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Abstract

Designing the Interface of Transition Metal Phosphides for Electrocatalysis

David Ung

Chair of the Supervisory Committee:
Associate Professor Brandi M. Cossairt

Department of Chemistry

Colloidally synthesized nanocrystals are a compelling class of materials for catalysis due
to their high surface-area-to-volume ratios. The surface chemistry of nanocrystal catalysts is
particularly important because of its impact on the electronic structure of the nanocrystal but also
because it comprises the interface between the catalyst, substrate, solvent, and even electrolyte in
the case of electrocatalysis. This dissertation focuses on how the interface between a nanocrystal
catalyst and the substrate can be designed and modified to promote electrocatalytic activity.

Chapter 1 highlights the important role interfaces play in energy conversion and storage
technologies and introduces key electrochemistry concepts for the remainder of the thesis.

Chapter 2 describes how common surfactants impact the electrocatalytic activity of cobalt



phosphide (CoP) nanocrystals for the hydrogen evolution reaction (HER) in aqueous electrolyte
solutions. Chapter 3 discusses the unintuitive differences in electrochemical behavior between
nanocrystal catalyst films in aqueous versus non-aqueous solvents and examines the important
role outer-sphere solvent interactions play in electrocatalytic activity of transition metal

phosphides for HER.
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Chapter 1. Introduction

1.1 Surfaces of Colloidal Nanocrystals Define the Interface

Broadly defined, an interface is a surface that forms a common boundary between two
things. The characteristics of this boundary are incredibly important in influencing how the two
objects interact. For example, when working with dough while baking, the interface between the
dough and the hands that knead it can impact how difficult it is to work with. If the interface is
comprised of moist air, the dough is incredibly sticky and challenging to manage. But if there is
a layer of flour or oil at the interface of the dough, the interaction becomes much more facile.
Similarly, the interface between the ground and our feet can also have drastic effects. On an
average day where the ground is dry, there is enough friction between the ground and our feet to
be able to walk with little concern. However, if there is a thin layer of water or ice at the
interface, walking can become much more treacherous.

While there are many macroscopic examples of interfaces impacting interactions between
two things, there are many microscopic examples as well, especially in the world of energy
conversion and storage. The presence of the solid-electrolyte interphase (SEI) between a battery
electrode and the bulk electrolyte solution is a critical component to its functionality and greatly
impacts its performance and energy capacity.'” Similarly, the interface between two doped
semiconductors forms a p-n junction, which is essential for charge separation and ultimately the
conversion of solar energy to electricity in a solar photovoltaic device.” The field of energy
conversion this dissertation focuses on is in artificial photosynthesis, where the overarching goal

is to emulate the ability of plants to use solar energy to form new, energy-dense chemical bonds



to be used as a chemical fuel. However, the vast majority of fuel-forming reactions are not only

thermodynamically uphill but also have large kinetic barriers associated with them (Figure 1.1).

'

Energy

Reactants

'
Reaction Coordinate

Figure 1.1. Reaction coordinate diagram illustrating the energy barriers associated with most fuel

forming reactions, as well as defining overpotential with and without a catalyst.

Catalysts must be implemented to improve the kinetics of these fuel-forming reactions.
The surface of a heterogeneous catalyst is extremely important because it is where the substrate
can interact with the catalyst to do the relevant transformation (Figure 1.2). However, in a bulk
material, there is poor atom efficiency for catalysis because the vast majority of the material is
on the catalyst interior and therefore unable to interact with substrate at the surface. Because of
this, there has been a large focus to develop nanomaterials for catalysis due to the improved
surface-area-to-volume ratio as well as the additional synthetic levers of adjusting the size or
shape of the nanocrystal, which can influence both the kinetics and thermodynamics of inner-
sphere reactions.*® However, the surfaces of nanomaterials are quite complex due to their high

surface energies. The complexities of the interface between the catalytically active surface with



the bulk solution plays a large role in its overall reactivity. The work carried out as part of this
dissertation explores how the properties of the interface between a nanocrystal catalyst, the
substrate, and the bulk solution influences its catalytic activity for the hydrogen evolution

reaction.

Product . . . . .<RF:::::
Catalyst EEEENC

Reactant

Product
reactant [ [N [N [ I C

Reactant

Figure 1.2. Illustration showing the intrinsically higher surface area with a nanoscale catalyst

when compared to a bulk material.

1.2 Nanoparticles Have Complex Surfaces

The colloidal synthesis of nanocrystal catalysts is a promising approach for catalyst
production due to its intrinsic scalability since it’s performed in the solution phase. There has
been a wide range of colloidal syntheses developed for a variety of nanomaterials, ranging from
the production of semiconductor nanocrystals (quantum dots), to metallic nanoparticles, or even
carbon-based systems.”'' This array of nanomaterials has been applied to many chemical
transformations of interest, from electrocatalytic proton or CO, reduction, to hydrogenation
chemistry, to even photocatalysis. However, regardless of the type of nanomaterial or its end
application, all colloidally synthesized nanocrystals have complex interfaces due to the presence
of surface ligands (Figure 1.3). These surface ligands are a necessity for the synthesis of

colloidal nanocrystals because nanomaterials have intrinsically high surface energies and have a



thermodynamic driving force to grow larger, similar to water droplets. Surface ligands are used
to stabilize the highly energetic surface, usually through a dative-type binding interaction.
Furthermore, these surface ligands can participate in steric or electrostatic stabilization, allowing

1216 The most

for stable colloidal suspensions by preventing the aggregation of the nanocrystals.
common surfactants used for colloidal syntheses are generally composed of a polar head group
attached to a long chain hydrocarbon. The polar head group binds to the surface of the
nanomaterial while the long chain hydrocarbon yields steric stabilization of the particles and
allows for solubility in a wide range of organic solvents. Common surfactants used are long
chain carboxylates, amines, phosphines, phosphonates, and thiolates.'*'* These different
surfactants can be utilized to yield particles of different sizes, shapes, and reactivity due to the
variation in binding geometries and energetics. As an example, in the synthesis of cadmium
selenide nanocrystals (CdSe), ligand interactions can play a large role in determining the
resulting phase in a synthesis. Carboxylate ligands tend to stabilize the zinc blende structure of
the nanocrystal while utilizing phosphonate ligands stabilizes the wurtzite structure. Wurtzite

phase CdSe is amenable to anisotropic morphologies due to the high chemical potential along its

(0001) axis."”’
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Figure 1.3. Illustration showing the nature of common surface ligands for colloidal nanocrystals
with polar head groups and long aliphatic tails. Source: Boles, M. A.; Ling, D.; Hyeon, T.;
Talapin, D. V. The Surface Science of Nanocrystals. Nat. Mater. 2016, 15 (2), 141-153.

1.3  Motivation for the Electrocatalytic Production of Hydrogen

Many fuel-forming reactions require the movement of multiple protons and electrons (often
at the same time) to form the relevant products (Figure 1.4). The hydrogen evolution reaction
(HER) is the simplest multi-proton, multi-electron reaction and is simply the reduction of protons
to form hydrogen gas. The work done in this dissertation focuses on the HER as a model system,
with the goal that the conclusions formed by understanding how properties of the interface can
affect HER can be applied to other interesting electrochemical transformations, such as the
carbon dioxide reduction reaction (CO,RR) or even nitrogen fixation. Coupling the movement of
protons with electrons greatly reduces the associated thermodynamic barriers as seen in CO2RR,
where a single electron reduction of CO, has an extremely negative reduction potential.
Understanding how the movement of protons and electrons can be manipulated by interfacial
chemistry for HER will be key in developing new catalysts for these more complex

transformations.



2H*+2¢0 —> H» E°=0V

N, + 6H* +6 e ——> 2 NHj E° =0.092 V
CO, + 2H* + 2¢¢ —> HCO,H E°=-0.61V
CO, + 6H* + 6= —> CH30H + HO E°=-0.38V
CO,+e —> CO3;™ E°=-1.90V

Figure 1.4. Reduction potentials of various fuel-forming PCET reactions. Potentials are

18,19
referenced vs NHE. ™

Hydrogen gas is also an important chemical commodity used for the production of ammonia
and in petroleum refining.® The current state-of-the-art for the production of hydrogen gas is
through the steam reforming of methane, which operates at extremely high temperatures (700-
1000 °C) and produces one mole of CO, for every 4 moles of H,.>” In order for hydrogen gas to
be a feasible alternative fuel source to fossil fuels, its production needs to be energy efficient and
carbon neutral. Water electrolysis with the use of an electrocatalyst may be a viable method of
producing carbon-neutral hydrogen gas to be used both as a fuel source but also as a chemical
commodity. The basics of electrochemistry and electrocatalysis will be briefly described in this

introduction chapter.

1.4 Basics of Electrocatalytic HER

1.4.1 Electrochemical cells

A standard electrochemical cell is comprised of three electrodes: a working electrode, a
counter electrode, and a reference electrode. For a heterogeneous electrocatalyst, the working
electrode is where the catalyst is deposited in the form of a film. In most experiments, the
potential at the working electrode is controlled via a potentiostat and the resulting current is

measured. The counter electrode is used to complete the circuit by adopting whatever opposite



potential is necessary to compensate for the electrons transferred either to or from the working
electrode. Finally, the reference electrode is used to reference the potential of the working
electrode, allowing for accurate measurements. Depending on the experiment, the
electrochemical cell may be filled with either an aqueous or non-aqueous electrolyte solution
with the appropriate substrate. The electrolyte is a key component of the electrochemical cell and
is required to improve the conductivity of the solution and prevents charge buildup at any of the

electrodes. In the case of the HER, the substrate of interest is H'.
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Figure 1.5. Illustration of the electrochemical cell.

