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Abstract 

In the research presented, we use electrochemical techniques, such as cyclic 

voltammetry and controlled potential electrolysis, to study in situ formation of hydrogen 

evolution catalysts which also reduce carbon dioxide. Using pyridinethiol-based ligands 

and a nickel (II) precursor, both homo- and heteroleptic complexes were investigated as 

catalysts to produce alternative fuels while mitigating greenhouse gas emissions. Existing 

synthetic procedures to obtain these Ni(II) catalysts lead to low yields of the complexes 

and difficulties in crystallizing samples for further analysis, limiting sample size and 

restricting the number of studies. While current research is heavily focused on 

photochemically-driven experiments, given that solar radiation is highly inconsistent 

across the world, a major shift must be made to understand electrocatalysts and how they 

yield pertinent information about solar fuel production. 

Cyclic voltammetry was used to investigate production of hydrogen gas from the 

in situ formation of nickel(II) tris-(pyridinethiolate), 3P+Ni. Comparing a sample of the 

isolated versus the in situ catalyst, the voltammograms suggested that the complex not only 

self-assembled in solution but also performed proton reduction. Four separate homoleptic 

catalysts with electron donating and electron withdrawing groups were employed to 

explore how ligand modifications could influence the reduction potential needed to 

produce hydrogen gas. Although 3P+Ni did not have ligand substituents, it afforded the 

most positive reduction potential (-1.41 V v. SCE) and concurrently a low rate-constant 

(376 mM-1·s-1) for hydrogen production. 3(3-F)+Ni, in situ nickel(II) 

tris-(3-(trifluoromethyl)pyridine-2-thiolate), exhibited the most negative reduction 
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potential (-1.68 V v. SCE) and the highest rate constant (951 mM-1·s-1) for proton 

reduction. 

Using these findings, heteroleptic catalysts were proposed to develop catalysts with 

tunable reduction potentials. By using a 1:2:1 stoichiometric ratio (metal precursor, major 

ligand, and minor ligand), heteroleptic catalytic solutions were developed in situ and tested 

for hydrogen production. Reduction potentials for all the heteroleptic pairs were found to 

be more positive than their ligand modified homoleptic parent complex, i.e., heteroleptic 

2P+1(3-F)+Ni (-1.53 V v. SCE) and 2(3-F)+1P+Ni (-1.50 V v. SCE) have lower 

overpotentials when compared to 3(3-F)+Ni (-1.68 V v. SCE). When comparing 

voltammograms for the heteroleptic pairs, similarities in the traces suggested that one 

hydrogen evolution electrocatalyst is formed for both ratio pairs. Despite the differences in 

the stochiometric ligand ratios, the electrochemical studies and reduction potentials are 

consistent with this theory. With respect to the rate constants, most of the catalytic solutions 

were also found to work better than the ligand modified parent analogues; therefore, the 

studies imply that in situ heteroleptic catalysts offer improvements without rigorous 

synthetic techniques.  

Expanding on the versatility of these in situ nickel(II) catalysts, preliminary 

experiments using controlled potential electrolysis and quantitative gas analysis of the 

headspace tested carbon dioxide reduction. Exploring homoleptic 3P+Ni and 3(3-F)+Ni, 

both electrocatalysts were found to produce a maximum partial pressure change of 

~14-15% CH4, ~15-16% HCOOH, and ~21% CO. However, they were found to produce 

the highest pressure changes from H2 evolution (~49%) which identified 3P+Ni and 
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3(3-F)+Ni as non-selective for CO2 reduction over proton reduction catalysts. Three 

heteroleptic catalysts, namely 2P+1(3-F)+Ni, 2(3-M)+1P+Ni, and 2P+1(3-M)+Ni, were 

investigated similarly and where found to show a significant improvement in the pressure 

changes related to HCOOH (+ ~4-5%). Although these in situ heteroleptic catalysts were 

also deemed better proton reduction catalysts, they afforded selectivity for HCOOH 

formation that was not expected. Through this research, the benefits of in situ studies in 

yielding measurable hydrogen gas production through electrochemical studies is shown, as 

well as interesting results that showcase the further development of these Ni(II) catalysts 

for carbon dioxide reduction and formic acid formation. 
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1. Introduction 

1.1. Significance 

1.1.1. Meeting future energy demands 

Nonrenewable fossil fuels continue to lead global energy consumption despite an 

imminent and complete exhaustion of coal, oil, and gas within the next century.1–6 As 

global population increases with continued development, the pressure to meet these energy 

demands will become more apparent.1,2 In addition, studies are finding that if countries are 

to abide by the 2015 Paris Agreement, more than half of the fossil fuels must remain 

unextracted to stay below the agreed global temperature change of 2 °C above 

pre-industrial levels.2,4,5,7 Other estimates suggest that peak nonrenewable production must 

diminish within the next decade globally.4,5 Though fossil fuel extraction and use appears 

to be on the decline, they still account for over 80% of the global energy demand.4,5,8 From 

transportation to industrial processes, many sectors requiring energy are sourced by the 

combustion of gas, oil, and/or coal.4,9 To meet future energy demands while considering 

the prospects of fossil fuels, renewable energies must be at the forefront of future 

technologies and infrastructure.1,2,4–6,9 

Current renewable energies have taken many forms but lack the ability to have 

global impact that can replace dependency on fossil fuels.1,9 Nuclear power plants produce 

radioactive byproducts and have been known for posing potentially catastrophic events to 

nearby areas.9 Geothermal energy uses heat flow from the Earth which requires naturally 

occurring heat sources that are typically constrained geographically.2,9 Similarly, wind, 



2 

 

wave, and hydroelectric are limited to geographical locations that favor ideal conditions 

for these renewable energy sources.2 Energy produced from biomass, such as agricultural 

and forestry crops, have ethical and environmental implications.2 Many of these renewable 

energies are constrained geographically, exploited extensively, or are unable to fully 

replace present-day nonrenewable energy sources.2,9 Even alternative fuels, such as 

hydrogen gas, are currently inefficient as production is energy intensive and produces 

carbon byproducts.10 

To meet future demands, further advancements must exploit the seemingly limitless 

green energy that is solar.1,3,9 Though having grown significantly when compared to other 

renewable energies over the last three years, solar energy has yet to be exploited to its 

fullest potential.1,3 Photovoltaics, in which solar energy is converted to electrical energy, 

is only 20% efficient; meanwhile, solar thermal, harnessing the heat from the sun, is 70% 

efficient.1,5,9 A less common manner of thinking about solar energy is for the 

photochemical production of solar fuels.3,9,11–14 Inspired by photosynthesis, artificial 

photosynthesis poses a means of producing solar fuels which can be stored for later use in 

appropriate fuel cells.3,8,9,11 

 

1.1.2. Mitigating greenhouse gases 

Carbon dioxide, methane, nitrous oxide, and fluorinated gases currently makeup 

the greenhouse gases that are effectively causing global climate change.10,15,16 Primarily, 

these gases are released into the atmosphere through the combustion of fossil fuels for 
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energy needed in transportation, agriculture, industry, and residential sectors.2,4,5,7,9,11,15 

Having relatively long lifetimes, these greenhouse gases absorb terrestrial irradiation 

trapping heat within the atmosphere.15 A warmer Earth essentially has an increased amount 

of water vapor, the most abundant greenhouse gas, that triggers a vicious cycle of continued 

global warming.15 In turn, glaciers and large ice sheets melt causing a variety of issues, 

such as the rise of sea levels and severe weather.15 

Most predictions look relatively unfavorable for limiting the global temperature 

increase to 1.5 °C above pre-industrial levels.5,7 As mentioned previously, a larger 

percentage of presently unextracted fossil fuels must remain as such to stay outside of the 

agreed 2 °C.7 Even at current levels, humanity is beginning to experience ecological 

disasters as the global temperature increase is approaching the upper known limits 

previously experienced by human civilizations.7,15,16 Only through drastic changes in 

infrastructure and clean energy technologies will the greenhouse gas emissions be directly 

impacted.9,12 With carbon dioxide being the largest contributor with respect to greenhouse 

gas emissions from fossil fuels, systems will need to be in place to mitigate further 

production while removing it from the atmosphere.8,9,12 By expanding on renewable 

energy, particularly solar energy, carbon-based fuel byproducts are diminished and/or 

recycled.1,3,8,12 
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1.2. Solar fuels 

Meeting future energy demands while mitigating greenhouse gas emissions 

requires worldwide change towards renewable energy sources.2,6,12,15 Existing renewable 

energy systems do assist in moving away from nonrenewable gas, oil, and coal, but can be 

geographically limited.1,2,9 Although alternative renewable resources can be used to 

counter the growing environmental issues posed by nonrenewable energy, more efficient 

solar energy applications will play a key role to mitigate greenhouse gases and the energy 

crisis.1,2,6,9  

 

Figure 1.1 - Schematic for the production, storage, and use of alternative fuels facilitated 

by a catalytic system which obtains electrons through solar energy and protons from 

solution. 

 

In addition, solar energy can be used to produce solar fuels in which optimized 

storage systems and fuel cells can capture, convert, and store solar energy, Figure 1.1.9 

Like photosynthesis--where plants make their own fuel using sunlight, water, and carbon 

dioxide--artificial photosynthesis produces energy dense molecules, such as H2, that are 
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environmentally neutral and can be stored for later use.4,6,9 Sunlight can be harnessed by 

solar panels to yield the electrons needed to make solar fuels.1,9 Without catalysts to assist, 

these solar fuels would be energetically inaccessible; thus, catalyst research and 

development is necessary for advancement in the field.6,9,17 Catalysts are typically 

examined for their photophysical properties which directly relate to their capabilities in 

efficiently producing alternative fuels through direct irradiation.6,9,17 Additionally, 

electrochemical properties can detail the energy requirements and/or catalyst limitations 

using photovoltaics.17–19 

 

1.2.1. Photochemical and electrochemical solar fuel production 

Before quantifying solar fuel production, photochemical and/or electrochemical 

properties are investigated to understand the catalyst’s capabilities and viability. In a 

photocatalytic process, as shown in Figure 1.2a, light is used to irradiate the catalytic 

system to produce an alternative fuel.20–23 The system is comprised of a photosensitizer, 

which absorbs light to assist in the photochemical process, and a catalyst, which produces 

the fuel.13,21,22,24–26 These two components can sometimes be combined into one molecular 

complex called a photocatalyst that can perform all the necessary steps in a more concise 

manner.6,12,22 In addition, usually a sacrificial electron donor is added in lieu of the 

oxidizing half of the reaction.13,14,21,22,24,25 Knowing the photophysical properties, scientists 

can fine-tune and ultimately optimize the conditions for experimental design and 

real-world applications where the electrons would be provided from an oxidation reaction. 
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Electrochemical systems, Figure 1.2b, operate similarly to photochemical systems, but 

here, the molecular complex acts as an electrocatalyst.27 Electrons from a power source are 

used to explore the overpotential required to produce these solar fuels.19,27,28 

 

Figure 1.2 - Generalized schematic testing catalytic production of alternative fuels 

via a) photochemical and b) electrochemical processes. 

 

Given that catalytic production of alternative fuels typically operates as 2-proton-

2-electron mechanisms to produce energy dense molecules, these processes proton and 

electron transfers are often referred to as the chemical (C) and electrochemical (E) steps of 

catalysis, respectively.27 Interestingly, a proton-coupled electron transfer (PCET) is an 

equally valid form of introducing a proton and an electron into the molecule.18,29 Typically, 

systems preferring PCET steps avoid high energy intermediates found by conducting EC 

or CE mechanisms.18,27 

Despite optimistic photochemical research on a variety of molecular catalysts, few 

researchers study these systems electrochemically.27,28,30–33 Though catalysts often behave 

similarly if the electrons come from a sacrificial electron donor or electrode, 

a b 
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electrochemical studies can yield details on the catalytic cycle and a variety of parameters 

for catalytic efficiency. On a molecular level, not only would electrochemical studies 

provide additional details regarding performance, but it can also clarify mechanistic 

pathways that cannot be concluded from photochemical research.18,27,30,32–34 Herein, 

voltammetry helps define parameters that are crucial to the catalyst’s reactivity, such as 

reduction potentials and rate constants for fuel production. Additionally, analysis of the 

electrochemical cell’s headspace yields information regarding the type of alternative fuel 

made and the efficiency.21–23,25,35–38 

 

1.2.2. Electrochemical hydrogen gas production and carbon dioxide sequestration 

Hydrogen fuel cells operate by combining oxygen and hydrogen gases to form 

water, heat, and electricity.4,8 Unfortunately, the existing processes to make these gases are 

not very efficient for worldwide applications and require energy intensive processes.10 To 

obtain the gases of interest electrochemically, liquid water is oxidized to oxygen gas at the 

anode which yields protons and electrons, Equation 1.1.6 The protons, with the help of the 

electrolyte, are shuttled to the cathode in solution where they recombine with the electrons 

to form hydrogen gas, Equation 1.2.6 For hydrogen production, bubbling inert gas through 

the solution ensures that side reactions with the atmosphere are not occurring.31 

2H2O (l) → O2 (g) + 4H+ (aq) + 4e-  E0’ = 1.23 V v. NHE Eqn. 1.1 

4H+ (aq) + 4e- → 2H2 (g) E0’ = 0.00 V v. NHE  Eqn. 1.2 

2H2O (l) → O2 (g) + 2H2 (g) E0’ = 1.23 V v. NHE Eqn. 1.3 
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Catalysts for each half-reaction are needed to aid in lowering the required energy 

input.6 Optimal catalytic systems would preferably use the protons and electrons produced 

in the oxidation of water to complement the reduction of protons, Figure 1.3. Given the 

complexities of optimizing these two half-reactions, the presented research focuses on 

proton reduction through electrochemical means using protons provided by an added acid. 

 

Figure 1.3 - Schematic for a catalytic system in which both oxidation and reduction 

half-reactions have been optimized. The electrochemical reduction of protons into 

hydrogen gas is completed through the oxidation of water to oxygen. Protons, with 

assistance from the electrolyte, are shuttled to the cathode where they combine with 

the electrons. These gases can then be collected and stored for later use in a hydrogen 

fuel cell. 

 

 Resembling the formation of hydrogen gas, carbon dioxide sequestration requires 

protons and electrons in the presence of a catalyst to form a variety of more reduced carbon 

products. Herein, the inert atmosphere from the hydrogen evolution reaction (HER) is 

exchanged with carbon dioxide to produce carbon-based fuels, fuel precursors, or fuel 

transport systems.12,27 Several reductive reactions, Table 1.1, can occur at different 

reduction potentials in the presence of sufficient protons and electrons.27 

Electrochemically, these half-reactions would take place at the cathode, and considerations 
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must be made to identify the alternative fuel being produced from the reduction of carbon 

dioxide.12,27 Once again, the protons and electrons are provided by an optimized water 

oxidation reaction which is outside the scope of the research at hand. 

CO2 Reduction Reactions E0’ (V v. NHE) 

CO2 (g) + 2H+
 (aq) + 2e- → CO (g) + H2O (l) -0.53 

CO2 (g) + 2H+ (aq) + 2e- → HCOOH (l) + H2O (l) -0.61 

CO2 (g) + 4H+ (aq) + 4e- → HCHO (l) + H2O (l) -0.48 

CO2 (g) + 6H+ (aq) + 6e- → CH3OH (l) + H2O (l) -0.38 

CO2 (g) + 8H+ (aq) + 8e- → CH4 (g) + 2H2O (l) -0.24 

Table 1.1 - Carbon dioxide reduction reactions and formal reduction potentials where 

pH=7, T=25°C, P=1 atm.27 

 

1.3. Electrochemical techniques for reduction reactions 

1.3.1. Cyclic voltammetry 

To probe electron transfers in electrochemical processes, voltammetry is often used 

to provide details regarding thermodynamic properties, characterization, mechanistic 

pathways, and kinetics.18,27,30–34 Typically, a 3-electrode electrochemical cell, Figure 1.2b, 

is used to understand how the flow of electrons, current (i), affords these electrochemical 

reductions.31 Considering proton reduction, the working electrode, made of highly 

conductive material, drives an electron transfer to the lowest unoccupied molecular orbital 

(LUMO) through use of a power source.31 Using a technique called cyclic voltammetry 

(CV), the potentiostat scans through different voltages at the surface-solution interface of 
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the working electrode, Figure 1.4.31 When the energy of the electrons supersedes that of 

catalyst’s LUMO, an electron can transfer into the orbital and a resulting current change 

occurs.31 The potential this occurs at is referred to as the formal reduction potential (E0’), 

details how much energy needs to be supplied to the system to transfer an electron.31 A 

reference electrode is used in the electrochemical cell to accurately define the E0’, while 

the counter electrode completes the circuit allowing for the flow of electrons.31 

 

Figure 1.4 - Generalized cyclic voltammogram schematic representing the a) IUPAC 

convention and b) US convention for reporting electrochemical responses, such as 

the anodic (Epa) and cathodic (Epc) peak potentials. The blue arrows denote the 

forward and return scans through a potential window of interest. The IUPAC 

convention was used to report the data herein and will appear rotated by 180°. 31 

 

1.3.1.1. Cyclic voltammetry for the determination of reduction potentials 

Reduction potentials are typically reported as formal reduction potentials (E0’) in 

systems that display both an oxidation and a reduction within a potential window.27,30,31 

Formal reduction potential (E0’) is defined as the average between the anodic (Epa) and 

cathodic peak potentials (Epc), Equation 1.4.31 Epa and Epc are, respectively, known as the 

a b 
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oxidation and reduction potentials of a compound. Proton reduction catalysts, on the other 

hand, do not display an oxidative peak, as the electrons are being used for electrochemistry; 

and thus, cannot be removed from the catalyst upon the return scan.27,30 

𝐸0′ =
𝐸𝑝𝑎+𝐸𝑝𝑐

2
 Eqn. 1.4 

Cyclic voltammograms (CVs) give pertinent information about the reduction 

potentials required to reduce protons to viable fuel alternatives, as well as details regarding 

the catalytic cycle. To explore the limitations of the catalyst, acid aliquots are added to a 

catalyst solution to act as free protons that can be reduced. Given that the acid background 

can produce hydrogen gas at high potentials, in situ studies must display lower reduction 

potentials to be valid electrocatalysts.28,32 Improved current with increasing proton 

concentration is important to ensure that active catalysts are present.28 

Foot-of-the-Wave (FOWA) and peak analysis are common methods for selecting 

the reduction potential but require voltammograms in which intermediates and/or 

pre-waves do not interfere with the forward scan.19,27 Given the complexity of nickel(II) 

tris-(pyridinethiolate) and the potential isomer formation upon the first protonation, which 

will be discussed in further detail later, peak potential (Ep), more specifically cathodic peak 

potential (Epc), was used to report the reduction events of the catalysts. 

Epc was determined where the reduction peak reaches a maximum with respect to 

current (ipeak). This will lead to an overestimation of the reduction potential, as the 

determined value will be more negative than those reported using FOWA and peak 



12 

 

analysis. In contrast, selecting a potential where substrate consumption is apparent, ipeak, 

removes the concern for overestimating the catalytic activity. 

