched by a variety of
molecular and solid state catalysts.*6°6-1% One of the most prominent of these model systems,

developed by Daniel Dubois and coworkers, exhibits TOF as high as 10°s™ and is composed of a
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Chart 1.1. Nickel bis(diphosphine) hydrogen production catalysts with a PNRP pendant amine ligand.

nickel metal center with two bidentate phosphine ligands, each with pendant amines in a
‘PCNRCP’ motif (Chart 1.1).571% This ligand system is essential to the high level of activity, as
the flexible ligand ‘arm’ allows for combination of formed Ni-H species with the protonated
pendant amines for facile Hz formation and activation.!'112 The advantages of this ligand system
are further demonstrated by its use in iron and cobalt systems capable of hydrogen
production.t*314 Unlike in the case of hydrogenases, these catalyst systems are typically observed
in acetonitrile solutions due to solubility restrictions, and require the addition of an acid (typically
protonated dimethylformamide with a triflate anion, [[DMF)H]*OTf") for H, production with and
overpotentials of approximately 300 mV (x ~80 mV, depending on the catalyst derivative) for
catalyst activation.!'® Despite these limitations, the activity displayed by these catalysts even
beyond the impressive rates observed for native hydrogenases, rank them as one of the fastest
known hydrogen production catalysts and highlight their potential use in devices for hydrogen
generation. 1%

The harvesting of solar energy and utilization of that energy to produce fuel are each
significant scientific challenges, as outlined above. However, to produce efficient technology
capable of directly converting sunlight into fuel, another challenge must be overcome: the

integration of semiconductor and catalyst systems. In the most simple scenario for the production
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of hydrogen fuel from an acidic solution, a photosensitizer (such as a p-type semiconductor or an
organometallic complex) would absorb a photon, exciting an electron from the valence band (or
highest occupied molecular orbital for the complex) to the conduction band (or higher energy
unoccupied orbital for the complex, most commonly a metal-to-ligand charge transfer). This
excited state is energetically positioned above the lowest unoccupied (or singularly occupied)
molecular orbital of the catalyst, allowing for energetically favorable electron transfer to and
reduction of the catalyst. The catalyst would in turn combine two of the received electrons and
protons from solution to produce a molecule of hydrogen.

Despite the apparent simplicity of this design, it is easy to overlook key design factors,
which, if not properly addressed, will result in low solar-fuel conversion efficiencies or a
completely inactive system altogether. Perhaps the most obvious of these is the manner in which
the catalyst and semiconductor are combined. In the most basic photocatalytic systems, the catalyst
is often not directly attached to the photosensitizer. Rather, the catalyst and photosensitizer are
often simply dissolved in the same solution, or in the case of a solid semiconductor, the catalyst
interfaces with the photosensitizer only at the material’s surface. This design is simple to facilitate,
and thus is one of the most commonly seen in literature, particularly for preliminary studies of
photocatalytic systems to test the compatibility of a catalyst and photosensitizer,!393116-121
However, the drawbacks to such a system are many, the most substantial of which involves the
outer-sphere electron transfer between the photosensitizer and the catalyst that is typically required
for function in these systems, which is limited by the collision of the two materials and thus
diffusion. As in the case of all systems for photocatalysis, recombination of the electron-hole pair
in the photosensitizer is an inevitable side reaction, and delays to electron transfer such as in these

diffusion-limited systems often serve to increase recombination rates which decrease the overall
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Figure 1.5. Cartoon representation of a hybrid (enzyme-TiOZ2) nanoparticle system showing aspects that are desirable
for efficient and practical H, production from sunlight shown a hydrogenase (Db [NiFeSe]-H) as catalyst and the
complex (RuP) that proved to be the most suitable photosensitizer. Reprinted with permission from Reisner, E.;
Powell, D. J.; Cavazza, C.; Fontecilla-Camps, J. C.; Armstrong, F. A. J. Am. Chem. Soc. 2009, 131, 18457. Copyright
(2009) American Chemical Society.

solar-to-fuel efficiency. Other problems with this design include the possibility for recombination
via the interaction of two photosensitizers in solution, the limited stability that is often observed
for molecular catalysts and photosensitizers in solution, and the difficulty of inclusion in an
industrially scaled device for fuel production.

Modifications to this design strive to eliminate the diffusion-dependence for outer-sphere
electron transfer by attaching the photosensitizer and catalyst, most commonly via covalent bond
formation. This strategy has been employed in a variety of photosensitizer-catalyst combinations,
ranging from covalent binding of two molecular components to the introduction of molecular or
semiconductor photosensitizers into the periphery of enzymes.®3122127 |n particular, a couple of
recent studies have been reported that modify semiconductors with hydrogenases (Figure 1.5) or
the aforementioned nickel bis(diphosphine) model systems for hydrogen production.'?"128 While
these systems do not observe TOF values as high as the enzyme or molecular catalyst in solution
(TOF of 50 st and 285t observed in each system, respectively), they provide functional examples

of photocatalytic systems for solar-to-fuel conversion via heterogenization of molecular (or
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supramolecular) hydrogen production catalysts. Based on the performance of these catalysts in
homogeneous solutions, further modification of the photocatalytic interface is likely the key to
unleashing the full potential of these light-driven H> production manifolds.

Frequently, one of the major disadvantages of such covalently bound photocatalytic
systems are the synthetic efforts required to facilitate the covalent bond formation between the
photosensitizer and catalyst pair. This often requires modification of the ligand framework for the
catalyst as well as modification of the ligand (for a molecular photosensitizer) or semiconductor
surface. While this has been shown to be an effective method, it is often a lock-and-key situation,
where the synthetic modifications are specific to a particular photosensitizer and catalyst
combination. This limits the ability to test and interchange a wide variety of catalyst and
photosensitizer combinations, as can be beneficial in optimizing such systems. Thus a
semiconductor-catalyst interface allowing for facile interchange of the components would be an

effective tool in the creation of photocathode systems that are functional at scale.

1.4. Scope of Thesis

The scope of this thesis is the development, testing and incorporation of an interface
method to attach a catalyst for the production of hydrogen fuel to a semiconductor capable of
harvesting the required energy to drive catalysis. A three-aim approach was utilized for the
efficient design of a photocathode system for hydrogen production. The first aim focuses on the
design of molecular catalysts functional for hydrogen production with customizable ligand
structures capable of modification for electrode surface attachment. My catalyst design targeted
hydrogenase models in an attempt to replicate the low overpotentials and incredible activities

displayed by these biological systems. The characterization and electrocatalytic analysis of these
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complexes is discussed in section 2.1, while further analysis of the results and comparison with
similar catalysts in the literature is presented in section 2.2. Finally, preliminary results for testing
the catalysts, adsorbed to reduced graphene oxide electrodes, are discussed in section 2.3. This
work is in part reproduced from a manuscript published in Dalton Transactions: Eady, S. C.;

Breault, T.; Thompson, L.; Lehnert, N. Dalton Transactions 2016, 45, 1138.%°

The second aim of this thesis focuses directly on the development of methods for
interfacing molecular catalysts with semiconductor surfaces. These studies concentrate on the
heterogenized catalyst systems electrostatically adsorbed on graphitic supports that are inert to
proton reduction, so characteristics of the heterogeneous system, including catalytic activity and
durability, can be assessed without the added complication of semiconductor coupling. Section 3.1
describes initial testing of a cobalt bis(dithiolene) complex adsorbed onto graphitic supports as
heterogeneous catalyst for hydrogen production. This section is partially reproduced from a
publication in Chemical Communications: Eady, S. C.; Peczonczyk, S. L.; Maldonado, S.; Lehnert,
N. Chem. Commun. 2014, 50, 8065.12° In the remainder of the chapter, a thorough assessment is
provided detailing how tuning the catalyst ligand structure (section 3.2) and the use of various
types of graphitic supports (section 3.3) affect the performance of the heterogeneous system for
hydrogen production. These two sections represent two full manuscripts slated for submission to

by February 2016.12°

The final aim focuses applying on actualizing the previously studied interface methods to
the attachment of molecular catalysts to semiconductor surfaces. The preliminary work
accomplished on this final step is presented in chapter 4, and confirms the presence of
electrostatically adsorbed cobalt bis(dithiolene) (section 4.1) and covalently tethered cobaloxime

(section 4.2) catalyst species on gallium phosphide surfaces, assuring the success of both interface
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methods and providing evidence that the same interactions and catalyst species observed in the
initial interface development (see chapter 3) are present on the semiconductor surface. Work in
this chapter has been conducted in collaboration with Betsy Brown and Sabrina Peczonczyk from

the Maldonado group.
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Chapter 2

Hydrogenase Inspired Design of Dihydrogen Production Catalysts

Introduction

The search for sustainable dihydrogen production systems has been an ongoing focus of
global research efforts for nearly half a century.? Incorporation of non-precious metal catalysts
to yield efficient dihydrogen production manifolds in agueous systems is an ever-growing area in
the field of electrocatalysis.*®> Major discoveries in proton reduction electrochemistry have been
made in the past few decades, which suggests that non-precious metals such as iron, nickel and
cobalt with selected ligand manifolds and the correct environment may provide activities and
stabilities competitive to platinum and similar rare metal catalysts,5-23 11.24-41

A major challenge in the design of industrially viable electrocatalysts is minimizing the
wasted input energy, i.e. overpotential, required for catalyst activation. A number of iron- and
nickel-centered electrocatalysts for dihydrogen production with incredible activities (>10,000 s)
have been reported in the literature; however, many of these are only active in strongly acidic
conditions or have moderate to high overpotentials, typically in excess of 200 mV.542 It is therefore
the focus of this study, which has been reproduced in part from a manuscript published in Dalton
Transactions (Eady, S. C.; Breault, T.; Thompson, L.; Lehnert, N. Dalton Transactions 2016, 45,
1138), to investigate catalytic systems capable of functioning in weakly acidic media with minimal

overpotentials.*?
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In addition, to transition from basic scientific research in catalyst development to
application-driven research, easy access to a variety of functionalities in the ligand periphery of a
catalyst is desirable.***® One such application is the heterogenization of catalysts via
immobilization on electrode surfaces, especially in light-driven proton reduction systems that
couple water oxidation with proton reduction for efficient water splitting.122%4145-52 Realization of
such systems is met with formidable obstacles, including a means of providing a versatile ligand
system that will not impact catalyst ‘core’ structure and function upon derivatization and surface
immobilization. Thus it can be reasoned that the development of suitable strategies and ligand
systems for catalyst immobilization is as important as the catalyst design itself, and having a

catalyst system with an easily customizable ligand periphery is critical for future applications.

2.1. Structural, Spectroscopic and Electrochemical Characterization of pentacoordinate iron
complexes as models for the distal iron of [FeFe] hydrogenase

Previously, penta-coordinate iron catalysts that are active for proton reduction have been
reported by Ott and coworkers.3” These compounds display impressive activity (TOF > 500 s)
with modest overpotentials (0.17-0.24 V vs. Pt for acetic acid concentrations of 0.1-0.5 M,
respectively) and were obtained in high yields in a single synthetic step from diphosphine and

dithiolate ligands under atmospheric CO pressure. However, these complexes utilize a

(CyS)
S—[4Fe4S] Ph,
/ S/” \\\\P
Fe. —R
1/CO s¥ | \P
CN CO Ph,

Chart 2.1. Pentacoordinate iron complexes (right) as models of distal iron in
[FeFe] hydrogenase active site (left)
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conformationally flexible diphosphine ligand, which, when locked into a fixed conformation in
the surface-bound state, might become less active.*® Herein we report catalytically active
derivatives with a much more rigid, conjugated ‘PNP’ ligand structure, leading to iron complexes
that contain a very rigid, Fe-P-N-P four-membered ring. Several derivatives of these complexes
are presented and are characterized structurally as well as spectroscopically. Electrochemical
properties of the complexes are further investigated, in addition to their activities for proton
reduction as catalytically active models for the distal iron in [FeFe] hydrogenases (Chart 2.1).
These systems provide a versatile, yet simple ‘toolbox’ for ligand derivatization which can be

tailored to a variety of applications.

R NaOMe s ::hz
| CO pressure AN
FeSO,*7H,0 * + N EE— Fe N—R
/ '\ MeOH s? | v~
HS SH  Php PPh, CO ph,

Scheme 2.1. Preparation of penta-coordinate iron dihydrogen production catalysts.

Characterization

In all cases, dropwise addition of the deprotonated dithiolate ligand in methanol to a suspension
of ferrous sulfate and the respective PNP diphosphines in methanol under a carbon monoxide
atmosphere led to a distinct color change of the solution to deep reddish-brown. Removal of
solvent after 5 hours and subsequent extraction of the products into methylene chloride provided
the corresponding iron species in crude yields of 60-90%.%% Flash chromatography over neutral
silica generally gave the compounds in high purity as assessed by 'H, 3P and °F NMR infrared
spectroscopy (IR), and mass spectrometry (MS) (see experimental section). IR spectra of the iron

complexes consistently show a single v(C-O) stretch at frequencies of 1927-1939 cm™, indicative
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Table 2.1. Penta-coordinate iron compounds prepared here and selected properties

. 31 19
V€O “PNMR  FNMR : o |l i g
v _@m) & (pm & (ppm) E, M) () e
§—< 1 1932 105.4 N/A -1.69 0.21 2.7 1.38 120
é—@ 2 1935 112.7 N/A -1.62 0.14 2.9 1.58 235

g_O_Br 3 1934 1135 N/A 157 0.09 2.26 0.96 144
g—O—F 4 1935 1135 -120 161 0.13 261 1.28 301

JJ‘\“_O_F 5 1931 111.4 -115 -1.66 0.18 4.28 3.46 1243

§—C4Ha—© 6 1932 109.4 N/A -1.63 0.15 4.32 3.51 1375

Y
QQQ 7 1931 110.8 N/A -1.68 0.20 2.45 1.13 197
Q—O—: 8 1939 113.4 N/A 1.6 0.12 1.22 0.28 8

QJ\\ 9 1927 109.2 N/A -1.63 0.15 2.61 1.28 109

* Potentials are reported versus a ferrocene/ferrocenium internal standard (0.64 V vs. NHE)

¢ Overpotentials reported are lower-end estimates vs. Pt with 0.1 M acetic acid in acetonitrile.

+ Turnover frequencies were calculated using equation 1 at the Ey, potential for the corresponding complex
with an [AcOH] of 0.1 M and a catalyst concentration of 1 mM.

1 Bimolecular rate constants calculated from the slope of the ica vs. [ACOH]¥?plot.

of species containing a single carbonyl ligand. Two intense bands are also present at energies of

1434 and 694 cm™ that are characteristic of the phenyl groups of the diphosphine ligand, and that
vary by a minimal amount (~1-2 cm™) with substitution at the amine position. The 3P NMR
spectra of the iron complexes show a single sharp resonance at 105-113 ppm depending on the

substituents at the PNP amine group (Table 2.1).
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5

Figure 2.1. Crystal structures of [Fe(S2CsHa)((CeHs)2PN(Pr)P(CsHs)2)(CO)] (1)  (left) and
[Fe(S2CsHa)((CsHs)2PN(p-fluorobenzyl)P(CsHs),2)(CO)] (5) (right) with ellipsoids shown at 50% probability.
Hydrogen atoms and dichloromethane solvent molecules are omitted for clarity. Selected bond distances [A] and
angles [degrees]: (1) Fel-P12.203(15), Fel-P2 2.2(13), Fel-S12.161(13), Fel-S2 2.189(14), P1-N1 1.71(4), P2-
N11.703(4), P1---P2 2.577(17), S1---S2 3.082, S1-Fe1-S2 90.25(5), P1-Fel-P2 71.65(5), Fe-P-N-P torsion 6.74.
(5) Fel-P1 2.215(6), Fel-P2 2.144(6), Fel-S1 2.166(6), Fe1-S2 2.21(6), P1-N1 1.718(16), P2-N1 1.708(17), P1-
--P2 2 583(7). §1---S2 3.096. S1-Fe1-S2 90.03(2). P1-Fe1-P2 72 65(2). Fe-P-N-P torsion 8 19.

The molecular structures of 1 and 5 have been confirmed by X-ray crystallography,
showing penta-coordinate complexes with distorted square-pyramidal geometries and an axial
carbonyl ligand (Figure 2.1). The Fe-P and Fe-S bond lengths observed for 1 and 5 are nearly
identical to the ‘PCNCP’ ligated iron complex,
[Fe(S2CeHa4)((CsHs)2PCH2N(dep)CH2P(CsHs)2)(CO)], reported by Ott and coworkers, as well as
to the P(FeCp2)P ligated iron complex, [Fe(S2CeHa)((CsHs)2P(FeCp2) P(CesHs)2)(CO)], reported
by Jones and coworkers (Table 2.2).233" The S-Fe-S bond angles also show strong similarities
across these compounds, as expected for the identical dithiolate ligand. In contrast, the P-Fe-P
bond angle is significantly larger (by over 15°) in the complex reported by Jones, and even more

so (over 17°) in Ott’s compound. Most notably, the torsion angles of the Fe-P-N-P ring in the

complexes reported here are very small (< 9°), showing a nearly planar ring structure. In
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Table 2.2. Comparison of selected bond lengths [A] and angles [] for selected penta-coordinate iron compounds.

MPNP
Caimpler ) torsion
1 2.161(13) 2.189(14) 2.203(15) 2.2(13) 71.65(5) 90.25(5) 6.74 0.26
5 2.166(6) 2.21(6) 2.215(6) 2.144(6) 72.65(2) 90.03(2) 8.19 0.73
10 2.194(9) 2.202(8) 2.188(9) 2.187(8) 72.13(3) 91.16(3) 3.77 0.03
Fe(SZC6H4)((CeH5)2PCH2N(
37a 2.187(6) 2.187(6) 2.208(6) 2.212(6) 89.59(2) 89.32(2) 14.01 0.13
dep)CHZP(C6H5)2)(CO)
Fe(SzCsH4)((CeH5)zP(CHzN
Ph 40a 2.21(6) 2.17(6) 2.14(6) 2.17(6) 81.73(2) 88.7(2) 29/58 0.22
CH)).P(C H))(CO)
272 6 572
Fe(SZC6H4)((C6H5)2P 18.2
2.2(12) 2.177(12) 2.222(12) | 2.225(12) | 87.49(4) 89.31(4) (FePFeP) 0.72

(FeCp,) P(C,H) )(CO)

adep: 1,1-diethoxypropane; FeCp,: bis(cyclopentadienyl)iron or ferrocene; NP": N(CeHs).

comparison, the Fe-P-N-P unit of Ott’s complex has a torsion angle of 14°, and shows a distinctly

non-planar chair conformation for the whole Fe-P-C-N-C-P unit (Figure 2.2). Jones’ compound

exhibits a similarly large torsion angle of 18° for its Fe-P-Fe-P unit. These differences highlight

the more rigid, conjugated structure of the FePNP ring in the complexes reported here. Comparison

of C-O stretching frequencies shows strong similarity for 1 and 5 (v(C-O)mecn = 1933 and 1931

cm, respectively) compared to the compound reported by Ott and coworkers (v(C-O)mecn = 1932

P2 § P2 P2 C12
\ N1
c33
N1
"Fel P1
y . Pl Fe2
Fel P1 Fel c7
c32

Figure 2.2. Structural comparison of the FePXP unit for [Fe(S2CsHa)((CsHs)2PN(Pr)P(CsHs)2)CO] (1) (left),
Fe(S2CsH4)((CeHs)2PCH2N(dep)CH2P(CsHs)2)(CO)X(center), and [Fe(S2CsHa)((CeHs)2P (FeCpz) P(CsHs)2)(CO)] (right.)

30




100 -

1 E._=-1.69V
45- 80+ !
—— 60 mM AcOH
— 200 mV/s 60 —— 50 mM AcOH
30 — 100 mVis —— 30 mM AcOH
— 1 — 40 —— 10 mM AcOH
< 15 < —— 5 mM AcOH
— . - 204 compound only (1)
‘E =
] g S
= 9 =-1.69V 5 o0d—
s o -1.69V
o ‘
15+ -1.0 -1.5 -2.0 2.5
2004 .
AcOH Control (60 equiv.)
-30 T ¥ T Y T v 0
1.0 -1.5 -2.0 . . . .
0.5 -1.0 1.5 -2.0 2.5

0/+
Potential vs. Fc (V) o+
Potential vs. Fc (V)

Figure 2.3. Left: Cyclic voltammetry of a 2mM solution of 1 in acetonitrile at various scan rates Right: Cyclic
voltammetry of 1 at a scan rate of 100 mV/s with the addition of increasing equivalents of acetic acid. Solutions
were 0.1 M (TBA)PFs and ferrocene was used as an internal standard. The working electrode was a glassy carbon
disc, the reference was a non-aqueous Ag/AgNQO3 (0.01M) electrode, and the auxiliary electrode was a platinum disc.
cm™), while both sets of compounds show a somewhat higher v(C-O) than that reported by Jones
and coworkers (v(C-O)pcm = 1915 cm™). Addison’s tau (t) values (defined as T = (B — a)/60)**
were determined for the penta-coordinate iron complexes as a measure of distortion from an ideal
square-pyramidal geometry (t = 0) or an ideal trigonal-bipyramidal geometry (t= 1) with S1-Fel-
P2 constituting o and S2-Fel-P1 constituting B for T = (B — a)/60. Tau values for compounds 1 and
5 are 0.26 and 0.73 respectively, showing a substantial change in solid state geometry despite a
minimal change in the overall PNP structure. While the compounds reported by Ott and coworkers
have a square-pyramidal structure more closely related to 1, the ferrocene derivatives reported by
Jones and coworkers are observed to have a nearly identical tau value to 5.

Cyclic voltammograms of the penta-coordinate iron compounds in acetonitrile solution
show reversible redox waves, assigned to the Fe'"' couple, at potentials ranging from -1.57 to -
1.69 V versus Fc”* (Figure 2.3). All compounds are observed to have ipa/ipc Separations of

approximately 0.07 V, as is observed for the ferrocene internal standard under identical conditions.

For most compounds, the ipa/ipc ratio consistently gave values of 1 (+0.1) at all scan rates,
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Figure 2.4. Left: peak anodic:cathodic current ratios for 1 (pink), 2 (red), 3 (grey), 4 (black), 5 (blue) and 6 (wine). Right: variation
in peak cathodic/anodic currents as a function of the square root of scan rate for 5 (square) and 2 (circle). Compound 5 is presented
as an example of a chemically reversible catalyst (ipa/ipc ~ 1), in contrast to compound 2 (ipa/ipc <0.9 at higher scan rates).

suggesting chemical reversibility with no decomposition occurring after reduction on the
voltammogram time scale (Figure 2.4). Complexes 2 and 8 have disproportionately smaller anodic
peaks compared to cathodic peaks (ipa/ipc < 0.9). For several of the compounds, a small decrease
in the ipa/ipc ratio with increasing scan rates is observed, most noticeably for 2 and 8. As it is more
significant at higher scan rates, this decrease in ipa/ipc is likely due to a somewhat slow geometric
reorganization step for these compounds (see DFT results below), resulting in a mixture of
conformations with slightly offset oxidation potentials and a slightly lower i, overall at higher scan
rates. With the exceptions of these complexes, all ic and i, values are seen to increase proportionally
to [scan rate]*? (Figure 2.4), and no significant change in peak potentials (Epaand Epc) is observed

upon varying the scan rate.

Electrocatalytic Studies

Upon addition of acetic acid (pKawmecn = 22.3), the cathodic waves of the iron species

increased approximately linearly with acid concentration, which simultaneously occurred with the

32



200 - 3004

250
150 - ]
_ 2004
2 1004 2

- = 1504

] y =212x - 69

50 1004 R’ =0.998
504

0 L} T T L T L] L
1.00 1.25 1.50 1.75 1.00 1.25 1.50
[Catalyst] (mM) [Catalyst] (mM)

Figure 2.5. Peak catalytic current for 2 (left) and 6 (right) with respect to catalyst concentration at acid saturation conditions. All

experiments performed in acetonitrile with 0.1 M (TBA)PFs as supporting electrolyte. The working electrode was a glassy carbon

disc, the reference was a non-aqueous Ag/AgNQOz (0.01M) electrode, and the auxiliary electrode was a platinum disc electrode.
subsiding of the corresponding anodic waves. This behavior is indicative of electrocatalytic proton
reduction from acetic acid, and consistently gave half-maximum wave potential (Ecat) values that
directly coincide with the E1> of each iron species. Background reduction of acetic acid protons
by glassy carbon at these potentials and acid concentrations is negligible as shown in Figure 2.3.
Importantly, activity occurs at potentials that correspond to only very slight overpotentials for
proton reduction, as compared to the same process (acetic acid reduction, 0.1M) by platinum under
identical conditions (see Experimental Section).®” A half-wave potential (Eca) of only -1.57 V vs.
Fc%* is displayed by the compound with the 4-bromophenyl substituent at the PNP amine (3),
corresponding to an overpotential of only 0.09 V vs. platinum, the lowest for all of the compounds
reported here. The overpotentials of all compounds are listed in Table 2.1. It is worth noting that
the current increase for 8 is significantly lower than that for all other compounds, low enough that

8 could be considered inactive for proton reduction (within error).
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Figure 2.6. Peak current for 2 (1 mM, light green trace), 3 (1 mM, red trace), 4 (1 mM, green trace), 5 (2 mM, blue trace)
and 6 (1 mM, black trace) as a function of [AcOH] (a) and [AcOH]Y2 (b). All experiments were performed in acetonitrile
with 0.1 M (TBA)PFs as supporting electrolyte. The working electrode was a glassy carbon disc, the reference was a non-
aqueous Ag/AgNOs (0.01M) electrode, and the auxiliary electrode was a platinum disc electrode.

The catalytic current increases linearly with catalyst concentration over the investigated range
of catalysts [1.0-1.75 mM] at acid saturation conditions, indicative of a first order dependence of
the rate on catalyst concentration (Figure 2.5). With lower acid concentrations, total catalysis is
observed, where activity is limited only by diffusion of substrate (acid) to the electrode and
catalytic activity increases linearly with acid concentration.>® At higher acid concentrations (exact
number of equivalents is dependent on the ligand substitution), catalytic plateau currents are
approximately linear with [AcOH]¥? (Figure 2.6) until activity saturation behavior is observed.
Bimolecular rate constants are calculated from the slopes of these plots with equation 1 analogous
to the methods used by Ott and coworkers to provide a direct comparison to their similar catalyst

systems:
(1) I, = FAC%,VD |2kC?}

Here, D is the diffusion coefficient as determined by the Randles Sevcik equation (Equation S3)
to be 1 x 10° (+/- 0.2) cm?/s, and A is the electrode area (0.031 cm?). Rate constants from Equation

1 give a range of activities from 8 to 1375 M s (Table 2.1).3" At the activity saturation point
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where the peak catalytic current (icat) is seen to be independent of acid concentration, rate estimates
for each species can also be obtained from the ratio of the peak catalytic current to the cathodic

current in the absence of acid (equation 2).%

icat _ _ 2 |RTkops
ip 0446 Fv

()

Here, F = Faraday’s constant and v = scan rate (V/s). This method is used to calculate TOF for
the penta-coordinate species, varying from 0.28 to 3.51 s, depending on the ligand substitution
pattern as listed in Table 2.1 (see Table for TOF measurement conditions).

Bulk electrolysis coupled with gas chromatography (GC) was used to monitor
electrocatalytic dihydrogen production by 5 (1 mM) in acetonitrile solution from 0.04 M acetic
acid (Figure 2.7). GC confirmed continued catalytic activity for 2 hours to produce a total of 87
micromoles of dihydrogen with 73% Faradaic efficiency. From this electrolysis data a turnover

number (TON) of 6 has been calculated for 5. After initial activity subsided (t = 2 hours), a second

Eletrolysis of 0.2M TBA PF_in MeCN +
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Figure 2.7. Left: Gas chromatography dihydrogen production measurement for bulk electrolysis at -1.7 V vs. Fc%*
of 5 (1 mM) with acetic acid (40 mM) in a 0.2 M (TBA)PFs acetonitrile solution. Right: Charge passed during the
electrolysis experiment. 0.1 M (TBA)PFgand ferrocene was used as an internal standard. The working and auxiliary
electrodes were carbon felt (4 cm?), and the reference was a non-aqueous Ag/AgNQO; (0.01M) electrode. Ferrocene
(0.1 M) was used in the counter compartment as a sacrificial reductant. Arrows indicate addition of supplemental
acid, equivalent to the initial addition.
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aliquot of acid was added; however, no significant resurgence in dihydrogen production was
observed beyond control levels, confirming the compound’s activity had not ceased due to acid
depletion. Significant bleaching of the solution had occurred within the initial 2 hours of
electrolysis. Solution IR analysis of the electrolysis solution at this time showed negligible signal
intensity at the carbonyl ligand stretching frequency for 5 (1931 cm™), indicating the complex had
degraded including loss of CO. *!P NMR confirmed the degradation of 5 with complete loss of the
resonance at 111.4 ppm, and decomposition was further evidenced by a change in solution color
from reddish-brown to yellow.

The less than quantitative efficiency is likely due to trace amounts of ferrocenium
hexafluorophosphate (the oxidized form of the sacrificial reductant) leaking through the glass frit
and being reduced at the working electrode. This phenomenon is also observed in the control
experiments, confirming that substantial non-faradaic charge is being passed in the absence of
catalyst. Additional charge loss could be attributed to a possible reductive decomposition pathway

for these catalyst species.

Mechanistic Studies

Monitoring of the C-O stretching frequency of 1 in acetonitrile solution by IR spectroscopy
upon the addition of acetic acid (pKamecn = 22.3) shows no significant shift of the v(C-O) band
under these conditions (Figure 2.8). This result rules out chemical alteration of the catalyst by
acetic acid prior to the reduction of the complexes, and is further supported by the fact that the
catalytic onset potential for each iron complex with this acid is nearly identical to its E1 value
(Fe'/Fe' potential). These observations are consistent for all complexes investigated here (1-9) that

differ in the PNP substitution pattern. The same results were obtained using the significantly
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Figure 2.8. Variation of v(C-O) for [Fe(S2CsHa)((CsHs).PN(Pr)P(CsHs)2)(CO)] (1) in acetonitrile solution

upon the addition of acetic acid (left) and toluene sulfonic acid (right), monitored by solution IR

spectroscopy.
stronger toluenesulfonic acid (TsOH, pKawmecn = 8.3). These results suggest that the Fe'' complexes
cannot be protonated by the acids used for the electrocatalytic studies performed here, and that the
initial mechanistic step for our penta-coordinate iron catalysts is a one-electron reduction. To
observe intermediates after initial reduction, bulk electrolysis of species 1 was performed, and the
reaction was monitored by solution IR spectroscopy (Figure 2.8). Upon applying a potential of
-1.7 vs. Fc*, a red shift in the carbonyl ligand stretching frequency of nearly 100 cm™ was
observed, showing a slightly broader and less intense signal at 1836 cm™. This shift is indicative
of the formation of a reduced Fe-CO species, and correlates well with the reduced
[Fe(S2CsHa)((CeHs)2P(CH2NP'CH2).P(CsHs)2)(CO)] species observed by Ott and coworkers with
a v(C-0) band at 1850 cm™.%0 This species is assumed to be the reactive intermediate for hydride
formation as no further reduction events are evident at this applied potential (no further carbonyl
band shifting is observed with additional electrolysis time). Loss of the v(C-O) signal at 1836

cm for 1- was observed only several minutes after the applied potential was removed, and no
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Figure 2.9. Bulk electrolysis at -1.8 V vs. Fc*® of a 4 mM solution of 1 in acetonitrile with 0.1 M (TBA)PFs

monitored by solution IR spectroscopy. The black trace is the spectrum of the compound prior to passing charge;
the blue trace corresponds to the species formed during bulk electrolysis.

substantial recovery of 1 as indicated by the v(C-O) band at 1933 cm™ was observed, suggesting

decomposition including CO loss.

Density Functional Calculations

Given the similarity in overall structure for all [Fe(S2CsHa4)(PNP)(CO)] derivatives
reported here, full geometry optimizations of 1 (S = 0) with the BP86 functional and the TZVP
basis set were performed as a representation of all the complexes investigated here. The optimized
structure of 1 overall matched reasonably well with the crystal structure as shown in Table 2.3,
with an average offset of 0.03 A for iron-ligand bond lengths and 0.3 degrees for iron-ligand bond
angles. In contrast, both the FePNP torsion and t values are somewhat underestimated, with a
predicted torsion angle that is 4 degrees lower than that in the crystal structure and an estimated t
value of 0.01. Frequency calculations of 1 produce a single carbonyl stretch with v(C-O) of 1951
cm, which is close to the experimental value of 1933 cm™ and reflects the normal error reported

for DFT/experimental comparisons in literature.
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Table 2.3. Select bond lengths [A] and angles [°] for penta-coordinate iron species 1 as predicted by DFT calculations
and comparison to crystal structure values. Calculations were performed with BP86/TZVP.

Structure source Fe-S1 Fe-S2 Fe-Pl  Fe-P2 P-Fe-P  S-FeS foerpsi'\c')ﬁ
Crystal structure of 1 | 2.161(13) | 2.189(14) | 2.203(15) | 2.2(13) | 72.66(5) | 20.035) | 6.74 | 0.26
DFT structure of 1 2.198 2.198 2206 | 2238 | 7302 | 9028 | 271 | 001
e 2255 2.286 2206 | 224 | 7293 | 838 | 626 | 07
DFT structure of 1 - (CO) | 2216 2226 2152 | 2164 | 7335 | 9106 | o001 | 019
DFT structure of 1 (MeCN) | 2272 2272 2183 | 2194 | 7317 | 8873 | 294 | 003

Calculations on the reduced Fe' species 1° (S = 1/2) show a relatively small change in bond
lengths compared to 1, with an increase of 0.06 and 0.08 A for Fe-S1 and Fe-S2, respectively, and
a decrease of only 0.02 A for Fe-P1. The P1-Fel-P2 bond angle has a similar change of
approximately 2 degrees. Far more substantial changes in FePNP torsion angle and t value are
predicted upon reduction, with a 4 degree increase in torsion angle and an increase of t from 0.01
to 0.7. This represents a substantial change in complex geometry upon reduction from an
essentially ideal square pyramidal structure to a more closely trigonal bipyramidal geometry.
Frequency calculations of 1" produce a single carbonyl stretch with v(C-O) of 1886 cm™,
substantially higher than the v(C-O) value of 1836 cm™ observed experimentally upon reduction
of 1. Loss of the v(C-O) signal for 1- after several minutes, as evidenced by IR spectroscopy,
prompted DFT investigations of the reduced structure after the loss of CO (1- - (CO), S = 1/2).
The AE for CO loss from the low-spin Fe' complex was calculated to be unfavorable by 45.6
kcal/mol, a substantial value for a process seen to be experimentally credible. While this value

supports the slow timeframe of CO loss after reduction observed by IR spectroscopy, it likely also
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suggests an alternative chemical transformation prior to CO loss to promote this reaction and avoid
such an energetically unfavorable pathway as direct loss from the reduced, five-coordinate

complex.