It is important to note that proper experimental design is crucial to prevent contamination
and convolution of electrochemical systems, especially given that electrochemical measurements
can be extremely sensitive. The solvent and electrolyte must be highly pure to prevent
contaminants from impeding measurements. Furthermore, electrode selection is critical. For
example, platinum is often used as a counter electrode due to its inferred stability. However,

platinum leaching in aqueous electrolyte can result in deposition of platinum on the working



electrode.”! This deposited platinum can convolute the data, especially when studying HER due
to its high activity for the reduction of protons. Similarly, high surface area carbon electrodes are
common working electrodes and supports for heterogeneous catalysts. However, it is important
to test that the intrinsic electrocatalytic activity of the bare working electrode is worse than the
catalyst, otherwise the activity measured with a film of catalyst will not be representative of the

deposited material.

1.4.2 Understanding overpotential

Fuel-forming reactions generally have large thermodynamic barriers due the goal of
inputting and storing energy in the system through the formation of new chemical bonds. These
thermodynamic barriers are required energy inputs into the system. However, these
thermodynamic inputs are often coupled with high kinetic barriers as well. The extra energy
input needed to overcome the kinetic barrier on top of the required thermodynamic input is
defined as the overpotential (1)), as seen in Figure 1.1. The goal of an electrocatalyst is to provide
a new reaction pathway with lower kinetic barriers to decrease the overpotential and improve the
overall rate of the reaction. For heterogeneous electrocatalysis in aqueous systems, platinum is
considered the state-of-the-art for catalytic HER because the reduction of protons on platinum
occurs near equilibrium.”” Because of this, platinum is used as a reference for zero overpotential,
referred to as the reversible hydrogen electrode (RHE). This is a system-specific reference
potential where the potential of a platinum electrode under saturated H, is used as zero
overpotential in the experiment’s specific electrolyte conditions. The relevant figure of merit in
the literature for heterogeneous aqueous electrocatalytic HER is the overpotential required for a

current density of 10 mA/cm?®. This figure of merit was chosen due to the fact that it is the



expected current density required for an integrated solar-to-fuels device operating at 10%
efficiency.”

Understanding overpotential in non-aqueous conditions can be more challenging, as the
equilibrium potential of HER can change as a function of solvent and electrolyte conditions.
Measuring the equilibrium potential for HER in specific non-aqueous systems can be done to

2425 . .
> However, in this

obtain accurate overpotential measurements for catalyst benchmarking.
work we will focus on comparing catalysts that are modified in the same electrolyte conditions

. . . . .. +/0
and will be referencing versus an internal standard (in the case of non-aqueous conditions, Fc ™).

1.5 Outlook

The colloidal synthesis of nanomaterials for catalysis is an important field of study
because it allows for the scalable production of catalysts with high surface-area-to-volume ratios,
which allows for high atom efficiency because the majority of the material is able to participate
in the transformation of interest. The highly complex surface of a nanomaterial catalyst creates
the interfacial boundary between the catalyst and substrate/bulk solution and can influence its
overall activity. Electrochemical measurements are an important tool that allows us to measure
the efficiency of various electrocatalysts by being able to study the rate of the reaction (current)
as well as the overpotential. Most of the work in optimizing the interface between a nanomaterial
catalyst and the substrate has been focused on removal of surface ligands to create a bare
interface for improved activity. However, the work in this dissertation focuses on probing how
the identity of the surface ligands on the interface can impact overall catalytic activity in order to

develop design principles for transition metal phosphide electrocatalysts.
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Chapter 2. Effects of Surface Ligands on Cobalt Phosphide for the

Hydrogen Evolution Reaction
Significant portions of the following chapter have previously been published.'

2.1 Introduction

2.1.1 Scope of the study

Colloidally synthesized nanocrystals are attractive for catalytic applications due to their
synthetic tunability and solution processability. However, one trait all colloidally synthesized
nanocrystals share regardless of their end application is the presence of ligands bound to the
particle surface. These ligands are necessary to stabilize the high-energy surfaces and prevent
aggregation of the particles in solution.

Throughout the literature, there has been a wide range of ligands used to stabilize colloidal
nanocrystals, but among the most common are long chain amines, phosphines, phosphonates,
thiolates, and carboxylates.”™ In most cases, the presence of these long chain, highly insulating
surface ligands is considered a detriment to the nanocrystal’s end application and they are

6-13

removed through thermal or chemical treatments prior to use. However, there are few

13-16
In

fundamental studies examining the impact of the identity of surface ligands on catalysis.
this chapter, we elucidate the mechanism in which traditional surface ligands impede catalysis by

examining the role of ligands on cobalt phosphide nanocrystals for the electrocatalytic hydrogen

evolution reaction as a model system.



2.1.2 Transition metal phosphides

Electrocatalysts must be used in order for the HER to be energetically feasible via water
electrolysis. Platinum is the most widely used heterogeneous catalyst for the HER due to its high
activity and stability in a range of operating conditions. However, because platinum is an
incredibly scarce and expensive material (~$1000/0z), there has been a large push towards
designing new catalysts from earth-abundant elements while retaining high activity. Recent work
has shown that traditional hydrodesulfurization catalysts are often highly active at HER due to

the requirement of similar surface-adsorbed hydrogen intermediates, as seen in Figure 2.1.""2* I

n
particular, transition metal phosphides (TMPs) are emerging as one of the most promising
materials to compete with platinum’s reactivity. A wide range of non-noble transition metals
have been used to synthesize their equivalent TMP nanomaterial, such as copper, cobalt, nickel,
and iron. The colloidal syntheses of these materials have many synthetic levers to tune their size,
morphology, and phosphorus content, which can yield different behaviors for different catalytic
applications such as HER or hydrodeoxygenation catalysis, but also for use in Li-ion and Li-S
batteries.'”*****® Our goal is to understand how the surfaces of nanoscale cobalt phosphide

(CoP) alters their activity for HER, thereby developing design principles in order to reach the

platinum level of activity.
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Figure 2.1. Both mechanisms for heterogeneous HER require the Volmer step, which yields a
surface-adsorbed hydrogen intermediate which is also present in hydrodesulfurization catalytic

mechanisms.

2.2 Experimental Method to Study a Variety of Surface Ligands

2.2.1 The challenge of studying surface ligands on nanomaterials

Studying the impact of different surface ligands on catalytic activity creates a unique
challenge in the case of nanomaterials. Typically, surface ligands are used as a reagent in the
synthesis of a nanomaterial and are present during the nucleation and growth of the particle.
However, studying a series of surface ligands is not as simple as just changing what reagents are
used in the reaction flask, because different surface ligands can alter the size, shape, and exposed

2,27-29

facets of a nanocrystal (Figure 2.2). This makes it difficult to draw meaningful conclusions



by studying a series of surfactants because the actual nanocrystal core itself is likely to be
altered—too many variables have been changed. Our approach in this study is to generate a
blank template by post-synthetically removing the surface ligands of colloidally synthesized

cobalt phosphide, which we can re-ligate in order to keep the nanocrystal core constant.

10.2 £ 0.6 nm

-

Figure 2.2. Cobalt nanocrystals synthesized with oleic acid and trioctylphosphine oxide yield
~100 nm nanorods. Using only oleic acid as a surfactant yields ~20 nm spherical nanoparticles.
Source: (Left) Puntes, V. F.; Krishnan, K. M.; Alivisatos, A. P. Colloidal Nanocrystal Shape and
Size Control: The Case of Cobalt. Science 2001, 291 (5511), 2115-2117. (Right) Iablokov, V_;
Beaumont, S. K.; Alayoglu, S.; Pushkarev, V. V; Specht, C.; Gao, J.; Alivisatos, A. P.; Kruse,
N.; Somorjai, G. A. Size-Controlled Model Co Nanoparticle Catalysts for CO2 Hydrogenation:
Synthesis, Characterization, and Catalytic Reactions. Nano Lett. 2012, 12, 3091-3096.

222 Creating blank templates—ligand removal techniques

The typical approach to removing surface ligands from a heterogeneous nanoparticle
catalyst is through high temperature annealing. Essentially, the particles are exposed to elevated

temperatures in order to burn the surface ligands off. This can be done under different



atmospheres such as air, argon, hydrogen, or vacuum in order to alter the surface chemistry of
the nanocrystals. While this method has been used effectively to remove surface ligands and
improve catalytic activity, it can alter the structure of the original nanocrystals and can also lead
to particle sintering, which reduces the advantage of the high surface-area-to-volume ratio of
nanomaterials have by limiting their catalytic efficiency by decreasing the number of active sites

7,10-12

on a per mass basis. Recent advancements in the field has shown a variety of chemical

treatments for ligand removal, such as treatment with strong bases, alkylating agents, or strong

9.30 . . . .
" However, these chemical treatments can have varying efficiency in surface

Lewis acids.
ligand removal. Treatment with alkylating agents has been shown to produce surfaces as clean as
thermal treatments but does not suffer from sintering or structure alteration. This dissertation will
focus on the use of trialkyloxonium salts, specifically triethyloxonium tetrafluoroborate
(Meerwein’s reagent), for ligand removal because of its rapid reactivity at room temperature and
its versatility on a wide range of materials and effectiveness as a homogeneous as well as
heterogeneous reagent (Figure 2.3). Work done in our group has shown that treatment of WSe;
nanomaterials with Meerwein’s reagent effectively removes surface amine ligands and greatly

31,32

improves electrocatalytic activity for HER. This method allows us to compare only the

surface ligands without impacting the base morphology of the original nanocrystal.
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Figure 2.3. Scheme illustrating ligand stripping treatment with Meerwein’s reagent, yielding an

ester, ammonium salt, and diethyl ether.