 

1.3.1.2. Cyclic voltammetry for electrochemical kinetics 

Using the waveform shapes of the CVs, as specified by Savéant’s EC Diagram, 

details regarding the solution kinetics can be inferred for the system, Figure 1.5.27,30 With 

respect to catalysts that can perform reduction or oxidation events, voltammograms are the 

products of two parameters: the excess factor (γ) and a kinetic parameter (λ).27,30 The 

excess factor is a ratio of the reactants, more specifically, the proton source (CA
0) versus 

the catalyst (CP
0) concentration, Equation 1.5.27,30 The kinetic parameter is primarily 

dictated by the scan rate (ν), rate constant for the electron transfer (ke), and the 

concentration of the catalyst (CP
0), Equation 1.6.27,30 As depicted in EC Diagram, which 

uses the US convention of voltammograms, changes in the CV waveforms can be obtained 

by manipulating any of the parameters as annotated in the positive direction of the compass 

rose, Figure 1.5.27,30 

𝛾 =
𝐶𝐴

0

𝐶𝑃
0  Eqn. 1.5 

𝜆 = (
𝑅𝑇

𝐹
) (

𝑘𝑒𝐶𝑃
0

𝜈
)  Eqn. 1.6 

In controlling the parameters dictating these electrochemical processes, Equations 

1.5-1.6, different waveforms and kinetic zones can be achieved.17,27 Given that these are 

idealistic CV waveforms, not all voltammograms will fit into these categories when 
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considering proton reduction; thus, the catalytic mechanism must be well-understood 

before determining the electrochemical catalytic kinetics.17,27 

 

Figure 1.5 - Savéant’s EC Diagram describing kinetic zones and their respective 

voltammograms. Waveforms are to be read left to right using the uppermost wave 

(reduction) as these are drawn in the US convention. CP
0 is the initial concentration of the 

catalyst, CA
0 is the initial concentration of the substrate, ν is the scan rate, and ke is the 

rate constant for the electron transfer. Reprinted with permission from ref 26. Copyright 

2014 American Chemical Society. 

 

Non-catalytic waveforms, such as Zone D, display reduction and oxidation peaks 

in the forward and return scans of the voltammogram respectively.17,27 Here, the complex 

of interest undergoes a reversible electron transfer in which the incoming electron does not 

participate in catalytic hydrogen gas evolution or carbon dioxide reduction.17,27 Similarly, 

Zone KD displays reversible electron transfer, but the compound does not consume the 

substrate despite high concentrations due to its slower rate constant, ke.
17,27 

In Zones KG and KG*, the substrate is consumed by the catalyst yielding a growth 

in the reduction peak of the forward scan.17,27 Given the limited concentration of the acid 
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at the electrode, this reduction is restricted by the diffusion, as well as the concentration, 

of substrate that is being consumed by the catalyst.17,27 These kinetic zones display the 

parameters necessary to showcase the initial steps of proton reduction.17,27 Total catalysis, 

Zone KT2, yields two reductive peaks within the forward scan of the voltammogram.17,27 

The first peak is defined as the reduction of the catalyst with substrate consumption, while 

the second peak is the catalyst redox wave in which the catalyst is doubly reduced in the 

absence of the proton source.17,27 Upon the return scan, an oxidation is visible in the 

voltammograms as the doubly reduced catalyst species is oxidized.17,27 In this case, total 

catalyst is not diffusion limited as shown in Zones KG and KG*, but rather it is limited by 

the concentration of substrate in solution.17,27 

With increasing concentrations of substrate, KT2 waveforms can be shifted towards 

Zone K.17,27 Here, there is competition between diffusion of the substrate at the electrode 

and consumption of the substrate by the rate-determining step.17,27 Using high 

concentrations of acid removes the catalyst redox wave, but substrate depletion is still 

present in solution.17,27 Lastly, Zone KS displays a voltammogram in which the forward 

and returning trace one another.17,27 This zone requires no substrate depletion; thus, its 

concentration around the working electrode must remain constant.17,27 These waveforms 

are particularly hard to obtain but more accurately define the upper limits of the of catalyst 

at hand. 
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1.3.1.3. Cyclic voltammetry for observed rate constants of fuel production 

Rate constants can dictate the amount of fuel being produced and can be determined 

by compiling multiple CVs at various acid concentrations.27,28 Observed rate constants 

(kobs) can be determined by analyzing the growth of the reduction peak, at a specific 

potential, related to fuel production.27,28 With additional aliquots of acid, the reductive 

peak, at this specified potential, must display current growth; thus suggesting catalytic 

current (icat), Figure 1.6.28 As acid concentration increases, the electrochemical step is no 

longer dependent on the concentration of protons but on their diffusion in solution.27,28 

Formally known as the acid independent region, the current will plateau with a maximum 

observable rate (kmax) as the acid concentration targets Zone K in Savéant’s EC Diagram, 

Figure 1.5.27 Though not explored in this study, a peak in current can also be achieved by 

increasing the scan rate. 

A common phenomenon for catalytic systems with a PCET step, as displayed by 

this study, is an observable shift in the potential. Though more convoluted, the response 

could be attributed to kinetic or thermodynamic shifts; i.e., total catalysis or loss of 

reversibility.18 Thus, to determine the kobs, careful consideration must be given to the 

selection of the reduction potentials at various concentrations of acid. 
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Figure 1.6 - Generic cyclic voltammograms in the IUPAC convention displaying 

reduction and oxidations events where aliquots of acid are used to showcase current 

growth for the reduction. Due to the PCET step, voltammograms shift towards more 

negative potentials with additional acid (purple arrow). For the determination of kobs, 

the potential for proton reduction must remain constant as acid is increased (blue 

arrow). Return scans are omitted for the higher concentrations of acid for clarity.  

 

To report kobs, the initial peak current (ip) must be defined at the lowest acid 

concentration in which the peak of interest displays some current enhancement, Equation 

1.7.27 Though the bulk concentration of catalyst around the working electrode may not have 

the capability to perform proton reduction at low acid concentrations, theoretically, any 

visible current growth at the E0’ demonstrates reduction. 

𝑘obs =
nFυ

𝑛′RT
 (

0.446∙icat

ip
)

2

 Eqn. 1.7 

Most catalytic systems operate as a 2-proton-2-electron reaction mechanism to 

produce fuels from protons. These two chemical and electrochemical steps can be coupled 

in a variety of ways; thus, the reaction pathways must be well-understood before 
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quantifying alternative fuel production.18,27 Additionally, PCET steps are also viable means 

of combining protons and electrons, which yield negative potential shifts in the 

voltammograms, Figure 1.6.18,29,39 Given this information, plateaus in icat will only occur 

if the ip’s respective potential remains constant throughout the determination of kobs. To 

obtain this acid independent region, electrochemical cells are operated with high 

concentrations of the proton source or high scan rates.17 

Linearity with respect to plotting the kobs against the concentration of substrate 

allows for corroboration between the reduction peak of interest and catalytic alternative 

fuel production.27 More importantly, the slope of the line yields the rate constant of electron 

transfer, ke, Equation 1.9.27 In this manner, the ke directly corresponds to the rate of proton 

reduction, Equation 1.8.27 

[catalyst-H]- + H+ + e- 
ke
→  catalyst + H2 (g) Eqn. 1.8 

𝑘𝑒 =
𝑘𝑜𝑏𝑠

[𝑎𝑐𝑖𝑑]
 Eqn. 1.9 

 

1.3.2. Controlled potential electrolysis 

Catalytic systems that conduct a proton reduction can undergo a headspace analysis 

to identify the product. In controlled potential electrolysis (CPE), the potentiostat holds the 

potential constant over a selected period of time.40,41 By ensuring that high concentrations 

of acid are used in solution, the electrochemical headspace can be analyzed qualitatively 

and quantitatively. CPE is most useful for systems that reduce carbon dioxide to alternative 

fuels and fuel precursors as a variety of reduction reactions are possible, Table 1.1.27,28 
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Additionally, simultaneous bulk electrolysis and quantitative gas analysis yields details 

about the selectivity of proton reduction to hydrogen gas versus low carbon-based products. 

 

1.3.2.1. Controlled potential electrolysis for headspace analysis 

As mentioned, CPE holds the voltage constant at the working electrode for a 

predetermined amount of time.40,41 As a result, the potentiostat monitors the current drop 

as the concentration of the reactants decreases.40,41 Assuming that the catalyst is 

regenerated in the catalytic cycle through fuel production, substrate (acid) depletion yields 

the decrease in current.40,41 Though not a part of this research, the area under the curve 

gives the total coulombs used or electrical charge.40,41 

By selecting the reduction potential that yields the catalytic proton reduction for 

each respective catalyst, the closed system builds a detectable concentration of fuel 

product.40–43 Additionally, by limiting the system to a single potential, where the active 

catalyst is provided with the second electron to produce the fuel alternative, possible 

inference of other reduced species is greatly reduced.40,41 Qualitative assessment of the 

headspace can then yield details regarding the identity of the fuel produced through 

catalysis. Special considerations must be made with respect to the substrate as lower 

concentrations can limit the system’s ability to turn over.  
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1.4. Nickel (II) tris-(pyridinethiolate) for alternative fuel production 

1.4.1. Background 

Synthesizing and characterizing new catalysts that have been optimized for fuel 

production is key in advancing the solar energy field and meeting future energy 

demands.3,11,20 By understanding their photo- and electrochemical processes, these 

catalysts can shed light on better methodologies for catalyst synthesis and design. Inspired 

by naturally-occurring proton reduction catalysts in the form of [NiFe] hydrogenases, 

nickel-based catalysts typically bare nitrogen (N) and/or sulfur (S) ligands that serve as 

active sites for catalysis.6,35 Previous research has found many nickel(II) catalysts that 

display reduction of protons and carbon dioxide to produce viable fuel precursors and 

alternatives.13,20,21,35,44 Various homogenous molecular nickel catalysts have been reported 

by Fisher and Eisenberg for electro- and photocatalytic formation of hydrogen gas and 

carbon monoxide.13,14,21,45 Other nickel(II) complexes of pyridylbenzimidazole (pbi) and 

pyridylbenzothiazole (pbt) were shown to produce formate, a precursor of formic acid, 

photochemically but had limited studies regarding the electrochemical carbon dioxide 

reduction.35 More complicated systems, such as linear trimetallic nickel complexes, have 

also been cited as exhibiting the photophysical and electrochemical properties needed as 

HER catalysts.22 Herein, nickel(II) tris-(pyridinethiolate) and its derivatives are 

investigated as proton reduction catalysts for hydrogen gas production and carbon dioxide 

sequestration. 
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Nickel(II) tris-(pyridinethiolate) ([Ni(pyS)3]
-) is a pseudo-octahedral molecular 

complex that bares three bidentate pyS- ligands.13,21,44,46–49 Octahedral thiolato nickel 

species were discovered as a rare class of complexes that mimic the S-ligated nickel center 

of the [NiFe] hydrogenase.49 Initially, pyridinethiol and pyrimidinethiol were shown to 

produce S,N-chelates to the metal, where three ligands coordinate through four-membered 

rings, similar to iron complexes baring these ligands.13,21,49 X-ray crystallography, 1H 

NMR, and spectroscopy were used to characterize the pseudo-octahedral Ni complexes.49 

Rosenfield et al. also reported oxidative peak potentials (Epa) of +0.07 V v. SCE in 

acetonitrile (MeCN) and +0.16 V v. SCE in N’N’-dimethylformamide (DMF).49 These 

were noted as irreversible oxidations that led to rapid decomposition of the complex near 

the working electrode.49 Despite posing as viable avenues for proton reduction, these 

S,N-ligated octahedral species were not tested photochemically for over two decades.21,49 

Eisenberg et al. sought to understand the catalytic properties of [Ni(pyS)3]
- from a 

photochemical perspective to generate hydrogen gas.21 Using fluorescein as the 

photosensitizer and triethylamine as the sacrificial electron donor, optimal conditions, as 

well as possible intermediate species, were elucidated for the complex.21 Following this 

research, Eisenberg et al. set out to synthesize, characterize, and conduct preliminary 

studies on the photochemical and electrochemical properties for hydrogen production using 

a variety of nickel(II) thiolate complexes.13 Overall, these studies eluded to a CECE 

mechanistic pathway and high catalytic activity (160 – 371 mol H2/mol catalyst per hour) 

in comparison to previously reported nickel catalysts.13,21,50 Computational studies, namely 
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density-functional theory (DFT)  calculations, explored possible intermediates through a 

variety of 2-proton-2-electron mechanisms.48 

Currently, the proposed catalytic cycle, Figure 1.7, displays production of 

hydrogen gas from protons through a CECE mechanism, where PCET was noted for the 

second protonation and reduction.46–48 First, the catalyst, 1-, undergoes dechelation and 

protonation at one of the N sites.13,21,48 Experimental and computational studies have shown 

on multiple occasions that despite having potentially labile S-containing ligands, the first 

protonation occurs at one of the N sites.13,21,46–48 DFT has consequently shown favorable 

N protonation, which is in line with crystal structures of a fully protonated 

tetra-coordinated Ni catalyst, [Ni(pySH)4]
2+.13 In the second step of the catalytic cycle, a 

reduction of the metal center, 1-H-, can then be undertaken using electro- or photochemical 

processes.13,21,48 Spin density maps, used to localize electron density, allowed for the 

elucidation of the Ni(II) to Ni(I) reduction.48 Following this, simultaneous introduction of 

a proton and an electron through a PCET step then yields an intermediate, 1-H2
-.46–48 The 

concerted protonation and reduction was found to have a lower activation energy when 

compared to CE and EC processes.48 From here, the protons from the pyridyl N and the Ni 

hydride can bind and release as hydrogen gas; thus, closing the catalytic cycle and 

regenerating 1-.13,21,44,46–48 
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Figure 1.7 - Catalytic cycle of nickel(II) tris-(pyridinethiolate) for hydrogen gas 

production via proton reduction. The system operates through a CECE mechanism 

where the determined reduction potentials are related to the electrochemical 

processes.46,48 

 

1.4.2. Comparing catalytic proton reduction of various nickel catalysts 

Hydrogen gas evolution has been extensively researched for nickel(II) 

tris-(pyridinethiolate) using photochemical processes.13,21 In studies conducted by 

Eisenberg et. al, catalytic photolysis (in the presence of a photosensitizer and sacrificial 

electron donor) were monitored as pressure changes over time upon irradiation with green 

light (λ = 520 nm).21 Gas chromatography of the headspace was used to quantify the 

production of hydrogen gas as functions of catalyst, photosensitizer, and acid 

concentrations.21 The turnover frequencies (TOFs) were reported to be more than 

250 mol H2/mol [Ni(pyS)3]
- per hour.21 Upon modifying the catalyst with electron donating 
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ligands, namely 6-methyl-2-pyridinethiol, the TOF was improved to 371 mol H2/mol 

catalyst per hour.13  

 As photochemical processes require highly active photosensitizers, its selection can 

alter hydrogen gas quantification as observed by multiple Ni bis(chelate) complexes.14 

While using fluorescein, these catalysts were reported to have TOFs no higher than 

75 mol H2/mol catalyst per hour but showcased upwards of 2000 when considering 

quantum dots as the photosensitizer.14 Therefore, electrochemical hydrogen gas production 

may serve as a better means of comparing catalytic activity across various studies. 

Although nickel is “the most active non-precious metal for electrochemical proton 

reduction,”51 a variety of homogenous nickel electrocatalysts with N-, S-, and P-containing 

ligands have been reported but all displayed limited electrocatalytic studies.14,20,43,50–53 

Currently, the best proton reduction mononuclear nickel-based catalysts employ 

phosphorus-containing ligands with amine groups.52,53 TOF values of 200,000 mol H2/mol 

catalyst per hour were measured, and with additions of H2O, enhanced catalytic currents 

were found to yield 1,600,000 mol H2.
52 To the best of our knowledge, only one other study 

has reported nickel electrocatalysts, namely nickel(II) 1-para-X-phenyl-3,6-triphenyl-1-

aza-3,6-diphosphacycloheptane ([Ni(7PPh
2N

C6H4X)2]
2+), where various ligand substituents 

(X) had an effect on both the kobs and ke.
54 Of the explored catalysts, the trifluoromethyl 

(-CF3) substituted catalyst displayed the lowest ke values (6300 M-1·s-1) while the 

unsubstituted catalyst yielded the highest ke (77 000 M-1·s-1).54 Once again, addition of 

H2O was noted to improve the rate of hydrogen production for all the electrocatalysts.54 

Therefore, this research looks determine how ligand modification to pyridinethiolate 
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ligands effect ke values that may be competitive against the lower rates reported for the 

aforementioned seven-membered diphosphine complexes. 

 

1.4.3. Improving reduction potentials and observed rate constants with ligand modification 

Effective hydrogen evolution catalysts should operate in protic solvents at low 

overpotentials.17,19,27,31 The difference between the applied potential required to produce 

the reduction event of interest and the thermodynamic reduction potential of the 

half-reaction is the overpotential.19,27–29 By lowering the overpotential, catalytic efficiency 

can be increased.12,19,27–29 How electron density affects hydrogen gas production was 

investigated using electron donating (EDGs) and electron withdrawing groups (EWGs) via 

cyclic voltammetry. We compared reduction potentials for the Ni(II) catalysts considering 

the position and identity of the substituents. By introducing EDGs into the ligand, there is 

an expectation that the substituent will push electron density into the system which causes 

the N atom to become more basic; thus, favoring protonation.44 With the use of EWGs, it 

has been proposed that the reduction events are further improved by removing electron 

density from the Ni center.44 This should afford more positive reduction potentials, which 

would in theory requires less energy to turnover the electrochemical system.44 Herein, 

commercially available methyl (-CH3) or trifluoromethyl (-CF3) substituted pyridinethiols 

were used to further understand how electron density and/or position could affect 

electrochemical properties. In this manner, ligand identity should give rise to minor 

differences in reduction potentials for these Ni(II) complexes employing EWGs and EDGs. 
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Simultaneously, changes in electronics may yield details regarding their effect on the 

observed rate constants. 

To screen a variety of potentially viable proton reduction catalysts, homoleptic and 

heteroleptic Ni(II) catalysts will be targeted. Heteroleptic complexes bare at least one 

differing ligand that chelates to the metal center; therefore, it may also be referred to as 

being heteroligated. Homoleptic complexes, on the other hand, have the same ligand. 

Synthesizing and characterizing of a number of homo- and heteroleptic Ni(II) catalysts can 

be time-consuming; therefore, this research explores proton reduction as a result of 

self-assembly.13,21,44,49,50 Having seen promising studies from another Ni(II) photo- and 

electrocatalyst, self-assembled systems, to be referred to as in situ, were explored 

electrochemically.50  

An interesting feature of introducing pyridinethiol in situ is the presence of a viable 

proton for reduction to hydrogen gas, i.e. the H on the S atom. Assuming the longstanding 

active catalyst is correct, three protons will be released to form the Ni(II) 

tris-(pyridinethiolate) derivatives. In theory, the in situ catalysts have three equivalents of 

protons that can participate in reduction without an external proton source. Although 

aliquots of an acid can illuminate details regarding the proposed rate constants, we suggest 

higher efficiencies and/or significant current growth from systems operating with in situ 

protonated ligands. More importantly, CVs that undergo current growth towards the acid 

independency, Zone KS of Savéant’s EC Diagram, are indicative of catalytic activity for 

hydrogen gas formation13,28,44 Ultimately, this research looks to report improved reduction 
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potentials and observed rates of gas production via in situ formation of nickel(II) catalysts 

within an electrochemical cell. 

