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Global energy demand has historically been provided for by fossil fuels. As 

energy demand continues to rise in response to increasing population and 

industrialization, the use in fossil fuels will also rise. This rise is anticipated to have 

negative impacts on our global environment in the form of environmental risk factors. 

Therefore, a switch in energy dependency from fossil fuels to clean renewable energy 

is necessary to mitigate these risk factors. To make this transition, we envision a zero-

emission pathway by harnessing energy from the sun in the form of solar fuels. By 

harnessing solar energy via a photovoltaic, electrons will be provided to reduce CO2 to 

CO. The well-known Fischer-Tropsch process will then use CO as the C1 feedstock to 

produce the solar fuels. 

 For the initial transformation, the Rosenthal Research Lab developed a bismuth 

carbon monoxide evolving catalyst (Bi-CMEC), prepared by an acid aqueous 

electrodeposition bath. Its ability to selectively (>90 %) and efficiently (83 %) 

electrocatalytically transform CO2 to CO with the incorporation of imidazolium-based 

ionic liquids (ILs) was demonstrated. Bi relates to the historic Ag and Au cathodes in 

the ability to selectively evolve CO, but is not impeded by the cost of material when 

used on an industrial scale.  

To further encourage industrial integration of Bi-CMEC and to enhance these 

impressive metrics, I helped with the development of a 3D-printed flow electrolysis 

assembly for the electrocatalytic reduction of CO2 to CO. 3D printing allows for rapid 

and cost effective prototyping with high precision and accuracy. The flow cell is a sealed 
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system which does not require constant operation or system re-optimization. 

Importantly, the flow cell recycles electrolyte and encourages faster mass transport from 

the constant flow of fresh electrolyte across the electrode surface. Here, we have 

modified existing drop casting techniques to screen a slew of inexpensive and 

commercially available Bi3+ salt precursors. We also took advantage of inexpensive 

carbon supports to further the likelihood of transitioning this chemistry into industry. 

Our progress with Bi-CMEC preparation and industrial cell design truly highlights the 

feasibility of integrating a Bi-based CO2 electrolyzer into industry. 

Mechanistic insights for Bi-CMEC to facilitate this transformation were studied 

with Tafel analysis and MD calculations performed in a collaborative effort with the 

University of Minnesota and co-workers of the Rosenthal Research Lab. Specifically, 

Tafel analysis suggested that the rate determining step (RDS) for Bi-CMEC is the first 

electron transfer (ET) to yield the surface bound CO2
Åï. MD simulations agreed with the 

first ET being rate limiting and highlighted the role of surface bound IL and IL in the 

solution bulk. Upon developing an organic plating procedure, in situ studies were 

performed which offered additional insight for the catalytic behavior of Bi-CMEC. The 

organic electrodeposition procedure was general and allowed for materials other than 

Bi (Sn, Pb, and Sb) to be studied. The ability of these p-block metals to reduce CO2 to 

CO was explored and ultimately revealed unique electrochemical behaviors. Despite Sb 

showing poor activity for CO2 reduction, Bi, Sn, and Pb demonstrated high CO 

selectivity (~80 %) with current densities for CO generation ranging from 5ï8 mA/cm2. 

While Bi and Sn both showed impressive electrochemical behaviors, Pb demonstrated 

film passivation and CO2 activation occurred at a larger overpotential. These initial 



 xxvii  

studies inspired curiosity as to why these materials, when prepared in a similar manner, 

demonstrated unique catalysis.  

To understand why Pb becomes passivated, I performed extensive studies on the 

RDS, electrochemical events, and surface adsorbate interactions for the Bi, Sn, and Pb 

cathodes. Tafel studies performed on the Pb cathode suggested that an adsorbate forms 

on the surface to block charge transfer events. Surface studies were subsequently 

performed to identify the evolution of adsorbates for the Bi, Sn, and Pb cathodes.  While 

Bi and Sn were nearly identical, Pb demonstrated an additional impurity adsorption 

component. This component was later identified as an imidazolium-carboxylate adduct. 

This adduct was found to exist both on the surface and in solution for Pb, but was not 

identified in either medium for Bi or Sn. 

Imidazolium-carboxylate is highlighted in the literature to be an essential 

intermediate for the stabilization of CO2
Åï to lower the activation energy of this redox 

reaction. Because this theory disagrees with our previous experimental results, I 

performed thorough studies on the adduct itself. Here, direct information on its 

electrochemical behavior and participation in catalysis were observed. It was revealed 

that the adduct formation is irreversible, such that it creates a thermodynamic sink upon 

formation during electrolysis. When the adduct exists in solution, it was found to 

interfere with the diffusion of reactants and products migrating to and from the electrode 

surface to negatively impact the current density. For Bi and Sn specifically, the adduct 

interferes with the cathode/IL interaction at the surface without formally adsorbing. The 

IL monolayer becomes loosely adsorbed and no longer suppresses hydrogen production 

to selectively favor CO evolution. 
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IL serves multiple purposes during catalysis including stabilizing the electrode 

bias, providing protons for the 2H+/2eï redox reaction, and functioning as electrolyte. 