In this chapter, as-synthesized CoP is drop casted onto carbon fiber electrodes for
electrochemical characterization. Using a carbon fiber working electrode promotes even
dispersion across the electrode as seen in the scanning electron microscopy image in Figure 2.4.
Furthermore, the intrinsically high surface area of the carbon fiber support allows for large

current densities.
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Figure 2.4. Scanning electron microscope image of a bare carbon fiber electrode (left) and a

carbon fiber electrode with film of CoP drop casted on it.



This electrode can be dipped into a 0.1 M solution of trialkyloxonium tetrafluoroborate in 60 s
increments to remove the native surface ligands to create a blank template. The Fourier-
transform infrared (FTIR) spectrum shows the characteristic ligand stretching frequencies for the
carboxylate and amine ligands on CoP pre- and post-stripping of the same sample. The peak
intensities greatly diminish after treatment with Meerwein’s reagent, illustrating that the vast
majority of the surface ligands have been removed (Figure 2.5, left). We hypothesize that the
remaining peak intensity is attributed to sub-surface layers of the CoP film that do not come in
contact with the alkylating agent. This bare CoP electrode can then be treated with a solution of
the surface ligand of interest (sodium salts in water for X-type ligands, amines in toluene for L-
type ligands) to re-ligate the nanomaterial in order to compare the activity of CoP with a range of
ligands. For example, when the bare CoP is treated with an aqueous solution of sodium oleate,
the peak intensity of the C-H stretches grows back in, suggesting the presence of new surface

ligands (Figure 2.5, right).
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Figure 2.5. Fourier-transform infrared spectra of as-synthesized CoP, stripped, and re-ligated

with oleate. The peaks at ~2900 cm™' represent the C-H stretches of the long chain hydrocarbons.



2.3 Comparing Surface Ligands: X-Type Carboxylates vs L-Type Amines
2.3.1  Impact of ligand removal on overpotential

Surface ligands are often removed on nanocrystal catalysts because they are considered to
be a detriment to catalytic activity. When surface ligands are removed via thermal annealing,
there is typically a resulting improvement in overpotential for electrocatalysis, attributed to either
increasing the number or access to available active sites. This same improvement in
overpotential can be seen in Figure 2.6, where treatment of an as-synthesized CoP electrode with
0.1 M solution of Meerwein’s reagent leads to a ~500 mV improvement in overpotential for a

current density of -10 mV/s.
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Figure 2.6. The stripped CoP decreases in overpotential by ~500 mV, getting closer to the Pt
reactivity for HER.

232 Comparing X-type carboxylates

Carboxylates are anionic, X-type ligands and are among the most common surface ligands

for colloidal syntheses of nanocrystals. Re-introducing oleate, one of the native surface ligands



for the CoP synthesis, to the stripped sample greatly increases the overpotential. The effect on
overpotential of the carboxylate can be tuned by modifying the carbon chain length. As the chain
length decreases, so does the overpotential (Figure 2.7). This is intuitive because the mechanism
of HER requires the Volmer step, which forms a surface-adsorbed hydrogen as an intermediate
(Figure 2.1). The increased steric demand of the carboxylate likely impedes the ability of the

substrate to interact with the surface to form the necessary intermediate.
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Figure 2.7. As the carboxylate chain length increases, so does the overpotential.

233 Comparing L-type 1° amines

Amines are neutral, L-type ligands and are another common type of surface ligand for
traditional colloidal syntheses of nanocrystals and are often used as a solvent to promote high
density on the surface. When a stripped CoP electrode is treated with a solution of oleylamine,
there is a small increase in overpotential but much less when compared to the oleate, even
though the particles have the same carbon chain. This suggests that the identity of the head group

is a key component in the surface ligands’ effect on electrocatalytic activity. Interestingly, there



is no significant variation in overpotential when adjusting the chain length of amines, unlike the
carboxylates (Figure 2.8). This is due to the significant difference in ligand density when
comparing an X-type carboxylate to an L-type amine. The anionic carboxylates likely have
stronger binding to the surface of CoP when compared to the neutral L-type amines.
Furthermore, these electrochemistry measurements are done in aqueous conditions where the
neutral amines are likely to be protonated to form the equivalent ammonium. This reduction in

the electron density on the head group would further weaken its binding affinity to the surface of

CoP.
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Figure 2.8. The 1° amine functionalized CoP have similar overpotentials, regardless of chain

length. The equivalent carboxylate has a much higher overpotential than the amine.

2.3.4  Estimating ligand density through electrochemically active surface area and

thermogravimetric analysis

The ligand density on CoP can be estimated by comparing the magnitude of the capacitive

current at the open circuit potential as a function of scan rate to obtain estimates of the



633 The capacitive current is the charging current

electrochemically active surface area (ECSA).
of an electrode, which measures the changes in the double layer as the potential is adjusted in a
non-faradaic region of the cyclic voltammogram. If the electrode has more surface area to
interact with the electrolyte solution, it essentially behaves as a larger capacitor, and a higher
capacitive current can be measured (Figure 2.9). The stripped CoP sample should be able to
form a large double layer across the surface of the electrode, which would yield the highest
capacitive current and therefore ECSA. However, when surface ligands are added to the CoP, the
effective surface area of the electrode that can interact with the electrolyte should decrease. The

higher the ligand density on the surface of CoP, the lower the capacitive current and ECSA that

will be measured.
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Figure 2.9. Surface ligands on the electrode prevent sections of the electrode from interacting
with the electrolyte solution and disrupts the double layer, which decreases the capacitive current

and ECSA.

In Figure 2.9 it can be seen that the capacitive currents of the stripped CoP and oleylamine-
capped CoP are very similar in magnitude. However, the current of the oleate-capped CoP is

significantly reduced, suggesting it has less surface area.



This is further supported when evaluating the ECSA values after performing scan rate
dependence studies to approximate ECSA. As seen in Figure 2.10, there is a linear relationship
between capacitive current and scan rate, the slope of which is defined as the double layer
capacitance (Cpr). Cpr can be used to calculate approximate values for ECSA by taking a ratio

of the specific capacitance of the material in a given solution (Cs), as seen in Equation 2.1.°

ECSA = 2L Equation 2.1
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Figure 2.10. Scan rate dependence measurements of capacitive current have a linear relationship.
The slopes of these lines are the double layer capacitance for the electrode with the ligated CoP.

The remaining scan rate dependence traces can be seen in the experimental section.

The ECSA of the carboxylate and 1° amine-capped CoP are summarized in Table 2.1. The
stripped CoP and the 1° amine-capped CoP all have similar ECSA values of ~2.6 cm?’, regardless
of the chain length of the amine. On the other hand, the carboxylates have much lower ECSA
values, ranging from 2.2 to 1.3 cm® with the longest carbon chain having the lowest surface area.
The measured ECSA values support the hypothesis that the anionic carboxylates have higher

ligand density on the surface of the nanocrystal due to their higher binding strengths.



Table 2.1. Summary of carboxylate and 1° amine-capped CoP

Ligand Overpotential (mV) | ECSA (cm?)
Stripped 532 2.6
Oleate 786 1.3
Octanoate 622 1.9
Acetate 535 2.2
Oleylamine 585 2.5
Octylamine 577 2.4
Butylamine 575 2.6

In order to further assess the relative ligand densities on CoP, thermogravimetric analysis
(TGA) was used to compare the percent mass loss of oleate and oleylamine-capped CoP at
equivalent loadings on a carbon fiber support. This analysis shows that there is a 2.4% mass loss
on the oleate-capped CoP, while the oleylamine-capped CoP has a 1.9% mass loss (Figure 2.11).
The masses of oleylamine and oleate differ by only 5%, so a variance of 21% between the two
electrodes measured at the identical CoP loading confirms greater oleate versus oleylamine

ligand density.
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Figure 2.11. TGA of oleate and oleylamine-capped CoP illustrates differences in ligand density.

This difference in ligand density explains the change in overpotential when adjusting the
carboxylate chain length but the consistent overpotentials when changing the 1° amine used.
When the surface ligand of the NC is densely populated, an increase in carboxylate chain length
provides sufficient steric bulk to inhibit substrate binding. However, when ligated with amines,
there is a much smaller population of ligands on the surface, as seen by the ECSA and TGA
measurements. Increasing the carbon chain on these amines does not significantly impede the
solvated protons in solution from interacting with the surface since there is still a large amount of

bare surface that is easily accessible. (Figure 2.12)
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Figure 2.12. Altering chain length of surface ligands with low ligand density doesn’t impede

substrate from reaching the surface as much as a densely packed surface.

2.3.5  Increasing effective amine ligand density by using 2° and 3° amines

The effective ligand density of the amine surface ligands can be modified by using 2° and 3°
amines. Shifting to 2° and 3° amines allows us to change the steric profile of the ligand by
increasing the cone angle. With short chain amines, the cone angle can be adjusted ~50° by
moving from 1° to 3° amines.** This is likely to be much more dramatic when moving towards
long chain amines, such as octylamine. When dioctylamine and trioctylamine-capped CoP are
measured, the overpotential increases compared to the 1° octylamine. This is also seen in the

ECSA, where both the 2° and 3° amine-capped samples have lower ECSA values (Figure 2.13)
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Figure 2.13. Changing the steric profile of the amines by increasing the cone angle increases the

overpotential.

2.4 How Do Surface Ligands Impede Catalysis?

There are two common mechanisms proposed for how surface ligands can impede catalysis.
The first is poisoning the active site through competitive binding (Figure 2.14). An example of
this can be seen in CO,RR with Ni(cyclam) electrocatalysts. Ni(cyclam) is active for CO,RR to
form CO. However, the catalyst is susceptible to self-poisoning as the reaction proceeds because
the CO formed can strongly bind to the metal center to form a metal carbonyl species that is
unable to activate new substrate molecules.” The second mechanism that is commonly invoked
is that the steric profile of the surface ligands and its impact on chemical properties of the
interface, such as polarity, inhibits substrate access to the catalytically active surface (Figure
2.12). If the first mechanism were operating, we would expect that all of the carboxylates tested,

regardless of their chain length, would have similar activity since they have the same binding



head group. Or alternatively, acetate could have the worst activity because it has the smallest

steric profile and would be able to coordinate to the active site to the largest extent.