 

1.4.4. Potential pitfalls in electrochemical investigation of nickel(II) tris-(pyridinethiolate) 

derivatives 

The computational and experimental research has thus far shown that [Ni(pyS)3]
- 

can perform photochemical and electrochemical proton reduction.13,21,44,46–48 Recent 

studies have looked at uncovering more detailed mechanistic pathways of octahedral Ni(II) 

catalysts baring bio-inspired ligands.46,47,55 On the computational front, DFT and Quantum 

Theory of Atoms in Molecules (QTAIM) have provided details regarding the chemically-

inequivalent N environments exhibited by the meridional (mer) isomer of [Ni(pyS)3]
-.46 

The presence of the mer geometric isomer offers three different pKa values; one for each 

N atoms of the coordinated ligands, Figure 1.8.46 Given these three distinct protonation 

sites, inactive intermediates could pose as obstacles for proton production, though they are 

not specifically explored in this investigation.46  
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Figure 1.8 - Meridional nickel(II) tris-(pyridinethiolate) forming three distinct 

isomers, i.e., left [L], center [C], and right [R] with respect to the ligand which was 

protonated, in the first protonation of the catalyst, 1-H.46 

 

Labile ligands, such as pyS-, have always put in question the identity and 

mechanistic pathway of the active catalyst.13,55 Though Eisenberg et al. have reported 

similar hydrogen production rates from systems with three versus five equivalents of 

ligand, Cordones et. al reported ligand dissociation of a bipyridine (bpy) Ni complex, 

namely Ni(bpy)(pyS)2.
13,55 Upon protonation of the catalyst, two equivalents of 

pyridinethione are released.55 The ligands are replaced by four solvent molecules and were 

quoted as potentially posing other mechanistic pathways for hydrogen gas evolution.55 

However, the reported voltammograms appear to showcase that the most active catalyst is 

that of the ligated Ni(bpy)(pyS)2.
55 Nonetheless, addition of excess pySH ligand was found 
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to shift the equilibrium towards the ligand-coordinated Ni species to improve hydrogen gas 

production.55 

From a more nuanced perspective, as dictated by the research at hand, these 

pySH-based ligands are labile; thus, dynamic ligand exchange can also pose more 

convoluted issues with the heteroligated complexes. By exploring a variety of experimental 

and control CVs, our studies mostly look to understand the advantages of all in situ catalyst 

formation that employ homo- or hetero-ligation. Comparison of the homo- and heteroleptic 

CVs should detail similarities and/or differences that could explain what could be occurring 

as the potential is scanned. Lastly, using in situ catalyst formation limits our understanding 

of the first turnover of the reaction. Given that the ligands can provide up to three 

equivalents of protons per active catalyst, the conditions are sustainable for a 2-proton-2-

electron process. Here, all reductions are recorded and carefully analyzed using previous 

literature research conducted on electrochemical systems. 

 

1.5. Summary 

Electrochemical studies, though informative with respect to efficiency and 

overpotential, are typically not explored in detail for Ni-based HER catalysts.13,14,20–

22,25,42,44,51,56 Additionally, despite being able to hypothetically reduce carbon dioxide, 

limited studies displaying this feature have been reported for Ni catalysts.35,36,56–58 Herein, 

we focus on the in situ formation of pseudo-octahedral Ni(II) tris-(pyridinethiolate) and its 

homo- and heteroleptic derivatives as viable electrocatalysts. The following research 
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studies the effects from EDGs and EWGs on the reduction potential and observed rate 

constants for hydrogen gas. CVs will be used to uncover if additional redox active species 

may be involved in proton reduction, as well suggest the identity of the active catalyst with 

ligand equivalent experiments. In understanding the electrochemical responses from the 

homoleptic complexes, the heteroleptic analogs will be explored similarly for further 

improvements to the reduction potentials and observed rate constants. Once determining 

the best in situ electrocatalysts for hydrogen production, these complexes will be explored 

for carbon dioxide reduction.  
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2. Methods 

2.1. Synthesis 

Following previously published and referenced synthetic procedures, the nickel 

precursor was prepared for control experiments, as well as serving an important role in the 

in situ studies.59 To 1.02 g nickel chloride (NiCl2) and 3.00 g tetraethylammonium bromide 

(EtNBr), 30.0 mL ethanol (EtOH) were added via Schlenk line. The solution was heated to 

~ 60°C using a water bath for one hour. During heating, the solution turned blue-green in 

color with blue crystals appearing around the circumference of the flask. A total of 3.09 g 

blue solid [NiCl4][Et4N]2 was collected via vacuum filtration. Crystals of the complex were 

obtained via vapor diffusion in acetonitrile (MeCN) and diethyl ether (Et2O).59 

Using published techniques, the parent complex, [Ni(pyS)3]
-[Et4N]+, was 

synthesized for control experiments.49 A 35.0 mL solution of sodium methoxide (NaOCH3) 

deprotonated 1.93 g commercially available pySH ligand. The anion was then introduced 

to 3.70 g Et4NBr to coordinate the species prior to removal of the solvent. MeCN was used 

to extract the ligand, and upon filtering, a clear yellow solution was obtained. Separately, 

a total of 2.00 g [NiCl4][Et4N]2 were dissolved in 80.0 mL MeCN to make a clear royal 

blue solution. Mixing the ligand and metal precursor, the solutions turned dark green where 

gold particulates were visualized upon the last additions of the ligand. The solution was 

mixed overnight and was filtered prior to crystallizing green crystals using vapor diffusion 

with MeCN and Et2O. A total of 0.100 g crystallized pseudo-octahedral [Ni(pyS)3]
-[Et4N]+ 

was collected.  
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Isolated crystal samples of the [NiCl4][Et4N]2 and [Ni(pyS)3]
-[Et4N]+ were 

characterized using x-ray crystallography but are not included here as they matched 

previously published crystal structures.49,59 Crystal samples of [NiCl4][Et4N]2 and 

[Ni(pyS)3]
-[Et4N]+ were used for the experiments presented herein. Collection of other 

isolated catalyst samples was attempted using the same synthetic procedure but did not 

yield crystallized samples that could be characterized or identified as useful crystal 

structures for further experimental work. 

 

2.2. Experimental electrochemical methods 

2.2.1. Electrochemical proton reduction for hydrogen gas evolution using cyclic 

voltammetry 

To study proton reduction, a BioLogic SP-200 single channel potentiostat was 

calibrated prior to running sample measurements. A solution of ~1 M H2SO4 was used to 

clean the glassy carbon working electrode electrochemically by running a cyclic 

voltammogram for 15 consecutive cycles between 1.0 V and -1.0 V v. AgCl at a scan rate 

of 20 mV/s. The bulk solution was disposed; and the glass electrochemical cell, as well as 

the electrodes, were cleaned thoroughly. The AgCl reference electrode was rinsed with DI 

water and dabbed dry. To clean the Ag wire counter electrode, the surface of the electrode 

was sanded, rinsed with DI water, and wiped dry. The glassy carbon working electrode was 

polished using a solution of alumina-water slurry on a cloth polishing pad, rinsed with DI 
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water, and dabbed dry. This cleaning process was used between subsequent 

voltammograms and at the end of experimentation. 

A 1×10-3 M catalyst solution was prepared in 10 mL 8:1:1 DMF/EtOH/H2O with 

0.1 M TBATFB. All in situ homoleptic catalytic solutions were prepared using 1×10-3 M 

[NiCl4][Et4N]2 and 3×10-3 M pySH-based ligand. Heteroleptic were instead prepared with 

1×10-3 M [NiCl4][Et4N]2 of the Ni(II) precursor, 2×10-3 M major pySH-based ligand, 

1×10-3 M minor pySH-based ligand. To ensure consistent measurements, N2 was bubbled 

through the solution while stirring for 2 min. The solution underwent cyclic voltammetry 

for 3 consecutive cycles between -0.8 V and -2.0 V v. AgCl at a scan rate of 100 mV/s. 

Once the potentiostat had scanned both the reduction of the catalyst solution without 

additional acid, the electrodes were further cleaned using polishing techniques before 

providing the system with protons. To the solution, 1 equivalent (eq.) of 2.0 M acetic acid 

in 8:1:1 DMF/EtOH/H2O with 0.1 M TBATFB was added. This same sample was used to 

repeat the cleaning and acid addition cycles from 0-10 equivalents in 1 eq. increments and 

12-40 eq. in 4 eq. increments of CH3COOH. Before concluding the experiment, the AgCl 

reference electrode was externally referenced against Fc+/Fc which has a more stable 

reduction potential at 0.5 V v. AgCl. A small amount of ferrocene was added to the catalyst 

solution and the electrochemical window was extended from 1.0 V to -2.0 V v. AgCl. Using 

the previously mentioned scan rate and number of cycles, the reduction potential of 

ferrocene can be obtained. All analyzed and reported cyclic voltammograms are for the 

second cycle. 
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2.2.2. Control experiments for electrochemical proton reduction for hydrogen gas 

production using cyclic voltammetry 

Using the same instrument, method, parameters, and external reference, Section 

2.2.1, control experiments for the cyclic voltammograms were taken in 8:1:1 

DMF/EtOH/H2O with 0.1 M TBATFB. Voltammograms of the solvent with increasing 

concentrations of the acid (0-40 equivalents) were used to determine the reduction potential 

required to reduce protons. True catalysts should display reduction potentials that are lower 

than the reduction potential required to produce a current for the acid background. Though 

previous research has found that the nickel precursor cannot efficiently produce hydrogen 

gas from protons, voltammograms of 1×10-3 M [NiCl4][Et4N]2 precursor were taken with 

various equivalents (0-40 eq.) of 2.0 M acetic acid.13,21 Additionally, voltammograms of 3 

equivalents of ligand were also taken with varying equivalents (0-40 eq.) of 2.0 M acetic 

acid in order to determine if the ligand could operate as a proton reduction catalyst without 

the presence of the nickel precursor. Lastly, CVs with increasing equivalents of a single 

ligand were added to a solution of 1×10-3 M [NiCl4][Et4N]2 precursor to identify if other 

ligand-coordinated species were present in solution, as well as see how ligand dissociation 

could be curbed with excess ligand. 
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2.2.3. Experimental methods for electrochemical carbon dioxide reduction using cyclic 

voltammetry for carbon dioxide sequestration 

The electrochemical instrument, electrodes, procedures, and methods previously 

mentioned, Section 2.2.1, were used for carbon dioxide reduction cyclic voltammograms. 

Parameters and methodologies developed for the experiments mimicked those of the 

hydrogen evolution with one significant change: the bubbling of N2 gas was exchanged for 

CO2 gas. Modifications were also made to the acetic acid additions, namely 0-4 eq. were 

added in 1 eq. increments and 8-40 eq. were added in 4 eq. increments.  

 

2.2.4. Controlled potential electrolysis to determine products from carbon dioxide 

sequestration 

Controlled potential electrolysis (CPE) is used to determine the efficiency and 

identity of fuel production given an electrochemical process.40–42 In these studies, CPE is 

used to identify the products obtained by reducing carbon dioxide at a fixed potential over 

a specified time.27,28,40,41 In addition, the efficiency of producing carbon-based fuel 

alternatives must be measured as hydrogen gas production is an equally viable reaction.27,28 

To conduct these CPE experiments, a 1×10-3 M catalyst solution was prepared in 8:1:1 

DMF/EtOH/H2O with 0.1 M TBATFB. The electrochemical setup was connected to the 

BioLogic SP-200 potentiostat for constant potential experiments. The working, reference, 

and counter electrodes were maintained the same as the CV experiments. To the solution, 

2.8×10-2 M CH3COOH in 8:1:1 DMF/EtOH/H2O was used as the proton source. CO2 was 
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bubbled through the solution for 10 minutes prior to conducting the control measurement. 

The electrochemical cell was fitted with rubber tubing leading to a bubbler and inlet for 

gas analysis. The sample underwent what will be referred to as Quantitative Gas Analysis 

(QGA) using Hiden Analytical HPR20 Quartz Inert Capillary (QIC) Evolved Gas Analysis 

(EGA). For 1 minute without electrolysis, a baseline reading of the partial pressures for the 

gases of interest were obtained with continuous CO2 bubbling. Once complete, CO2 was 

once again bubbled into the same solution for an additional 10 minutes prior to applying a 

controlled potential at -1.85 V v. SCE with continued bubbling of CO2. The sample then 

underwent CPE for 30 minutes with continuous mixing of the solution. The gas outlet was 

monitored by QGA pressure measurements for CO, H2, CH4, and HCOOH throughout the 

entirety of 30 minutes. 
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3. In situ formation of homoleptic nickel (II) tris-(pyridinethiolate) derivatives for 

electrochemical hydrogen gas production 

3.1. Background and scope 

Nickel(II) tris-(pyridinethiolate)-based catalysts have been shown to produce 

hydrogen gas photochemically and electrochemically.13,21,44,55 Photochemical studies have 

revealed ideal conditions using a photosensitizer and sacrificial electron donor to supply 

the electrons needed to reduce protons to hydrogen gas.13,21 Electrochemical results often 

lack a detailed investigation and explanation with respect to the catalytic cycle.13,21,44,55 

Both processes have been studied with isolated catalyst samples but report low synthetic 

yields, difficulty in isolating the Ni(II) tris-(pyridinethiolate) derivatives from other salts, 

and limited characterization.13,21,44,55 Since photochemical experiments are more carefully 

studied for these complexes, the identity of the active and inactive species, as well as the 

mechanistic pathway towards hydrogen gas production, is not as well understood under 

electrochemical conditions. 

From previous reports, the first step of the catalytic cycle is protonation of the N 

atom on one pyridinethiolate (pyS-) ligand which leads to its dechelation from the metal 

center.13,21,44,46–48 Recent studies on the Ni catalyst and pertinent derivatives have suggested 

complete dissociation of the pyS- ligand upon protonation.55 Upon its release, the ligand is 

now present as the thione-based tautomer in solution, leaving behind a complex where 

solvent fills the coordination sphere.55 Dissociation of the bidentate ligand occurs and is 

followed by coordination two DMF solvent molecules.55 This ligand dissociation can 



37 

 

continue occurring until the inactive, completely solvated complex is formed, i.e., in DMF 

solvent, [Ni(DMF)6]
2+.55 Interestingly, other Ni species were identified as potentially 

posing other pathways towards hydrogen production or as inactive species that emerge in 

solution.55 Compelling X-ray absorption spectroscopy (XAS), UV-vis spectroscopy, cyclic 

voltammetry (CV), and density function theory (DFT) calculations have supported these 

findings in a variety of solvents.55 However, since both photocatalytic and electrocatalytic 

proton reduction is observed with these catalysts, we must conclude that an active catalyst 

is present in solution. Since it appears the ligands are labile under catalytic conditions, we 

are interested in self-assembly of the catalyst in situ.  Additionally, as indicated by 

Cordones et. al, the presence of excess ligand results in higher rates of proton reduction 

and suggests that dynamic ligand exchange creates more active catalysts.55 

Ligand coordination, solvation, protonation, and reduction will be investigated to 

identify the presence of the active catalyst. As the ligand and Ni(II) precursor are 

ineffective hydrogen evolution catalysts on their own, we hypothesize that chelation of 

three ligands yields the active catalyst needed to make hydrogen gas in an electrochemical 

setup.13,21,44,46–48 Activity loss caused by dissociation of the protonated ligand can be 

mitigated through the use of excess ligand in solution thus promoting re-coordination to 

the metal center.55 Since it is now believed the catalyst dissociates under electrochemical 

conditions it does not make sense to prepare the isolated catalyst. In this investigation, in 

situ formation of homoleptic Ni(II) catalysts were used to explore electrochemical 

properties of active and inactive species in hydrogen evolution by adding the Ni(II) 

precursor and ligand to the electrochemical cell, without isolation of the catalytic species. 
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Thus, we demonstrate ease in obtaining the catalysts without isolating the complex through 

comparison of electrochemical reduction of the isolated and in situ catalysts. In addition, 

we investigate the possible reaction intermediates in electrochemical proton reduction. 

Given that the protonation and reduction steps are dictated by thermodynamic properties, 

pKa and E0’ respectively, pySH-based ligands with EWGs and EDGs in different positions 

were used to determine the effect of ligand modification on catalytic activity. 

 

3.2. Homoleptic Ni(II) tris-(pyridinethiolate) catalysts 

 Homoleptic electrocatalysts are complexes that improve redox events while bearing 

the same ligands around a central atom. For in situ homoleptic catalyst formation, 1×10-3 M 

[NiCl4][Et4N]2 and 3×10-3 M pySH-based ligand, Figure 3.1, were used to form the 

catalyst solution given that the catalyst requires three bidentate ligands per Ni center. 

Methyl (-CH3) and trifluoromethyl (-CF3) pySH ligands substituted in both the 3- and 

6-positions Figure 3.1, were employed to understand ligand effects. Both the protonation 

and reduction steps of the catalytic cycle are dictated by the thermodynamic properties pKa 

and E0’ respectively. It is hypothesized that in using EDGs, decreasing the basicity of the 

N site, pKa will increase; thus, protonation is eased. When considering EWGs, electron 

density is pulled away from the metal center lowering the potential required to reduce the 

catalyst. Previously, isolated Ni HER catalysts have shown promise in tuning the 

thermodynamic properties.13,44 
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Additionally, in using these commercially available ligands that are protonated, it 

is presumed that the H atom on the S (or N) will provide the proton needed to commence 

the catalytic cycle, i.e., 1 equivalent of protons per in situ ligand. With the current 

understanding of the complex, it is believed that the active catalyst requires three bidentate 

pyS- ligands, i.e., 3 equivalents of protons per in situ catalyst. We hypothesize that the 

catalytic activity will show improvement with the presence of the protonated ligands for 

the in situ studies. 

 

Figure 3.1 - Pyridinethiol-based ligands and nickel(II) precursor implemented for 

the in situ formation of Ni(II) tris-(pyridinethiolate)-based electrocatalysts for 

hydrogen gas production. 

 

Due to issues in synthesizing purified 3-methylpyridinethiol, 3-M, the ligand was 

purchased as the 3-methylpyridine-(1H)-thione given previous reports of tautomerization 

of 2-mercaptopyridine.60 As previously mentioned, dissociation of the ligand yields the 

thione thus removing any concerns with respect to using either tautomer of the 

pyridinethiolate ligands.55 All solutions, except for ligand 6-trifluoromethylpyridinethiol, 
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6-F, were clear yellow-green in color when dissolved in 8:1:1 DMF/EtOH/H2O. Issues with 

ligand solubility and the inability to produce viable CVs that varied from the control 

experiments led for the exclusion of ligand 6-F from further studies. 

 

3.3. Evaluation of in situ and isolated nickel(II) tris-pyridinethiolate 

E0’ for the reduction steps could not be determined for all the Ni(II) catalysts tested. 

Oxidation waves on the reverse scans were not observed supporting that the explored 

reductions are irreversible, as expected for an electrocatalyst. Therefore, Epa cannot be 

obtained and will not be explored in this investigation.13 Herein, the observed reductions 

are reported as Epc where the current reaches a maximum or peak current (ipeak). Peak 

analysis and Foot-of-the-Wave Analysis  (FOWA) are also viable techniques for 

determining the reduction potential and have been used in previous reports.13,19,33,44 

However, for simplicity and consistency ipeak is used throughout the studies presented 

below.  

To study electrochemical proton reduction, CVs with a 3:1 stoichiometric ratio of 

P ligand to Ni(II) precursor, referred to as 3P+Ni, were done with increasing amounts of 

added acid.13,28,44 Considering the CVs, Figure 3.2, of the in situ parent complex, 3P+Ni 

was found to require less negative reduction potentials (-1.41 V v. SCE) to reduce protons 

to hydrogen gas in comparison to the acetic acid background (-1.80 V v. SCE) which served 

as the proton source. This supports that the presence of the Ni complex lowers the energy 

input required to make hydrogen gas. 
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Figure 3.2 - Cyclic voltammograms of 10, 14, 16, 18, and 20 eq. of 2.0 M CH3COOH 

in 8:1:1 DMF/EtOH/H2O with 0.1 M TBATFB with (green) and without (red) 

1.0 x 10-3 M in situ 3P+Ni. 