Cobalt Analogs

The cobalt compound analogous to 1 was prepared following the same synthetic procedure
as in the case of iron, but using a cobaltous sulfate reagent as the metal source. IR spectroscopic
analysis of this compound (crude product) shows a single v(C-O) band at 1988 cm™ (see
experimental section), suggesting the corresponding cobalt penta-coordinate compound had been
formed with an analogous ligand environment as in the case of 1. Mass spectrometry confirmed
the presence of a species with m/z of 627, corresponding to the cobalt dithiolate diphosphine
complex after the loss of the carbonyl ligand (as was seen by mass spectrometry analysis for the
iron analog). Single crystals of 10 suitable for diffraction were afforded with some difficulty, and
analysis confirmed the expected five-coordinate structure displaying a square pyramidal geometry

with an axial carbonyl ligand, completely analogous to the iron complex (Figure 2.10).

Figure 2.10. Crystal structure of [Co(S2CsH1)((CeHs)2PN(Pr)P(CsHs),)(CO)] (10) with ellipsoids shown at 50%
probability. Hydrogen atoms are omitted for clarity. Selected bond distances [A] and angles [degrees]: Col-P1
2.188(9), Co1-P22.187(8), Col-S1 2.194(9), Col-S2 2.202(8), P1-N1 1.695(2), P2-N1 1.708(2), P1---P2 2.576(10),
S1---S2 3.140, S1-Co1-S2 91.16(3), P1-Co1-P2 72.13(3), Co-P-N-P torsion 3.77
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Figure 2.11. Cyclic voltammogram of [Co(S2CeHa)((CsHs)2PN(PPr)P(CeHs)2)CO] (10) in acetonitrile solution with 0.1 M
(TBA)PFs supporting electrolyte. The working electrode was a glassy carbon disc, the reference was a non-aqueous Ag/AgNO3
(0.01M) electrode, and the auxiliary electrode was a platinum disc electrode. The redox couple with E12 = -1.32 V was seen to
vary in concentration for each batch of compound. Typically the feature was significantly lower in current response than the
redox couple with Ei2 = -1.57 V and was originally considered an impurity, for better visibility a batch with a larger signal at
E12 =-1.32 V is shown here.

Given the difficulty in obtaining pure product for 10, electrochemical analysis was
performed on the crude product. Cyclic voltammetry of this mixture showed a main redox feature
at -1.57 V vs. Fc%*, while a minor feature attributed to an impurity was evident with an Ei/, of
-1.32 V (Figure 2.11). Upon the addition of tributylammonium hexafluorophosphate (BusNH
PFs), an increasing cathodic current was observed at -1.63 V, corresponding to the E1» of the more
prominent redox feature in the CV of crude 10 (Figure 2.12). Increasing acid concentrations
showed a linear increase in catalytic current; however, multiple features were apparent upon close
analysis of the catalytic wave, suggesting the presence of multiple active species in the crude
product or the availability of multiple mechanistic pathways at more negative potentials. A
substantial cathodic shift of the Eca: was also evident with increasing acid concentration, indicating
the species or mechanistic pathway giving rise to the more anodic portion of the wave was being

altered with additional acid.
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Figure 2.12. Cyclic voltammetry of 10 (2 mM) at a scan rate of 100 mV/s with the addition of increasing equivalents
of (BusNH)BF4. Solutions contained 0.1 M (TBA)PFs as a supporting electrolyte and ferrocene was used as an
internal standard. The working electrode was a glassy carbon disc, the reference was a non-aqueous Ag/AgNOs
(0.01M) electrode. and the auxiliarv electrode was a platinum disc electrode.

In order to obtain further insight into the mechanism and fate of
[Co(S2CsHa4)((CsHs)2PN(Pr)P(CeHs)2)CO], the crude product of 10 was monitored by solution IR
spectroscopy upon addition of increasing equivalents of triethylammonium hexafluorophosphate
(EtsNH PFs, pKamecn = 18.5)° (Figure 2.13). The observed depletion of the v(C-O) band at 1993
cm™? at higher acid concentrations with no new signal in the carbonyl range confirmed the
decomposition of 10 during electrochemical analysis. These results indicate that the observed
catalytic current must in fact correspond to at least two active species in the crude product, and
that the shifting of the Eca is due to the decomposition and subsided activity of 10 at higher acid
concentrations. This hypothesis is also supported by the two redox signals typically observed in
the crude of 10 (Figure 2.11).

These results prompted us to investigate the second active species in the crude product,
which remains active at high acid concentrations, and which has a very high catalytic activity (TOF

> 1000 s) as estimated with equation 1. To determine the identity of this elusive species,
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Figure 2.13. Monitoring of v(C-O) for the crude product of [Co((CsHs)2PN(Pr)P(CeHs)2)(S2CsH4)(CO)] (10) in acetonitrile

(5 mM) with addition of triethylammonium hexafluorophosphate using IR spectroscopy. Under these conditions,

decomposition of the Co complex is observed.
extensive column chromatography using various stationary phases and techniques was utilized.
Chromatography was found to be generally inefficient for the complete isolation of the second
active species; however, electrochemical analysis of all column fractions in the presence of acid
allowed for the identification of fractions containing the highest activity levels per fraction mass.
In this way, the unknown active species could be concentrated, and subsequently analyzed by 3!P
NMR and UV-Visible spectroscopy. Surprisingly, the 3P NMR results clearly showed that the
major species present in these fractions did not contain the phosphine ligand. Reproduction of the
original synthesis in the absence of diphosphine and CO yielded deep blue cobalt dithiolate
compounds. Suspiciously, the UV-Visible spectrum of this compound matches those of the most
active column fractions of the crude product of 10. Electrochemical testing of these cobalt
dithiolate compounds under the same conditions as 10 showed a redox wave corresponding to the
unknown active species in Figure 2.11, and the same catalytic current response was observed at
high acid concentrations as was seen with the crude product of 10 (after the depletion of the penta-

coordinate cobalt complex).
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At that time, analogous reactivity and synthetic details were reported by McNamara and
coworkers regarding cobalt bis(dithiolate) H. production catalysts.)” Based on these
considerations, it is evident that the unknown active species in our preparations is the cobalt
bis(dithiolate) complex [Co(S2CsHa)2]". This evidence suggests that these Co(S2CsHa)2-type
species are consistent impurities in the crude product of 10 and similar preparations, and that these
species are responsible for the sustained catalytic activity observed at high acid concentrations. In
conclusion, pentacoordinate cobalt complexes of formula [Co(S2CsH4)((CesHs):PN('Pr)P(CsHs)2)CO]
displayed electrochemical responses indicative of hydrogen production catalysis, but instability in
acid and under turnover conditions and difficulty in purification discouraged further investigation.
Notably, the unstable nature of these complexes was contrasted by the incredible stability of the
unintended [Co(S2CsHa4)2]" byproduct, which remained capable of turnover after long-term air
exposure and extensive chromatography. In summary, through rigorous chromatography and
mechanistic studies detailed above, it was determined that the component of the crude product
responsible for the sustained current response at high acid concentrations was not the penta-
coordinate cobalt analog, but rather a cobalt bis(dithiolate) by-product similar to those reported

independently by McNamara et al.t’

2.2. Comparison to Analogous Pentacoordinate Iron Catalysts: Effect of Diphosphine Ligand
Structure on Overpotential and Catalytic Performance

In this chapter, a new series of five-coordinate Fe'-CO complexes that serve as H;
production catalysts with weak acids at very low overpotentials (relative to the thermodynamic
activation potential for acetic acid) is reported. Our penta-coordinate iron compounds all contain

a rigid Fe(S2CeH4)(PNP) ligand structure and show very similar v(C-O) frequencies, 3P NMR
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Scheme 2.2. Illustration of the delocalization of the nitrogen lone pair of the PNP ligand, leading to a planar FePNP ring.

resonances, and E1» values. These results generally suggest that modification of the secondary
ligand sphere of the PNP ligand has a limited effect on the geometrical structure and electron
density at the metal center in the resulting complexes.

The penta-coordinate iron compound 1 exhibits a distorted square-pyramidal geometry
with an Addison t value (defined as © = (B — a)/60)>* of 0.26. The Fe-P-N-P- ring is nearly perfectly
planar, confirming the rigid nature of the ligand moiety. This planar geometry around the nitrogen
atom is surprising and is indicative of a conjugated ring structure (see Scheme 2.2). In comparison,
the structures of  the related complexes by  Ott and coworkers,
[Fe(S2CeH4)((CeHs)2.PCH2N(dep)CH2P(CeHs)2)(CO)], and  Jones  and  coworkers,
[Fe(S2CeH4)((CeHs)2P(FeCp2)P(CsHs)2)(CO)], show very similar core structures, but non-planar
rings in the Fe-P-C-N-C-P and Fe-P-C-Fe-C-P units, respectively (Figure 2.2). As identical
dithiolate and CO ligands are used in all three types of compounds, the reduced activity and lower
overpotentials seen in the compounds reported here can be exclusively attributed to the structural
differences from the ‘PNP’ diphosphine ligand used here.?83%

Electrochemical analysis of compounds 1-9 shows that all penta-coordinate iron complexes
have chemically reversible Fe''/Fe' couples, with the exception of some irreversible behavior
(ipafipc < 1%0.1) observed for complexes 2 and 8 when cycling at higher scan rates (>100 mV/s).
This result indicates that there is a relatively slow geometric reorganization prior to reoxidation

for these complexes. Interestingly, DFT calculations on complex 1 indicate that the approximately
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square-planar Fe(Il) complex undergoes a rearrangement to a trigonal-bipyramidal structure upon
reduction. Hence, there might be a more hindered (hence slower) rearrangement from square-
pyramidal to trigonal-bipyramidal for 2 and 8 compared to the other catalysts investigated here,
which would explain the somewhat irreducible behavior of these complexes at higher scan rates.
Overpotential values, as determined by comparison to the potential for proton reduction from
acetic acid at a platinum electrode (under identical conditions), are observed to vary significantly
between different amine substitutions for complexes 1-9. The most notable differences are seen
with more electron donating (R = 'Pr, n = 0.21 — 0.28 V) aliphatic amine substituents and those
with more electron withdrawing substituents (R = p-BrCeHs, n = 0.09 — 0.16 V), showing a
definitive effect of the PNP ligand properties on the metal’s redox potential. However, comparison
among the complexes with more similar PNP amine substitutions does not show conclusive trends,
such as those for R = CeH4, p-BrCeHs, and p-FCeHa, with lower-estimate n values of 0.14, 0.09,
and 0.13 V, respectively. In comparison, the ‘PCNCP’-type complexes reported by Ott and
coworkers have overpotential values ranging from 0.17 to 0.25 V for proton reduction from acetic
acid (lower end estimates).3” Similarly, the ‘PCFeCP’-type complex prepared by Jones and
coworkers has a reported overpotential range of 0.17 - 0.2 V.28 The higher overpotentials seen in
the ‘PCNCP’- and ‘PCFeCP’-type complexes suggest that the more rigid, conjugated ‘PNP’-type
ligand structure used here is advantageous for lowering the overpotential for proton reduction, and
also allows for a stronger amine substituent effect of the phosphine ligand on the metal’s redox
potential.

Variation in electrocatalytic activity for proton reduction is also seen across our series of
compounds, spanning a range of roughly an order of magnitude in TOF with the lowest rate of

0.28 s for 8 and the highest TOF of 3.51 s* for 6. Direct comparison of similar substituents shows
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substantial differences, such as the nearly 300% increase in TOF from fluorophenyl (4) to
fluorobenzyl (5), in this example with only the addition of a methylene moiety before the phenyl
ring substituent. Similarly, comparing the complexes with the phenyl substituent (2) and the
butylphenyl substituent (6) at the PNP amine shows an increase of more than 200% in TOF (1.58
s for (2) and 3.51 s for (6)), which is again thought to be caused by the aliphatic butyl moiety.
While this effect could be due to the more electron-donating character of the aliphatic substituent
versus the aromatic substituent, the relatively low activity seen in the isopropyl derivative (1, 1.38
s'1) does not follow this trend. Alternatively, this might be better attributed to the steric flexibility
allowed by the alkyl groups and the geometric structures of the Fe'' complexes, as the reduction
from Fe'' to Fe' very likely causes a change in the geometry of the complexes towards trigonal-
bipyramidal (see DFT results above). In this regard, it is interesting to note that complex 1, which
is approximately square planar, shows one of the lowest TOF (and Kcat) values, whereas complex
5, which is already close to trigonal-bipyramidal in its Fe(Il) form, has one of the highest catalytic
activities. This indicates that the structural rearrangement of the complexes after reduction might
be a key factor that determines the electrocatalytic activities of our catalysts. For comparison,
‘PCFeCP’-type complex reported by Jones and coworkers,
[Fe(S2CeH4)((CeHs)2P(FeCp2)P(CsHs)2)(CO)], was not seen to reach activity saturation up to a
[AcOH] concentration of 1.6 M in THF, with an estimated TOF of 241 s!, determined by the same
method used here (equation 1; catalyst concentration 0.6 mM) at the peak catalytic potential of
approximately -1.8 V. Notably, this maximum TOF is nearly two orders of magnitude larger than
that of the most active of our compounds (3.51 s* for 6), which reach their maximum TOF at much

lower acid concentrations.?®
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Bimolecular catalytic rate constants were calculated for 1-9 based on cyclic voltammetry
data using equation 2 in an analogous manner to Ott and coworkers. These calculated values also
vary widely across the catalyst series by roughly two orders of magnitude, from 8 M s to 1375
M7 st Asexpected, the general trend in activity across the series of compounds reported here is
preserved in both TOF and rate constant estimates. Interestingly, at peak acid concentrations (0.1
M), a TOF of 137 s can be calculated for 6 (equation 1), which is over an order of magnitude
higher than the TOF calculated for 6 by equation 2 (3.51 s%). It is also of interest that the estimated
TOFs and the bimolecular rate constants do not correlate with the overpotential in these complexes.
The bimolecular rate constants estimated for the corresponding ‘PCNCP’-type complex
[Fe(S2CeH4)((CeHs)2PCH2N(dep)CH2P(CeHs)2)(CO)] by Ott and coworkers is nearly an order of
magnitude higher (1000 M s!) as compared to the average kea: value in our series (Table 2.1).%’
The exceptions to this trend are compounds 5 and 6, which both show exceptional Keat values (1243
and 1375 M s, respectively) compared to our other complexes. While these ket values exceed
those estimated by Ott and coworkers, comparison of the acid titration CV data shows that our
complexes reach activity saturation at much lower acid concentrations (below 0.1 M, with a
maximum i¢/ip of only about 5), whereas for Ott’s compound no activity saturation is observed up
to an [AcOH] concentration of 0.5 M (resulting in ic/ip of approximately 20, and TOF = 77 s from
equation 1). These results show that the bimolecular rate constants are not an accurate predictor

of maximum catalyst activity, since acid-independent steps in the mechanism can lead to activity

saturation for different catalysts at different acid concentrations, causing substantial differences in
maximum TOF values that can be accomplished. The most reasonable explanation for this
difference (supported by the DFT results) is that the flexibility afforded from the diphosphines

with larger rings may allow for necessary conformational changes to occur more rapidly upon
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turnover, leading to faster rates for Ott’s compounds. The geometric strain observed in the FePNP
system is extreme and likely leads to reduced rates and increased ligand lability. In addition, the
availability of pendant amines in Ott’s complexes that can serve as proton shuttles could contribute
to their faster rates. In this regard, DuBois and others have shown that pendant amines can facilitate
M-H/H* and M/H-H interactions during catalysis, leading to faster catalyst turnover.®>8%° On the
other hand, comparison of overpotentials shows a distinct advantage of the FePNP unit in our
complexes, causing a distinct drop in overpotential as discussed above. This is most pronounced
in compound 3 with an Ecs of -1.57 V vs. Fc%*, giving an overpotential of only 0.09 V versus
platinum. The substantial difference in catalyst stability under turnover, when considered along
with the stability of our original catalysts 1-9 in solution and in the presence of acid, indicates that
the reduced and/or protonated forms of 1-9 are significantly less stable than the corresponding
intermediates of Ott’s catalysts, which are reported to undergo insignificant decomposition over
the course of 30 turnovers in slightly over one hour.

Acid titration studies provide insight into the initial steps of catalysis. For all penta-
coordinate iron catalysts (1-9) reported here, protonation did not occur prior to reduction with
either acetic or toluenesulfonic acid, as evidenced by solution IR spectroscopy. These results are
in contrast to those of Ott and coworkers, who observed blue shifting of the C-O stretching
frequency upon addition of TsOH, indicative of ligand protonation as discussed above.®” This
difference, despite using the same dithiolate ligand as in Ott’s complexes, suggests that the PNP
ligand structure reported here is structurally unique, and that the amine is generally insufficiently
basic to protonate under these conditions (due to resonance stabilization of the amine’s lone pair;
see Scheme 2.2). This is further supported by the fact that the potential for electrocatalytic H:

production is identical to the Eu, the Fe''/Fe' potential in the absence of acid. The mechanism
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supported by these results therefore proceeds with an initial reduction, followed by protonation.
The resulting Fe'"'-hydride species could either disproportionate to release Ho, or could be further
reduced to a Fe'-hydride intermediate. The resulting Fe''-H species could subsequently add a

proton to yield H, and the original Fe'' complex as illustrated below:

+e
Fell. — > pel------- » Felll.H------ > Fe'l-H
2 equiv. x2
/ disproportionation
H,

Scheme 2.3. Proposed hydrogen production mechanism for pentacoordinate iron catalysts.

This mechanistic scenario is analogous to mechanistic proposals for proton reduction by
cobaloximes.?”®! In contrast, Ott’s complexes have more basic amine sites capable of protonating
with stronger acid (TsOH) and potentially accessing an alternative mechanistic pathway with
stronger acids. On the other hand, the mechanism proposed for the reaction of their catalysts with
the weaker acetic acid follows an identical pathway to that proposed here. Thus, the evidence
provided here supports the premise of a common mechanism for dihydrogen production by
Fe(PNP) type complexes with weak acids. The more rigid structure of our catalysts leads to very
small overpotentials (<100 mV for 3), and in this way, provides a guideline of how to improve
iron-containing proton reduction catalysts in this regard in the future.

In summary, this new series of penta-coordinate, air-stable iron(ll) catalysts all show
activity for proton reduction in non-aqueous homogeneous solution, with noticeable variation in

activity (TOF = 0.3 - 3.5 s’; determined by CV) and overpotentials (0.09 - 0.21 V vs. Pt under
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mildly acidic conditions) upon alteration of the second coordination sphere of the ligand
framework. The compounds show some of the lowest overpotentials for proton reduction with
mononuclear iron catalysts reported to date. However, this improvement comes at a price of a
reduced catalytic rate for the compounds and, unfortunately, a decrease in stability compared to
analogous monoiron complexes reported in the literature. The contrast observed here between
activity estimates by cyclic voltammetry data and electrolysis illustrates the limitation of activity
estimates that are derived under non-turnover conditions. Efforts to stabilize catalyst derivatives
via use of alternative dithiolate ligands are currently underway. In addition, studies are in progress
exploiting the highly functionalizable ligand framework in our catalysts for use in a variety of

applications, including surface probes and easily modifiable sensors.

2.3. Electrocatalytic Activity of Hydrogenase Model Catalysts Electrostatically Adsorbed to
Reduced Graphene Oxide Surfaces.

In order to test the functionalizable iron catalysts for applications on heterogeneous
surfaces, the derivatives functionalized with aromatic moieties attached at the amine positions,
specifically 5, 6 and 7, were adsorbed on reduced graphene oxide (RGO)-deposited fluorine doped
tin oxide (FTO) electrodes prepared as outline in the experimental section and described in detail
in Chapter 3. Analysis of these electrodes in acetonitrile solution in some cases showed a new
irreversible redox response with an Epc at approximately -1.7 V vs. Fc”*; however, typically only
responses consistent with background signal were observed, and under repeated scan conditions
any samples with signals at -1.7 VV were seen to decrease to background (Figure 2.14, left).
Analysis of the catalyst-adsorbed FTO/RGO electrodes for electrocatalytic behavior in acetonitrile

solution with the addition of acetic acid, unlike in the case of the homogeneous systems, showed

o1



30~ [Fe(S,CeH,)((CeHg)2PN(CH,(p-CH,F))P(C¢H,),)CO] (5) [Fe(S,CgH )((CH5)2PN(CH,(p-C¢H,F))P(CgH;),)CO]

adsorbed on FTO/RGO in 0.1 M TBAPF, MeCN solution ~ %07 (5) adsorbed on FTO/RGO in 0.1 M TBAPF, MeCN
1 1st scan solution + 10 mM acetic acid
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Figure 2.14. Cyclic voltammetry of [Fe(S2CsHa)((CsHs)2PN(CH2(p-CsH4F))P(CsHs)2)CQO] (5) adsorbed on a FTO/RGO
working electrode in 0.1 M TBAPF6 MeCN solution before (left) and after (right) the addition of acetic acid. Counter
electrode is a platinum disc and reference electrode is Ag/AgNO3 (0.01M).
no significant increase in cathodic current. Further acid addition effects only a minute change in
current which has been associated with background current at FTO/RGO (Figure 2.14, right).
Analysis of the current response in aqueous solutions with acetic acid also showed no increased
current response. Due to failure to perform as heterogeneous electrocatalysts under these
conditions, further assessment of catalyst binding and activity on FTO/RGO was not pursued.

In summary, the electrochemical data suggests that the iron catalysts with diphosphine
ligands modified to contain aromatic moieties may adsorb to FTO/RGO surfaces; however no
significant change above background current is observed with the addition of acetic acid in
acetonitrile or aqueous solutions. The results indicate that the catalysts either desorb in acidic
conditions or upon electrochemically cycling in acidic solutions, in either case suggesting the
catalysts do not have potential for use as heterogeneous hydrogen production catalysts with this
particular interface design. However, due to the highly customizable ligand framework and low

overpotentials for these complexes, further investigation of these -catalysts attached to
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semiconductors using an alternative interface is still of interest for study, and is explored in Section

4.2.

Experimental Section
General Procedures

Unless otherwise stated, all syntheses were performed under a dinitrogen atmosphere with
distilled and degassed solvents.
Materials.

Isopropylamine (99%), triethylamine (>99%), 1-amino-3-aminobutyne (95%), 1-
pyrenemethylamine hydrochloride (95%), 1-pyrenebutanol (99%), aniline (99%), 4-bromoaniline
(97%), 4-fluoroaniline (99%), 4-fluorobenzylamine (97%), 4-phenylbutylamine (97%), benzene-
1,2-dithiol (97%), and Fe(ll) sulfate heptahydrate (>99%) were all purchased from Sigma Aldrich
and used as received. Methylene chloride, acetonitrile and hexane were all purchased from Fisher
(ACS grade), distilled over calcium hydride, and degassed with a dinitrogen purge before use.
Methanol was purchased from Fisher (ACS grade), distilled over magnesium sulfate (Fisher), and
degassed with dinitrogen prior to use.

Physical Measurements

'H NMR spectra at 400 MHz, 3P NMR spectra at 170 and *°*F NMR spectra at 348 MHz
were obtained on a Varian MR400 spectrometer. All *H chemical shifts were measured relative to
residual protons in the lock solvents and are referenced to Me4Si (0.00 ppm). 3'P NMR chemical
shifts are referenced to the corresponding proton experiment conducted directly prior to the 3!P
measurement. 1°F chemical shifts were referenced to a CCIsF internal standard set to 0 ppm. All

mass spectra collected using electrospray ionization (ESI) techniques were recorded on a
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Micromass LCT Time-of-Flight Spectrometer. Solid state infrared (IR) spectra were recorded on
a Perkin Elmer Spectrum 100 FT-IR spectrometer by embedding the compounds in a KBr matrix.
Solution IR studies were conducted in acetonitrile (purified as described above) and measurements
were performed between NaCl plates. Elemental analyses were performed by Atlantic Microlab,
Inc, Norcross, GA.
Electrochemistry

Cyclic voltammetry (CV) was performed in a 3-electrode cell under an argon atmosphere
with a glassy carbon working electrode (A = 0.031 cm?), platinum counter electrode, and
Ag/AgNOs (0.01 M, MeCN) reference electrode. Acetonitrile used for electrochemical
measurements was purchased from Fisher (ACS grade), distilled over calcium hydride, and
degassed with a dinitrogen purge before use. Ferrocene (Fc, 99%) used as an internal standard was
purchased from Sigma and recrystallized from hexane. All potentials are reported vs. the Fc%*
redox couple. Bulk electrolysis studies were performed in a two-compartment cell separated by a
glass frit. The working and counter electrodes were carbon felt, and the reference electrode was
Ag/AgNOs (0.01 M, MeCN). Ferrocene was used in the counter electrode compartment as a
sacrificial reductant. Working electrodes for all experiments were polished with alumina and
diamond polish (1 uM), followed by electrochemical stripping in a 0.1 M (TBA)PFs acetonitrile
solution (500 scans, 1 V/s, 0 to -2 V vs. Fc?*).
Graphene Oxide Preparation

Graphene oxide for RGO depositions was prepared via Hummer’s method: %2
sodium nitrate (0.5 g) was added to 23 mL of sulfuric acid in a large beaker and stirred until
dissolved. Next, 1 g of graphite powder was added and stirred. After cooling in an ice bath,

potassium permanganate (3 g) was slowly added to the suspension, instigating gas formation. The
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ice-bath was then removed and the temperature of the suspension was brought up to room
temperature. The reaction beaker was then placed in an oil bath at 40°C and stirred for 1 hour. The
reaction was quenched with the slow addition of 40 mL DI water, causing a gas production of
brown vapors. After gas production ceased, the suspension was then further diluted with 40 mL of
10% H»0: solution to convert remaining manganese oxides to inert sulfates, causing a change of
the solution to a brown color. The solids were centrifuged and washed extensively with a mixture
of 5% H2S04 and 5% H20.. The remaining powders were then washed with DI water until neutral
pH was reached. The resulting graphene oxide powder was dried in a vacuum oven at 40 °C to
give 1.76 g of graphene oxide.
Reduced Graphene Oxide Depositions

0.5 g of graphene oxide (prepared as described above) was added to 30 mL of a 0.1 M
sodium carbonate/bicarbonate buffered solution (pH= 9.2) in Millipore water. The solution was
stirred extensively for a long time to allow for better graphene oxide sheet separation, becoming
more viscous over time. Before deposition, fluorine-doped tin oxide (FTO) coated glass was
cleaned by sonication in acetone, ethanol and water. The graphene oxide solution was degassed by
a purge with argon gas prior to deposition. For all depositions, the cleaned FTO-glass piece was
used as the working electrode in the graphene oxide solution, with a platinum auxiliary electrode
and Ag/AgCI reference electrode. In a typical deposition, a CV would be initiated at the open
circuit potential (~0 V) and scanned cathodically to -1.4 V, with two cathodic scans for all RGO
surfaces used for analysis here. After deposition the surfaces were extensively rinsed with
deionized water and briefly sonicated to remove any loose graphene (oxide) from the surface.

Overpotential Determination
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Overpotential was determined by the exact method used by Ott and coworkers,®” and is
given relative to the corresponding E™/; obtained on a freshly polished Pt electrode under exactly
the same conditions. The data reported in ref. 1 are directly relevant to the complexes reported
here since our electrochemical experiments utilized the same solvent and acids (in nearly identical
concentration ranges), as well as overall similar catalysts. Specifically, since all catalysts reported
here reach activity saturation within roughly 100 equivalents of acetic acid, using 1 mM catalyst
concentrations (i.e. acid concentrations do not exceed 0.2 M), the half-wave potential (Ecat)
observed for platinum at [AcOH] of 0.2 M by Ott and coworkers, -1.48 V vs. Fc”*, was used to
calibrate overpotentials for all catalysts reported here.

Gas Chromatography

Gas chromatography (GC) experiments in combination with bulk electrolysis studies for
the measurement of dihydrogen gas were performed with a SRI 8610C gas chromatograph
equipped with a thermal conductivity detector (TCD) and a flame ionization detector (FID), as
well as MS13X (6’) and Hayesep-D (6°) columns using dinitrogen (99.999% pure) as the
electrochemical cell carrier gas with a flow rate of 3 mL/min. For the bulk electrolysis experiments,
injections into the detector were made every ten minutes and dihydrogen evolution volumes were
quantified for these times. To calculate the amount of hydrogen produced between the 10 minutes
intervals, the rate of hydrogen produced per minute at the two intervals was averaged ((Rx min +
Rx+10 min))/2), and this average rate was used for an estimate of the produced H> volume over the
ten minute interval (Vinterval = Rx-(x+10) avg (V/min) * 10 min). Cumulative volumes were obtained by
taking the sum of the aforementioned volumes from each time span. Faradaic efficiency was
calculated as the molar sum of the evolved dihydrogen divided by half of the total electron charge

passed in the same time frame.

56



X-Ray Crystallography

All structural data was collected on a Rigaku AFC10K Saturn 944+ CCD-based X-ray
diffractometer equipped with a low temperature device and a Micromax-007HF Cu-target micro-
focus rotating anode ([ = 1.54187 A) operated at 1.2 kW power (40 kV, 30 mA). The X-ray
intensities were measured at 85(1) K with the detector placed at a distance of 42.00 mm from the
crystal. Analysis of the data showed negligible decay during data collection; the data were
processed with CrystalClear 2.0 and corrected for absorption. The structures were solved and
refined with the Bruker SHELXTL (version 2008/4) software package. Details about the structure
determinations are provided in the Supporting Information.
Computational Methods

All geometry optimizations and frequency calculations were performed with the Gaussian
09 program package®® with the BP86 functional and the TZVP basis set (as implemented in
Gaussian 09).
General Preparation of diphosphine amine ligands:

Our method is a modification of a similar diphosphine synthesis reported by Imhoff et. al:%*
Chlorodiphenylphopshine (1.08 mL, 2 mmol) was added dropwise to a stirring solution of the
selected primary amine (1 mmol) and triethylamine (1.4 mL, 10 mmol) in methylene chloride,
causing a fine white precipitate to form. The mixture was allowed to stir overnight, after which
time solvent was removed in vacuo. The solids were thoroughly washed with methanol (5x, 20
mL) and the filtered white product was dried by vacuum. The product was recrystallized from a
dichloromethane/hexane solution at room temperature.

(CeHs)zPN(iPI’)P(CeH5)2
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Recrystallization afforded the product as a white solid with a yield of 89%. *H-NMR (400 MHz,
CDCl3): 8w = 7.23-7.42 (m, 20H, (P(CsHs)2)2), 3.2 (m, 1H, 'Pr), 0.63 (d, 6H, 'Pr) ppm. 3P{*H}-

NMR (202 MHz, CDCls): &p = 40 ppm (broad).

(CeHs)2PN(CsHs)P(CeHs)2
Recrystallization afforded the product as a white solid with a yield of 85%. *H-NMR (400 MHz,

CD:Clo): 81 = 7.23-7.4 (m, 20H, (P(CsHs)2)2), 6.94 (m, 3H, NCeHs), 6.64 (d, 2H, NCsHs) ppm.

$1P{1H}-NMR (202 MHz, CD,Cl,): 8p = 68.5 ppm.

(CsHs)2PN(p-CsH4Br)P(CeHs):
Recrystallization afforded the product as a white solid with a yield of 80%. *H-NMR (500 MHz,

CD2Cly): 6x = 7.2-7.55 (m, 20H, (P(CeHs)2)2), 6.74 (d, 2H, NCeH4Br), 6.5 (d, 2H, NCeH4Br) ppm.

$1P{’H}-NMR (202 MHz, CD,Cl,): 8p = 69.2 ppm.

(CsHs)2PN(p-CeH4F)P(CeHs):

Recrystallization afforded the product as a white solid with a yield of 87%.*H-NMR (500 MHz,
CD:Cly): 81 = 7.26-7.53 (M, 20H, (P(CeHs)2)2), 6.58 (M, 2H, NCsH4F) 6.45 (m, 2H, NCeH4F) ppm.
3IpLIHI-NMR (202 MHz, CD2Cly): 8p = 70.3 ppm. 1°F-NMR (348 MHz, CD,Clo): 5r = -117.4
ppm.

(CeHs)2PN(CH2(p-CeH4F))P(CsHs):2

Recrystallization afforded the product as a white solid with a yield of 90%. *H-NMR (500 MHz,
CD:Cl): 84 = 7.51-7.91 (m, 20H, (P(CeHs)2)2), 6.6 (m, 2H, N(CH2)CeH4F), 6.4 (m, 2H,
N(CH2)CsHaF), 4.0 (m, 2H, N(CH2)CsH4F) ppm. 3P{!H}-NMR (202 MHz, CD,Cl,): & = 72.5

ppm. F- NMR (348 MHz, CD,Cly): &¢ = -112.4 ppm.
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(CeHs)2PN((CH2)4CsHs)P(CeHs):2

Recrystallization afforded the product as a colorless oil with a yield of 78%. 'H-NMR (500 MHz,
CD2Cly): 61 = 7.0-8.2 (m, 25H, (P(CsHs)2)2 and N((CH2)4CsHs), 2.98 (m, 2H, N((CH2)4CeHs), 2.6
(m, 2H, N((CH2)4CsHs), 1.54 (m, 2H, N((CH2)4CsHs), 1.13 (m, 2H, N((CH2)4CsHs) ppm. 3!P{*H}-

NMR (202 MHz, CDClz): ép = 42.9 ppm.

(CsHs)2PN((CH2)C14Hg)P(CeHs)2

Recrystallization afforded the product as a white solid with a yield of 86%. 'H NMR (400 MHz,
CD2Cly): 6n = 7.47-8.75 (m, 9H, N(CH2)C1sHy), 7.2-7.4 (m, 20H, (P(CeHs)2)2), 5.1 (m, 2H,

(N(CH2)C14Hg)) ppm. 3P{*H}-NMR (202 MHz, CD-Cl,): p = 58.9 ppm.

(CeHs)2PN(p-CeHsC=CH)P(CsHs)2

Recrystallization afforded the product as a beige solid with a yield of 60%. *H-NMR (500 MHz,
CD2Clz): on = 7.24-7.39 (m, 20H, (P(CeHs)2)2), 7.0 (d, 2H, (p-HC=CC¢Ha)), 6.5 (d, 2H, (p-
HC=CCgHa)), 3.1 (s, 1H, (p-HC=CCgHa)) ppm. 3P{*H}-NMR (202 MHz, CD,Cly): &p = 64.3
ppm.

(CeHs)2PN(3-butyne)P(CsHs)2

Recrystallization afforded the product as a white solid with a yield of 76%. *H NMR (400 MHz,
CD:Clp): &n = 7.2-7.39 (m, 20H, (P(CsHs)2)2), 1.93 (m, 2H, N((CH2).C=CH), 1.89 (s, 1H,
N((CH2)2C=CH), 1.51 (m, 2H, N((CH2)2C=CH) ppm. 3P{'H} NMR (170 MHz, CD.Cl,): & =

42.9 ppm.