Ho

H+

O =Co™

Figure 2.14. Impeding catalysis by poisoning active sites would occupy the available active sites.

However, the result we observe is that the longest chain carboxylates have the highest
overpotential, and the shortest chain has the lowest. This suggests that the surface ligands are not
poisoning the active sites, but rather create a steric barrier for the substrate to reach the
catalytically active surface. This is further supported when observing the clear monotonic
relationship between overpotential and ECSA, which shows that as the ECSA decreases, so does

the activity (Figure 2.15, Table 2.2).
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Figure 2.15. LSVs of all surface ligands used in this study (top). Plot of overpotential versus
ECSA, which shows a negative monotonic relationship (bottom). As the ECSA of the CoP

increases, so does the activity.



Table 2.2. Overpotential and ECSA measurements of the functionalized CoP films

Ligand Overpotential (mV) | ECSA (cm?)
Stripped 532 2.6
Oleate 786 1.3
Octanoate 622 1.9
Acetate 535 2.2
Oleylamine 585 2.5
Octylamine 577 2.4
Butylamine 575 2.6
Dioctylamine 630 2.2
Trioctylamine 610 2.1

2.5 The Importance of the Electrode-Electrolyte Interface

A rational argument against the conclusion that the surface ligands create a steric barrier that
inhibits substrate from reaching the catalytically active surface is the fact that in the case of
HER, the substrate are protons, which are extremely small. However, while protons are small
and may not be inhibited by changes in the ligand shell, it is important to recognize that there are
more factors operating in electrocatalysis than just the catalyst and the substrate. Electrocatalytic
systems can be quite complex, with the catalyst film, substrate, electrolyte, and solvent all

playing major roles in overall activity.**>*

The aliphatic ligands create a steric barrier but also
generate a hydrophobic interface that prevents both the substrate (H'/H,0) and electrolyte (Na’,
SO,™) from accessing the surface of the CoP. This hydrophobic interface can be visualized with
contact angle measurements (Figure 2.16), in which we observe that the wetting of a film of

stripped CoP is much more favorable than the as-synthesized CoP capped by its native surface

ligands (nonanoate, oleate, oleylamine).



Figure 2.16. Contact angle measurements of an as-synthesized CoP film (a) and stripped CoP

film (b) shows improved hydrophilicity of the film after removal of surface ligands.

2.6 Conclusions

In conclusion, we have examined the impact of surface ligands on the ability of CoP to
catalyze the HER. Carboxylate and amine functionalized CoP have higher overpotentials than a
bare nanocrystal. However, carboxylate-capped CoP has a higher overpotential than the
equivalent amine. Furthermore, the overpotential of a carboxylate functionalized CoP can be
increased by increasing the carbon chain length. This is due to an increase in steric bulk and
hydrophobicity, which is supported by differences in the measured values of ECSA and the high
contact angle of a film of ligated CoP. Conversely, the overpotential of the 1° amine-capped CoP
is largely independent of chain length. This can be explained by the low ligand density when

using amine ligands due to the relatively weaker binding of these neutral L-type ligands



compared to the anionic X-type carboxylates. Furthermore, these studies are performed in
aqueous conditions, where a large fraction of the neutral L-type amines are likely protonated to
form the equivalent ammonium, which would further reduce its binding affinity. These results
illustrate that surface ligands on CoP for HER impede catalysis by inhibiting access to surface
sites rather than poisoning the active sites, and suggests that catalysis does not occur on the
excess cation on the surface, which is the site of carboxylate coordination. These results suggest
that it may be possible to design a synthesis that uses surfactants that lead to colloidally stable
NCs with similar or even improved activities when compared to a bare or annealed NCs. These
results also show the critical role the electrode-electrolyte interface plays in electrocatalytic

activity, which will be further explored in chapter 3.

2.7  Experimental

2.7.1 Materials

Dicobalt octacarbonyl (stabilized with 1-5% hexanes, Co,(CO)s, Strem, stored in glovebox),
trioctylphosphine (TOP, Sigma-Aldrich, stored in glovebox), 2-propanol (anhydrous, 99.5%,
Sigma-Aldrich, stored in glovebox), triethyloxonoium tetrafluoroborate (=97.0%, Meerwein’s
reagent, Sigma-Aldrich, stored in glovebox), acetonitrile (anhydrous, 99.8%, MeCN, Sigma-
Aldrich, stored in glovebox), octylamine (99%, Sigma-Aldrich), di-n-octylamine (97%, Acros),
trioctylamine (98%, Sigma-Aldrich), n-butylamine (99+%, Acros), sodium oleate (>97%, TCI),
sodium octanoate (>99%, Sigma-Aldrich), sodium acetate (anhydrous, certified ACS, Fisher),
nonanoic acid (>97%, Sigma-Aldrich), oleic acid (technical grade, 90%, Sigma-Aldrich), toluene
(HPLC grade, Fisher), 3-mercaptopropyltrimethoxysilane (MPTS, Sigma-Aldrich), and sodium
sulfate (Na;SO4, >99.0%, anhydrous, Sigma-Aldrich) were used as received unless otherwise

noted. 1-octadecene (1-ODE, technical grade, 70%, Sigma-Aldrich) and oleylamine (technical



grade, 90%) were dried over CaH,, distilled, and stored over 4 A molecular sieves in a nitrogen-
filled glovebox. 18 MQ Millipore water was collected from an EMD Millipore water purification

system.

2.7.2  Synthesis of e-cobalt nanoparticles

All glassware was dried in a 160 °C oven overnight prior to use. All reactions, unless
otherwise noted, were run under an inert atmosphere of nitrogen using a glovebox or using
standard Schlenk techniques. Synthesis was adapted from Schaak er al.** 1-octadecene (50 mL,
156.6 mmol), oleylamine (30 mL, 91 mmol), nonanoic acid (10 mL, 56.5 mmol) were added to a
500 mL 3-neck flask equipped with a thermowell, condenser, and septum and was degassed at
120 °C for 1 hour. In the glovebox, Co2(CO)s (500 mg, 1.46 mmol) was suspended in 25 mL 1-
octadecene. The reaction flask was heated to 230 °C under N, and the Co,(CO)s was slowly
injected via syringe yielding a black solution. The reaction mixture was heated for 10 minutes
and 10 mL of oleic acid was injected via syringe. The reaction mixture was heated for an
additional 10 minutes and then removed from the heating mantle to cool. The resulting cobalt
nanoparticles were purified in a glovebox by washing with isopropyl alcohol followed by
centrifugation at 11000 rpm for 10 min. The cobalt nanoparticles were then resuspended in
toluene and washed with additional isopropyl alcohol and centrifuged an additional two times.
The resulting black solid was suspended in 10 mL of trioctylphosphine (21.5 mmol) in a

glovebox, for conversion to CoP.

2.7.3  Synthesis of cobalt phosphide nanoparticles

1-octadecene (25 mL, 78.3 mmol), oleylamine (25 mL, 76 mmol), and trioctylphosphine (25

mL, 56 mmol) were added to a 500 mL 3-neck flask equipped with a thermowell, condenser, and



septum and was degassed at 120 °C for 1 hour. The reaction flask was heated to 320 °C under N,
and the cobalt nanoparticle solution in trioctylphosphine was slowly injected via syringe. The
resulting mixture was heated at 320 °C for 1 hour. The reaction flask was removed from the
heating mantle to cool. The resulting cobalt phosphide nanoparticles were purified in a glovebox
by washing with isopropyl alcohol followed by centrifugation at 11000 rpm for 10 mins. The
particles were then resuspended in toluene and washed with isopropyl alcohol and centrifuged an
additional two times. The resulting black solid was suspended in toluene to prepare a 10 mg/mL
solution for later use. 15 to 30 nm CoP was synthesized as seen in the powder x-ray diffraction

(XRD) measurement and transmission electron microscopy (TEM) images, (Figure 2.17).
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Figure 2.17. TEM of as-synthesized CoP (top) and powder XRD showing that CoP is the major

product of the synthesis (bottom).

2.7.4 Electrochemical characterization

Electrochemical measurements were conducted in a custom four-neck cell fitted with a
graphite rod counter electrode separated in a fritted compartment, a Ag/Ag,SO,4 reference

electrode separated by a Vycor frit, and a carbon fiber working electrode. The carbon fiber



working electrodes were fabricated from carbon fiber paper (Fuel Cell Store, Spectracarb 2050A
0850). The carbon fiber paper was cut into 1 cm x 3 cm rectangles and a copper wire was
attached with a conductive silver epoxy to the electrode material. After curing, the copper wire
and silver epoxy were covered with gel epoxy to create a 1 cm x 1 cm working area on the
electrode. The backside of the 1 cm x 1 cm working area of the electrode was not covered due to
the porosity of the material and epoxy being able to leak onto both sides. The CoP samples were
suspended in toluene in a glovebox and drop casted in 20 pL aliquots onto the working
electrodes for electrochemical measurements. The working electrodes were transferred to gas-
tight headspace vials with magnetic caps and septa and were brought into a Bel-Art Techni-
Dome glove chamber for electrochemical measurements.