 

In comparing the in situ and isolated catalysts with the parent ligand with increasing 

concentrations of acid, Figure 3.3, many similarities are observed. Though more 

ambiguous at lower equivalents of acid, two competing peaks (~ -1.4 V and 

~ -1.6 V v. SCE) were observed for both. The reduction events occurring at the more 

positive reduction potential (~ -1.4 V v. SCE) exhibit catalytic current in which the current 

grows with increasing equivalents of acid. Similarities between the in situ and isolated 

catalysts within this potential window were observed when considering a 2 eq. difference, 

i.e., NiP3+12 eq versus 3P+Ni+10 eq. This suggests that self-assembly of the catalyst yields 

up to an additional 2 eq. of protons with minimal current and potential differences. 

Ultimately, this shows that improvements to the catalytic production of hydrogen gas were 

obtained through use of the in situ catalyst. 
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Figure 3.3 - Cyclic voltammograms of 1.0 x 10-3 M in situ 3P+Ni (dashed line) and isolated 

NiP3 (solid line) with 6-20 eq. of 2.0 M CH3COOH in 8:1:1 DMF/EtOH/H2O with 0.1 M 

TBATFB. The return scan (-2.0 - -0.8 V v. SCE) was omitted for clarity. Appendix 

Figures 8.1-8.2 show the complete cyclic voltammograms using 0-40 eq. acid for both NiP3 

and 3P+Ni. 

 

Given that both the in situ and isolated catalysts display a reduction event at 

~ -1.6 V v. SCE, it was initially believed to be a competing species as proposed by 

Cordones et. al. such as [Ni(pyS)2(DMF)2]
2+ for studies of [Ni(pyS)3]

-. Compared to their 

published voltammograms, the CV peaks within this potential window appear more 

pronounced for the in situ catalyst. This unknown redox-active species appeared during 

moderate equivalents of acid (8-20 eq.) yielding more negative currents with the 

self-assembled catalyst. Initially, this peak was assigned to a solvated complex, i.e., 

[Ni(pyS)2(DMF)2]
2+, given previous computational and experimental work suggesting 
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solvation of a ligand while considering the H-bonding between two adjacent ligands for 

hydrogen production.46,47,55 However, further analysis provides an alternative assignment. 

 Before finalizing the assignment of these reduction events, Savéant’s EC’ zone 

diagram, Figure 1.4 was used to identify and detail electrochemical kinetics. Figure 3.4 

compares low and high concentrations of acid and interestingly shows the beginning stages 

of the disappearance of the more negative reduction event. Dempsey et. al state that for 

total catalysis to be noted, two reduction peaks should be observed in the CV, Zone KT2 

in the EC’ diagram.18,27,30  

 

Figure 3.4 - Cyclic voltammograms of 1.0 x 10-3 M in situ 3P+Ni (dashed line) and 

isolated NiP3 (solid line) with equivalents of 2.0 M CH3COOH in 8:1:1 

DMF/EtOH/H2O with 0.1 M TBATFB The return scan (-2.0 - -0.8 V v. SCE) displays 

a re-oxidation of the catalyst. 
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The first peak displays the catalytic reduction as the acid is consumed by the 

system.18,27 Assignment of the catalytic peak can be obtained by showcasing a linear 

relationship between catalytic peak current and substrate concentration.30 The more 

positive reduction (~ -1.4 V v. SCE) in these studies of the parent complex was found to 

exhibit this directly proportional relationship but will be explored in more detailed later. 

As these peaks display catalytic behavior, where protons are reduced to hydrogen gas, the 

subsequent in situ results will look to identify this particular reduction event. 

The subsequent reduction (~ -1.6 V v. SCE) is indicative of the catalyst redox wave. 

As described previously, Section 1.3.3, this is considered to be the doubly reduced catalyst 

in the absence of the second proton needed for catalysis of hydrogen gas. In being limited 

by substrate concentration, if larger negative potentials are applied, the catalyst can take 

on another electron.18,27,30  To clarify, some of the catalyst will undergo proton reduction 

to hydrogen gas to complete the catalytic cycle (~ -1.4 V v. SCE) but a portion of the 

catalyst species, namely 1-H- in Figure 1.5, will essentially not be able to perform the 

PCET step of the catalytic cycle due to substrate dependency in a system where the 

concentration of protons is low.17,27 This catalyst that has undergone CEE processes is then 

oxidized upon the return anodic scan (-2.0 to -0.8 V v. SCE) which can be visualized in 

both the in situ and isolated catalysts, Appendix Figures 8.1-8.2. An additional 

characteristic of this catalyst redox wave is suppression of this reduction event as acid 

concentration increases; thus, the catalyst will undergo the full catalytic cycle as 

determined by the CECE processes.17,27 Given this information, the more negative 
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reduction (~ -1.6 V v. SCE) was attributed to the catalyst redox wave for both in situ and 

isolated. 

 Though experimental and computational work suggests that other species partake 

in the catalytic production of hydrogen gas, the in situ and isolated catalysts do not appear 

to have other redox-active species in solution within our electrochemical window.55 We 

consider the CV traces of the isolated and in situ catalyst to be equivalent and thus suggest 

dissociation of the isolated catalyst under electrochemical conditions, or self-assembly of 

the ligands and Ni ion, to create the same active catalytic species. Once again, this shows 

validity of the catalyst being produced despite avoiding synthetic techniques. 

 

3.4. Determining cathodic peak potentials of in situ homoleptic catalysts 

Given the longstanding mechanistic pathway for 1-, Figure 1.5, the first reduction 

occurs after the protonation of a N atom in one of the pyridinethiolate ligands.13,21,46–48 This 

reduction should appear at low concentrations of acid and indicates the second step of the 

catalytic cycle for the Ni-centered reduction. As higher concentrations of acid target the 

hydrogen evolving reduction event, this non-catalytic reduction should reach maximum 

current, ipeak, at lower acid concentrations. Due to the ligands providing three equivalents 

of protons upon chelation and formation of the active catalyst, the first reduction may not 

be as apparent. The second reduction, coupled to a protonation, is related to the production 

of hydrogen gas.46–48 It can be identified by growth in current with additional aliquots of 

acid.13,28,44 As all the available catalyst, 1-, undergoes regeneration through the catalytic 
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cycle, higher concentrations of acid will yield a catalytic current for the reduction peak 

associated with hydrogen evolution.28 

Unlike the isolated catalysts, the in situ catalysts underwent reduction events at 

0 eq. CH3COOH, Figure 3.5, despite not having additional acid in the solution.13 This 

suggests that these pySH-based ligands can assist the catalytic cycle by providing the 

required protons for the protonation steps when performed in situ. In tabulating and 

tracking the reduction events that appear upon addition of the proton source, a pattern 

emerged where the catalysts seem to undergo three distinct reductions, Table 3.1. 

The first reduction, Epc1, occurred at the most positive reduction potentials 

(-1.16 V v. SCE) for these experiments. These reduced species appeared between 0-1 eq. 

of CH3COOH in most of the complexes and shifted towards more positive potentials with 

increasing concentrations of acid, Figure 3.5. The positive shift was attributed to changes 

in pH due to higher concentrations of CH3COOH indicating that the first protonation is 

rapid.13,30 Epc1 quickly became a part of the background traces due to its non-catalytic 

behavior under conditions with higher acid concentrations. More importantly, these 

cathodic peaks have been previously observed by Eisenberg et. al as having no catalytic 

features in all their Ni thiolate complexes.13 Previously, this reported reduction 

(-1.0 – -1.2 V v. SCE) was found upon the addition of one equivalent of CH3COOH in the 

isolated catalysts. Ultimately, this targets the first protonation and therefore the first 

reduction of the catalyst under electrochemical studies.13 Neutralization of the solutions 

using triethylamine (TEA) was shown for isolated NiP3 and Ni(6-M)3 in 8:1:1 

DMF/EtOH/H2O indicating some reversibility in the protonation of the catalyst as the Epc1 
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peaks were eliminated.13 This reduced species may be identified as the first reduction of 

the catalyst as appearance of the peak is reversible when base is added to the solution.13 As 

a concentration dependent intermediate that does not display catalytic current upon 

additional acid aliquots, reduction of 1- does not show current growth in any of the in situ 

studies, Figure 3.5 and Appendix Figures 8.2-8.5. 

The second reduction, Epc2, was found at a larger range of potentials 

(-1.41 – -1.68 V v. SCE), Table 3.1, for the various catalysts investigated. Epc2 appears to 

be influenced by the presence of the EDGs and EWGs as 3P+Ni had the lowest reduction 

potential and 3(3-F)+Ni had the highest. This reduction event was attributed to the PCET 

step of the catalytic cycle given that the current grows catalytically with increasing 

concentrations of acid, Appendix Figures 8.2-8.5. With its growth, Epc2, envelopes any 

neighboring reductions events and extends towards more negative potentials, indicative of 

electrochemical PCET.13,18 Given that all the reported Epc2 reduction values show lower 

reductions than the acid background, Table 3.1, these in situ catalysts are indeed present 

and catalyzing formation of hydrogen gas despite potential ligand dissociation and 

formation of inactive solvated complexes.55 Though the ligand modifications did not yield 

clear trends, EWGs and EDGs did showcase the ability to shift Epc2 for these catalytic 

reductions. 

Lastly, the most negative potentials (-1.58 – -1.85 V v. SCE) were labeled Epc3 and 

displayed larger current intensities in comparison to Epc1, Table 3.1. EDGs and EWGs 

appear to influence Epc3 similarly to that of Epc2, where 3P+Ni displays the most positive 

reduction and 3(3-F)+Ni displays the most negative. Given the presence of an oxidation  
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Figure 3.5 - Cyclic voltammograms of in situ formation of 1.0 x 10 -3 M a) 3P+Ni, 

b) 3(3-F)+Ni, c) 3(6-M)+Ni, and d) 3(3-M)+Ni with low equivalents of 2.0 M 

CH3COOH in 8:1:1 DMF/EtOH/H2O with 0.1 M TBATFB to determine the reduction 

events for hydrogen gas formation. Appendix Figures 8.2-8.5 are compiled cyclic 

voltammograms of the homoleptic catalysts from 0-40 eq. of acid. 

 

 

a b 

c d 
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upon the anodic scan, as well as the disappearance of the Epc3 peak with continued additions 

of acid, the CVs present characteristics of total catalysis. Zone KT2 is substrate dependent; 

therefore, by increasing acid concentration in subsequent trials, the voltammograms shift 

towards pure kinetic conditions with substrate consumption, Zone K.18,27,30 This shift leads 

to the disappearance of Epc3 as the voltammograms are affected by the concentration of the 

substrate. Therefore, Epc3 has been identified as the redox catalyst wave where the system 

does not have enough protons to produce hydrogen gas and is in turn doubly reduced. 

Any additional peaks that appear near -1.8 V v. SCE and have not been discussed 

above, are currently believed to be due to excess acid in solution but cannot be ruled out 

as other Ni species. Considering their disappearance with added acid, for example in 

3(6-M)+Ni, it is assumed that they do not participate in catalytic activity. Given that these 

studies focus on hydrogen gas production using in situ catalyst formation, this investigation 

did not look to further identify the reduction events. 

Catalyst Epc1 (V v. SCE) Epc2 (V v. SCE) Epc3 (V v. SCE) 

Isolated NiP3 -1.16 -1.41 -1.58 

3P + Ni -1.16 -1.41 -1.60 

3(3-F) + Ni - -1.68 -1.85 

3(6-M) + Ni -1.16 -1.45 -1.69 

3(3-M) + Ni -1.16 -1.50 - 

Table 3.1 - Reduction events for 1.0 x 10-3 M Ni(II)-based electrocatalysts using 2.0 M 

CH3COOH in 8:1:1 DMF/EtOH/H2O with 0.1 M TBATFB. 
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3.5. Determining rate constants for hydrogen gas production using in situ homoleptic 

catalysts 

When comparing the CV graphs of the in situ homoleptic complexes to that of the 

acid background, the acid required a higher potential (-1.80 V v. SCE) to reduce protons 

to hydrogen gas than the Epc2 for the catalytic systems studied in this investigation, Table 

3.2; Figure 3.5; Appendix Figures 8.2-8.5. This indicates that the catalysts are being 

formed while in situ; thus, lowering the potential input needed to turn over the catalytic 

cycle. 

To study the rate of hydrogen gas production, the kobs values were calculated at 

different concentrations of acid in solution.27 As previously mentioned, Section 1.3.2, the 

catalytic reduction can be identified as a directly proportional relationship between kobs and 

acid concentration.27,30 The slope of the linear trend yields the rate constant for the electron 

transfer, ke, that regenerates the catalyst, Eqn. 4.1-4.2.27 Rate constants for the homoleptic 

complexes were compiled in Table 3.2 with their respective reduction potentials for 

hydrogen gas production. Previous electrochemical studies also showed that the isolated 

systems had a linear correlation between the rate of hydrogen gas production and the 

amount of acid.13 In this study, these two properties were found to be directly proportional 

for all the investigated complexes, Figure 3.6 and Appendix Figures 8.6-8.9.30 
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Catalyst Epc2 (V v. SCE) ke (mM-1·s-1) 

Isolated NiP3 -1.41 2932 

3P + Ni -1.41 376* 

3(3-F) + Ni -1.68 951 

3(6-M) + Ni -1.45 482 

3(3-M) + Ni -1.50 331 

Table 3.2 - Rate constants calculated using Eqn. 3.2 for the in situ formation of the 

homoleptic Ni(II) catalysts via cyclic voltammograms. Epc2 is the potential (V v. SCE) 

for hydrogen gas production and dictates the selection of icat, as explained in Section 

1.3.1.3. Compiling the kobs for the catalysts with different concentrations of 2.0 M 

CH3COOH yields a linear relationship for the acid dependent region. The reported 

ke for 3P+Ni is the average of two trials, Appendix Figure 8.6. 

 

[catalyst-H]- + H+ + e- 
ke
→  catalyst + H2 (g) Eqn. 3.1 

𝑘𝑒 =
𝑘𝑜𝑏𝑠

[𝑎𝑐𝑖𝑑]
 Eqn. 3.2 

Isolated NiP3 was found to have the largest rate (2932 mM-1·s-1) for conversion of 

protons to hydrogen gas. Given that the catalyst did not have to assemble in solution, the 

larger rate constant was expected. The green coloration of the isolated NiP3 catalyst 

solution versus the yellow-green of in situ 3P+Ni catalyst gave evidence towards higher 

concentrations of the complex. 
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Figure 3.6 - Linear correlation between kobs of hydrogen gas production 

at -1.41 V v. SCE for 1.0 x 10-3 M 3P+Ni (blue square) and NiP3 (green circle) with 

increasing aliquots of 2.0 M CH3COOH in 8:1:1 DMF/EtOH/H2O with 0.1 M 

TBATFB. The kobs values were collected once Epc2, reduction of protons to hydrogen 

gas, displayed distinguishable growth current within the cyclic voltammograms.  

 

When comparing the homoleptic catalysts, assembly through these in situ studies 

appears to the be biggest hindrance in obtaining large ke. Despite loss of catalytic activity, 

all the in situ catalysts yielded considerable rate constants for self-assembled systems, 

Appendix Figures 8.6-8.9. 3(3-F)+Ni was found to have the highest ke (951 mM-1·s-1) 

although it displays the most negative Epc (-1.68 V v. SCE). The catalysts baring methyl 

substituted ligands, 3(6-M)+Ni and 3(3-M)+Ni, gave low ke (482 mM-1·s-1 and 

331 mM-1·s-1 respectively) in spite of the lower reduction potentials. Though no clear trend 

was found when comparing the substituent identity, substituent position, ke values, and 

reduction potentials, the rate constants showed that 3(3-F)+Ni acted as the best in situ 

catalyst overall. Theoretically, the presence of substituents could cause lower ke as the 

substituents may interfere with important H-bonding as determined by previous 
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computational studies.46 Moving forward, more favorable ke and Epc will be targeted 

through further in situ catalyst modifications. 

 

3.6. Ligand coordination for catalytic solutions 

In a previous report using Ni(bpy)(pyS)2, ligand dissociation upon protonation was 

suggested to lead to solvated Ni species.55 In efforts to uncover more details, extensive 

CVs with varying concentrations of acid were conducted, but we did not observe reduction 

peaks for solvated complexes, Table 3.1. Therefore, this work does not focus on species 

outside of the longstanding proposed catalytic cycle. Given that the spectroscopic and 

electrochemical studies suggest ligand dissociation in similar complexes, if solvated Ni 

species exist in our systems they may require more negative potentials to be reduced and 

would not be viable proton reduction catalysts.55 

Instead, elucidating the number of ligands needed to form the active HER catalyst 

was undertaken by adding aliquots of ligand to a solution of Ni(II) precursor without acid, 

Figure 3.7. When the catalytic solution had 1-3 equivalents of P ligand, no catalytic 

hydrogen production was noted at the expected reduction (~ -1.4 V v. SCE). Initially, this 

may be misinterpreted as having no active catalyst present, but we must recall that the 

system is restricted by a 2-proton-2-electron process that yields hydrogen gas.13,21,44,46,48 

With a low concentration of “free” protons, the catalyst struggles to perform the PCET 

step; therefore, the reduction associated with hydrogen production may not be present using 

3 equivalents of ligand, Figure 3.7, i.e., the reduction could be hidden by the background. 
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Only upon a fourth addition of ligand did the voltammogram display significant current 

difference at the potential of interest (~ -1.4 V v. SCE). Given that these in situ studies 

suggest that protons from pySH ligands can assist in catalysis, the results suggest that the 

fourth equivalent of ligand allowed the system to perform the necessary protonation steps 

to form hydrogen gas. This also holds true to the CECE mechanistic pathway which 

requires an initial protonation of the catalyst prior to any reduction events.13,21,44,46,48 

Additionally, when comparing the 4 equivalents of ligand P to the in situ studies, 

Figure 3.8 a, the voltammogram displayed some resemblance to 3 equivalents of P ligand 

with some acid. A clear reduction event at the potential (~ -1.4 V v. SCE) associated with 

catalytic hydrogen gas production suggests that Ni+4P without additional acid mimics 

3P+Ni with 3 equivalents of acid. As previously discussed, Section 3.3, in situ 3P+Ni 

appears to produce a CV trace that is like that of isolated NiP3; therefore, these catalytic 

solutions all conclude that three equivalents of P ligand yield the active catalyst. 

When exploring the subsequent additions of P ligand to the Ni(II) precursor, Figure 

3.7, the reduction quickly shifts towards more negative potentials. Comparing the higher 

equivalences of ligand P to higher equivalences of acid, Figure 3.8 b, traces show that the 

in situ catalyst 3P+Ni has more positive reduction potentials. This shift in the reduction 

suggests a higher overpotential for systems relying on ligands as the sole source of protons. 

Though proton reduction is possible, as visualized in Figure 3.8 b, the catalytic solutions 

are inefficient for hydrogen gas production. 
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Figure 3.7 - Cyclic voltammograms of 1.0 x 10-3 M Ni(II) precursor with 1-12 eq. 

P ligand in 8:1:1 DMF/EtOH/H2O with 0.1 M TBATFB without additional acid. 