General preparation of penta-coordinate iron and cobalt complexes:
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Metal compounds were prepared following a procedure initially reported by Takacs et al.
(see Scheme 1 above):>® In a large vial, 1,2-benzenedithiol (0.14 g, 1 mmol) and sodium methoxide
(0.11 g, 2 mmol) were dissolved in 10 mL of methanol. In a Schlenk flask the selected diphosphine
ligand (1 mmol) and ferrous sulfate heptahydrate (0.280 g, 1 mmol) were combined in methanol
(30 mL). The Schlenk flask was charged with 1 atm CO pressure, and the benzenedithiol solution
was added dropwise via addition funnel to the mixture while stirring. Addition of this solution
caused an immediate change in color from light yellow to reddish-brown. The mixture was allowed
to stir under CO pressure for 5 hours, after which time the solvent was removed in vacuo. The
resulting solid was washed with methylene chloride and filtered, the filtrate being collected and
reduced in vacuo to a dark red-black solid. Flash column chromatography of the crude product
over neutral silica gel in a 1:1 dichloromethane/hexane solvent mixture yielded complexes

determined to be pure by 3!P and *H NMR in most cases (exceptions are noted below).

[Fe(S2CsHa)((CeHs)2PN('Pr)P(CsHs)2)CO] (1)

Column chromatography of the product afforded a reddish-brown solid of 1 in 60% yield. Single
crystals suitable for X-ray diffraction were obtained by recrystallization in CH2Clz/hexane layered
solutions with slow evaporation at -32°C. EA calc (x0.75 CH2Cl,): C 58.35, H 4.55, N 1.95; found:
C 59.42, H 4.77, N 2.09. *H-NMR (400 MHz, CDCls): &y = 7.13-8.2 (m, 24H, (P(CsHs))2) and
S2CsHa), 3.47 (m, 1H, 'Pr), 0.62 (d, 6H, 'Pr) ppm. 3P{*H}-NMR (202 MHz, CDCls): & = 105.4
ppm; IR (KBr): vmax/cm™ 1932 v(C-0O). APSI mass spectrum (positive mode): m/z = 623.9 (M —

CO + H)".

[Fe(S2CeHa4)((CeHs)2PN(CsHs)P(CesHs)2)CO] (2)
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Column chromatography of the product afforded a reddish-brown solid of 2 in 65% yield.
Recrystallization of this product in CH2Clz/hexane layered solutions was required to remove
residual impurities and provide pure compound. EA calc: C 64.82, H 4.26, N 2.04; found: C 64.25,
H 5.05, N 1.93. 'H-NMR (400 MHz, CD,Cl): &1 = 7.05-8.16 (m, 24H, (P(CeHs)2)2) and S2CeHa),
7 (m, 2H, N(CeHs)), 6.6 (m, 2H, N(CsHs)) ppm. 3P{!H}-NMR (170 MHz, CD,Cl,): 8p = 112.7

ppm. IR (KBr): vmax/cm™ 1935 v(C-O).

[Fe(S2CeHa4)((CeHs)2PN(p-CsH4Br)P(CeHs)2)CO] (3)

Column chromatography of the product afforded a reddish-brown solid of 3 in 40% vyield.
Recrystallization of this product in CH2Clz/hexane layered solutions was required to remove
residual impurities and provide pure compound. *H-NMR (500 MHz, CD2Cl,): 8 = 7.15-8.18 (m,
24H, (P(CgHs)2)2) and S2CsHa), 7.1 (m, 2H, N(p-BrC¢Hs)), 6.4 (m, 2H, N(p-BrCsHs)) ppm.

S1p{1H}-NMR (202 MHz, CD.Cly): 8 = 113.5 ppm. IR (KBr): vma/cm™ 1934 v(C-O).

[Fe(S2CeHa4)((CeHs)2PN(p-CsH4F)P(CsHs)2)CO] (4)

Column chromatography of the product afforded a reddish-brown solid of 4 in 60% yield. EA calc:
C 63.17, H 4.01, N 1.99; found: C 62.19, H 4.22, N 1.95. 'H-NMR (500 MHz, CD,Cly): 8 =
7.1-8.2 (m, 24H, (P(CeHs)2)2) and S2CeHa), 6.74 (m, 2H, N(p-FCsHs)), 6.5 (m, 2H, N(p-FCsHs))
ppm. 3P{*H}-NMR (202 MHz, CD,Cly): 8p = 113.5 ppm. °F- NMR (348 MHz, CD,Cly): 8¢ = -

114.2 ppm. IR (KBr): vmax/cm™ 1935 v(C-O).

[Fe(S2CeH4)((CeHs)2PN(CH2(p-CeH4F))P(CsHs)2)CO] (5)
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Column chromatography of the product afforded a reddish-brown solid of 5 in 55% yield. Single
crystals suitable for X-ray diffraction were obtained by recrystallization in CH2Clz/hexane layered
solutions with slow evaporation at -32°C. EA calc: C 63.61, H 4.21, N 1.95; found: C 63.19, H
4.18, N 1.97. 'H-NMR (500 MHz, CD2Cl): 8n = 7.13-8.55 (m, 24H, (P(CsHs)2)2) and S2CesHa),
6.55 (M, 2, N(CH2)CsH4F), 6.45 (m, 2, N(CH2)CsH4F), 4.5 (m, 2, N(CH2)CeHa4F); 31P{*H}-NMR
(202 MHz, CDCl,): 8p = 111.4 ppm. °*F-NMR (348 MHz, CD:Cl,): 8¢ = -115.1 ppm. IR (KBr):

vmademt 1931 v(C-0),

[Fe(S2CeH4)((CeHs)2PN((CH2)4CsHs)P(CsHs)2)CO] (6)

Column chromatography of the product afforded a reddish-brown solid of 6 in 67% yield.'H-NMR
(500 MHz, CD:Cl2): 6n =7.1-8.1 (m, 27H, (P(CsHs)2)2), N((CH2)4CsHs) and S,CeHa), 6.88 (d, 2H,
N((CH2)sCsHs)), 2.94 (m, 2H, N((CH2)4CeHs)), 2.3 (d, 2H, N((CH2)sCsHs)), 2.15 (d, 2H,
N((CH2)4CsHs)), 1.19 (d, 2H, N((CH2)4CsHs)) ppm. 3P{*H}-NMR (202 MHz, CDCls): &p = 109.4

ppm. IR (KBr): vmax/cm™ 1932 v(C-0).

[Fe(S2CeHa4)((CeHs)2PN(CH2C14H10)P(CeHs)2)CO] (7)

Column chromatography of the product afforded a reddish-brown solid of 7 in 63% vyield. H-
NMR (400 MHz, CD,Cly): én = 6.8-8.2 (m, 33H, N(CH2)C14Ho), (P(CsHs)2)2) and S2CsHa), 5.3
(m, 2H, N(CH2)Ci4Hg) ppm. 3P{*H}-NMR (202 MHz, CD,Cly): & = 110.8 ppm. IR (KBr):

vmaxd/cm™ 1931 v(C-0).

[Fe(S2CeHa4)((CeHs)2PN(p-CeHsC=CH)P(CesHs)2)CO] (8)
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Column chromatography of the product afforded a reddish-brown solid of 8 in 66% vyield. *H-
NMR (500 MHz, CD2Cly): 6 = 7.0-8.2 (m, 24H, (P(CsHs)2)2) and S2CeH4), 6.9 (d, 2H, N(p-
HC=CCsHa), 6.4 (d, 2H, N(p-HC=CCgHa), 3.2 (d, 1H, N(p-HC=CCgsHa) ppm. **P{*H}-NMR (202

MHz, CDClo): 8 = 113.4 ppm. IR (KBr): vmad/cm't 1939 v(C-O).

[Fe(S2CeHa4)((CeHs)2PN((CH2)2C=CH)P(CsHs)2)CO] (9)

Column chromatography of the product afforded a reddish-brown solid of 9 in 45% yield. ‘H-
NMR (400 MHz, CDClz): oy = 7.12-8.1 (m, 24H, (P(Ce¢Hs)2)2) and S2CeHs), 1.93 (m, 2H,
N((CH2)2C=CH), 1.89 (s, 1H, N((CH2)2C=CH), 1.51 (m, 2H, N((CH2)2C=CH) ppm. 3!P{'H}-

NMR (202 MHz, CD2Cly): 8 = 109.2 ppm; IR (KBr): vima/cm™ 1927 v(C-O).

[Co(S2CsH4)((CeHs)2PN("Pr)P(CsHs)2)CO] (10)

A reddish-brown solid with high luster was collected with a crude yield of 70%. Single reddish-
brown crystals confirmed as pure product and suitable for X-ray diffraction were obtained by
recrystallization in CH.Cl./hexane layered solution with slow evaporation at room temperature.
31P{'H} NMR (202 MHz, CD,Cly): & = 80.9 ppm; IR (KBr): vmax/cm™ 1988 v(C-0). APSI mass

spectrum (positive mode): m/z = 627.0 (M — CO + H)".
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Figure 2.15. 'H NMR spectra of [Fe(S2CsH4)((CsHs)2PN(p-fluorobenzyl)P(CsHs),)CO] (5) in CD,Cl..
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Figure 2.16. 3P NMR spectra of [Fe(S2CeHa)((CeHs)2PN(p-fluorobenzyl)P(CsHs)2)CO] (5) in CD:Cla.
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Figure 2.17. 'F NMR spectra of [Fe(S2CeHa)((CeHs)2PN(p-fluorobenzyl)P(CsHs)2) CO] (5) in CD:Cla.
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Figure 2.18. IR spectra of [Fe(S2CsHa)((CsHs)2PN(p-fluorobenzyl)P(CsHs)2)CO] (5) embedded in KBr matrix.
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Chapter 3

Investigation of Graphitic Supports as Interfaces for Catalyst Heterogenization

Introduction

Devices capable of generating dihydrogen from a renewable energy source are crucial
for meeting the global dihydrogen consumption demand and for efforts to replace carbon-based
fuel technologies. Large-scale dihydrogen production from protons and electrons, whether
directly coupled to water oxidation photoanodes or to electolyzers powered by renewable
energy sources, must inevitably be facilitated by heterogeneous catalysts to allow for
application of the catalysts in large-scale flow reactors. To this end, electrocatalysts for
dihydrogen production must be designed to meet the demanding standards of these systems.
These electrocatalysts could either be built from catalytically active electrode materials, or
from molecular catalysts immobilized on the electrode surfaces. The latter approach has the
advantage that the molecular catalysts can be improved in a systematic manner and derivatized
to meet given application needs. However, a substantial challenge in this regard is to design
suitable interfaces that allow for the easy, yet stable and affordable, attachment of the catalysts
to the electrode surfaces. In this chapter, which is reproduced in part from a manuscript
published in Chemical Communications (Eady, S. C.; Peczonczyk, S. L.; Maldonado, S.;

Lehnert, N. Chem. Commun. 2014, 50, 8065.), we demonstrate that reduced graphene oxide
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films can serve as inexpensive, yet extremely versatile interfaces to adsorb dihydrogen
production catalysts to a variety of electrode materials such as semiconductor surfaces.

In addition to the interface, fast, efficient, and inexpensive electrocatalysts are
necessary to obtain platinum-free manifolds for dihydrogen production. Previous research in
the renewable energy field has ‘unearthed’ a number of abundant and inexpensive iron, nickel
and cobalt electrocatalysts for dihydrogen production.*® Solid state and molecular catalysts
alike have displayed impressive proton reduction activity, rivaling platinum in overpotential
(), turnover frequency (TOF), and turnover number (TON).38:394447 |n some cases these
systems have nearly matched or even exceeded platinum with regards to stability in poisoning
conditions or for dual catalysis applications, a milestone that should be held in high regard,
considering the decades of catalyst development spent towards platinum substitution, 38394849
Still, design of versatile and inexpensive heterogeneous catalyst manifolds remains a major
challenge for the development of cost-efficient dihydrogen production systems.

Cobalt bis(dithiolene) complexes, discovered nearly five decades ago, have historically
been researched for various applications spanning from their strong absorption features to
unique electronic structures.”184250-61 Recently, these complexes have been found to be active
for dihydrogen production in acidic organic solutions by McNamara and coworkers, with a
maximum TOF of 3,400 h™* and TON of 9,000 in 12 hours in solution.!”! These catalyst
systems have also been investigated as 2-dimensional polymer materials on graphitic supports,
as well as one-dimensional light-permeable materials on silicon surfaces for
photoelectrocatalysis.>>> Curiously, these heterogeneous catalyst manifolds designed from a
polymer material transferred to an electrode surface show substantially higher turnover

frequencies than the corresponding catalysts in homogeneous phase. Their reported activity
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even rivals the catalytic activities of nickel-bis(diphosphine) systems (albeit under different
conditions), which have become the gold standard for homogeneous and heterogeneous
dihydrogen production systems in a number of applications,10:38:39.4162

In this chapter, electrostatically adsorption of cobalt bis(dithiolene) catalysts to
graphitic supports is studied as potential heterogeneous electrocatalysts for incorporation into
photocathode systems. The core focus of these studies was to determine the effect of ligand
modification and graphitic support selection on the overall performance of the electrocatalytic
system for hydrogen production. The results of this analysis were then used to design
photocathode manifolds (described in Section 4.1), incorporating both the RGO interface

method and the cobalt bis(dithiolene) catalyst derivatives developed here.

3.1. Adsorption of Cobalt Bis(dithiolene) Hydrogen Production Catalysts on Graphitic
Supports: Initial Testing of Heterogeneous Catalyst Systems

In this study we report a facile means of designing a graphene-interfaced heterogeneous
catalyst system using widely available, inexpensive materials. The catalyst, RGO surfaces, and
method of combination reported here require minimal synthetic effort and time to prepare.
Resulting catalyst-adsorbed RGO surfaces indicate activity for H> formation at reasonable
overpotentials in weakly acidic aqueous media. Most enticingly, this system shows resilience

to O exposure and resistance to catalyst leeching.

s s
N~
I [ (C4Hg)uN (:ES/C"\SKD

Cl Cc
s\ /s i |
e S
oo IS ar
T3 -
N S S2—3
Cl Cl

Cl atoms omitted for clarity

I
000
0‘0‘0‘0
0‘

Chart 3.1. Co bis(dithiolene) compound (1) used for RGO adsorption, (left), schematic representation of w-stacking
interactions (right).
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Graphene oxide was prepared from flake graphite via Hummer’s method®®, and an
aqueous suspension was prepared in a weakly alkaline carbonate-buffered system. Reduced
graphene oxide (RGO)-coated substrates were accessible by cyclic voltammetry (CV) in the
graphene oxide suspension, using the substrate (here: metal oxide-coated glass) as the working
electrode (Figure 3.1). For ease of study, initial testing was performed on glass coated fluorine-
doped tin oxide (FTO) electrodes, which provide a very generous cathodic window (0.4 to -1.3
V vs. SCE) in aqueous solutions at a very low cost.® To afford the catalyst-adsorbed surfaces,
the RGO-coated FTO surfaces were soaked in a 5 mM solution of catalyst in acetonitrile for
12 hours. Keeping simplicity in design, the H> production catalyst selected for use here is a
simple cobalt bis(dithiolene) complex that is afforded in high yield from a one-pot reaction
with inexpensive materials (Chart 3.1).18

This compound has been shown by McNamara et al. to display impressive activity

(TOF = 1,400 h'!) and exemplary stability (TON = 6000) at low overpotentials for both electro-
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Figure 3.1. Left: Cyclic voltammogram showing RGO deposition on the FTO working electrode surface performed in a
0.1 M sodium carbonate/bicarbonate aqueous buffered solution (pH= 9.2) as described above. Right: Electrochemical
window of RGO-coated FTO in aqueous 0.1 M potassium hexafluorophosphate with potassium ferricyanide/ferrocyanide
(0.5 mM total) as the internal reference. Platinum was used as a counter electrode with a Ag/AgCl reference electrode. The
scan rate was 100 mV/s. Potentials reported are vs. the saturated calomel electrode (SCE).
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Figure 3.2. Left: Cyclic voltammetry of (TBA)[Co(S2CsCl2H>).] (1) adsorbed on a FTO/RGO working electrode at various scan
rates. The solution was 0.1 M aqueous potassium hexafluorophosphate, the counter electrode was a platinum wire, and the
reference electrode was Ag/AgCI (saturated KCI solution). An equimolar solution of potassium ferricyanide/ferrocyanide (0.5
mM total) was used as an internal reference. Potentials are reported vs. the saturated calomel electrode. Right: Linear fit of the
peak cathodic and anodic current vs. the scan rate.

and photocatalytic (using Ru-bpy) dihydrogen generation in homogeneous phase.8 It is notable
that no synthetic manipulation is required for RGO adsorption of this compound, which is ideal
for applications at scale, in comparison with other catalyst designs which often require custom
introduction of aromatic moieties for surface attachment (via involved synthetic pathways).*
CV analysis of catalyst-soaked FTO/RGO surfaces (after extensive rinsing and
sonication regiments) in aqueous solutions indicates that the compound is bound, showing
quasi-reversible redox couples at an average potential of -0.49 V. It is noteworthy that the redox
couple of 1 is roughly similar to that observed in solution (Figure 3.2).1® Importantly, upon
addition of trifluoroacetic acid (TFA, pKa=0.23), CVs of the FTO/RGO/1 system show a sharp
increase in current during cathodic scanning at -0.73 V, a behaviour indicative of electrocata-

Iytic reduction of protons from TFA (Figure 3.3, left). This activity is observed with an onset
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Figure 3.3. Left: Cyclic voltammetry of (TBA)[Co(S2CsCl2H2)2] (1) adsorbed on a FTO/RGO working electrode with addition

of TFA at a scan rate of 100 mV/s. The solution was 0.1 M aqueous potassium hexafluorophosphate, the counter electrode was a
platinum wire, and the reference electrode was Ag/AgCl (saturated KCI solution). An equimolar solution of potassium
ferricyanide/ferrocyanide (0.5 mM total) was used as an internal reference. Potentials are reported vs. the saturated calomel
electrode. Right: Linear fit of the peak catalytic current vs. increasing TFA concentrations, indicating an acid-diffusion controlled
process under these conditions.

overpotential of only 0.37 V as compared to the reduction of TFA at a platinum electrode under

the same conditions (see experimental section). Testing of the same FTO/RGO electrode in

identical conditions prior to catalyst adsorption showed minimal background current,

confirming this activity as being directly a result of the catalyst’s presence. The half-wave

potential (Eca= -0.85 V) and catalytic peak potential (Epc= -1.0 V) are both nearly identical to

those reported in homogeneous phase, suggesting the catalyst is unaltered upon adsorption to

RGO.*®

Analysis of activity with increasing TFA addition shows a linear correlation (Figure
3.3, right) with no activity saturation observed at the acid concentrations used. Replacing the
acidic solution after electrochemical analysis with a new electrolyte-only solution (pH ~ 7)

shows the same redox couple seen in the first solution. Addition of TFA to the second solution

shows the same activity as observed in the preceding run, and repetition of this process shows
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Figure 3.4. Left: overlay of cyclic voltammograms of (TBA)[Co(S2CsCl2H2)2] (1) adsorbed on a FTO/RGO working
electrode in different (consecutively applied) solutions at a scan rate of 100 mV/s. Right: Cyclic voltammetry of 1 adsorbed
on FTO/graphene with addition of TFA in renewed acidic solutions at a scan rate of 100 mV/s. Each solution was 0.1 M
aqueous potassium hexafluorophosphate and 1 mM TFA, with an equimolar solution of potassium ferricyanide/ferrocyanide
(0.5 mM total) used as an internal reference. The same electrodes were rinsed and reused for analysis of each solution, with
a platinum wire counter electrode and a Ag/AgCI (saturated KCI) reference electrode. The FTO/RGO working electrode was

rinsed thoroughly and sonicated briefly in water before analysis in each new solution. Potentials are reported vs. the saturated
calomel electrode.

no significant decrease of catalyst activity (Figure 3.4, right). These results indicate the
catalyst-adsorbed surfaces are O stable and resistant to leeching under the experimental
conditions (all manipulations done in air). XPS analysis of FTO/RGO/1 surfaces after
electrochemical testing confirms these findings (see experimental section). To assure these
responses are not specific to just TFA, electrochemical analyses of the catalyst-adsorbed RGO
surfaces with dilute hydrochloric acid solutions were also performed. These tests elicit identical
responses in electrocatalytic behaviour (Figure 3.5).

The proton reduction mechanism of 1 on the RGO surface appears to correspond to that
reported in solution by McNamara and coworkers. Upon addition of acid, no significant change
is seen in the reduction event at approximately -0.5 V (although it is difficult to tell with the
low intensity of the redox event), however a new wave appears at a potential roughly 0.25 V

more cathodic than the original wave (Figure 3.3). This is indicative of an initial reduction of
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Figure 3.5. Left: Cyclic voltammetry of (TBA)[Co(S.CsCl2H2)2] (1) adsorbed on a FTO/RGO working electrode with
addition of HCI at a scan rate of 100 mV/s. The solution was 0.1 M aqueous potassium hexafluorophosphate, the counter
electrode was a platinum wire, and the reference electrode was Ag/AgCI (saturated KCI solution). An equimolar solution of
potassium ferricyanide/ferrocyanide (0.5 mM total) was used as an internal reference. Potentials are reported vs. the saturated
calomel electrode. Right: Linear fit of the peak catalytic current vs. increasing TFA concentrations, indicating an acid-
diffusion controlled process under these conditions.

the cobalt anion to the dianion preceding rapid protonation of the dianion. This protonation

event allows for a subsequent reduction unobserved in the absence of acid. While the final

protonation event was not observed directly, these data suggest either an ECEC or ECCE type

mechanism. These results show that the activity profile for 1 on RGO closely mirrors that

reported for 1 in homogenous solution. These findings are indicative of the direct adsorption

of 1 on the RGO surface and indicate a mechanism analogous to the homogeneous catalyst.

The bare FTO, FTO/RGO, and FTO/RGO/1 surfaces were analysed by X-ray
photoelectron spectroscopy (XPS) as described in the experimental section. The high-
resolution C 1s XPS data of a bare FTO surface exhibit only features consistent with
adventitious carbon.®* After RGO deposition, signatures indicative of C-O (hydroxyl, epoxy)

groups at 286.7 eV and C=0 (carbonyl groups) at 288.4 eV are prominent. These signatures

are consistent with previous reports of reduced graphene oxide on surfaces.% After soaking the
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Figure 3.6. Left: Cyclic voltammetry of (TBA)[Co(S2CsCl2H2)2] (1) adsorbed on a HOPG working electrode at various scan
rates. The solution was 0.1 M aqueous potassium hexafluorophosphate, the counter electrode was a platinum wire, and the
reference electrode was Ag/AgCI (saturated KCI solution). An equimolar solution of potassium ferricyanide/ferrocyanide (0.5
mM total) was used as an internal reference. Potentials are reported vs. the saturated calomel electrode. Right: Linear fit of
the peak cathodic and anodic currents versus the scan rate.
FTO/RGO electrode in a catalyst solution, a peak at 287.7 eV emerges in the C 1s spectra,
corresponding to a C-S bonding energy which would be expected for 1. This is further
corroborated by the high-resolution Co 2p and S 2p spectra where features of Co and S are
clearly present after exposure to catalyst. A feature corresponding to the Co-S energy is present
in the Co 2p data; however it is difficult to distinguish above the background.
To confirm the facile heterogenization of compound 1 on a more controlled surface,
adsorption on a highly-ordered pyrolitic graphite electrode (HOPG, Pine Instrument Co.) was
also studied under the same conditions. For the purpose of these studies, the highly-ordered
nature of the graphite surface was intended to simulate a sheet of graphene in terms of
electrostatic interactions. Here, compound 1 is seen to exhibit a quasi-reversible redox couple
at approximately -0.76 V (Figure 3.6). Addition of TFA to graphite/1 shows catalytic current

at an onset potential that approximately coincides with the observed redox couple (Figure 3.7,

left). This current is absent at the same HOPG electrode prior to soaking in catalyst, and is
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Figure 3.7. Left: Cyclic voltammetry of (TBA)[Co(S.CsCl2H>)2] (1) adsorbed on a HOPG working electrode with addition of TFA
at a scan rate of 50 mV/s. The solution was 0.1 M aqueous potassium hexafluorophosphate, the counter electrode was a platinum
wire, and the reference electrode was Ag/AgCl (saturated KCI solution). An equimolar solution of potassium
ferricyanide/ferrocyanide (0.5 mM total) was used as an internal reference. Potentials are reported vs. the saturated calomel electrode.
Right: Linear fit of the peak catalytic current versus increasing TFA concentrations, indicating an acid-diffusion controlled process
under these conditions.

indicative of dihydrogen production from TFA, with a peak catalytic potential of -1 V and a

current half-maximum potential of -0.92 V. Increasing acid concentrations lead to a linear

increase in catalytic current, with no activity saturation observed at the acid concentrations

studied (Figure 3.7, right). Excitingly, analysis of 1 on graphite at higher TFA concentrations

(>20 mM) showed such high levels of dihydrogen production that peak catalytic currents were

perturbed by gas bubbles at the graphite electrode, still without reaching activity-limited

currents (see experimental section). As in the case of the FTO/RGO/1 system, rinsing the

HOPG electrode after acid titration CV studies and analysis in a fresh (pH ~ 7) aqueous solution

still shows a redox signal with a conserved E»> value from the first analysis (Figure 3.8, left).

Addition of equal amounts of TFA induce an increase in cathodic current approximately equal

to what is observed in the first solution (Figure 3.8, right), showing that 1 is not prone to

leeching for both RGO and HOPG supports under these conditions.
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The similarity between the catalytic onset potential of 1 and its redox couple in the
absence of acid on graphite suggests that reduction precedes protonation, possibly indicating
an ECEC- or ECCE-type mechanism. It is therefore interesting to note that the overall
mechanism is similar in the FTO/RGO/1 and graphite/1 systems, but that in the former case a
~0.2 V cathodic shift of the catalytic relative to the first redox wave is observed. This may
indicate an inherent difference in the compound adsorption/interaction with RGO compared to
graphite.

The turnover frequency (TOF) of the immobilized catalyst systems for dihydrogen
production can be estimated using direct comparison of cathodic peaks in the presence and
absence of acid (equation 1, experimental section). This method yields conservative estimates

of 1007 st and 701 s for the FTO/RGO/1 system in TFA and HCI, respectively at a 2 mM
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Figure 3.8. Cyclic voltammetry of (TBA)[Co(S2CsCl2H2).] (1) adsorbed on a HOPG working electrode with addition of TFA in
different (consecutively applied) solutions. Each solution was 0.1 M aqueous potassium hexafluorophosphate and 1 mM TFA, with
an equimolar solution of potassium ferricyanide/ferrocyanide (0.5 mM total) used as an internal reference. The same electrodes were
rinsed and reused for analysis of each solution, with a platinum wire counter electrode and a Ag/AgCl (saturated KCI) reference
electrode. The HOPG working electrode was rinsed thoroughly and sonicated briefly in water before analysis in each new solution.
Potentials are reported vs. the saturated calomel electrode.
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acid concentration. It is noteworthy that these rates dramatically exceed those reported for the
compound in homogeneous solution (1,400 ht). One problem for the FTO/RGO /1 system at
high acid concentrations is background acid reduction as well as tin oxide reduction at the
exposed FTO electrode surfaces (see acid controls, Figures 3.3 and 3.5). Hence, acid-saturation
conditions could not be reached. Using the same method to calculate TOF for graphite/1
systems gives a rate of 6,182 s at a 12 mM concentration of TFA. It is noteworthy that this
level of activity is comparable to that of the renowned nickel bis(diphosphine) catalysts
(although at a comparably higher overpotential), and is among the highest activities reported
for cobalt-based hydrogen production systems.® This rate was again determined in conditions
where the catalyst activity was not saturated, this time due to disturbance of the
voltammograms by H> production and background proton reduction by graphite at high acid
concentrations. Therefore, catalytic rates for heterogeneous systems of 1 were also analysed by
the ‘foot of the catalytic wave’ method (equations 2 & 3, experimental section). This method
provides bimolecular rate constants of 5.77 « 10’ M* s? and 3.35 « 10" M s for the
FTO/RGO/1 systems in HCI and TFA, respectively, and 3.68 - 10" M s for the graphite/1
system with TFA. While these estimates are exceptionally high (as expected since this method
is less reliable in instances of substrate diffusion-limited activity), in combination with the
results from equation 1 this demonstrates that heterogeneous systems of 1 immobilized on

graphitic surfaces have impressive dihydrogen production activities.
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Figure 3.9. Electrolysis of HOPG electrodes at a potential of -0.95 vs. SCE with 40 mM TFA before and after soaking in a 5mM
solution of (TBA)[Co(S2CsCl2H2),] (1) for 12 hours. Right: dihydrogen evolution as directly measured by gas chromatography.
Arrows on both plots indicate time points at which supplemental TFA was added (equal to initial aliquot). Electrolysis was
performed in a two-compartment cell (split into working/reference electrode and counter electrode) with a 0.3 M aqueous
potassium hexafluorophosphate solution in both compartments. Potassium ferrocyanide (0.3 M) was added as a sacrificial
reductant in the counter electrode chamber. The reference electrode was a Ag/AgCl (saturated KCI) electrode, and a platinum

Electrolysis studies of 1 adsorbed on graphite were performed to assess our
heterogeneous system under multiple turnover conditions, with dihydrogen production
monitored by gas chromatography (Figure 3.9, left). After 12 hours of a -0.95 V applied
potential in a 40 mM TFA solution, the graphite/1 system had produced over 250 pumol of
hydrogen and activity was still not seen to subside. The current observed correlated closely
with the evolved hydrogen (Figure 3.9, right) and a Faradaic efficiency close to 100% was
determined, indicating the exclusive use of injected electrons for proton reduction. An initial
rate constant of 2.88 « 10'® [molecules Hz] s for H, production was calculated for a graphite/1
electrode of 0.2 cm? surface area. Unfortunately, the attempt to calculate a molecular TOF was
prevented due to difficulty in accurately quantifying the amount of 1 on the graphite surface.
Future work to determine the molecular TOF and long-term electrolysis studies are underway.

In summary, our initial studies show that heterogeneous cobalt bis(dithiolene)

electrocatalysts are easily afforded without the need of time consuming and costly
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mesh was used as the counter electrode. Left: Charge accumulation from the electrolysis over time.
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functionalization of the ligand framework with large aromatic groups. These systems
display total catalysis in practically relevant pH ranges (pH>3), and no substantial
degradation or leeching is evident from either acidic conditions or O2 exposure in the
experiments conducted. With the wide range of substrates available for RGO deposition,
this technique ensures that heterogeneous dihydrogen-generation catalysis is viable on
a variety of materials, giving nearly limitless possibility for materials engineering.
Applications in semiconductor systems are of particular interest, and corresponding

studies are underway.

Experimental Section.
General Methods

Chemicals were of highest purity grade commercially available and used without
further purification (unless mentioned). Methanol (anhydrous, ACS grade) was purchased from
Fisher and distilled over calcium hydride, then degassed via extended nitrogen purges prior to
use. Acetonitrile (ACS grade), sodium methoxide, trifluoroacetic acid, hydrochloric acid,
potassium ferricyanide, and potassium ferrocyanide were purchased from Fisher. 3,6-dichloro-
1,2-benzenedithiol was purchased from Sigma. Graphite powder was purchased from MTI
Corp.
Synthesis

The preparation of the cobalt compound was performed by a method analogous to that
reported by McNamara and coworkers:*®

Tetrabutylammonium Co bis(3,6-dichlorophenyldithiolate) (1)
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In an inert atmosphere box under N. pressure (Innovative Technologies), a solution of 3,6-
dichloro-1,2-benzenedithiol (Cl2bdt) (0.436 g, 2.05 mmol) and sodium methoxide (0.116 g,
2.10 mmol) was added dropwise to a suspension of cobalt(ll) sulfate hexahydrate (0.281 g, 1
mmol) in 30 mL of dry methanol. The addition instigated a change in color to deep blue, and
the resulting solution was stirred for 2 hours. A solution of tetrabutylammonium bromide
(0.340 g, 1.05 mmol) in 5 mL methanol was added at this time, and the solution was stirred for
an additional 2 hours. The solvent volume was reduced by vacuum to <10 mL, giving a dark
blue precipitate which was filtered and dried. Recrystallization of the solid from
dichloromethane/ether yielded (TBA)[Co(S2CsH2Cl>)2] as a dark blue crystalline solid in 64%
yield (0.462 g). Spectroscopic data of the product (see Figure 3.15) match those available in
the literature.®
Graphene Oxide

Graphene oxide for graphene depositions was prepared as in previous studies outlined
in the experimental details for chapter 2.
X-ray Photoelectron Spectroscopy (XPS, Maldonado laboratory)

All X-ray photoelectron spectra were acquired with a PHI 5400 analyzer using an Al
Ko (1486.6 eV) source without a monochromator. Spectra were recorded without charge
neutralization at a base pressure of <2.5 - 10° Torr. A 6 mA emission current and 10 KV anode
HT were used. Survey scans were acquired at a pass energy of 117.40 eV. High-resolution XP
spectra of Sn 3d, C 1s, Co 2p and S 2p were recorded at a pass energy of 23.5 eV. The binding
energies of all spectra were corrected by using the difference between the observed C 1s peak
energy and the peak energy of adventitious carbon (284.6 eV).%° Spectra were fit with a Shirley

type background using CASAXPS version 2.313 software. C 1s spectra were fit with a singlet
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using 45% Gaussian and 65% Lorentizian line shapes. The full width at half maximum (fwhm)
was constrained between 0.6 and 2.0. Additional peaks using the same fitting parameters were
used to fit the C-O and C-S signals.
UV-Visible Spectroscopy

Electronic absorption spectra were collected at room temperature using an Analytic
Jena Specord-600 spectrometer with a WinASPECT (V2.2) interface.
Catalyst-Adsorbed Electrode Preparation

All catalyst-adsorbed electrode surfaces reported in this work were prepared by soaking
the RGO or graphite surface in a5 mM acetonitrile solution of 1 for 12 hours. After this period,
surfaces were extensively rinsed with fresh acetonitrile and subsequently sonicated in a fresh
acetonitrile solution for a minimum of 30 minutes to assure any loosely bound catalyst was
sufficiently removed prior to electrochemical and XPS analysis.
Electrochemical Measurements

All electrochemical measurements were conducted in 18.2 Millipore water. Cyclic
voltammetry and controlled potential coulometry were carried out using an Autolab
potentiostat with a CHI electrochemical interface. For RGO measurements, the working
electrode was a piece of fluorine-doped tin oxide-coated glass (purchased from Pilkington)
with thin layers of RGO electrodeposited on the surface by the method described above. For
graphite measurements, a highly-ordered edge plane graphite electrode (purchased from Pine
instruments) was used. Platinum wire (CH Instrument) was used as the counter electrode in all
experiments, and the reference was an aqueous Ag/AgCl electrode (CH Instruments, saturated
AgCl and KCI fill solution). All solutions were prepared with 0.1 M potassium

hexafluorophosphate supporting electrolyte as purchased from Fisher and subsequently
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recrystallized. Argon gas was used to deoxygenate all solutions for a minimum of 30 minutes
prior to data collection.