All electrochemical measurements were performed with a Gamry Interface 1000 in a Bel-
Art Techni-Dome glove chamber flushed with Ar. The electrolyte solution was 0.5 M Na,SOj4 in
18 MQ Millipore water and was sparged with Ar before use. The solutions of Meerwein’s
reagent were prepared in acetonitrile, carboxylates were prepared in 18 MQ Millipore water, and
amines were prepared in toluene. When stripping off surface ligands, the electrode was removed
from the cell, rinsed with copious amounts of 18 MQ Millipore water, rinsed with acetonitrile,
dipped in a vial of 0.1 M Meerwein’s reagent in 60 s increments, and then rinsed with
acetonitrile and water before reinsertion into the cell and tested with linear sweep voltammetry.
The process was repeated until the trace from the LSV stabilized. The re-ligation steps with
carboxylates were performed in a similar manner but were only rinsed with the 18 MQ Millipore
water. The re-ligation steps with toluene required a rinse with water, acetonitrile, and then
toluene before dipping the electrode in the amine solution, and then the electrode was rinsed in

the reverse order before reinsertion into the cell to remove any residual amine and toluene. The



same electrode/sample is re-used for multiple ligands to minimize variations in sample
deposition and loading. Linear sweep voltammograms were performed at a scan rate of 5 mV/s.
All measurements in this study were referenced versus the reversible hydrogen electrode (RHE).
RHE was measured using a platinum coil electrode in 0.5 M H,SOj, saturated with H,. Potentials

were converted using the following Equation 2.2.

ERHE = EAg/AgZSO4 + 0059(pH) + EXQ/AgZSO‘l» Equation 2.2

The cyclic voltammograms performed to measure the electrochemically active surface area

(ECSA) were taken in an 100 mV range around the open circuit potential. The ECSA was

calculated using the following equation: ECSA = %. The average of the capacitive current
S

window at multiple scan rates were used to calculate Cpr. The average general capacitance used

was C¢=0.035 mF/cm”.%*° The potential versus scan rate plots can be seen below.
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Figure 2.18. Capacitive current versus scan rate traces to measure Cpp of the stripped, acetate,

octanoate, butylamine, octylamine, dioctylamine, and trioctylamine treated CoP, respectively.

2.7.5 Characterization methods

TEM images were collected on an FEI Tecnai G2 F20 microscope. Powder XRD data was
collected on a Bruker Microfocus instrument. Powder XRD samples were prepared by drop
casting a solution of the as-synthesized CoP onto silicon <001> single crystal wafers. SEM
images and EDS maps were collected on an FEI Sirion XL30 scanning electron microscope with

an integrated energy dispersive x-ray spectrometer (EDS) from Oxford. FTIR spectra were



obtained on a Thermoscientific Nicolet-8700 spectrometer. Contact angle measurements were
performed on a Kruss DSA100L drop shape analyzer on 3-mercaptopropyltrimethoxysilane

treated glass slides. TGA was collected on Mettler Toledo TGA/DSC 3+ instrument.

2.7.6  Preparation of 3-mercaptopropyltrimethoxysilane treated glass slides

Glass slides were sonicated in solutions of soap, distilled water, acetone, and then isopropyl
alcohol in order to clean substrates. After cleaning, the slides were submerged in a 5% v/v MPTS
in toluene solution overnight. After treatment, the slides were washed with toluene three times,
followed by sonication in a solution of toluene for 5 min. The glass slides were then rinsed and
sonicated in an ethanol solution. The slides were dried in an oven at 160 °C before use.*” Multi-
layer thick films were drop casted to ensure that the contact angle measurements were

representative of the film rather than the glass support.
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Chapter 3. Studying Transition Metal Phosphides in Non-Aqueous
Electrolyte Conditions

3.1 Introduction

Heterogeneous electrocatalysts for the HER are generally studied in aqueous electrolyte
conditions. This is because HER is typically studied as one of the half reactions for water
splitting, the other half reaction being the oxygen evolution reaction (OER, water oxidation).
While working in aqueous conditions has a lot of practical benefits, there are many
complications in studying electrocatalysts in aqueous conditions due to water’s “non-innocent”
behavior as a solvent. For example, there is poor control over the identity of proton donors in
aqueous conditions because water will interact with Brensted acids to form H;O0", which
becomes the effective proton donor regardless of what acid is used in aqueous conditions.
Furthermore, since water has many intermolecular interactions due to its extensive hydrogen
bonding, the reorganization of water solvent molecules can generate significant energetic barriers
for electrocatalytic transformations. Transitioning studies into non-aqueous solvents allows us to
choose specific proton donors with different steric profiles and strengths. It also enables the
study of HER catalysts in intrinsically low H™ concentration conditions, where the presence of
proton relays will likely have a larger impact on the local proton concentration and therefore
catalytic activity. Lastly, studying how the interface of electrocatalysts impacts activity in
aqueous versus non-aqueous systems may lead to the development of new design principles for
improved electrocatalysts.

Furthermore, the surfaces of nanoparticles can be quite dynamic in aqueous conditions. For

example, a common aqueous electrolyte solution for HER studies is 0.5 M H,SO,. However,



colloidally synthesized nanocrystals are often capped with long chain carboxylate and amine
surface ligands, such as oleate and oleylamine. The pKa of oleate and oleylammonium are ~10 in
water, while the pKa of H,SO, is -3." If a nanocrystal with these surface ligands is exposed to a
solution of 0.5 M H,SO4 for an extended duration, the surface will equilibrate to form the
conjugate acids of the surface ligands, leaving a bare surface that is charge balanced by a counter
anion. This dynamic surface will change the activity for HER, as seen in the LSVs in Figure 3.1.
This creates a common practice to repeatedly cycle the working electrode under the catalytic
conditions in order to equilibrate the catalyst surface when benchmarking heterogeneous
electrocatalysts for HER, which can be time consuming and inefficient.”” Operating in
conditions where the activity evolves over time can also make it challenging to compare

activities of modified catalysts, such as ones with proton relays attached.
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Figure 3.1. CoP functionalized with nonanoate, oleate, and oleylamine soaking in a solution of
0.5 M H,SO4 over a span of 29 hrs. The overpotential improves as the surface ligands equilibrate

to form their conjugate acids.



3.2 The Role of pKa on Overpotential in Non-Aqueous Electrolyte

Adjusting the strength of the proton donor in aqueous conditions alters the extent to which
the acid dissociates to form H;O" ions, which then becomes the effective proton donor in
solution that interacts with the catalyst. However, when operating in nonpolar aprotic solvents,
the Bronsted acid used has a direct interaction with the catalyst, allowing for a range of acids
with different pKa values and steric profiles to be tested.

It is important to note that buffering the organic acid is instrumental when studying organic
acids in non-aqueous solutions, especially when using acids that can participate in
homoconjugation such as dimethylformamidium.®” This is because the solution composition at
the electrode can vary significantly from that of the bulk solution. In the case of non-aqueous
HER, a solution can be prepared with only the weak acid (HA) present, but once the catalyst
begins to operate, the conjugate base (A") is generated (Figure 3.2). This changes the solution
from an “infinitely unbuffered” state to a buffered state once catalytic current is passed in the
system. This can lead to large errors in the measured overpotential due to homoconjugation of
the weak acid, where the conjugate base can interact with the weak acid and alter its acidity.
Preparing a buffered solution limits the differences between the bulk solution and the solution

near the electrode and allows for consistent acid strength.®’
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Figure 3.2. Diagram illustrating the transition from an infinitely unbuffered solution to a buffered
solution once the electrocatalyst begins to operate and produces H, and generates A". This can

lead to homoconjugation depending on the organic acid used.

For the electrochemical studies in this chapter, a typical three-electrode setup was used with
Ni,P drop casted onto a carbon fiber working electrode, platinum counter electrode, and Ag
pseudo reference electrode in a 0.1 M tetrabutylammonium hexafluorophosphate (TBAPFy)
electrolyte solution unless otherwise noted. Using this setup, a range of three different organic
acids with different pKa values were tested: triethylammonium hexafluorophosphate
([HNEt3][PFs]), anilinium tetrafluoroborate (anilinium [BF,4]), and dimethylformamidium triflate
([H-DMF][OTf]).>'® The data collected shows that as the acidity of the proton donor increases
(pKa decreases), the overpotential needed for HER decreases (Figure 3.3). This makes intuitive
sense because as the proton becomes more easily donated, the energy barrier needed to form the
adsorbed hydrogen intermediate decreases, and therefore the overpotential decreases (i.e. the
energy needed to reach the transition state decreases with a more energetically accessible proton
donor). Furthermore, these results show that there is a Nernstian dependence on the potential as a

function of pKa (Figure 3.4). The potentials used to determine the Nernstian dependence were



taken at a current density of 1 mA/cm® to avoid any influences of mass transport on the potential

for HER at higher current densities.

Table 3.3. pKa of organic acids used in the study

Ligand pKa in MeCN | Potential at 1 mA (V vs Fc'””) | Potential at 10 mA (V vs F¢™)
[HNEt;][PFe] 18.82 -1.26 -1.57
Anilinium [BF4] 10.62 -0.77 -1.12
[HDMF][OT{] 6.1 -0.53 -1.01
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Figure 3.4. Potential at a current density of 1 mA/cm® versus pKa of the organic acids shows a

Nernstian dependence.

Adjusting the pKa of the proton donor alters the thermodynamic starting point for the
reaction by changing the reduction potential of the reactants. When this change in pKa is
accounted for by correcting the potential by 59 mV per pKa unit, it is clear that the potential
necessary to generate H, from the different proton donors are roughly the same (Figure 3.5).
There are some differences in the overpotential necessary for HER at higher current densities
which is likely caused by mass transport effects due to the varied diffusion coefficients of the
different organic acids. This result illustrates that altering the pKa of the organic acid is a
thermodynamic modification to the energy landscape, and that the kinetic barriers and transition

states of the reaction are similar regardless of the organic proton donor used in non-aqueous

electrolyte systems.
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Figure 3.5. Correcting the potential of LSVs of Ni,P working electrodes with a range of proton

donors by 59 mV per pKa unit shows similar electrocatalytic performance.