 

Moreover, Cordones et. al has stated improvement of the catalytic efficiency by 

having excess ligand in solution to combat ligand dissociation. Using the CVs of increasing 

equivalents of P ligand to a solution of Ni(II) precursor, Figure 3.7, significant current 

enhancement was found at 4 equivalents of P ligand. This supports the understanding that 

excess ligand, more than three bidentate pySH ligands, will yield more current, suggesting 

dynamic ligand exchange. In other words, the excess ligand would increase the amount of 

active ligated catalyst in solution. Though it is important to reduce ligand dissociation for 

targeting better rates of hydrogen production, it is outside of the scope of these experiments 

and was not further explored.  
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Figure 3.8 - Cyclic voltammograms comparing Ni(II) precursor with ligand 

equivalents versus in situ 3P+Ni with acid equivalents. a) 1.0 x 10 -3 M 3P+Ni with 

3 equivalents of acid (solid orange) and 1.0 x 10 -3 M Ni(II) precursor with 

4 equivalents of ligand P in the absence of acid (dotted orange). b) 1.0 x 10 -3 M 3P+Ni 

with 18 and 20 equivalents of acid (solid) and 1.0 x 10 -3 M Ni(II) precursor with 10 

and 12 equivalents of ligand P in the absence of acid (dotted). All catalytic solutions 

were made in 8:1:1 DMF/EtOH/H2O with 0.1 M TBATFB. 

 

3.7. Electrochemical control experiments for in situ homoleptic Ni(II) catalysts 

Selection of an appropriate electrochemical system is key in ensuring that the 

catalysis of hydrogen gas in well understood. Acids can produce false positives at higher 

reduction potentials with comparable currents without a catalyst present, Eqn 3.5.32 CVs 

of the proton source can display increasing currents caused by proton reduction to hydrogen 

gas, at more negative, non-catalyzed potentials.32 Considerations regarding the solvent, 

supporting electrolyte, and acid are also important as they have unique electrochemical 

windows in which they will operate without interfering the reduction window of interest.31 

a b 
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catalyst + 2e- + 2HA → catalyst + 2A- + H2 (g) Eqn. 3.4 

2HA + 2e- 
→ 2A- + H2 (g) Eqn. 3.5 

New components to the electrochemical cells, such as the supporting electrolyte, 

catalyst, and acid, were introduced one at a time to observe any changes in the CV. As 

electrochemical cells are built in this stepwise manner, each additive is carefully analyzed 

to ensure conclusions regarding the in situ studies are accurate. The solvent mixture of 

8:1:1 DMF/EtOH/H2O was chosen given previous success in dissolving the crystallized 

Ni(II) catalysts and pertinent derivatives.13 It was found and confirmed that the solvent 

system without additional acid could not form hydrogen gas on its own, as shown by the 

black trace in Figure 3.9.13 CVs of the acid background, where aliquots of acid were 

pipetted into solution, showed that CH3COOH yields a reduction (-1.80 V v. SCE) that 

continues to become more negative with respect to both potential and current as acid 

concentration increased. This trend, which is a replicate of previous work, is indicative of 

hydrogen production via electrochemical processes when the atmosphere is inert, such as 

N2 as used in this study.13 Despite CH3COOH producing hydrogen gas, the reduction 

potential is much larger than the experimentally derived values for the isolated and in situ 

catalysts, Table 3.2, and is what would be expected from proton reduction on the surface 

of the electrode.13 



58 

 

 

Figure 3.9 - Cyclic voltammograms of 0-20 eq. of 2.0 M CH3COOH in 8:1:1 

DMF/EtOH/H2O with 0.1 M TBATFB. 

 

 

Figure 3.10 - Cyclic voltammograms of 3.0 x 10-3 M P ligand using 0-44 eq. of 2.0 M 

CH3COOH in 8:1:1 DMF/EtOH/H2O with 0.1 M TBATFB. 
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While investigating the different components for the in situ studies, three 

equivalents of P ligand with aliquots of acid, Figure 3.10, showcased no distinct reduction 

peaks for the ligand. The acetic acid took precedence over the sample measurements; thus, 

displaying similar potentials and slightly lower currents as that of the acid background, 

Figure 3.9. The results from NiCl4(EtN2)2 with aliquots of acid, Figure 3.11, indicates that 

the precursor nor or the Ni ion in presence of DMF can make hydrogen gas efficiently. 

Prevalent reduction peaks are indeed lower with respect to reduction potential, but the 

system requires large quantities of acid to yield comparable currents, Figure 3.12. These 

control experiments suggest and support previous work that states that significant nor 

efficient catalytic activity occurs for hydrogen production without all components of the 

catalyst.13 

 

Figure 3.11 - Cyclic voltammograms of 1.0 x 10-3 M [NiCl4][Et4N]2, the precursor, 

with 0-44 eq. of 2.0 M CH3COOH in 8:1:1 DMF/EtOH/H2O with 0.1 M TBATFB. 
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Figure 3.12 - Cyclic voltammograms of 1.0 x 10-3 M [NiCl4][Et4N]2, the Ni(II) 

precursor, (blue) and in situ 3P+Ni (green) with 0-4 eq. of 2.0 M CH3COOH in 8:1:1 

DMF/EtOH/H2O with 0.1 M TBATFB. 

 

3.8. Conclusion 

Previous research on tris(bidentate) Ni(II) catalysts has shown promise for 

electrochemical and photochemical hydrogen gas production. Given synthetic challenges 

and characterization issues for the isolated catalysts, we proposed self-assembly using a 

3:1 stochiometric ratio of the protonated ligand and Ni(II) precursor. Limited 

electrochemical studies led us to explore the in situ formation of the parent complex, 

3P+Ni, versus its isolated counterpart, NiP3. It was found that 3P+Ni could self-assemble, 

yield comparable CV traces, and display similar reduction potentials as NiP3. As 

hypothesized, use of the protonated ligand showed current improvement for in situ parent 

complex. 3P+Ni appeared to have two additional equivalents of “additional protons” using 
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the commercially available ligand, Figure 3.3. Furthermore, modifications to the catalyst 

were investigated through EW and ED substituents on the protonated ligands. All the 

explored in situ complexes showed catalytic hydrogen gas production from protons within 

the electrochemical cell. These in situ electrocatalysts displayed distinct reductions 

suggesting that the reduction potential could be altered, Table 3.1. Though these 

derivatives did not showcase improvements in the reduction potential with respect to the 

parent complex, they did suggest that ligand modifications could tune the reduction. 

Moving forward, we look to further explore tuning of the reduction potential by studying 

2:1 mixtures of ligands in the presence of the Ni(II) precursor. 
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4. In situ formation of heteroleptic nickel(II) tris-(pyridinethiolate) derivatives for 

electrochemical hydrogen production 

4.1. Background and scope 

Electrochemical and photochemical systems that produce renewable energies are 

modelled after photosynthetic processes.3,8,35,61 In these systems, protons and electrons are 

combined in the presence of a catalyst which works to lower the energy input required to 

produce the solar fuel.18,27,30,31 Optimized HER catalysts generally obtain protons from the 

solvent and the electrons from 1) irradiation of a photosensitizer that accepts electrons from 

a sacrificial electron donor (SED) in a photochemical process or 2) an electrode with an 

applied potential for electrochemical systems.13,14,21,22,24,25 Previous studies of nickel(II) 

tris-(pyridinethiolate), as well as its derivatives, has shown promise in the field for 

HER.13,21,44,46–48 Acting as photo- and electro- catalysts, these complexes are of particular 

interest as they catalyze hydrogen gas into protons.61  

Our electrochemical research has shown self-assembly of nickel(II) 

tris-(pyridinethiolate) derivatives without the use of synthetic techniques. Though previous 

research suggested ligand dissociation as posing alternative pathways for hydrogen 

production, the in situ studies found that these complexes operate under dynamic ligand 

exchange yielding one catalytic reduction within the potential window of interest.55 Tying 

these experiments to the isolated catalyst, as well as the voltammograms of ligand 

equivalents, the one active species is present in solution requires three bidentate ligands to 

produce hydrogen gas catalytically. 
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When populating the metal’s coordination sphere with the same ligand, it was found 

that the reduction potential could be varied using EWGs and EDGs. Unfortunately, a trend 

with respect to position and substituent group could not be clearly surmised. The in situ 

homoleptic studies of 3- and 6-methyl-substituted ligands provided the most positive 

reduction potentials of the modified pyridinethiol; however, the unsubstituted pySH ligand 

afforded the most positive potential overall. By providing additional aliquots of protons, 

the observed rates were also explored to determine which catalytic solutions more 

efficiently produced hydrogen gas production. The catalytic solution with the 

EW-containing of ligand 3-F, Figure 4.1, yielded the most promising rates despite having 

the highest reduction potential. 

As previously discussed, Section 1.4.2, EDGs were initially employed to improve 

the protonation. In other words, the pKa of the N site should theoretically increase in the 

presence of ED substituents while making the reduction less favorable. Inversely, EWGs 

should decrease the pKa of the N site while improving the reduction with less negative 

potentials. Given the reduction potentials of the homoleptic catalysts, the two 

thermodynamic properties of pKa and E0 appear to have a more delicate relationship outside 

of the inversely proportional optimization that can be achieved with EDGs and EWGs.  

Although a lot of work has been conducted to tune pKa and E0, to our understanding, 

no research has employing the use of in situ heteroleptic Ni(II) catalysts to convert protons 

to hydrogen gas.44,46,47 A number of factors are believed to be important in catalytic 

hydrogen gas production; for example, computational work cites important H-bonding and 

catalyst rearrangement as influencing the identity of the most active Ni catalyst present.46 
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Herein, we propose new catalytic systems that demonstrate tunable reduction potentials by 

varying stoichiometric ratios of two different pySH-based ligands in the presence of the 

Ni(II) precursor and acid. Given success with the in situ homoleptic catalyst formation and 

subsequent production of hydrogen gas, we predict improved electrochemical properties, 

E0 and kobs, by targeting heteroleptic Ni(II) catalysts. 

 

4.2. Heteroleptic Ni(II) tris-(pyridinethiolate) catalysts 

Understanding that the active catalyst requires three bidentate pySH ligands, this 

research looked to improve the reduction potential and observed rates for hydrogen 

production by employing heteroleptic catalysts. Given four different pySH ligands, Figure 

4.1, and considering a 2:1 stochiometric ligand ratio, Figure 4.2, previous results from the 

in situ homoleptic catalysts were used to direct catalyst selection. Since the catalyst with 

ligand P has the most positive reduction potential (-1.41 V v. SCE) the following research 

looks to target heteroleptic catalytic solutions of ligand P and either an electron donating 

(3-M) or electron withdrawing (3-F) second ligand. A total of six solutions were 

investigated to provide more details regarding the tunability of the catalytic Epc. Not only 

would this consolidate the number of experimental trials, but it would also improve the 

chances of finding better catalytic solutions for future research. These heteroleptic catalyst 

solutions will be referred to as: 2P+1(3-F)+Ni and 2(3-F)+1P+Ni for the 3-F ligated 

species; 2P+1(6-M)+Ni and 2(6-M)+1P+Ni for the 6-M ligated species; 2P+1(3-M)+Ni 

and 2(3-M)+1P+Ni for the 3-M ligated species, Figure 4.1 and Figure 4.2. 
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By employing P ligands, we hypothesize that the heteroleptic catalysts will have 

lower reduction potentials than their homoleptic parents that bare ligand substituents. 

Moreover, we predict that catalytic solutions with more P ligand will have better reduction 

potentials, i.e., Epc 3P+Ni < Epc 2P+1(3-F)+Ni < Epc 2(3-F)+1P+Ni < Epc 3(3-F)+Ni. With respect to the 

observed rates, some catalytic efficiency may be lost due to the presence of the ligand P, 

as evidenced by the low ke (376 mM-1·s-1) from homoleptic 3P+Ni. Nonetheless, we 

propose that heteroleptic complexes of ligands P and 3-F will yield the most promising 

results as the homoleptic parents, 3P+Ni and 3(3-F)+Ni, provide a low reduction potential 

and a high rate constant respectively. Having had success with the self-assembly of the 

homoleptic catalysts, were tested each 1×10-3 M in situ heteroleptic Ni(II) catalyst solutions 

with CV using 0-40 equivalents of 2.0 M CH3COOH acid. Using previously discussed 

procedures, the overpotential and observed rate for hydrogen production were measured 

for the six catalytic solutions. 

 

Figure 4.1 - Nickel(II) precursor and pyridinethiol-based ligands for in situ 

formation of heteroleptic Ni(II) tris-(pyridinethiolate)-based electrocatalysts. 
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Figure 4.2 - Schematic for exploring different heteroleptic nickel(II) 

tris-(pyridinethiolate) complexes for combining ligands P and 6-M. Complex 

Ni+2(6-M)+P was targeted using ligand P at a 1:2 molar ratio with ligand 6-M (top). 

Complex Ni+2P+1(6-M) using ligand P at a 2:1 molar ratio with ligand 6-M 

(bottom). The same procedure and naming scheme was used with subsequent ligands 

3-M and 6-F. 

 

4.3. Determining cathodic peak potentials for in situ heteroleptic nickel(II) 

tris-pyridinethiolate complexes 

Cathodic peak potentials, Epc, were determined to compare the self-assembled 

electrocatalysts with mixed ligands with the self-assembled electrocatalysts with 

homoleptic ligand sets by considering shifts in reduction potential. By implementing 

P-ligated heteroleptic complexes, in a 1 or 2 stoichiometric ligand ratio, we looked to tune 

the reduction towards more positive potentials when compared to their respective 

homoleptic catalyst solutions. Table 4.1 displays the Epc for hydrogen production of the 

six heteroleptic complexes. All the in situ heteroleptic catalysts displayed lower reduction 

potentials in comparison to their substituted homoleptic counterparts, i.e., 3(3-F)+Ni has a 

more negative reduction (-1.68 V v. SCE) in comparison to heteroleptic 2P+1(3-F)+Ni 

(-1.53 V v. SCE) and 2(3-F)+1P+Ni (-1.50 V v. SCE). By maintaining ligand P, all new in 
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situ heteroleptic catalysts displayed positive shifts in their potentials, per our hypothesis. 

This finding suggests that changing the stoichiometric ratio of the ligands used in situ could 

improve the reduction potential. However, unlike the initial predictions, when comparing 

the Epc values to the unsubstituted 3P+Ni complex (-1.41 V v. SCE), four in situ 

heteroleptic catalysts appeared to have reduction potentials with positive shifts in the 

reduction potentials. Heteroleptic catalysts 2P+1(3-M)+Ni and 2(3-M)+1P+Ni have the 

same reduction potentials as one another at -1.38 V v. SCE. Additionally, 2P+1(6-M)+Ni 

and 2(6-M)+1P+Ni have similar reductions at -1.39 V v. SCE and -1.40 V v. SCE 

respectively. From these results, we can also conclude that methyl-substituted ligands yield 

better reduction potentials despite different positions on the pyridinethiol. Ultimately, these 

results suggest that significant changes in the reduction potential can be obtained through 

modifications of the ligand mixture employed for in situ catalyst formation. 

More importantly, the reduction potentials for the pair of heteroleptic complexes, 

i.e., 2P+1(3-F) at -1.53 V v. SCE and 2(3-F)+1P+Ni at -1.50 V v. SCE, appeared similar 

in each case suggesting that despite the differences in ligand ratios one unique active 

catalyst is being generated. To explore if these heteroleptic pairs were indeed yielding the 

same catalyst, the CV scans were examined at different concentrations of acid for 

reproducibility. Figure 4.3 compares voltammograms for 2(6-M)+1P+Ni and 

2P+1(6-M)+Ni and was found to have minimal current and potential differences at the 

same acid concentrations for hydrogen evolution. When comparing 2(3-F)+1P+Ni and 

2P+1(3-F)+Ni, comparable traces were found when considering a difference of 4 eq. of 

acid, Figure 4.4. Moreover, the 2(3-F)+1P+Ni traces require higher concentrations of 
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CH3COOH to yield voltammograms that are similar to its heteroleptic counterpart, 

2P+1(3-F)+Ni. With the understanding that these heteroleptic complexes could be the same 

due to dynamic ligand exchange, deviations may be attributed to preference towards ligand 

P. Lastly, Figure 4.5 compares the reproducibility of the CV traces for 2(3-M)+1P+Ni and 

2P+1(3-M)+Ni. Similarities were found amongst the voltammograms, but no clear trend 

could be determined as the systems seems to be shifting dynamically. Initially, 

2(3-M)+1P+Ni appears to be providing higher currents at lower concentrations of added 

acid, i.e., 2(3-M)+1P+Ni at 6 eq. and 9 eq. are equivalent to 2P+1(3-M)+Ni at 9 eq. and 

14 eq. respectively. At a higher concentration of acid, namely 32 eq., both in situ 

heteroleptic catalysts seem to be comparable to one another. 
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in situ Catalyst Epc (V v. SCE) 

3P + Ni -1.41 

3(3-F) + Ni -1.68 

2P + 1(3-F) + Ni -1.53 

2(3-F) + 1P + Ni -1.50 

3(6-M) + Ni -1.45 

2P + 1(6-M) + Ni -1.39 

2(6-M) + 1P + Ni -1.40 

3(3-M) + Ni -1.50 

2P + 1(3-M) + Ni -1.38 

2(3-M) + 1P + Ni -1.38 

Table 4.1 - Epc for hydrogen production of in situ homoleptic and heteroleptic 

nickel(II) tris-(pyridinethiolate)-based electrocatalysts in 8:1:1 DMF/EtOH/H2O 

with 0.1 M TBATFB using aliquots of 2.0 M CH3COOH. Appendix Figures 8.12-8.17 

display the compiled cyclic voltammograms using 0-40 eq. of acid for the heteroleptic 

complexes. Appendix Figures 8.18-8.21 show the lower concentrations of acid 

yielding the Epc for hydrogen production. 
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Figure 4.3 - Comparison of 2(6-M)+1P+Ni and 2P+1(6-M)+Ni in situ 

electrocatalysts in 8:1:1 DMF/EtOH/H2O with 0.1 M TBATFB using aliquots of 2.0 M 

CH3COOH. 

 

 

Figure 4.4 - Comparison of 2(3-F)+1P+Ni and 2P+1(3-F)+Ni in situ 

electrocatalysts in 8:1:1 DMF/EtOH/H2O with 0.1 M TBATFB using aliquots of 2.0 M 

CH3COOH. 
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Figure 4.5 - Comparison of 2(3-F)+1P+Ni and 2P+1(3-F)+Ni in situ 

electrocatalysts in 8:1:1 DMF/EtOH/H2O with 0.1 M TBATFB using aliquots of 2.0 M 

CH3COOH. 

 

Previous electrochemical research found these systems could self-assemble to yield 

the HER catalyst; therefore, through dynamic ligand exchange and regeneration of the 

catalyst after hydrogen gas formation, it is believed that these in situ heteroleptic systems 

can form that same catalyst in solution despite the stoichiometry of the ligand ratios. 

Formation of these self-assembled heteroleptic catalysts may be hindered by the ligand’s 

substituent group as necessary H-bonding and structural rearrangement is needed for 

hydrogen gas production.46,47 Though no heteroleptic pairs showed identical CV scans 

throughout the entirety of the experiment, these in situ studies do produce an active catalyst 

with lower reduction potentials than their counterparts. 
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4.4. Comparison of in situ heteroleptic and in situ homoleptic complexes 

 To ensure that the heteroleptic complexes were indeed different from their 

homoleptic counterparts, the catalytic CV traces were compared at the same concentration 

of added CH3COOH. Given that the heteroleptic complexes have the potential for more 

variation due to dynamic ligand exchange with two different ligands, similarities in the 

heteroleptic pairs may not be as apparent at the same concentration of acid, as previously 

discussed. Concentration differences of the active catalyst could yield variability with 

respect to current; however, assuming that the same heteroleptic catalyst is being obtained 

from the 2:1 ligand ratio, the CVs should display similar shapes. 