Reduced Graphene Oxide Depositions

RGO depositions were performed in an identical manner to the procedure outlined in the
experimental details for chapter 2.

Determination of Catalytic Turnover Frequencies

The proton reduction activity rates for the FTO/graphene- and graphite-adsorbed catalyst
systems were assessed both by methods reported by Bard and Faulkner (equation 1) and by

the ‘foot-of-the-wave’ method®®:
Bard and Faulkner Rate Estimate

For both FTO/graphene- and graphite-adsorbed systems acid concentrations used for analysis
were below the maximum activity levels (activity saturation), in the FTO/graphene system due
to the substantial tin oxide reduction seen at high acid concentrations, and in the graphite
system due to disruption of the voltammogram signals by H> production at high acid
concentrations as well as background acid reduction at graphite under these conditions. Rates
predicted by this method are thus expected to be an underestimate of the true TOF under acid

saturation.

(1) icat _ 2 [RTkops
ip 0446+ Fv

Here, icat and ip are the peak cathodic current in the presence and absence of acid (respectively),

v is the scan rate [V/s], F is Faraday’s constant, and kops iS the observed catalytic rate.
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For the FTO/graphene/l system, analysis in the presence of trifluoroacetic acid with a
concentration of 2 mM gives an icat/ip ratio of 72.11, and is predicted by equation 1 to have a
rate of 1,007 s™*. Analysis in the presence of hydrochloric acid with a concentration of 1.3 mM
gives an icatlip ratio of 60.16, and is predicted to have a rate of 701 s%. In the graphite/1 system,
activity with an acid concentration as high as 12 mM TFA can be observed without significant
voltammogram distortion, giving an icat/ip ratio of 252.68, and is predicted to have a rate of

6,182 s,

Activities obtained by this equation for the FTO/graphene/1 and graphite/1 systems in
subsequent (fresh) acid solutions can be assumed to be very similar to this based on the
consistent current responses observed with identical acid concentrations (Figures 3.4 & 3.8) ,

thus giving a consistent ica/ip ratio and predicted TOF.
Foot-of-the-Wave Rate Analysis

Voltammetry data of the catalyst-soaked surfaces in the presence of acid were plotted according
to methods reported by Saveant and coworkers®®, where E is the observed potential (reported
vs. SCE), E°(PQ) is the potential at the half-wave maximum for the catalytic wave, i is the
observed current, and i°(p) is the peak current of the cathodic wave for the catalyst-soaked
surfaces in the absence of acid. Plotting the ratio of (i/i°p)) following equation 2 afforded the
curves seen below in Figures 3.10-3.12, the base of which was fitted linearly. The slope of this

fit provides access to the bimolecular rate constant via equation 3.

1
1+ exp[%(E—E?,Q)]
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Here, M = slope, C%(a) is the substrate (acid) concentration [M], and v is the scan rate [V/s].
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Figure 3.10. Foot-of-the-wave analysis of (TBA)[Co(S2CsCl2H>)-] (1) on FTO/graphene in the presence of 1.3
mM HCI. For 1 adsorbed on FTO/graphene with 1.3 mM HCI, foot-of-the-wave analysis gives a slope of 439.52,
resulting in a rate constant of 5.77 * 10" M* s (from equation 3).
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Figure 3.11. Foot-of-the-wave analysis of (TBA)[Co(S2CsCl2H>)2] (1) on FTO/graphene in the presence of 2 mM
TFA. For 1 adsorbed on FTO/graphene with 2 mM TFA, foot-of-the-wave analysis gives a slope of 415.76,
resulting in a rate constant of 3.35 * 10" M s (from equation 3).
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Figure 3.12. Foot-of-the-wave analysis of. (TBA)[Co(S2CsCl2H2)2] (1) on graphite in the presence of 12 mM
TFA. For 1 adsorbed on graphite with 12 mM TFA, foot-of-the-wave analysis gives a slope of 1066.65, resulting
in a rate constant of 3.68 * 10" M* s? (from equation 3).
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Figure 3.13. (a) High-resolution C 1s XPS data collected at a pass energy of 23.3 eV of (bottom) bare FTO,
(middle) FTO/RGO, and (top) FTO/RGO surfaces after soaking ina 5 mM solution of 1 in acetonitrile for 12
hours. Co 2p (b) and S 2p (c) XPS data of (bottom) RGO-deposited FTO glass and (top) the RGO surfaces after
deposition of (TBA)[Co(S2CesCl2H2)2] (1) (using similar conditions).
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Figure 3.14. High-resolution (a) C 1s, (b) Co 2p and (c) S 2p XPS data of (TBA)[Co(S2CsCl2H2),] (1) adsorbed
on a FTO/RGO electrode after analysis by acid titration cyclic voltammetry study.
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Figure 3.15. UV-Visible spectrum of (TBA)[Co(S2CsCl2H2)-] (1) in dichloromethane solution.
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Figure 3.16. Left: Cyclic voltammetry of (TBA)[Co(S2CsCl2H>)-] (1) adsorbed on a FTO/graphene working electrode ina 1.1 mM HCI
solution with a 100 mV/s scan rate. Right: Open circuit potential over time of a platinum mesh working electrode in the same acid solution
under 1 atm H; atmosphere to indicate overpotential. The solution was 0.1 M aqueous potassium hexafluorophosphate, the counter
electrode was a platinum wire, and the reference electrode was Ag/AgCI (saturated KCI solution). An equimolar solution of potassium
ferricyanide/ferrocyanide (0.5 mM total) was used as an internal reference. Potentials are reported versus the saturated calomel electrode.
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Figure 3.17. Left: Cyclic voltammetry of (TBA)[Co(S2CsCl2H>),] (1) adsorbed on a HOPG working electrode in the presence of
high concentrations of TFA. The solution was 0.1 M aqueous potassium hexafluorophosphate, the counter electrode was a
platinum wire, and the reference electrode was Ag/AgCIl (saturated KCI solution). An equimolar solution of potassium
ferricyanide/ferrocyanide (0.5 mM total) was used as an internal reference. Potentials are reported versus the saturated calomel
electrode. Right: Image of the HOPG working electrode (center) showing formation of H, gas during cathodic scan.
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3.2. Electrocatalytic Analysis of Cobalt Bis(dithiolene) Derivatives: Effect of Ring Size
and Substitution on Catalyst Loading, Activity and Overpotential

Due to the outstanding activity observed for a cobalt bis(dithiolene) catalyst on
FTO/RGO and HOPG electrodes in our previous work®, investigation into the effect of ligand

modification on catalyst heterogenization is of great interest for optimization of these systems
Q<0 Q<0
[0 ci (2) i

ci ci B F F -
ci S, o cl F s, 8 F
“Co’ "ol
cl S’ \5 (] F 5/ \5 F
cl ® i F ) F

“Coy “col
R \SD\ RARA

(5) (6)
Chart 3.2. Cobalt bis(benzenedithiolene) derivatives

prior to application in photocathode manifolds. In particular, the effect of ligand ring size and
halide substitution as well as the electron withdrawing nature of the substituted halide on
catalyst loading, TOF and stability are important details for directed catalyst design. Herein,
we report a series of cobalt bis(benzenedithiolene) derivatives (Chart 1) adsorbed to graphitic
surfaces and investigations of their dihydrogen production activity in acidic aqueous solutions.
Due to the ease of preparation and the potential future applications of this system, initial studies
were conducted on reduced graphene oxide (RGO) electrodeposited on fluorine doped tin oxide
(FTO), which allow for the analysis of current response as a function of acid concentration.
These studies provide a fast means of screening different catalyst systems for RGO adsorption
and proton reduction activity. However, quantitative comparisons are more difficult due to the
fact that consistency in RGO coverage and topography are generally low. To complement these

tests, the catalysts were also adsorbed on highly-ordered pyrolytic graphite (HOPG) electrodes.
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HOPG electrodes provide a more consistent surface area and topography, therefore allowing
for a quantitative comparison between different catalyst derivatives in the surface-immobilized
state. The resulting series of heterogeneous electrocatalysts provides insight into the effect of
benzenedithiolate ligand substitution on surface adsorption and coverage, electrocatalytic
activity, and lifetime of the catalysts. Due to the large amount of data for analysis of all catalyst
derivatives on both FTO/RGO and HOPG electrodes, the data in this section has been limited

to discussion-relevant figures.

Results

Characterization

The cobalt bis(benzenedithiolene) complexes 1-6 (general formula: [Co''(bdt)2]) were
all synthesized using the same general procedure originally reported by Gray and coworkers®°,
combining a cobalt(ll) source with the dithiolate reagent in the presence of a base (sodium
methoxide) and a counterion source to give the anionic cobalt(I1l) species as the
tetrabutylammonium salt. The micro-crystalline products were then characterized by mass
spectrometry, elemental analysis, and UV-visible spectroscopy, in addition to the
crystallographic characterization for 6.

The complexes all have strong absorption features in the near UV (~400 nm) and from
~500-700 nm, with respective extinction coefficients as high as 20,000 and 14,000 M s? as
seen in the experimental section. The crystal structure of 6 (Figure 3.18) confirms the expected
square planar structure observed in other examples of cobalt bis(benzenedithiolene) complexes,
with a perfectly planar structure essentially giving the molecule the ‘thickness’ of the cobalt

diameter. The packing of the molecules in the crystal shows layers of the flat molecules with
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Figure 3.18. Crystal structure of TBA[Co(S2C10H7)2] (6) with ellipsoids shown at 50% probability. Hydrogen atoms
are omitted for clarity. Selected bond distances [A] and angles [degrees]: Co-S (all equivalent) 2.171(9), average S-
C 1.764(5), S-Co-S 91.68(4), Co---N 6.456.
completely eclipsed rings, separated by slightly offset cations, with a distance of 8.3 A between
the sandwiched cobalt bis(benzenedithiolene) molecules.
X-ray Photoelectron Spectroscopy

XPS analysis of FTO surfaces before and after RGO electrodeposition were reported in
our previous work,%® and reflect the change in carbon signal in the C 1s core spectrum from
only adventitious carbon on FTO to containing a variety of C-C and COy species upon RGO
deposition. After soaking the FTO/RGO in catalyst solutions, XPS data of 3 and 6 adsorbed to
FTO/RGO surfaces were collected at a pass energy of 20 eV to yield high resolution spectra.
However, the substantially lower loading of these adsorbed catalyst systems (~1071° molco/cm?)
compared to those in the polymeric systems (107 to 10 molco/cm?) made high resolution XPS
less effective, as signals were generally too low to distinguish energy differences provided at
the higher resolution, and often showed trace signal if any at all.>*® To better visualize the

features present in the spectra, data were collected at a pass energy of 160 eV. The data
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Figure 3.19. X-ray photoelectron spectroscopy (XPS) analysis of TBA[Co(S2CsCls).] (3) on a FTO/RGO electrode.
(a) background Co 2p core level XPS spectrum; (b) Co 2p core level XPS spectrum of catalyst-adsorbed bulk
graphite; (c) background CI 2p core level XPS spectrum of bare bulk graphite; (d) Cl 2p core level XPS spectrum of
catalyst-adsorbed bulk graphite; (e) background S 2p core level XPS spectrum of bare bulk graphite; (f) S 2p core
level XPS spectrum of catalyst-adsorbed bulk graphite. The nvelope is included as a solid black trace.
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generally show two new signals present in the Co 2p core spectrum, comprising two sets of Co
2p12 and 2psz2 signals (3.19b). These signals have been attributed to the [Co'"'(bdt)2] (778 and
794.1 eV) and [Co''(bdte)(bdt)]” (781 and 795 eV) resonance structures reported for cobalt
bis(benzenedithiolene) complexes.>! These results are consistent with those reported for both
linear and extended polymer systems of [Co(bdt)2]".%%° The S 2p core spectrum also shows a
new signal at 163 eV (Figure 3.19f), which is approximately at a 1.5 eV higher binding energy
compared to cobalt sulfide materials and consistent with XPS data of phenyl-thiols previously
reported in the literature.”®’* Analysis of 3 on FTO/RGO shows similar results for the Co 2p
and S 2p spectra, in addition to showing a new signal for Cl 2p at 201 eV (Figure 3.19d),

which is in agreement with previous literature reports for chloro-substituted ring systems.

Cyclic Voltammetry (CV) Characterization

Analysis of our cobalt bis(dithiolene) complexes on FTO/RGO surfaces by CV shows
redox features in the range of -0.22 to -0.42 V vs. SHE, as can be seen below in Table 3.1. The
features persist upon extended cycling, indicating the stability of the adsorbed species on the
electrode surface. The redox events generally appear quasi-reversible in nature, with a higher
cathodic current response than anodic (ipc/ipa Values generally below 0.9) and further decreasing
with increasing scan rate for most complexes as evidenced in Figure 3.20. Peak separation
varies widely between species, ranging from just over 0.12 V for 4 to nearly 0.25 V for 6. Most
of the complexes on the FTO/RGO surfaces have Epc and Epa values that shift slightly with
varying scan rate; however, both this phenomenon and the deviation in peak
separation from the expected reversible value (0.057 V) are also observed for the ferricyanide

internal standard (Figure 3.20, left), suggesting this is inherent to diffusion conditions in the
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Figure 3.20. Left: Cyclic voltammetry of (TBA)[Co(S2CsCls)2] (3) adsorbed on a FTO/RGO working electrode at various
scan rates. The solution contained 0.1 M aqueous potassium hexafluorophosphate. The counter electrode was a platinum
disc, and the reference was an Ag/AgCl (saturated KCI solution) electrode. An equimolar solution of potassium
ferricyanide/ferrocyanide (0.5 mM total) was used as an external standard. Potentials are reported versus the standard
hydrogen electrode. Right: Linear fit of the peak cathodic and anodic current versus the scan rate.

cell and electron transfer for the variable FTO/RGO electrodes, and therefore cannot be entirely
attributed to the adsorbed catalysts.

Cyclic voltammetry analysis of the complexes on the HOPG electrode shows redox
features ranging from -0.33 to -0.57 V, consistently giving more negative E1/> values compared
to the corresponding species on FTO/RGO surfaces. Peak anodic/cathodic current ratios are
close to 1 (x0.1) for complexes on HOPG, while a disproportionate increase of cathodic current
compared to anodic current with increasing scan rate is still evident for all complexes with the
exception of 4. As seen for complex 2 in Figure 3.21, anodic and cathodic peak separations
range from 0.2 to 0.4 V, which is generally consistent with the peak separation of the

ferricyanide internal standard at the HOPG surface.
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Table 3.1. Redox potentials (vs. SHE) and select catalytic properties of cobalt complexes.

Complex RGO,HOPG RGO.HOPG [cat]@opc  Mrco.Hopc  leat Ay ;

Ei) W) EXF m moles/em? V' p TOF (s1) TON (time)
Co(bdt), (1) -0.28, -0.57 -0.65, -0.71 - 0.55, 0.6 100.9 986 -
Co(dchdt), (2) -0.25, -0.52 -0.61, -0.67 1.85+10%° | 0.52,054 | 176.5 3,016 1.27 107 (8 hrs)
Co(tchdt), (3) | -0.25,-0.35 | -0.59,-0.52 | 3.76+10° | 05,044 | 4193 | 17,377 7 x 10°(8 hrs)
Co(tfbdt), (4) -0.22,-0.33 -0.57, -0.54 9.+10%0 0.48,051 | 1715 2,848 -
Co(tdt), (5) -0.28, -0.45 n/a 1.3+10° n/a n/a n/a n/a
Co(ndt); (6) -0.24,-0.46 | nfa,-059 | 9.85+10% | n/a, 0.36 | 125.7 1,530 2.5 x 10% (1 hour)

CDetermined by integration of cathodic current response in cyclic voltammograms of HOPG electrodes at 50
mV/s scan rate. Concentration densities are based on a HOPG electrode area of 0.2 cm?2,
TOverpotential determined by comparison of half-wave potential (Eca Or Ep2) with open circuit potential of

platinum in the same 1 mM TFA solution under 1 atm H, atmosphere (Figure 3.35)

‘Based on it observed at pH 1.5 (or at activity saturation pH if lower) with HOPG electrode
¥Determined by use of equation 1 with ica/i, determined at a scan rate of 50 mV/s at 298°K at pH 1.5

Quantification of complex loading was performed via integration of the cathodic

current response at 50 mV/s in pH 7 0.1 M KPFs solution by directly attributing all passed

charge to the 1 electron reduction of the Co'" species. This method gives a range of catalyst

concentrations from 1.8 - 10"° mol/cm? for 2 to 1.3 - 10°° for 5. Unfortunately, quantification
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Figure 3.21. Left: Cyclic voltammetry of (TBA)[Co(S2CsCl2H>)2] (2) adsorbed on a HOPG working electrode at various scan

rates. The solution contained 0.1 M aqueous potassium hexafluorophosphate. The counter electrode was a platinum disc, and
the reference was an Ag/AgCl (saturated KCI solution) electrode. An equimolar solution of potassium ferricyanide/ferrocyanide
(0.5 mM total) was used as an external standard. Potentials are reported versus the standard hydrogen electrode. Right: Linear

fit of the peak cathodic and anodic current versus the scan rate.
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Figure 3.22. Cyclic voltammetry of (TBA)[Co(S2CsCl2H2)2] (1) (left) and (TBA)[Co(S2C10Hs)2] (6) (right) adsorbed
on a HOPG working electrode in an aqueous 0.1 M KPFs solution at varying scan rates. Platinum counter and
Ag/AgCI reference electrodes were used, and potentials are reported vs. the standard hydrogen electrode.

of 1 was not possible, as the catalyst’s cathodic peak was not discernable above the non-
Faradaic current response. However, an upper limit can be estimated based on the measured
value for 2, which is substantially larger than that for 1 (Figures 3.21, left vs. 3.22, left,
respectively). While quantitatively crude, these estimates taken on the same HOPG electrode
allow for precise internal comparisons between catalyst derivatives, and thus can inform on the
effect of the ligand system on catalyst adsorption. Particularly interesting are the effects of
increasing halide substitution of the benzenedithiolate ligand. Our data in Table 3.1 show a
clear increase from 1 to 2 and then again to 3. The tetrafluoro-substituted complex 4 is observed
to effect more than twice the loading of the tetrachloro-substituted species. Comparison of
benzene and naphthalene ring systems for complex 1 and 6 show a substantial increase in
catalyst loading. While this exact difference cannot be quantified, using the loading for 2 as an
upper limit for that of 1 suggests more than a 5-fold increase with the larger ring system (Figure
3.22). Based on these results, compound 5 with a toluenedithiolate ligand is the best catalyst

for adsorption on graphitic surfaces, resulting in the best surface coverage.

100



Current (pA)

800 4

—— Compound only, zoomed

20 E,, =-0.56
so]  Zao +2mM TFA  (pH 2.7)
1 = +1.6 mM TFA (pH 2.8)
gﬂl +1.2 mM TFA (pH 2.92)
5 {1 +0.8 mM TFA (pH 3.1)
Q0 =~
400+ E.=~025 +0.4 mM TFA (pH 3.4)

0.0 02 04
Potential vs. SHE (V) (TBA)[Co(S,CgClq) ]
on reduced graphene oxide
200 4
0 — SE——
T T L} L} Ll
2000] 02 -0.4 0.6 -0.8 1.0
1000 Bare RGO/FTO Control (2 mW
0
-0.2 -0.4 -0.6 -0.8 -1.0

Potential vs. SHE (V)

1200 -

1000. Linear it of / vs. [TFA]

Current (pA)
(1] (=]
[=] (=]
. °

E-3

(=

(=]
1

200 -

0 +————

1:5 . 2?0 ' 2:5 . 3?0 . 3?5
[TFA] (mM)

00 05 1.0

Figure 3.23. Left: Cyclic voltammetry of (TBA)[Co(S2CsCls)2] (3) adsorbed on a FTO/RGO working electrode with
addition of TFA at a scan rate of 50 mV/s. The control surface (using an FTO/RGO electrode without adsorbed
catalyst) under the same conditions is displayed on the bottom of the graph, and the inset provides a zoomed view
of the CV of the Co catalyst functionalized surface in the absence of acid. The solution contained 0.1 M aqueous
potassium hexafluorophosphate. The counter electrode was a platinum disc, and the reference was an Ag/AgCl
(saturated KCI solution) electrode. Potentials are reported vs. the standard hydrogen electrode. Right: Linear fit of
the peak catalytic current versus increasing TFA concentrations, indicating an acid-diffusion controlled process

under these conditions.

Electrocatalytic Studies

For all complexes adsorbed on FTO/RGO electrodes, addition of trifluoroacetic acid

to the agueous solutions resulted in an increase in the cathodic current coinciding with

disappearance of the anodic wave, indicative of proton reduction at the electrode surface (e.g.,

Figure 3.23). The complexes consistently required a pH lower than 4 to show an increase in

current response (the exact pH at which the current increases varies between 3 and 4 depending

on the applied complex). The current response increased linearly with further addition of acid

except in the cases of 5 and 6, which stopped increasing and subsequently decreased to

background current upon further acid addition (Figure 3.24). In some of the repeated trials,

even the initial current increase was absent for 5 and 6 upon acid addition, and the original

redox feature was no longer observed, suggesting catalyst desorption or decomposition. For

complexes 1-4, activity saturation was not observed up to a TFA concentration of 2 mM (pH
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Figure 3.24. Cyclic voltammetry of (TBA)[Co(S2C7Hs)2] (5) (Left) and (TBA)[Co(S2Ci0Hs)2] (6) (right) adsorbed FTO/RGO
working electrodes with addition of TFA at a scan rate of 50 mV/s. The control surface (using an FTO/RGO electrode without
adsorbed catalyst) under the same conditions is displayed on the bottom of the graph. Return (anodic) scans are omitted for clarity
in some plots. The solution contained 0.1 M aqueous potassium hexafluorophosphate. The counter electrode was a platinum disc,
and the reference was an Ag/AgCI (saturated KCI solution) electrode. Potentials are reported vs. the standard hydrogen electrode.
The electrode exhibit some increase in cathodic current with initial acid addition, but subsequent additions are only seen to
produce background current.

2.7), below which pH the FTO surface is not cathodically durable for testing. Ecat values at this
pH ranged from -0.57 to -0.65, with compounds 4 and 1 observed to have the most positive
and negative potentials, respectively. In our previous work, overpotential was measured as the
difference between the onset potential of the catalytic wave in a1 mM (pH 3) aqueous solution
and the open circuit potential of a platinum working electrode in the same solution under 1 atm
H2 pressure. However, recent literature has reviewed the Eca (Or Ep2) to be a more systematic
and accurate measure of the a catalyst’s performance, therefore in this work the Ecat Value in
the same pH 3 aqueous solution is used in place of the catalytic wave onset potential (see
experimental section). This method has provided an overpotential range of 0.5 to 0.63 V vs.
platinum for the series on FTO/RGO electrodes. All Eca values were at least 0.2 V more
negative than the Ey» value observed in the absence of acid for all complexes adsorbed on

FTO/RGO electrodes.
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Trifluoroacetic acid titration CV studies for HOPG-adsorbed complexes in aqueous
solutions yield similar results to that of the FTO/RGO electrodes, in all cases eliciting an
increasing cathodic current response. Increase in current response is linear with acid
concentration for all complexes with the exception of 5, which undergoes a change in response
similar to this compound on FTO/RGO. The resulting current response for 5 at higher acid
concentrations is close to HOPG background in potential and intensity, suggesting desorption
or decomposition of the complex. Interestingly, complex 6 exhibits catalytic behavior
consistent with complexes 1-4, which conflicts with the inactivity observed for the complex on
FTO/RGO electrodes.

For complexes 2-4 and 6, activity saturation is not observed even at and below pH
values of 1.5, whereas 1 reaches an activity plateau at approximately 8 mM TFA (pH 2.1).

Catalytic rate estimates from cyclic voltammetry data were determined using the ratio of peak
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Figure 3.25 Cyclic voltammetry of 1 (left) and 3 (right) adsorbed on a HOPG working electrode in an aqueous 0.1 M KPFg
solution with the addition of trifluoroacetic acid at a scan rate of 50 mV/s. The current response of the bare HOPG electrode in
TFA solution is displayed in the lower plots, and the inset provides a zoomed view of the catalyst-adorbed electrode in the
absence of acid. Platinum counter and Ag/AgCI reference electrodes were used, and potentials are reported vs. the standard
hydrogen electrode.

103



cathodic current in the presence and absence of acid (icat/ Ip) In equation 1, with the icat value

at pH 1.5 used as a lower limit for activity for 2-4 and 6.

(1) icat _ _ 2 [RTkops
ip 0446+ Fv

This method provides a range of TOF estimates from 1,006 s™* for 1 to a mighty 17,377 s for
3 (see Table 3.1), demonstrating that a vast difference in activity is achievable by slight
changes in ligand substitution (Figure 3.25). Based on these estimates, the most active

complexes for surface attachment are those with maximum halide substitution on in the ligand

system.
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Figure 3.26. Left: Cyclic voltammetry of (TBA)[Co(S2C1oHs)-] (6) adsorbed on a HOPG working electrode with addition of
TFA at a scan rate of 50 mV/s. The control surface (using the same electrode before catalyst soaking) under the same conditions
is displayed on the bottom of the graph, and the inset provides a zoomed view of the CV of the Co catalyst functionalized surface
in the absence of acid. The solution contained 0.1 M aqueous potassium hexafluorophosphate. The counter electrode was a
platinum disc, and the reference was an Ag/AgCl (saturated KCI solution) electrode. Potentials are reported vs. the standard
hydrogen electrode. Right: Linear fit of the peak catalytic current versus increasing TFA concentrations, indicating an acid-
diffusion controlled process under these conditions.
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However, while the number of halide groups shows a clear increase in TOF from 1 to
2 and 3 with TOF estimates of 986, 3,016, and 17,377 s, respectively, an increased electron
withdrawing nature of the halide substituent does not increase activity as seen for comparison
of 3 (17,377 s1) and 4 (2,848 s1). The size of the ligand ring system was also seen to effect an
increase in TOF from 986 s for 1 to 1530 s for 6, however this increase is comparatively
small, and thus the overall increase in current density observed in cyclic voltammetry
experiments (see Figures 3.25, left vs. 3.26, left) is largely due to the drastic increase in catalyst
loading from 1 to 6. Alternative second order rate estimates of 3.23 * 108 M s for 3 and 1.22
* 101 M? st for 6 were afforded by use of the foot of the wave analysis method (see
experimental section).®® While substantially higher than the estimates provided by equation 1,
these rate constants compare fairly well with previous estimates provided for 2 on FTO/RGO
and HOPG electrodes.?® A comparison of the active catalyst derivatives on the same HOPG

electrode under the same conditions (pH 2.4 TFA solution) is shown in Figure 3.27.
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Figure 3.27. Cyclic voltammograms of active cobalt bis(dithiolene) catalyst derivatives adsorbed
on the same HOPG working electrode in an aqueous 0.1 M KPFg solution with 4 mM TFA (pH 2.4).
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Ecat values at pH 1.5 (or 2.1 in the case of 1) range from -0.52 to -0.71, with the most
negative and positive potential values obtained for compounds 1 and 3, respectively. The
overpotential range calculated for the series on HOPG was 0.36 to 0.6 V vs. platinum, with
generally good agreement (within 50 mV) with the overpotential values on FTO/RGO (Table
3.1). The compounds exhibiting the lowest overpotentials were those with a high level of halide
substitution as in the case of 3 (1 = 0.44 V) and especially those with a larger ligand ring system
as in the case of 6 (n1=10.36 V). On average, Ecat vValues are approximately 0.15 V more negative
than their corresponding E12 value. As in the case of the FTO/RGO electrodes, onset potentials
occurred after the Eup, indicating reduction proceeds prior to protonation in the initial
mechanism.

In summary, trends in Ecat are consistent across the complex series for both FTO/RGO
and HOPG surfaces. Most significantly, a decreasing overpotential is observed with increasing
halide substitution on the ligand ring. A shift from an Eca value of -0.65 V to -0.61 and -0.59
is observed from 1 to 2 and then 3 respectively on FTO/RGO electrodes, corresponding to 0, 2
and 4 chloro-substitutions on each ligand. Similarly, on HOPG, a shift from -0.71 to -0.61 and
then -0.59 is observed from 1-3. Neither surface shows a significant difference in Ecat between
the tetrachloro- and tetrafluoro- substituted ligand systems (3 and 4 respectively), with a 20
mV lower overpotential for 4 on FTO/RGO, and the exact opposite observed on HOPG.
Extension of the ligand ring system from benzene to naphthalene induced a shift in Ecat from
-0.71 to -0.59 V, which is notably similar to the shift observed with halide substitution on the

ring from 1 to 3 or 4.
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Controlled potential electrolysis (-0.5 V vs. SHE) of
HOPG in an aqueous pH 0.3 sulfuric acid solution
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Figure 3.28. Controlled Potential Electrolysis at -0.5 V vs. SHE of several cobalt bis(dithiolene) catalyst derivatives
adsorbed to the same HOPG electrode in an aqueous 0.1 M KPFg solution with 0.5 M H3SO4 (pH 0.3). A two-
compartment cell is used with platinum counter and Ag/AgCI reference electrodes. The arrow indicates when the
pH was adjusted back to 0.3. The inset provides a zoomed view to observe the limited stability of 6.

Long-Term Bulk Electrolysis

Controlled potential electrolysis (CPE) studies were performed on a HOPG electrode
after adsorbing the catalyst in the same manner used for cyclic voltammetry studies. For this
purpose, the most active compounds from the CV studies described above were selected. These
correspond to complexes 2, 3 and 6, representing the highest activity and highest catalyst
loading on the graphitic surfaces (Figure 3.28). Under an applied potential of -0.5V ina 0.5
M (pH 0.3) sulfuric acid solution, complex 3 drew an initial current density of approximately
65 mA/cm?, where the background is notably only 1 mA/cm?. Current density diminishes over
the course of many hours, reaching a plateau current of approximately 7 mA/cm? (~11%
original) after approximately 8 hours. This current density is maintained for the duration of the
experiment spanning over 14 hours, never returning to the background current level observed

for bare HOPG (Figure 3.29). In addition, in-situ cyclic voltammetry of the electrode directly
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Figure 3.29. Left: Controlled Potential Electrolysis at -0.5 V vs. SHE of (TBA)[Co(S2CsCl4).] (3) adsorbed to a HOPG
electrode in an aqueous 0.1 M KPFs solution with 0.5 M H,SO4 (pH 0.3). A two-compartment cell is used with platinum
counter and Ag/AgCI reference electrodes. The arrow indicates when the pH was adjusted back to 0.3. Right: Cyclic
voltammograms of the electrolysis setup in situ before (red trace) and after (blue trace) the CPE experiment. A separate bare
HOPG working electrode was tested in the solution after electrolysis (black trace) to confirm residual catalytic current was
present after electrolysis. The abnormal shapes of the cathodic waves are both due to the diffusion conditions (stirring) in the
cell and due to the hydrogen bubbles generated at the working electrode.

after electrolysis, while showing substantially less current than before electrolysis, still exhibits

notably more current drawn than a bare HOPG electrode (Figure 3.29).

Over the first 8 hours of turnover for 3, a total of 96 C is passed by the catalyst-adsorbed
HOPG electrode, while the same electrode without catalyst only passes 5 C in this time. To
provide a TON for comparison, the initial active species is considered inactive after the plateau
current is reached (~8 hours). This corresponds to 9.95 x 10 moles of electrons passed and
approximately 5 x 10 moles of hydrogen formed based on a quantitative Faradaic efficiency
previously reported for the HOPG/cobalt bis(dithiolene) systems.®® From this value and an
HOPG catalyst concentration of 7.14 x 10"** moles determined by CV quantification for 3, we
can calculate a TON of 7 x 10° over the 8-hour period, as well as an average TOF of 243 s,
In contrast, the initial rate of the system is significantly higher, producing 18 C (9.3 x 10°

moles Hy) over the first 30 minutes to give a rate of 723 s%.
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Figure 3.30. Left: Cyclic voltammogram of (TBA)[Co(S2CeCls)-] (3) adsorbed to a HOPG electrode (red trace) after
CPE experiment in a new (pH 7) aqueous 0.1 M KPFg solution. A separate (bare) HOPG electrode tested in the same
solution (black trace) is provided for comparison. Right: Cyclic voltammogram of (TBA)[Co(S2CsCl.)-] (3) adsorbed
to a HOPG electrode (red trace) after CPE experiment in a new solution with sulfuric acid added to pH 1.5, showing
residual catalytic activity in the new solution. A separate (bare) HOPG electrode tested in the same solution (black
trace) is provided for comparison.

Further analysis of the HOPG/3 system after CPE was conducted to assure the residual
activity was not related to an uncontrolled cell variable or inaccuracy in pH measurement. A
separate HOPG electrode (never exposed to catalyst) was tested in the same solution and
confirmed a definite difference in activity (Figure 3.29) by CV. Further analysis of the
HOPG/3 system after electrolysis in a fresh, pH neutral electrolyte solution shows a residual
redox signal, albeit at a more negative potential (E12 = -0.55 vs. -0.35 V initially) and with a
much larger peak separation, indicative of a new species or altered electronic environment of
the remaining surface-bound catalyst. Upon addition of sulfuric acid to a pH of 1.5, comparison
of the HOPG/3 system with the control HOPG electrode by cyclic voltammetry again showed
substantially higher current levels, with an onset potential of approximately -0.45 V for the

catalytic wave. These results shown in Figure 3.30 confirm an active species remains after
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electrolysis, although exhibiting nearly ten times lower current densities with the previously

applied potential.

Complex 2 was observed to have very similar behavior to 3 under CPE conditions, with
an initial current density of approximately 65 mA/cm?. Current density is again seen to
diminish over the course of many hours, reaching a plateau current of approximately 6 mA/cm?
(~9% original) after approximately 8 hours. Over this time 91 coulombs of charge is passed,
corresponding to 9.43 x 10 moles of electrons passed and 4.7 x 10 moles of hydrogen
formed. From these data and an HOPG catalyst concentration of 3.7 x 101! moles for 3, a TON

of 1.27 107 can be calculated for the 8 hour period, with an average TOF of 441 s,

Analysis of complex 6 under electrolysis conditions shows an initial current density of
15 mA/cm?. Unlike in the case of complex 3, current density decreases exponentially over the
course of the first 10 minutes, reaching a plateau current consistent with background HOPG
within less than an hour of electrolysis, indicating complete loss of catalyst activity via
desorption or catalyst degradation, in agreement with the CV results. After the plateau current
was reached at t = ~30 minutes, a total of 0.95 C had passed, corresponding to 4.92 x 10 moles
of hydrogen produced and a TON of 2.5 x 10* based on a catalyst loading of 1.97 x 10" moles.
An average TOF of 13.8 s is determined for the 30 minutes, although it is important to note
the relatively low rate combined with the short lifetime of the catalyst produced a significantly
smaller amount of current compared to 3, so both TON and TOF estimates are convoluted due
to comparatively higher background current. Post-electrolysis analysis, performed analogously
to complex 3, showed no substantial redox signal above background in fresh pH-neutral
electrolyte solution, indicating no trace of 6 or a redox-active decomposition product present

on the surface after electrolysis.