Changing the activity of the substrate in solution can also be done in aqueous systems by
altering the pH of the solution. When referencing the potentials versus an absolute reference
electrode such as the standard hydrogen electrode (SHE), there are large improvements in
electrocatalytic activity when moving to acidic pH (Figure 3.6). However, it is common to take
into account the activity of the substrate in aqueous systems by referencing versus the reversible
hydrogen electrode (RHE), which has a pH correction term of 59 mV per pH unit (Figure 3.7).
This correction is similar to the pKa correction term used for Figure 3.5. There are still large
differences in electrocatalytic activity when comparing acidic and alkaline pH even after

referencing versus RHE.
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Figure 3.7. Introducing a pH correction term of 59 mV per pH unit still yields differences in

overpotential in aqueous electrolyte conditions.



It is well known that proton concentration can have significant impacts in the overpotential
in aqueous electrolyte. This pH dependence can be seen with a range of catalytic materials for
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However, the exact

HER, including transition metal phosphides and platinum catalysts.
cause of the pH dependent overpotential is still an active area of research. One proposed
explanation is that as the pH increases from acidic to neutral/alkaline pH, the identity of the
proton donor changes from H3;O" ion to neutral H,O.'* This change in proton donor can adjust
the starting potential of the reactants for HER and can alter the thermodynamic barrier for the
reaction to proceed. This explanation is similar to adjusting the pKa in non-aqueous systems as
described above. Another common explanation for the pH dependent overpotential is that the pH
of the solution can alter the structure of interfacial solvent molecules and therefore impact the
solvent reorganization energy associated with the catalytic transformation.'? This explanation is
supported by the LSVs seen in Figure 3.7, where correcting for the activity of the proton donor
in aqueous systems still yields large differences in overpotential. This shows that the kinetic
barriers and transition state energies can greatly differ at different pH in aqueous solvent.

Altering the reorganization energy of a reaction necessarily changes the activation energy, as

seen in Figure 3.8.
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Figure 3.8. Increasing the reorganization energy (A) by either translating the parabola or

narrowing it requires an increase in the activation energy (AG*).

These results show that working in non-aqueous systems is an incredibly powerful tool to
understand electrocatalysts for HER because it allows for studies where the thermodynamic
descriptors of the reaction are adjusted without altering the kinetic barriers associated with the
transformation. Working in aqueous solvent necessarily convolutes the system because it is
impossible to decouple the thermodynamic descriptors (e.g. strength of the proton donor) from

the kinetic barriers (e.g. transition state energies).



3.3 Aliphatic Surface Ligands Form a Favorable Interface With Non-Aqueous

Electrolyte Solutions

A major conclusion of the work presented in chapter 2 of this dissertation is that one of the
main factors by which traditional aliphatic surface ligands decrease catalytic activity for HER is
by impeding substrate access to the catalytically active surface by creating an extremely
hydrophobic interface between the material and the bulk electrolyte solution. By removing the
surface ligands, there is both improved access to the surface by lowering the amount of steric
bulk and also by improving the electrode-electrolyte solution interface. This can be seen by an
increase in the capacitive current, which also corresponds to an increase in the ECSA.

Contrary to what is observed in water, no change in overpotential can be seen when
stripping Ni,P working electrodes with Meerwein’s reagent and testing the catalytic activity in
non-aqueous electrolyte solutions with an organic proton donor (Figure 3.9). Regardless of the
proton donor used, each LSV trace of the stripped samples overlay exactly on top of the as-

synthesized scans.
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Figure 3.9. Stripped Ni;P electrodes overlaid with as-synthesized Ni,P show no change in

overpotential.
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Figure 3.10. Capacitive current (and therefore ECSA) of Ni,P is unchanged after treatment with

Meerwein’s reagent in a non-aqueous electrolyte solution.



We propose that this is because the traditional aliphatic surface ligands used for transition
metal phosphide syntheses (trioctylphosphine, oleylamine, oleate) all form favorable interfaces
with non-aqueous solvents due to their relatively low polarity. This is clear when comparing the
different contact angles of a droplet of water versus a droplet of acetonitrile (Figure 3.11). The
water droplet has a high contact angle with an as-synthesized Ni,P film and decreases
significantly when the film is treated with Meerwein’s reagent. In contrast, the droplet of MeCN
already has an extremely low contact angle with the as-synthesized film of Ni,P (< 40°), which
has a small change when stripped with Meerwein’s reagent. A 0.1 M TBAPFs MeCN solution
was prepared for the contact angle measurements to better emulate the electrochemical
conditions with a more polar electrolyte solution.

This is further evident when looking at the change in capacitive current before and after
exposure to Meerwein’s reagent. As-synthesized NiP and the stripped Ni,P have the same
capacitive current, suggesting that the surface area of the electrode is not changed (Figure 3.10).
This result shows further evidence that the aliphatic tails on the surface ligands of Ni,P form a
favorable interface with electrolyte solution, where the solvent and electrolyte is still able to
access the vast majority of the surface of the electrode. The surface ligands do not perturb the

formation of a full double layer across the surface of the electrode at the interface (Figure 3.12).
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Figure 3.12. Diagram illustrating how the long chain tails of surface ligands prevent aqueous
solvent (green circles) from reaching the electrode but organic solvent (orange circles) is able to

form a full double layer.



3.4 How Does Proton Donor Concentration Impact Activity in Non-Aqueous

Electrolyte Solutions?

The effect of proton donor concentration on electrocatalytic activity can be studied by
titrating a stock solution of weak acid into the electrolyte solution. A 10:1 HA:A" stock solution
of [H-DMF][OT{] at concentration of 1.6 M was prepared and titrated into a standard
electrochemical cell in 100 pL increments (Figure 3.13). The first observation is that as the
concentration of acid is increased, so does the catalytic current. At high current densities, the
slope of the catalytic current starts to tail off as it reaches diffusion limited regimes. However,
the onset potential for where the catalytic current starts to take off is constant, regardless of the
concentration of the acid. This fixed onset potential is due to the titration of the buffered HA:A"
solution. The ratio of the weak acid to the conjugate base stays constant, and therefore the onset

potential doesn’t shift as a function of acid concentration, as seen in equation 3.1.

RT . [Hz]1A7]

— [0 _
E=E nF [HA]2

Equation 3.1

Another important note is that there is no underpotential deposition, and there is no
“minimum” concentration of proton donor needed for catalysis to turn on. The catalytic current
observed is relatively broad, which is likely due to a combination of factors. First, a sample of
colloidally synthesized nanocrystals often has a distribution of sizes. Each of these sizes will
have slightly different reactivity due to the differences in surface chemistry. Furthermore, there
are multiple facets on a given nanocrystal that can also have varying reactivity. Second, the
transport of a proton donor through MeCN may be much more sluggish when compared to

aqueous conditions. In aqueous conditions, the solvent acts as a proton shuttle and is able to



effectively transport the proton through a hydrogen bonding network. However, in non-aqueous
systems the proton donor may need to displace solvent molecules as it diffuses to the electrode.
Finally, there may be sluggish electron transfer kinetics due to the insulating nature of the long
chain hydrocarbons on the surface of Ni,P on the electrode.

One concern of using [H-DMF][OT{] as a proton source in MeCN is that it is known to
homoconjugate with its conjugate base in MeCN. As the concentration of the buffer solution
increases, the amount of monomeric [H-DMF][OTf] may change. This equilibrium concentration
can be calculated when factoring in the homoconjugation constant K=49 M for [H-DMF]" in
MeCN." Figure 3.14 shows that the amount of monomeric [H-DMF][OTf] is only slightly
decreased at the buffer concentrations used in the studied catalytic conditions, and that the
overall behavior of the catalyst is similar at a potential of -1 V vs F¢™® which is well outside the

diffusion-limited current regime.
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Figure 3.13. Increasing acid concentration doesn’t alter the onset potential for HER with [H-

DMF][OTH{] as the proton donor.
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3.5 Bifunctional Surface Ligands as Proton Relays

One major kinetic barrier for many catalytic transformations is the coupled movement of
protons and electrons. In order for these transformations to occur, the proton and electron need to
be at the right place at the right time. This is a common source of high overpotentials for
synthetic catalysts.'® However, many enzymes are highly engineered and are able to perform
these complex multi-proton, multi-electron reactions at ambient pressures and temperatures. For
example, [FeFelhydrogenase enzymes are able to rapidly perform a two proton, two electron
reduction to H, gas with nearly zero overpotential.'”'® One key design feature in these highly
efficient enzymes is the presence of a proton relay to aid in proton movement during catalysis
(Figure 3.15). Proton relays have begun to be incorporated in many molecular catalysts in the
secondary and outer coordination spheres.'” The presence of these proton relays aid in inter- and
intramolecular proton transfer, which facilitates the movement of protons in the reaction and

greatly improves the overpotentials.
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Figure 3.15. The structure of [FeFe]hydrogenase employs the use of a proton relay in the form of
a pendant amine (blue) to aid in the movement of protons. Source: DuBois, D. L. Development

of Molecular Electrocatalysts for Energy Storage. Inorg. Chem. 2014, 53 (8), 3935-3960.



These organic ligands are considered an important synthetic tool to tune the behavior of
molecular transition metal coordination complexes by modifying properties such as the
electronic structure or steric profile of the molecule. Chemists can synthesize molecular catalysts
with a variety of ligands to tune the reactivity, selectivity, and stability of the complex, using

. . . . 19-23
design principles developed over decades of scientific research.