Figure 4.6 shows that the heteroleptic pairs for ligand 3-F appear to be quite similar 

at low and high concentrations of acid. Interestingly, neither of the homoleptic catalyst 

solutions, 3P+Ni and 3(3-F)+Ni provided the same CV trace as the heteroleptic catalytic 

solutions at both 3 eq. and 40 eq. CH3COOH. This finding suggests the presence of a new 

electrocatalyst that has characteristics of both ligand P and ligand 3-F. As previously 

reported in Table 4.1, the heteroleptic complex affords better reduction potentials than its 

substituted homoleptic complex. In both high and low equivalents of acid, the current 

growth is more intense for 2P+1(3-F) potentially suggesting that the concentration of the 

active catalyst is lower when the stochiometric ratio of ligand P is decreased. 
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Figure 4.6 - Comparison of in situ heteroleptic 2(3-F)+1P+Ni and 2P+1(3-F)+Ni 

and homoleptic 3P+Ni and 3(3-F)+Ni at 3 equivalents (left) and 40 equivalents 

(right) of 2.0 M CH3COOH in 8:1:1 DMF/EtOH/H2O with 0.1 M TBATFB. 

 

Figure 4.7 displays unique traces for the 3-M-ligated heteroleptic catalysts that do 

not mimic the homoleptic catalysts at low and high concentrations of added acid. The 

heteroleptic voltammograms are much closer in appearance to one another at 3 eq. of 

CH3COOH than those at 40 eq. Though the heteroleptic scans at lower acid concentrations 

appear to be like those of 3P+Ni, the traces became distinct with added CH3COOH. More 

notably, both traces for the heteroleptic electrocatalysts of ligand 3-M are more positively 

shifted with respect to reduction potentials. 
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Figure 4.7 - Comparison of in situ heteroleptic 2(3-M)+1P+Ni and 2P+1(3-M)+Ni 

and homoleptic 3P+Ni and 3(3-M)+Ni at 3 equivalents (left) and 40 equivalents 

(right) of 2.0 M CH3COOH in 8:1:1 DMF/EtOH/H2O with 0.1 M TBATFB. 

 

Lastly, 6-M heteroligated Ni(II) complexes were found to have characteristics of 

both homoleptic complexes, Figure 4.8. Heteroleptic 2P+1(6-M)+Ni traces more closely 

to homoleptic 3P+Ni at 3 eq. acid while heteroleptic 2(6-M)+1P+Ni yields a scan that is 

similar to 3(6-M)+Ni. At 40 eq. of CH3COOH, the voltammogram for 2(6-M)+1P+Ni falls 

between those of its homoleptic counterparts as hypothesized. Unexpectedly, 

2P+1(6-M)+Ni does not follow suit with the rest of the heteroleptic complexes. Given that 

these 6-M heteroligated catalysts were previously shown to be equivalent at the same 

concentrations of acid, we suggest that dynamic ligand exchange may be the cause for 

2P+1(6-M)+Ni appearing to have more variability when compared to 2(6-M)+1P+Ni. Two 

possibilities for the difference exist: 1) 2P+1(6-M)+Ni appears more like 3P+Ni due to 



75 

 

ligand exchange of the 1(6-M) ligand or 2) 2P+1(6-M)+Ni yields much lower 

concentrations of the active catalyst thus producing lower current enhancements. Overall, 

the heteroleptic voltammograms appeared to have distinct regions showcasing 

characteristics, yet uniquely different voltammograms, from both of their homoleptic 

counterparts.  

 

Figure 4.8 - Comparison of in situ heteroleptic 2(6-M)+1P+Ni and 2P+1(6-M)+Ni 

and homoleptic 3P+Ni and 3(6-M)+Ni at 3 equivalents (left) and 40 equivalents 

(right) of 2.0 M CH3COOH in 8:1:1 DMF/EtOH/H2O with 0.1 M TBATFB. 

 

4.5. Determining rate constants of the in situ heteroleptic nickel(II) tris-(pyridinethiolate) 

derivatives 

 Hydrogen production was determined indirectly by calculating the kobs at different 

concentrations of acid using Eqn. 3.2. By relating the two properties, the slope of the 
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trendline, rate constant for the final electron transfer (ke), gives details regarding the final 

step of the catalytic cycle which yields hydrogen gas, Eqn. 4.2. Given the Epc values for 

each system, the ip was selected at the first sign of current improvement for the respective 

reduction potentials, Appendix Figures 8.16-8.21. Table 4.2 compares the reduction 

potentials for hydrogen production with the ke observed for the PCET step of the catalytic 

cycle. 

The largest rate constants for the regeneration of the catalyst were achieved by 

combining ligand 3-F and ligand P in heteroleptic systems. Exploring further, 

2P+1(3-F)+Ni and 2(3-F)+1P+Ni have comparable rates; and as previously mentioned, the 

stoichiometric ligand ratios may not be affecting the identity of the catalyst for this 

particular case. Given the lower reduction potential afforded by 3P+Ni and the high rate 

constant for 3(3-F)+Ni, improvements in the ke were expected. Interestingly, these two 

heteroleptic complexes appear to work more closely to isolated NiP3 (2932 mM-1·s-1). 

These findings establish probable alternatives to synthesizing Ni(II) complexes that have 

comparable ke (2384 mM-1·s-1 and 2344 mM-1·s-1) with relatively low Epc (-1.53 V v. SCE 

and -1.50 V v. SCE). 

 2(6-M)+1P+Ni has a ke that is on par with its homoleptic parent, 3(6-M)+Ni. 

Combining this with the findings from Figure 4.8, we suggest that the catalyst could be 

dynamically shifting between a heteroleptic complex and 3(6-M)+Ni. As evidenced by its 

voltammograms at high and low concentrations of acid, Figure 4.8, and rate constants, 

2P+1(6-M)+Ni does appear to be a different catalyst that is neither of its homoleptic 3P+Ni 

nor 3(6-M)+Ni. 
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 Lastly, the heteroleptic pairs for ligand 3-M also yielded improved ke values when 

compared to their homoleptic counterparts. 2(3-M)+1P+Ni displays better rates suggesting 

that the 2:1 stoichiometric ligand ratio helped tune the reduction event of the catalyst while 

simultaneously increasing the ke. At higher concentrations of acid, Figure 4.7, reinforces 

that 2P+1(3-M)+Ni yields less current improvements at the reduction potential 

(-1.38 V v. SCE). In turn, lower ke should be expected as a result of lower concentrations 

of active catalyst. 

Generally, the ke increased as the heteroleptic catalysts showed lower Epc values for 

hydrogen production. Complexes with methyl-substituted ligands had the most improved 

reduction potentials but displayed low ke to produce hydrogen gas. Ligands substituted in 

the 3-position of the pyridinethiol ligand consistently performed better than their 

homoleptic parents. Heteroleptic complexes of ligand P and ligand 3-F afforded the best 

results which seemed on par with the isolated catalyst while avoiding synthetic techniques. 

More importantly, the catalysts showed self-assembly and production of hydrogen gas that 

were comparable amongst other in situ complexes. 
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in situ Catalyst Epc (V v. SCE) ke (mM-1·s-1) 

3P + Ni -1.41 376* 

3(3-F) + Ni -1.68 951 

2P + 1(3-F) + Ni -1.53 2384 

2(3-F) + 1P + Ni -1.50 2344 

3(6-M) + Ni -1.45 482 

2P + 1(6-M) + Ni -1.39 824 

2(6-M) + 1P + Ni -1.40 442 

3(3-M) + Ni -1.50 331 

2P + 1(3-M) + Ni -1.38 468 

2(3-M) + 1P + Ni -1.38 598 

Table 4.2 - Rate constant, ke, for hydrogen production at the determined Epc using 

Eqn. 3.2 for the in situ formation of the heteroleptic Ni(II) catalysts via cyclic 

voltammograms. The Epc dictates the selection of icat to the potentials with the smallest 

difference in comparison to the reported reduction potential, Epc. Appendix 

Figures 8.10-8.15 show the compiled cyclic voltammograms using 0-40 eq. of acid 

for the explored heteroleptic catalysts. Appendix Figures 8.16-8.21 show the lower 

acid concentrations yielding the reduction event for hydrogen production and the 

respective kobs versus [CH3COOH] which displays a linear relationship for the acid 

dependent region. The slope of the trendline is reported as the ke for the final step of 

the catalytic cycle. 
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4.6. Conclusion 

The development of in situ heteroleptic complexes was embarked on to obtain 

catalysts that resulted in lower reduction potentials for hydrogen gas production. Previous 

research found that unsubstituted 3P+Ni showcased the best Epc when compared to other 

self-assembled homoleptic catalysts. All possible combinations were consolidated to 

include ligand P as it has been shown to lower the overpotential for these HER catalysts. 

Herein, six heteroleptic complexes were targeted through in situ electrochemical studies to 

improve upon the previously reported reduction potentials. The presence of ligand P, in 

either a 1 or 2 stochiometric ratio, consistently gave Epc values that were lower than their 

substituted homoleptic counterparts. Interestingly, the results showed that 2P+1(3-M)+Ni 

and 2(3-M)+1P+Ni offered the most positive reduction potentials (-1.38 V v. SCE) of all 

in situ catalysts including the parent homoleptic complexes. Investigating the traces of the 

heteroleptic complexes led to the understanding that dynamic ligand exchange can yield 

the same catalysts despite changes in the stochiometric ratio of the ligands. Though these 

heteroleptic catalysts did not perform at the same efficiency, i.e., 2(3-M)+1P+Ni at 6 eq. 

CH3COOH is equivalent to 2P+1(3-M)+Ni at 9 eq. CH3COOH, almost identical traces are 

noted for all heteroleptic pairs. More importantly, when estimating the rate for hydrogen 

production, the in situ heteroleptic complexes showed the ability to work comparably to 

the others. The combination of ligand P and ligand 3-F gave the most favorable outcomes 

with ke values (2384 mM-1·s-1 and 2344 mM-1·s-1) that were similar with the isolated 

crystalized NiP3 catalyst (2932 mM-1·s-1). Ultimately, the CV results suggest targeting 

better in situ catalysts with EW substituents in the 3-position. 
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5. In situ formation of homoleptic and heteroleptic nickel (II) tris-(pyridinethiolate) 

derivatives for electrochemical carbon dioxide sequestration 

5.1. Background and scope 

Removal of carbon dioxide from the atmosphere is vital in curbing greenhouse gas 

emissions and developing fuel alternatives and/or fuel carriers.8,15,35 Although photo- and 

electrochemical processes both pose viable pathways for carbon dioxide sequestration, 

limited electrochemical research has been conducted with nickel catalysts.35,36,42,56,58 As 

discussed previously, reporting carbon dioxide reduction products requires a thorough 

investigation of various lower carbon-based fuels and/or fuel precursors, Table 1.1.27,28 

Although CV can help determine hydrogen gas production in systems that are operating 

under inert atmospheric conditions, this does not hold true for systems operating under a 

carbon dioxide headspace.27,28 With the understanding that HER catalysts reduce protons 

to hydrogen gas with low overpotentials, we must assume that at higher potentials a variety 

of reduction products are possible within the electrochemical window of interest.27,28,35 

Competitive HER, which is kinetically favored over carbon dioxide reduction, is one of 

the major challenges in the field.27,28,35 Additionally, results can be further confounded if 

the investigations account for only one carbon-based product. Though catalysts should 

show efficiency and selectively for one product, simultaneous quantification of various 

alternative fuels allows for a more comprehensive understanding of the catalysts. 

The presented research looks at the products of in situ homo- and heteroleptic Ni(II) 

catalysts in reducing carbon dioxide. Given that these catalysts can perform proton 

reduction at relatively low potentials, Table 4.1, the formation of hydrogen gas was 
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considered equally valid to a variety of carbon products. Therefore, H2, CH4, CO, and 

HCOOH were all deemed viable given previously reported photo- and electrochemical 

processes.12,27,28,35,36,38,42,57,58 To examine the electrochemical products and study the 

efficiency of the catalytic systems for a fuel cell, CPE coupled with quantitative gas 

analysis (QGA) allows for a more qualitative and quantitative analysis of the headspace. 

Though the focus of this research is not to develop the best electrocatalysts for carbon 

dioxide reduction, the experimentation will lead to conclusions regarding the selectivity 

and efficiency of these catalytic solutions, as well as propose future directions. 

 

5.2. Selection of in situ homo and heteroleptic nickel(II) tris-(pyridinethiolate) 

 Possible catalysts for carbon dioxide sequestration were selected from the previous 

studies herein. Given our success with homo- and heteroleptic complexes forming in 

solution and performing proton reduction, we sought to test a variety of catalysts that could 

give a comprehensive overview. In selecting homo- and heteroleptic in situ catalytic 

solutions, this research looks to develop a better understanding of catalyst selection as 

applied to the electrochemical generation of low carbon-based fuels. 

As CPE holds the voltage at a highly negative constant potential, we hypothesize 

that systems which reduce protons at more negative potentials will display greater 

competition from hydrogen formation, i.e., more H2 than CO, HCOOH, etc. For the 

homoleptic catalyst solutions. 3P+Ni was selected given its low reduction potential 

(-1.41 V v. SCE), Table 4.2, compared to all the in situ catalysts explored. Conversely, 
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homoleptic 3(3-F)+Ni showed a high reduction potential (-1.68 V v. SCE); therefore, it is 

proposed that carbon dioxide reduction reactions may be more competitive against H2 

formation.  

When considering heteroleptic complexes 2(3-F)+1P+Ni and 2P+1(3-F)+Ni as 

probable catalysts, the high ke values for hydrogen formation (2344 mM-1·s-1 and 

2384 mM-1·s-1 respectively) were first considered to be an indicator of highly active 

catalysts. Given the improved reduction potentials and observed rates, Table 4.2, compared 

to their homoleptic parent, 3(3-F)+Ni, these catalysts appear to be the best in situ samples 

to test with respect to efficiency. As determined by analysis of the CVs, the reduction 

potentials and voltammograms appear similar, leading us to conclude that the same active 

catalyst is present is solution despite stochiometric differences in the ligands, Figure 4.6. 

By conducting CPE for 2(3-F)+1P+Ni and 2P+1(3-F)+Ni, these studies look to illuminate 

more nuanced relationships between proton and carbon dioxide reduction. 

As CPE-QGA allows for simultaneous pressure analysis of multiple gases, positive 

pressure changes will determine solutions that can produce reduced carbon dioxide 

products when compared to the control experiments. More interestingly, if two different 

solutions were previously determined to yield the same active catalyst for proton reduction, 

then the expectation would be that both solutions would yield the same amount of gases 

and therefore produce the same pressure changes related to those gases. However, if the 

belief is that a concentration difference also exists between solutions A and B, then one 

catalyst should perform better than the other. In other words, when comparing the baseline 

measurements to the sample, higher pressure differences will distinguish the most active 
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in situ catalytic solution for the gases of interest. We sought out these pressure differences 

by examining catalytic solutions that previously behaved in similar manners but displayed 

notable differences in the CV traces, namely 2(3-M)+1P+Ni and 2P+1(3-M)+Ni. Firstly, 

of the in situ catalysts studied, these 3-M heteroligated complexes afforded the most 

positive reduction potentials, Table 4.2. We also determined that these two catalytic 

solutions appear to have comparable CVs traces and the exact same reduction potential 

(-1.38 V v. SCE). At higher concentrations of acid, a large current difference is apparent 

and may be attributed to differing concentrations of active catalyst due to the stoichiometric 

ligand ratio, Figure 4.8. As also evidenced by the rate constants, Table 4.2, 2P+1(3-M)+Ni 

outperforms 2(3-M)+1P+Ni in hydrogen gas formation as the ke is correlated to the current 

growth. With this in mind, its proposed that the 2P+1(3-M)+Ni will have smaller changes 

in pressure when compared to 2(3-M)+1P+Ni. 

Given the promising results for in situ catalyst formation and subsequent reduction 

of protons to hydrogen gas, carbon dioxide sequestration through electrochemical 

techniques was undertaken. With the understanding that carbon dioxide and proton 

reduction are competitive reactions, catalyst selection was based on possible trends from 

hydrogen gas production. Knowing that a variety of pathways could lead to various fuels, 

it is important to distinguish and clarify more convoluted reduction events. 
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5.3. Determination of carbon dioxide reduction using in situ formation of nickel(II) 

tris-(pyridinethiolate) 

Given previous electrochemical studies on similar systems, the presented 

experiments build on existing analyses.12,35,36,42,56,58 Firstly, to determine if in situ nickel(II) 

catalysts could reduce carbon dioxide,  CVs were used to scan a range of potentials that 

could afford the reduction after saturation of the solution with CO2. A CO2 purged sample 

of 3P+Ni with high acid concentration underwent voltammetry and produced an elongated 

trace, Figure 5.1. Although no clear reduction peak could be determined, a portion of the 

voltammogram (-1.70 - -1.90 V v. SCE) bulges towards more positive reduction potentials. 

The traces with CO2 are distinct from the same conditions with an N2 atmosphere. Looking 

at the literature for further details, carbon dioxide reduction has been noted for a variety of 

transition metal catalysts which took on similar shape with elongated voltammogram 

traces.35,36,42,43,57 Regions in the forward scan were also noted to distend upon increasing 

the concentration of the proton source or increasing the scan rate.35,36,42,43,57 CVs of 3P+Ni 

using increasing concentrations of CH3COOH were used to display this growth, Figure 

5.2. 
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Figure 5.1 - Gas switching cyclic voltammograms of 1.0 x 10 -3 M 3P+Ni with 

40 equivalents of 2.0 M CH3COOH in 8:1:1 DMF/EtOH/H2O using 0.1 M TBATFB. 

Trial 1 (t1) was purged with CO2 for 10 minutes and scanned. The same solution was 

then purged with N2 for 10 minutes (t2). The process was repeated using CO2 

(t3: trial 3) and then N2 (t4: trial 4). 

 

 

Figure 5.2 - Cyclic voltammograms of 1.0 x 10-3 M 3P+Ni using 0-40 equivalents of 

2.0 M CH3COOH in 8:1:1 DMF/EtOH/H2O with 0.1 M TBATFB under CO2. 
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After switching the purging gas to N2 for the subsequent trial, Figure 5.1, the 

voltammogram showed resemblance to those previously discussed for proton reduction 

herein, Section 3.3. Duplicate trials with CO2 and N2 showed reproducibility in the overall 

shape of the voltammograms, although there is a shift in the peak position. Without 

extensive work, a clear reason for the shifts in potential and current cannot be determined. 

Nonetheless, we it appears that using the same solution through all four trials (without 

additional aliquots of acid) yields change in the position and shape of the voltammogram. 

With lower concentrations of the proton source with each trial, the electrochemical kinetics 

change as discussed in Section 1.3.1.2. – 1.3.1.3. 