110



Discussion

To design photoelectrode and fuel cell systems capable of efficiently interconverting
feedstock materials into products that are useful as energy carriers or industrial precursors
(especially Hz from water, methanol from CO, etc.), it is a key challenge to design electrode
surfaces with catalytic properties that can then act as heterogeneous catalysts in large scale
flow reactors. This can be accomplished by either developing solid state electrode materials
with catalytically active surfaces, or by immobilizing a catalyst on the electrode surface. With
respect to the latter, commonly applied strategies in the literature include covalent attachment
of molecular catalysts, or development of polymeric or solid state catalysts that are deposited
on an electrode (for example, by spin coating).363%-415253 Here, we describe a new approach
where catalyst binding is only based on electrostatic interactions using a thin coating of RGO
as the interface between the catalyst and a metal oxide electrode. This strategy provides
substantial merits over other approaches in terms of simplicity and flexibility in application, as
RGO can be electrodeposited on almost any conductive material, and alternatively, can be
produced by chemical reduction of graphene oxide (GO) and then deposited on other substrates
if necessary. Further, the variety of molecular catalysts that can be incorporated using this
method is essentially unlimited, as catalysts that do not contain an aromatic ring system in their
ligand periphery (as in the case of the Co-bis(dithiolene) complexes studied here) can be
modified by attachment of an aromatic “foot” as described in the literature.®®">" The
combination of versatility in substrate selection and the ability to easily tune molecular
catalysts provides an opportunity to design nearly limitless systems in terms of activity and

overpotential. This manuscript provides an example of such a system in which catalysts were
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easily prepared and functionalized to afford chemically tuned, highly active yet inexpensive,
oxygen stable heterogeneous catalyst systems functional in acidic aqueous media for proton
reduction. In this way, this work highlights the advantage of using immobilized, molecular
catalysts for heterogeneous H> production systems over solid state approaches, since the
overpotential, catalyst loading and activity can all be directly controlled by simple ligand
modifications in molecular systems. This is in contrast to solid state catalysts, where catalytic
sites often correspond to defect sites on the surface that are hard to identify, characterize, and
systematically improve.

Characterization of the catalyst-adsorbed FTO/RGO surfaces by XPS confirms the
presence of a cobalt species with two distinct resonance states, which is a hallmark of the cobalt
bis(dithiolene) complexes.®® In addition, XPS confirms the presence of thiol and chloride
components. The Co and S 2p spectra are also consistent with the S 2p signal observed for the
polymer systems.®2°3 Importantly, the new signals observed for 3 and 6 in the S 2p core spectra
and for 3 in the Cl 2p core spectra at binding energies of ~163 and ~201 eV respectively,
correlate well with other thiophenyl and chlorophenyl-containing compounds in the
literature.”®? These results support the hypothesis that the species adsorbed to the surface are
not cobalt nanoparticles or solid state materials such as cobalt sulfide, but rather molecular
species that contain an organic phenyl moiety. As these results are consistent with reports of
polymeric Co(S2R) systems, it is very likely that they maintain their molecular structure on the
surface. Further, the catalytic activity profiles observed (see below) match closely to those of
the homogeneous and heterogeneous (polymeric) catalyst systems, supporting an

electrostatically adsorbed molecular species. 823
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Cyclic voltammetry of the cobalt bis(benzenedithiolene) complexes on FTO/RGO and
HOPG electrodes give very interesting responses, particularly in comparison to the Co""
couple observed for the corresponding complexes in solution. The consistently more negative
E12 values observed for 1-6 on the HOPG electrode vs. the FTO/RGO electrode suggest that
the electronic interaction of the species with the surface is different for the two materials, which
is reasonable considering the relative topography and surface moieties present for edge-plane
graphite and reduced graphene oxide. More specifically, intensive electron microscopy studies
reveal a regular sp>-hydridized honeycomb lattice, albeit with notable corrugations and site
asymmetry for HOPG, whereas investigation of RGO has revealed not only the presence of
many COx moieties and substantially less sp?-hybridized bonding character (~70% area), but
also significantly more disorder and the presence of substantially more holes (~5% area) .”®"®
It is also important to note that this comparison is complicated by the trace background signal
observed in the FTO/RGO system in the 0 to -0.2 V region (See experimental section), which,
when coupled with the low signals from adsorbed catalysts, decreases the accuracy at which
exact E1» values can be determined. In addition, as previously reported for 2, variances in peak
separation and broadness of current signals are commonly observed for Ei» values of
FTO/RGO/catalyst systems, and can likely be attributed to the fact that each FTO/RGO-
deposited surface varies substantially in topography and in surface COx speciation.’® It is
therefore advantageous to use the more homogeneous HOPG electrodes to quantitatively
compare catalysts 1-6. However, in terms of future applications, the FTO/RGO system
provides a design blueprint along with catalyst activity profiles of how other types of

semiconductors could be surface-functionalized using an RGO interface.
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Comparison of catalyst loading on the same HOPG electrode for the various cobalt
bis(dithiolene) complexes provides an effective internal standard to determine the effect of
ligand substitution on surface adsorption and catalyst activity. A substantial increase in catalyst
loading is observed with the addition of two halide substituents to the benzenedithiolate rings.
In fact, whereas an unmeasurably low amount of catalyst (within CV background) is present
on the graphitic surfaces for 1, 2 shows a much larger CV signal. Further increasing halide
substitution results in still higher loadings, with approximately twice the loading observed for
3 compared to 2. A change in the halide substituent also affects loading, as the tetrafluoro-
substituted benzenedithiolate ring in 4 leads to more than twice the catalyst concentration on
the surface compared to the analogous tetrachloro-substituted derivative 3. Comparison of the
naphthalene ligand system with the benzene derivative shows the largest increase in loading
across the different ligand systems, effecting a change from the lowest observed loading to the
highest in the series. Overall, the loading for 6 is several times higher than that of 3 and still
slightly higher than that of 4, suggesting the effect of the larger ring in adsorption outweighs
that of the halides for this ligand system. Notably, these estimates are comparable to those
reported by Dey and coworkers (~1071° moles/cm?) for adsorption of hydrogenase model

catalyst systems on nearly identical EPG electrodes.

The electrocatalytic responses of complexes 1-4 adsorbed on FTO/RGO are generally
impressive in magnitude, given that the electrodes were constructed to be approximately 1 cm?
and most of the active complexes display nearly 1 mA at only mildly acidic pH values of 2.7.
This activity level demonstrates the potential which RGO-deposited electrodes systems have
for use in a variety of applications interfacing catalysts with substrates given the appropriate

catalyst design. The current responses of the catalyst-adsorbed electrodes are generally very
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similar in shape, and linear behavior with increasing acid concentration is observed. With the
exception of complexes 5 and 6, none of the catalysts were observed to have activity saturation
behavior at the maximum acid concentration of 2 mM TFA (pH 2.7) on FTO/RGO, indicating
the rate of catalytic hydrogen production under these conditions is only limited by diffusion of
substrate to the catalyst (total catalysis). Ecat Values are typically at least 0.25 V more negative
than the E12 values, and as much as 0.36 VV more negative in the case of 3. The onset of the
current wave under low acid concentrations also occurs over 0.05 VV more negative than the
E1p, suggesting that reduction precedes protonation in the initial mechanism for these RGO-

supported catalyst systems.

The unique catalytic response observed for 5 and 6 on FTO/RGO electrodes is
interesting considering the general stability of adsorbed cobalt bis(dithiolene) complexes seen
in these and previously reported results. All complexes were tested repeatedly to assure relative
consistency across FTO/RGO surfaces, indicating this result is independent of exact RGO
topography and likely inherent to specific electronic or steric characteristics of the catalyst
species. Considering the complexes were adsorbed to the FTO/RGO surface (as evidenced by
cyclic voltammetry in the absence of acid) and remained adsorbed until the addition of higher
acid equivalents (as evidenced by the initial current increase), the most likely explanation for
this finding is desorption or decomposition of these complexes (in the surface-bound state) in
the presence of acid.

Analysis of complexes 1-6 adsorbed on HOPG allows for observation of the catalysts
under low pH conditions, revealing a truly impressive activity level for hydrogen production.
The catalyst-adsorbed electrodes typically reach current densities of 10 mA/cm? at pH 1.5 with

potentials lower than -0.5 V vs. RHE, and 2 and 3 can attain current densities higher than 60
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mA/cm? at pH 0.3 with an applied potential of only -0.48 V vs. RHE. Electrocatalytic behavior
of the series is overall very similar to results on the FTO/RGO electrodes, despite the fact that
generally more negative E1/» values are observed for HOPG, leading to a slight deviation in Ecat
values between the two materials. Nonetheless, the key features remain constant, including
linear response of current with acid concentration, lack of activity saturation even at higher
acid concentrations, and catalytic current onset potentials that typically occur at a more
negative potential than the observed Ei/.. As in the case of the FTO/RGO electrodes, while 5
was seen to adsorb to the electrode, no sustained current increase was seen upon acid addition,
indicating instability on the surface under acidic conditions. Interestingly, while 6 behaved
similarly to 5 on the FTO/RGO electrodes, it behaved normally (i.e., as in the cases of 1-4) on
the HOPG electrode, suggesting the ring system interacts more favorably with the HOPG under

acidic and turnover conditions than with the FTO/RGO surface.

Comparison of catalytic behavior across the ligand series on a HOPG electrode
provides insight into the effect of ligand substitution on activity and overpotential. Most
apparent is the trend for lower overpotential with higher halide substitution seen across
complexes 1, 2, and 3. Surprisingly, while the halide substitution from 1 to 3 effects a decrease
of more than 100 mV in overpotential (n = 0.6 vs. 0.44), the overpotential effect of the
tetrafluoro-substituted ligand in 4 compared to the tetrachloro-substitution in 3 is much less
substantial, seemingly unbeneficial (n=0.51 vs. 0.44). Considering the difference is E1 value
is similarly small, these results suggest the more electron withdrawing fluoride substituents are
not actually effecting a more positive reduction potential for the Co'"' metal center.
Overpotential also decreases significantly from 1 to 6 (n = 0.6 vs. 0.36), likely due to the

enhanced electron withdrawing effect of a larger ring system.
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Figure 3.31. Polarization curves of active cobalt bis(dithiolene) catalyst derivatives adsorbed on the same HOPG
working electrode in an aqueous 0.1 M KPFg solution with 50 mM TFA (pH 1.3).Platinum counter and Ag/AgClI
reference electrodes are used, and potentials are reported vs. the standard hydrogen electrode.

Trends in activity are seen to follow a similar patterns, with an impressive increase in
estimated TOF (equation 1) from 1 to 3 of over 16,000 s as an apparent effect of increasing
halide substitution on the ligand. Rates are only minimally affected by increased ring system
size by this estimate; however, with an increase of ~500 s from 1 to 6, suggesting the
comparable current densities for 2 and 6 at pH 1.3 (Figure 3.31) are mostly due to the
impressive increase in catalyst loading for 6 mentioned previously. It is interesting to note that,
despite the lower overpotential observed for 6 compared to 3 and 4 (0.36 vs. 0.44 and 0.51,
respectively), 3 and 4 are able to attain a current density of 10 mA/cm? at a lower overpotential
(-0.48 vs. RHE for 3 and 4 compared to -0.56 vs. RHE for 6) due to their higher catalytic
activity. These data demonstrate that the superior activity provided by halide substitution in
our Co catalysts trumps the improved loading and overpotential obtained with larger ligand

ring systems. Based on all of these considerations, catalyst 3 is clearly the overall champion
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in terms of TOF, overpotential under application conditions, and stability on graphitic

surfaces.

In a Section 3.1, complex 2 adsorbed on HOPG was observed under controlled potential
electrolysis conditions with an applied potential of -0.95 V vs. SCE (-0.7 V vs SHE) in 40 mM
TFA aqueous solution, and the catalyst was found to have high activity and a quantitative
faradaic efficiency.®® While the exact catalytic lifetime was not determined, the data suggested
residual catalyst activity after 12 hours of electrolysis. In order to further reduce the amount of
background current drawn (by the blank HOPG electrode) in the bulk electrolysis experiments,
we decided to use a more positive applied potential of -0.5 V vs. SHE (-0.48 V vs. RHE) and
a lower pH of 0.3 for the long-term bulk electrolysis experiments performed here, with the
addition of real-time monitoring of electrolysis solution pH. In addition, sulfuric acid was
substituted for TFA in these electrolysis studies to provide more comparable conditions to

similar catalytic systems reported in the literature. %5253

Controlled potential electrolysis of complex 3 under these conditions shows impressive
initial current density of 65 mA/cm?; however, a gradual decrease in activity is observed over
the course of 8 hours. Importantly, the TOF values observed during long-term electrolysis are
much lower than the CV estimates determined by equation 1. This suggests that either the CV
quantification method overestimates catalyst loading on HOPG, or, more likely, this estimation
method is not accurate for real application conditions. It is therefore particularly important that
new proton reduction catalysts are tested under bulk electrolysis conditions to obtain a realistic

measure of their true electrocatalytic activity.

The disparity in lifetime observed between 3 and 6 is substantial, with complete loss of

activity for 6 in less than an hour, while current density slowly decreases for 3 over
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approximately 8 hours. On the other hand, 6 shows a much larger amount of surface adsorption

compared to the halide-substituted catalyst derivatives. These results indicate an inherent

difference in ligand properties that promote initial adsorption vs those that promote catalyst

retention under turnover conditions. This suggests that larger aromatic systems, such as those

in 6, are beneficial for adsorption onto graphitic surfaces, while the more electron-poor ring

systems such as that used for 3 are less prone to desorption under turnover conditions.

Sustained activity above background current for 2 and 3 after the initial 8 hours suggests
that either a small percentage of the catalyst remains active indefinitely, or that a stable species
is formed under turnover conditions after the first 6-8 hours. Given the wealth of literature
regarding cobalt sulfide and cobalt nanoparticles active for dihydrogen production, it is
probably that an active species analogous to these reported catalysts is created upon
decomposition of the Co complexes. However, it is interesting that in the case of 6, CPE
experiments show nearly immediate loss of activity, and residual activity above baseline (bare
HOPG) current is not observed. With the overall similarity in elemental components
(particularly cobalt and sulfur) between 6 and complexes 2 and 3, observed to have residual
catalytic behavior, formation of the aforementioned catalytic species upon decomposition is
not consistent with our results and seems unlikely. Rather, our results seem to suggest long-
term modification of the graphitic supports with the more rugged halide-substituted catalyst

derivatives.

The rates observed here for 3 are comparable to those reported for the surface-
immobilized diiron hydrogenase models by Dey and coworkers (adsorbed on similar EPG
electrodes and tested under identical conditions). Dey’s system is reported to have an

overpotential of 0.18 V vs. the thermodynamic limit of proton reduction for a pH 3 H2SO4
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solution. Under identical CPE conditions, the catalyst-adsorbed EPG discs produced ~5.5 -
10 moles hydrogen (vs. ~5 x 10 moles obtained here for 3) in the same timeframe with nearly
identical catalyst loading (~10° mol/cm?). This ranks our heterogeneous catalyst systems

among those with the highest molecular TOFs reported so far in the literature,1>27:8081

The ability of halide substituents to effect increased stability in our system (i.e. 6 vs. 2
and 3) also draws comparison to the systems reported by Dey and coworkers, as their catalysts
contain a single phenyl ring with a p-substituted bromide for adsorption to HOPG. If the
adsorption of these systems is assumed to be predominantly through the ring moiety as
proposed, then this implies that long term stability of catalyst surface attachment to EPG does
not require a large ring system, but may benefit from halide substitution as observed here. In
additional, as seen by comparison of 2 and 3 under turnover conditions, the effect of the extra
halide groups in 3 does not provide a significant difference in either initial rate or the lifetime
of the catalyst (TON of 1.27 x 107 for 2 vs. 7 x 10° for 3). These data shows that while the extra
halide substitutions in the ligand system of 3 provide a lower overpotential at higher pH values
and higher rates are estimate by CV analysis, under turnover conditions at low pH the catalysts

behave very similarly.

In addition to closely matching the XPS spectra, the graphite-adsorbed cobalt
bis(benzenedithiolene) systems prepared here show very similar electrocatalytic characteristics
compared to the polymeric forms of these molecules reported by Marinescu and coworkers. %253
Onset potentials of approximately -0.33 V and -0.4 V for 3 and 6 on HOPG at pH 1.3 are also
similar to those seen for the two-dimensional (-0.28) and one-dimensional (~ -0.45 V) polymer
materials. A current density of 10 mA/cm? is reached by 3 at a potential of -0.56 V vs. SHE (-

0.48 V vs. RHE) at pH 1.3 (Figure 3.29), compared to -0.34 V vs. RHE reported for the two
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dimensional MOSL1 on glassy carbon and -0.56 V vs. RHE reported for the one-dimensional
polymer on glassy carbon. The current density of 3 is particularly impressive given the catalyst
loading is approximately 3 orders of magnitude lower than that reported in the case of the
polymer system, while still reaching the 10 mA/cm? threshold at similar potentials. This implies
that the molecular catalyst 3 is either ~3 orders of magnitude more active than the polymeric
catalysts, or that the polymeric materials stack on the surface, but only the top layer(s) is/are

active for proton.

Nickel bis(diphosphine) dihydrogen production catalysts with pendant amines
covalently bound to indium tin oxide-supported multi-walled carbon nanotubes
(ITO/MWCNT) reported by Le Goff and coworkers are seen to have very similar catalyst
loadings to 6 (~1.5 x 10° vs. 1.3 x 10° mol/cm?). The covalently bound catalysts require a
relatively lower overpotential of only 200 mV for activation in non-aqueous media, and an
exceptionally low overpotential of 20 mV in aqueous media. CPE of the catalyst-bound
(ITO/MWCNT) systems in an aqueous pH 0.3 solution at a potential of -0.3 V vs. NHE showed
impressive stability with no decrease in current density over a ten hour period and quantitative
Faradaic efficiency. However, the TOF determined in these experiments was relatively low
compared to similar catalysts in solutions with a rate of ~2.8 s* for the entire electrode (100,000
turnovers in 10 hours). This is in line with the lower ica/ip Value observed for the system vs. the
catalyst in solution (5 vs. 50) and a current density of only 4 mA/cm? observed at -0.4 V vs.
NHE.3® A similar system reported by Tran and coworkers features nearly identical nickel
bis(diphosphine) dihydrogen production catalysts non-covalently bound to multi-walled
carbon nanotubes supported on commercial gas diffusion layers (MWCNT/GDL) via a ligand-

appended pyrene moiety. A substantially higher loading of up to 1.1 x 10 mol/cm? can be
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attained by adjusting MWCNT loading, highlighting the benefit of the increased surface area
for MWCNT on catalyst adsorption. Overpotentials for these catalyst systems were reported to
be incredibly low with onset potentials essentially at the equilibrium potential for hydrogen
production, and CPE in an aqueous pH 0.3 solution at -0.3 V vs. NHE showed negligible
decrease in current density over 6 hours, with an average TOF of 8.2 s (8.5 x 10* turnovers in
6 hours with ~2 x 10° molca/cm?). The MWCNT/GDL materials could also attain current
densities of over 15 mA/cm? at maximum catalyst loading with potentials of only -0.3 V vs.

NHE.3®

Comparison of the covalently and non-covalently bound nickel bis(diphosphine)
catalyst systems with each other and the results reported here gives insight into the limitations
of each attachment method. Non-covalent attachment appears to provide substantially higher
catalytic rates considering both the TOF values reported here and the much higher TOF values
seen for the non-covalently bound nickel bis(diphosphine) vs. the covalently attached system.
Further, for some catalyst systems it appears non-covalent interfaces can provide much higher
catalyst loadings with the use of high surface area materials such as MWCNT, which may be
advantageous if applied to cobalt bis(dithiolene) systems. The similar overpotentials seen for
the systems reported here and polymeric Co(S2R) materials in addition to the exceptionally low
overpotentials maintained for both the covalently and non-covalently bound nickel
bis(diphosphine) systems seems to suggest that the attachment method does not as significantly
affect the overpotential as much as the TOF under these conditions, and thus overpotential
tuning may be more successful via catalyst selection and functionalization. Finally, as
supported by the impressive stability of both Dey’s and Tran’s non-covalently modified

catalyst systems over many hours, this interface method has the potential to provide relatively
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long-term stability in application, although as seen by the somewhat limited stability of our

system and those reported by Gray and coworkers this varies on a catalyst to catalyst

basis 15,38,39,73

In summary, a series of cobalt bis(dithiolene) derivatives has been prepared and
adsorbed on graphitic surfaces to create heterogeneous electrocatalysts for efficient proton
reduction. These systems exhibit incredible catalytic performance for hydrogen production in
mildly acidic aqueous solutions. These catalysts are simple and inexpensive to prepare, and can
be easily adsorbed onto graphitic surfaces using a small amount of catalyst material in as little
as 12 hours. Catalyst loading increases as more electron withdrawing substituents are added to
the ligand, though an even stronger effect is seen as the size of the ring system increases.
Overpotential decreases with increasing halide substitution of the benzenedithiolate ligand,
although differences observed between Cl- and F- substituents were minimal. The inductive
effect of the extended ring system is also seen to decrease overpotential to a similar extent as
the halide substituents. Activity trends are evident across the ligand series as turnover
frequencies are over fourfold higher with halide substituted derivatives compared to the
unsubstituted compound 1. Under turnover conditions, halide-substituted derivatives slowly
decrease in activity over the course of ~8 hours, while naphthalene derivatives rapidly
deactivate within an hour, despite higher initial catalyst loading. Determination of the fate of
these catalyst systems upon deactivation is of great interest to design more stable systems, and
thus is under current active investigation.

With the insight obtained from electrocatalytic analysis of our Co complexes on HOPG,
use of the most effective ligand systems with a variety of metals is now of great interest for

further study. Heterogeneous catalyst screening for a number of metal bis(benzenedithiolene)
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complexes using this method is currently underway. In addition, assessment of catalytic
activity on FTO/RGO surfaces has shown comparable activity profiles to HOPG in cyclic
voltammetry experiments. Given the ease with which RGO can be applied to a variety of
materials, e.g. semiconductors, this graphitic support in particular is an exciting prospect for
use as an inexpensive, versatile interface for catalyst attachment in photocathode systems.

Design of such systems for hydrogen production is currently underway.

Experimental
General methods

Chemicals were of highest purity grade commercially available and used without
further purification (unless mentioned). Methanol (anhydrous, ACS grade) was purchased from
Fisher and distilled over calcium hydride, then degassed via extended nitrogen purges prior to
use. Acetonitrile (ACS grade), sodium methoxide, trifluoroacetic acid, sulfuric acid, potassium
ferricyanide, and potassium ferrocyanide were purchased from Fisher. 1,2-benzenedithiol,
toluene-3,4-dithiol, and 3,6-dichloro-1,2-benzenedithiol were purchased from Sigma and used
without further purification. Graphite powder was purchased from MTI Corp. All procedures
were performed under a nitrogen atmosphere unless otherwise specified.
Preparation of Dithiol Ligand Derivatives

Tetrahalide dithiol ligands were prepared using a slightly modified method from that
reported by Gray and coworkers.®® Napthalene dithiol was prepared by first following
procedures reported by Hart et al. to give o-dibromonapthalene, followed by alkyl thiol
formation and alkyl cleavage as outlined by Montanucci and coworkers.8283

3,4,5,6-tetrachlorobenzenedithiolate
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A mixture of hexachlorobenzene (1 g, 3.5 mmol), sodium hydrosulfide (0.75 g, 13 mmol),
sulfur (0.08 g, 2.5 mmol), and iron powder (0.18 g, 3.2 mmol) was heated in 50 mL N,N-
dimethylformamide at 140°C for 8 hours. After cooling, 100 mL distilled water was added, and
the mixture was allowed to briefly stir at room temperature, during which time a black
precipitate formed. The precipitate was filtered and washed with water, then dried en vacuo.
The dried solid was added to a suspension of zinc oxide in a 1:1 methanol:1 M aqueous sodium
hydroxide solution, which was refluxed for 1 hour. After cooling, the mixture was filtered and
the yellow filtrate was acidified with a 1 M HCI solution to precipitate the dithiol product. The
solid was dried and recrystallized from benzene to afford 3,4,5,6-tetrachlorobenzenedithiol
0.44 g (45%) as pale yellow powder. *H-NMR (400 MHz, CD,Cly): & = 4.79 (s, 2H) ppm.
3,4,5,6-tetrafluorobenzenedithiolate

A mixture of 1,2-dibromo-3,4,5,6-tetrafluorobenzene (1 g, 3.2 mmol), sodium hydrosulfide
(0.75 g, 13 mmol), sulfur (0.08 g, 2.5 mmol), and iron powder (0.18 g, 3.2 mmol) was heated
in 50 mL N,N-dimethylformamide at 120°C for 8 hours. After cooling, 100 mL distilled water
was added, and the mixture was allowed to briefly stir at room temperature, during which time
a black precipitate formed. The precipitate was filtered and washed with water, then dried en
vacuo. The dried solid was added to a suspension of zinc oxide in a 1:1 methanol:1 M aqueous
sodium hydroxide solution, which was refluxed for 1 hour. After cooling, the mixture was
filtered and the yellow filtrate was acidified with a 1 M HCI solution to precipitate the dithiol
product. The solid was dried and recrystallized from benzene to afford 0.12 g (17 %) 3,4,5,6-
tetrafluorobenzenedithiol as a pale yellow powder. *H-NMR (400 MHz, CD2Cl,): 8 = 4.03 (s,
2H) ppm.

6,7-Dibromo-1,4-dihydronaphthalene-1,4-epoxide
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To a stirred solution of 1,2,4,5 tetrabromobenzene (8 g, 20mmol) and furan (10mL) in dry
toluene (200 ml) at -23° under argon, n-butyl lithium (22 mmol in 200 ml hexane) was added
drop wise over 3 hr. After the mixture slowly warmed to room temperature, methanol (1 ml)
was added, and the mixture was washed with water, dried, and the solvent removed (rotovap).
The resulting yellow oily solid was triturated with hexane to give an off-white solid. This crude
product was chromatographed over silica gel using dichloromethane-hexane (1:1) as eluent to
give 0.7 g (74%) of 6,7-Dibromo-1,4-dihydronaphthalene-1,4-epoxide as a white powder. *H-
NMR (400 MHz, CD:Cl,): 81 = 5.62 (s, 2H), 6.95 (S, 2H), 7.44 (s, 2H) ppm.
1,2-Dibromonapthalene

A suspension of zinc powder (2 g) in 60 mM of dry THF under a nitrogen atmosphere was
cooled to 0°C. Titanium tetrachloride (2 mL) was added dropwise, and the mixture was heated
to reflux for 30 minutes. The reaction was then again cooled to 0°C and a solution of 6,7-
Dibromo-1,4-dihydronaphthalene-1,4-epoxide (1.0 g, 3.3 mmol) in 20 mL THF was added
dropwise. The mixture was refluxed overnight, cooled and poured into 100 ml of cold 10%
HCI. The mixture was extracted with dichloromethane and then washed with water, dried with
sodium sulfate, and reduced in vacuo to an off-white powder. The crude product was
chromatographed over silica gel using dichloromethane-hexane (1:1) as eluent to afford 0.7 g
(74%) of 1,2-Dibromonapthalene as a white powder. *H-NMR (400 MHz, CD,Cl.): n = 8.15
(s, 2H), 7.75 (m, 2H,), 7.5 (m, 2H) ppm.

1,2-Napthalenedithiolate

A solution of 1,2-dibromoapthalene (1 g, 3.5 mmol) and sodium propanethiolate (1.7 g, 17.5
mmol) in 50 mL of N,N-dimethylacetamide was stirred under a nitrogen atmosphere at 100°C

for 12 hours. Sodium metal (0.6 g, 26 mmol) was cut into small pieces and added to the
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solution, which was allowed to continue stirring at 100°C for 12 hours. The resulting mixture
was poured into 100 mL of 0.1 M HCI solution and subsequently extracted three times with
ether. The combined organic layer was washed with water, dried with sodium sulfate, and
reduced down in vacuo to give 0.6 g (89%) of 1,2-Napthalenedithiolate as a yellow solid. *H-
NMR (400 MHz, CD,Cl): 6n = 7.9 (s, 2H), 7.42 (m, 2H), 6.64 (m, 2H), 3.95 (s, 2H) ppm.
Preparation of cobalt bis(dithiolene) derivatives

The general procedure for the synthesis of cobalt bis(dithiolene) complexes is based on
the procedure reported by Gray and coworkers:>°

In a N2 atmosphere glove box, a solution of dithiol ligand (2.05 mmol) and sodium
methoxide (0.23 g, 4.10 mmol) was added dropwise to a suspension of cobalt(ll) sulfate
hexahydrate (1 mmol) in 30 mL of dry methanol, and the resulting solution was stirred for 2
hours. A solution of tetrabutylammonium bromide (1.05 mmol) in 5 mL methanol was added
at this time, and the solution was stirred for an additional 2 hours. The solvent volume was
reduced by vacuum to <10 mL, giving a precipitate which was filtered, washed with methanol
and dried. Recrystallization of the solid from dichloromethane/ether yielded the cobalt
bis(dithiolene) complexes as dark blue-black microcrystalline solids.
Tetrabutylammonium Cobalt bis(benzenedithiolate) (1)
Recrystallization of the solid from dichloromethane/ether yielded (TBA)[Co(S2CsH2Cl>)2] as
a dark blue crystalline solid in 79% vyield (0.460 g). ESI MS: mz 339.9 (expected), 338.9
(found) amu. Spectroscopic data of the product (see Figure 3.32) match those available in the
literature.>°

Tetrabutylammonium Co bis(3,6-dichlorobenzenedithiolate) (2)
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Recrystallization of the solid from dichloromethane/ether yielded (TBA)[Co(S2CsH2Cl)2] as
a dark blue crystalline solid in 64% vyield (0.462 g). ESI MS: mz 477.7 (expected), 476.7
(found) amu. Spectroscopic data of the product (see Figure 3.32) match those available in the
literature.8

Tetrabutylammonium Co bis(3,4,5,6-tetrachlorobenzenedithiolate) (3)

Recrystallization of the solid from dichloromethane/ether yielded (TBA)[Co(S2CsH2Cl2)2] as
a dark blue-black solid in 28% yield (0.06 g ESI MS: mz 615.5 (expected), 614.5 (found) amu.
Spectroscopic data of the product (see Figure 3.32) match those available in the literature.*
Tetrabutylammonium Co bis(3,4,5,6-tetrafluorobenzenedithiolate) (4)

Recrystallization of the solid from dichloromethane/ether yielded (TBA)[Co(S2CsH2Cl>)2] as
a dark blue-black solid in 22% yield. ESI MS: m/z 483.9 (expected), 483.1 (found) amu.
Tetrabutylammonium Cobalt bis(toluenedithiolate) (5)

Recrystallization of the solid from dichloromethane/ether yielded (TBA)[Co(S2C7H7):] as a
dark blue crystalline solid in 69% yield (0.420 g). ESI MS: mz 366.92 (expected), 366.9
(found) amu. Spectroscopic data of the product (see Figure 3.32) match those available in the
literature.8

Tetrabutylammonium Cobalt bis(napthalenedithiolate) (6)

Recrystallization of the solid from dichloromethane/ether yielded (TBA)[Co(S2C10Hs)-] as a
dark blue-black crystalline solid in 29% yield (0.1 g). ESI MS: mvz 440 (expected), 439 (found)
amu. Crystals suitable for X-ray analysis were obtained by layering of ether on a dilute solution
of 6 in dichloromethane.

Graphene Oxide
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Graphene oxide for graphene depositions was prepared as in previous studies outlined
in the experimental details for chapter 2.
Reduced Graphene Oxide Depositions

RGO depositions were performed in an identical manner to the procedure outlined in
the experimental details for chapter 2.
Catalyst-Adsorbed Electrode Preparation

All catalyst-adsorbed electrode surfaces reported in this section were prepared by
soaking the graphitic electrode surfaces (FTO/RGO and HOPG) in saturated acetonitrile
solutions of the cobalt bis(benzenedithiolene) complexes for 24 hours. After this period,
surfaces were extensively rinsed with fresh acetonitrile, acetone and water. In addition, the
surfaces were electrochemically polished by cycling from 0 to -1 V to assure any loosely bound
catalyst was sufficiently removed prior to electrochemical and XPS analysis.
UV-Visible Spectroscopy

Electronic absorption spectra were collected at room temperature using an Analytic

Jena Specord S600 spectrometer with a WinASPECT (V2.2) interface.
Electrochemical Measurements

All electrochemical measurements were conducted in 18.2 Millipore water. Cyclic
voltammetry and controlled potential coulometry were carried out using an CHI600
electrochemical analyzer. A platinum disc (BASi, MF-2013) was used as the counter electrode
in all voltammetry experiments, and the reference was an aqueous Ag/AgCl electrode (CH
Instruments, with saturated AgCl and KCI fill solutions). All potentials are reported vs. SHE
by adding 0.205 V to the measured potential vs. Ag/AgCl/saturated KCI. Bulk electrolysis

experiments were conducted in a 2-compartment cell separated by a frit with the same working
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and reference electrodes previously mentioned and a carbon felt counter electrode (purchased
from Alfa Aesar). To maintain a steady pH and provide a consistent activity profile during
electrolysis, the solution pH was monitored and adjusted back to the starting pH after increasing
by more than 0.05 units. AIll solutions were prepared with 0.1 M potassium
hexafluorophosphate supporting electrolyte, which was purchased from Fisher and
subsequently recrystallized from an aqueous 0.1 M NaOH solution. Argon gas was used to

deoxygenate all solutions for a minimum of 30 minutes prior to data collection.
Determination of Catalytic TOF

The two primary methods for calculating turnover frequency outline in section 3.1, that
reported by Bard and Faulkner (using equation 1) and that reported by Saveant and coworkers
(using equations 2 and 3 with the foot-of-the-wave analysis), were also used in this study.%”:¢8
The methods were applied in the same manner as reported in the experimental details of section

3.1.
X-ray photoelectron Spectroscopy

All X-ray photoelectron spectra were acquired with a Kratos Axis Ultra analyzer using
an Al Ka (1486.6 eV) source with a monochromator. Spectra were recorded without charge
neutralization at a base pressure of <2.5 x 10 Torr. A 8 mA emission current and 14 kV anode
HT were used. Survey scans were acquired at a pass energy of 160 eVV. Due to the low level
of catalyst loading, high-resolution XP spectra of C 1s, Co 2p, Cl 2p and S 2p recorded at a
pass energy of 20 eV provided very low signals difficult to visualize. For this reason, lower
resolution data recorded at a pass energy of 160 eV are shown here. The binding energies of
all spectra were corrected by using the difference between the observed C 1s peak energy and

the peak energy of adventitious carbon (284.6 eV).®® Spectra were fit with a Shirley type
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background using the CASAXPS software version 2.313. Co 2p, Cl 2p and S 2p spectra were
fit using 45% Gaussian and 55% Lorentizian line shapes. The full width at half maximum
(fwhm) was constrained between 0.6 and 3.0 for ClI 2p and S 2p spectra, and between 0.6 and
5 for Co 2p spectra. Additional peaks used for fitting all spectra applied the same fitting

parameters.