In contrast, ligands are
generally considered a detriment to the reactivity of nanomaterial catalysts due to inhibiting
access to the catalytically active surface and are commonly removed via thermal or chemical
treatments. However, there has been some recent progress in implementing cooperative surface

ligands on nanomaterials that have been shown to improve catalytic activity.**?’

For example,
diamines surface ligands have been shown to improve HER activity in aqueous alkaline
conditions when compared to single, primary amines. It is proposed that the presence of the
terminal amine at the interface of the catalyst and the aqueous electrolyte solution improves the
adsorption of water molecules and their transportation to the catalyst surface.** The presence of
surface ligands that increase the effective local concentration of substrate which improves
electrocatalytic activity can also be seen in the case of polyallylamine-capped Pt tripods, where
the onset overpotential is more positive than the theoretical equilibrium potential of HER in
aqueous acidic conditions because the local proton concentration is increased by orders of
magnitude compared to the bulk solution.”” These examples show the positive impact having a
terminal functional group that can behave as a proton relay can have on catalytic activity on
nanoparticles in aqueous conditions.

However, when stripped Ni;P working electrodes were treated with a solution of

ethylenediamine, no change in the electrocatalytic activity was seen in non-aqueous electrolyte

conditions with [H-DMF][OTI] as the proton donor (Figure 3.16). We hypothesized that this



may be caused by low density of the ethylenediamines on the surface of the Ni,P due to the
weaker binding of neutral L-type amine ligands, as seen in chapter 2. However, similar results
were seen when a stripped Ni,P working electrode was treated with the tetrabutylammonium salt
of B-alanine (Figure 3.16). The tetrabutylammonium salt was prepared for improved solubility in
acetonitrile. These results suggest that the presence of terminal head groups that can participate
as proton relays may not be an effective strategy for improving electrocatalytic performance of
transition metal phosphides for HER in non-aqueous electrolyte conditions. It also suggests that
the primary effect the ethylenediamine and polyallylamine surface ligands had on the HER
electrocatalysts mentioned above were improvements in the electrode-electrolyte interface. The
terminal amine groups are able to interact with the aqueous solvent, potentially participating in
the hydrogen-bonding network. This improves the interaction with the proton donor (H,O or
H3;0"), but perhaps more importantly limits the solvent reorganization required at the electrode
interface. Similar results have been seen in the literature on Ag nanoparticle catalysts for
CO2RR, where imidazolium surface ligands can be used to tune the selectivity for CO,RR in
aqueous conditions. The changes in electronic structure with different surface ligands actually
play a very small role in activity, and the majority of the improvements to reactivity are credited
to the length of the hydrocarbon tail changing the interaction of the catalyst with the bulk solvent

by altering the steric profile and hydrophobicity of the catalytically active surface.”’
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Figure 3.16. Treating a stripped Ni,P electrode with ethylenediamine (top) or

tetrabutylammonium B-alanine salt does not change its electrocatalytic activity.

This result combined with the conclusions gathered at the end of chapter 2 illustrates the
critical role the electrode-electrolyte interface plays in electrocatalytic activity. In fact, it allows

us to take a step back and realize that the typical thought process of improving overpotential of a



nanomaterial electrocatalyst by removing its surface ligands and increasing the number of active
sites is actually perplexing. Increasing the number of active sites of a heterogeneous catalyst can
be considered analogous to increasing the concentration of a homogeneous catalyst in solution.
In this case, one would expect the rate of the reaction to increase because the increased
concentration of catalyst, but a change in the energetic profile of the reaction is not expected, and
therefore the onset overpotential of the catalyst should not change. However, if the surface
ligands are altering the solvent and electrolyte’s organization and packing at the interface, this
can lead to changes in the energetic profile and therefore the overpotential of the reaction.

This critical role that ligands have on the interaction of a catalyst with the electrolyte
solution has also been seen in other systems. For example, molecular Ni(P,N3), catalysts have
been studied in ionic liquids for HER.!”!® The TOF for the different P,N, ligands studied tracks
with the hydrophobicity of the substituents on the ligand rather than the expected thermodynamic
driving force for H, release from the intermediate. This result suggests that the outer-sphere
ligand interactions with the ionic liquid solvent and electrolyte are critical to electrocatalytic
activity. There has also been work done on iron porphyrin catalysts for the oxygen reduction
reaction (ORR) that shows different reactivity depending on how the heterogeneous film is
prepared.”® This result shows that the organization of the surrounding medium, beyond the
catalyst film, can have a substantial role in catalysis which can be seen as analogous to outer-

sphere solvent effects on activity.

3.6 Conclusions

Studying Ni,P electrocatalysts in non-aqueous electrolyte conditions illustrates how
complex aqueous electrolyte solutions are in comparison, due to the “non-innocent” behavior of

H,O as a solvent. H,O has the ability to interact with itself and form hydrogen bonding networks,



as well as interacting with the substrate and becoming the proton donor in aqueous HER
conditions. On the other hand, acetonitrile is a comparatively nonpolar aprotic solvent and has
very few intermolecular interactions. Because of this, we are able to select proton donors with
specific pKa values. As we increase the acidity of the proton donor (i.e. the proton is more
readily available), the required overpotential for HER decreases due to the change in reduction
potential of the reactants as a function of pKa. Correcting for this thermodynamic modification
to the system yields very similar overpotentials necessary for HER, regardless of the organic acid
used. This is extremely different when compared to aqueous systems, where correcting for the
activity of the substrate by referencing versus RHE still yields large differences in overpotential.
This illustrates that the solvent reorganization energy of the system can be greatly influenced by
pH, and when the reorganization energy is increased, the activation energy has to be increased as
well. Working in non-aqueous systems becomes an extremely powerful tool to understand the
behavior of electrocatalysts because the thermodynamic descriptors of the system can be
modified (e.g. pKa of the organic acid) without altering the kinetic barriers (e.g. transition state
energies). Aqueous systems are more convoluted because it is impossible to decouple the
thermodynamic and kinetic barriers in the system due to H,O having hydrogen bonding
interactions as a solvent.

When changing the concentration of a buffered organic acid in non-aqueous solutions, we
see that the only change is increased current at a given potential (e.g. faster rates), but the onset
potential of the reaction does not change. The onset potential is stable because of the buffered
solution keeping the ratio of weak acid and conjugate base fixed. However, the current tails off at

high current densities due to reaching a diffusion limited current regime because MeCN is unable



to participate as a proton donor, unlike H>O. The catalytic feature of the LSV is quite broad,
which is likely due to the differences in activity as a function of particle size and facets.

Finally, when surface ligands equipped with terminal amines which can behave as proton
relays are added to a Ni,P electrocatalyst in non-aqueous electrolyte, there is no change in the
activity. These results in non-aqueous conditions illustrate how modifications to the surface
ligation of a nanomaterial electrocatalyst can play large roles in the overpotential primarily by
impacting the behavior of the electrode-electrolyte interface. When the interface is already
favorable, adjusting the surface ligation may have very little effect. This shows a path moving
forward on designing nanomaterials with favorable interfaces for specific applications in the

future.

3.7 Outlook

It is well known that platinum is considered the state of the art material for electrocatalytic
HER. This has widely been attributed to its thermoneutral AGy of the required adsorbed-
hydrogen intermediate to produce H,.”” However, not only does it have a thermoneutral
intermediate, but pristine surfaces of platinum are known to be extremely hydrophilic.’® The
results presented in this dissertation show that the outer-coordination sphere ligand interactions
with solvent can play a critical role in electrocatalytic activity. This suggests that the hydrophilic
nature of Pt may be a key component in its high activity for HER, and that designing favorable
interfaces in other electrocatalysts may be a method for improving electrocatalytic activity.

Furthermore, interfacial design can be utilized to tune the outer-coordination sphere
environment without greatly impacting the electronic structure of the catalyst. This could be used

to improve selectivity for more complicated multi-proton, multi-electron transformations such as



CO,RR or nitrogen reduction by controlling the effective local concentration of H' near the

catalyst and reducing the amount of competitive HER.

3.8  Experimental
3.8.1 Materials

Nickel (IT) acetylacetonate (Ni(acac),, Sigma-Aldrich), dioctyl ether (99%, Sigma-Aldrich),
trioctylphosphine (TOP, Sigma-Aldrich, stored in glovebox), 2-propanol (anhydrous, 99.5%,
Sigma-Aldrich, stored in glovebox), triethyloxonoium tetrafluoroborate (=97.0%, Meerwein’s
reagent, Sigma-Aldrich, stored in glovebox), acetonitrile (anhydrous, 99.8% MeCN, Sigma-
Aldrich, stored in glovebox), toluene (HPLC grade, Fisher), 3-mercaptopropyltrimethoxysilane
(MPTS, Sigma-Aldrich), B-alanine (99%, Sigma-Aldrich), tetrabutylammonium hydroxide
(technical grade, ~40% solution in H,O, Fluka Analytical), triethylammoinum chloride (Sigma-
Aldrich), trifluoromethanesulfonic acid (triflic acid, ReagentPlus, >99%, Sigma-Aldrich, stored
in glovebox), tetrafluoroboric acid diethyl ether complex (Sigma-Aldrich, stored in glovebox),
and sodium hexafluorophosphate (ACS Reagent, >99.5%, Sigma-Aldrich) were used as received
unless otherwise noted. Oleylamine (technical grade, 90%, Sigma-Aldrich) was dried over CaHo,
distilled, and stored over 4 A molecular sieves in a nitrogen-filled glovebox. Ethylenediamine
(99%, extra pure, Acros), N,N-dimethylformamide (DMF, Certified ACS, Fisher), and aniline
(ReagentPlus, 99%, Sigma-Aldrich) were dried over 4 A molecular sieves, distilled, and stored
over 4 A molecular sieves in a nitrogen-filled glovebox. Tetrabutylammonium
hexafluorophosphate (TBAPFg, >98%, TCI) was recrystallized in ethanol three times and dried
under vacuum before use as an electrolyte for electrochemical measurements. Ferrocene (98%,
Sigma-Aldrich) was recrystallized in hexanes twice and dried under vacuum before use as an

internal reference.