More notably, as conveyed by the shape of the voltammogram in Figure 5.1, a 

different reaction appears to be occurring when protons and electrons are combined in the 

presence of CO2 and the nickel catalyst. Unlike electrochemical studies in an inert 

atmosphere, several reactions could occur at more negative potentials in the presence of 

carbon dioxide; therefore, it is extremely important to identify if hydrogen gas and/or 

lower-carbon products are being made.27,28 Given the complexity and lack of in-depth 

electrochemical CO2 reduction analysis, CVs were deemed useful for screening possible 

active catalysts. Further evaluation, using simultaneous CPE and QGA, were used to track 

typical reduction products, namely H2, CH4, CO, and HCOOH. 

Firstly, the constant potential for CPE was determined by the median potential 

(-1.85 V v. SCE) using the region showing growth at higher acid concentrations 

(-1.75 – -1.95 V v. SCE), Figure 5.3. As a true reduction potential could not be ascertained, 

it is understood that these samples may be over- or underestimating the true potential 
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needed for CO2 reduction. Though not a part of the research at hand, it is recommended 

that samples undergo more comprehensive electrochemical studies to establish the most 

positive potential that can still reduce carbon dioxide in the presence of the catalyst to 

increase competition over proton reduction. In this investigation, identifying lower 

carbon-based fuels from carbon dioxide reduction was the primary goal as it merits 

additional research questions. 

QGA is a continuous analysis of the gases and/or vapors from the headspace of a 

vessel. In these studies, QGA was used to analyze the reduction products produced upon 

CPE. Using the multiple ion detection mode, H2, CH4, CO, and HCOOH were all selected 

as viable products. Baseline pressure readings for the four gases were obtained via averages 

from a total of five homo- and heteroleptic catalyst solution headspaces that underwent 

QGA without CPE. Percent pressure changes with respect to each gas of interest were 

calculated as a ratio of the total pressure change, as demonstrated for HCOOH in Eqn. 5.1. 

Additionally, pressure changes related to just the carbon-based products were also 

calculated for evidence of selectivity, Eqn. 5.2. Maximum changes in pressure (ΔPmax) 

were selected for general conclusions, although we recommend a more complete 

evaluation with additional QGA, CV, and CPE experiments which will be discussed 

throughout. 

% ∆𝑃𝐻𝐶𝑂𝑂𝐻 =
∆𝑃𝐻𝐶𝑂𝑂𝐻

∆𝑃𝐻2  + ∆𝑃𝐶𝐻4 + ∆𝑃𝐻𝐶𝑂𝑂𝐻 + ∆𝑃𝐶𝑂
 Eqn. 5.1 

% ∆𝑃𝐶𝑂2 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =
 ∆𝑃𝐶𝐻4 + ∆𝑃𝐻𝐶𝑂𝑂𝐻 + ∆𝑃𝐶𝑂

∆𝑃𝐻2  + ∆𝑃𝐶𝐻4 + ∆𝑃𝐻𝐶𝑂𝑂𝐻 + ∆𝑃𝐶𝑂
 Eqn. 5.2 
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Figure 5.3 - Cyclic voltammogram of 1.0 x 10-3 M 3P+Ni using 0-20 equivalents of 

2.0 M CH3COOH in 8:1:1 DMF/EtOH/H2O using 0.1 M TBATFB under CO2. 

 

Upon applying the predetermined constant potential (-1.85 V v. SCE) over the 

course of 30 minutes, the headspace was analyzed for changes in partial pressures of each 

of the component gasses as the catalyst performed proton reduction-type reactions. Figure 

5.4 showcases changes in the partial pressures associated with H2, CH4, CO, and HCOOH 

for a sample of 3P+Ni with acid. Only 20 minutes of QGA are reported as the individual 

pressures dropped to the baseline measurements after this time. Loss of catalytic activity 

should be connected to lower concentrations of protons upon continuous electrolysis over 

time. We recommend additional aliquots of acid, after significant loss in efficiency, to 

detail if the catalyst is robust. As seen from the graph, reduction of protons to hydrogen 

gas appears to be the most likely pathway for this catalyst. A ΔPmax for H2 was noted around 

0.370 μtorr and made up about 49.1% of the total pressure changes measured for 3P+Ni. 
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Though having similar ΔPmax values, Table 5.1, CO, HCOOH, and CH4 were also detected. 

Collectively, these carbon-based gases determined some affinity towards carbon dioxide 

reduction (50.9% carbon-based products using Eqn. 5.2). Additionally, in Figure 5.4, 

3P+Ni shows sustained growth in pressure changes up to about 5 minutes making this 

system appear capable of sustaining both proton and carbon dioxide reduction. Selectivity 

towards just one low carbon-based fuel requires further studies into catalyst modifications. 

Nonetheless, these studies show promise in investigating other homo- and heteroleptic in 

situ catalysts while determining if ligand stoichiometry and/or identity can influence 

selectivity, pressure changes, etc. for carbon dioxide sequestration. 

 

Figure 5.4 - QGA of 1.0 x 10-3 M 3P+Ni with 0.028 M CH3COOH and 0.1 M TBATFB 

in 8:1:1 DMF/EtOH/H2O using CPE at -1.85 V v. SCE for 30 minutes under CO2. 

Baselines are control sample averages. 20 minutes were reported given the decrease 

in pressure. 
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5.4. Cyclic voltammetry and controlled potential electrolysis of in situ nickel(II) 

tris-(3-(trifluoromethyl)pyridine-2-thiolate) for carbon dioxide sequestration 

 CVs for carbon dioxide reduction appear to be more convoluted as various 

reduction reactions could occur simultaneously, as discussed in the introduction in 

Table 1.1. The reduction potential and concentration of protons dictates one carbon 

product versus another and therefore confounds the studies when scanning the potential 

with higher concentrations of acid. Although HCOOH and CO are typically investigated, 

making this assumption in the data analysis can yield skewed results. A few preliminary 

studies of the homoleptic 3(3-F)+Ni with CF3 substituted pySH ligands were conducted to 

screen if other in situ carbon dioxide reduction catalysts exist. Given that this catalytic 

solution affords the most negative reduction potential (-1.68 V v. SCE) for hydrogen gas 

production, these studies looked to test the bounds of ligand modification on carbon 

dioxide reduction; therefore, screening for other possible catalysts. 

Figure 5.5 looks at 3(3-F)+Ni with 0-20 equivalents of CH3COOH after CO2 

purging each trial. As previously seen with 3P+Ni, Figure 5.3, 3(3-F)+Ni displays the 

elongated tail-end of the CVs (-1.75 – -1.95 V v. SCE) noting carbon dioxide reduction. 

Interestingly, the graph also exhibits a very prominent reduction peak (-1.68 V v. SCE) 

which has been previously assigned to hydrogen gas formation. Using this information, it 

is believed that both pathways, carbon dioxide and proton reduction, are equally viable and 

highly competitive reactions. Another observed characteristic from the CVs for 3(3-F)+Ni 

was the stifling in current growth after 24 equivalents of CH3COOH. From here, the current 

drops significantly and the voltammogram appears to mirror a sample of 20 equivalents. 
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Throughout the whole process, the overall current reaches a maximum of ~ -0.20 mA for 

3(3-F)+Ni. Given that this is well below that of 3P+Ni, ~ -0.35 mA in Figure 5.2, we 

suggest the working electrode may be undergoing surface poisoning. This is evidenced by 

the drop in current at higher concentrations of acid, as depicted by the blue through purple 

traces in Figure 5.5. 

 

Figure 5.5 - Cyclic voltammogram of 1.0 x 10-3 M 3(3-F)+Ni using 0-20 equivalents 

of 2.0 M CH3COOH in 8:1:1 DMF/EtOH/H2O using 0.1 M TBATFB under CO2. 

 

The CPE-QGA experiment, Figure 5.6, 3(3-F)+Ni has a considerable pressure 

change coming from H2 which seems to fit in line with the understanding that its highly 

negative reduction potential (-1.68 V v. SCE) could cause the most competition for carbon 

dioxide reduction. Further studies to confirm that this potential is responsible for hydrogen 

gas formation should include a CO2 purged 3(3-F)+Ni catalytic solution with CPE 

at -1.68 V v. SCE. Now comparing ΔPmax of H2 versus the carbon-based products, it was 
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found that a 51.3% of the measured pressure changes came from carbon dioxide reduction 

to CH4, CO, and HCOOH. A sharp drop in the change of pressure towards the baseline for 

all the reduction products was visible shortly after 2 minutes of electrolysis. Tying all this 

information together, CV and CPE-QGA experiments led to the assumption that 3(3-F)+Ni 

is not a suitable catalyst for proton or carbon dioxide reduction when compared to 3P+Ni.  

 

Figure 5.6 - QGA of 1.0 x 10-3 M 3(3-F)+Ni with 0.028 M CH3COOH and 0.1 M 

TBATFB in 8:1:1 DMF/EtOH/H2O using CPE -1.85 V v. SCE for 30 minutes under 

CO2. Baselines for the possible reduction products (H2, CH4, CO, and HCOOH) were 

collected using 5 control samples over the course of 1 minute yielding ~100 data 

points each. Given the drop in pressure to the baseline, only 14 minutes were 

reported. 

 

Having compared CVs and CPE for 3P+Ni and 3(3-F)+Ni, we believe that these 

catalytic solutions show promise by not only forming in situ but also reducing carbon 

dioxide to other useful fuel alternatives and precursors. CVs have been deemed an 

inconclusive experiment for the studies at hand; therefore, we will be assuming that a 
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catalyst could reduce carbon dioxide and/or protons using CPE at highly negative 

potentials. Given that we have looked at catalysts 3P+Ni and 3(3-F)+Ni with lowest and 

highest measured reduction potentials, we believe that the heteroleptic complexes will 

behave in a similar fashion. More importantly, we looked to understand the products 

quantitatively and qualitatively via CPE-QGA. 

 

5.5. Quantitative gas analysis of in situ heteroleptic nickel(II) catalysts for carbon dioxide 

sequestration 

 Using CPE-QGA, four heteroleptic samples with excess acid were tested for 

pressure changes over the course of 30 minutes. A constant potential of -1.85 V v. SCE 

was applied to the working electrode to identify which gases were being produced. More 

importantly, QGA would be able to determine if the catalysts were selective for 

carbon-based products over kinetically favored hydrogen production.  

Figure 5.7 and Figure 5.8 look at the pressure changes resulting from CPE of 

2P+1(3-M)+Ni and 2(3-M)+1P+Ni respectively. In both cases, the samples reach ΔPmax 

within the first minute of electrolysis. From here, a steady decrease in the pressure is visible 

throughout the rest of the time for heteroleptic 2P+1(3-M)+Ni with respect to H2, CH4, CO, 

and HCOOH. Intriguingly, Figure 5.8 shows a secondary increase in pressure just before 

five minutes of CPE. Closely looking at its heteroleptic counterpart, 2P+1(3-M)+Ni, a 

slight increase in the pressure may be occurring at 7 minutes, Figure 5.7. Unfortunately, 

more details regarding this second positive pressure change cannot be surmised but should 
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be the focus of future studies. Ultimately, 2(3-M)+1P+Ni appears to be the best of the 3-M 

heteroligated catalysts as it displays two positive pressure changes without additional acid 

and appeared to be robust and/or sustainable over time. 

 

Figure 5.7 - QGA of 1.0 x 10-3 M 2P+1(3-M)+Ni with 0.028 M CH3COOH and 0.1 M 

TBATFB in 8:1:1 DMF/EtOH/H2O using CPE at -1.85 V v. SCE for 30 minutes under 

CO2. Baselines for the possible reduction products (H2, CH4, CO, and HCOOH) were 

collected using 5 control samples over the course of 1 minute yielding ~100 data 

points each. 
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Figure 5.8 - QGA of 1.0 x 10-3 M 2(3-M)+1P+Ni with 0.028 M CH3COOH and 0.1 M 

TBATFB in 8:1:1 DMF/EtOH/H2O using CPE at -1.85 V v. SCE for 30 minutes under 

CO2. Baselines for the possible reduction products (H2, CH4, CO, and HCOOH) were 

collected using 5 control samples over the course of 1 minute yielding ~100 data 

points each. 

 

As mentioned, 3-F heteroligated Ni(II) catalysts were used to understand the 

delicate relationship between hydrogen production and carbon dioxide sequestration. 

Previously, it has been found that 2P+1(3-F)+Ni and 2(3-F)+1P+Ni showcased high rate 

constants for hydrogen gas production with improved reduction potentials when compared 

to its homoleptic parent, 3(3-F)+Ni. Here, small changes in pressure for all four tested 

gases, Table 5.1, were reported for 2P+1(3-F)+Ni. Given that this catalyst has a high rate 

constant for hydrogen gas production (2384 mM-1·s-1), perhaps greater competition occurs 

in systems with carbon dioxide present. 
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Figure 5.9 - QGA of 1.0 x 10-3 M 2P+1(3-F)+Ni with 0.028 M CH3COOH and 0.1 M 

TBATFB in 8:1:1 DMF/EtOH/H2O using CPE at -1.85 V v. SCE for 30 minutes under 

CO2. Baselines for the possible reduction products (H2, CH4, CO, and HCOOH) were 

collected using 5 control samples over the course of 1 minute yielding ~100 data 

points each. Given the drop in pressure to the baseline, the first 14 minutes were 

reported. 

 

Unfortunately, catalytic solution 2(3-F)+1P+Ni was found to have pressure 

changes for H2, CH4, CO, and HCOOH that were all below and/or at the baseline scans, 

Figure 5.9. Looking at the pressure changes holistically, assuming the pressures were 

above the baseline, 2(3-F)+1P+Ni serves as the only catalyst that would be highly 

inefficient for producing hydrogen and sequestering carbon dioxide from the 3-F 

heteroleptic Ni(II) catalyst series. Though previous electrochemical studies have suggested 

that 2(3-F)+1P+Ni and 2P+1(3-F)+Ni should be the same in solution, CPE-QGA does not 

support this idea currently. Further analysis and additional trials are needed to clarify the 

reason for the less than optimal trial for 2(3-F)+1P+Ni. Since the shape of the curve appears 
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to be consistent, we suggest that the baseline measurements for H2, CH4, CO, and HCOOH 

may be high although over 500 points were obtained for each. For the rest of this study, 

2(3-F)+1P+Ni will be eliminated from further analysis but more in depth studies should be 

conducted to clarify the issue. 

 

Figure 5.10 - QGA of 1.0 x 10-3 M 2(3-F)+1P+Ni with 0.028 M CH3COOH and 0.1 M 

TBATFB in 8:1:1 DMF/EtOH/H2O using CPE at -1.85 V v. SCE for 30 minutes under 

CO2. Baselines for the possible reduction products (H2, CH4, CO, and HCOOH) were 

collected using 5 control samples over the course of 1 minute yielding ~100 data 

points each. 

 

5.6. Maximum pressure change of carbon dioxide reduction products via in situ 

electrocatalyst formation 

Table 5.1 reports the ΔPmax for each reduction product of interest with a percentage 

indicating the maximum contribution to the total pressure change. Most notably, ΔPmax for 

H2 was consistently found to have the highest change in pressure across the homo- and 
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heteroleptic complexes studied. Therefore, these nickel(II) catalysts preferentially reduce 

protons to hydrogen gas at -1.85 V v. SCE under CO2. Exploring the ΔPmax for H2, CH4, 

CO, and HCOOH, both in situ homoleptic catalysts, 3P+Ni and 3(3-F)+Ni were found to 

have similar values. 3(3-F)+Ni did in fact display higher pressure changes with respect to 

H2 (0.392 μtorr) and CH4 (0.125 μtorr), but none of these trials were as impressive as the 

in situ heteroleptic catalysts. 

Firstly, the heteroleptic catalytic solutions were all found to have higher 

percentages for HCOOH formation and lower percentages for H2, Table 5.1. Though this 

research did not look to improve the selectivity towards one carbon-based product, the 

results appear to conclude that the heteroleptic catalysts do afford better conditions for 

HCOOH as an alternative fuel and/or fuel carrier. Overall, 3-M heteroligated catalysts 

display the largest changes in pressure, but in comparing the relative percentages of each 

gas, all the in situ heteroleptic catalysts display similar selectivity. 

2(3-M)+1P+Ni and 2P+1(3-M)+Ni clearly displayed the largest ΔPmax, Table 5.1, 

for all the investigated gases. Initially, the hypothesis assumed that these two catalytic 

solutions were the same via CV. Nonetheless, we proposed that a lower catalyst 

concentration for 2P+1(3-M)+Ni, due to stoichiometric ligand ratios, could lead to notable 

partial pressure differences upon CPE. Herein, we see that 2(3-M)+1P+Ni and 

2P+1(3-M)+Ni are almost on par with respect to ΔPmax, but 2P+1(3-M)+Ni does not 

display a secondary increase in pressure after 2 minutes as evidenced by Figure 5.8 for 

2(3-M)+1P+Ni.  
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As for heteroleptic solutions of 2P+1(3-F)+Ni and 2(3-F)+1P+Ni, only positive 

changes in pressure above the baselines were found for 2P+1(3-F)+Ni. Outside of ∆𝑃𝐻𝐶𝑂𝑂𝐻 

having a higher partial pressure (0.180 μtorr) when compared to its homoleptic parents, 

3P+Ni (0.120 μtorr) and 3(3-F)+Ni (0.122 μtorr), no significant changes were noted for the 

pressures and/or relative percentages of the products. Though these catalysts had 

previously displayed high rate constants for hydrogen gas production, these results show 

that they are inefficient at carbon dioxide reduction. 

Initially, these HER catalysts may be determined as ineffective for carbon dioxide 

sequestration, but further analysis of ΔPmax values led to interesting conclusions with 

respect CH4, CO, and HCOOH. When comparing the summation of the ΔPmax values of 

the carbon products versus hydrogen, a near 50:50 split was found in each case, Table 5.1. 

A slight preference (~1-3%) for carbon dioxide reduction was noted in both the homo- and 

heteroleptic catalysts. Although these catalysts may not be efficient at producing one 

carbon product, the ΔPmax values indicate that carbon dioxide sequestration is possible with 

a sufficiently negative reduction potential (-1.85 V v. SCE). A more interesting trend is 

found when comparing the relative pressure changes of the homo- versus the heteroleptic 

catalytic solutions. The production of HCOOH is greatly improved by employing 

heteroleptic catalysts, and in turn, a decrease in the relative pressure related to H2 is noted. 
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in situ Catalyst 
∆𝑃𝐻2

 

(μtorr) 

∆𝑃𝐶𝐻4
 

(μtorr) 

∆𝑃𝐶𝑂 

(μtorr) 

∆𝑃𝐻𝐶𝑂𝑂𝐻 

(μtorr) 

∑∆𝑃𝐶𝑂2 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 

(μtorr) 

3P + Ni 
0.370 

[49.1%] 

0.104 

[13.8%] 

0.160 

[21.2%] 

0.120 

[15.9%] 

0.384 

[50.9%] 

3(3-F) + Ni 
0.392 

[48.7%] 

0.125 

[15.5%] 

0.167 

[20.7%] 

0.122 

[15.1%] 

0.414 

[50.7%] 

2P + 1(3-F) + Ni 
0.402 

[46.6%] 

0.111 

[12.8%] 

0.171 

[19.8%] 

0.180 

[20.8%] 

0.462 

[53.5%] 

2(3-M) + 1P + Ni 
1.04 

[46.8%] 

0.286 

[12.8%] 

0.441 

[19.8%] 

0.459 

[20.6%] 

1.19 

[53.3%] 

2P + 1(3-M) + Ni 
1.03 

[46.9%] 

0.283 

[12.9%] 

0.433 

[19.7%] 

0.451 

[20.5%] 

1.17 

[53.1%] 

Table 5.1 - Maximum change in pressure for the reduction products of interest 

collected via QGA with simultaneous CPE. Shown in brackets is the percentage of 

relative pressure change with respect to each gas compared to the total pressure 

change. The summations of the CO2 products were also included to show improvement 

in CO2 reduction with the heteroleptic catalysts. Pressure measurements were 

collected for samples containing 1.0 x 10-3 M in situ homo- and heteroleptic nickel(II) 

tris-(pyridinethiolate) derivatives over 30 minutes at -1.85 V v. SCE in 8:1:1 

DMF/EtOH/H2O with 0.1 M TBATFB and 0.028 M CH3COOH. The electrochemical 

cell was purged with CO2 for 10 minutes prior to electrolysis where CO2 continued 

to be bubbled through the solution. 