X-ray Crystallography
Structural Determination of [(CsHg)aN][Co(S2C10Hs)2] (6)

Blue plates of 6 were grown from a dichloromethane solution of the compound layered with
diethyl ether at 22 deg. C. A crystal of dimensions 0.09 x 0.03 x 0.01 mm was mounted on a
Rigaku AFC10K Saturn 944+ CCD-based X-ray diffractometer equipped with a low
temperature device and a Micromax-007HF Cu-target micro-focus rotating anode (A= 1.54187
A) operated at 1.2 kW power (40 kV, 30 mA). The X-ray intensities were measured at 85(1)
K with the detector placed at a distance of 42.00 mm from the crystal. A total of 2028 images
were collected with an oscillation width of 1.0° in . The exposure times were 15 sec. for the
low angle images, 120 sec. for high angle. Rigaku d*trek images were exported to CrysAlisPro
for processing, and corrected for absorption. The integration of the data yielded a total of
25589 reflections to a maximum 260 value of 139.28° of which 3213 were independent and
2640 were greater than 26(I). The final cell constants (Table 1) were based on the xyz centroids
of 5786 reflections above 10c(I). Analysis of the data showed negligible decay during data
collection. The structure was solved and refined with the Bruker SHELXTL (version 2014/6)

software package, using the space group C2/c with Z = 4 for the formula C3gH48NS4Co. The

cobalt dithiolene complex lies on an inversion center of the crystal lattice. The tetrabutyl
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ammonium cation lies on a two-fold axis. All non-hydrogen atoms were refined anisotropically

with the hydrogen atoms placed in idealized positions. Full matrix least-squares refinement

based on F2 converged at R1 = 0.0806 and wR2 = 0.2126 [based on | > 2sigma (1)], R1 =

0.0949 and wR2 = 0.2567 for all data.
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Figure 3.32. UV-Visible spectra

Molar Absorptivity (M" cm™)

~—

20000 +

15000

10000 -

5000 +

(TBA)ICo(S2CgH4)21 (1) in dichloromethane

300

20000

15000 +

10000 4

(4]

[=]

[=]

[=]
1

0

L]
400

T v L v L v L) v 1
500 600 700 800 900
Wavelength (nm)

(TBA)[C0o(S2CgCly)ol (3) in dichloromethane

300

20000 +

15000 -+

10000 +

5000 +

T
400

500 600 700 800 900
Wavelength (nm)

(TBA)[Co(S2C4gHg)2l (6) in dichloromethane

]
400

L]
500

L] M L} ¥ L] v 1
600 700 800 900
Wavelength (nm)

(TBA)[Co(S2C6ClaH2)2]  (2); () (TBA)[CO(S2CsCla)z]
(TBA)[Co(S2C10He)2] (6);

(b)

~ 200004

E
]

Molar Absorptivity (M

e

Molar Absorptivity (M" cm™)

20000 -

15000 -

10000 4

5000 4

3);

15000 -

10000 4

5000 4

1 (TBA)[Co(S2CgClaH9)2] (2) in dichloromethane

0 T T T T T T v T . T v 1
300 400 500 600 700 800 900
Wavelength (nm)

(TBA)[Co(S2C7Hg)21 (5) in dichloromethane

- ] » ] 2 T 2 ) o ] x 1
300 400 500 600 700 800 900
Wavelength (nm)

in dichloromethane solution of (a) (TBA)[Co(S2CsHs)2] (1); (b)

(d) (TBA)[Co(S:C7H6)2] (5); and (e)

133



(a) |Co2p
background

N(e) /e

d T T T T T — r T
810 805 800 795 790 785

—
780

775

Binding Energy (eV)
(c) |S2p
background
2
°
=
170 168 166 164 162

Binding Energy (eV)

(b) Co2p
catalyst-adsorbed

Q
O
Z
810 805 800 795 790 785 780 775
Binding Energy (eV)
(d) (2P

catalyst-adsorbed

N(e) /e

. 1 - L\ e L} d T b L w L}
172 170 168 166 164 162 160
Binding Energy (eV)

Figure 3.33. X-ray photoelectron spectroscopy (XPS) analysis of TBA[Co(S2CioHs)2] (6) on a FTO/RGO electrode.
() background Co 2p core level XPS spectrum; (b) Co 2p core level XPS spectrum of catalyst-adsorbed bulk
graphite; (c) background S 2p core level XPS spectrum of bare bulk graphite; (d) S 2p core level XPS spectrum of
catalyst-adsorbed bulk graphite. The envelope is included as a solid black trace.
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Figure 3.34. Left: Electrochemical window of RGO-coated FTO in aqueous 0.1 M potassium hexafluorophosphate
with potassium ferricyanide/ferrocyanide (0.5 mM total) as the internal reference. Right: Zoomed view of cathodic
window to show background signal for FTO/RGO electrodes. The scan rate was 50 mV/s. Potentials reported are
versus the standard hydrogen electrode (SHE).
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Figure 3.35. Left: Cyclic voltammetry of (TBA)[Co(S2CsCls)2] (3) adsorbed on FTO/RGO and HOPG working
electrodes in a 1 mM TFA solution with a 50 mV/s scan rate as a representation of how overpotentials were
determined for catalyst-adsorbed electrode systems, i.e. n = Ecat — Eoc. Right: Open circuit potential over time of a
platinum mesh working electrode in the same acid solution under 1 atm H, atmosphere to indicate overpotential.
The solution contained 0.1 M aqueous potassium hexafluorophosphate. The counter electrode was a platinum wire,
and the reference was an Ag/AgCI (saturated KCI solution) electrode.
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Figure 3.36. Foot-of-the-wave analysis of (TBA)[Co(S2CsCls)-] (3) on HOPG in the presence of 32 mM TFA (pH
1.5).
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Figure 3.37. Foot-of-the-wave analysis of (TBA)[Co(S2CioHs)2] (6) on HOPG in the presence of 32 mM TFA (pH
1.5).
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3.3. A Smorgasbord of Carbon: Comparison of Catalyst Loading and Performance
Across a Variety of Graphitic Supports

As noted earlier in this chapter, while the development of both solid state and surface-
immobilized catalyst manifolds has been prolific even in the last few years, a general difficulty
has been the expense or complexity of such designs, or the limited lifetime of the
materials/catalysts for practical use. One practical solution to designing heterogeneous catalyst
manifolds is to exploit the electrostatic adsorption of catalyst systems with aromatic moieties
on graphitic surfaces, as has shown effective in several literature examples, 53869737484
Specifically, the use of inexpensive catalyst supports such as bulk graphite could drastically
reduce the cost of the functionalized electrode materials. Further, the simple and highly cost-
effective process of simply soaking the graphitic supports in the catalyst solution would be
ideal for scaling and industrial use. The ease of catalyst application in this case would also
provide an alternative solution to limited catalyst lifetimes, allowing for facile reapplication of
the catalyst to the graphitic supports, or simply replacement of the inexpensive support itself,
after use.

In section 3.1, we reported reduced graphene oxide (RGO) coated fluorine-doped tin
oxide (FTO) and HOPG supports soaked in a solution of the proton reduction catalyst

(TBA)[C0(S2CsCl2H2)2] (Chart 3.3).%° These heterogeneous catalyst manifolds are capable of
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Chart 3.3 Cobalt bis(dithiolate) complex 1 used for graphite adsorption
(right), schematic representation of the catalyst in graphitic materials (left)
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dihydrogen production in mildly acidic (pH < 4) aqueous solutions of trifluoroacetic or
hydrochloric acids at an overpotential (n) of 0.37 V. In this study, we report the preparation of
heterogeneous dihydrogen production manifolds designed by soaking various alternative
graphitic supports in catalyst solutions to provide further insight into the effect of the support
on catalysis, and to test alternative, cheap forms of graphite for their abilities to bind the catalyst
and support proton reduction. To assure a direct comparison between the different catalyst
supports, the same proton reduction catalyst, TBA[Co(S2CeCl2H2)2] (1), was used on all
supports.

For analysis of the catalyst on a bulk graphite surface, graphite rods purchased from
NAC carbon products, Inc. ($4 per rod) were halved, polished and epoxy coated to give a disc
electrode with a surface area of 0.32 cm?. CV analysis of the graphite electrodes after 12 hours
of soaking in a 1 mM solution of 1 (after extensive rinsing and electrochemical polishing

regiments) in aqueous solutions shows a quasi-reversible redox couple at an average potential
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200 - 300
— I 2004 A
g 100- 2 o] Y pe
= . 100 i
- = ] " ’pa
c 04 = A . .
o | s 04, Linear fit of
- l: <
8 -100 - 3 -1004 Linear fit of
; ——5mVIs ——75mVis © 1
-200 4 ——10mVls ——100mV/s 2001
I —25mV/ls ——150 mV/s -300 4
-300 4 ——50mVis —200 mVis ;
L] A S S e S SN S SRS R RSt e | 404+ 7—7 7
01 02 -03 04 -05 -06 -07 -08 0 25 50 75 100 125 150 175 200
Potential (V vs. SHE) Scan Rate (mV/s)

Figure 3.38. Left: Cyclic voltammetry of (TBA)[Co(S2CsCl2H2)2] (1) adsorbed on a bulk graphite working electrode at various
scan rates. The solution contained 0.1 M aqueous potassium hexafluorophosphate. The counter electrode was a platinum disc,
and the reference was an Ag/AgClI (saturated KCI solution) electrode. Potentials are reported vs. the standard hydrogen electrode.

Right: Linear fit of the peak cathodic and anodic current versus the scan rate.
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of -0.46 V vs. SHE (Figure 3.38, left). This potential is slightly lower than that previously seen
for 1 on a HOPG electrode (-0.52 V), while it is over 0.2 V higher than both with the species
seen on FTO/RGO and 1 in acetonitrile solution, which both exhibit an E1» of about -0.25 to
-0.3 V.18 As previously reported, this difference on graphitic surfaces is consistent across a
series of cobalt bis(benzenedithiolene) derivatives, and is likely due to the electronic interaction
of the catalyst with the graphite surface.®® The ratio of peak anodic to cathodic current (ipa/ipc)
is approximately 1 (£0.1) and the peak current values are seen to increase linearly with scan
rate (Figure 3.38, right). Integration of the CV wave at 50 mV gives a total of 1.13x10° mol
electrons passed, which, if directly attributed to the Co""" couple, corresponds to a catalyst
loading of 1.13x10°° mol or 3.53x10° mol/cm?. This value is over an order of magnitude higher

than the loading reported in Section 3.2 on a HOPG electrode (1.85x107° mol/cm?), suggesting
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Figure 3.39. Left: Cyclic voltammetry of (TBA)[Co(S2CsCl2H2)2] (1) adsorbed on a bulk graphite working electrode with
addition of TFA at a scan rate of 50 mV/s. The control surface (using the same electrode before catalyst soaking) under the
same conditions is displayed on the bottom of the graph, and the inset provides a zoomed view of the CV of the Co catalyst
functionalized surface in the absence of acid. The solution contained 0.1 M aqueous potassium hexafluorophosphate. The
counter electrode was a platinum disc, and the reference was an Ag/AgCI (saturated KCI solution) electrode. Potentials are
reported vs. the standard hydrogen electrode. Right: Linear fit of the peak catalytic current versus increasing TFA
concentrations, indicating an acid-diffusion controlled process under these conditions.
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the less-ordered nature and higher surface area of the bulk graphite is actually beneficial for
catalyst uptake.

Addition of trifluoroacetic acid (TFA, pKa = 0.23) induces a significant increase in
cathodic current at the E1» along with a corresponding disappearance of the anodic peak, a
behaviour indicative of electrocatalytic reduction of protons from TFA (Figure 3.39, left).
Testing of the same bulk graphite electrode in identical conditions prior to catalyst adsorption
shows substantially lower background current as seen on the bottom of Figure 1, confirming
this activity as being directly a result of the catalyst’s presence. The cathodic current continues
to increase linearly with sequential acid additions, with no activity saturation seen (i.e. total
catalysis conditions) down to and below a pH of 1.5 (Figure 3.39, right). An icat/ip ratio of 50
can be calculated at this pH with icat measured at the peak cathodic potential (Ep, -0.76 V). This
value is significantly lower than the icat/ip ratio observed for the HOPG/1 system (176).
Equation 1 provides a TOF estimate of 115 s from the ica/ip ratio at this pH, although it should
be noted that these conditions are not ideal for use of this equation due to the fact catalyst
activity saturation is not observed.®” The bimolecular rate constant 2.85 * 10 M? st is
determined by the foot of the wave analysis (see experimental section), several orders of
magnitude higher than determined for HOPG/1 by the same method.®® The Eca of -0.51 V
observed at pH 1.5 also differs from that of the HOPG/1 system (-0.67 V). The electrocatalytic
response of 1 on bulk graphite has an onset overpotential of 0.36 V as compared to the reduction
of TFA at a platinum electrode under the same conditions (See experimental section), which is
notably similar to that of 1 in MeCN solution and 1 on both FTO/RGO and HOPG
electrodes.’®% This indicates that the surface-bound catalysts maintain their environment

around the cobalt center and thus, the thermodynamic properties of the molecular system. The
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disparity seen in half-wave potential and for the icat/ip ratio of the bulk graphite/1 system vs.
that of HOPG/1 (-0.51 V and -0.67 V, respectively) suggests that the ordering of the graphite
is in fact relevant for the catalyst’s activity, but not for the thermodynamic driving force for
electrocatalysis as evidenced by the identical onset overpotentials. At a pH of 1.3, a current
density of 10 mA/cm? is achieved by the bulk graphite/1 electrode at a potential of only —0.48
V vs. SHE (-0.4 V vs. RHE) (Figure 3.40). Compared to the one- and two-dimensional
[Co(S2R)2] polymer systems studied by Marinescu and coworkers, the overpotential of our
system is more positive by 80 mV and more negative by 60 mV, respectively.>2>3 However, it
is worth noting that the bulk graphite/1 system achieves this current density with a catalyst
loading 2-3 orders of magnitude lower than in the polymer systems, indicating a substantially
faster molecular TOF for our system or partial catalyst inactivity for the polymer Co(S2R)2

systems.
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Figure 3.40. Polarization curves of (TBA)[Co(S2CsCl2H2)2] (1) adsorbed on a bulk graphite working electrode (left) and
adsorbed in a GPEN film on a glassy carbon working electrode (Right) with 0.05 M TFA (pH 1.3) at a scan rate of 50 mV/s
(blue). The control surface (using the same electrode without adsorbed catalyst) under the same conditions is displayed in black.
The solution contained 0.1 M aqueous potassium hexafluorophosphate. The counter electrode was a platinum disc, and the
reference was an Ag/AgCI (saturated KCI solution) electrode. Potentials are reported vs. the standard hydrogen electrode.
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Figure 3.41. Left: Cyclic voltammetry of (TBA)[Co(S2CsCl2H-),] (1) adsorbed on a pencil graphite working electrode at various
scan rates. The solution contained 0.1 M aqueous potassium hexafluorophosphate. The counter electrode was a platinum disc,
and the reference was an Ag/AgCl (saturated KCI solution) electrode. Potentials are reported vs. the standard hydrogen electrode.
Right: The peak cathodic and anodic current versus the scan rate.

To assure these results can be extended to a variety of common graphite materials,
further testing was conducted on a pencil graphite electrode (PGE), which was
electrochemically pretreated as previously reported in the literature (see experimental section),
and then soaked in a solution of 1.8 Cyclic voltammetry analysis of PGE/1 systems shows
similar results to that of bulk graphite/1, with a quasi-reversible feature at an Ei» of
approximately  -0.43 V. Slight differences from bulk graphite/1 are observed in ipa/ipc trends
as well as peak separation (Figure 3.41), likely due to the inherent differences in diffusion or
electron transfer rates at the different types of graphitic materials. However, addition of TFA
to the solution induces an analogous increase in current density observed with an onset
potential approximately equivalent to the Ei (-0.46 V, n = 0.38 V), confirming catalytic

performance and preservation of the established EC mechanism for these systems, despite

differences in exact graphitic structure of the support (Figure 3.42).
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Figure 3.42. Left: Cyclic voltammetry of (TBA)[Co(S2CsCl2H2)2] (1) adsorbed on a pencil graphite working electrode with
addition of TFA at a scan rate of 50 mV/s. The control surface (using the same electrode before catalyst soaking) under the
same conditions is displayed on the bottom of the graph, and the inset provides a zoomed view of the CV of the Co catalyst
functionalized surface in the absence of acid. The solution contained 0.1 M aqueous potassium hexafluorophosphate. The
counter electrode was a platinum disc, and the reference was an Ag/AgCl (saturated KCI solution) electrode. Potentials are
reported vs. the standard hydrogen electrode. Right: Linear fit of the peak catalytic current versus increasing TFA
concentrations, indicating an acid-diffusion controlled process under these conditions.

Electrochemical behaviour of 1 on a glassy carbon surface (BASi, MF-2012) was
assessed by soaking the electrode as purchased in a solution of 1. Analysis of the resulting
electrode by cyclic voltammetry showed a very low current response, nearly within
background, with an approximate E1> of -0.4 V. Addition of TFA to the solution was observed
to induce an increase in cathodic current; however, closer analysis reveals the response to be
the same as for the bare electrode control at the same pH prior to catalyst soaking (Figure
3.43), suggesting the material is inherently unable to retain catalyst under turnover conditions.

Graphene (ACS materials) was transferred to glassy carbon and FTO electrodes for
electrochemical analysis (detailed in the experimental section; both of these support materials
do not retain our catalysts directly), followed by soaking of these electrodes in a solution of

catalyst 1. Cyclic voltammetry of the glassy carbon/graphene system shows only a slightly

higher redox response compared to the glassy carbon/1 system, but with a more definite shape
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Figure 3.43. Cyclic voltammetry of (TBA)[Co(S2CsCl2H2)2] (1) adsorbed on a glassy carbon working electrode with the
addition of low (Left) and high (Right) TFA concentrations, with the background current response displayed in the lower section
of the graph and a zoomed view of current response in the absence of acid displayed in the insets. In both cases, no current
above background was observed. The solutions contained 0.1 M aqueous potassium hexafluorophosphate. The counter electrode
was a platinum wire, and the reference was an Ag/AgCI (saturated KCI solution) electrode. Potentials are reported vs. the
standard hydrogen electrode.

and an Ex» of approximately 0.45 V (Figure 3.44, left). Addition of TFA to the solution was
observed to induce an increase in cathodic current to a pH of 3, with an Eca of -0.62 V and an
onset potential approximately equal to the E1» (Figure 3.44, right). However, upon repeated
scanning at this pH a decrease in the cathodic wave is observed, indicating loss of catalyst from
the surface. Upon further acid addition the current increase is seen to disappear, leaving only
the background response of proton reduction at glassy carbon. Given that the same catalyst is
seen to display persisting activity on the CV timescale at these acid concentrations on HOPG,
FTO/RGO, and bulk graphite electrodes, these results suggest that pristine, single-layer
graphene does actually not bind catalyst 1 well, which is easily desorbed and lost from the
corresponding electrode surfaces.

This lack of sustained activity for 1 adsorbed on glassy carbon and single-layer

graphene surfaces has very interesting implications for the interaction of the catalyst with
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Figure 3.44. Left: Cyclic voltammetry of (TBA)[Co(S2CsCl2H2)2] (1) adsorbed on a graphene-coated glassy carbon working
electrode at various scan rates. Right: Cyclic voltammetry of 1 adsorbed on a graphene-coated glassy carbon working electrode
with 1 mM TFA at a scan rate of 50 mV/s. The control surface (using the same electrode before catalyst soaking) under the
same conditions is displayed on the bottom of the graph, and the inset provides a zoomed view of the CV of the Co catalyst
functionalized surface in the absence of acid. The counter electrode was a platinum disc, and the reference was an Ag/AgCl
(saturated KCI solution) electrode. Potentials are reported vs. the standard hydrogen electrode

graphitic electrode surfaces. As glassy carbon has been reported to contain largely sp?-
hybridized networks with a dense layered fullerene structure, it can be assumed that the
difficulty in adsorption is not likely due to an electronic difference in the material, but rather
structural .2 This is further supported by the weak adsorption and minimal retention seen for
single-layer graphene, indicating the electronic interaction of the graphitic surface with catalyst
is not sufficient for catalyst retention. This implies that stable catalyst binding to graphitic
surfaces requires multi-layered structures, allowing for (partial) catalyst intercalation as
indicated in Scheme 1.

Inspired by the strong binding of catalyst 1 to bulk graphite electrodes, we further
investigated whether 1 could also be adsorbed onto graphite powder. In order to make an
electrode from this material, the graphite powder with adsorbed catalyst was embedded in

nafion films (details in the experimental section) and dried on a glassy carbon electrode surface
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Figure 3.45. Left: Cyclic voltammetry of (TBA)[Co(S2CesCl2H2)2] (1) adsorbed in a GPEN film on a glassy carbon working
electrode at various scan rates. The solution contained 0.1 M aqueous potassium hexafluorophosphate. The counter electrode
was a platinum wire, and the reference was an Ag/AgCl (saturated KCI solution) electrode. Potentials are reported vs. the
standard hydrogen electrode. Right: Linear fit of the peak cathodic and anodic currents versus the scan rate.

prior to electrochemical analysis. These graphite powder-embedded nafion (GPEN) films were
observed to have a redox response containing multiple features with approximately the same
E1p of -0.52 V (Figure 3.45), possibly due to the presence of catalyst in a multitude of
microenvironments in the film (i.e. at the film surface vs. internal, and closer to the glassy
carbon surface). Integration of the CV wave provides a catalyst loading estimate of 7.03x10°
mol Co in the GPEN film (2.11x10° mol/cm?). An increase in cathodic current response is seen
upon addition of TFA with two discernible peaks in agreement with the CV results prior to acid
addition. Linear increase in current response analogous to that for the bulk graphite electrodes
is observed with successive acid addition, with an Ecs 0f -0.47 V at pH 1.5 (Figure 3.46). At
this pH, an icat/ip ratio of 24.4 is observed, corresponding to a TOF of 57 s from equation 1.
The graphite and graphene surfaces as well as the GPEN films were analysed by X-ray

photoelectron spectroscopy (XPS) at a pass energy of 160 eV before and after soaking in a
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Figure 3.46. Left: Cyclic voltammetry of (TBA)[Co(S2CsH2Cl2)2] (1) adsorbed in a GPEN film on a glassy carbon working
electrode with addition of TFA at a scan rate of 50 mV/s. The control surface (using the same electrode before catalyst soaking)
under the same conditions is displayed on the bottom of the graph, and the inset provides a zoomed view of the CV of the Co
catalyst functionalized surface in the absence of acid. The solution contained 0.1 M aqueous potassium hexafluorophosphate.
The counter electrode was a platinum disc, and the reference was an Ag/AgCI (saturated KCI solution) electrode. Potentials are
reported vs. the standard hydrogen electrode. Right: Linear fit of the peak catalytic current versus increasing TFA
concentrations, indicating an acid-diffusion controlled process under these conditions.

solution of 1. The Co 2p core spectrum of bulk graphite after soaking in catalyst solution is
observed to contain two new broad signals at binding energies of 780.3 and 795.9 eV.
Deconvolution of the data reveals two sets of signals corresponding to the 2p1/2 and 2ps;2 signals
for [Co"'(bdt)2]™? (780.2 and 795.3 eV) and [Co''(bdt+)(bdt)]? (783.6 and 798.5 eV) resonance
structures, which is in agreement with previous results on FTO/RGO electrodes as well as in
polymeric Co(SzR) species (Figure 3.47).52° The presence of complex 1 on the surface is
further corroborated by new signals observed in the S 2p and CI 2p core spectra with binding
energies of ~163 and ~201 eV respectively, which are also consistent with previous accounts
in the literature.>>° Spectra for graphite powder and graphene surfaces were observed to have
nearly identical spectra (see experimental section), albeit with much lower intensity on

graphene, suggesting the same species is adsorbed to the surface of each support.
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Figure 3.47. X-ray photoelectron spectroscopy (XPS) analysis of TBA[Co(S2CsCl2H2)2] (1) on bulk graphite. (a)
background Co 2p core level XPS spectrum; (b) Co 2p core level XPS spectrum of catalyst-adsorbed bulk graphite;
(c) background CI 2p core level XPS spectrum of bare bulk graphite; (d) ClI 2p core level XPS spectrum of catalyst-
adsorbed bulk graphite; (e) background S 2p core level XPS spectrum of bare bulk graphite; (f) S 2p core level XPS
spectrum of catalyst-adsorbed bulk graphite. Envelope (black) omitted in some spectra for clarity.
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Throughout our analysis of cobalt bis(dithiolene) catalyst derivatives on HOPG
electrodes (outlined in Sections 3.1 and 3.2), catalyst removal from the electrode was found to
be non-trivial, as a residual catalytic response in acid was still observed even after fairly
extensive polishing regiments. These findings coupled to the extremely flat, square planar
structures previously reported for the Co complexes prompted us to investigate potential
catalyst intercalation into graphite via XPS coupled argon ion sputtering experiments.® Bulk
graphite with 1 adsorbed was used as representative material for the study, and the Co 2p core
spectrum was monitored over the course of the experiment. After 20 minutes of sputtering at 4
kV, a significant portion of the Co 2p signal remained with no observed changes in the binding
energies of the 2p12 and 2pap signals, suggesting that the catalyst may be present below the
surface layer of graphite (Figure 3.48). Analysis of the S and CI 2p core spectra after sputtering
also confirmed that the original species is still present with unaltered binding energies, again

suggesting the molecular structure of the catalyst is preserved on the surface. Analysis of bulk
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Figure 3.48. X-ray photoelectron spectroscopy analysis of TBA[Co(S2CsCl2H2)2] (1) on bulk
graphite. Co 2p core spectra are monitored at intervals between argon ion sputtering performed
with a 2 mm raster at a beam energy of 4 kV.
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Figure 3.49. Right: UV-Visible spectra of TBA[C0(S2CsCl2H>),] (1) in a 0.2 mM dichloromethane solution with the

titration of bulk graphite powder. Left: X-ray diffraction of bulk graphite powder before (red trace) and after (black

trace) adsorption of TBA[C0o(S2CsCl2H2)2] (1).
graphite powder before and after catalyst adsorption by X-ray diffraction (XRD) shows no
change in the graphite G peak with a 26 value of 26.48 degrees, suggesting that the bulk of the
powder is not intercalated by the catalyst molecules (Figure 3.49, right). However, it is worth
noting that the catalyst loading in the graphite powder samples is approximately 4 ¢ 10°
moles/mg according to the decrease in signal intensity in the UV-Visible spectra obtained from
graphite titration into catalyst solutions (Figure 3.49, left). This catalyst loading corresponds
to a mass percent of only 0.003% in the powder, which may not be high enough to observe a
significant change via XRD. While these results may suggest only insertion into the edge of
the graphite via defects or pores of the material, further analysis of the bulk material (ideally

at higher catalyst loadings) is required to determine if catalyst is able to insert deeper into the

bulk of the material.
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Controlled Potential Electrolysis at -0.5 V vs. SHE
0.5 M H_SO, (pH 0.3) with 0.1 M KPF_ supporting electrolyte
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Figure 3.50. Left: Controlled Potential Electrolysis of (TBA)[Co(S.CsCl2H)2] (1) adsorbed on a bulk graphite
working electrode at -0.5 V in an aqueous pH 0.3 sulfuric acid solution with 0.1 M KPFs supporting electrolyte.
Carbon felt is used as counter electrode and Ag/AgCI (sat. KCI) was used as a reference. Right: Bulk graphite
electrode with 1 adsorbed before (left) and after (right) applying a potential of -0.5 V vs. SHE.

As reported in Section 3.1, the long-term activity of HOPG/1 was assessed by gas
chromatography-coupled controlled potential electrolysis (CPE) and it was determined that
HOPG/1 has quantitative Faradaic efficiency for H2 production and residual activity after a 12
hour period.%® Further CPE analysis of the HOPG/1 system under more controlled pH
conditions (-0.5 V, pH 0.3 H>SO4 solution) was reported in Section 3.2, and showed a turnover
number (TON) of 1.27 107 with 90% of catalytic activity ceasing after approximately 8 hours
with an average molecular TOF of 441 s. To determine if stability of 1 was comparable on
bulk graphite and GPEN films, the alternative graphitic support systems were also studied
under these conditions. CPE analysis of bulk graphite/1 systems in a 0.5 M (pH 0.3) sulfuric
acid solution with 0.1 M KPFg supporting electrolyte was observed to give an initial current
density of 78.1 mA/cm?, with an initial molecular TOF of 96 s over the first 30 minutes
determined from the charge passed (37.7 C) and the catalyst loading from CV integration
(Figure 3.50). This rate is significantly lower compared to the initial rate previously seen for

HOPG/1. The overall increase in current density can therefore be attributed to the substantially
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higher catalyst loading observed on bulk graphite electrodes compared to HOPG, as opposed
to increased catalytic performance. With the use of inexpensive graphite electrodes, this current
density translates to a cost of less than $0.03 per mA (~$2/electrode). As observed for the
HOPG/1 systems, a gradual decrease in current density is observed, reaching a plateau current
of 12% of the initial current density after approximately 8 hours. During this period, 190 C of
charge is passed at the bulk graphite/1 electrode, providing a TON estimate of 8.71 x 10° and
an average TOF of 30 s™. Upon soaking the spent electrode in the same catalyst solution, a
second electrolysis experiment with the electrode shows an initial current density of 80
mA/cm?, approximately the same as the original value (Figure 2). Activity duration was seen
to be ~2 hours lower than in the first experiment, indicating the graphitic supports can be
reloaded with catalyst and reused, albeit with a slight decrease in performance.

Analysis of GPEN films on glassy carbon by CPE at -0.5 V vs. SHE in pH 1.5 H2SO4

(Figure 3.51) shows an initial current density of 35 mA /cm?, with a total charge of 17.5 C

Controlled Potential Electrolysis at -0.5 V vs. SHE
0.5 M H,SO, (pH 0.3) with 0.1 M KPF, supporting electrolyte
GPEN film on glassy carbon (control)
TBA)[Co(S,C,CLH,),] in GPEN film on

lassy carbon
200 4 g 4 14.74

w

150 + -11.05

)

1004 -7.37

Charge (C)
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50 4 -3.68

01 2 3 4 é ('i ':’ é é1'01'11'21'314
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Figure 3.51. Left: Charge accumulation over time for the controlled potential electrolysis of a GPEN film

on glassy carbon at -0.5 V vs. SHE in a pH 0.3 sulfuric acid solution before (grey) and after (black) soaking

the graphite powder in a 5mM solution of (TBA)[Co(S2CsH2Cly)2] (1). Right: Formation of hydrogen gas

at the surface of a GPEN film upon applying a potential of -0.5 V vs. SHE.
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accumulated in the first 30 minutes. This corresponds to a molecular TOF of 47 s, which is
similar to the initial rate previously seen for HOPG/1. The activity profile over time seen for
bulk graphite/1 is maintained in the films, with a gradual decrease in current density reaching
a plateau current after approximately 7 hours and 134 C, with a TON estimate of 9.87 x 10°
and an average TOF of 39 s? over this period. The plateau current for the films is notably
higher than that of the bulk graphite/1 system, with approximately 37% (13 mA/cm?) of the
initial current density persisting for the remainder of the 14 hour experiment.

In summary, in this study we compare adsorption and electrocatalytic activity of
cobalt bis(benzenedithiolene) dihydrogen production catalysts across a variety of
graphitic surfaces. Inexpensive graphite in the form of bulk graphite and pencil graphite
electrodes were found to be an effective support for catalyst loading, and exhibited
similar electrochemical characteristics as previously observed on HOPG, but at a
fraction of the cost. Further, these graphite/catalyst systems improve on the HOPG
system in a number of aspects, including catalyst loading and overpotential to achieve
a 10 mA/cm? current density, making graphite-supported catalyst systems an exciting
prospect for use in devices for dihydrogen production. Initial evidence of catalyst
intercalation into graphite was also obtained via XPS sputtering experiments, which
explain the low retention of catalyst observed for single-layer graphene. Finally,
catalyst-adsorbed graphite powder embedded in nafion films have been shown to
conserve electrocatalytic behaviour while improving catalyst loading. This comprises
one of the most versatile support platforms for these catalyst systems to date.
Investigation of these materials especially when embedded in conductive films for use

in fuel cells and for a variety of other applications is currently underway.
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Experimental Section
General Methods

Chemicals were of highest purity grade commercially available and used without
further purification (unless mentioned in the following). Methanol (anhydrous, ACS grade)
was purchased from Fisher and distilled over calcium hydride, then degassed via extended
dinitrogen purges prior to use. Acetonitrile (ACS grade), sodium methoxide, trifluoroacetic
acid, sulfuric acid, potassium ferricyanide, and potassium ferrocyanide were purchased from
Fisher. 3,6-dichloro-1,2-benzenedithiol was purchased from Sigma and used without further
purification. Graphite powder was purchased from MTI Corp. All procedures were performed
under a dinitrogen atmosphere unless otherwise specified.
Synthesis

Cobalt bis(dithiolate) complexes were prepared as previously reported:18©°
Tetrabutylammonium Co-bis(3,6-dichlorobenzenedithiolate) (1)
In a N2 atmosphere glove box a solution of 3,6-dichloro-1,2-benzenedithiol (0.21 g, 2.05 mmol)
and sodium methoxide (0.23 g, 4.10 mmol) in methanol was added dropwise to a suspension
of cobalt(l1) sulfate hexahydrate (0.283 g, 1 mmol) in 30 mL of dry methanol, and the resulting
solution was stirred for 2 hours. A solution of tetrabutylammonium bromide (1.05 mmol) in 5
mL methanol was added at this time, and the solution was stirred for an additional 2 hours. The
solvent volume was reduced by vacuum to <10 mL, giving a precipitate which was filtered,
washed with methanol and dried. Recrystallization of the solid from dichloromethane/ether
afforded 0.46 g (64%) of the complex as a dark blue microcrystalline solid. For
characterization, see experimental sections in 3.1 and 3.2.

Electrochemical Measurements
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All electrochemical measurements were conducted in the same manner and with the
same materials and equipment as detailed in the experimental section 3.2.

Determination of Catalytic TOF

The two primary methods for calculating turnover frequency outline in Section 3.1, the
method in the text by Bard and Faulkner (using equation 1) and the foot-of-the-wave analysis
reported by Saveant and coworkers (using equations 2 and 3), were also used in this study.8”:¢8

The methods were applied as reported in the experimental details of Section 3.1.

Electrode Preparation

Bulk graphite electrodes

Graphite rods of ¥ inch diameter were purchased from NAC carbon products, Inc. (ash level
<5 ppm) and then coated along the rod length with Loctite insulating epoxy (McMaster Carr,
E-30CL) to construct disk electrodes which were polished with sandpaper (McMaster Carr,
4673A73), alumina (BASIi, CF-1050), and finally with 15 um diamond polish (BASi, MF-
2051).