3.8.2  Synmthesis of Ni,P nanoparticles

All glassware was dried in a 160° C oven overnight prior to use. All reactions, unless
otherwise noted, were run under an inert atmosphere of nitrogen using a glovebox or using
standard Schlenk techniques. Synthesis was adapted from Brock ef al.'”'*** Ni(acac), (2.055 g, 8
mmol) and dioctyl ether (20 mL, 33.2 mmol) were added to a 100 mL 3-neck round bottom
flask, equipped with a septum, thermowell, two stacked condensers, and a stir bar. The reaction
flask was degassed under vacuum at 120 °C for 1 hour. While degassing, oleylamine (8§ mL, 24
mmol) and trioctylphosphine (TOP, 20 mL, 44.8 mmol) were injected via syringe. The reaction
flask was heated to 230 °C for 80 mins. The temperature was then raised to 270 °C (reflux) and
heated for 5.5 hrs. The reaction flask was then removed from heat, and 18 mL (56 mmol) of
oleylamine was immediately injected to quench the reaction and to improve the colloidal
stability of the nanoparticles. The resulting nickel phosphide nanoparticles were purified in a
glovebox by washing with isopropyl alcohol, followed by centrifugation at 11000 rpm for 10
mins. The particles were then resuspended in toluene and washed with additional isopropyl

alcohol and centrifuged an additional two times.
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Figure 3.17. TEM of as-synthesized Ni,P (top) and powder XRD showing phase pure Ni,P
(bottom).



3.8.3 Electrochemical characterization

Electrochemical measurements were conducted in a custom four-neck cell fitted with a
platinum counter electrode (BASi), a Ag wire pseudo reference electrode in a Vycor-fritted
compartment (BASi) filled with TBAPF¢ and MeCN, and a carbon fiber working electrode. The
carbon fiber working electrodes were fabricated from carbon fiber paper (Fuel Cell Store,
Spectracarb 2050A 0850). The carbon fiber paper was cut into 1 cm x 3 cm rectangles and a
copper wire was attached with a conductive silver epoxy to the electrode material. After curing,
the copper wire and silver epoxy were covered with gel epoxy to create a 1 cm x 1 cm working
area on the electrode. The backside of the 1 cm x 1 cm working area of the electrode was not
covered due to the porosity of the material and epoxy being able to leak onto both sides. The
Ni,P samples were suspended in toluene in a glovebox and dropcasted in 20 pL aliquots onto the
working electrodes for electrochemical measurements. The working electrodes were transferred
to gas-tight headspace vials with magnetic caps and septa and were brought into a nitrogen filled
glovebox for electrochemical measurements.

All electrochemical measurements were performed with a Gamry Interface 1000. The
electrolyte solution is typically 0.1-0.2 M TBAPF¢ in MeCN. [HNEt;][PF¢], anilinium [BF4],
and [H-DMF][OT{] were used as proton donors in non-aqueous electrolyte solutions. The
solutions of Meerwein’s reagent were prepared in acetonitrile. When stripping off surface
ligands, the electrode was removed from the cell, rinsed with copious amounts of MeCN, dipped
in a vial of 0.1 M Meerwein’s reagent in 60 s increments, and then rinsed with MeCN before
reinsertion into the cell. Linear sweep voltammograms were performed at a scan rate of 5 mV/s.

All non-aqueous electrochemical measurements were referenced versus ferrocene.



3.84 Characterization methods

TEM images were collected on an FEI Tecnai G2 F20 microscope. Powder XRD data was
collected on a Bruker Microfocus instrument. Powder XRD samples were prepared by drop
casting a solution of the as-synthesized Ni,P onto silicon <001> single crystal wafers. Contact
angle measurements were performed on a Kruss DSAIOOL drop shape analyzer on 3-

mercaptopropyltrimethoxysilane treated glass slides.

3.8.5  Preparation of 3-mercaptopropyltrimethoxysilane treated glass slides

Glass slides were sonicated in solutions of soap, distilled water, acetone, and then isopropyl
alcohol in order to clean substrates. After cleaning, the slides were submerged in a 5% v/v MPTS
in toluene solution overnight.3 ! After treatment, the slides were washed with toluene three times,
followed by sonication in a solution of toluene for 5 min. The glass slides were then rinsed and
sonicated in an ethanol solution. The slides were dried in an oven at 160 °C before use. Multi-
layer thick films were drop casted to ensure that the contact angle measurements were

representative of the film rather than the glass support.

3.8.6  Preparation of [HNEt;] [PFs]

1 equivalent of triethylammonium chloride was dissolved in water. In a separate container, 1
equivalent of NaPF¢ was dissolved in water. The reaction solutions were mixed and a white
powder crashed out. The powder was filtered and recrystallized in MeCN three times before

drying under vacuum to be used in electrochemical measurements.



3.8.7  Preparation of anilinium [BF,]

Synthesis was adapted from a previously reported preparation.®” In a glovebox, 3 g of
aniline was dissolved in 5 mL of diethyl ether. 5 g of tetrafluoroboric acid diethyl ether complex
was added to the reaction flask dropwise while stirring. CAUTION: reaction is extremely
exothermic. A gummy white solid precipitated and was collected via filtration. The white solid
was dissolved in minimal MeCN, transferred to a new flask, and crashed out with diethyl ether.
This solid was collected via filtration and rinsed with copious amounts of diethyl ether before

drying under vacuum to be used in electrochemical measurements.

3.8.8  Preparation of [H-DMF][OTf]

Synthesis was adapted from a previously reported preparation.” In a glovebox, 50 mL of
dimethylformamide was dissolved in 250 mL of dichloromethane in a 500 mL Schlenk flask.
100 g trifluoromethanesulfonic acid was added dropwise while stirring. CAUTION: reaction is
extremely exothermic. The reaction was stirred overnight. The solvent was removed under
vacuum Yyielding a white solid which was dried overnight before use in electrochemical

measurements.

3.8.9  Preparation of tetrabutylammonium f3-alanine salt

Synthesis was adapted from a previously reported preparation.”'® 1 g of B-alanine was
suspended in ~30 mL water in a 100 mL round bottom flask. 7.3 g of 40% tetrabutylammonium
hydroxide solution was added and the reaction solution was heated to 60 °C for 40 min while
stirring. The solvent was removed under vacuum to yield a gummy white solid. The white solid
was then suspended in MeCN, which formed a slightly yellow solution with insoluble white

solid. The remaining white solid was filtered off and the supernatant was retained. The



supernatant was then dried under vacuum to yield a viscous yellow ionic liquid

(tetrabutylammonium B-alanine salt).
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APPENDIX A: BENCHMARKING
ELECTROCATALYTIC TRANSITION METAL
PHOSPHIDES SYNTHESIZED VIA AMINOPHOSPHINE
PRECURSORS

Note: Significant portions of the following chapter have previously been published.' This work
was done in collaboration with my colleagues Beth Mundy and Nathan Lai in the Cossairt lab, as
well as Dr. Evan Jahrman in Professor Gerald Seidler’s group in the Department of Physics.

Traditional colloidal syntheses for electrocatalytic transition metal phosphides are carried
out using a metal precursor, phosphorus precursor, and reducing agent. Often times these
syntheses require two steps, the first to form a metal nanoparticle which is then isolated and
purified, and the second to incorporate phosphorus via a Kirkendall mechanism.>® The
phosphidation reaction is typically performed at temperatures >300 °C for extended durations.
These harsh synthetic conditions are due to the low reactivity of the most common phosphorus
precursor, trioctylphosphine (TOP). Transition metal phosphides require the presence of a P
precursor, but most phosphorus precursors are in the 3+ oxidation state. Heating the
trioctylphosphine precursor to >300 °C converts the TOP through a series of P-hydride
elimination reactions to PHj gas, which is an extremely reactive P>~ precursor. While this method
is effective in producing phase-pure TMPs, they require harsh reaction conditions and can often
have low yields due to the reaction requiring the isolation of a metal nanoparticle intermediate.

Recent work has focused on developing new synthetic methods that can be done in one
step with milder reaction conditions. Aminophosphines have been shown as a promising
phosphorus precursor for the synthesis of TMPs. In a typical synthesis, a metal halide salt is

dissolved in a long chain primary amine, degassed, heated to 200-250 °C, and tris-



diethylaminophosphine is injected and the nanocrystals are allowed to form over a period of
time.

This synthetic method developed has been shown by our group to be an effective strategy
to produce phase-pure Co,P, CoP, and Ni,P which are all known to be electrocatalytically
competent for HER when synthesized via the traditional TOP method. The aminophosphine
synthesized Co,P, CoP, and Ni,P were drop casted on carbon fiber electrodes and the surface
ligands were removed through thermal annealing as well as alkylation with triethyloxonium
tetrafluoroborate. Alkylation was shown to have similar overpotentials to thermal treatments,
with the exception of Ni,P, which showed significantly improved activity after thermal
treatments when compared to the alkylation. These results illustrate that aminophosphine
precursors are effective at producing phase-pure, electrocatalytically active TMPs in a one-step

synthesis at milder reaction temperatures.

Table A.1. Overpotentials of TMPs with different methods of ligand removal

Material Nioma/em2 annealed on CF Nioma/em2 Meerwein’s
treated on CF
CoP 315 mV 314 mV

Co,P 169 mV 160 mV

Ni,P 147 mV 246 mV
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Figure A.1. LSVs of the range of aminophosphine synthesized TMPs with different methods of

ligand removal on carbon fiber working electrodes.
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