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ABSTRACT 
 The ability to recycle carbon dioxide (CO2) to liquid fuels such as methanol offers 

the potential for meeting global energy demands in a sustainable fashion. Coupling of this 

process to renewable energy sources electrochemically is one promising approach, where 

the interaction of the (photo)electrode and electrocatalyst is vital for ensuring high 

selectivity and efficiency for the reduction of CO2 to one product, with minimal external 

energy input.  

As such, this work investigates the ability of benzannulated pyridines (ANHs) and 

isolable dihydropyridines (DHPs) towards electrochemical reduction of CO2. The DHPs 

and ANHs investigated were found to reduce CO2 to methanol and formic acid at 

comparable efficiencies, providing the first experimental evidence for the participation of 

DHPs in electrochemical CO2 reduction. Electrochemical reduction of formic acid to 

methanol using ANHs and DHPs was also conducted, with simultaneous generation of a 

DHP from the ANH under CO2 reducing conditions. 
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CHAPTER 1: INTRODUCTION 
 
1.1 The Need for Alternative Energy 

 The development and implementation of alternative energy sources is one of the 

biggest challenges facing the scientific community today in order to accommodate the 

projected increase in global energy consumption from 15 TW to 40 TW by 2050 in a 

sustainable, carbon-neutral fashion.1 Current implementation of alternative energy 

sources involve mechanical methods such as wind and hydroelectric; thermal methods 

such as nuclear, and solar energy.2 However, while the majority of the mechanical 

methods exhibit high energy conversions (90% mechanical-to-electrical conversion 

efficiency), they still can not compensate for the total increase in the projected energy 

consumption, with hydroelectric and wind projected to only contribute ~8 TW 

combined.1 Nuclear energy offers the best alternative energy that can compensate for the 

increased energy demand without being dependent on external environmental factors 

(weather, geological location). The collection efficiency of the thermal energy generated 

is low (33%), however, with implementation of the ~10 000 nuclear plants required to 

meet the 40 TW goal not possible due to time constraints (1 plant must be built every 1.6 

days until 2050), the economic feasibility of such a feat ($4-9 billion per reactor), and the 

exhaustion of terrestrial uranium sources.1 Due to the enormous amount of incident 

energy on Earth by the Sun (1.2 x105 TW), the ability to extract electrical energy from 

solar radiation using photovoltaics, even at low efficiencies, is extremely appealing, but 

suffers from a host of environmental factors (clouds, dust, temperature) and safety 

concerns due to the introduction of toxic substances such as CdTe, a common solar 

harvesting material, to the environment.3  
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One of the major limitations of all the alternative energy sources currently being 

explored is their ability for long-term energy storage and transport. Due to the high 

extraction efficiency of electrical energy by mechanical methods (e.g. hydroelectric), 

most nuclear and hydroelectric plants store any excess energy generated in the form of 

hydroelectricity or a flywheel.4 These methods suffer from the inability to transport the 

energy produced or use directly as a transportation fuel, and require large electric grid 

networks for efficient storage, with storage lifespans on the order of days to months. 

Other approaches involve batteries (e.g. Li-ion), which allow for longer storage times and 

the ability for electrical energy to be transported and stored off-site. However, battery 

storage suffers from its own host of problems, including a low specific energy and energy 

density that limits use in transportation (Figure 1.1), degradation of the electrode 

materials, slow discharge over time (1-2% per month), and the use of potentially toxic, 

and explosive materials such as lithium, perchlorate salts, and propylene carbonate.5 

Furthermore, the energy cost, or energy debt, of battery technology is still equivalent to 

the amount it is capable of storing, limiting its viability as a large-scale, long-term ‘green’ 

energy storage device.6 By instead storing alternative energy in the form of chemical 

fuels, a more transportable and long-term fuel can be developed, analogous to the fossil 

fuels utilized today.3a, 7 In the case of solar energy storage, the production of a solar fuel 

is intriguing due to the possibility of producing liquid fuel sources in remote areas such 

as Northern Canada, reducing the need of a centralized electrical grid while helping 

develop isolated areas both at home and globally.8  

1.2 Alternative Chemical Fuels. 

 Current approaches to the development of alternative chemical energy carriers to 

fossil fuels largely focus on hydrogen gas, where the only combustion product on 



	 3	

utilization is water.9 The majority of hydrogen being produced today involves steam 

reforming of fossil fuels, however, resulting in a large amount of emitted CO2, increasing 

the environmental cost of hydrogen utilization.10 Thus, there has been a big push towards 

investigating the production of hydrogen gas through electrolysis of water, or water-

splitting, thereby creating a transportable, carbon-free, and more environmentally friendly 

fuel source.1 Hydrogen, due to its gaseous nature has a low energy density compared to 

fossil fuels (Figure 1.1), which can be increased slightly when pressurized to form a 

liquid.11 This property makes hydrogen an ideal fuel source for on-site storage similar to 

natural gas or methane, but a poor fuel for transportation purposes. Implementation of H2 

as a fuel requires the development of novel combustion engine architectures and 

hydrogen storage infrastructure, and is the major limitation for large-scale 

implementation. The development of a sustainable carbon-based liquid fuel instead 

would provide an energy feedstock that could easily be transported and implemented in 

both modern-day infrastructure and internal combustion engines, while supplying a 

higher energy density and specific energy than that of battery or hydrogen storage 

technologies.  
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Figure 1.1. Energy Density and Specific Energy of Common Chemical and Battery 
Energy Sources.5c, 11 

 
To do this, one has to do no more than look at the reduction of CO2 to liquid fuels 

such as formic acid, methanol, and ethanol.12 By recycling CO2 to generate a fuel source, 

a sustainable, potentially carbon-neutral energy source could be used, minimizing 

additional CO2 generated from fuel consumption. Such a system offers the benefits of 

maintaining use of modern infrastructure designed for carbon-based fuels while also 

reducing the reliance on fossil fuels, diversifying the carbon-based fuel market. Due to 

the stability of CO2, however, a large energy barrier exists towards CO2 reduction, with a 

wide resulting product distribution (vide infra). One promising avenue towards CO2 

reduction to value-added products involves the reduction of CO2 to CO, shown in Figure 

1.2, where only 2 protons (H+) and 2e- are required, with the generation of a water 

molecule as a byproduct.12-13 Generation of CO allows for easy extraction from any solid 

or liquid systems utilized given its gaseous nature, simplifying post-production 
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purification processes. While CO itself is not useful as a fuel, further refinement through 

the Fischer-Tropsch process, a technique readily available at the industrial level, can be 

used to produce liquid hydrocarbons that can be readily used as a fuel source.14  

Similar to the reduction of CO2 to CO, another 2H+/2e- process that can occur is 

the reduction of CO2 to formic acid, HCOOH, without the loss of water. By itself, 

HCOOH offers the ability to store hydrogen as a liquid under ambient conditions (4 

wt%), removing the necessity of pressurized H2 tanks.15 Extraction of H2 from HCOOH 

is easily achieved through formic acid dehydrogenation processes, whereby CO2 is 

regenerated once more.16 Since no byproducts are generated (i.e. no water generated), this 

offers a reversible H2 storage system. HCOOH is non-toxic, has low flammability, and is 

an environmentally friendly chemical, reducing the impact of major spillages. These 

properties would allow a safe method of transport of H2 as an energy source from site-of-

production to site-of-distribution via ground or water transport.16 

As formic acid offers hydrogen storage as a liquid, the use of formic acid as a fuel 

is also being explored in an effort to diversify the fuel market, with current research 

exploring the viability of formic acid fuel cells.17 While formic acid shows low 

combustibility rates relative to fossil fuels or H2 itself, any inefficiencies that can arise 

from H2 extraction from formic acid processes are avoided, while providing a carbon-

based fuel without the presence of toxic nitrogen oxides (NOx) or sulfur-based 

compounds being burnt, the byproducts of which can be potent greenhouse gases in their 

own right. The energy density for formic acid is low, however, and is comparable to that 

of hydrogen, limiting its use as a transport fuel.15 Further refinement of formic acid can 

result in higher energy density fuels such as methanol, a more attractive alternative for 
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CO2-based fuels. Given the solubility of formic acid with water and other organic media, 

however, extraction of formic acid from solutions used for synthesis is challenging, with 

most methods involving either distillation or organic solvent extractions.18 

Methanol is one of the most attractive products to generate from CO2 due to its 

prominence as a solvent, a synthetic precursor, and its promising energy density and 

specific energy in relation to current liquid fuels being used today.15, 18b Since methanol 

exhibits similar physical properties to fossil fuels, implementation of methanol as a fuel is 

simplified, with only minor modifications needed to current combustion engine 

infrastructure. Given the 6H+/6e- necessary for methanol formation, however, production 

of methanol as the sole product from CO2 reduction is challenging, with the possibility of 

forming byproducts and intermediates such as formic acid or formaldehyde. Additionally, 

given its solubility with water and organic media, methanol extraction from solution, 

similar to formic acid, is another challenging step. 

Methanol as a fuel has a low cetane value (5), i.e. a slow combustion rate, making 

it viable for use in gasoline-based combustion engines (cetane value of 0-5), but 

incompatible for diesel engines (cetane value of 40-55).15 One method for enhancing the 

cetane value of the methanol produced while also increasing the energy density is 

through dehydrative coupling of methanol under acidic conditions, producing dimethyl 

ether.15 Dimethyl ether has a high cetane value (>55), making it more compatible with 

diesel engines.19 Unlike most ethers, dimethyl ether does not undergo peroxy-degradation 

under ambient conditions, and is a gas at room temperature (melting point of -25 oC) 

similar to that of propane. By pressurizing dimethyl ether in a similar fashion as for 
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propane tanks, the use of dimethyl ether as a liquid fuel can be achieved, and could also 

be implemented in propane-based engines with minor modifications. 

1.3 Current Approaches to CO2 Reduction 

A few of the reduction processes that CO2 can undergo are shown in Figure 1.2 

along with their respective redox potentials, where a carbon-based product and water are 

generated.13 While the redox potentials of these events are within 0.3 V of proton 

reduction under the same conditions (-0.41 V vs. NHE), there exist kinetic barriers to 

product formation due to the destabilization of CO2 from a linear compound to a bent 

species, as well as the requirement for multiple protons/electrons to encounter CO2, 

creating a competition between proton and CO2 reduction processes in aqueous 

environments. This kinetic barrier results in large amounts of energy in excess of the 

thermodynamic potential (η, overpotential) required to drive this reaction, unless suitable 

(electro)catalysts can be found that can access lower energy mechanisms (Figure 1.2).20 

Furthermore the solubility of CO2 as a substrate and particular reductive pathway taken 

by CO2 is strongly dependent on the solvent mixture used. In aqueous environments, low 

concentrations of dissolved CO2 are observed (30 mM), whereas in organic media, a 

higher solubility of CO2 is observed (0.3 M in acetonitrile).21 Production of formic acid 

can be enhanced in water compared to organic media, due to the stabilization of formic 

acid production by solvating water molecules.18b Introduction of an electrocatalyst to the 

solution is anticipated to lower the energy barriers/overpotential towards product 

formation, potentially increase the efficiency and/or increase the selectivity towards the 

desired reductive process, with the electrocatalyst either in solution or adsorbed/appended 

onto a surface.20, 22 
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In order for an electrocatalyst to be viable for catalyzing a reduction process, the 

following criteria must be met: (i) fast electron transfer to/from the electrocatalytic 

species, (ii) fast chemical kinetics when reacting with CO2, (iii) a good thermodynamic 

match between the redox potential at which this occurs for the electrocatalyst and the 

CO2-reduction process desired.20 Furthermore, the electrocatalyst must be cheap, robust, 

and compatible with the type of catalytic system employed. In the case of CO2 reduction, 

these types of systems include (i) photochemical, (ii) chemical, (iii) electrochemical, and 

(iv) photoelectrochemical frameworks. 

 
Figure 1.2. (a) Depiction of the reaction pathway taken for CO2 reduction to 
HCOOH, as an example, in the absence (black) and presence (red) of an 
(electro)catalyst. Lower energy pathways can be accessed with an electrocatalyst, 
forming possible intermediates to do so. (b) Electrochemical CO2 reduction pathways 
producing hydrogenated products in pH 7 aqueous solution, vs. normal hydrogen 
electrode (NHE), 25 °C, 1 atm, 1 M solutes.13 
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1.3.1 (Photo)chemical Approaches to CO2 Reduction 

One of the simplest designs for CO2 reduction involves the coupling of light to 

electron transfer from a donor to CO2 in a photochemical system (Figure 1.3). To help 

lower the energy barrier to this process, the reduction of CO2 is typically conducted under 

acidic conditions, enabling proton transfer to CO2.13, 23 Typical designs for a 

photochemical system involve a photosensitizer (PS), an electrocatalyst, a sacrificial 

proton/electron donor that could also act as the PS, and CO2. The reaction is initiated 

through light absorption by the PS, bringing it into an excited state. The reduction process 

can then occur in one of two scenarios: (i) the electron donor donates an electron to the 

excited PS, which in turn transfers the electron to the catalyst, or (ii) the excited PS 

transfers an electron to the catalyst, with the electron donor reducing the newly oxidized 

PS. The catalyst then transfers the electron to CO2 either separately or coupled with a 

proton transfer. Typical PSs include organic dyes such as p-terphenyl, or organometallic 

complexes such as ruthenium(II) tris(bipyridine) salts ([Ru(bipy)3]2+); compounds that 

are able to strongly absorb in the UV-visible region of the light spectrum and exhibit 

strongly negative reduction potentials in their excited states.13, 23  

The selection of an electrocatalyst depends on the desired reduction process for 

CO2. High selectivity towards CO production is observed in systems with 

Re/Ru(bipy)(CO)3X-based electrocatalysts in organic media, with moderate turnover 

numbers (TON) reported (TON ~ 100). By simply altering either the metal centre (Re/Ru 

to Mn) or the ligand framework employed, such as going from a bipy-based framework 

to a 1,4,8,11-tetraazacyclotetradecane (cyclam) ligand, the production of formate, HCOO-

, could instead be observed (Figure 1.3).23 In an even simpler system, an aqueous mixture 
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of pyridine, KCl and a sacrificial reductant, ascorbate, in the presence of a [Ru(bipy)3]2+ 

dye exhibits the ability to produce formic acid and methanol at low TONs (0.1-10).24 

 
Figure 1.3. (a) General schematic for photochemical reduction. Light is absorbed by 
the photosensitizer (PS) photoexciting an electron that is transferred to the 
electrocatalyst in solution. The electrocatalyst then transfers the electron to CO2 
along with possible proton transfers to generate CO2 reduced products. (b) Chemical 
structures of M(bipy)(CO)3X and cyclam complexes used in examples of 
photochemical catalytic systems. 

While photochemical systems are simple in design, the current benchmark 

standards for homogenous catalytic reactions for CO2 reduction still require the use of 

precious metals such as Rh, Ru and Ir, or involve complex ligand design such as 

developing biologically relevant cubane structures.12  More generally, photochemical 

systems also require stoichiometric amounts of sacrificial electron/proton donors, with 

the strong likelihood of degradation of the PS or electrocatalyst over time. Under aqueous 

conditions, the pH required for CO2 reduction must stay constant to ensure efficient H+/e- 

transfer from the electrocatalysts and donors to CO2.13 Some work has tried to address 

these issues through covalent attachment of the PS to the catalyst, forming 
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supramolecular structures, enhancing the charge transfer rate between complexes. These 

dinuclear supramolecular catalysts have also shown reasonable TONs (10-3000), and 

show more durability to environmental factors.25 Furthermore, these supramolecular, as 

well as macromolecular assemblies have also been attached to semiconducting particles 

such as TiO2 to form a hybrid system, allowing the electrons to be supplied by the TiO2 

in a method similar to dye-sensitized solar cells (DSSC),23, 26 creating a heterogeneous 

photoelectrocatalytic system while helping stabilize both the PS and electrocatalyst from 

degradative effects that arise from staying in solution. However, the main limitation 

towards introduction of photochemical CO2 reduction at the industrial scale is the low 

TON and turnover frequency (TOF) reported, as well as the inability of the hybrid 

systems to utilize water as the electron donor.23, 25 

1.3.2 Electrochemical Approaches to CO2 Reduction  

While photochemical systems are appealing due to the simplicity of their design, 

they are severely limited by the requirement of a light source. By instead reducing CO2 in 

an electrochemical system, other alternative energy sources such as hydroelectricity can 

now be coupled to chemical fuel formation. In such an electrochemical framework, a 

sufficiently reducing current/potential is applied to electrodes in a CO2-saturated solution, 

resulting in CO2 reduced products forming at the cathode, and oxygen or other oxidized 

species forming at the anode. Thus the rate and/or thermodynamic capability of the 

system towards CO2 reduction can be manipulated based on the applied current/potential, 

allowing control of the overpotential required, and with the efficiency of the reduction 

process determined based on the amount of charge passed (Faradaic efficiency, %FE).20, 



	 12	

22 As with photochemical systems, the electrocatalyst can either be in solution or 

appended to the electrode surface. 

As product formation occurs at or near the electrode surface, a few new design 

features are necessary for continuous large-scale production of CO2 reduced species: (i) a 

method for product removal, (ii) continuous feedstock of CO2-saturated solution, and (iii) 

separation of the cathode and anode to prevent product crossover and re-oxidation of the 

reduced compounds. This can be achieved in a flow-cell design, where a constant 

potential/current is applied to the system to generate products, the solution is pumped 

through the system, removing products from the electrode surface while providing fresh 

CO2-saturated solution to the electrode surface, and with the products either collected 

separately (gaseous) or stored in a reservoir awaiting extraction (Figure 1.4).18a, 27 To 

ensure the reduced species cannot reach the anode, a cation-exchange membrane is used 

to separate the electrodes and electrostatically prevent CO2 reduced products from 

passing through.  
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Figure 1.4. A proposed scheme for a flow cell for CO2 reduction to products.27 CO2 
enriched solutions pass by a high-surface area cathode, with the products then 
shuttled back to the catholyte reservoir. A cation-exchange membrane is used to 
prevent product crossover to the anode, with the anode producing oxygen to 
complete the system. Taken from Reference [27]. Copyright 2014 Elsevier Ltd. 

As with photochemical approaches to CO2 reduction, the application of 

organometallic complexes towards electrochemical CO2 reduction is currently being 

actively explored. In fact, there is a large crossover of organometallic electrocatalysts 

being utilized in photochemical and electrochemical routes, and are briefly described in 

Section 1.3.1. Under electrochemical conditions, Re/Ru(bipy)(CO)x-based catalysts 

exhibit high %FE (>90 %FE) towards CO formation at glassy carbon electrodes, with 

moderate reported TOFs (~100-1000 s-1).28 Furthermore, the selectivity towards CO or 

HCOOH generation could be manipulated by the applied potential in these cases, where 

more HCOOH was observed when the applied reduction potential was lowered.28c The 

selectivity and the efficiency of the reduction process can also be manipulated based on 
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the ancillary ligand environment used. Current ‘benchmark’ electrocatalysts employed in 

electrochemical setups still require the use of precious metals such as Rh, Re, Ru and Ir, 

significantly increasing the cost of production.12 Biologically-inspired cubane complexes 

containing Ni, Fe and Mo show remarkable abilities to reduce CO2 to formate or CO, but 

are challenging to synthesize.12 Simpler organometallic complexes utilizing similar cheap 

metal centres such as Fe, Ni, Mn or Co are being explored in an effort to reduce the cost 

associated with organometallic complex and ligand design, but exhibit low TON and 

resulting TOF, limiting their application to date.29 

In a simpler design, the reduction of CO2 has also been shown to be 

electrocatalyzed by the electrode material used, obviating the need for a redox mediator. 

Instead of a ligand framework guiding the reduction process, the geometry of the 

electrode surface can be used to guide CO2 binding and stabilize the intermediates 

formed, with the stabilization of the intermediates dependent on the binding energy of the 

electrode surface.30 The majority of electrodes that exhibit the ability to catalyze the 

reduction of CO2 are transition metals. These can be broken into three categories: (i) 

formic acid producing (Sn, Hg, Pb, Bi), (ii) CO producing (Au, Ag, Zn), and copper, 

which can result in up to 16 distinct products.30-31 Fe, Co, and Ni are typically used in the 

Fischer-Tropsch process as a catalyst, but have been shown to reduce CO2 to HCOOH 

and C1 and C2 hydrocarbons at high CO2 pressures.30 

Electrochemical reduction of CO2 at Cu-electrodes has become an area of interest 

due to the large number of products that are generated with minimal H2 generation and 

the number of different avenues in which the selectivity and efficiency of this system can 

be manipulated based on the applied potential, temperature, electrolyte type and 
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concentration, pH, and electrode surface structure. Studies involving a Cu-sheet cathode 

found that methane production disappeared and C2H4 production increased as the 

temperature was increased.32 Furthermore, increasing the applied potential was found to 

decrease CO generation and promote hydrocarbon and alcohol formation.33 The 

selectivity of reduced species was also found to be dependent on the identity of the 

electrolyte, with methane production promoted at concentrated solutions of bicarbonate 

salts.  