 

 As demonstrated by the gas evolution analysis for 2(3-F)+1P+Ni in Figure 5.10, it 

is proposed that the baseline measurements for H2, CH4, HCOOH, and CO are high; 

therefore, we suggest that the ∆Pmax values presented here may be lower than the true 

values. With this in mind, it is recommended to report integrations under the curve for bulk 

electrolysis while considering the adjusted baseline. QGA can present a comprehensive 

study of the catalyst over time when coupled to CPE, but a more thorough understanding 

of carbon dioxide reduction is needed for these in situ catalysts. Although the catalysts may 
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not currently have the selectivity for one carbon dioxide product, ligand modification 

appears to be a useful area to explore. 

 

5.7. Conclusions 

Pseudo-octahedral Ni(II) tris-(pyridinethiolate) and its derivatives have been shown 

in previous studies to perform as HER catalysts.13,21,44,46–48 Although carbon dioxide 

reduction should be another viable pathway towards alternative fuels, limited research has 

been conducted on similar nickel species.35 Herein, we build on the in situ formation within 

electrochemical cells and try to exploit the characteristics of HER catalysts for carbon 

dioxide reduction. Given that various reactions are possible, CVs can obscure the results 

as a large window of potentials is being scanned. CVs of in situ homoleptic 3P+Ni was 

used to test if a different voltammogram trace could be obtained by only changing the 

purging gas from N2 to CO2, Figure 5.1. Using CPE to identify the products from this new 

reaction pathway, 3P+Ni have positive ΔPmax values for CO, CH4, HCOOH, and H2. 

Though there appears to be a sustained preference for the reduction of protons to hydrogen 

gas, these preliminary trials gave positive results for carbon dioxide reduction. Tests on a 

in situ sample of 3(3-F)+Ni, which bares EWGs and a highly negative reduction potential 

(-1.68 V v. SCE), were used to scope if 3P+Ni was an isolated case. Upon CV and 

CPE-QGA, 3(3-F)-Ni showed similar findings, although a preference for hydrogen 

production was noted. 
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Different samples of in situ heteroleptic Ni(II) catalysts were then tested to provide 

a more comprehensive outlook on carbon dioxide reduction and hydrogen gas formation. 

These studies once again showed that the Ni(II) catalysts selectively reduce protons to 

hydrogen gas in the presence of a sufficiently negative reduction potential. Consequently, 

octahedral nickel species serve as better HER catalysts when compared to forming reduced 

carbon dioxide products, Table 5.1. Nonetheless, the pressure changes associated with all 

the carbon-based products displayed a near 50:50 split when compared to solely forming 

hydrogen gas from protons. The most remarkable features were from heteroleptic samples 

of 2(3-M)+1P+Ni and 2P+1(3-M)+Ni which showcased the highest ΔPmax values overall 

and appear to be on par with one another. We once again suggest that these two heteroleptic 

catalyst solutions may be the exact same despite differences in stochiometric ligand ratios. 

The last interesting feature in using the heteroleptic catalysts was improvement in the 

relative percentages for HCOOH formation. Though this research did not look to improve 

low-carbon fuel production, we do find promising results from preliminary studies with 

heteroleptic catalysts. 

With this information, we can attest that these catalysts are not highly selective for 

carbon dioxide reduction; therefore, future work should look to identifying catalyst 

modifications that could help with selectivity. Additionally, extensive work must be done 

to identify what is the lowest potential that can still yield carbon dioxide reduction as this 

will give a true reduction potential for the catalysts. Overall, we report success with 

forming catalysts in situ that can perform carbon dioxide reduction as alternative fuels and 

fuel precursors. 
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6. Conclusions 

Considering the future of nonrenewable resources, solar has the potential to reduce 

greenhouse gas emissions while providing alternative energy. Current challenges in the 

field include collecting and storing the seemingly limitless energy of the sun. Although 

solar thermal and solar electric applications show promising results, the conversion of solar 

energy requires further research and development of more efficient systems. Finding ways 

of producing energy dense molecules via artificial photosynthesis is of interest as storing 

energy in chemical bonds could resolve dependence on nonrenewable resources. Catalyst 

development and design is required as solar fuel production is energy intensive. Using 

photochemical and electrochemical processes leads to a more comprehensive 

understanding of the catalyst. Although electrochemical analysis can yield pertinent 

information about catalytic efficiency, mechanistic pathways, and selectivity, the 

techniques are convoluted and require some knowledge of the system at hand. Careful 

consideration the electrochemical parameters is also needed as they can influence the data 

and results. As electrochemistry serves an important role in understanding catalysis for fuel 

cell development, the presented electrochemical experiments look to shine light on 

alternative fuel production using in situ catalyst formation of pseudo-octahedral nickel 

species. Having prior knowledge of HER nickel(II) electrocatalysts, the investigations 

herein build on the research by suggesting that the complexes can self-assemble and then 

perform proton and carbon dioxide reduction. 
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6.1. In situ homoleptic nickel (II) electrocatalysts for hydrogen gas production 

Previous work on nickel(II) tris-(pyridinethiolate), NiP3, found production of 

hydrogen gas photo- and electrochemically as a solar fuel.13,21,44 Given reports of labile 

ligands for similar systems, the presented research looked to identify if stochiometric ratios 

of ligand and metal precursor could self-assemble into the catalyst and still perform 

hydrogen evolution.50,55 Electrochemical reductions were investigated using cyclic 

voltammetry where graphs of the isolated and in situ nickel(II) catalyst were compared. 

Results suggested that the catalyst formed in solution and could electrochemically reduce 

protons. Additionally, details about the solution kinetics and reduction events were 

theorized given prior analysis and guides to cyclic voltammetry.18,27,30–33 With the 

understanding that labile ligands could confound the identity of the active catalyst, 

electrochemical studies with ligand equivalents were explored before seeking other 

ligands. The catalyst was deemed to require three ligands to electrochemically produce 

hydrogen gas. Though improvements to catalytic efficiency can be obtained with excess 

ligand, the studies did not look to distinguish ideal systems. Control experiments for the 

nickel(II) precursor, ligand, and proton source showed how a self-assembled system could 

perform accordingly. 

Upon positive results of hydrogen gas evolution, further investigations were 

conducted on derivatives of the in situ homoleptic nickel electrocatalyst. The variations in 

the shapes of the cyclic voltammograms, as well as the position of the reduction peaks, 

indicate the formation of distinct homoleptic complexes by in situ methods. Even at 

different concentrations of the acid, all in situ homoleptic trials were found to be uniquely 
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different while showcasing the catalytic reduction of protons. Ligand identity was found to 

have an important part in dictating the reduction potential and the rate constant for 

hydrogen gas formation. Although no clear trend could be observed from this small survey 

of ligand systems, methyl substituted ligands yielded low potentials and rates when 

compared the electron withdrawing trifluoromethyl. Nonetheless, the unsubstituted parent 

complex, 3P+Ni, was found to afford the lowest overpotential. Investigations quickly 

shifted focus towards affording tunable reductions via in situ catalyst formation using 

heteroleptic ligand systems. 

 

6.2. In situ heteroleptic nickel (II) electrocatalysts for hydrogen gas production 

Cyclic voltammetry was previously used to identify active homoleptic nickel(II) 

hydrogen evolution electrocatalysts. Using a metal precursor and three equivalents of a 

pySH-based ligand, four different catalytic solutions were studied for improved reduction 

potentials. Having inconsistent trend with the previous hypothesis heteroleptic 

electrocatalysts of nickel(II) tris-(pyridinethiolate) were investigated to afford low 

overpotentials. Catalytic solutions for hydrogen gas production were created using a 1:2:1 

stochiometric ratio with respect to the nickel precursor, major ligand, and minor ligand in 

that order. As ligand P had afforded the most positive reduction potentials, the 

unsubstituted pySH was determined as a viable ligand to use in all the trials. Six in situ 

heteroleptic catalyst solutions were studied to determine if tunable reduction potentials 

could be obtained. Surprisingly, all of the heteroleptic solutions displayed more positive 

potentials compared to their substituted homoleptic parent complexes, i.e., 2P+1(3-F)+Ni 
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and 2(3-F)+1P+Ni had lower overpotentials compared to 3(3-F)+Ni. In addition to the 

improved reduction potentials, most of the in situ heteroleptic studies displayed improved 

rate constants for hydrogen gas formation. Upon further inspection, the reduction 

potentials, cyclic voltammograms, and rate constants displayed many similarities amongst 

the heteroleptic counterparts, i.e., 2P+1(3-M)+Ni and 2(3-M)+1P+Ni. These studies 

suggested that one active catalyst may be responsible for the discrepancies found in the 

voltammograms. Despite having difference ligand ratios, the research suggested a 

difference in the concentration of the catalysts and/or proton source. Though no further 

research will investigate the self-assembly of other heteroleptic Ni(II) catalysts for 

hydrogen gas production, we look to apply these new findings for other alternative fuels. 

More specifically, given the improvements found by employing heteroleptic catalysts, the 

research looked to develop more information about carbon dioxide reduction for 
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6.3. In situ homo- and heteroleptic nickel(II) electrocatalysts for carbon dioxide reduction 

Hydrogen evolution catalysts have the capacity to reduce carbon dioxide to usable 

fuels, fuel precursors, and/or energy carriers. Preliminary experiments looked to determine 

if carbon dioxide could be reduced electrochemically by the in situ formation of the Ni(II) 

catalysts. CVs of the in situ catalyst with increasing concentrations of acid yielded growth 

in reduction peaks that mimicked other nickel catalysts that performed carbon dioxide 

reduction. Upon obtaining CV traces that suggested positive results from two homoleptic 

solutions, namely 3P+Ni and 3(3-F)+Ni, bulk electrolysis was used to provide further 
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details about the reaction at hand. CPE techniques provide the half reaction with the excess 

protons and electrons to yield the products of interest. To obtain a more comprehensive 

picture of the reduction products, QGA analyzes the headspace of the electrochemical cell 

during CPE. Of the partial pressure change exerted from the catalytic solution, the major 

product was found to be H2. However, HCOOH, CH4, and CO were all detected and shown 

to have positive pressure changes as CPE unfolded. Given the improvements the in situ 

heteroleptic catalysts afforded with proton reduction, three viable catalytic solutions were 

selected for further investigations. Although CPE also deemed H2 as the major product of 

electrolysis, the percent pressure-change due to H2 production (% ∆𝑃𝐻2
) decreased. 

Additionally, a larger pressure change for HCOOH was also noted, suggesting that the 

heteroleptic catalysts may be slightly more selective towards CO2 reduction. Previously, 

the 3-F heteroligated catalysts with the most negative reduction potential yielded the 

highest rates for hydrogen gas production. Here, the 3-M ligated catalysts afforded the best 

results for carbon dioxide reduction. Given that these studies are the early stages of the 

investigation, several experiments are suggested to obtain better details about the 

efficiency, selectivity, and future directions in the project. 

As CPE-QGA appears to be an unexplored technique for alternative fuel 

production, we recommend rigorous testing to first establish a baseline reading for the 

gases and/or vapors for the carbon dioxide reduction reaction. Additionally, testing lower 

potentials in conjunction with gas analysis should yield more information on the true 

reduction potential required to obtain the lower carbon-based fuels. Upon completing 

QGA, we suggest integration of the curve to yield details about the total amount of each 
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gas produced, which could be used with the total current to get faradic efficiencies. Given 

the time signatures for these graphs, rates of production can also be calculated and reported 

more consistently for all the possible gases. As the heteroleptic catalysts appear to 

showcase slight improvements for carbon dioxide reduction, future directions may look to 

employ other ligand modifications or select better conditions to sequester carbon dioxide 

in an electrochemical cell. Overall, these in situ homo- and heteroleptic electrocatalysts 

provide a unique look at using green chemistry to research alternative fuel production. 
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8. Appendix: Electrochemical data for homo- and heteroleptic nickel(II) complexes 

  
Appendix Figure 8.1 - Cyclic voltammograms of 1×10-3 M isolated NiP3 crystal with 

increasing aliquots of 2.0 M CH3COOH in 8:1:1 DMF/EtOH/H2O with 0.1 M TBATFB. 

 

  
Appendix Figure 8.2 - Cyclic voltammograms of in situ formation of 1×10-3 M 3P+Ni with 

increasing aliquots of 2.0 M CH3COOH in 8:1:1 DMF/EtOH/H2O with 0.1 M TBATFB. 
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Appendix Figure 8.3 - Cyclic voltammograms of in situ formation of 1×10-3 M 3(3-F)+Ni 

with increasing aliquots of 2.0 M CH3COOH in 8:1:1 DMF/EtOH/H2O with 0.1 M 

TBATFB. 

 

  
Appendix Figure 8.4 - Cyclic voltammograms of the in situ formation of 1×10-3 M 

3(6-M)+Ni with increasing aliquots of 2.0 M CH3COOH in 8:1:1 DMF/EtOH/H2O with 

0.1 M TBATFB. 
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Appendix Figure 8.5 - Cyclic voltammograms of the in situ formation of 1×10-3 M 

3(3-M)+Ni with increasing aliquots of 2.0 M CH3COOH in 8:1:1 DMF/EtOH/H2O 0.1 M 

TBATFB. 
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Appendix Figure 8.6 - Linear correlation between the concentration of CH3COOH and 

the kobs to yield the rate constant for the electron transfer regenerating the 3P+Ni catalyst. 

The catalytic peak for the hydrogen evolution reduction (-1.41 V v. SCE). 

 

 

Appendix Figure 8.7 - Linear correlation between the concentration of CH3COOH and 

the kobs to yield the rate constant (951 mM-1·s-1) for the electron transfer regenerating the 

3(3-F)+Ni catalyst. The catalytic peak for the hydrogen evolution reduction 

(-1.68 V v. SCE) showed current growth at 0 eq. of acid. 
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Appendix Figure 8.8 - Linear correlation between the concentration of CH3COOH and 

the kobs to yield the rate constant (482 mM-1·s-1) for the electron transfer regenerating the 

3(6-M)+Ni catalyst. The catalytic peak for the hydrogen evolution reduction 

(-1.45 V v. SCE) showed current growth at 3 eq. of acid. 

 

 
Appendix Figure 8.9 - Linear correlation between the concentration of CH3COOH and 

the kobs to yield the rate constant (331 mM-1·s-1) for the electron transfer regenerating the 

3(3-M)+Ni catalyst. The catalytic peak for the hydrogen evolution reduction 

(-1.50 V v. SCE) showed current growth at 1 eq. of acid. 
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Appendix Figure 8.10 - Cyclic voltammograms of the in situ formation of 1×10-3 M 

2P+1(3-F)+Ni with increasing aliquots of 2.0 M CH3COOH in 8:1:1 DMF/EtOH/H2O 

with 0.1 M TBATFB. 

 

 
Appendix Figure 8.11 - Cyclic voltammograms of the in situ formation of 1×10-3 M 

2(3-F)+1P+Ni with increasing aliquots of 2.0 M CH3COOH in 8:1:1 DMF/EtOH/H2O 

with 0.1 M TBATFB. 
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Appendix Figure 8.12 - Cyclic voltammograms of the in situ formation of 1×10-3 M 

2P+1(6-M)+Ni with increasing equivalents of 2.0 M CH3COOH in 8:1:1 DMF/EtOH/H2O 

with 0.1 M TBATFB. 

 

 
Appendix Figure 8.13 - Cyclic voltammograms of the in situ formation of 1×10-3 M 

2(6-M)+1P+Ni with increasing equivalents of 2.0 M CH3COOH in 8:1:1 DMF/EtOH/H2O 

with 0.1 M TBATFB. 
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Appendix Figure 8.14 - Cyclic voltammograms of the in situ formation of 1×10-3 M 

2P+1(3-M)+Ni with increasing equivalents of 2.0 M CH3COOH in 8:1:1 DMF/EtOH/H2O 

with 0.1 M TBATFB. 

 

 
Appendix Figure 8.15 - Cyclic voltammograms of the in situ formation of 1×10-3 M 

2(3-M)+1P+Ni with increasing equivalents of 2.0 M CH3COOH in 8:1:1 DMF/EtOH/H2O 

with 0.1 M TBATFB. 
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Appendix Figure 8.16 - Cyclic voltammograms of the in situ formation of 1×10-3 M 

2P+1(3-F)+Ni with lower equivalents of 2.0 M CH3COOH in 8:1:1 DMF/EtOH/H2O with 

0.1 M TBATFB (left). Plot of kobs versus [CH3COOH] to obtain ke (2384 mM-1·s-1) for the 

catalytic peak (-1.53 V v. SCE) via the slope of the line (right). 
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Appendix Figure 8.17 - Cyclic voltammograms of the in situ formation of 1×10-3 M 

2(3-F)+1P+Ni with low equivalents of 2.0 M CH3COOH in 8:1:1 DMF/EtOH/H2O with 

0.1 M TBATFB (left). Plot of kobs versus [CH3COOH] to obtain ke (2344 mM-1·s-1) for the 

catalytic peak (-1.50 V v. SCE) via the slope of the line (right). 
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Appendix Figure 8.18 - Cyclic voltammograms of the in situ formation of 1×10-3 M 

2P+1(6-M)+Ni with low equivalents of 2.0 M CH3COOH in 8:1:1 DMF/EtOH/H2O with 

0.1 M TBATFB (left). Plot of kobs versus [CH3COOH] to obtain ke (824 mM-1·s-1) for the 

catalytic peak (-1.39 V v. SCE) via the slope of the line (right). 
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Appendix Figure 8.19 - Cyclic voltammograms of the in situ formation of 1×10-3 M 

2(6-M)+1P+Ni with low equivalents of 2.0 M CH3COOH in 8:1:1 DMF/EtOH/H2O with 

0.1 M TBATFB (left). Plot of kobs versus [CH3COOH] to obtain ke (442 mM-1·s-1) for the 

catalytic peak (-1.40 V v. SCE) via the slope of the line (right). 
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Appendix Figure 8.20 – Cyclic voltammograms of the in situ formation of 1×10-3 M 

2P+1(3-M)+Ni with low equivalents of 2.0 M CH3COOH in 8:1:1 DMF/EtOH/H2O with 

0.1 M TBATFB (left). Plot of kobs versus [CH3COOH] to obtain ke (468 mM-1·s-1) for the 

catalytic peak (-1.38 V v. SCE) via the slope of the line (right). 
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Appendix Figure 8.21 - Cyclic voltammograms of the in situ formation of 1×10-3 M 

2(3-M)+1P+Ni with low equivalents of 2.0 M CH3COOH in 8:1:1 DMF/EtOH/H2O with 

0.1 M TBATFB (left). Plot of kobs versus [CH3COOH] to obtain ke (598 mM-1·s-1) for the 

catalytic peak (-1.38 V v. SCE) via the slope of the line (right). 
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