Graphite powder/nafion electrodes

Graphite powder was prepared by taking a graphite rod and filing it using a metal file to provide
a fine powder. The powder was then soaked in an acetonitrile catalyst solution, after which it
was filtered, rinsed extensively with fresh acetonitrile, and dried. The powder was then
suspended in a Nafion perfluorinated resin solution (Sigma, 274704) at a concentration of 50
mg/mL. A small volume of the suspension (~0.5 mL) was subsequently dropped on a freshly
purchased and polished glassy carbon electrode to form a Nafion film with embedded graphite
particles.

Pencil graphite electrodes
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Pencils were purchased from a local stationary (HB, Abbott) and were electrochemically
pretreated using the methods described by Keskin and coworkers.® The pencil electrode was
electrolyzed at 1.4 V vs. Ag/AgCl in a 0.1 M KPFs solution for 1 minute without stirring, after
which time the surface was rinsed and soaked in catalyst solution for analysis.
Glassy carbon/graphene and FTO/graphene electrodes
Predominantly single-layer graphene was purchased from ACS materials and treated in a 0.05
g/mL aqueous solution of iron nitrate (Sigma, 96%) to dissolve the copper layer, after which
the graphene piece was floated on to the FTO or glassy carbon electrode. After drying, the
graphene-coated electrodes were soaked in solutions of isopropanol, acetone, and
dichloromethane to remove the protective PMMA layer from the graphene surface. Finally, the
electrodes prepared in this way were then soaked in catalyst solution for further analysis.
X-Ray Diffraction

X-ray diffraction patterns were recorded on a Bruker D8 Advance diffractometer
equipped with a graphite monochromator, a Lynx-Eye detector, and parallel beam optics using
Cu-Ka radiation (1 =1.54184 A" ). Patterns were collected using a 0.6 mm incidence slit, with
a step size and scan rate of 0.048/step and 0.5 s/step, respectively.
X-ray photoelectron Spectroscopy

All XPS data was collected using the same equipment and methods described in the
experimental details of Section 3.2. Data analysis was also performed using the same software
and fitting parameters as previously described.
UV-Visible Spectroscopy

All spectra were collected on the same instrument defined in the experimental details

of Section 3.1.
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Figure 3.52. Left: Cyclic voltammetry of (TBA)[Co(S2CsH2Cl.).] (1) adsorbed on a bulk graphite working electrode
in a 1 mM TFA solution with a 50 mV/s scan rate as an example of how overpotential was calculated (n = Ecat —
Pt(Eoc). Right: Open circuit potential over time of a platinum mesh working electrode in the same acid solution
under 1 atm H, atmosphere to indicate overpotential. The solution contained 0.1 M aqueous potassium
hexafluorophosphate. The counter electrode was a platinum wire, and the reference was an Ag/AgCl (saturated KCI
solution) electrode. Potentials are reported vs. the standard hydrogen electrode.
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Figure 3.53. Foot-of-the-wave analysis of (TBA)[Co(S2CsCl2H>).] (1) on bulk graphite in the presence of 32 mM
TFA. For 1 adsorbed on bulk graphite with 32 mM TFA, foot-of-the-wave analysis gives a slope of 2.17 x 105,
resulting in a bimolecular rate constant of 2.85 * 10 M s’ (from equation 3).

157



1—— TBA[Co(S5,CCl,H,),] in a GPEN film

4000 - pH 1.5 (32 mM) TFA solution

3000
o o
Ny 2000
b

1000 4

0

*~ 1000+

L] v I v L] v I v L v ] M L v 1 ¥ L] '
04 03 02 01 00 -01 -02 -03 -04

E-E,q(V)

2500

2000 4

1500

500 +

Y =19802X + 98

—— TBA[C0(S,C,Cl,H,),] in a GPEN film

pH 1.5 (32 mM) TFA solution
Linear fit of the foot of the wave

0.0

T T T T T 1

0.1 0.2 0.3 0.4 0.5 0.6
1

1+ exp[ RLT (E- E?.Q)]

Figure 3.54. Foot-of-the-wave analysis of (TBA)[Co(S2CsH2Cl,)] (1) adsorbed on bulk graphite powder embedded
in nafion (50 mg/mL) in the presence of 32 mM TFA. For 1 in a GPEN film with 32 mM TFA, foot-of-the-wave
analysis gives a slope of 1.98 x 104, resulting in a bimolecular rate constant of 2.38 * 10° M s (from equation 3).
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Figure 3.55. X-ray photoelectron spectroscopy (XPS) analysis of TBA[Co(S2CsCl2H2)2] (1) on a FTO/graphene
electrode. (a) background Co 2p core level XPS spectrum; (b) Co 2p core level XPS spectrum of catalyst-adsorbed
FTO/graphene; (c) background CI 2p core level XPS spectrum of bare FTO/graphene; (d) ClI 2p core level XPS
spectrum of catalyst-adsorbed FTO/graphene; (e) background S 2p core level XPS spectrum of bare FTO/graphene;
(f) S 2p core level XPS spectrum of catalyst-adsorbed FTO/graphene. Envelope (black) omitted in some spectra for
clarity.
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Figure 3.56. X-ray photoelectron spectroscopy (XPS) analysis of TBA[Co(S2CsCl2H2)2] (1) on bulk graphite powder
used in GPEN films. (a) background Co 2p core level XPS spectrum; (b) Co 2p core level XPS spectrum of catalyst-
adsorbed GPEN film; (c) background CI 2p core level XPS spectrum of bare GPEN film; (d) CI 2p core level XPS
spectrum of catalyst-adsorbed GPEN film; (e) background S 2p core level XPS spectrum of bare GPEN film; (f) S 2p
core level XPS spectrum of catalyst-adsorbed GPEN film. Envelope (black) omitted in some spectra for clarity.
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Chapter 4

Application of Catalyst Interfaces on Semiconductor Surfaces

Introduction

As outlined in Section 1.3, the development of efficient interfaces coupling
photosensitizers and catalysts is critical for the development of solar-to-fuel systems, and has been
a substantial focus of electrocatalysis research in the last few decades.! Photocatalytic systems in
which the catalyst and photosensitizer are directly coupled, such as by means of covalent
attachment, have shown noticeably more promise in terms of stability and electron transfer rates.>
12 However, many of these systems require a relatively large amount of synthetic preparation for
this attachment, and often are effective in coupling only a very specific combination of catalyst
and photosensitizer. The work outlined in this chapter aims to develop a system which minimizes
the synthetic efforts required to provide a functional catalyst-semiconductor interface, and to
increase the variance in catalyst-semiconductor pairings that can be facilitated with the same

interface.

4.1. Construction and Characterization of Cobalt Bis(dithiolene) Catalyst-Adsorbed CHs-
GaP/Graphene Photoelectrodes
Graphene and reduced graphene oxide (RGO), both notably cheap and plentiful materials,

have been researched for surface modification of a variety of semiconductor materials to enhance
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Scheme 4.1. Schematic representation of photocatalytic hydrogen production

at the surface of a graphene-covered gallium phosphide electrode with a cobalt

bis(dithiolene) catalyst adsorbed.
electron transfer kinetics, decrease recombination, chemically passivate surfaces towards oxide
formation, and even modify semiconductor electronic properties.’*° In chapter 3, our detailed
study of cobalt bis(dithiolene) hydrogen production catalyst derivatives adsorbed on a variety of
graphitic supports including RGO evidences the ability of such graphitic supports to provide an
effective catalyst-electrode interface. Given the ease with which these materials can be deposited
on semiconductor surfaces either chemically or electrochemically and the benefits they inherently
can provide to semiconductor function, use of graphene and RGO as catalyst interfaces has the
potential to provide all the aforementioned benefits in addition to enabling more efficient solar-to-

fuel conversion.

In this section the application of thin layers of RGO and predominantly single layer
graphene on semiconductor surfaces to serve as a catalyst interface for cobalt bis(dithiolene)
catalysts previously studied on graphitic supports (Chapter 3) is reported. Due to its strong driving
force for proton reduction, the 111-V semiconductor gallium phosphide (GaP), with an indirect
band gap of 2.26 eV, was used in the form of p-type (zinc-doped) single crystals to facilitate a
solar-driven cathodic process.?’ These photocatalytic manifolds for hydrogen production can be

seen in Scheme 4.1. Preparation of methylated gallium phosphide surfaces and Grazing Angle
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Figure 4.1. Left: XPS of a gallium phosphide surface before (top) and after (bottom) electrodeposition of
RGO. Right: electrodeposition of RGO with two cathodic scans (top) and five cathodic scans (bottom).

Infrared Spectroscopy (GATR) measurements were performed by Betsy Brown and Sabrina

Peczonczyk as part of a collaborative study between the Lehnert and Maldonado groups.

Construction of GaP/RGO Electrodes and Analysis as Catalyst Interfaces

Initial attempts at constructing these photocathode manifolds proceeded by
electrodeposition of RGO on GaP surfaces using the same methods as for fluorine-doped tine oxide
(FTO) substrates as described in Chapters 2 and 3. Cyclic voltammetry (CV) electrodeposition
was performed with the GaP substrate used as a working electrode in the graphene oxide solution.
Unlike in the case of the FTO surfaces, the opaque nature of the substrate did not allow for direct
visual confirmation of RGO deposition. XPS of the RGO-deposited GaP surface confirmed an
increase in signal in the C 1s spectrum indicative of C-O (hydroxyl, epoxy) groups at 286.7 eV
and C=0 (carbonyl groups) at 288.4 eV (Figure 4.1, left). This result mirrors those we observed
previously on FTO electrodes and is consistent with previous reports of reduced graphene oxide
on surfaces.?! Comparative analysis of the GaP surfaces after two and five cathodic scans during

RGO deposition clearly shows an increase of the C-O and C=0 signals relative to adventitious
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Figure 4.2. SEM image of a bare gallium phosphide surface (left), gallium phosphide with RGO electrodeposited on
the surface (middle), and a FTO electrode with RGO electrodeposited on the surface (right).

carbon (Figure 4.1, right), indicating the relative amount of deposited RGO could be controlled

by the number of cathodic scans.

Scanning electron microscopy (SEM) imaging of the GaP electrodes before and after RGO
deposition also confirmed the presence of RGO on the semiconductor surface (Figure 4.2, left and
middle); however, the loading was somewhat scarce with a large portion of uncovered GaP,

notably much lower than that observed with the same number of CV deposition scans on FTO

[ RGO-coated GaP after 24
I hours in catalyst solution

GaP after RGO deposition
[ (5.cathodic scans)

Co2p . Co2p

F RGO-coated GaP after 24 [ Surface after 4 days

F hours in catalyst solution

N(e) /e

[ exposed to air

N(e) /e

Co2p Co2p

805 800 795 790 785 780 775 805 800 795 790 785 780 775
Binding Energy /eV Binding Energy /eV

Figure 4.3. Left: XPS Co 2p core spectra of a GaP/RGO surface before (top) and after
(bottom) adsorption of (TBA)[Co(S ,.C 6CI ,H 2) 2] (2). Right: GaP/RGO/1 surface before (top)

and after (bottom) exposure to air for 4 days. Data collected at a pass energy of 23.3 eV.
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surfaces (Figure 4.2, middle and right). These differences were assumed to be due to the inherently
lower free electron concentration and mobility in a p-type semiconductor material compared to the
FTO metal oxide surface, and the results from XPS analysis suggest that coverage can be further

increased if required by simply increasing the number of CV deposition scans.

Analysis of the RGO-deposited surfaces after soaking in an acetonitrile solution of

(TBA)[Co(S,CCLH,),] (1), however, showed very little signal above background in the Co 2p

core spectra (Figure 4.3, left). In addition, analysis of the same surfaces after several days reveals
a complete decrease of the observed Co 2p signal to background (Figure 4.3, right). This result
indicates that very little catalyst is adsorbed to the GaP/RGO surface, and what little is adsorbed
is not retained over time. These results are not in agreement with the typical stability of the cobalt
bis(dithiolene) catalysts on RGO surfaces under ambient conditions (without applied potential),
and were therefore attributed to the difference in RGO loading on the GaP surface.?? While an

increase in the number of CV deposition scans or even controlled potential electrolysis at the GaP

R I
Ladss

Figure 4.4. SEM image of a methylated gallium phosphide surface with RGO electrodeposited on the
surface (left) and predominantly single layer graphene transferred on the surface (right).
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surface could increase the RGO coverage, these options may also result in the partial reduction of

GaP to gallium metal on the surface, disrupting the electronics of the semiconductor material.

Construction of CHs-GaP/graphene Electrodes and Analysis as Catalyst Interfaces

To increase surface coverage with the graphitic support without degrading the gallium
phosphide and to allow for more consistent surface properties from sample to sample,
predominantly single layer graphene (ACS materials) was purchased and transferred to the GaP
surface as outlined in the experimental section. While more expensive than RGO deposition ($80
per cm?), this method was evidenced by SEM imaging to provide a more uniform topography and
high coverage (Figure 4.4). As an additional modification, the p-type gallium phosphide surfaces
were methylated prior to graphene coating, as recent work in the Maldonado group has highlighted
the ability of short chain alkyl groups to chemically passivate GaP towards oxide formation while

negligibly effecting the solar absorption properties.?

XPS analysis of the graphene-coated CHs-GaP surfaces after soaking overnight in a

solution of 1 showed substantially higher signal above background in the Co 2p core spectra

Co2p

ZPLZ 2p3/2

CH,-GaP + Graphene

12 hrs in catalyst solution
1 week ambient conditions

N(e) /e

CH_-GaP + Graphene

12 hrs in catalyst solution

WWNMWWWW“

CH,-GaP + Graphene

810 . 8(')5 ' S(I)() ' 755 ' 760 ' 7é5 ' 7;30 ' 7%5 . 770
Binding Energy (eV)

Figure 4.5. XPS Co 2p core spectra of (TBA)[CO(SzCeCIsz)z] (1) adsorbed

on CHB-GaP/graphene collected at a pass energy of 160 eV.
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(Figure 4.5, bottom and middle). In addition, analysis of the same surfaces after a week revealed
an essentially unchanged Co 2p signal (Figure 4.5, top). These results confirm adsorption of the
cobalt bis(dithiolene) catalysts to the graphene surface, and reflect the previously seen stability of
the catalysts on graphitic surfaces even when open to air. This combined stability afforded by the
methylation of GaP and observed for the adsorbed catalysts is impressive and ideal for use in

device applications for photocatalytic H> production.

To further elucidate the nature of the adsorbed species on the CHs-GaP/graphene surface,
grazing angle attenuated total reflectance (GATR)-Fourier transform infrared (FTIR) spectroscopy
was used to analyze the resulting surfaces. To compare to these data, an IR spectrum of the bulk
solid material of 1 was also collected using an ATR accessory. An additional comparison was
provided by a density functional theory (DFT) calculation of the IR spectrum, obtained from the

optimized structure of [Co(S,C,CLH,),]" with B3LYP/TZVP.?* These spectra, which can be seen

in Figure 4.6, show that the features observed for 1 in the bulk material and DFT calculation are
largely conserved on the CHs-GaP/graphene surface. A closer comparison of the peak energies

across the spectra is provided in Table 4.1, showing that within approximately 10 wavenumbers

- -3
Scale bar=2x104l Scalebar=2x 10 I

Absorbance /A.U.
Absorbance /A.U.
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1
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Figure 4.6. Left: GATR of (TBA)[Co(SZC6CI2H2)2] (1) adsorbed on CHS-GaP/graphene; Middle: IR of solid bulk material
of 1 by ATR; Right: calculated IR spectrum of (1) obtained from DFT calculations (B3LYP/TZVP).
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1461 1464 1465

1413 1401

1330 1330 1319
1263 1266 1260/1276
1147 1159 1142
1070 1063 1061

Table 4.1. IR spectra peak comparison of (TBA)[Co(SZCGCIZHZ)Z] (1) adsorbed on

CHS-GaP/graphene, solid bulk material of 1, and the calculated IR spectrum of 1.

the GATR spectrum closely matches the signals observed in the experimental and calculated

spectra.

The CHs-GaP/graphene/1 surface was also analyzed by resonance Raman spectroscopy
(rRaman) at an excitation wavelength of 647 nm, aligning with the broad absorption feature of 1
in the visible spectrum (see Figure 3.15).%° For comparison, 1 was also analyzed by rRaman at the
same excitation wavelength in a 1:1 propionitrile:butyronitrile solution (chosen due to the
enhanced glassing ability of this solvent mixture). The spectra, which can be seen in Figure 4.7,
show several features in solution that appear to be conserved on the GaP surface. Specifically, the
features present in the solution spectrum at approximately 1150 and 1280 wavenumbers have
corresponding signals in the surface spectrum at approximately the same energies. Further
confirmation of the nature of these signals could be obtained by rRaman analysis of isotopically

labeled compounds (e.g. 3*S or even Se substitution for S).

These data strongly suggest that the species adsorbed on the CHs-GaP/graphene surfaces

is in fact the molecular species [Co(S,C,CLH,),]". This is also in agreement with XPS analysis for

FTO/graphene/1 systems, which shows features both confirming the typical cobalt bis(dithiolene)
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Figure 4.7. Left: Resonance Raman (647 nm) of (TBA)[Co(S ,C 6CI ,H 2) 2] (1) adsorbed on CH 3—GaP/graphene; Right

Resonance Raman of (TBA)[C0(8206CI2H2)2] (1) in a frozen 1:1 propionitrile:butyronitrile solution, measured at

liquid nitrogen temperature.

electronic structure and the presence of ligand components (CI) [see Section 3.3].8%628 These
results also confirm that graphitic supports can effectively serve as an interface for the
functionalization of semiconductor surfaces with cobalt bis(dithiolene) catalysts for hydrogen
production. Unfortunately, as observed for the FTO/graphene/1 heterogeneous catalyst systems
detailed in Section 3.3, loss of the catalyst species occurs readily upon CV cycling at pH values
below 3 (where the majority of catalyst activity is observed), and in some cases simply upon CV
cycling of the CHs-GaP/graphene/1 electrodes. Based on the thorough analysis of these catalysts
in chapter 3, catalyst loss from CH3z-GaP/graphene/1 is likely caused by desorption of the catalyst

from the single-layer graphene surfaces.

In summary, gallium phosphide surfaces have been modified with thin graphitic supports
such as RGO and graphene, and the latter was determined to give a more full and consistent surface
coverage without risk of damaging the semiconductor surface. These surfaces have been shown to
successfully adsorb and retain cobalt bis(dithiolene) catalysts under ambient conditions as

evidenced by GATR, rRaman and X-ray photoelectron spectroscopies, and were observed to have
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similar spectroscopic features compared to the catalysts in the bulk solid and in solution.
Preliminary studies for the CHs-GaP/graphene/1 photocathode system have shown low catalyst
stability under applied potentials, particularly in more acidic solutions, likely due to catalyst
desorption under these conditions. To combat this desorption, results from previous analyses of
the Co catalysts on graphitic supports suggests that introduction of a more porous and layered
support with higher surface area than single-layer graphene may help to better retain adsorbed

catalysts under turnover conditions (see Section 3.3).

Thus, future direction should focus on applying thicker layers of RGO or thin films of
graphite to GaP surfaces. While thicker RGO coatings could be applied simply by performing
controlled potential electrolysis for an extended period at the GaP working electrode, the resulting
degradation of GaP via reduction to metallic gallium may compromise the efficiency of the
resulting photocathode system. Alternatively, RGO may either be purchase or prepared from the
bulk chemical reduction of graphene oxide, and subsequently be mechanically deposited on to the
methylated GaP surface. Drop casting the RGO suspended in organic solvent (e.g., methanol) will
allow for facile application. Alternatively, spin coating the RGO material can provide enhanced
control over the RGO film thickness and distribution across the surface, allowing for more accurate
assessment of catalyst retention for the resulting CH3-GaP/RGO surfaces as a function of RGO
film thickness. These electrodes can ideally be balanced to attain a thickness which best retains
the catalyst under turnover conditions, while maintaining a thin enough coating to still allow facile
light absorption. Alternatively, as other electrostatically adsorbed catalyst systems in the literature
have shown higher stability under turnover conditions.?3° Therefore, incorporation of alternative
aromatic moieties in the catalyst’s ligand system could be a more effective pathway to effectively

retaining catalyst on graphene-coated GaP surfaces.
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Experimental

Preparation of Catalyst

Tetrabutylammonium Co-bis(3,6-dichlorobenzenedithiolate) (1)

The cobalt bis(dithiolate) complex was prepared as described in our previous work?? and was
characterized by UV-visible spectroscopy and mass spectrometry prior to use (see experimental
section, Sections 3.1 and 3.2).

Preparation of RGO-deposited Gallium Phosphide Surfaces

Graphene Oxide

Graphene oxide for graphene depositions was prepared as outlined in previous studies, see
experimental details for Chapter 2.

Reduced Graphene Oxide Depositions

RGO depositions were performed in an identical manner to the procedure outlined in the

experimental details for Chapter 2, only using GaP as the working electrode in place of FTO.

Preparation of Functionalized Gallium Phosphide Surfaces (Maldonado Laboratory)

Chlorination of Gallium Phosphide Surface

GaP(111)A was diced into ~0.25 cm? pieces, degreased in water, methanol, water by 2 min
sonication each, and etched in doubly distilled sulfuric acid for 30 s, rinsed with nanopure water,
and dried in a stream of nitrogen gas. In a No-purged glovebox, the samples were reacted in a
saturated solution of PCls in chlorobenzene at 90°C for 50 minutes as previously described.®! The

samples were thoroughly rinsed with chlorobenzene and dried in the glovebox.

Methylation via Grignard Reaction
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The samples were alkylated with CH3sMgCI in a closed reaction vessel over 3 h at 150-160°C,

thoroughly rinsed with THF and subsequently anhydrous methanol, and dried in the glovebox.
Graphene Immobilization

Predominantly single layer graphene sandwiched between copper metal and a protective
polymethylmethacrylate layer was first floated on an aqueous solution of iron nitrate (50 mg/mL)
overnight to dissolve the copper. The graphene was then floated on several portions of fresh water
to rinse, then floated onto the methylated gallium phosphide substrate and allowed to dry under a
nitrogen stream. The sample was then treated by rinsing in isopropanol and acetone consecutively
for 10 minutes, after which the surface was allowed to sit in dichloromethane for 2 days to remove
the majority of the polymethylmethacrylate layer. The graphene-modified surface was then

thoroughly dried under a nitrogen stream.
Catalyst-Adsorbed Gallium Phosphide Electrode Preparation

Catalyst-adsorbed gallium phosphide surfaces were prepared by soaking in saturated acetonitrile
solutions of the cobalt-bis(benzenedithiolate) complexes for 24 hours. After this period, surfaces
were extensively rinsed with fresh acetonitrile and acetone before being dried under a nitrogen

stream.
X-Ray Photoelectron Spectroscopy (XPS)

The elemental composition of functionalized GaP(111)A surfaces was investigated by XPS
using a PHI 5400 analyzer equipped with Al K a(1486.6 €V) source, without a monochromator.
Acquisition took place at a pressure of < 2.5x10° Torr, without charge neutralization. A 6 mA
current emission and a 12 kV anode high tension were used. For each sample, survey scans were

recorded between 0 and 1350 eV at pass energy of 117.40 eV and high resolution spectra were
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collected at pass energy of 23.5 eV. All binding energies were referenced to the expected binding
energy for adventitious carbon (284.6 eV).*? Data analysis was performed with CASA XPS 2.3.13

software.

Computational Methods
All geometry optimizations and frequency calculations were performed with the Gaussian
09 program package®* with the B3LYP functional and the TZVP basis set (as implemented in

Gaussian 09).
Photoelectrochemical Measurements

Single crystals of p-type GaP(111)A were diced into 0.5 x 0.5 cm? pieces. The backside
was gently scratched with a diamond scribe. In:Zn was soldered onto the back and annealed at
400°C for 10 min under flowing forming gas. Before the chemical reactions, the In:Zn back
contact was etched off by 30 s treatment in concentrated H>SOs4, using a razor blade to carefully
remove excess In:Zn. After all reactions were completed, In:Zn was soldered on the back again
but not annealed, keeping the soldering time to a minimum to mitigate damage to the organic layer
from high heat. Samples were placed in a custom-made, Teflon o-ring cell, where back contact
was made with a steel plate. A Pt counter and Ag/AgCl reference electrode were used. A
Schlumberger SI 1286 Electrochemical Interface was used for potentiostatic control. Surfaces
were illuminated using a tungsten white light lamp (ELH, Osram) with a quartz diffuser at an
intensity of 100 mW cm2, measured by a thermopile (S302A, Thorlabs). Optical density filters

(Newport) were used to achieve lower intensities.

4.2. Click Chemistry as a Versatile Interface for Catalyst Binding on GaP
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Scheme 4.2. Functionalization of gallium phosphide surfaces with terminal azide groups and subsequent click
reaction to covalently attach cobaloxime catalysts.

Perhaps the most versatile new synthetic method developed in the 21% century is Huisgen’s
1,3-dipolar cycloaddition of alkynes to azides, now commonly known as click chemistry, as first
reported by Sharpless and coworkers.® The wide variety of molecular and solid state components
that can be covalently tethered, often near room temperature with only inexpensive copper
catalysts, has provided nearly limitless possibilities which have already been instituted into a
number of research applications.®**° For the development of photocatalytic systems with facile
interchange of photosensitizer and catalyst components, click chemistry has the potential to
provide the same limitless possibility. While preparing these systems still requires some synthetic
work, the flexible requirements of simply needing alkyne and azide moieties on the components
typically provides minimal complication in synthetic design. Research developing such systems
on silicon surfaces has already made impressive strides towards photocatalytic systems for solar-
to-fuel production.>*4? Here, we have developed a method to functionalize gallium-based
semiconductors, which are known to exhibit an impressive driving force for proton reduction, with
terminal azide moieties in only a few synthetic steps. These surfaces were then modified by two

different types of alkyne-containing hydrogen production catalysts to confirm the success of the
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click reaction and develop solar-to-fuel photocatalytic systems on gallium phosphide surfaces
(Scheme 4.2). Preparation of azide-terminated gallium phosphide surfaces and analysis by GATR
was performed by either Betsy Brown or Sabrina Peczonczyk as part of a collaborative study

between the Lehnert and Maldonado groups.

Functionalization of GaP(111)A with Alkenyl Grignard Reagents.

GaP(111)A was reacted through a chlorination/Grignard sequence to form a monolayer of
terminal olefins (CsHs- or CsHe-) as shown in Scheme 4.2, similar to previously described
reactions.*® Unless otherwise noted, data discussed throughout this section pertains to the reaction
with CsHgMgBr. The water contact angle of CsHy-GaP(111)A indicated the modified surface was
moderately hydrophobic (69 £ 3°, N=3), which was similar to previously reported values for C3Hs-
GaP(111)A (73 + 2°, N=3) and CHs-terminated GaP(111)A (67° + 4°, N = 3) surfaces.*®

Electrophilic Bromination of CsHe-GaP(111)A.

Br 3d

M‘

N(e) /e

GaP(111)A_pentenyl Br2

GaP(111)A_pentenyl_azide
72 69 66
Binding Energy /eV
Figure 4.8. High-resolution Br 3d XP spectra of pentenyl-GaP(111)A (a) after the bromination
step and (b) after the subsequent azide exchange. The doublet at 68.6 eV (red) was indicative

of elemental Br while the doublet at 69.7 eV (green) is indicative of Br-C bonding. Spectra are
offset for clarity. All spectra were collected at a pass energy of 160 eV.
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Bromide functional groups were desired due to amenability to nucleophilic exchange with
a wide variety of functional groups, such as —OH, -N3z, -CN, etc. Bromine addition across an olefin
also affords two active bromine sites for further reaction. After bromination, high resolution Br 3d
XP spectra exhibited a doublet at 69.7 eV and a doublet at 68.6 eV, corresponding to Br-C bonding
and elemental Br, respectively (Figure 4.8).4
Azide Exchange of Brominated GaP(111)A.

Azide-exchange was performed to probe further reactivity of bromine-modified GaP
surfaces and for the variety of reaction opportunities afforded by a covalently bound azide on the
GaP surface. Bromine-terminated GaP(111)A surfaces were reacted with NaNs in DMF for at least
3 days. No Br 3d signal at 69.7 eV from Br-C bonding was observed after the azide-exchange
reaction, indicating a full conversion of the brominated monolayer. A small signal at 68.6 eV was
observed (Figure 4.8). Elemental Br was previously shown to chemically attack underlying GaP
substrates, regardless of the organic layer, with a corresponding binding energy of 68.5 eV.*® After

azide exchange, GATR-FTIR in Figure 4.12 exhibited the N-N stretch of azide at 2156 cm™. High

N 1s N 1s
N=N=N
N=N=N pentenyl_azide_6thbatch
Organic N —— bare_GaP

@ /\ @ /,.\\/\*4 —— Difference
— —~

40 405 200 395 415 410 405 400 395 390

Binding Energy /eV Binding Energy /eV

Figure 4.9. Left: XP spectra of the N 1s region of azide-terminated GaP(111)A, with the expected shifts
for bound azides indicated at 405 and 402 eV. Organic nitrogen is observed in the range of 400.5-398.5
eV. Right: Difference XP spectra for N 1s showing a very low N 1s signal. All spectra were collected at a
pass energy of 160 eV.
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Figure 4.10. XP spectra of the Fe 2p region of
[Fe(S2C6H4)((CeHs)2PN((CH2).C=CH)P(CsHs),)CO] (1) modified GaP(111)A,
obtained through the Click conversion of a pentenyl linker. Data were collected at a
pass energy of 23.3 eV.

resolution N 1s XP spectra did not conclusively show discrete peaks corresponding to oxidation
states of nitrogen in azides, commonly found at 405 and 400 eV.*#® The broad signal observed
at 399.5 eV (difference spectrum, Figure 4.9, right) is consistent with reports of azide, degraded
by exposure to X-rays of high energy or for long periods of time (>10 minutes).*’
Click Reaction of Azide-Modified GaP(111)A with Alkyne-Modified Iron Catalyst

In chapter 2, we reported a series of pentacoordinate iron catalysts for hydrogen production
with a highly functionalizable PNP ligand motif. In this study, we utilized one of the alkyne-
functionalized catalyst derivatives, [Fe(S2CsHs)((CsHs)2.PN((CH2).C=CH)P(C¢Hs),)CO] (1), for
attachment to the GaP surface via click chemistry. The azide-terminated GaP(111)A was reacted
with the alkyne-derivatized iron complex in the presence of a Cu () catalyst for at least 3 days at
room temperature. Afterwards, high resolution XPS analysis of the thoroughly rinsed surfaces
shows new signals in the Fe 2p energy region (Figure 4.10). Analysis of the surface again after 3
days shows a negligible change in the Fe 2p signal, confirming the formation of a stable covalent

bond to an iron species.
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Figure 4.11. Left: Co 2p XP spectra of azide- (bottom) and cobaloxime-modified (top) GaP(111)A
obtained through the Click conversion of an allyl linker. Right: P 2p XP spectra of azide- (bottom) and
cobaloxime-modified (top) GaP(111)A obtained through the Click conversion of an pentenyl linker. All
data were collected at a pass energy of 160 eV.

Click Reaction of Azide-Modified GaP(111)A with an Alkyne-Modified Cobaloxime
Catalyst.

Cobaloxime catalysts are known for proton reduction from water under neutral conditions
at high pH and are known to be active when attached to GaP.1%*® Azide-terminated GaP(111)A

was reacted with the alkyne-derivatized cobaloxime complex in the presence of a Cu () catalyst

_ Aromatic C-H szmd AU.
-) 3050
: 3487
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:
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Figure 4.12. GATR-FTIR of azide-terminated (bottom) and cobaloxime-modified (top)
GaP(111)A obtained through the Click conversion of a pentenyl-linker. Spectra are offset for
clarity. The vertical scale bar =2 x 10* A.U.
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for at least 2 days at room temperature. High resolution Co 2p XP spectra show an increased signal
after the Click reaction (Figure 4.11). Corresponding monolayer coverage was calculated to be
0.3 + 0.1 monolayers. After the Click reaction, GATR-FTIR indicated no signal at 2156 cm™ for
azide and the appearance of peaks at 1656 and 1457 cm™ corresponded to triazole stretching
vibrations (Figure 4.12) is noted.

Reaction Sequence on CsHs-GaP(111)A.

The effect of linker length on the sequential reaction was probed by modifying the length
of the linear olefin linker from CsHo- to CsHs-. After chlorination and reaction with Cz3HsMgCl,
surfaces were brominated, exchanged with sodium azide, and clicked with cobaloxime. High
resolution Co 2p XP spectra in Figure 4.11 indicate a monolayer coverage of 0.2 + 0.1.
Oxidation Resistance and Stability of Reacted Surfaces.

The stability of the clicked surfaces was tested by allowing samples to sit in ambient
conditions for extended periods of time. In Figure 4.13 (left), high resolution Co 2p XP spectra

show a cobaloxime clicked to GaP(111)A immediately after the reaction and after sitting for 2

Co2p P2p

after 2 months

ambient conditions
ambient conditions

N(e) /e
N(e) /e

Cobaloxime
. . . . . . L Cobaloxime
810 805 800 795 790 785 780 775 770 - - -
Binding Energy /eV Binding Energy /eV

Figure 4.13. High-resolution XP spectra of Co 2p (left) and P 2p (right) of pristine cobaloxime-GaP(111)A
obtained through Click conversion of a pentenyl-linker (bottom) and XP spectra of the same surfaces after two
months in ambient conditions (top). Spectra offset for clarity. Data were collected at a pass energy of 160 eV.
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Figure 4.14. Left: Cyclic voltammetry of a [Fe(S2CsHa)((CsHs)2PN((CH.).C=CH)P(CsHs)2)CO] (1) modified GaP(111)A
electrode in a 0.1 M KPFs aqueous solution under illumination before (red trace) and after (black trace) the addition of acetic
acid. Right: Cyclic voltammetry of a pentenyl functionalized GaP(111)A electrode (prior to catalyst attachment) under the same
conditions.
months in ambient conditions. The monolayer coverage was nominally unchanged at 0.3 £ 0.1
monolayers, though the XP signal exhibited a larger signal-to-noise ratio in the spectrum of the
aged sample. P 2p XP spectra (Figure 4.13, right) indicate an increase in the POy signal at 133 eV
after 2 months in ambient conditions, which corresponds to an increase in oxide thickness from
0.12 nm to 0.18 nm on the GaP surface.
Photoelectrochemical Catalyst Activity Tests
P-type GaP(111)A electrodes functionalized with the pentacoordinate iron catalyst 1 were
submerged in a 0.1 M KPFs electrolyte solution (pH 7) and illuminated with white light at an
intensity of 100 mW/cm?. Analysis by cyclic voltammetry showed increasing photocurrent
indicative of hydrogen production at potentials below the open circuit potential of 0 V vs. SCE,
reaching a plateau current at approximately -0.6 V as seen in Figure 4.14 (left). As the catalyst 1
was observed to only be active under acidic conditions (e.g., with addition of acetic acid in
acetonitrile solution), 20 mM acetic acid was then added to the solution to asses catalyst activity.
Subsequent scanning evidenced an increase in open circuit potential (and the coinciding onset of
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Figure 4.15. Cyclic voltammetry of a cobaloxime (2) modified GaP(111)A electrode (red
trace) and a pentenyl-modified GaP(111)A control (black trace) in a pH 7 aqueous solution
with 1 M potassium phosphate buffer and illuminated with white light at an intensity of 100
mW/cm?. Return (anodic) scans are omitted for clarity.

the current wave) to 0.2 V, as well as a much earlier current plateau at -0.25 V with a steeper
current incline. However, analysis of the pentenyl control surfaces (i.e., samples prior to catalyst
functionalization) under identical conditions showed a nearly identical photocurrent response
before and after addition of acetic acid (Figure 4.14, right), indicating no clear current

enhancement due to the presence of the tethered iron catalysts.