Introduction of new surface orientations and sites/defects was also found to 

change the selectivity and efficiency of Cu-electrodes. Investigations of single-crystal 

Cu-surfaces revealed an alteration from a CH4 formation pathway at Cu(111), to ethylene 

formation at Cu(100).34 Theoretical studies have revealed that this is due to the 

stabilization of CO2 reduction intermediates by the different facets observed at the 

different Cu surfaces.35 Given these fundamental results, Cu-electrodes were then 

nanostructured and developed in a variety of manners to further investigate the role the 

surface structure has on the selectivity. When nanoparticulate Cu is deposited onto glassy 

carbon, a significant increase in the current passed at the electrode for product formation 

was observed, relative to at a Cu-foil under the same conditions.36 Thus, not only can the 

efficiency and selectivity of the reduction mechanism be manipulated based on the 

surface, but also the relative current density due to the increased number of surface sites 

available to react with CO2 in the nanoparticulate surface.  

In a similar vein, there has been recent progress in the reduction of CO2 at carbon 

electrodes, a cheaper alternative to the metallic electrodes investigated. Carbon is very 

inert towards both CO2 reduction and H2 generation, with large overpotentials associated 
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with both processes.37 When the surface of the carbon electrode is nano-structured or 

chemically treated to introduce dopants at the surface, a significant increase in catalytic 

ability towards CO2 reduction is observed.37 For instance, when graphene quantum dot 

electrodes are treated to introduce N-dopants into the graphene honeycomb structure, a 

significant increase in the total %FE is observed (30 to 100% FE), with a wider product 

distribution observed.38 Furthermore, given the well-known surface chemistry of 

graphene and carbon-based surfaces, the immobilization of known electrocatalysts to the 

surface can be achieved with relative ease, either through covalent modification or 

adsorptive techniques.37, 39 While the current densities achieved at carbon-based 

electrodes are still low (and with them, low TONs), this approach to CO2 reduction is 

expected to gain momentum and interest due to the ease of integration into industrial-

scale processes. 

1.3.3 Photoelectrochemical Approaches to CO2 Reduction 

Similar to a photochemical system, the reduction process occurring at the 

electrode surface can also be coupled to light absorption, allowing the energy necessary 

for the electrochemical process to be facilitated by the absorption of sunlight in a 

photoelectrochemical cell. Instead of a PS in solution, a p-type semiconducting 

photoelectrode is utilized for reducing conditions. Upon illumination, a photoexcited 

electron is generated in the photoelectrode, going from the conduction band to the 

valence band, Figure 1.5, which can then reduce the electrocatalyst at the electrode 

interface, with CO2 reduction then occurring.13 This process relies on the relative 

positions of (i) the valence band (ii) redox potential of the electrocatalyst and (iii) the 

CO2 reduction process desired. The highest energy level should be the valence band, 
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allowing the electron to have sufficient enough energy to reduce the electrocatalyst, 

which can then reduce CO2.  

 
Figure 1.5. Energy Diagram depicting the Valence and Conduction Bands of 
Common Semiconductors in relation to the potentials required for CO2 reduction 
processes. Taken from Reference [13]. Copyright 2012 Annual Reviews. 

As can be seen in Figure 1.5, p-Si, an abundant semiconducting material, shows 

promising application towards facilitating CO2 reduction under acidic conditions. In fact, 

Cu-coated p-Si electrodes have been shown to exhibit CO2 reduction to C1 and C2 

products with low efficiencies (10-40%) similar to that at Cu, but with a light-driven 700 

mV decrease in the necessary applied potential.40 In a similar set-up, CO2 reduction was 

attempted at p-GaP electrodes with an organic additive, pyridine, in solution. 

Interestingly, high selectivity, high Faradaic and quantum efficiency, and a 300 mV light-

driven underpotential was observed for the reduction of CO2 to methanol.41 Despite the 
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low overall TON and resulting TOF of this process, this simple system offers a promising 

method towards CO2 reduction to methanol, prompting a larger investigation into 

pyridine-based CO2 reduction to methanol. 

1.4 Pyridine-Based CO2 Reduction 

Due to the simplicity of the design, the selective reduction of CO2 in the presence 

of pyridine is an appealing concept given the remarkable ability to produce methanol 

with high Faradaic efficiency at p-GaP electrodes.41 When pyridine-based CO2 reduction 

was conducted at another light-absorbing electrode, pyrite, the efficiency was found to 

drop significantly, with HCOOH being favoured instead of methanol.42 Studies at 

metallic electrodes such as Pt,43 Pd,44 Au,43b, 45 Cu,43b and Ir46 have also shown CO2 

reduction behavior, with efficiencies ranging from 10-40% for methanol and/or formic 

acid production depending on the electrode surface employed.  Furthermore, studies at Pt 

surfaces also indicate no dependence on the applied potential towards methanol 

production, but rather the applied potential was found to be dependent on the electrode 

material used.47 These results suggest a surface-based or surface-coupled reduction 

process is operative. 

Cyclic voltammetry (CV) studies have been employed to investigate the 

electrocatalytic mechanism observable in these systems on the CV timescale. At Pt 

surfaces, the predominant mechanism observed under the acidic conditions is the 1e- 

reduction associated with the pyridinium/pyridine redox couple, whereby a surface-

hydride, Hads, is generated upon reduction of the protonated pyridine ring, resulting in the 

formation of pyridine.43a This type of process is referred to as a ‘weak acid’ reduction 

mechanism (see Section 1.5.1).48 When CO2 is introduced to the system, an increase in 

the current passed is observed, similar to the introduction of an electrocatalytic event 
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observable at the CV timescale. CV analysis of this reductive process suggests it is also a 

solution-based 1e- reduction similar to pyridine-based weak acid reduction at the 

electrode surface.43a When the rate law for the reduction of CO2 facilitated by pyridine 

was investigated, a first order dependence on CO2 and on pyridine content was 

observed.49 Increasing the pyridine concentration was found to decrease the H2 

generation at the electrode surface, and promote CO2 reduction.50 Furthermore, the 

reduction potential at which this process occurs was found to also be dependent on the 

pyridine derivative used, whereby the potential at which this reduction takes place at is 

directly related to the pKb, the base dissociation constant of the pyridine derivative, 

further indication of a weak-acid mechanism occurring at the CV timescale.51 Analyses 

of bulk electrolyses also conclude a similar trend in the %FE for total CO2 reduced 

product formation, where the compounds with the lowest pKb exhibited the greatest 

selectivity towards CO2 reduction.52 When an alternative weak acid with a pKa similar to 

pyridine was used (acetic acid) however, no CO2 reduced species were observed, 

indicating that the pyridine ring plays some role in the stabilization of the CO2 reduction 

intermediates.48 

From these results, Batista and coworkers proposed a CO2-reduction mechanism 

based on a weak-acid type mechanism occurring at Pt surfaces (Figure 1.6).53 Under the 

acidic conditions employed (pH ~5), pyridine is protonated to form its conjugate acid, 

pyridinium. Pyridinium can then undergo a weak-acid reduction at the Pt surface, 

forming a surface-hydride (Hads). This hydride undergoes an electrophilic attack by CO2, 

leading to a two-electron proton-coupled hydride transfer facilitated by a secondary 

pyridinium ion reducing at the electrode surface, producing formic acid. Batista’s model 
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fits well with simulated CVs by Bocarsly,43a as well as the CV studies conducted in his 

work. However, this increase in current could also be attributed to the introduction of a 

H2CO3/HCO3
- buffer, which can artificially increase the current observed.48 This supports 

the absence of current enhancement under non-aqueous conditions, where instead a 

decrease in the current is observed under CO2, and contradicts the rate law determination 

results conducted earlier.43b Furthermore, studies investigating the time dependence on 

pyridine-based CO2 reduction revealed that methanol could only be observed after 1 hour 

of bulk electrolysis, indicating that the resulting process for CO2 reduction might also be 

occurring at a much slower rate.47 Also, due to the difference in the electrode surface of 

Pt in comparison to p-GaP, this argument cannot explain the mechanism occurring at the 

p-GaP surface given the large difference in surface hydride stability at Pt compared with 

p-GaP electrodes. 

 
Figure 1.6. A surface-coupled CO2 reduction mechanism facilitated by pyridine in 
solution, as proposed by Batista. Pyridinium reduces at the electrode surface to form 
pyridine and a surface hydride. A secondary pyridinium then approaches the surface 
in the presence of CO2, facilitating a surface-coupled PCHT to CO2. Adapted from 
Reference [53]. 

An alternative mechanism to help explain the CV characteristics of the pyridine 

(Py) reduction event under acidic conditions was investigated by Carter,54 whereby the 

initial hypothesis was that the reduction of [Py-H]+ occurs via one electron reduction to 

form a [Py-H]* radical which can then bind to CO2, and form formic acid through a 
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secondary H+/e- transfer to CO2, with pyridine again formed. The predicted redox 

potential for this event in aqueous environments is too negative (-1.4 V vs. SCE) to occur 

when compared to the experimental potential required for CO2 reduction (-0.55 V vs. 

SCE). Instead, an alternative mechanism was determined, whereby a dihydropyridine 

species (DHP) was proposed to be generated at the potentials used for CO2 reduction at 

Pt surfaces.54b, 55 This DHP can then react with CO2 in solution, forming formic acid and 

pyridine, with this reaction stabilized by water molecules present in solution (Figure 1.7). 

Spectroelectrochemical studies investigating the reduction of pyridine/pyridinium 

at various electrodes indicate that a weak-surface adsorption process can occur at metallic 

electrodes. Analysis by surface-enhanced Raman spectroscopy (SERS) at Cu-electrodes 

revealed this to be adsorption of a pyridine molecule, with no dihydropyridine or 

pyridine-based radicals adsorbed onto the electrode surface.43b Further analysis of 

pyridine reduction under acidic and CO2 conditions via IR-spectroscopy at Pt surfaces 

also indicates that no solution-phase dihydropyridine, pyridinal radical or surface-

adsorbed pyridine molecules are observed.56 Instead, CO and COOH surface sites were 

observed at Pt surfaces, similar to the observations of CO2 reduction at metallic 

electrodes, with pyridine reported to play only a minor role in the formation of formic 

acid, with low methanol yields reported (<1% FE). To determine if the DHP could 

chemically react with CO2, NMR-scale chemical reaction of DHP with CO2 was 

investigated, with no CO2 reduced species or H/D scrambling of the DHP observed.51 

Thus, if a DHP-species is used for CO2 reduction, it must be a short-lived species and 

must require an appropriate electrochemically reducing potential and surface to react with 

CO2. 
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While these results help explain the reduction process that is occurring at metallic 

electrodes, none of the reported mechanisms can be applied to p-GaP electrodes, as the 

surface hydrides on Pt are more labile than on p-GaP electrodes. Furthermore, the ability 

of pyridine to adsorb to Pt is very similar to the adsorption process predicted and 

observed at p-GaP electrodes. Carter and co-workers then began investigating the 

reduction processes of pyridine at p-GaP electrodes under CO2-reducing conditions.57 In 

brief, a secondary mechanism was developed, whereby a dihydropyridine species is 

formed at the p-GaP electrode surface, shown in Figure 1.7, either as a surface-adsorbed 

DHP or as a surface-adsorbed DHP radical, which can then react with CO2 in a proton-

coupled hydride transfer, forming HCOOH and a surface adsorbed pyridine which can 

desorb from the electrode surface. The reduction potential of this process is within the 

range necessary for CO2 reduction to occur under the experimental conditions, with the 

reduction potential strongly dependent on the crystal face to which the pyridine molecule 

was adsorbing to, as well as the position of the hydride formation on the pyridine 

molecule, with the ortho-position calculated to be the more likely species generated at p-

GaP surfaces. 
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Figure 1.7. Possible DHP-based CO2 reduction mechanisms as proposed by Carter 
and Musgrave.55b In solution, a DHP is electrochemically generated, and attacks CO2 
in a single PCHT. Alternatively, a surface-based DHP can occur, where an adsorbed 
DHP species can attack CO2 at the surface in a PCHT transfer. Mechanisms 
displayed adapted from References [57-58]. 

Further work by Keith investigated the thermodynamic properties of pyridine and 

other aromatic N-heterocycles (ANH) under CO2 reducing conditions in aqueous 

environment, by comparing the Pourbaix diagrams calculated for the ANHs to the 

Pourbaix diagram for CO2 (Figure 1.8).59 Instead of relying solely on the acidity of the 

conjugate acid, [ANH-H]+, or the hydricity, i.e. the ability of the DHP, ANH-H2, to act as 

a hydride donor; the ability to reduce CO2 was predicted to be dictated by the position of 

the ANH’s Pourbaix triple-point, the pH and applied potential necessary for a 

ANH/[ANH-H]+/ANH-H2 mixture in solution, relative to the pH and applied potential 

necessary for CO2 reduction. From this work, Keith predicted the ability of other ANHs, 

such as quinoline, to reduce CO2 in a similar fashion as pyridine. Thus, from a 
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thermodynamic consideration, the ability of the ANH to reduce CO2 was dependent not 

only on the acidity of the conjugate acid, but also the hydricity of the DHP. 

 
Figure 1.8. Computational Pourbaix Diagram of a potential CO2 reducing ANH, 
quinoline, plotted in relation to the Pourbaix Diagram for CO2 in aqueous conditions. 
The Pourbaix triple-point of the ANH, corresponding to the presence of ANH/[ANH-
H]+/ANH-H2 in solution, is close to the thermodynamic reduction potential of H2CO3 
to HCOO- under conditions relevant to pyridine-based CO2 reduction (E ~ -0.55 V 
vs. SCE, pH ~ 5.3). Taken from Reference [59a]. Copyright 2016 American 
Chemical Society. 

 
Given the large role DHPs appear to play in this process computationally, little 

has been done experimentally to verify their generation under electrochemical conditions 

or their ability to reduce CO2. One study investigated the ability of mercaptopteridine to 

reduce CO2 at glassy carbon electrodes, with a dihydro-mercaptopteridine species 

generated in solution.60 Methanol and formic acid production in this system is under 

dispute, however, with no CO2 reduced species observed via Gas Chromatography Flame 

pH 



	 25	

Ionization Detection (GC-FID) or Nuclear Magnetic Resonance (NMR) techniques under 

the same conditions when Saveant and co-workers conducted the same experiment.61 

Furthermore, computational studies investigating the thermodynamic ability of the 

dihydro-mercaptopteridine to reduce CO2 to methanol observed that the energy barriers 

towards methanol formation is too great for the dihydro-mercaptopteridine to 

overcome.62  

1.5 Electrochemical Techniques  

1.5.1 Cyclic Voltammetry 

Theory 

 Cyclic voltammetry (CV) is one of the most common methods in electrochemical 

methods to analyze a chemical compound or electrochemical process, where the applied 

potential is increased or decreased linearly with time, and the resulting current response 

measured (Figure 1.9).63 When used to analyze a redox active species in solution, an 

increase in the current passed will occur as the potential is swept past the thermodynamic 

redox potential, E0, of the redox event. Due to the competition between the kinetics of 

electron transfer and the mass transfer of the redox-active species to/from the electrode 

surface, this current response will result in a peak generated past E0. In the reverse scan, 

provided the redox event is a reversible process, a similar peak will result, producing the 

so-called ‘duck-wave’, with the current peak heights being the same magnitude. In the 

case of quasi-reversible and irreversible processes, lower peak heights will typically be 

observed on the reverse scan for 1e- events, as some of the oxidized/reduced species 

decomposed in that timeframe. The experimental potential of the redox event, E1/2, can 

simply be determined by taking the average potential value of the peaks observed for 
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reversible and quasi-reversible processes. For irreversible processes, as there is no peak 

on the return scan, the E1/2 is typically taken as the potential at half of the peak current 

height.64 

 
Figure 1.9. (a) Potential versus time plot during a cyclic voltammetric experiment. 
(b) Typical Current versus Potential plot for a reversible redox process. 
Determination of E1/2 of the redox event, and the peak current associated with the 
onset (IPa) and return peak (IPc) is shown. 

 

For reversible and quasi-reversible redox events, the redox event can be probed 

by changing the potential ‘scan rate’, providing a peak current dependence on the scan 

rate, allowing the redox process to be identified as a surface or solution-based process. 

For solution-based redox processes, the current is largely dependent on the diffusion of 
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redox active species to the electrode surface. As such, the peak current, IP, becomes 

dependent on the square root of the scan rate, as defined by the Randles-Sevcik equation 

(Equation 1.1), where n is the number of electrons associated with the process, F is 

Faraday’s Constant, A is the electrode surface area, C is the concentration of redox-active 

species in solution, D is the diffusion coefficient of the redox species, R is the ideal gas 

constant, T is the temperature, and 𝜈 is the scan rate.63 In the case of a surface-based 

event, no diffusion of redox active species can occur, with the peak current now linearly 

dependent on the scan rate (Equation 1.2), where 𝛤 is the surface coverage of the 

electrode by the redox active species.63 
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CV studies can also be used to explore electrocatalytic events that are able to 

occur on the CV timescale in homogeneous (solution-based) and heterogeneous (surface-

based) events.64b, 65 In brief, there are four mixtures that are of interest: (a) the electrolyte 

only; (b) the catalyst and electrolyte; (c) the substrate and electrolyte; and (d) the catalyst, 

substrate and electrolyte. To properly identify if a catalytic process is indeed occurring at 

a particular potential, the current density observed in solution (d) must be larger than the 

sum of the background currents; i.e. Jd > Ja + Jb + Jc.  

Similarly, another type of CV study that is employed to study the ability of an 

electrocatalyst is a CV titration.65 In these studies, the substrate loading, or concentration, 

is increased, with the current response measured. A rate law for the catalytic process can 

be determined, provided the catalytic event occurs at the redox potential of the 
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electrocatalyst, with the order of the substrate determined based on the amount added into 

solution, given by Equation 1.3, where [cat] is the concentration of the catalyst, [Sub] the 

concentration of the substrate, and y the order of the substrate. It should be noted that this 

type of analysis could only be conducted if the electrocatalytic process being investigated 

is the major/dominant process occurring at the CV timescale. The effectiveness of the 

catalyst can then be determined by calculating the rate constant for catalysis, kcat. In the 

event that the electrocatalytic process being investigated is not the dominant mechanism 

or the kinetically fastest process, a CV titration can also be done to observe the growth of 

any secondary processes that arise from excess substrate.  

𝐼!"# = 𝑛!"#𝐹𝐴 𝑐𝑎𝑡 𝐷𝑘!"# 𝑆𝑢𝑏 !
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Weak-Acid Model 

 The reduction of protons at Pt surfaces has been the subject of extensive study in 

electrochemistry. Of great interest is the shift of the reduction potential with the pH of the 

solution and the acid dissociation constant of the acid used (pKa). A linear relationship 

was found to exist between the pH/pKa and the corresponding shift in the E1/2 relative to 

the thermodynamic value regardless of the solvent investigated (Equation 1.4). In the 

event that the pH > pKa, the term in Equation 1.4 would vary with pH. When the pKa and 

the resulting E1/2 are determined for each ANH at a Pt electrode in the solution mixture 

used, our results can be compared to the ‘weak acid’ model, governed by Equation 1.4.51, 

63, 66 

E1/2(pKa) = E°(H+/H2, Pt vs. FcH0/+) – 0.059pKa(solvent) – Esolvent     (1.4) 

The Esolvent term factors in any overpotential associated with the dissolution of H2 from 

the Pt surface into the solvent mixture used [EH2O = 0 V, ECH3CN/H2O ≠ 0 V].66 This work 
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uses this relation to determine if the ANH systems investigated are governed by a ‘weak-

acid’ model on the CV timescale. 

Experimental Setup 
CV studies conducted in this work used a three-electrode setup, where the applied 

potential at a working electrode with a defined geometry and area is with respect to a 

quasi-reference electrode (Ag/AgCl) in contact with the solution through a frit, and a 

counter electrode to help drive the current to maintain the applied potential. The 

experimental setups used for ambient electrochemical methods and air-sensitive 

electrochemical methods are shown in Figure 1.10. 

 

 
Figure 1.10. (a) Set-up used for air-stable compounds. A Teflon holder is used to 
place the working disc electrode (black electrode), reference electrode (fritted tube) 
and counter electrode (Pt wire) in solution. (b) Set-up used for air-sensitive 
compounds. The electrodes are screwed-into place, creating an air-tight seal with an 
O-ring, and a septum placed on the large port to allow for sparging of the solution. 
Ar/CO2 is bubbled into solution prior to CV experiments. 
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1.5.2 Bulk Electrolysis 

Theory 

While CV experiments provide preliminary information about the types of 

processes occurring electrochemically at the electrode surface, none of the resulting 

intermediates, number of electrons, or products of a catalytic process can be determined 

due to the relatively small proportion of substrate being oxidized/reduced on the CV 

timescale. As such, a larger-scale electrochemical process is required, allowing 

quantification and characterization of the reduced/oxidized products using other 

analytical techniques. Bulk electrolysis can be used, where a high-surface area electrode 

is used as the working electrode, and the counter electrode used is kept inside a 

compartment separated by a frit to prevent any product crossover (Figure 1.11). These 

can be conducted either at constant potential (potentiostatic) allowing control over the 

processes occurring at the electrode surface, or constant current (amperostatic), enabling 

control over the rate of the redox reaction.63 

After identification and quantification of the products arising from bulk 

electrolysis, the current efficiency, or Faradaic efficiency (%FE), can be determined for 

each process, where the charge associated with product formation is compared to the total 

charge passed (Equation 1.5). If all products are accounted for and no Ohmic losses 

occur, the total %FE should be 100%. To determine the charge associated with product 

formation, Faraday’s law of electrolysis can be used (Equation 1.6), where n is the 

number of moles of product, Z the number of electrons associated with the product 

formation, Q the charge, and F Faraday’s constant.63 
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𝑛 =
𝑄
𝑍𝐹    (1.6) 

 

 

Figure 1.11. Bulk Electrolysis setup used in this work. Ar/CO2 is bubbled into 
solution, with the solution stirred in the working electrode compartment (Pt mesh 
electrode shown) where the reference electrode (white electrode) is placed. The 
counter electrode (graphite rod) is placed in a separate glass-tube, connected to the 
working electrode solution through a frit to prevent product crossover. 