Therefore, I was interested in observing how neat IL systems would compare to the 

organic system with dilute IL. Additionally, ILs are a greener solvent compared to 

organics and would further help with industrial integration. For these studies, the 

essential cathode/IL interface remained, but the inherent physical properties of the IL 

electrolyte became more prevalent, i.e. viscosity, symmetry, intermolecular 

interactions. The higher solution viscosity was shown to drastically reduce mass 

transport. Poor diffusion was remedied with temperature enhancement. Here, it was 

found that Sn-CMEC was more durable than Bi-CMEC for extreme reaction conditions. 

Thus, temperature studies were continued with Sn-CMEC. Temperature studies were 

performed with 1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM]PF6) and 

1-butyl-3-methylimidazolium trifluoromethanesulfonate ([BMIM]OTf). Interestingly, 

the durability of these ILs were found to be highly dependent on the anion. [BMIM]OTf 

demonstrated high selectivity and current density up to 100 C, whereas [BMIM]PF6 

showed no positive correlation to any temperature range. These differences were due to 

the durability (decomposition temperature) of each IL. 

To enhance mass transport for [BMIM]PF6 without sacrificing the durability of 

the IL during catalysis, admixtures of acetonitrile were added. This revealed fascinating 

chemistry, such that there is now a switch in catalytic dependency. Remarkably, the 

electronic behavior became less resistive to facilitate charge transfer, mass transport, 

and CO selectivity. Importantly, the IL did not show evidence for significant 

decomposition. These IL studies highlight electrochemical behavior of IL during 

electrolysis.
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INSPIRATION AND HISTORICAL IMPORTANCE FOR THE 

DEVELOPMENT OF ENERGY STORAGE DEVICES  

1.1 Introductio n 

Global energy consumption has been rising over several decades due to 

economic growth and industrialization.1,2,3 China alone has achieved the reputation of 

being the greatest energy consumer, and consequently the greatest CO2 emitter in the 

world.3,4 Atmospheric CO2 levels resided at 278 ppm in 1975 and now doubled (>400 

ppm) in 2016.5 In 2015 alone, 17 TW of energy were consumed globally (Figure 1.1a), 

where nearly 86 % of that energy was supplied by fossil fuels.6 Fossil fuels have 

historically been our primary energy source, highlighted in Figure 1.1b, and truly 

dominate our energy profile. If our dependency on fossil fuels continues, such that they 

continue to provide for our projected energy demand by 2050, our atmospheric CO2 

contribution will continue to rise at alarming rates.7 
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Figure 1.1. Energy profile for 2015 and projected energy consumption by 2050 is 

featured in a). The energy profile over a series of decades is featured in b). 

Global CO2 emissions with respect to year is shown in c).  

CO2 resides in two reservoirs; the atmosphere and the deep ocean. CO2 

concentrations between the two reservoirs naturally fluctuate, but the recent jump in 

atmospheric CO2 levels (Figure 1.1c) resulted in a CO2 flux that requires equilibria to 

be reestablished.8 This CO2 flux has resulted in global reasons for concern (RFC) and 

are prevalent in our global economy by environmental warning signs, i.e. extreme 

weather, encroaching seas, ocean acidification, and climate change.9,10 To mitigate 

these RFCs, decreasing our contribution to CO2 emissions is critical. This stresses the 

need for establishing a new dependence on renewable energy sources. 

Renewable energy has shown a slight emergence over the past couple decades 

(Figure 1.1b, green trace).6 Renewables provide carbon neutral energy from naturally 

occurring and inexhaustible means. Of the renewable energy sources, solar is the only 

one that scales to match our future energy demand, such that more energy from the sun 

strikes the earthôs surface in one hour than is used in one year.8 Because of its 

intermittency, however, the development of an efficient solar energy storage device is 

needed. The ability of a material to store energy is measured by its energy density. Table 
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1.1 summarizes the energy density for three energy storage methods; kinetic (flywheel), 

potential (compressed air), and chemical energy (batteries, carbon based fuels).11 

Table 1.1. Energy sources and their respective energy density in kJ/ kg.11 

energy source energy density (kJ/ kg) 

Crude oil 42 000 

Coal 32 000 

Methanol 21 000 

Lithium-ion batteries 700 

Compressed air 400 

Flywheel, composite materials > 200 

Of the three methods, carbon based fuels (chemical energy) are the most energy 

dense. Additionally, hydrocarbon fuels can easily be stored and transported to where 

the energy is needed.5 Due to the economics for transcontinental distribution of liquid 

fuels, hydrocarbons are an efficient method for storing energy. Seeing as our economy 

relies heavily on liquid fuels for energy, incorporating solar fuels may significantly 

decrease contributions of atmospheric CO2 emissions.12 Here, if solar energy drives the 

production of liquid fuels, energy from the sun would be stored through chemical bonds. 