For photoelectrochemical analysis of GaP electrodes functionalized with the cobaloxime
catalyst 2, the electrodes were submerged in a pH 7 aqueous solution with 1 M potassium
phosphate buffer and illuminated with white light at an intensity of 100 mW/cm?. Cyclic
voltammetry of the electrodes under these conditions evidenced an increase in photocurrent at a
potential of -0.25 V, with a plateau current that is reached at a potential of approximately -0.6 V
(Figure 4.15). In comparison, cyclic voltammetry of a pentenyl control electrode under the same
conditions showed an increase in photocurrent coinciding with the open circuit potential at 0 V,

and a plateau current of equivalent current density to the cobaloxime-modified sample (~ -0.15
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mA/cm?) was achieved at a potential of only -0.4 V. These results do not confirm an enhancement

in activity for hydrogen production due to the tethered cobaloxime catalysts.

Discussion

The data presented herein elucidate a wet-chemical sequential reaction to impart a stable
organic monolayer with terminal, reactive azide functionality to GaP(111)A surfaces. Azides have
versatile reactivity through dipolar cycloaddition, or Click chemistry. Through this reaction
strategy, a host of desired molecules can be attached to GaP(111)A and likely other Ga-containing
111-V semiconductors.*® In addition to reaction flexibility, chlorination/Grignard reaction
sequences have shown mitigation of deleterious oxidation,3"*3 extended stability against cathodic
aging, and lower surface state population? of GaP substrates through protective and stable Ga-

C bonding.

Previously, CigHa7-terminated GaP(111)A had shown an oxide thickness of 0.01 + 0.04
nm over 7 weeks, though GaP substrates were shown to be more susceptible to oxide attack with
shorter alkyl chain monolayers.3! Other contributing factors to the amount of oxide initially present
include chemical attack by bromine on the underlying GaP substrate, which could facilitate
oxidation under ambient conditions on newly exposed or roughened GaP, or the organic monolayer

could direct oxide formation as previously described.%

One notable aspect of the reaction sequence outlined in Scheme 4.2 is the effect of linker
length on total monolayer coverage of cobaloxime molecules. CsHs-terminated GaP has an
effective length of approximately 7.3 A between the GaP substrate and the reactive terminal group
whereas CsHo-terminated GaP has approximately 10.3 A, estimated from published bond length
data and assuming trans- configuration for the olefin.> The footprint of molecules larger than —
CHa groups has been known to decrease monolayer coverage, due to the space required between
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atop groups on planar, crystalline substrates. Here, the inter-atom distance of atop Ga atoms on
GaP(111)A zincblende structure is 3.85A.5° Though -C3Hs groups are more similar in areal
footprint to —CHz groups than -CsHo-groups, perhaps indicting higher initial monolayer coverage
of -C3sHs molecules, the quantity of attached cobaloxime molecules is decreased in the latter case.
One possible explanation is that molecules bound to CsHy-GaP(111)A have a greater degree of
rotational freedom with a linker of longer length, and steric hindrance would therefore be reduced

in this case compared to C3Hs-GaP(111)A.

Attachment of both iron and cobalt catalysts, as evidenced by XPS and GATR data,
confirm the success of the azide-functionalized gallium phosphide surfaces in facilitating triazole
formation and successfully ‘clicking’ a molecular species onto the surface. For both compounds,
the click reaction is facilitated under extremely mild conditions- at room temperature with minimal
diffusion (i.e. no solution agitation). Further, in the instance of both catalysts, analysis of the
surfaces by XPS after several days shows essentially no decrease in the Fe or Co 2p signals, further
evidencing the stability of the covalent attachment through the chemically rugged triazole bond.
The mild reaction conditions, high stability of the covalent attachment, and versatility in being
able to bind any alkyne-appended molecule make the Click interface systems highly advantageous

for use in the design of a wide variety of photocatalytic systems.

In both the pentacoordinate iron and cobaloxime catalyst-modified GaP systems, normal
photocurrent responses were observed, evidencing that the GaP had not undergone significant
degradation during the functionalization steps. However, comparison with the pentenyl modified
GaP control surface (not functionalized with a catalyst) showed more negative onset potentials and
potentials to reach plateau current than for the catalyst functionalized surfaces. Hence, the tethered

catalysts do not provide a significant enhancement in hydrogen production activity compared to
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the control. Given the inactivity observed for the pentacoordinate iron catalysts adsorbed to
FTO/RGO electrodes, these results suggest that the iron catalysts are also not functional under
heterogeneous conditions when bound to GaP, perhaps due to a bimolecular component in their
mechanism (see Scheme 2.3). Curiously, photocathode systems reported by Moore and coworkers
utilizing a polypyridine-linked cobaloxime on GaP surfaces show definitive activity over control
surfaces, suggesting that the low activity in the systems tested here is likely due either to the

method of attachment or the relative surface coverage of the two designs.1%>*

In summary, azide-functionalized gallium phosphide surfaces have been prepared, and the
synthetic pathway has been monitored by XPS and GATR to give confirmation at each step. The
resulting surfaces have been shown to react with two different alkyne-appended catalysts
containing diverse chemical structures, and the reaction proceeds under very mild conditions. The
presence and stability of the covalently-linked catalysts has been confirmed by XPS. Preliminary
assessment of photocatalytic activity shows no substantial activity compared to control electrodes.
The investigation of alternative catalysts with higher activity profiles in combination with this
interface method is of great interest moving forward, and is likely the key in the development of

stable and active photocatalytic systems based on the Click interface in the future.

Experimental.
Materials

All chemicals were purchased from Sigma-Aldrich unless otherwise noted. Methanol
(anhydrous, 99.8%), tetrahydrofuran (anhydrous, >99.9%), CHsMgCl (2.0 M solution in THF),

C3HsMgClI (2.0 M in THF), CsHaMgBr (0.5 M in THF), PCls (95%), chlorobenzene (anhydrous,
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99.8%), dichloromethane (anhydrous, >98.7%), dimethylfromamide (anhydrous, 99.8%),
acetonitrile (anhydrous, 99.8%),), doubly distilled H2SO4 (95-98%), bromine (99+%, Acros
Organics), Cobalt chloride (97%), dimethylglyoxime (>99%), and 3-ethynylpyridine (98%) were
all used as purchased. Benzoyl peroxide (>97%, Fluka), copper (I) bromide (98%), sodium azide
(>99%) were dried under a vacuum of <200 mTorr for at least 24 h. Chloroform and acetone were
purchased from Fisher Scientific (ACS grade) and were used as received. Water with a resistivity
of >18 MQ cm (Barnsted Nanopure system) was used throughout. Polished n-type GaP(111)A
wafers doped with sulfur at 1.6 x 10* cm™ with a thickness of 350 = 10 um and p-type GaP(111)A
wafers doped with zinc at 2.7 x 10'® cm™ with a thickness of 350 + 25 um were purchased from
ITME. p-GaP(111)A was used exclusively for the photoelectrochemical studies, and all other

characterization was performed on n-GaP(111)A.

Catalyst Preparation

Synthesis Of[FE‘(82C5H4)((C5H5)2PN((CHz)zCEC[‘I)P(CeH5)2)CO] (1)

The pentacoordinate iron hydrogen production catalyst with an alkyne-modified ligand framework
was prepared as described in previous work® and was characterized by 3P and *H NMR prior to

use (see experimental section, Chapter 2).
Synthesis of Dichlorobis(dimethylglyoximato)cobalt

Cobaltous chloride hexahydrate (10.0 g, 42.2 mmol) and dimethylglyoxime (9.81g, 84.5mmol)
were added to acetone (10mL) and stirred for 10 minutes, after which time the mixture was filtered.
The filtrated was let to sit overnight and dark green crystals formed at the bottom of the flask. The
crystals were filtered and washed with acetone to afford 10.68 g dichlorocobaloxime (70.6%

yield). *H-NMR (400 MHz, DMF-dy): 81 = 2.15 (s (broad), 12H) ppm.
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Synthesis of Chloro(3-ethynylpyridine)bis(dimethylglyoximato)cobalt (2)

A solution of 3-ethynylpyridine (0.2 g, 2 mmol) in chloroform was added to dichlorocobaloxime
(0.36 g, 1 mmol), and the mixture was stirred for 30 minutes. After this time 50 mL of water was
added, creating a biphasic brown solution. The solution was allowed to stir for 3 hours, after which
the organic layer was separated and washed with water and brine, then dried with sodium sulfate.
The solution was dried to a light brown solid in vacuo, and recrystallized in hot acetone to afford
0.35 g (81%) of the titled compound as light brown block crystals. *H-NMR (400 MHz, CDCls):

on =8.32 (s, 1H), 8.25 (d, 1H), 7.7 (d, 1H), 7.15 (m, 1H), 3.34 (s, 1H), 2.42 (s (broad), 12H) ppm.

Semiconductor Surface Functionalization

Etching

GaP(111)A wafers were cut into ~ 0.5-1.5 cm? sections. Samples were first degreased by
sequential sonication in water, methanol, and water for 2 minutes each. The samples were then

etched in H2SO4 (aq) for 30 sec, rinsed with water and dried with a stream of N2 (g).

Primary Functionalization

Alkylation of Gallium Phosphide Surface

Allyl or pentenyl groups were covalently bonded to GaP(111)A surfaces using the previously
described chlorination/Grignard reaction sequence.®! Briefly, GaP(111)A samples were degreased
and then etched with aqueous H2SO4 and introduced into a glovebox purged with dinitrogen gas
where all subsequent reaction steps were carried out. GaP(111)A surfaces were chlorinated by
immersion into a saturated solution of PCls in chlorobenzene with a few grains of benzoyl
peroxide for 50 min at 90°C. The samples were subsequently rinsed with fresh chlorobenzene and

dried in the glovebox. The samples were then transferred into a pressure-tolerant glass reaction
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vessel and immersed in the desired Grignard reagent. The vessel was then heated using a metal
heating block to 110 -120°C for 12 -14 h. The samples were then rinsed with fresh THF and
CH30OH and dried in the glovebox. Samples were sonicated in methanol for 2 min before

characterization.

Secondary Functionalization

Electrophilic Addition of Bromine

Functionalized GaP(111)A samples were immersed in a 2% solution of bromine in CH2ClI> for 2
h at room temperature in a N2 glovebox as previously described.*® The samples were then rinsed

with fresh CH2Cl. and immediately characterized or further reacted.
Azide Exchange Reaction

Brominated samples were immersed in saturated sodium azide in dimethylformamide at room
temperature in a glovebox for 3-5 days. The samples were rinsed with DMF and immediately
characterized or further reacted.

Click Reaction With Alkyne-Ligated Catalysts.
In the glovebox, azide-terminated GaP(111)A was immersed in an acetonitrile solution with either
1 mM [Fe(S2CeHa4)((CsHs)2PN((CH2).C=CH)P(CsHs)2)CO] (1) or 2 mM chloro(3-
ethynylpyridine)bis(dimethylglyoximato)cobalt (2) in addition to 20 mol % copper iodide, and
reacted at room temperature for 2 days. Samples were rinsed with acetonitrile and allowed to dry
in the glovebox.
X-ray Photoelectron Spectroscopy

X-ray photoelectron (XP) spectra were acquired with a Kratos Axis Ultra analyzer using a
monochromated Al Ka (1486.6 ¢V) source, or a Mg Ka (1253.6 eV) source where noted. Spectra
were acquired without charge neutralization at a base pressure of ~1 x 10 Torr and the source

was operated at ~ 10 mA and ~ 15 kV with a pass energy of 160 eV. The spot size was 2 X 1 mm
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with an energy resolution ~0.5 ev. Binding energy values of all spectra were corrected to the the
peak energy of adventitious carbon (284.6 eV).>°" Average acquisition times were 2-3 h per
sample. The Br 3d spectra in Figure 4.7 were acquired using a PHI 5400 analyzer equipped with
an Al K a(1486.6 e¢V) source, without a monochromator or charge neutralization, with 6 mA

current emission and a 12 kV anode high tension, and at a pass energy of 23.5 eV.

Spectra were fit using CASAXPS version 2.313 software using a Shirley type background.
P 2p spectra were fit with a doublet using 80% Gaussian and 20% Lorentzian line shapes with an
area ratio of 0.5, a full width at half maximum (fwhm) constrained within 0.8-1.5 eV, and a peak
separation of 0.85 eV. Fractional monolayer coverage of oxidized GaP surfaces was calculated

using the simplified substrate overlayer model (Equation 1).%®

1 I
d: ﬂovSln¢{1+ overlayer -:')lletl‘ale} (1)

substrate " overlayer

where d is the thickness of the oxide overlayer in nanometers, Aoy IS the escape depth of emitted
electrons through the oxide layer, @ is the takeoff angle between the analyzer and the surface
normal (54.6°), lsubstrate IS the integrated area of the P 2p signal obtained from the bulk crystal,
loverlayer iS the integrated area of the oxide P 2p signals, 1%ubstrate iS the integrated area of P 2p signal
from the bulk crystal of a sample that was freshly etched with H>SO4 (aq) and 1%uverlayer is the
integrated area of the oxide P 2p signals from a GaP thermal oxide (heated in air). The escape

depth of the P 2p electrons through the oxide overlayer was estimated using Equation 2:

A, = 0414°°E"? (2)
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where A is the mean diameter of one unit in the overlayer in nanometers and E is the kinetic energy
of the ejected core electron in (eV).*® Aov Was calculated to be 1.66 for P 2p core electrons assuming

a surface oxide density equivalent to GaPO4 (3.56 g cm3).5%

The mean diameter of one unit (A) can be calculated:

MW
A=l 3)
1000pN ,

where MW is mean atomic weight (g mol™?), p is the density (kg m=), and Na is Avogadro’s

number.

Due to the larger size of all molecules tested here, the simple model of a three-layer
structure was used here for monolayer coverage calculations.’! For coverage calculations for
cobaloxime, the high resolution Co 2p XP spectrum was used. The density of the cobaloxime was
calculated using the crystal packing density of a related cobaloxime structure and determined to
be 1.5 g cm. Parameters of interest are listed in Table 4.2. In the model, the topmost layer
included the cobaloxime (t1), the GaP substrate served as the bottom layer (sub), and the linker in

between t; and the substrate served as t; (Chart 4.1).

N\/N\ Cobaloxime ] t)
N__;

& I,\I¢>C0baloxime
N-N

Chart 4.1. Cobaloxime-modified GaP(111)A
surface labeled with t; and t,.
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Table 4.2. Monolayer Coverage Calculation Parameters for VVarious Reactants

Surface Density am KE Ax AGap S Length No. Density
(Element Measured) (g cm?d) n (nm) (eV) (nm) (nm) (nm)P (atoms cm?)
- i 14
Pe”te”{ég%g‘;"ox'me 1.50 076 0765 7064  7.29 1051 2142 1814 1.712x10
- i 14
Allyl (E%bgé‘)’x'me 1.50 108 0765 7064 729 1051 2142 1514 L.712x10

aMolecule lengths were estimated from reference 60 and 62.5062

To calculate the overlayer coverage using the simple three-layer model, Equation 4 was

adopted from Asami et al:*

oV

| SE, Y p., 1—e{

_tl

Aoy COS @

|

oo SFap N\ Psub e{

~(t+t,)
Asub COS @

|

(4)

where SFsu is the sensitivity factor for the element of interest in the substrate, SFoy is the

instrument sensitivity factor for the element of interest in the overlayer, pov is the density of the

element of interest in the overlayer, and psus is the density of the element of interest in the substrate.

For GaP, psub is 4.14 g cm™and SFsu is 0.412. Parameters referring to ov are referencing the

topmost layer containing an N atom in this case. The variable t; is the thickness of the second layer

and t is the thickness of the intermediate layer. Values of t; and t, were approximated using

crystallographic data of cobaloximes and bond length values of linkers, which are listed in Table

4.2, and using previously reported data on bond lengths and molecule size.%°%? The sum of the

thicknesses is d, the total thickness of the organic overlayer. The following relationship also holds

true:
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t, =nt, (5)

where n is the ratio of thicknesses of the two layers. The relationship was entered into the equation
in place of t> and subsequently t; was solved for. Total thickness of the organic layer was

calculated using Equation 6:

Monolayer coverage was calculated using Equation 7:

(")

where diit is the sum of expected lengths t1 and t published in the literature.2®3 This value indicates
the amount of total possible cobaloxime molecules on the surface. Fractional monolayer coverage,
0, was calculated to determine the number of cobaloxime molecules per atop Ga atom. Converting
the density of cobaloxime to number density (atoms cm?) and multiplying this value by the
monolayer coverage, we finally divide by the number of unreconstructed atop atoms on

GaP(111)A (6.73 x 1014 atoms cm) to obtain 6.5
Infrared Spectroscopy

Infrared spectra were collected using a Thermo-Fisher 6700 FT-IR spectrometer with a
deuterated triglycerine sulfate (DTGS) detector. The spectrometer was equipped with a grazing
angle attenuated total reflectance (GATR) accessory with a Ge hemisphere. The incident light was

p-polarized and fixed at an incident angle of 65°. All samples were approximately 1.2 cm x 1.2
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cm, covering the majority of the Ge crystal. Reported spectra were recorded with 4 cm™ resolution.

All spectra were referenced to a background spectrum of the cleaned Ge hemisphere.
Photoelectrochemical Measurements

p-type GaP(111)A was diced into 0.5 x 0.5 cm? pieces. The backside was gently scratched with
a diamond scribe. In:Zn was then soldered onto the back and annealed at 400°C for 10 min under
flowing forming gas. Before chemical reactions, the In:Zn back contact was etched off by 30
second exposure to concentrated H2SOs, using a razor blade to carefully remove excess In:Zn.
After reactions were complete, In:Zn was soldered on the back again but not annealed. Samples
were placed in a custom-made, Teflon o-ring cell, where back contact was made with a steel plate.
A Pt counter and AQg/AgCl reference electrode were used. A Schlumberger SI 1286
Electrochemical Interface was used for potentiostatic control. Surfaces were illuminated using a
tungsten white light lamp (ELH, Osram) with a quartz diffuser at an intensity of 100 mW cm,
measured by a thermopile (S302A, Thorlabs). Optical density filters (Newport) were used to

achieve lower intensities.
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Chapter 5

Conclusions and Future Work

5.1. Conclusions

Solar-to-fuel conversion systems have the potential to meet the high global hydrogen
demand, and comprise one of the most promising initiatives for replacement of fossil fuels as a
primary energy source. Hydrogen is an exceptional candidate for the replacement of gasoline as
an energy carrier. However, production methods are currently dominated by fossil fuel processing,
which is not much more environmentally conscious than direct use of fossil fuels. The
photocatalytic reduction of water constitutes a carbon free, renewable source of hydrogen which
can be further coupled to water oxidation for recovery of proton and electron equivalents.
Platinum, one of the most efficient materials for catalyzing proton reduction, is a limited resource
with a high cost, and thus replacement by inexpensive yet efficient transition metal catalysts
remains a major challenge in solar-to-hydrogen conversion. Another particularly complicated
aspect of photocatalytic system design is the interface between the photosensitizer and the catalyst,
which is often costly, ineffective, or overly selective and thus only compatible with distinct
photosensitizer/catalyst couples. Such interfaces hinder customization and limit the scalability of
photocatalytic devices.

Chapter 2 focuses on the design of inexpensive early transition metal catalysts for hydrogen

production as alternatives to platinum. The prepared pentacoordinate iron complexes, partial
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models of the [FeFe] hydrogenase active site, were observed to have high stability to air and
contained an easily functionalizable PN(R)P ligand framework. Electrocatalytic analysis in
acetonitrile solution found the complexes to be active catalysts for hydrogen production at very
low overpotentials (<100 mV vs. platinum) exhibiting turnover frequencies as high as ~3 s*
(Section 2.1). In comparing a series of compounds with aryl and aliphatic ‘R’ substitutions, use of
more electron withdrawing substituents give a substantially lower overpotential (n =0.21 vs.n =
0.09 for R = 'Pr vs. p-BrCsHa), showing a definitive effect of the PNP ligand properties on the
metal’s redox potential. In addition, trends toward higher activity are observed for derivatives with
aliphatic compared to aryl substitutions, most notably in the case of R = C¢Hs vs. (CH2)4CsHs

which are observed to have TOF values of 1.58 s and 3.51 s, respectively.

Comparison with similar pentacoordinate iron catalysts in the literature (Section 2.2)
shows a distinct advantage of our rigid FePNP ring system in decreasing overpotential. However,
a decrease in activity is observed which is likely due to the lower flexibility of the PNP unit. Such
ligand flexibility has been reported to be critical to the activity of several hydrogen production
catalyst systems.’® Decreased stability under turnover conditions is also observed for the iron
catalysts, and attempts to electrostatically adsorb derivatives with extended aromatic ligands to

FTO/RGO electrodes were unsuccessful (Section 2.3).°

The results reported in Chapter 2 supplement a well-established literature base involving
iron hydrogenase models for H, production.’”° More specifically provide greater insight into the
effect of the ‘PNP’ ligand structure and electronics on catalyst function in relation to other
pentacoordinate iron hydrogenase models.®1? The variable nature of the ligand design coupled
with the high (solid state) stability of the iron complexes could allow for use in a variety of

applications even outside of catalysis. Alkyne-functionalized derivatives have already provided
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preliminary evidence of a successful Click reaction on gallium phosphide surfaces, as outline in

Section 4.2.

In Chapter 3, interface designs comprised of graphitic supports, specifically reduced
graphene oxide (RGO), were tested on metal oxide surfaces for the adsorption of cobalt
bis(dithiolene) proton reduction catalysts. The studies in Section 3.1 determined that the catalysts
could be successfully adsorbed to both RGO and highly ordered graphite (HOPG) electrodes,
exhibiting very similar cyclic voltammetry responses (E12 = ~ -0.5 V vs. SCE) to reports of the
catalysts in solution. Surprisingly, while the overpotential and mechanism of the surface-adsorbed
catalysts appear similar to reports of the catalysts in homogeneous phase, the observed activity is
substantially higher, with estimated TOF values of over 6,000 s (vs. < 1 s in solution) at
overpotentials of ~0.5 V vs. platinum. Testing of catalysts on HOPG electrodes under turnover
conditions showed an essentially quantitative Faradaic efficiency and sustained activity for over
10 hours.®*%° In Section 3.2, a series of cobalt bis(dithiolene) catalysts were studied on both RGO
and graphite supports, allowing for a thorough analysis of how substitution on the dithiolate ring
effects surface adsorption, TOF, and stability under turnover conditions. Some of the results
highlight the benefits of an extended naphthalene ring in the ligand for decreasing overpotential
(m = 0.36 V vs. -0.6 for naphthalene vs. benzene ligand systems, respectively) and increasing
catalyst loading (~5x higher loading for naphthalene vs. benzene ligand systems). However,
overall the benefits of the halide-substituted ligand derivatives, most notably the fully substituted
(TBA)[C0(S2C6Cls)-], are seen to be most advantageous in terms of TOF (icat/ip Of over 400, TOF

> 700 s under turnover conditions) and stability.

In Section 3.3, the activity of a cobalt bis(dithiolene) catalyst was studied across a series

of graphitic supports to compare the effect of the support structure on the catalyst performance.
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The catalyst was found to successfully adsorb to every tested support and display similar CV
responses (~-0.5 vs. SHE); however, desorption (evidenced by loss of the CV signal) was observed
in the cases of graphene and glassy carbon, suggesting more layers and softer, more porous
graphitic materials are beneficial for retaining adsorbed catalyst. The catalysts were also observed
to adsorb on inexpensive bulk graphite electrodes, although they were seen to have somewhat
lower TOF compared to previous reports (icat/ip 0f 50 vs. 176 on HOPG). While the same limited
lifetime of ~8 hours is observed under turnover conditions, the electrodes could be reloaded simply
by soaking in the same catalyst solution and regain the majority of the electrode’s initial current
density. The catalysts could also be adsorbed to graphite powder and embedded in a nafion film.
When tested on glassy carbon electrodes, these films display a similar activity profile to the
catalysts on bulk graphite with the added benefit of higher levels of sustained activity after 8 hours

of electrolysis.

In summary, inexpensive graphite materials with electrostatically adsorbed cobalt
bis(dithiolene) catalysts are of great interest for further study as renewable electrode systems for
hydrogen production. With the low cost of both the catalyst and support materials, ease of
preparation of the catalyst-loaded supports, and the relatively low overpotential for proton
reduction, these systems could potentially serve as viable replacements for fossil fuel conversion
to hydrogen, the current industry standard. With modifications to further lower overpotential and
to improve the duration of function between catalyst reloading, these systems have a high potential
for use at scale. In addition, use of graphite powder-embedded films has potential for longer term
use in devices, as the catalytic activity is similar to bulk graphite with a higher catalyst retention

time under turnover conditions. Analysis of film activity during extended time electrolysis (i.e.,
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multiple days) and modifications in film design to retain more catalyst activity may provide

excellent materials for use in scaled hydrogen production devices.

The results reported in this chapter comprise the first demonstrated example of metal
bis(dithiolene) catalysts on graphitic supports as heterogeneous catalysts for hydrogen production
from acidic aqueous solutions.*® The resulting heterogeneous manifolds are among the highest
reported TOF values for cobalt proton reduction catalysts in literature, while preparation of the
catalyst adsorbed-supports is far simpler than many of the published methods for heterogenization
of catalysts.*6!8 Further, the comparison of cobalt bis(dithiolene) derivatives with modified ligands
is (to our knowledge) one of the most expansive comparisons of catalyst functionality across a
derivative series on a graphitic support, and provides substantial insight into the benefits of ligand
substitution for adsorption, activity and surface retention. In addition, the comparison of a cobalt
bis(dithiolene) catalyst across a variety of graphitic supports is one of the first studies of its kind,
allowing for an unprecedented look into the effect of the carbon ordering and density on cobalt

bis(dithiolene) catalyst adsorption and retention.

Finally, in Chapter 4, two interface methods were tested for the development of
photocathode hydrogen production systems with gallium phosphide (GaP) semiconductors. In
Section 4.1, RGO and graphene were deposited on GaP surfaces to facilitate adsorption of cobalt
bis(dithiolene) catalysts, as had been shown effective on various graphitic supports as described
in Chapter 3. Graphene was determined to give significantly higher surface coverage and
consistency on GaP electrodes compared to RGO, and is far more effective for catalyst adsorption
as evidenced by XPS. Spectroscopic analysis of graphene-coated GaP electrodes by GATR and
resonance Raman shows similar spectral features compared to the bulk catalyst material in the

solid and solution state, providing evidence supporting preservation of the molecular structure of
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the surface-adsorbed cobalt species. The low stability of these interface systems with applied
potential, in combination with the results obtained for graphene-adsorbed catalysts in Section 3.3,
suggests that the catalysts desorb, thus highlighting the need to develop ‘thicker’ graphitic
interfaces for use on the GaP semiconductor surface. In Section 4.2, the covalent attachment of
both pentacoordinate iron (reported in Chapter 2) and cobaloxime catalysts via click chemistry to
azide-functionalized GaP surfaces is explored. While the successful preparation of the azide-
terminated GaP surfaces and subsequent covalent attachment of the catalysts has been confirmed,
neither catalyst system was seen to exhibit hydrogen production activity above control GaP levels,
despite literature precedence for active surface-bound cobaloximes on GaP.1%% This difference in
activity is believed to be due to a comparatively lower catalyst loading in our system, in
combination with the relatively low proton reduction activity for cobaloxime catalysts. A more

successful direction therefore may be the use of more active catalysts in these GaP-click manifolds.

The results reported in Chapter 4 provide the first example of azide-functionalized gallium-
based semiconductors, which have been subsequently shown to successfully undergo the Click
reaction in the case of two distinct alkyne-modified proton reduction catalyst species. Studies of
graphene-adsorbed cobalt bis(dithiolene) H> production catalysts have shown thin graphitic
materials can successfully serve as a catalyst interface on semiconductor surfaces. This work is the
first report of cobalt bis(dithiolene) catalysts immobilized on semiconductor surfaces by
electrostatic adsorption. Both the Click and graphene interfaces developed here allow for a higher
level of variability in the possible catalyst and semiconductor pairings, and have potential to be
combined with a multitude of previous reported catalysts with aromatic ligand systems or alkyne

functional groups.
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Ideal semiconductor-catalyst interfaces should allow for facile connection of the catalyst
and the photosensitizer to allow for fluent system optimization. The preparation should be simple
and fast, allowing combination of the components in a minimal number of steps. In my thesis
work, | have developed interface systems which address both of these needs- specifically,
graphitic interfaces (e.g. reduced graphene oxide) which can easily be applied to a variety of
substrates and can utilize any catalyst with an aromatic ligand system, and click interfaces, which
can facilitate covalent attachment to an unlimited number of alkyne-modified catalysts/dye
combinations. These two interface methods, when combined with modified versions of reported,
highly active hydrogen production catalysts, provide a template for the design of extremely

efficient photocathode systems for solar-to-fuel conversion in the future.

5.2. Future Work

To further improve upon the stability of and decrease overpotential for the cobalt
bis(dithiolene) catalysts on graphitic supports reported in Chapter 3, more advanced ligand
modification has the potential to be beneficial. Comparing catalyst derivatives reported in Section
3.2 shows a significant decrease in overpotential both due to increased halide loading and use of
an extended naphthalene ring system. If these overpotential shifts are in fact additive, synthesis of
a fully halide-substituted naphthalene dithiolate may provide an unprecedented decrease in
overpotential, which may allow for hydrogen productions at extremely low overpotentials.
Similarly, if the catalyst loading effects of a large ligand ring system and halide substitution are
additive, and the observed stability and activity increase with halide substitution is also observed
in the naphthalene case, this ligand design could afford the most efficient cobalt bis(dithiolene)
derivative observed yet in essentially every category of comparison (aside from ease of

preparation). Alternatively, further tuning the overpotential of the catalyst system may be more

209



easily addressed by substituting the metal, thus drastically changing the redox properties of the
overall complex and allowing for reduction at a more positive potential or activation via an
alternative mechanism accessible closer to the thermodynamic limit for proton reduction. As
extensive research has already been conducted on early transition metals in bis(dithiolene) ligand
manifolds, future studies would largely involve second row transition metals and should consider
not only the bis(dithiolene) species, but the potential formation of tris(dithiolene) and oligomeric

species that may still serve as effective hydrogen production catalysts.

Further development of graphitic supports for catalyst adsorption should ideally follow two
paths with distinct aims: first, the design of systems with incredibly low expense for the short-term
production of hydrogen at scale, in which the graphitic support can be reloaded with catalyst after
use, and second, the design of film systems that can be easily incorporated into a variety of devices
for long-term hydrogen production applications. Following the results from studying various
graphitic supports in Section 3.3, the most effective types of graphite for catalyst retention will
likely be those with at least ~100 nm to micron thickness, as some insertion into the graphite edge
is suggested by XPS analysis, and single-layer graphene has clearly been shown to have difficulty
retaining catalyst. Catalyst adsorption is enhanced in more porous (less dense) graphitic materials.
Based on these factors, to address the first aim, utilizing a relatively thin (micron scale) and porous
graphitic material, such as a graphite paper or cloth, could be a way to increase catalyst loading
while not increasing the difficulty of support preparation or sacrificing catalyst retention. Thus,
cobalt bis(dithiolene) catalysts should be tested on such inexpensive graphitic materials to assure
the same activity profile is maintained and to determine if catalyst ‘reloading’ can be continued
indefinitely. Considering the low cost of these materials and the ease at which the components

could be scaled and combined, they may provide a viable carbon emission-free alternative to
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hydrogen production via fossil fuel conversion, especially if these scaled systems could be coupled

to photovoltaics for the solar-driven production of hydrogen.

To address the second aim, while initial testing of graphite powder embedded in nafion
films has shown that proton reduction activity seen for other graphite supports is conserved in the
films (Section 3.3), relatively little is known about how the film design affects function. Future
work will ideally address this issue by conducting experiments to determine the effect of increasing
film thickness (but not exposed surface area to solution) on catalyst stability and activity. Further,
testing of electronically conductive film materials, as opposed to the proton conductive but
electronically insulating nafion used in initial studies, will provide an electronically unique
environment for the catalyst, and therefore may give entirely new (and interesting) results. The
information these studies will provide about the influence of mechanical and chemical components
of film design on function will provide invaluable insight on how to create and apply these films

in devices to attain maximum stability and activity in application.

To overcome the limitations in catalyst retention on single-layer graphene interfaces
observed in Sections 3.3 and 4.1, mechanical deposition of RGO or exfoliated graphite on GaP to
produce graphitic thin films is an attractive alternative to previously used reductive deposition
techniques, which can reduce GaP to gallium metal and degrade the semiconductor material. In
particular, spin coating of a graphene suspended in an organic solvent can provide flat, uniform
films as thin as 10-100 nm.2%?2 As film thickness can be controlled by modifying such
experimental conditions as rotation rate and solvent viscosity, this method is ideal to test a variety
of graphitic film thicknesses to design the optimal photocathode system capable retaining catalyst
while effecting a minimal decrease in quantum yield.?®?* Alternatively, modification of the

catalyst’s ligand ring system to improve retention on graphene may be a viable alternative, as
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would investigation of alternative hydrogen production catalysts. At the same time, due
consideration should be given to the amount of effort being expended to give one particular catalyst
system a slightly longer lifetime, when use of alternative proton reduction catalysts (particularly
those shown in literature to remain adsorbed to graphitic surfaces indefinitely under turnover

conditions) may ultimately provide a more efficient photocathode system.?>2

The inconsistencies in azide surface coverage evidenced by XPS suggests that the chemical
modification of Ga-based semiconductor surfaces is non-trivial, and requires further optimization
to determine conditions for high loading. Considering XPS quantification is limited in terms of
accuracy, use of an alkyne-modified fluorescent probe, such as commercially available uridine-
based fluorescent dyes currently used in DNA imaging, may be highly beneficial not only to
optimize the azide functionalization process, but to determine if both azides on the alkyl chain are
truly capable of undergoing the Click reaction. The design of alternative alkyne-functionalized
hydrogen production catalysts, such as derivatives of the cobalt bis(dithiolene) catalysts shown to
be highly active on graphitic supports in Chapter 3, may also be highly beneficial for use in Click-
modified semiconductor surfaces. While these modifications do require synthetic manipulation of
the ligand manifold and thus introduce more costs, the development of cross coupling methods in
the last decade may allow for facile introduction of alkynes into aromatic systems given the right

conditions.?’
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