1.6. Thesis Overview 

 Despite computational studies proposing that a DHP is capable of reducing CO2 

to methanol under electrochemically reducing conditions, there has been no experimental 

examination into the ability of DHP to facilitate electrochemical reduction of CO2, nor 

has there been any evidence of DHP generation with conclusive generation of formic acid 

or methanol. As such, the work presented in this thesis investigates the ability of 
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benzannulated pyridines, and related DHP species towards CO2 reduction to methanol 

and formic acid under electrochemically reducing conditions (Figure 1.12) at Pt and 

glassy carbon surfaces (GCE) in Chapter 2.67 The electrochemical properties of these 

systems will be investigated as described in Section 1.5, with product characterization 

and quantification conducted using analytical techniques as described in Section 2.2, with 

the results therein put into the context of Section 1.4. In Chapter 3, the ability of 

ANH/DHPs to facilitate the electrochemical reduction of formic acid to methanol will be 

explored in Chapter 3 using the techniques described in Section 1.5 and Section 3.2; a 

process not yet attempted using ANHs, allowing mechanistic insight towards the 

reactivity of a key intermediate in CO2 reduction to methanol, as proposed in Section 1.4. 

In addition, the ability to electrochemically generate a DHP species under CO2 reducing 

conditions in ANH-containing solutions with simultaneous methanol generation is 

detailed in Chapter 3, utilizing techniques described in Section 1.5 and Section 3.2. These 

results should provide key insights as to the role ANHs and DHPs play in the CO2 

reduction mechanism under electrochemically reducing conditions, as well as elucidate 

the rate-limiting step of ANH-based electrochemical CO2 reduction to methanol. Lastly, 

Chapter 4 will summarize key findings of this thesis and offer an outlook as to the 

direction of further progress. 

 
Figure 1.12. Benzannulated pyridines and dihydropyridines investigated as additives 
for electrochemical CO2 and HCOOH reduction in this work. Taken from Reference 
[67]. Copyright 2017 American Chemical Society. 
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Chapter 2: Electrochemical Reduction of Carbon Dioxide to 
Methanol in the Presence of Benzannulated Dihydropyridine 
Additives (Adapted from Reference [67]) 
 

2.1 Introduction. 

Despite their prominence in computed mechanisms, the ability of isolated DHPs 

to facilitate methanol production in a fashion similar to that of parent ANHs has not been 

tested to date. We hypothesized that if DHPs are to be competent intermediates, they 

should exhibit activities comparable to those of their parent ANHs. Compared with 

pyridine (1) and quinoline (2), phenanthridine (3) and acridine (4) offer the ability to 

form more easily isolable (less reactive) dihydro-species 3-H2 and 4-H2 (Figure 2.1). In 

addition, as 3-H2 and 4-H2 exhibit ortho and para positions for DHP formation, the 

relative activity of 1,2- and 1,4-DHPs towards CO2 reduction can be determined. 

Computational studies by Carter et al. investigating electrochemical DHP formation 

predicted that while the 1,4-DHP is more thermodynamically stable, the 1,2-DHP is the 

active species for CO2 reduction based on the steric interactions at p-GaP surfaces.54b, 57-58 

Scanning-tunneling microscopy (STM) of 1 adsorbed on p-GaP confirms this hypothesis, 

where both the 1,2-DHP and the 1,4-DHP had the ability to form on the surface.68 

 
Figure 2.1. Benzannulated pyridines and dihydropyridines investigated as additives 
for electrochemical CO2 reduction in this work. Taken from Reference [67]. 
Copyright 2017 American Chemical Society. 
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Furthermore, the hydricity, or ability to donate a hydride to a substrate, of the 

DHPs 3-H2 and 4-H2 also differ. The calculated hydride nucleophilicity (N) of 3-H2 (N ~ 

8.1) is found to be comparable to that of Hantzsch’s ester (N = 9.00), while the hydride 

nucleophilicity of the N-methyl derivative of 4-H2, 10-methyl-9,10-dihydroacridine, was 

experimentally determined to be lower (N ~ 5.54).55b As a comparison, the hydride 

nucleophilicity of 1,2-1-H2 is predicted to be around 11.4, indicating that 1-H2 is the 

strongest proposed hydride donor used in this work towards CO2 reduction. Quinoline (2) 

was predicted to also exhibit CO2-reducing characteristics based on the work by Keith 

(see Chapter 1, Figure 1.8), and was also investigated in this work to observe the effect 

pyridine benzannulation has on CO2 reduction efficiency and product distribution. The 

hydride nucleophilicity of ortho-1,2-dihydroquinoline (2-H2) is reasoned to be 

intermediate between that of ortho-1,2-dihydropyridine (1-H2) and 1,2-

dihydrophenanthridine (3-H2). This is on the basis that the remaining olefinic subunit in 

the partially hydrogenated ortho-2-H2 retains conjugation with an intact aromatic benzo 

ring and is therefore stabilized with respect to the diene fragment of 1-H2.  

The reactivity of the isolated C=N bond toward hydrogenation in 3 is highlighted 

by the fact that the “imine-bridged, biphenyl” resonance contributor dominates the 

ground-state structure of 3, in accordance with Clar’s postulate.69 3-H2 has been used in 

the transfer hydrogenation of C=O bonds in α-ketoesters under acidic conditions, 

indicating that it might also participate in the reduction of CO2.70 Combined with the 

calculated or experimental hydride nucleophilicities of the rest of the series, the order of 

decreasing hydride donor ability can be estimated as 1-H2 > 2-H2 > 3-H2 > 4-H2. Thus, 

isolated DHPs [1,2-dihydrophenanthridine (3-H2) and 9,10-dihydroacridine (4-H2)] were 
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screened as additives in electrochemical CO2 reduction at both Pt and glassy carbon 

electrodes (GCEs), with comparison to the parent ANHs 1-4.  

2.2 Experimental 

2.2.1 Materials 

All chemicals and reagents were used as received unless otherwise noted. 

Solutions for electrochemical experiments were made using MilliQ water (18.2 Ω⋅cm) 

and HPLC grade CH3CN, with LiClO4 (98%, Sigma) as the supporting electrolyte. 

Pyridine (1, 98%, Fisher Scientific), quinoline (2, 99%, Acros Organic), phenanthridine 

(3, 98%, Acros Organic) and acridine (4, 98%, Alfa Aesar) were used as received in 1 to 

10 mM concentrations in non-aqueous (CH3CN), and mixed solutions (60% (v:v) H2O 

/CH3CN). Perchloric acid (HClO4) was used as received in 3 to 1000 mM concentrations. 

The pH of the solutions investigated under Ar was adjusted using HClO4 to the pH 

observed for identically constituted solutions under CO2 atmosphere. LiAlH4 (Sigma) and 

diethyl ether were used as received for synthesis of DHP-species 3-H2 and 4-H2. 

Tetrahydrofuran (THF) was dried using sodium wire (benzophenone indicator) prior to 

use. 

2.2.2 Synthetic Methods 

 
Synthesis of 1,2-Dihydrophenanthridine (3-H2) 

The synthesis of 1,2-dihydrophenanthridine (3-H2) was adapted from a previous report.71 

In brief, a nitrogen-purged solution of LiAlH4 (0.508 g, 13.4 mmol) in THF (7 mL) was 

added drop-wise to a solution of 3 (0.400 g, 2.22 mmol) in THF (10 mL) under nitrogen, 

and the resulting green mixture stirred at room temperature for 16 hours. The solution 

was then cooled to 0 °C and 7 mL of argon-purged water was added. The mixture was 
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kept at this temperature for one hour then warmed to room temperature, at which point 

any solid was filtered off and the filtrate dried to give a yellow white powder. Yield = 

0.350 g (87%, 95% pure, Figure 2.2). 1H NMR (300 MHz, CD3CN, 22 °C): 7.50 (t, 2H, 

JHH = 7.5 Hz), 7.11 (t, 1H, JHH = 7.5 Hz), 7.03 (overlapped doublets, 1H, JHH = 7.5 Hz, 

1.5 Hz, Ar CH), 6.96 (d, 1H, JHH = 7.5 Hz, Ar CH), 6.89 (m 1H, Ar CH), 6.58 (m, 1H, Ar 

CH), 6.51 (d, 1H, JHH = 7.6 Hz, Ar CH), 4.48 (broad, 1H, NH), 4.12 ppm (singlet, 2H, 

CH2). 

 
Figure 2.2. 1H NMR spectrum (CD3CN) of 3-H2. Residual solvent peaks are 
indicated. Taken from Reference [67].  Copyright 2017 American Chemical Society. 

Synthesis of 9,10-Dihydroacridine (4-H2) 

 The synthesis of 9,10-dihydroacridine (4-H2) was conducted using the same 

procedure as for 3-H2. A nitrogen-purged solution of LiAlH4 (0.384 g, 10.1 mmol) in 

THF (10 mL) was added drop-wise to a solution of 4 (0.400 g, 2.23 mmol) in THF (10 

mL) under nitrogen, and the resulting green-grey solution stirred at room temperature for 
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16 h. At this point, 6 mL of argon-purged water was added drop-wise to the solution at 0 

°C, and the mixture kept at this temperature for 1 h prior to warming to room 

temperature. Argon-purged diethyl ether (75 mL) was used to extract the organic product 

and dried, providing a yellow-white powder. Yield = 0.176 g (44% isolated, 100% NMR 

conversion, see Figure 2.3). 1H NMR (300 MHz, CD3CN, 22 °C): 7.06 (t overlapping, 4 

H, JHH = 7.8 Hz), 7.04 (broad singlet overlapping, 1 H), 6.81 (t, 2 H, JHH = 7.5 Hz), 6.74 

(d, 2H, JHH = 7.5 Hz), 4.00 ppm (singlet, 2H). 

 
Figure 2.3. 1H NMR spectrum (CD3CN) of 4-H2. Residual solvent peaks are 
indicated. Taken from Reference [67].  Copyright 2017 American Chemical Society. 

2.2.3 CV Experiments 

 CV experiments were performed on a CHI 760c bipotentiostat at scan rates of 50-

800 mV s-1 using freshly polished (with 0.05 µm alumina paste) Pt or glassy carbon 

(GCE) disc working electrodes, a Pt wire counter electrode, and a Ag/AgCl aqueous 
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quasi-reference electrode. Ferrocene (FcH) was added as an internal standard to each 

solution upon completion of all cyclic voltammetry experiments, allowing potentials to 

be referenced to the ferrocene/ferrocenium (FcH0/+) redox couple. To account for the use 

of a mixed solvent system, any shift of the FcH0/+ redox couple due to the CH3CN/H2O 

ratio employed relative to SCE was considered, as previously described.72 In the 60% 

(v:v) H2O/CH3CN solution used, the shift of the FcH0/+ redox couple placed the redox 

potential at +0.24 V vs. SCE. For the electrochemical characterization of 3-H2 and 4-H2, 

an air-tight electrochemical cell was employed to prevent ambient oxidation of the DHPs, 

with a graphite rod counter electrode and a Ag/AgCl quasi-reference electrode. 

2.2.4 Bulk Electrolysis Experiments 

 Bulk electrolyses were conducted using a Pt mesh electrode (125 cm2) and a 

reticulated vitreous carbon (RVC) electrode (~ 700 cm2) with CO2 constantly bubbled 

into the solution (1 atm) and the solution stirred, with a Ag/AgCl quasi-reference 

electrode (total volume of 90 mL). A graphite rod was used as the counter electrode to 

prevent reoxidation of any CO2-reduced species produced at the working electrode, and 

was stored in a glass-fritted tube.73 A potential of -0.50 V vs. Ag/AgCl (-0.75 V vs. 

FcH0/+) at Pt mesh, and –0.95 V versus Ag/AgCl (-1.20 V vs. FcH0/+) at a RVC electrode, 

was applied for all ANHs investigated for approximately 10 000 s, resulting in 15-30 C of 

charge being passed in each experiment.  
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2.2.5 Product Analysis 

NMR Characterization Protocol 

NMR Technique for Synthetic Products 

For analyses of isolated, synthetic products, NMR experiments were performed on a 300 

MHz NMR spectrometer (Bruker) on 5-30 mg of the product in 0.6 mL CDCl3 or 

CD3CN. 

NMR Technique for Electrolyzed Solutions. 

Due to the relatively low concentrations of carbon-containing species produced, 

1H NMR spectroscopic analyses were performed on a 500 MHz spectrometer (Bruker) 

using aliquots (0.6 mL) taken directly from the electrolyzed solution and mixed with 0.06 

mL D2O, using a pulse-sequence suppression of the water (~4.7 ppm) and acetonitrile 

(~2.4 ppm) peaks, with a delay time of 3.0 s, a 12 µs pulse width, and 0.82 s acquisition 

time. Standard solutions of methanol (~3.4 ppm) and formic acid (8.5 ppm) were used to 

determine the peak positions under these conditions, with a large suppression in the 

integrals of the methanol peak relative to the formic acid peak observed under the NMR 

experimental conditions employed (see Appendix, Figure A1). As such, methanol 

quantification was not conducted using 1H NMR. ANHs 1-4 also exhibit resonances that 

overlap with formic acid, with the formic acid peak occurring in the range of 8.2-8.7 

ppm, precluding accurate identification and quantification by 1H NMR spectroscopy. 

 

GC-FID Characterization Protocol 

Methanol quantification was conducted using Gas Chromatography with Flame 

Ionization Detection (GC-FID). Before GC analysis, the electrolyzed solution was 

desalted using a bulb-to-bulb transfer to allow injection into the GC. A 1.0  µL aliquot of 
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the desalted solution in a 50/50 split was injected into the GC, with the headspace heated 

to 250 °C and a CP-Sil 8 CB Chrompack column heated at 120 °C for 1 min, raised to 

150 °C over 2 min, and maintained for another 4 min, at a flow rate of 1 mL/min. 

Methanol content was determined by analyzing the peak produced at a retention time of 

2.92 min in the chromatogram using CompassCDS 3.0 Software (Bruker) (solvent peak 

arises at 3.0 min). A linear baseline correction was used for all GC-FID peak integrations 

conducted in this work, with the peak area determined for each sample to be in the range 

of 0.2-4.0 µV*min, and with an error of 0.1 µV*min (corresponding to integrating the 

noise in the blank samples at 2.92 min, 4-50% of the corresponding peak area in the bulk 

electrolysis samples) from the integration method used. To ensure no residual methanol 

arose from the bulb-to-bulb transfer or the bulk electrolysis procedure, bulk electrolysis 

of control solutions with no ANH/DHP added were subjected to the bulb-to-bulb transfer 

protocol and run using the same GC-FID method, with no discernable signal registered 

(Figure 2.16).  

 

GC-MS Characterization Protocol 

Prior to GC analysis, the electrolyzed solution was desalted using a bulb-to-bulb 

transfer to allow injection into the GC. A 1.0  µL aliquot of the desalted solution in a 

50/50 split was injected into the GC, with the headspace heated to 250 °C and a CP-Sil 8 

CB Chrompack column heated at 120 °C for one minute, raised to 150 °C over two 

minutes, and maintained for another four minutes, at a flow rate of 1.0 mL/min. The M/Z 

region investigated was +30-34 Da, allowing observation of the methanol content in each 

sample. 
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LC-MS Characterization Protocol 

Identification and quantification of formate content was conducted using Liquid 

Chromatograph-Mass Spectrometry (LC-MS). In brief, a 20.0 µL aliquot of the 

electrolyzed solution, without any pretreatment, was injected into the LC and passed 

through an Aminex HPX-87H column at 40 °C at 0.5 mL/min. Analysis of the formate 

content was conducted through analysis of the signal at M/Z = -45 Da on a QTrap LC-

MS. Methanol detection could not be conducted due to the insensitivity of our LC-MS 

method to the low concentrations of methanol generated by bulk electrolysis. 

 

Determination of the pKa of 1-4 

The determination of the pKa for the conjugate acid of 1-4 was determined using a 

weak base-strong acid titration, with HClO4 acting as the strong acid. The acid solution, 

prepared in a 60% (v:v) H2O/CH3CN solution, was added to 10 mM 1-4 in 60% (v:v) 

H2O/CH3CN in 0.1 mL increments, with the pH of the solution determined using an 

Accumet benchtop pH meter. Once the equivalence point was determined, the pKa was 

taken as the pH value where half the acid needed for the equivalence point was added. 

 

2.3 Results. 

2.3.1 CV Results 

CVs of ANHs 1−4 at Pt in the absence of CO2 but under similar acidic conditions 

(i.e., at the pH observed in saturated CO2 solutions, resulting from the formation of a 

buffered H2CO3/HCO3
-) show a quasi-reversible reduction at ca. −0.7 V vs. FcH0/+ 
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(Figure 2.4). Introduction of CO2 to the ANH solution results in an increase in the current 

observed on the CV timescale for 1−3 (Figure 2.4), though only for 1 and 2 is the 

enhancement above the sum of the background currents (JANH/[ANH‑H]+ + JCO2) at the scan 

rates employed (Table 2.1; compare columns 3 and 5). In aqueous solution, increased 

cathodic current for solutions of 1 in the presence of CO2 was detected only at scan rates 

less than 10 mV s−1.43a For 3, the enhancement is not significant compared to the sum of 

the background currents (J3/[3‑H]+ + JCO2). At the scan rates employed (100 mV s-1), this 

current enhancement is likely a result of the presence of dissolved CO2/H2CO3 in 

solution, augmenting the available protons that can undergo proton reduction, increasing 

the current observed.48 In the case of 4, no current enhancement was observed, but 

instead a 50 mV anodic shift in the redox potential was observed. This could again result 

from the presence of a H2CO3/HCO3
- buffer, helping stabilize the reduction process 4 

undergoes. 

In a recent study, Rybchenko et al. confirmed that, in addition to methanol 

production, hydrogen evolution is the dominant electrochemical reaction in 1-containing 

aqueous electrolyte solution at Pt, even under high CO2 pressure.47 Methanol production 

with %FE of up to 10% for the first 5−10 C cm−2 can be reproducibly detected but only 

after one hour of electrolysis. As a result, only a small to negligible current enhancement 

is expected on the CV time scale (milliseconds to seconds) for CO2 reduction in the 

presence of ANH additives chemically similar to 1. 
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Table 2.1. Peak Current Values for the ANH/[ANH-H]+ Couple under Ar and CO2. 
ANH JANH/[ANH-H]+ 

(mA cm-2) 
JCO2+ANH  

(mA cm-2) 
JCO2  

(mA cm-2) 
JANH/[ANH-H]+  

+ JCO2  
(mA cm-2) 

1 -0.48 -1.1 -0.20 -0.68 
2 -0.45 -0.76 -0.20 -0.65 
3 -0.20 -0.43 -0.20 -0.40 
4 -1.0 -1.0 -0.20 -1.2 

 

 
Figure 2.4. CVs. 1 atm CO2 (black); under Ar in acid (red); and CO2 alone (1 atm, 
blue) for 10 mM of (a) 1, pH = 5.5; (b) 2, pH = 5.3; (c) 3, pH = 5.2; (d) 4, pH = 5.7. 
ν = 100 mV/s; 0.1 M LiClO4, Pt disc; Potential vs. FcH0/+. Taken from Reference 
[67]. Copyright 2017 American Chemical Society. 

To determine if the process observed for the ANHs was due to a ‘weak acid’ 

mechanism at the CV timescale, the reduction potential, E1/2, was compared to the 

experimentally determined pKa of the ANHs. Previous studies examining the dependence 

of the reduction potential observed on the derivative of pyridine used have observed a 

linear relationship between E1/2 and the pKa of the pyridine derivative used, with a slope 
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of -60 mV/[unit pH], and an intercept at the thermodynamic potential for proton 

reduction.51 Similarly, a linear correlation is observed between E1/2 and ANH pKa (Figure 

2.5a), with a slope of −0.054 V/[unit pH], indicating the ‘weak acid’ relationship 

observed in water is preserved in the mixed CH3CN/H2O solvent used. As a mixed 

solvent system was used, and the potentials referenced to FcH0/+, the intercept is shifted 

from the value determined vs. SCE due to the overpotential required to dissolve H2 from 

the Pt surface into the mixed water/acetonitrile mixture (Esolvent).66 For accurate 

comparison with reduction potentials of 1/[1-H]+ taken from the literature,51 the 

dependence of the ferrocene redox couple on water content in acetonitrile had to be taken 

into account, allowing an accurate comparison of the predicted redox potentials in water 

to the experimentally obtained values in the CH3CN/H2O mixture, shown in Table 2.2 

referenced to SCE.72 This was conducted to ensure no alteration in the reduction process 

at the CV timescale was occurring. The E1/2 values observed for ANHs 1, 2, and 4 in 

Table 2.2 all agree with the values predicted using pKa’s in pure water (and in the case of 

1, with the reported experimental values); while 3 shows a large change in acidity 

moving from water to the solvent mixture used, and accordingly the E1/2 observed for 3 is 

more anodic than predicted using the pKa of 3 in pure water. The change in acidity could 

be a result of preferential solvation due to the poor solubility of 3 in water, leading to a 

low formation of the conjugate acid of 3, lowering its apparent pKa more than that 

observed for 1, 2 and 4.74  
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Table 2.2. Experimental (CV) and predicted values for the reduction potential of ANHs 
at a Pt electrode in aqueous solution. Copyright 2017 American Chemical Society. 

Compound pKa(H2O) pKa(CH3CN/H2O) E1/2
a(H2O) / 

V 
E1/2

a 
(CH3CN/H2O) 

/ V 
1 5.15 4.5 -0.56 -0.56 
2 4.92 4.0 -0.54 -0.53 
3 5.58 3.6 -0.58 -0.49 
4 5.58 4.4 -0.58 -0.55 

a Referenced to SCE. 

 
Figure 2.5. (a) Plot of E1/2 at pH = pKa (Pt) vs. pKa for 1-4. Potential vs. FcH0/+. 
Randles-Sevcik plots for the ANHs 1-4 under (b) Ar (same pH as under CO2) and (c) 
CO2 (1 atm). 0.1 M LiClO4, Pt disc electrode. Adapted from Reference [67]. 
Copyright 2017 American Chemical Society. 

To determine if the reduction event in Figure 2.4 was a result of a solution-based 

or surface-based process, the scan rate dependence was determined based on Randles-

Sevcik plots, shown in Figure 2.5 (b) and (c) for Pt surfaces under Ar and CO2. In both 

cases, the reduction process was determined to be solution-based, with the current 

showing a square-root dependence on the scan rate. Furthermore, the reduction process 

under CO2 showed no peak current saturation with the scan rate, indicating that it is 
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unlikely that an electrocatalytic event involving the ANH is occurring at these timescales 

or is a minor contributor to the current response (see Chapter 1, Section 1.5.1).64b 

Previous studies involving 1 have also shown diffusion control under acidic and CO2 

conditions, with the reduction couple associated with the 1e- reduction corresponding to 

the ANH/[ANH-H]+ couple, resulting in the ANH and a surface adsorbed hydride Hads.43, 

51 

CVs were next conducted using a GCE, which is a less reactive electrode material 

than Pt in regards to proton reduction of weak acids and therefore Hads formation.46, 75 

CVs carried out in acid and under CO2 show a cathodic shift in Epeak for all ANHs (~ -1.5 

V under CO2), but not by a commensurate amount as would be expected from a weak 

acid reduction mechanism (Figure 2.6). Furthermore, 4 deposited onto the electrode upon 

reduction in acid. 1H NMR of the material deposited confirms the identity of acridinium 

as the main deposition species, with no polymerized species observed (see Appendix, 

Figure A3). Pyridinium has been reported to form an insulating film after one reductive 

scan on GCE in pure CH3CN.64a Only 4 was observed to form a noticeable film upon 

reduction under CO2 in this work. Thus, the importance of a ‘weak-acid’ mechanism at 

the GCE surface has been superceded by other electrochemical mechanisms, such as 

surface interactions (deposition) or π-based reduction.46, 75  
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Figure 2.6. CVs of 10 mM (a) 1, (b) 2, (c) 3 and (d) 4 in 40% v/v CH3CN/H2O under 
acidic conditions (pH = 5.5, 5.3, 5.2, 5.7 respectively) (black) and CO2 using a GC 
disk electrode, 0.1 M LiClO4. Scan rate 100 mV/s. All potentials referenced to 
FcH0/+. Film deposition observed for 4 after 1 CV scan under CO2. Taken from 
Reference [67]. Copyright 2017 American Chemical Society. 

To probe the influence of water on the CO2 reduction process43b, 55b, 76 while 

simultaneously increasing the amount of absorbed CO2 gas in solution, dry CH3CN was 

used as the electrolyte solvent, with 0.5 equivalents of HClO4 added to the solution to 

provide an appropriately acidic environment. As no water was present in the solvent, the 

pH of the solution could not be determined. However, the addition of 0.5 equivalents of 

strong acid should result in a 1:1 mixture of ANH:[ANH-H]+, creating an acidic 

environment similar to that formed under CO2 in purely aqueous conditions (~4:1 

ANH:[ANH-H]+). CVs of 1-4 under these conditions are shown in Figure 2.7, where no 



	 48	

enhancement in the current was observed under CO2 atmosphere. Instead, a decrease in 

the reduction peak current and a cathodic shift in Epeak is observed for 1-4. Acridine (4) 

also exhibited an irreversible deposition process under these conditions. Bulk electrolyses 

did not yield observable CO2 reduction products (Eapplied = -0.9 V vs. FcH0/+) or DHP 

formation, indicating that proton reduction and deposition processes dominate the 

reduction current at the Pt electrode surface in the absence of water.43b 

 
Figure 2.7. Cyclic voltammograms of 10 mM (a) 1, (b) 2, (c) 3 and (d) 4 in 5 mM 
HClO4 0.1 M LiClO4 CH3CN under Ar (red dashed) and CO2 (black). Scan rate of 
100 mV s-1, Pt disk electrode. All potentials referenced vs. FcH0/+. Taken from 
Reference [67]. Copyright 2017 American Chemical Society. 

CVs of DHPs 3-H2/4-H2 in the absence of CO2 show no reductive events in initial 

cathodic scans of neutral or acidic solutions at Pt or GCE (Figure 2.8). Cathodic current 
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can be observed after cycling through a 2e−/ 2H+ electrochemical oxidation (0.3−0.5 V 

vs. FcH0/+) (Figure 2.8), similar to other reported values for the oxidation of 

dihydrophenanthridine species.77 To ensure proper assignment and to ensure that the 

oxidation process was not due to the presence of ANH, the CV of ANH oxidation under 

the same conditions was conducted, with no significant oxidation peak registered (see 

Appendix, Figure A4). This new reductive event is in the same E1/2 range as the reduction 

of 3 in acidic conditions, and is thus accordingly assigned to the reduction of newly 

formed [3-H]+/[4-H]+ in solution following oxidation of the DHP.77 

 
Figure 2.8. CVs. of 10 mM 3-H2 and 4-H2 under Ar at pH = 5.5 at (a,b) Pt and (c,d) 
GCE, with growth of a reduction wave after oxidation of the DHP-species. Scan rates 
of 100 mV/s; 0.1 M LiClO4; all potentials referenced vs. FcH0/+. Taken from 
Reference [67]. Copyright 2017 American Chemical Society. 
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Introduction of CO2 at Pt electrodes results in the appearance of an irreversible 

reduction at −0.8 V vs. FcH0/+ when the potential is initially swept from the open circuit 

potential for 3-H2, with a large current enhancement compared to the initial cathodic scan 

under acidic conditions (Ar) and for a CO2 saturated solution without any 3-H2 present 

(Figure 2.9), indicative of an additional electrochemical event.48, 64b, 65 The current 

enhancement for 3-H2 under CO2 is 5-fold larger in magnitude with a 25% increase in the 

total current passed under CO2 compared to its parent ANH 3. No current enhancement 

above the background currents was observed for 4-H2 under CO2, similar to 4. Thus, 

from the CV experiments, it appears that the 1,2- orientation of the DHP is more reactive 

towards CO2 reduction than the 1,4- orientation, as predicted by Carter when 

investigating the ability of DHPs to reduce CO2 at GaP electrodes.54b, 57 At GCE surfaces, 

a cathodic shift in the E1/2 was observed similar to the ANH-based solutions, with 

reduction peaks observed at -1.2 V vs. FcH0/+ (Figure 2.9). No apparent current 

enhancement was observed, however, potentially due to a slower reduction mechanism at 

RVC surfaces. Thus, at the potentials applied in the bulk electrolysis reactions, DHPs 3-

H2/4-H2 exhibit an appreciable current response by CV at the scan rates examined only in 

the presence of CO2 and at Pt surfaces. 
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Figure 2.9. CV comparison of the first scans of CO2 alone (blue dash), 3-H2/4-H2 
under Ar (red), and under an atmosphere of CO2 (black) at (a, b) Pt and (c, d) RVC 
electrodes. Scan rates of 100 mV/s; 0.1 M LiClO4; Potential vs. FcH0/+. Adapted 
from Reference [67]. Copyright 2017 American Chemical Society. 

2.3.2 Bulk Electrolyses 

Bulk electrolyses were conducted to quantify yields of liquid fuel candidates 

methanol and formate. Potentiostatic electrolyses were used to ensure selectivity of the 

reductive processes, with Eapplied and the charge passed chosen based on previously 

reported optimizations for 147 with a shift in the potential scale versus FcH0/+ due to the 

use of a mixture of solvents taken into account for accurate comparison of Eapplied.72 The 

Eapplied = −0.75 V vs. FcH0/+ used for experiments at Pt is at the onset of the reduction 
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peak observed by CV for all the ANHs under CO2, while for RVC electrodes, Eapplied = 

−1.20 V vs. FcH0/+ at the onset of the reduction peaks observed in CVs of 1−3 at GCEs. 

Representative controlled potential electrolysis (CPE) plots for ANH-based 

reduction at Pt and RVC surfaces are shown in Figure 2.10. While the overpotential 

applied was greater at RVC electrodes relative to Pt electrodes, the same amount of 

charge is passed, allowing for comparison of product formation at both surfaces. Multiple 

runs are shown for 1-4, indicating the reproducibility of the same operational conditions. 

Interestingly, 4 saturates at 15-16 C at Pt surfaces, with surface deposition of acridine 

again observed (Figure 2.10h). This charge corresponds to 0.2 e- passed per acridine 

molecule present, and is assigned to being involved in proton reduction or CO2 reduction 

before acridine passivates the electrode surface. A similar current saturation was also 

observed for 3 at RVC electrodes, where again, the number of passed electrons is sub-

stoichiometric to the amount of 3 present in solution. However, no film deposition of 3 

was observed. Due to the significant deposition of 4 observed in CV experiments, bulk 

electrolyses of 4 at RVC electrodes were not conducted. 
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Figure 2.10. Representative plots of charge passed during bulk electrolyses of (a) 1, 
(b) 2, (c) 3, (d) 4 under Ar (red-dashed) and CO2 (black traces) at a Pt mesh 
electrode. 0.1 M LiClO4, Eapplied = -0.75 V vs. FcH0/+. Representative plots of charge 
passed during bulk electrolyses of (e) 1, (f) 2, (g) 3 under CO2 at a RVC mesh 
electrode. 0.1 M LiClO4, Eapplied = -1.20 V vs. FcH0/+. (h) Film deposition of 4 after a 
potentiostatic bulk electrolysis at a Pt mesh electrode under CO2. 0.1 M LiClO4, 
Eapplied = -0.75 V vs. FcH0/+. Adapted from Reference [67]. Copyright 2017 
American Chemical Society. 
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To determine if additional current associated with CO2 reduction was being 

observed, solutions of 2 and 3 were run under the same pH conditions (pH ~ 5) without 

CO2 present. As shown in Figure 2.10, no current enhancement is seen. Rather, in the 

case of 2, less charge is passed in the presence of CO2 versus under acid alone. This 

could be due to a competition between CO2 reduction and proton reduction at the 

electrode surface, where the reduction of CO2 is kinetically slower than proton reduction, 

resulting in less charge being passed. Regardless, the majority of the charge in the case of 

the ANHs is attributed to proton reduction and adsorption of the ANH to the electrode 

surface. 

Using the same CO2 reducing conditions as the ANHs, bulk electrolyses of DHPs 

3-H2 and 4-H2 were also conducted at Pt and RVC electrodes, with the CPE plots shown 

in Figure 2.11. As 4 was found to significantly deposit on RVC surfaces, 4-H2 was not 

run on RVC electrodes for bulk electrolysis purposes. Relative to the ANH CPE plots, 

less overall charge is passed. This can be explained by simply looking at the CVs 

(Figures 2.4 and 2.9), where the relative currents of the ANHs are larger than that of the 

DHPs, as they can more readily undergo a weak-acid reduction mechanism, whereas the 

DHPs cannot. To ensure that the charge being passed in the presence of the DHPs was 

not simply due to background processes, 3-H2 was electrolyzed in a solution under the 

same pH without CO2 present at Pt surfaces. As shown in Figure 2.11, a significant 

enhancement in the charge passed is observed under CO2, double the amount of charge 

passed under acidic conditions alone at the same timescale, indicating that an 

electrocatalytic event is likely occurring under these electrolytic conditions. 
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Figure 2.11. (a) Charge passed in bulk electrolyses of 10 mM 3-H2 (Eapplied = -0.75 V 
vs. FcH0/+, Pt mesh electrode) under Ar (red dash) and two separate runs under CO2 
(black traces); Representative CPE plots for (b) 10 mM 4-H2 (Eapplied = -0.75 V vs. 
FcH0/+, Pt mesh electrode) and (c) 10 mM 3-H2 (Eapplied = -1.20 V vs. FcH0/+, RVC 
mesh electrode). 0.1 M LiClO4. Adapted from Reference [67]. Copyright 2017 
American Chemical Society. 

As a preliminary identification of the species resulting from ANH-based CO2 

electrochemical reduction, 1H NMR spectra were collected for ANH/DHP containing 

electrolyzed solutions, with representative plots shown in Figures 2.12 and 2.13 for Pt 

and RVC surfaces. For observation of the ANH/DHP peaks as well as to qualitatively 

determine methanol content in electrolyzed solutions, a solvent suppression process was 

used, whereby the water and acetonitrile signals are suppressed during data collection. To 

determine if quantification of methanol could be conducted, a standard solution of 

methanol was used in the same solvent system and suppression method, with the 

methanol peak (~3.5 ppm) also being suppressed under these conditions in relation to the 

formic acid signal (see Appendix, Figures A1-A2). As such quantification of methanol 

content was not conducted. Trace amounts of methanol can be observed (singlet at ~3.5 

ppm), indicating that CO2 reduction may be occurring under the applied conditions. To 

ensure that the methanol observed was not due to some contaminant or background 

process not involving the ANH/DHP, bulk electrolysis under the same conditions was 

also conducted without any ANH/DHP present, with no methanol peak observed (see 
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Appendix, Figure A2). As no degradation of the ANH was observed via 1H NMR, it can 

be concluded that the methanol observed is in fact a result of ANH/DHP-based CO2 

reduction.  

 
Figure 2.12. Representative 1H NMR spectrum of an aliquot taken from bulk 
electrolysis by 1 under CO2 at (a) Pt and (b) RVC electodes. Methanol, pyridine, 
water, and acetonitrile peak positions indicated on the spectrum. Adapted from 
Reference [67]. Copyright 2017 American Chemical Society. 
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When the DHP solutions are analyzed, conversion to the ANH is observed, with 

the DHP still the majority species in solution. Since the DHP is still relatively intact, it is 

likely that the DHP (rather than freshly formed ANH) is the major contributor to CO2 

reduction in these solutions (Figure 2.13). The observed methanol and formic acid are 

therefore not simply products of an ANH-mediated process resulting from conversion of 

the DHP to its parent ANH under the conditions employed. To ensure that this 

conversion to the ANH is not simply due to the acidic conditions or applied potentials 

used, the DHP was electrolyzed under similarly acidic conditions without CO2 present. 

Only a small amount of the DHP was found to convert to the ANH (10% by NMR 

integration) under the similar acidic conditions as under CO2, where up to 60% of the 

DHP was converted to the ANH (Figure 2.14). Thus, the majority of the decomposition 

of the DHP to the ANH is a result of the combination of an applied potential and 

presence of CO2. 
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Figure 2.13. Representative 1H NMR spectrum of an aliquot taken from a bulk 
electrolysis by 3-H2 at (a) a Pt electrode and (b) a RVC electrode under CO2. No 
methanol is observed in the Pt electrolysis, with overlapping aromatic peaks 
obscuring the formic acid region. Peaks corresponding to 3 and 3-H2 are indicated. 
Adapted from Reference [67]. Copyright 2017 American Chemical Society. 
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Investigating the ANH peaks in the ANH-containing electrolyzed solutions, no 

formation of the DHP was observed under CO2 reducing conditions. To try and isolate 

the DHP species rather than have it potentially react with CO2, 3 was electrolyzed under 

the same pH conditions (pH = 5.5). No peaks corresponding to a DHP being formed were 

observed by 1H NMR when the organic species were extracted from the solution (Figure 

2.14). All the aromatic peaks observed (6-10 ppm) correspond to 3, with no 3-H2 

generated. This agrees with surface studies of the electrochemical reduction of the ANH 

under acidic conditions and under CO2, where no DHP generation was observed by SERS 

or surface-based IR-spectroscopic techniques.43b, 56 Furthermore, no methanol was 

observed under these applied conditions, consistent with the methanol observed resulting 

from CO2 reduction. 
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Figure 2.14. (a) 1H NMR spectrum of 3 after bulk electrolysis at Eapplied = -0.75 V 
vs. FcH0/+ with 0.2 equivalent HClO4, at a Pt electrode. No peaks corresponding to 3-
H2 are observed. Residual solvent peaks are indicated. (b) Comparison of bulk 
electrolysis of 3-H2 under Ar (blue, top) and CO2 (red, bottom) at -0.75 V vs. FcH0/+, 
at a Pt electrode, for 10 000s. 0.1 M LiClO4. Peaks corresponding to 3 and 3-H2 are 
indicated. Adapted from Reference [67]. Copyright 2017 American Chemical 
Society. 
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 Confirmation of methanol content in bulk electrolyzed solutions was conducted 

using GC-MS and GC-FID on desalted solutions (Procedure in Section 2.2). To initially 

identify the presence of methanol in solution, GC-MS was conducted, with the 

chromatogram and mass spectra shown in Figure 2.15. Due to the co-elution of oxygen 

(M/Z = +32 Da) with methanol, we hesitated to quantify methanol content using GC-MS. 

However, the M/Z spectra corresponding to methanol is observed (isotopic peaks 

observed at 30.1 Da, 30.9 Da, 31.9 Da, and 33.1 Da), overlaid with the mass spectra of 

oxygen, indicating that methanol is in fact being produced under the CO2 reducing 

conditions employed. 

 
Figure 2.15. (a) GC-MS chromatogram and (b) MS signal corresponding to 
methanol peak in chromatogram from a bulk electrolysis sample of 3 under CO2. An 
increase is observed in the peak at M/Z = +31.9 Da due to the presence of oxygen. 
Taken from Reference [67]. Copyright 2017 American Chemical Society. 

 For quantification of methanol content, GC-FID on bulk electrolyzed samples was 

conducted, with the retention times determined using standard solutions of methanol in 

similar solvent mixtures (see Appendix, Figure A5). To address concerns over the 

sensitive nature of this analytical technique to pre-treatment of the instrument48, 61 and the 

low concentrations generated from bulk electrolysis, a CH3CN/H2O blank mixture was 

passed through the column in quintuplicate before and after analyses of electrolysis (run 
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first) and standard solutions, respectively. The GC-chromatograms for bulk electrolyzed 

solutions at Pt and RVC surfaces are shown in Figure 2.16. As can be seen, while 

methanol is observed, it is in low amounts (10-250 µM), with the acetonitrile peak 

occurring shortly after. Furthermore, there is a reduction in the amount of methanol 

generated from bulk electrolyses conducted at RVC surfaces in comparison to the Pt 

surfaces while still passing the same amount of charge, indicating that a secondary 

process is likely becoming more prominent at RVC surfaces. 

The largest component of the error in the reported values based on GC-FID is 

attributed to sample-to-sample reproducibility in bulk electrolysis rather than the 

detection limit or consistency of the instruments used. No increase or decrease in 

methanol content was observed over a storage period of three months. To ensure that the 

methanol observed was not due to some impurity that could not be observed under 1H 

NMR, electrolyzed solutions without ANH/DHP present were put under the same 

conditions, with no methanol peak occurring, again confirming that methanol is a result 

of the electrolysis of ANH/DHP under CO2 reducing conditions. 
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Figure 2.16. GC-FID traces of de-salted samples from bulk electrolyses of (a) blank, 
(b) 1, (c) 2, (d) 3, (e) 4, (f) 3-H2, and (g) 4-H2 under CO2 at a Pt mesh electrode. GC-
FID traces of de-salted samples from bulk electrolyses of (h) blank, (i) 1, (j) 2, (k) 3, 
and (l) 3-H2 under CO2 at a RVC mesh electrode. Solvent peak at 3.0 min; dashed 
line represents baseline used for integration. Adapted from Reference [67]. 
Copyright 2017 American Chemical Society. 

 For identification and quantification of formic acid content, LC-MS was 

conducted on bulk electrolyzed samples. Due to the tolerance of the column and 
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conditions employed to salt content, no desalting process was necessary. As with 

methanol determination, low amounts of formic acid were generated under bulk 

electrolysis (10-250 µM), with the chromatograms shown in Figures 2.17 and 2.18. Due 

to the less sensitive nature of the formic acid determination, larger corresponding errors 

were determined for the formic acid content of electrolyzed samples. To again ensure that 

the formic acid observed is a result of ANH/DHP based electrolysis of CO2, blank 

solutions were electrolyzed and passed through the LC-MS, with no formic acid observed 

at Pt surfaces. At RVC surfaces, some formic acid was produced without any ANH or 

DHP present. Given the potential applied, this agrees with other work investigating the 

reduction of CO2 at GCEs, where trace amounts of formic acid are observed. Thus, while 

low amounts are observed, the methanol and formic acid observed via 1H NMR, GC-MS, 

GC-FID and LC-MS are the result of ANH/DHP based reduction of CO2 under 

electrochemically reducing conditions rather than solely by some background process or 

impurity. 
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Figure 2.17. Representative LC-MS traces at M/Z = -45 Da of (a) standard (130 µM 
HCOOH), and bulk electrolyses of CO2 by (b) Pt, (c) 1, (d) 2, (e) 3, (f) 4, (g) 3-H2, 
(h) 4-H2 at Eapplied = -0.75 V vs. FcH0/+, 0.1 M LiClO4. Taken from Reference [67]. 
Copyright 2017 American Chemical Society. 
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With the main products formic acid and methanol quantified, the %FE and TONs 

can be determined as shown in Table 2.3. Due to the low concentrations of products 

generated, the TONs and the TOFs reported for this system are substoichiometric relative 

to the amount of DHP/ANH added and time required for bulk electrolysis, in line with the 

literature on 1.24, 47 CO and H2 determination was not conducted in this work. For DHPs 

3-H2 and 4-H2, %FEs determined from bulk electrolysis experiments at Pt are 

comparable with those observed for parent ANHs 3 and 4. Furthermore, electrolysis of 3-

H2 at RVC also led to methanol and formate production with %FE similar to that seen at 

Pt electrodes, and with %FE higher than that observed for 3 at RVC electrodes. This 

demonstrates that isolated DHPs can function as additives in a fashion similar to that of 

their parent ANHs, which is consistent with the proposed role of DHPs as intermediates 

relevant in ANH-mediated reduction of CO2 to methanol.55b, 57b  

No reduced products were detected when electrolysis of 3-H2 under CO2 was 

performed at the potential applied at Pt surfaces (−0.75 V vs. FcH0/+) at RVC electrodes, 

and little to no charge was passed. This agrees with previous CV studies by Bélanger of 

1/[1-H]+ at RVC electrodes,46 where it was observed that there was a significant increase 

in the overpotential for CO2 reduction facilitated by 1 moving from Pt to RVC surfaces. 

This increase in overpotential is attributed to the inertness of the RVC electrode to both 

CO2 reduction and proton reduction,75 which can allow for other reduction mechanisms 

to become more prominent such as surface deposition. Thus, the DHP/ANH-based CO2 

reduction in this work appears to be surface-dependent, with a DHP outperforming its 

ANH counterpart at more inert surfaces. 
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Figure 2.18. Representative LC-MS traces at M/Z = -45 Da of bulk electrolyses of 
CO2 by (a) standard (26 µM HCOOH), and bulk electrolyses of CO2 by (b) RVC, (c) 
1, (d) 2, (e) 3, (f) 3-H2 at Eapplied = -1.20 V vs. FcH0/+, 0.1 M LiClO4. Taken from 
Reference [67]. Copyright 2017 American Chemical Society. 
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Table 2.3. Faradaic efficiencies for electrochemical CO2 reduction in the presence of 
DHP or ANH additives. Copyright 2017 American Chemical Society. 
ANH/ 
DHP 

Electrode %FE 
CH3OHa 

%FE 
HCOO- 

TON 
CH3OH 
(10-3) 

TOF 
CH3OH 
(10-3 hr-1) 

TON 
HCOO- 
(10-3) 

TOF 
HCOO- 
(10-3 hr-1) 

1 Pt 30(10) not det.b,c 12.0(1.0) 4.3(4) - - 
1 RVC 7(7) 1.0(0.3)b,c 0-4 0-1 0.76(24) 0.27(8) 
2 Pt 36(16) 4(6)b,c 15(7) 5.2(2.7) 6.6(9) 2.1(4) 
2 RVC 11(7) 4(3)b,c 3.9(1.9) 1.4(9) 0.8-20 0.2-5 
3 Pt 12(8) 4(1)b,c 7(3) 2.5(1.2) 5.4(1.0) 1.9(4) 
3 RVC 5(3) 1.1(0.2)b,c 2.2(1.6) 0.8(6) 1.56(22) 0.54(19) 
3-H2 Pt 19(7) 3(4)b,c 9(3) 1.9(5) 0-8 0-2 
3-H2 RVC 15(7) 8(3)b,c 4.3(2.4) 1.3(6) 5.9(2.2) 1.9(8) 
4 Pt 17(13) not det.b,c 6(4) 2.1(1.6) - - 
4 RVC -d - d - - - - 
4-H2 Pt 13(10) not det.b,c 4(3) 1.2(9) - - 
4-H2 RVC -d - d - - - - 

aVia peak area of GC-FID traces with standard deviation of bulk electrolysis samples. 
bVia peak area from LC-MS traces. cSignals for ANH overlap with product signals in 1H 
NMR. dSignificant electrode fouling (deposition). 
 

Turning to the ANHs themselves, CO2 reduction in the presence of an ANH 

additive was also seen at more inert electrode surfaces (RVC) at more reducing 

potentials.46 ANHs 1−3 all exhibit a significant drop in %FE at RVC compared to Pt 

electrodes with no products detected at a lower Eapplied (−0.75 V vs. FcH0/+; RVC). The 

%FEs determined in this work for 1 are slightly higher, though not statistically different 

within error, than %FEs reported for aqueous cells in the literature; however, it should be 

noted that in a mixed organic/aqueous solvent system CO2 is expected to be more 

soluble,21 and direct comparisons to literature %FEs should be made cautiously. 

Quinoline (2), recently proposed as a viable ANH additive on thermodynamic 

considerations,59a exhibits the highest overall %FE and the highest methanol production 

of the series at both electrode surfaces. Pyridine (1) and acridine (4) exhibit the highest 

selectivity for methanol formation, with no formate observed by 1H NMR or LC-MS at 



	 69	

Pt, indicating only trace amounts produced under the experimental conditions employed. 

Unlike the previously reported correlation between pKa and total Faradaic yields,52 the 

highest overall activity is observed for the ANH with an intermediate pKa (2), with lower 

%FEs observed for ANHs with higher (1, 4) and lower (3) pKa’s. The ease with which an 

ANH participates in a “weak acid” reduction to form Hads is apparently not %FE-

determining in our system. This agrees with the observation that acetic acid, which has a 

pKa close to [1-H]+, does not mediate methanol production.48 

The differences in %FE observed at Pt compared with RVC for the ANH series 

and the lower applied potential is consistent with an important role for the electrode 

surface in the observation of CO2 reduction.30, 53, 57b Nevertheless, we tested the 

possibility of a homogeneous reaction between CO2 and DHPs 3-H2 and 4-H2 by 

conducting NMR scale reactions of 3-H2/4-H2 under CO2 (1 atm) in CD3CN/D2O (1:0.1 

v:v) in Teflon-capped J-Young valve tubes to probe chemical reactivity in the absence of 

an electrode surface or applied potential. To ensure no degradation of the DHPs due to 

the presence of oxygen, the mixture was degassed through three freeze-pump-thaw 

cycles, and subsequently placed under 1 atm of CO2. While the presence of residual ANH 

is observed initially, 1H NMR analysis showed no appreciable conversion of the DHP to 

ANH at room temperature. No CO2-derived products such as methanol, formic acid or 

formaldehyde (9.6 ppm) could be observed above the background, nor was any H2 

generation (4.6 ppm), or H/D scrambling observed after three hours (Figure 2.19), in 

agreement with reported results for 1/1-H2 mixtures under CO2, and 1 under CO2 in the 

presence of acid and Pt nanoparticles.24, 51  
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The absence of direct chemical reaction suggests that participation of the 

electrode surface and an applied potential is critical for CO2 reduction mediated by a 

preformed DHP in an electrochemical system. Recent computational analysis of the CO2 

reduction pathway to CO at Ag (111) surfaces indicates that product formation is 

stabilized by the electric field resulting from the increased presence of cations at the 

electrode surface under reducing conditions.78 Similarly, in the ANH/DHP-based system, 

the increased presence of protonated ANH-species or DHP-species at the surface under 

reducing conditions may help stabilize CO2 reduced intermediates. However, there exists 

a limit as to how much ANH/DHP could be added to the solution, whereby stabilization 

of the CO2 reduction process is superseded. For instance, the reduction of CO2 to 

methanol has been shown to occur in the presence of pyridine at CuInS2 electrodes.50 

When the concentration of pyridine is increased, however, a strong surface adsorption of 

pyridine occurs, slowing down the CO2 reduction rate, effectively poisoning the electrode 

surface.79 
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Figure 2.19. (a) 1H NMR spectrum of the chemical reaction between 3-H2 (5 mg) 
and CO2 (1 atm) in D2O/CD3CN (10% v/v) before (red) and after (blue) 3 h at room 
temperature. (b) 1H-NMR of the chemical reaction between 4-H2 (6 mg) and CO2 (1 
atm) in D2O/CD3CN (10% v/v) before (red) and after (blue) 3 h at room temperature. 
DHP and ANH peaks are indicated on each spectrum. Adapted from Reference [67]. 
Copyright 2017 American Chemical Society. 
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2.4 Discussion 

The potentials applied in this work for bulk electrolysis experiments are well 

positive of those reported necessary for direct CO2 reduction in acetonitrile/water 

mixtures at a Pt electrode (-2.0 to -3.5 V vs. FcH0/+).21 Background CO2 reduction by 

glassy carbon alone has been reported to occur at potentials 600 mV more negative than 

those applied here, and accordingly only trace amounts of formate and no methanol were 

observed in our experiments in the absence of added ANH/DHP.80 All bulk electrolyses 

of the ANHs and DHPs at Pt and RVC electrodes were conducted a minimum of three 

times, with no increase or decrease in methanol or formate content observed over a 

storage period of three months. Thus, we conclude that any methanol or formate observed 

is a result of bulk electrolysis of ANH under CO2 rather than a contaminant in the 

systems used in this work.48, 61 

If the reactivity of ANH additives 1−4 is via formation of a DHP, the comparably 

high activity of 2 is derived from a balance between the Lewis acidity of the parent ANH 

(ease of formation of a DHP, lower susceptibility to side reactions) and hydride donor 

ability of the DHP once formed. This agrees with the Sabatier principle for ANH-based 

CO2 reduction as proposed by Keith (see Chapter 1, Figure 1.8), where Brønsted acidity 

and hydride donor ability must be balanced to manage both H+ and H− transfer to CO2.59 

While phenanthridine (3) and acridine (4) mediate reduction of CO2 with similar 

%FEs, 4 additionally undergoes a more prominent deposition process. Access to ortho- 

(available in 3, not available in 4) or para-positions (available in 4, not available in 3) 

likely governs the interaction of an ANH at the electrode surface. Electrochemical 

deposition of 1,10-phenanthroline in acid, for example, was shown to occur via covalent 

modification of GCE surfaces through the para-position of the ANH.81 
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Given the electrode dependence of the %FEs for CO2 reduction by ANHs and the 

absence of product formation by DHPs both without any applied potential or at RVC 

electrodes at lower Eapplied (−0.75 V vs. FcH0/+), a strictly solution-based DHP mechanism 

for CO2 reduction appears unlikely.55b Lessio et al. recently established that a surface-

bound 2-pyridinyl radical formed via transfer of photoexcited electrons from p-GaP to [1-

H]+ is thermodynamically feasible in silico and is calculated to be more reactive than the 

more stable surface-adsorbed DHP [1-H2]ads (Figure 2.20).57b Both are proposed as 

competent intermediates in ANH-mediated photoelectrochemical CO2 reduction at p-

GaP. 
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Figure 2.20. (a) Mechanism for ANH-based CO2 reduction via DHPads or DHP•
ads; 

PCHT, proton-coupled hydride transfer. (Adapted from Reference [57b]. Copyright 
2016 American Chemical Society.) (b) Proposed mechanism for observed CO2 
reduction in the presence of isolated DHP additives (this work) via formation of a 
surface-bound DHP-derived radical, DHP•

ads. HT, hydride transfer; PT, proton 
transfer. Only the initial reduction to HCOOH is illustrated, with subsequent steps 
leading to CH3OH formation occurring in a similar fashion. Taken from Reference 
[67]. Copyright 2017 American Chemical Society. 

In the system investigated in this work, reactivity via surface-adsorbed [3-H2]ads 

would not necessarily account for the appearance of a reductive event in CVs of 3-H2 

under CO2. Formation of a surface-bound DHP-derived radical (DHP•
ads) via Hads would 

explain the observation that different potentials are required for methanol and formate 

production in bulk electrolyses of DHPs 3-H2 and 4-H2 at RVC compared with Pt, 

because the surfaces require different potentials for Hads formation, and that no 

(adapted from Lessio et al.) 
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homogeneous reactivity occurs between 3-H2/4-H2 and CO2 in the absence of an 

electrode or potential. The mechanism proposed in Figure 2.20 would account for all the 

components required to observe methanol production: 3-H2, CO2, a surface, and a 

sufficiently reducing potential. Participation of Hads (formed via ‘weak-acid reduction’ of 

carbonic acid in solution, as observed in the background current of CO2 alone)53 accounts 

for the difference in potential required for methanol production at RVC versus Pt. CO2 

reduction is postulated to then occur via hydride transfer from the DHP-derived surface 

species, potentially stabilized by surface-organized waters,57-58 followed by proton 

transfer from the acidic solution completing the initial reduction to formic acid. 

Bulk electrolyses of ANHs under CO2 in dry, acidified CH3CN at RVC and Pt 

electrodes resulted in no observable CO2 reduction products, indicating a critical role for 

water in the reduction mechanism. The formation of Hads also appears to be critical to the 

activity of ANH additives and we cannot distinguish here between a PCHT mechanism53 

or reactivity of a surface-bound DHPads or DHP-derived radical generated via Hads, as 

proposed by Carter and co-workers.57b  The decrease in %FE of the ANHs moving from 

Pt to RVC could result from increased ANH adsorption on RVC surfaces, though only 4 

was observed to form a noticeable film after electrolysis under CO2 at Pt surfaces and 

after one CV cycle at GCEs. 

2.5 Conclusions 

This work presents the first evidence for the participation of isolated 

dihydropyridine-type species in surface dependent electrochemical CO2 reduction. This is 

based on the following observations: (1) Methanol and formic acid are generated in 

electrolyses of isolated DHPs 3-H2 or 4-H2 under 1 atm of CO2 at both Pt and RVC 

electrodes; (2) CV and NMR studies show that the parent ANHs 3 and 4 are not 
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generated from the corresponding DHPs in appreciable amounts in the absence of CO2, 

ruling out ANH-only mediated activity; (3) No homogeneous reactivity is observed 

between DHPs 3-H2 or 4-H2 and CO2 in the absence of an electrode surface/applied 

potential; (4) DHP 3-H2 exhibits an electrode dependence (Pt versus RVC) on the Eapplied 

required to observe methanol production, though not on the observed %FE.  

The ability to carry out electrochemical CO2-to-methanol conversion using 

carbon-based electrodes instead of precious metals such as Pt or Pd is an important 

milestone for the scaleability of reduction schemes employing DHP or ANH additives.80, 

82 Consistent with previous studies on 1, however, the overall yields of reduced organic 

products in our experiments remain substoichiometric, even in reactions mediated by 

preformed DHPs. Moreover, we did not observe evidence of electrochemical generation 

of DHP 3-H2 from ANH 3. These experimental findings will hopefully motivate better 

understanding of the mechanism of multi-H+/e− processes occurring in CO2 

electrochemical reduction in the presence of simple organic additives and lead to 

improvements in turnover numbers, for example, by targeting biomimetic hydride 

shuttles capable of cooperative interactions with electrode surfaces and electric 

potentials.83 
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CHAPTER 3: Formic Acid Reduction Mediated by Aromatic 
N-Heterocycles: Methanol Production and the Observation of 
Electrochemical Generation of Dihydrophenanthridine 
 

3.1 Introduction. 

In Chapter 2, it was demonstrated that when pre-formed DHPs such as 1,2-

dihydrophenanthridine (3-H2) or 9,10-dihydroacridine are added to mixed 

aqueous/organic solutions of CO2 and an appropriately reducing potential applied, 

methanol and formate can both be identified as products of bulk electrolysis, with similar 

%FE as observed in the presence of their parent ANHs.67 These results support the 

viability of dihydropyridines (DHPs) as relevant intermediates in aromatic N-heterocycle 

(ANH) mediated electrochemical CO2 reduction. However, the formation of DHPs in 

electrolyzed solutions of their parent ANHs was not observed under the conditions 

investigated. Given the low (sub-stoichiometric) turnover numbers of ANHs in CO2 

reduction, it is anticipated that if DHPs play a role, they are generated in relatively small 

amounts. We further hypothesized that by supplying a sufficiently acidic solution, DHP 

generation and methanol production might be observed simultaneously. Thus, the direct 

electrochemical reduction of formic acid (HCOOH), a proposed intermediate in CO2, to 

methanol conversion by ANH additives, was investigated (Figure 3.1). We chose 

phenanthridine (3) as the ANH additive as (i) the corresponding DHP (3-H2) has been 

shown to facilitate methanol production from CO2 (see reference [67] and Chapter 2); (ii) 

formation of only one DHP isomer (1,2-dihydrophenanthridine) is possible, simplifying 

its characterization in solution; and (iii) the DHP 3-H2 is stable enough to facilitate 

characterization, but reactive enough to act as a transfer hydrogenation agent.84 
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Figure 3.1. Schematic for (a) the electrochemical reduction of ANH 3 to DHP 3-H2; 
(b) the electrochemical reduction of formic acid to methanol in the presence of 3/3-
H2 attempted in this work.  

3.2 Experimental 

3.2.1 Materials 

All chemicals and reagents were used as received unless otherwise noted. 

Solutions for electrochemical experiments were made using MilliQ water (18.2 Ω⋅cm) 

and HPLC grade CH3CN, with LiClO4 (98%, Sigma) as the supporting electrolyte. 

Pyridine (1, 98%, Fisher Scientific), quinoline (2, 99%, Acros Organic), and 

phenanthridine (3, 98%, Acros Organic) were used as received in 1 to 10 mM 

concentrations in non-aqueous (CH3CN), and mixed solutions (10%, 60% (v:v) H2O 

/CH3CN). Formic acid (HCOOH, 98% Alfa Aesar), acetic acid (AA), and perchloric acid 

(HClO4) were used as received in 3 to 1000 mM concentrations. LiAlH4 (Sigma) and 

diethyl ether were used as received for synthesis of DHP-species 3-H2 and 4-H2. 

Tetrahydrofuran (THF) was dried using sodium wire (benzophenone indicator) prior to 

use. 
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3.2.2 Synthetic Methods 

Synthesis of 1,2-Dihydrophenanthridine (3-H2) 

The synthesis of 1,2-dihydrophenanthridine (3-H2) was conducted as described in 

Section 2.2.2. 

3.2.3 CV Experiments 

 CV experiments were performed on a CHI 760c bipotentiostat at scan rates of 50-

800 mV s-1 using freshly polished (with 0.05 µm alumina paste) Pt or glassy carbon 

(GCE) disc working electrodes, a Pt wire counter electrode, and a Ag/AgCl aqueous 

quasi-reference electrode. Ferrocene was added as an internal standard to each solution 

upon completion of all cyclic voltammetry experiments, allowing potentials to be 

referenced to the ferrocene/ferrocenium (FcH0/+) redox couple. To account for the use of 

a mixed solvent system, any shift of the FcH0/+ redox couple due to the CH3CN/H2O ratio 

employed was considered, as previously described.72 

3.2.4 Bulk Electrolysis Experiments  

Bulk electrolyses were conducted using a Pt mesh electrode (125 cm2) and a 

reticulated vitreous carbon (RVC) electrode (~ 700 cm2) with Ar constantly bubbled into 

the solution (1 atm) and the solution stirred, with a graphite rod counter electrode in a 

fritted tube and a Ag/AgCl quasi-reference electrode (total volume of 90 mL). Potentials 

ranging from -0.50 V vs. Ag/AgCl (-0.83 V vs. FcH0/+) to -0.90 V vs. Ag/AgCl at Pt 

mesh, and –0.90 V versus Ag/AgCl (-1.23 V vs. FcH0/+) at RVC electrodes, to -1.1 V vs. 

Ag/AgCl (-1.43 V vs. FcH0/+), were applied for all ANHs investigated for approximately 

10 000 s. 
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3.2.5 Product Analysis 

NMR Characterization Protocol 

NMR Technique for Synthetic & Isolated Products 

 For analyses of isolated, synthetic products, NMR experiments were performed 

on a 300 MHz NMR spectrometer (Bruker) on 5-30 mg of the product in 0.6 mL CDCl3 

or CD3CN. 1D techniques such as 1H and 13C NMR, as well as 2D techniques such as 

Heteronuclear Single Quantum Coherence-Distortionless Enhancement by Polarization 

Transfer (HSQC-DEPT) were used for product identification. 

 

NMR Technique for Electrolyzed Solutions. 

1H NMR spectroscopic analyses were performed on a 500 MHz spectrometer 

(Bruker) using aliquots (0.6 mL) taken directly from the electrolyzed solution and mixed 

with 0.06 mL CD3CN, allowing any conversion of the ANH to the DHP to be observed. 

A pulse sequence suppression was applied to peaks attributed to H2O (~3.1 ppm) and 

CH3CN (~2.0 ppm) peaks, with a delay time of 3.0 s, a 12 µs pulse width, and 0.82 s 

acquisition time. Due to the large water peak appearing in the methanol peak region, 

methanol quantification could not be conducted using 1H NMR spectroscopy. 

GC-FID Characterization Protocol 

 Methanol quantification was also conducted using GC-FID. Prior to injection into 

the GC, the electrolyzed solution was desalted by a bulb-to-bulb transfer of the volatiles 

(see Section 2.2.5 in Chapter 2). A 1.0 µL aliquot of the desalted solution in a 1/10 split 

was then injected into the GC, with the headspace heated to 250 °C and a Supelco Wax 

column heated at 50 °C for 3 min, raised to 160 °C over 9 min, and maintained for 
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another 4 min, at a flow rate of 1 mL/min. Methanol content was determined by 

analyzing the peak produced at a retention time of 6.7 to 6.9 min in the chromatogram, as 

determined from standard solutions, using CompassCDS 3.0 Software (Bruker) (solvent 

peak arises at 8.5 min). A linear baseline correction was used for all GC-FID peak 

integrations conducted in this work, with the peak area determined for each sample to be 

in the range of 0.8-6.0 µV*min, and with an error of 0.6 µV*min (corresponding to 

integrating the noise in the blank samples at 6.8 min, 10-80% of the corresponding peak 

area in the bulk electrolysis samples) from the integration method used. The 

concentration of methanol was determined through comparison to an external calibration 

curve. To account for any drift associated with the instrument, the retention times for 

methanol were determined through comparison to a standard each day samples were run. 

Care was taken to ensure no contamination from residual methanol from standards prior 

to running samples. 

UV-Vis Spectroscopy Protocol 

 To identify any production of a DHP species in electrolyzed solutions, UV-Vis 

Absorbance spectra of 3, and 3-H2 was conducted on a Cary 50 spectrophotometer using 

air-tight fused quartz cuvettes (1 cm path length) in the range of 190-1100 nm in 10-5-10-6 

M concentrations, allowing the oxidized and reduced forms of 3 to be distinguished. 

Determination of the pKa of 1-4 

 The determination of the pKa for the conjugate acid of 1-3 was determined using a 

weak base-strong acid titration in 10% (v:v) H2O/CH3CN, with HClO4 acting as the 

strong acid, as described in Chapter 2, section 2.2.5. 
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3.3 Results 

3.3.1 CV Results 

CV studies were conducted on solutions of 3 in the presence of formic acid 

(HCOOH) to explore the behavior of an ANH in HCOOH-containing solutions. In the 

absence of 3, HCOOH was found to exhibit an irreversible reduction at both Pt and RVC 

surfaces in 60% and 10% (v:v) water/acetonitrile mixtures (Figure 3.2), and is assigned to 

proton reduction by formic acid based on literature studies of formic acid at Pt surfaces.85 

A 150 mV cathodic shift in the HCOOH reductive wave is observed going from 60% to 

10% water mixtures, going from -0.95 V to -1.1 V. Addition of 3 resulted in a 100-150 

mV anodic shift in this reductive wave at Pt surfaces to -0.77 V in 60% (v:v) 

H2O/CH3CN, close to the reported E1/2 value of -0.73 V for the phenanthridium redox 

couple in Chapter 2 (Figure 2.3; pH < pKa).67 In 10% (v:v) H2O/CH3CN, the E1/2 for the 

3/[3-H]+ couple is shifted cathodically 140 mV to -0.91 V. This shift is similar in size to 

the cathodic shift observed for HCOOH going from 60% to 10% water mixtures, and is 

similar to the reported trend for proton reduction in water:acetonitrile mixtures and in 

organic media, where the increased presence of acetonitrile results in an increase in the 

necessary overpotential for proton reduction.66, 72 As such, the 150 mV shift observed 

when the solution was altered from 60% to 10% water mixtures is attributed to the 

increase in acetonitrile content rather than a change in the nature of the reduction process 

occurring. The irreversible nature of this reduction event in both 60% and 10% water 

mixtures precluded any Randles-Sevcik analysis. Thus, as in Chapter 2, the weak-acid 

mechanism is maintained in HCOOH-based solutions containing 3, and as no deposits 

were observed on the electrode surface, is assumed to be a solution-based or weakly 
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adsorbing reductive process. However, in this case, the more strongly acidic solution (pH 

~ 3) appears to lead to greater rates of H2 evolution, diminishing the return wave typically 

observed for oxidation of Hads on the return scan.  

No significant current enhancement was observed upon addition of 3 to HCOOH-

containing solutions (7% increase at Pt surfaces in 10% H2O in CH3CN). In fact, in 60% 

water mixtures, a reduction in the current is observed at Pt surfaces. These results are 

similar to the results obtained under CO2 in Chapter 2 (Figure 2.3), where it was 

concluded that the CO2 reduction process was not observable on the CV timescale (see 

Chapter 2).47, 67 The reduction of HCOOH (as opposed to proton reduction) in the 

presence of an ANH is also not observable on the CV timescale at Pt surfaces. At RVC 

electrodes, the irreversible reductive peak that appears at ca. -1.3 V when 3 is added into 

both 10% and 60% H2O solutions is attributed to weak acid reduction of the ANH at 

GCEs (Figure 3.2; also see Figure 2.5), where the cathodic shift in the reductive wave is a 

result of the inability of RVC electrodes to produce hydrogen as readily as at Pt surfaces, 

allowing other processes, such as increased surface interactions, to occur.46, 75 
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Figure 3.2. CV comparison of 10 mM HCOOH (FA) with and without 1 mM 3 
added at (a) Pt and (b) RVC disc electrodes in 60% (v:v) H2O/CH3CN; and (c) Pt and 
(d) RVC disc electrodes in 10% (v:v) H2O/CH3CN. Scan rate 100 mV s-1; 0.1 M 
LiClO4; Potential vs. FcH0/+. 

To determine if the reduction process observed for HCOOH was somehow 

catalyzed by the presence of 3, a CV titration was conducted, shown in Figure 3.3. As the 

HCOOH content was increased, an increase in the current is observed, with the 

disappearance of the reduction peak associated with the 3/[3-H]+ redox couple at both 

RVC and Pt surfaces, regardless of the solvent mixture employed. No current saturation 

was observed, indicating that no catalytic reaction was occurring.64b Rather, the CV 

titration indicates that there exists two competing reductive mechanisms, namely the 

reduction of [3-H]+, and the reduction of HCOOH directly. As shown, the current 
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becomes dominated by the direct reduction of HCOOH at large excesses of HCOOH, 

with the reduction of the [ANH-H]+ becoming a background process.  

 
Figure 3.3. CVs of 1 mM 3 in the presence of 3, 10, 100, 1000 equivalents of 
HCOOH (FA) at (a) Pt and (b) RVC disc electrodes at 100 mV s-1. 10% (v:v) 
H2O/CH3CN. CVs of 1 mM 3 in the presence of 3, 10, 100, 1000 equivalents of 
HCOOH (FA) at (c) Pt and (d) RVC disc electrodes at 100 mV s-1. 60% (v:v) 
H2O/CH3CN. 0.1 M LiClO4; Potential vs. FcH0/+. 

 To confirm the identity of the HCOOH reduction observed as a ‘weak acid’ 

reduction, a CV study was conducted with acetic acid (AA, Figure 3.4), which is a 

weaker acid (pKa of 4.75) than formic acid (pKa of 3.75). As with HCOOH, an 

irreversible wave is observed at Pt surfaces with AA alone, with an anodic shift in the 

reductive wave upon addition of 3 to the solution. At RVC, the introduction of 3 results 

in a peak at ~ -1.2 V, as observed with HCOOH solutions. All of the peaks observed 
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using 3 in AA are shifted cathodically by ~70 mV from the peaks observed under 

HCOOH, consistent with the fact that a weaker acid has been used (59 mV shift per unit 

pH/pKa). A pre-wave feature is observed in AA solutions when 3 is introduced at RVC 

surfaces (~ -1 V), and is attributed to a weak-adsorption process of 3 at the electrode 

surface under the conditions used, similar to work investigating the pyridinium redox 

couple at Pt surfaces.51 Comparison of the relative current densities of AA-containing and 

HCOOH-containing solutions indicates that no catalytic event is observed on the CV 

timescale with HCOOH under the applied conditions, with both solutions passing similar 

amounts of current. Thus, on the CV timescale, 3 in the presence of HCOOH and AA is 

undergoing a ‘weak acid’ process at Pt and RVC surfaces. 

 
Figure 3.4. CV comparison of 10 mM AA with and without 1 mM 3 added at (a) Pt 
and (b) RVC disc electrodes in 60% (v:v) H2O/CH3CN; and (c) Pt and (d) RVC disc 
electrodes in 10% (v:v) H2O/CH3CN. Scan rate 100 mV s-1; 0.1 M LiClO4; Potential 
vs. FcH0/+. 
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3.3.2 Bulk Electrolysis Results 

Potentiostatic electrolyses of 3 in HCOOH-containing solutions were conducted 

to determine if DHP formation and/or methanol production could be observed. The initial 

Eapplied, charge passed, and the mixed aqueous/organic solvent system were chosen based 

on the results of Chapter 2, with the conditions attempted summarized below (Table 

3.1).67 1H NMR analysis of aliquots of electrolysis reaction mixtures of 3 in 60% (v:v) 

H2O/CH3CN and 10 equivalents of HCOOH revealed near complete formation of a DHP-

type species at both Pt and RVC electrodes (Entries 5 and 10 in Table 3.1, Figure 3.5). 

Full identification of the reduced ANH species in aliquots of the electrolyzed solutions by 

1H NMR was precluded by the presence of a large water peak in the region corresponding 

to the NH and CH2 peaks of 3-H2. Thus, initial screens looking for DHPs in electrolyzed 

solutions compare just the peaks that can be observed in similar solvent mixtures 

containing pre-formed 3-H2 (see Chapter 2, Figure 2.13, Figure 3.17). Furthermore, the 

water peak was also found to overlap with the methanol peak in 10% water mixtures in 

acetonitrile, and thus methanol content could not be observed via 1H NMR. No 

decomposition products of 3 under the reducing conditions employed were observed in 

solutions electrolyzed at both RVC and Pt surfaces, indicating that any methanol 

production, as in Chapter 2, will be the result of formic acid reduction under the 

conditions employed.  
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Figure 3.5. 1H NMR before (blue, top) and after (red, bottom) bulk electrolysis for 1 
mM 3: 10 mM HCOOH in 60% (v:v) H2O/CH3CN at (a) Pt mesh electrode and (b) 
RVC mesh electrode; Eapplied = -1.23 V vs. FcH0/+. 

(a) 

(b) 
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Table 3.1. Electrochemical generation of 3-H2 and methanol from electrolysis of 
HCOOH-containing solutions of 3. 

Entry 3:HCOOHa Eapplied
b Solventc 3-H2 

(%)d 
%FEe 
3-H2 

[CH3OH]f %FEg 
CH3OH 

pHh 

1 1:10 -1.23 
(Pt) 

10% 43(5) 3.2(0.6) 35(1) 0.55(0.11) 3.76 

2 1:100 -1.23 
(Pt) 

10% 49(11) 2.6(0.6) 30(3) 0.34(0.03) 3.23 

3 1:1000 -1.23 
(Pt) 

10% 80(1) 3.5(0.6) 73(7) 0.63(0.04) 2.05 

4 1:100 -1.23 
(Pt) 

CH3CN 93(5) 10(4) ND, 18 -, 0.24 - 

5 1:10 -1.23 
(Pt) 

60% 99(1) 5.4(0.1) 28(1) 0.31(0.01) 3.22 

6 1:10 -0.83 
(Pt) 

10% 5(2) 5.2(1.5) ND - 3.76 

7 1:10 -0.83 
(Pt) 

60% 36(10) 19(6) 23(5) 2.1(1.1)  3.22 

8 1:10 -1.23 
(RVC) 

10% 35(10) 21(8) 27(2) 3.2, 3.2 3.76 

9 1:10 -1.43 
(RVC) 

10% 86(8) 40(1) 28(12) 2.8(1.4) 3.76 

10 1:10 -1.23 
(RVC) 

60% 95(2) 56(24) 31(2) 3.6(1.5) 3.22 

11 1:100 -1.23 
(RVC) 

10% 90(2) 18.2(3) 29(11) 1.1(0.2) 3.23 

12 1:1000 -1.23 
(RVC) 

10% 87(7) 6.0(0.7) 76(25) 1.2(0.6) 2.05 

13 1:100 -1.23 
(RVC) 

CH3CN 75(5) 16(5) 27(13) 1.0(0.01) - 

14 10:100 -1.23 
(Pt) 

10% 19 1.2 31 0.4 3.55 

15 1:100 -1.23 
(Pt) 

10%; 
CO2-atm 

76 4.4 47 0.5 3.26 

a in mM. b in V vs. FcH0/+; RVC = reticulated vitreous carbon (glassy carbon). c % (v:v) 
H2O/CH3CN. d % conversion as determined by 1H NMR analysis of aliquots from post-
electrolysis reaction mixtures. Shown with the standard deviation. e Faradaic Efficiency 
of DHP formation. Shown with the standard deviation. f in µM as determined by GC-FID 
analysis. Shown with the standard deviation. g Faradaic Efficiency of Methanol 
formation. Shown with the standard deviation. h pH of solution pre-electrolysis 
 

Reducing the proportion of water in CH3CN to 10% but otherwise maintaining 

identical conditions led to a decrease in conversion of 3 to 3-H2 (Entries 1 and 8, Table 

3.1). The total charge passed at Pt and RVC electrodes remained unchanged, however, 

suggesting that water may help stabilize DHP formation but also suppress further 

reactivity (Figure 3.6). The charge passed in solutions of 10% H2O, however, was found 
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to level off over the timescale investigated (~10 000 s), while the solutions in 60% H2O 

were still found to pass charge at the same rate (CPE plots in Figure 3.6). This can be 

explained by the relative water content, where an increase in water content is expected to 

reduce the overpotential necessary for proton reduction, and thus facilitate easier proton 

reduction, as observed by CV (Figure 3.2-3).66 In contrast, when the same process is 

conducted in dry CH3CN, near complete formation of the DHP can be observed at both 

RVC and Pt surfaces, but requires higher concentration of HCOOH for full conversion 

(100 equivalents; entries 4 and 13). The charge passed was also found to saturate in a 

similar fashion as that observed at Pt surfaces in 10% H2O, indicating that other reductive 

processes (e.g., H2 evolution) may be shut down through a similar mechanism. Analysis 

of the charge passed in dry CH3CN at Pt surfaces indicates that only ca. 30-40% of the 

acid source is consumed during the electrolysis experiment and the lower reactivity may 

be due to an increase in overpotential associated with a decrease in the available protons 

in a non-aqueous environment. 

The conversion of 3 to 3-H2 at Pt surfaces measured by 1H NMR spectroscopy 

was found to increase with increased concentrations of HCOOH (entries 1-3) and 

increased applied potential (entries 1, 5-7). Increasing the HCOOH content increases the 

concentration of available protons for DHP formation and lowers the pH of the solution, 

reducing the prominence of any energy barriers towards surface-hydride formation (weak 

acid reduction). Similarly, by increasing the applied potential, any activation barrier 

towards DHP formation is overcome, which may not necessarily be coupled to a ‘weak-

acid’ reduction mechanism. The majority of the %FEs for DHP formation at Pt surfaces, 
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however, are low (<10%) likely due to the increased relevance of proton reduction under 

the conditions applied.  

 
Figure 3.6. CPE plots for (a) 1 mM 3: 10 mM HCOOH (b) 1 mM 3: 100 mM 
HCOOH (c) 1 mM 3: 1000 mM HCOOH in 10% (v:v) H2O/CH3CN (d) 1 mM 3: 100 
mM HCOOH in CH3CN (e) 1 mM 3: 10 mM HCOOH in 60% (v:v) H2O/CH3CN 
with Eapplied = -1.23 V vs. FcH0/+;  (f) 1 mM 3: 10 mM HCOOH in 10% (v:v) 
H2O/CH3CN (g) 1 mM 3: 10 mM HCOOH in 60% (v:v) H2O/CH3CN, Eapplied = -0.83 
V vs. FcH0/+;  (h) 10 mM 3: 100 mM HCOOH, (i) 1 mM 3: 100 mM HCOOH with 
CO2 (1 atm), in 10% (v:v) H2O/CH3CN, Eapplied = -1.23 V vs. FcH0/+. 0.1 M LiClO4; 
Pt mesh electrode. 

 

 Unlike at Pt surfaces, a significant reduction in the charge passed is observed at 

RVC surfaces (Figure 3.7), with charge passed at a constant rate except at high potentials 

(Figure 3.7f). The decrease in the charge passed moving from Pt to RVC is attributed to 
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the decrease in the proclivity of RVC towards proton reduction, which dominates the 

current response at Pt surfaces (see CPEs and CVs above).75 When the concentration of 

HCOOH is increased significantly, however, proton reduction becomes more prominent 

even at RVC surfaces, similar to the response observed in the CVs above. 

The use of a more inert electrode towards proton reduction such as RVC is 

expected to increase the contributions of alternative processes such as DHP formation 

and methanol formation to the charge passed. This is observed when investigating the 

%FE for DHP formation, where a significant increase is observed moving from Pt to 

RVC surfaces (~5 %FE à ~20 %FE). While no significant change in DHP formation 

was observed (all entries but entry 8 were >75% DHP formation), the highest %FE was 

observed at low acid loadings (56 %FE). This observation is again consistent with the 

increased prominence of acid reduction as the acid loading is increased, as observed by 

CV titration. However, the charge passed is not strictly associated with DHP formation, 

even at these low acid loadings (only ~30% of the charge is accounted for), and thus 

other processes such as proton reduction and methanol formation are also likely 

occurring. 
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Figure 3.7. CPE plots for (a) 1 mM 3: 10 mM HCOOH (b) 1 mM 3: 100 mM 
HCOOH (c) 1 mM 3: 1000 mM HCOOH in 10% (v:v) H2O/CH3CN; (d) 1 mM 3: 100 
mM HCOOH in CH3CN; (e) 1 mM 3: 10 mM HCOOH in 60% (v:v) H2O/CH3CN 
with Eapplied = -1.23 V vs. FcH0/+; and (f) 1 mM 3: 10 mM HCOOH in 10% (v:v) 
H2O/CH3CN with Eapplied = -1.43 V vs. FcH0/+. 0.1 M LiClO4; RVC mesh electrode. 

While the aromatic region of 1H NMR spectra of aliquots of the electrolyzed 

solutions are consistent with formation of 3-H2, and consumption of 3, resonances for the 

NH and CH2 groups of 3-H2 could not be observed. As such, we sought to isolate 3-H2 

generated by electrolysis at a Pt electrode and examine the product using 1H NMR, 13C 

NMR, HSQC-DEPT and UV-Vis spectroscopy to confirm its identity. Isolation of 

electrochemically-generated 3-H2 from the electrolyzed solution (10 mM HCOOH used) 

gave a yellow-orange solid in 91% isolated yield after a dichloromethane extraction. 

Comparison of 1H NMR and 13C NMR spectra collected for the electrolyzed product with 

those of both 3 and 3-H2 reveals that the isolated species contains both 3 and 3-H2 

(Figures 3.8 and 3.9). The NMR conversion of 3 to 3-H2 was determined through 

comparison of the integral for the singlet associated with 3 at ~9.5 ppm, to the integral of 

the doublet associated with 3-H2 at ~6.7 ppm in the 1H NMR, indicating that 3-H2 was 

-30

-20

-10

0

C
ha

rg
e 

/ C

200150100500
Time / min

(a)

 Trial 1
 Trial 2

-120

-100

-80

-60

-40

-20

0

C
ha

rg
e 

/ C

250200150100500
Time / min

(b)

 Trial 1
 Trial 2

-350
-300
-250
-200
-150
-100
-50

0

Ch
ar

ge
 / 

C

250200150100500
Time / min

(c)

 Trial 1
 Trial 2

-140
-120
-100
-80
-60
-40
-20

0

C
ha

rg
e 

/ C

150100500
Time / min

(d)

 Trial 1
 Trial 2

-60

-50

-40

-30

-20

-10

0

C
ha

rg
e 

/ C

200150100500
Time / min

(e)

 Trial 1
 Trial 2

-60

-50

-40

-30

-20

-10

0

Ch
ar

ge
 / 

C

200150100500
Time / min

(f)

 Trial 1
 Trial 2



	 94	

generated at 89% conversion. Two singlet resonances assigned to the CH2 group and the 

NH group of 3-H2 are also observed (3.8 and 4.3 ppm). A slight shift in the NH and the 

peaks corresponding to 3 is observed in the electrolyzed product due to the presence of a 

large amount of acetonitrile in solution, altering the H-bonding environment of the NH 

proton.86 Comparing the 13C{1H} NMR spectra reveals that the dihydro-species generated 

electrochemically contains peaks with identical chemical shifts as those of the chemically 

synthesized 3-H2, with smaller peaks corresponding to the presence of the ANH and 

residual dichloromethane and acetonitrile solvent peaks. 

 

 
Figure 3.8. 1H NMR (CDCl3) Comparison of (a) 3 (blue) (b) 3-H2 (green) (c) 
electrochemically-generated 3-H2 (red). Residual solvent peaks indicated. 
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Figure 3.9. Comparison of 13C{1H} NMR spectra of (CDCl3) (a) 3 (blue) (b) 3-H2 
(green) (c) electrochemically-generated 3-H2 (red). Residual solvents indicated. 

Further confirmation of the identity of the species was conducted using HSQC-

DEPT, where any carbon atom attached to a proton(s) can be determined. The addition of 

a DEPT sequence also allows for the distinction of CH3 and CH peaks from CH2 peaks 

based on the phasing of the resulting signal (CH, CH3 groups red, CH2 groups blue in the 

spectra shown). As shown in Figure 3.10, a CH2 group is observed (blue peak), and eight 

aromatic CH peaks are observed, with peak alignments corresponding to 3-H2 (see 

Appendix, Figures A7 and A8 for spectra of 3 and chemically synthesized 3-H2). Further 

comparison of the 13C{1H} NMR and the HSQC-DEPT data reveals four quaternary 

carbon peaks in the 13C{1H} NMR (no protons attached) at identical chemical shifts as 

for chemically synthesized 3-H2, further confirmation of the identity of the species in 

solution as majority 3-H2. 

* 

* 
* 

(a) 

(b) 

(c) 
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Figure 3.10. HSQC-DEPT of electrochemically-generated 3-H2. Residual solvent 
and grease peaks denoted by asterisk. 13C{1H} NMR shown on left axis, 1H NMR 
shown on top axis. 

 
UV-Vis absorption spectroscopy was also conducted to compare 

electrochemically generated 3-H2 with the chemically synthesized control and 3, based 

on its absorption profile in CH3CN. As shown in Figure 3.11, the absorption spectra of 

the electrochemically generated 3-H2 overlays with that of the chemically synthesized 

DHP, exhibiting absorption maxima at 345 nm, 267 nm, 245 nm and 195 nm. In contrast, 

3 exhibits absorption maxima at 315 nm, 250 nm, 209 nm, and a broad absorption at 350 

nm. To ensure accurate comparisons and to account for any dilution factors, the 

absorption profiles were normalized to the absorption peaks at 240 nm. Thus, based on 

the NMR and UV-Vis techniques utilized, the DHP 3-H2 is electrochemically generated 

3-H2 CH2 

3-H2 Aromatic CH 

* * 

3 Aromatic CH 
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in solution without any secondary aromatic products generated, with minor 

decomposition to the parent ANH. 

 

 
Figure 3.11. UV-Vis Spectra of 3 (red); 3-H2 (blue); and electrochemically 
generated 3-H2 (green). Spectra are normalized to their respective absorbance peak at 
240-245 nm to allow for accurate comparison. 

Methanol production (GC-FID plots in Figure 3.12-3.13) was determined through 

GC-FID on desalted bulk electrolysis solutions, following the same bulb-to-bulb 

procedure as utilized in Chapter 2 (Section 2.2.5).67 Determination of methanol 

concentration in solutions was conducted using an external standard calibration curve 

(see Appendix, Figure A9), with the peak area determined using a linear baseline 
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correction. Small amounts of methanol (10-100  µM) were consistently observed, with 

low %FEs and TONs (0.015-0.1) in the same range as the direct electrochemical 

reduction of CO2 using 3 (~10% FE for methanol production, see Chapter 2, Table 2.3), 

and 1.47, 67 No background methanol production was observed in the absence of ANH at 

Pt or RVC surfaces (see Appendix, Figure A9), indicating that the ANH is needed for 

methanol production from formic acid to occur. This represents the first tandem 

observation of an isolable DHP forming in a solution alongside methanol during 

electrochemical reduction of a key postulated intermediate, HCOOH, in electrochemical 

CO2 reduction in the presence of ANH additives. 
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Figure 3.12. GC-FID chromatograms of bulk electrolysis samples at Pt mesh 
electrodes for (a) 1 mM 3: 10 mM HCOOH (b) 1 mM 3: 100 mM HCOOH (c) 1 mM 
3: 1000 mM HCOOH in 10% (v:v) H2O/CH3CN (d) 1 mM 3: 100 mM HCOOH in 
CH3CN (e) 1 mM 3: 10 mM HCOOH in 60% (v:v) H2O/CH3CN with Eapplied  = -1.23 
V vs. FcH0/+; (f) 1 mM 1: 10 mM HCOOH in 10% (v:v) H2O/CH3CN (g) 1 mM 1: 10 
mM HCOOH in 60% (v:v) H2O/CH3CN, Eapplied  = -0.83 V vs. FcH0/+; (h) 10 mM 1: 
100 mM HCOOH, (i) 1 mM 3: 100 mM HCOOH with CO2 (1 atm), in 10% (v:v) 
H2O/CH3CN, Eapplied  = -1.23 V vs. FcH0/+. Dashed line indicates baseline used for 
peak integration. 

Increasing the ratio of HCOOH to 3 has a moderate impact on the absolute 

amount of methanol observed (compare entries 1 and 3, 11 and 12, Table 3.1, Figure 

3.12a,c; 3.13a,c), while increasing the concentration of 3 and HCOOH but keeping the 

ratio constant had a negligible effect on methanol production (compare entries 1 and 14, 

Figure 3.12a,h). This implies that overall HCOOH content does impact methanol 
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formation, while the ANH concentration does not significantly affect methanol 

generation at the concentrations investigated. Previous work investigating the reduction 

of CO2 in the presence of pyridine found that increased pyridine concentrations resulted 

in poisoning of the electrode surface, resulting in a decrease in methanol generation.79 As 

the concentration of methanol generated in this work was found to stay relatively 

constant upon increasing the ANH concentration (entry 2, 14 in Table 3.1), and as no 

surface deposits were observed on the Pt surfaces, electrode poisoning by deposition of 3 

is unlikely under the conditions investigated in this work. 

Addition of CO2 (1 atm) to the solution was attempted to determine if there 

existed any stabilizing effect or enhancement in methanol generation due to the presence 

of a H2CO3/HCO3
- buffer in solution. However, no enhancement towards methanol 

production from HCOOH was observed (entry 15, Table 3.1; Figure 3.12i), and no 

increase in the %FE towards methanol production. This result suggests that the HCOOH 

reduction event is independent of the CO2 reduction event, and given the TON and %FE 

observed, is likely the limiting step towards CO2 reduction to methanol provided 

HCOOH is a reaction pathway intermediate.  

We next examined the dependence of conversion to 3-H2 and methanol 

production on the potential applied. At Pt surfaces, methanol production and DHP 

formation were both suppressed when the potential was decreased to -0.83 V in solutions 

containing 10% water in CH3CN (entry 6), while at higher water concentrations (60% 

H2O in CH3CN, entry 7) both species could again be observed. This result can be 

explained through observation of the CVs of 3 in HCOOH (Figures 3.2-3.3), where a 150 

mV cathodic shift in the reduction event is observed moving from 60% to 10% H2O 
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mixtures. Similar studies investigating the reduction of CO2 in the presence of pyridine 

also have indicated a minimum potential for methanol production, where the necessary 

applied potential corresponded to undergoing a ‘weak acid’ reduction mechanism.43a, 47, 67 

As such, the reduction of HCOOH to methanol and DHP formation require an applied 

potential that corresponds to ‘weak acid’ reduction and the formation of a surface 

hydride, as observed on the CV timescale.  

RVC surfaces were used to determine the dependence of methanol generation and 

its corresponding %FE on the electrode surface used. Results from CO2 reduction in 

Chapter 2 suggest that the reduction process to methanol is less efficient at RVC surfaces, 

and is attributed to the inertness of RVC surfaces when compared to Pt surfaces. 

Experimental and computational studies of glassy carbon electrodes indicate that a large 

overpotential exists towards proton reduction in comparison to Pt surfaces.46, 75 As shown 

in Table 3.1 and Figure 3.13, the methanol generated from HCOOH is equivalent to the 

amount generated at Pt surfaces. Furthermore, the %FE towards both DHP and methanol 

generation is higher at RVC surfaces, indicating that the contribution of the proton 

reduction pathway to the observed current passed is reduced under the conditions 

employed.  
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Figure 3.13. GC-FID Chromatograms of bulk electrolysis samples run at RVC mesh 
electrodes for (a) 1 mM 3: 10 mM HCOOH (b) 1 mM 3: 100 mM HCOOH (c) 1 mM 
3: 1000 mM HCOOH in 10% (v:v) H2O/CH3CN; (d) 1 mM 3: 100 mM HCOOH in 
CH3CN with Eapplied = -1.23 V vs. FcH0/+; (e) 1 mM 3: 10 mM HCOOH in 10% (v:v) 
H2O/CH3CN with Eapplied = -1.43 V vs. FcH0/+; and (f) 1 mM 3: 10 mM HCOOH in 
60% (v:v) H2O/CH3CN with Eapplied  = -1.23 V vs. FcH0/+. Dashed line indicates 
baseline used for peak integration. 

 In the absence of 3, no methanol formation was observed at RVC and Pt 

electrodes (see Appendix, Figure A9), indicating that the presence of 3 is necessary for 

methanol production. To determine the total contribution of acid reduction towards the 

charge passed, the CPE plots of blank solutions are compared to CPE plots of solutions 

with 3 present under the same conditions (Figure 3.14). At RVC surfaces, a 30% increase 

is observed in the charge passed upon introduction of 3 for the same time frame. This 

30% increase matches with the %FE of DHP and methanol generation, indicating that the 

remaining 70% of the charge is diverted to other reactivity such as proton reduction. This 

is not the case at Pt surfaces, where DHP formation and methanol formation account for 

only a fraction of the charge passed (~ 4 %FE). The additional charge passed can be 

understood when looking at the CVs in Figure 3.2, where a large anodic shift (100-200 
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mV) in the E1/2 of the reductive process associated with proton reduction occurs when 3 

is added into a solution of HCOOH, unlike at RVC surfaces. Furthermore, when a CV 

titration of 3 was conducted with HCOOH at Pt and RVC surfaces, a significant increase 

in the current passed is observed with HCOOH addition, where proton reduction 

dominates the current response past 100 mM HCOOH in the presence of 1 mM 3 at Pt 

surfaces, and at 1 M HCOOH for RVC surfaces (Figure 3.3).  Thus, while more charge is 

being passed in the presence 3 at Pt surfaces, the majority of the charge is still attributed 

to proton reduction and charge compensations, with proton reduction playing a 

significantly larger role at Pt surfaces than at RVC surfaces at low HCOOH 

concentrations. 

 
Figure 3.14. CPE plots for 10 mM HCOOH at (a) Pt and (b) RVC mesh electrodes in 
the presence of 1 mM 3 (red traces) and without (black traces). Eapplied = -1.23 V vs. 
FcH0/+; 0.1 M LiClO4; 10% (v:v) H2O/CH3CN. 

 
 Curious as to the effect of Brønsted acidity on DHP formation, HClO4 and acetic 

acid (AA) were also used as a proton source, with acetic acid having a slightly larger 

reported pKa (4.75) than formic acid (3.75) in water, and perchloric acid being a strong 

Brønsted acid in both water and acetonitrile. In Chapter 2, 0.2 equivalents of perchloric 
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acid was used (pH ~ 5) in an attempt to form 3-H2 under CO2 reducing conditions at Pt 

surfaces (Figure 2.13; -0.75 V vs. FcH0/+). No DHP generation was observed under these 

conditions or under CO2, and was attributed to the lack of excess protons relative to the 

ANH in solution. In this work, the ratio of acid to ANH in solution was instead increased 

to a minimum of three equivalents. As shown in Table 3.2, when the solvent mixture, 

electrode surface and applied potential are kept constant, the amount of DHP generated 

differs between AA and perchloric acid, with perchloric acid showing near full 

conversion to the DHP (entries 4 and 7, 5 and 6). However, when Eapplied is increased 

from -1.23 V to -1.43 V, near full conversion of 3 to 3-H2 is observed in the presence of 

acetic acid regardless of the solvent system used (entries 2 and 3).  

Comparing the pH of pre-electrolysis solutions, the pH of acetic acid-containing 

solutions are higher than under perchloric acid or formic acid conditions, and higher than 

the pKa value determined for 3 in 10% H2O (2.6, see Table 3.3), indicating that [3-H]+ is 

a minor species in solution (ca. one equivalent for every 200 equivalents of 3 in solution). 

The observed decrease in DHP formation at the same applied potential in the presence of 

acetic acid when compared to HCOOH is due to the shift in the E1/2 associated with acid 

reduction at the CV timescale (Figures 3.2 and 3.4), where an overpotential is required to 

reduce the ANH to the DHP in the presence of a weaker acid. As such, the overpotential 

necessary for DHP formation is pH dependent, and thus dependent on the Brønsted 

acidity of the acids used. This observation indicates that DHP formation must be initially 

activated through a ‘weak acid’ reduction mechanism, where a surface hydride is 

required to help generate the DHP in solution. 
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Table 3.2. Electrochemical generation of 3-H2 in the presence of different Brønsted 
acids. 
Entry [3]a [HA]b Eapplied

c Electrode Solventd pHe 3-H2 
(%)f 

%FE 
3-H2

g 

1 1 3 (AA) -1.23 RVC CH3CN - ND 0 
2 1 3 (AA) -1.43 RVC CH3CN - 87 92 
3 1 3 (AA) -1.43 RVC 10% 4.70 95(1) 57(1) 
4 1 3 (AA) -1.23 RVC 60% 4.06 11 15 
5 10 30 (AA) -0.83 Pt 60% 4.15 2 5 
6 10 30 

(HClO4) 
-0.83 Pt 60% 1.55 17(4) 10(2) 

7 1 3 
(HClO4) 

-1.23 RVC 60% 2.54 98 39 

a in mM. b in mM. c V vs. FcH0/+. d % (v:v) H2O/CH3CN. e pH of solution pre-electrolysis. 
f % conversion as determined by 1H NMR analysis of aliquots from post-electrolysis 
reaction mixtures. g Faradaic Efficiency of DHP formation. 
 

The pH of CO2 saturated solutions have been reported to be around pH ~ 5 in the 

presence of pyridine, with similar values determined in Chapter 2.41, 43a, 47, 51, 67, 87 In this 

work, the pH of solutions containing three equivalents of perchloric acid or HCOOH are 

much lower (pH ~ 1-3), and as such cannot not offer a direct comparison to the acidic 

environment created under CO2 and the possibility of DHP formation under CO2 

reducing conditions. Acetic acid, however, offers the ability to provide an excess of acid 

necessary for DHP formation while sustaining a pH ~ 4-5 in both 10% and 60% H2O, 

thereby allowing a more direct comparison to CO2-containing solutions. Reduction of 3 

at Pt and RVC under CO2-reducing potentials (-0.83 V at Pt; -1.23 V at RVC) in 60% 

H2O resulted in low but observable amounts of 3-H2 (Table 3.2). This is the first example 

of the generation of a DHP at a pH and applied potential relevant to CO2 reduction. 

Previous work has observed the formation of a dihydromercaptopteridine under CO2-

reducing conditions,60 but with methanol generation still under dispute (Figure 3.15).61-62  
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Figure 3.15. Tautomerization of mercaptopteridine followed by electrochemical 
formation of the dihydromercaptopteridine. Electrochemical CO2 reduction to formic 
acid and methanol is still under dispute.60-62 

 
Table 3.3. Experimentally determined pKa values for phenanthridine (3), quinoline and 
pyridine in mixed CH3CN/H2O solvent systems. 

ANH pKa in 60% (v:v) H2O/CH3CN1 pKa in 10% (v:v) 
H2O/CH3CN 

Phenanthridine (3) 3.6 2.6 
Quinoline 4.0 2.9 
Pyridine 4.5 3.3 

1From Chapter 2. 

 By examining the reduction of a likely intermediate, HCOOH, in the reaction of 

CO2 to methanol, it is expected that introduction of the DHP to the system would increase 

methanol production as fewer steps are required. However, when 3-H2 is utilized instead 

of the parent ANH 3 under the same conditions for HCOOH reduction, methanol is still 

only observed in low amounts (Figures 3.16 and 3.17), with comparable methanol 

concentrations to those generated in the presence of the parent ANH (Table 3.4). The 

%FE at RVC surfaces was found to be higher, but still comparable to the %FE observed 

for ANH-based HCOOH reduction, with the %FE at Pt surfaces being comparable to the 

values obtained for ANH-based HCOOH reduction. Unlike in Chapter 2 where the %FE 

of the reduction of CO2 to methanol was found to be electrode independent, the reduction 

of HCOOH to methanol by a DHP is electrode dependent. It is argued here that this is 

due to the lower pH of the solutions investigated (pH~3 compared to pH~5), resulting in 

a larger contribution of the charge passed to be associated with proton reduction rather 

than a reduction in the amount of methanol generated. In particular, proton reduction 
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dominates the charge passed at Pt surfaces in this work, regardless of the presence of an 

ANH or DHP in solution.  

 
Figure 3.16. CPE plots for 1 mM 3-H2 in the presence of 10 mM HCOOH at (a) Pt 
and (b) RVC mesh electrodes. E = -1.23 V vs. FcH0/+; 0.1 M LiClO4; 10% (v:v) 
H2O/CH3CN. 

Comparison of the DHP CPE plots and the blank CPE plots shown in Figure 3.14 

and Figure 3.16 showed no significant enhancement in the charge passed (140 C passed 

after 120 min for 3-H2, 150 C passed after 120 min for HCOOH alone at Pt surfaces; 14 

C passed for both at RVC surfaces), indicating that the DHP reduction mechanism is a 

slow and minor process in solution. In contrast, a current enhancement was observed 

when a DHP was placed in a CO2 saturated solution (see Chapter 2, Figure 2.11). No 

degradation of the DHP was observed over the course of the bulk electrolysis via 1H 

NMR, indicating that little to none of the DHP reacted, or that it was consumed then 

regenerated during this reductive process (Figure 3.18a). Given that the %FEs observed 

are low, the methanol generation pathway appears to be much slower relative to proton 

reduction in the presence of formic acid for both 3 and 3-H2.  
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Table 3.4. Electrochemical Methanol Generation from Formic Acid in the Presence of 3-
H2. 

3-H2:HCOOHa Eapplied
b Electrode Solventc [MeOH]d %FEe 

MeOH 
1:10 -1.23 Pt 10% H2O 32, ND 0.7, - 

1:10 -1.23 RVC 10% H2O 42, ND 9.7, - 
aRatio of DHP to HCOOH in mM. bV vs. FcH0/+. c% (v:v) H2O/CH3CN. din µM. eFaradaic 
Efficiency for Methanol Formation. Shown individually for each trial. 
 

 
Figure 3.17. GC-FID Chromatograms of bulk electrolysis samples run at (a) Pt and 
(b) RVC mesh electrodes for 1 mM 3-H2: 10 mM HCOOH in 10% (v:v) H2O/CH3CN 
with Eapplied = -1.23 V vs. FcH0/+. Dashed line indicates baseline used for peak 
integration. 

To confirm the electrochemical generation of methanol from HCOOH in the 

presence of a DHP, an NMR scale reaction of HCOOH (27 µL, 0.73 mmol) and 3-H2 (13 

mg, 0.073 mmol) was conducted in 0.6 mL CD3CN in a Teflon-capped J-Young valve 

NMR tube. The solution was allowed to sit for five hours at room temperature (the 

timescale of a bulk electrolysis experiment and bulb-to-bulb transfer) and the reaction 

monitored by 1H NMR spectroscopy for any conversion of 3-H2 to 3, and any loss of 

HCOOH with the generation of methanol peaks. The NMR spectra are shown in Figure 

3.18b, where an apparent growth of singlet peaks at 9.5 ppm, 5.4 ppm, 4.8 ppm, and 4.6 

ppm is observed. When these peak integrals are compared to both the formic acid singlet 
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at 8.0 ppm and the CH2 singlet of 3-H2 at 4.3 ppm before and after five hours of reaction, 

the singlet peak at 4.8 ppm is found to grow in from 0.02 to 0.08 when compared to the 

CH2 peak of 3-H2 (set to a value of two), and corresponds to H2 dissolved in solution.88 

Similarly, the singlet peak area at 9.5 ppm of 3 increases from 0.02 to 0.03 (when 

compared to a CH2 peak area of two), while the CH2 singlet peak area of 3-H2 was found 

to decrease by 2% when compared to the formic acid peak, the dichloromethane peak, 

and the residual CD3CN solvent peak. Furthermore, no singlets corresponding to 

methanol (~3.3 ppm) or formaldehyde (~9.8 ppm) formation was observed via 1H NMR 

over the course of five hours under Ar conditions, indicating that a thermal reaction 

between the DHP and HCOOH is not occurring over the course of bulk electrolysis and 

product analysis. Rather, the only process observed was the formation of H2 from the 

DHP, forming the ANH. This result agrees with the observed inactivity of the DHP 

towards CO2 reduction (Chapter 2, Figure 2.19), indicating that an applied potential and 

electrode surface are required for the reduction of CO2 and HCOOH to methanol using a 

DHP.51, 67 

 



	 110	

 
Figure 3.18. (a) 1H NMR before (blue, top) and after (red, bottom) bulk electrolysis 
for 1 mM 3-H2: 10 mM HCOOH at Pt mesh electrode; Eapplied = -1.23 V vs. FcH0/+; 
10% (v:v) H2O/CH3CN. (b) 1H NMR before (blue, top) and after five hours (red, 
bottom) for the thermal reaction of 121 mM 3-H2: 1.2 M HCOOH in CD3CN. 

Out of the series of ANHs investigated towards CO2 reduction in Chapter 2, 

phenanthridine exhibited the lowest %FE towards CO2 reduction, where it was argued 

(a) 

(b) 
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that this could be a result of its Pourbaix triple-point relative to CO2-reducing conditions, 

as well as steric effects. Thus, to determine if the low yields of methanol was a result of 

the lower reactivity of 3 as the additive, pyridine and quinoline were also run under the 

same conditions, providing a dependence on the ANH present, particularly the effect of 

altering the pKa, hydricity and size of the ANH used/potential DHP generated. No 

pyridine or quinoline DHP formation was observed above the background for bulk 

electrolyzed solutions containing pyridine or quinoline under the same conditions used 

for 3, indicating that either (a) DHP formation from quinoline and pyridine was not 

occurring under the applied conditions; or (b) the DHP was formed then reacted over the 

course of the bulk electrolysis experiment. Furthermore, significant amounts of methanol 

were not observed (Figure 3.19), suggesting that the reduction mechanism of HCOOH 

relies on the interplay of the pKa and hydricity of the ANH/DHP used (3/3-H2), as well as 

the pH of the solution and the solvent mixture employed. This result agrees with work by 

Keith, where the ability to reduce CO2, and thus HCOOH relies on the equilibrium 

between ANH/[ANH-H]+/ANH-H2, which is greatly affected by the solvent system and 

pH employed.59 Since HCOOH was the substrate reduced in this work rather than CO2, 

the optimal position of the ANH’s triple point is likely altered from the positions obtained 

for CO2 reduction (vide infra). 
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Figure 3.19. GC-FID Chromatograms of bulk electrolysis samples run at Pt 
electrodes for (a) 1 mM pyridine: 10 mM HCOOH; (b) 1 mM quinoline: 10 mM 
HCOOH, Eapplied = -1.23 V vs. FcH0/+; 10% (v:v) H2O/CH3CN. 

3.4 Discussion 

 The direct electrochemical reduction of formic acid under acidic conditions has 

been conducted at a number of metallic electrodes. At Pb and Sn electrodes, the 

generation of methanol was found to be strongly dependent on the potential window 

utilized (-0.9 to -1 V vs. SCE), with %FE for methanol production of up to 100% 

observed at Sn electrodes.89 At Pt surfaces, no HCOOH reduction to methanol has been 

observed, but rather proton reduction was found to dominate at both the CV and bulk 

electrolysis time scale.85 The use of Cu-electrodes and a Cu-Sn-Pb alloy was found to 

reduce formic acid to methanol at low %FE (~30%), with any increase in acid content 

resulting in acid reduction, inhibiting the HCOOH reduction pathway.90 Furthermore, at 

Cu electrodes, the generation of a CO surface species was found to be key in the 

reduction pathway for formic acid.30 

 Recently, the ability of pyridine to reduce CO2 at Pt surfaces was investigated 

using IR-spectroscopic techniques.56 Under the applied potentials necessary for methanol 

production, the generation of CO and COOH surface species were observed, with the 
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COOH species than undergoing further reduction to HCOOH. Furthermore, no pyridine-

based surface species was observed to form at chemically deposited Pt surfaces on a 

silicon wafer at potentials relevant to CO2 reduction, suggesting that the reduction of CO2 

occurs via a mechanism similar to the proton-coupled, surface-hydride mediated process 

proposed by Batista (see Chapter 1, Figure 1.6). However, no methanol was detected in 

the study by Dunwell et al.,56 potentially due to the different surface morphology and 

construction of the Pt electrode utilized compared to previous experimental methods, 

where Pt mesh (this work)67 and Pt foil43a have been utilized with methanol observed. 

Since no methanol production was observed in this IR study, no computational, surface-

based or (electro)chemical study of HCOOH reduction to methanol in the presence of 

ANH/DHP additives has been conducted to date. As such, the results presented in this 

Chapter will be cautiously compared to the mechanisms proposed computationally and 

spectroscopically for CO2 reduction to HCOOH. 

From the results presented herein, a mechanism towards methanol and DHP 

generation can be proposed. DHP generation was found to be strongly dependent on the 

applied potential, with the necessary potential dependent on the pH or Brønsted acidity of 

the acid used (compare DHP formation in perchloric acid and acetic acid solutions). This 

suggests that DHP formation is dependent on the formation of a surface hydride based on 

a ‘weak acid’ reduction mechanism. In solution, either a protonated ANH [3-H]+ or the 

acid present is reduced by 1e- to form a surface hydride (Hads), and 3 in the case of [3-

H]+, with the potential of this process strongly dependent on the pH of the solution and 

the electrode surface utilized. This is readily apparent at RVC surfaces, where from 

electrolyses and CV experiments, a larger overpotential is observed for proton reduction. 
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Furthermore, an increase in DHP formation is observed moving from Pt to RVC 

surfaces, indicating that surface-based interactions play an important role in DHP 

formation. As such, DHP formation is hypothesized to occur through a surface-coupled 

mechanism, whereby either (i) a surface-adsorbed ANH 3 is reduced by two 

Hads/PCETs;57b (ii) [3-H]+ is reduced by a 1e-/1H+ process to a surface-adsorbed radical 

[3-H]* that is further reduced to a surface-adsorbed 3-H2 which can dissociate;57b or (iii) 

a solution-based [3-H]+ is reduced by Hads in a 2e-/1H+ reduction process (Figure 3.20).53 

These proposed mechanisms are similar to those proposed for DHP formation under CO2 

at p-GaP and Pt electrodes by Carter,57b Keith54b, 57a, 58 and Batista.53 Given the higher 

NMR conversions and %FE at RVC electrodes compared to Pt electrodes, it is expected 

that a surface-adsorbed mechanism is more likely to result in the formation of a DHP. 
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Figure 3.20. Proposed mechanisms for electrochemical formation of 3-H2. In the 
acidic conditions employed, either the acid or [3-H]+ is reduced to form Hads and a 
surface adsorbed 3 (top) that can undergo another 1H+/1e- to 3-H2 that can dissociate 
from the surface; a surface-based [3-H]* (middle) that can undergo a 1H+/1e- 
reduction to 3-H2 and dissociate from the surface; or form Hads and a solution-phase 
3 (bottom), where a secondary [3-H]+ can be reduced to 3-H2 through a HT (1H+/2e- 
transfer) by Hads. 

Since no reaction occurred between chemically synthesized DHP and HCOOH in 

the absence of an applied potential and electrode surface, a surface-coupled reaction 

mechanism towards HCOOH reduction to methanol is also likely. In ANH-based 

solutions, the reduction of HCOOH could occur via any of three distinct mechanisms, 

similar to the mechanisms proposed by Carter and Batista (Figure 3.21). Similar to a 

solution-based formation of the DHP, [3-H]+ and a Hads can reduce HCOOH through a 

proton-coupled hydride transfer (PCHT), forming formaldehyde and water, with a 

secondary PCHT step producing methanol (mechanism shown in Chapter 1, Figure 

1.6).53 Alternatively, a surface based 3-H2 can be generated, which can then attack 
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HCOOH through direct hydride transfer (HT), which is either coupled with, or followed 

by proton transfer (PT), forming formaldehyde and 3, with a secondary PCHT in the 

same fashion producing methanol from formaldehyde.57b 

While DHP solutions exhibited larger %FE for methanol generation at RVC 

surfaces, the methanol concentration generated was similar to ANH solutions under the 

same conditions, indicating that this process is a slow process that exhibits a large energy 

barrier to methanol formation, and is occurring at similar rates in both DHP and ANH-

containing solutions. Given that no degradation of the DHP to the parent ANH was 

observed via 1H NMR spectroscopy during bulk electrolyses or in thermal reactions with 

HCOOH, we hypothesize that the DHP reacts with a Hads, generating H2 to form a 

surface-adsorbed [3-H2]* that can then undergo a secondary reduction and perform a HT 

to HCOOH that is coupled with a PT, generating formaldehyde and 3 at the surface 

(Figure 3.21). This newly generated 3 can then be reduced through one of the 

mechanisms from ANH-based reduction, regenerating the DHP. 
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Figure 3.21. Proposed mechanisms for formic acid reduction to methanol facilitated 
by ANH or DHP. In the acidic conditions employed, either the acid or [3-H]+ is 
reduced to form Hads and a surface adsorbed 3 (top) that can undergo another 1H+/1e- 
to 3-H2 that can attack HCOOH in a PCHT fashion, with 3 dissociating from the 
surface; a surface-based [3-H]* (middle) that can undergo a 1e- reduction and attack 
HCOOH through a HT followed by a PT. For DHP reduction of HCOOH, the DHP 
reacts with a surface hydride, generating H2 and a surface-adsorbed [3-H]* radical 
that can undergo a 1e- reduction and attack HCOOH through a HT followed by a PT. 

 Analysis of the charge passed in the presence of 3-H2 to that passed in the 

presence of HCOOH alone reveals little to no charge enhancement due to the addition of 

the DHP. Furthermore, CVs of DHP under acidic conditions revealed little to no current 

being passed (Chapter 2, Figure 2.8). Thus it is not expected that proton reduction can 

occur through a DHP route at a comparable rate to acid reduction. Rather, once the DHP 

	

+3-H2 
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is generated, it is unlikely that it will generate 3 and H2 in the timeframe and conditions 

employed, and the large amount of charge passed at Pt surfaces in the presence of 3 and 

HCOOH compared to HCOOH alone is more likely from the 3/[3-H]+ couple than a 

result of the 3/3-H2 couple. This is consistent with a low reactivity of the ANH/DHP 

towards the reduction of HCOOH. 

 Attempts at HCOOH reduction using quinoline and pyridine as the ANH did not 

produce any observable amounts of methanol, with none of their corresponding DHPs 

observed via 1H NMR, suggesting that DHP formation either did not occur, or the DHPs 

are too reactive to be observed using the methods employed here. Computational studies 

by Keith have predicted that the ability of the ANH to facilitate CO2 reduction, and thus 

HCOOH reduction to methanol, was due to the position of its Pourbaix triple-point of 

ANH/[ANH-H]+/DHP in relation to the pH and applied potential necessary for CO2 

reduction to HCOOH.59 All three of these species have been observed through 

electrochemical and 1H NMR techniques for 3 under the acidic conditions applied.  Since 

the pH of the solutions involved in HCOOH reduction in this work are more acidic (pH ~ 

1-3), it is expected that an ANH with a lower pKa and thus a more acidic Pourbaix triple 

point can facilitate HCOOH reduction to methanol more readily than ANHs more apt for 

CO2 reduction to HCOOH at higher pH values (pH ~5), under similar applied potentials 

to that utilized for CO2 reduction. 3 fits this criterion, whereas pyridine and quinoline 

exhibit higher pKa values and thus more basic Pourbaix triple points that can facilitate 

CO2 or HCOOH reduction more readily at higher pH values, and as a result, may not be 

able to undergo HCOOH reduction and DHP formation as readily under the experimental 

conditions studied. 
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3.5 Conclusion 

We have presented here the first evidence of an electrochemical generation of a 

DHP with simultaneous generation of methanol under conditions relevant to CO2 

reduction. The generation of the DHP was found to be dependent on the applied 

potential/pH, solvent mixture and surface used, with high NMR conversions and %FE at 

RVC surfaces. Methanol was generated at both Pt and RVC electrodes under 

electrochemically reducing conditions at low %FEs, with similar, low concentrations 

being observed for ANH and DHP based solutions. Furthermore, the identity of the 

ANH/DHP used was critical for methanol and DHP production, with neither observed 

above the limit of detection in pyridine or quinoline solutions. Based on the low %FEs 

and TONs, it appears that formic acid reduction is the limiting step in CO2 reduction to 

methanol for ANH-based electrochemical systems. These findings will hopefully further 

the investigation into these synergistic type of reaction schemes, particularly in 

overcoming the barrier towards formic acid reduction, where optimizing the proton-

hydride shuttle interaction with the electrode surface, substrate, applied potential, and 

solvent mixture is expected to increase the TON in electrochemical hydrogenation 

frameworks.83 
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CHAPTER 4: Conclusions and Outlook 
	
 In this thesis, the ability of benzannulated pyridines and their corresponding 

dihydropyridines to mediate the electrochemical reduction of CO2 to liquid fuel products 

such as formic acid and methanol was investigated. While the simplest variant, pyridine, 

has been studied extensively in the literature (see Chapter 1) using electrochemical, 

chemical and computational techniques, little is still known as to the exact role it and its 

dihydro-variant plays in the facilitation of methanol production from CO2. This work 

sought to elucidate mechanistic insights by altering the electronic structure of pyridine 

through benzannulation, as well as develop and use isolable 1,2-DHP and 1,4-DHP 

variants to determine their significance in the CO2 reduction mechanism.  

In Chapter 2, pyridine was found to exhibit the highest selectivity towards 

methanol production, while quinoline exhibited the highest Faradaic efficiency of the 

benzannulated series. This was taken as an indication that a balance between the size, the 

acidity and the hydricity of the ANH/DHP utilized, i.e. its Pourbaix triple point,59a for 

CO2 reduction plays a significant role in determining which ANH will reduce CO2. 

Access to the para-position of the ANH was found to lead to significant deposition 

processes using acridine, while access to the ortho-position of the ANH did not in the 

case of phenanthridine, indicating that the configuration of the different DHP isomers has 

a significant contribution towards any surface-based interactions. The DHPs investigated 

also required the use of an electrode and an applied surface to facilitate CO2 and HCOOH 

reduction, indicating that an electrochemical surface-coupled reduction is likely to occur, 

as proposed by Carter,57b Keith,54b, 57a and Batista.53 Furthermore, 1,2-

dihydrophenanthridine was found to exhibit an observable current enhancement both at 
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the CV and electrolysis timescale not associated with weak acid buffering, unlike the 

ANHs investigated, with %FE towards methanol and formic acid production that were 

electrode independent. 

In Chapter 3, the reduction of HCOOH to methanol was observed in the presence 

of either phenanthridine or 1,2-dihydrophenanthridine, with similar TON and TOF as 

seen for CO2 reduction to methanol. Thus, if HCOOH is an intermediate in the CO2 

reduction process, its reduction appears to be turnover-limiting. Furthermore, 

simultaneous DHP and methanol generation was observed under conditions relevant for 

CO2 reduction using phenanthridine, but not with quinoline or pyridine, where no 

methanol or DHP generation was observed in this work. This result indicates that the 

position of the ANH’s Pourbaix triple point must be at more acidic pH values to facilitate 

HCOOH reduction to methanol under the experimental conditions employed. 

While CO2 and HCOOH reduction are reported in this work, the amounts of 

methanol and formic acid produced are low. Methanol and formic acid generated were 

confirmed to not be a result of a contamination in the ANH/DHP, degradation of the 

ANH/DHP, a contaminant in the CO2/HCOOH used, a contaminant from post-

electrolysis processing, or a contaminant from the electrode setups used. Future work 

might investigate the ability to conduct CO2 reduction and HCOOH reduction to 

methanol using isotopic labeling, such as the use of 13C16O2; 12C18O2; D2O/CD3CN as the 

solvent; DCOOD; H13COOH and/or deuterated pyridine, with determination of products 

using high-resolution GC-MS/LC-MS, 1H NMR, 2H NMR, and 13C NMR spectroscopy. 

Furthermore, application of deuterated DHP species could provide definitive proof of the 

role DHPs play in CO2 reduction. These isotopically-labeled species would provide 
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spectroscopic and spectrometric handles to observe the exact origin of the CO2 and 

HCOOH reduced species produced in this system, which might help alleviate much of the 

controversy associated with this promising system.48, 56, 61 

In this work, both ANH and DHPs are observed to help facilitate the reduction of 

CO2 to methanol, with both species proposed to undergo a surface adsorption process in 

order to do so. As such, future work could investigate the role of ANH/DHPs at the 

electrode surface for CO2 reduction using IR-spectroscopic techniques, as described by 

Dunwell et al.56 This would allow observation of any N-H, CH2, C-N, and C=N bonds 

either adsorbed on the electrode surface or in solution near the electrode surface. From 

this, the degradation pathway of the DHP to the ANH under CO2 reducing conditions, as 

well as the surface-adsorption process observed for acridine at Pt and RVC surfaces, 

could be better understood, helping determine the exact mechanism ANH/DHP-based 

CO2 reduction undergoes. 

The majority of the studies involving pyridine-based CO2 reduction involve the 

use of pyridine-containing solutions, with only a few studies investigating the interaction 

at the electrode surface spectroscopically.43b, 56 By instead tethering the pyridine ring to 

the electrode surface, any surface-adsorbed processes can be suppressed with the 

promotion of solution-based CO2 reduction. Recent work has investigated the ability of 

pyridine-functionalized Au surfaces to reduce CO2 to HCOOH and CO, with pyridine 

appended in the para-position.91 Similarly, the appendage of pyridine to other surfaces 

such as Pt and carbon can be investigated, whereby any surface adsorption processes that 

pyridine can undergo are suppressed. Alkene monolayers have been recently appended 

onto Pt surfaces through oxidation of the Pt-surface.92 Carbon electrodes can be 
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functionalized through reduction of a diazonium pyridine salt, or with pyridine covalently 

attached to graphene/graphene oxide.81a, 93 By investigating these functionalized surfaces 

electrochemically and spectroscopically, the ability of pyridine to facilitate CO2 reduction 

to methanol without any pyridine-based adsorption processes can be observed. 

Another avenue currently being explored is the use of the acidic conditions 

employed in Chapter 3 to perform hydrogenation reactions of unsaturated bonds such as 

imines and ketones to their corresponding amines and alcohols. This will not only help 

determine the generality of the 1,2-dihydrophenanthridine formation observed in Chapter 

3 to other unsaturated substrates, but also allow the possibility for asymmetric 

hydrogenation using electrochemical methods. It is expected that from these results a 

more facile, environmentally friendly, industrial-scale hydrogenation framework can be 

developed. 
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APPENDIX 

 
Figure A1. 1H NMR of a standard solution of 5 mM formic acid and 5 mM methanol 
in 40% v/v CH3CN/H2O. As shown, a suppression of the CH3OH signal of 
approximately 5x is observed. Taken from Reference [67]. Copyright 2017 American 
Chemical Society. 
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Figure A2. Representative 1H NMR spectrum of an aliquot taken from a bulk 
electrolysis by a (a) Pt and a (b) RVC electrode under CO2. 0.1 M LiClO4, 60% (v:v) 
H2O/CH3CN. Adapted from Reference [67]. Copyright 2017 American Chemical 
Society. 
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Figure A3. 1H NMR (CDCl3) of film deposit of 4 after 1 CV cycle under CO2 at a 
GCE (see Figure 2.5). No 4-H2 observed, only peaks corresponding to [4-H]+ are 
observed in the aromatic region. Solvent peaks indicated in spectrum. Adapted from 
Reference [67]. Copyright 2017 American Chemical Society. 

 

 
Figure A4. Anodic CV scans of (a) 3 and (b) 4 in 0.1 M LiClO4 at pH of 5.5; 60% 
(v:v) H2O/CH3CN. Scan rate of 100 mV/s, Pt disk electrode; Potential referenced vs. 
FcH0/+. Taken from Reference [67]. Copyright 2017 American Chemical Society. 
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Figure A5. (a) GC-FID Chromatogram of a methanol (CH3OH) standard solution. 
(b) Calibration curve of the peak area vs. methanol (MeOH) concentration in 60% 
(v:v) H2O/CH3CN for GC-FID detection. Adapted from Reference [67]. Copyright 
2017 American Chemical Society. 

 

 
Figure A6. LC-MS calibration curve of peak area vs. formic acid concentration in 
60% (v:v) H2O/CH3CN (M/Z = -45 Da). Taken from Reference [67]. Copyright 2017 
American Chemical Society. 
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Figure A7. HSQC-DEPT Spectrum of 3 in CDCl3. 

 
Figure A8. HSQC-DEPT Spectrum of 3-H2 in CDCl3. 
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Figure A9. (a) Calibration curve of GC-FID Peak Area versus Concentration of 
MeOH. (b) Corresponding GC-FID chromatograms for 20 and 100 µM CH3OH in 
10% (v:v) H2O/CH3CN. Dashed line indicates baseline used for peak integration. 
GC-FID Chromatograms of bulk electrolysis control samples run at (c) Pt and (d) 
RVC mesh electrodes for 10 mM HCOOH, Eapplied  = -1.23 V vs. FcH0/+; 10% (v:v) 
H2O/CH3CN. No methanol observed. 
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