One way solar fuels can be produced is through the reduction of CO2. A current 

challenge faced with CO2 reduction is the high thermodynamic energy barrier to reverse 

the exergonic combustion reaction as shown in equation 1.1. 

CxHy + zO2 Ÿ xCO2 + H2O          (1.1) 

Depending on the amount of energy provided, different reduced carbon species will be 

produced (Figure 1.2). Competitive proton reduction must also be considered (ï0.42 (V) 

vs. SHE). This is only a 100ð200 mV difference from CO2 reduction reactions. 
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Competitive reduction leads to poor product selectivity. Therefore, a catalyst that can 

suppress hydrogen (H2) evolution to selectively favor one product is desired.  

 

Figure 1.2. Equilibrium potentials for CO2 reduction to CO, formic acid, methanol, and 

methane. Eeq are obtained at pH 7 and referenced to the standard hydrogen 

electrode (SHE). 

The thermodynamic theory for multiple eï/H+ transfer processes predicts that for 

two electrons transferred, catalysis will function efficiently in both the forward and 

reverse direction with the use of a catalyst.13 The reversibility of two electron transfer 

(ET) events is satisfied by the Sabatier principle.14 This states that the intermediate 

formed will bind optimally to the catalyst, such that the intermediate will not bind too 

strongly to poison catalysis, but not too weakly to prevent further transformation. For 

reactions with more than two electrons transferred, such as for methanol or methane, 

the transformation becomes more complicated due to more than one reaction 

intermediate. This leads to an irreversible reaction.  

Understanding that two step ET mechanisms are more kinetically accessible 

than multiple ET events, the production of CO is a promising redox reaction for 

producing solar fuels. CO is a commodity chemical for industrial processes, such that it 

is the C1 feed stock for hydroformylation, the Monsanto process, and the water-gas shift 
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(WGS) reaction.15,16,17 Notably, CO is a precursor for synthetic fuel production via the 

Fischer-Tropsch process.18 The challenge for CO evolution, however, is the high kinetic 

barrier. This redox reaction therefore requires a catalyst. 

Heterogeneous catalysis, where the catalyst is in a different phase than the 

reactants or products, are commonly used in industry.19 An advantage of heterogeneous 

catalysis over homogeneous catalysis, where the reactants and products are in the same 

phase as the catalyst, is the inability to dimerize into stable bimetallic compounds and 

create a thermodynamic sink.19 Additionally, homogeneous catalysis is accompanied 

with large costs for catalyst production and product separation.20 Transition metal 

heterogeneous catalysts have been studied for CO2 reduction and were shown to produce 

either CO or formate (Table 1.2).13 Under aqueous conditions, Sn and Pb have been 

shown to be highly quantitative for formate production, while Ag and Au are highly 

selective towards CO evolution. When considering the cost of Ag and Au materials, 

however, its price greatly outweighs its catalytic capabilities, ~$700/ kg and ~$45 000/ 

kg respectively. 

Table 1.2. Metrics for common heterogeneous CO2 reducing catalysts under aqueous 

conditions.13 

catalyst (V) vs. SCE FECO (%) FEH2 (%) FEHCOOï (%) j tot (mA cm-2) 

Silver ï1.4 82 12 --- 12 

Gold ï1.1 87 10 --- 10 

Lead ï1.6 --- 5 97 5 

Tin ï1.5 2 5 88 5 

In shifting from transition metal catalysts to p-block metal catalysts, Bi has 

remained relatively unexplored in its CO2 reduction capabilities. It is the by-product of 

Pb, Cu, and Sn refining and has little to no environmental impact. Due to having few 
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industrial applications, its price is more accommodating than the noble metal cathodes, 

~$18/ kg. Until recently, there was only one electrocatalytic study showing Biôs ability 

to reduce CO2, which did not describe CO evolution.21 Because Bi had not yet been 

demonstrated to produce CO, it would be a significant contribution towards CO2 

electrocatalytic reduction studies to develop an inexpensive Bi-based cathode to drive 

the evolution of this high energy storing small molecule. 

In preliminary work with exploring the electrocatalytic CO2 reduction 

capabilities of Bi, it was demonstrated that Bi could be electrodeposited onto an inert 

glassy carbon electrode (GCE, 3.0 mm diameter). Detailed electrochemical studies were 

later performed to understand why Bi possessed high and impressive activity towards 

CO2 reduction.22 This Bi-modified electrode came to be the first reported Bi carbon 

monoxide evolving catalyst (Bi-CMEC) and truly pioneered subsequent electrocatalytic 

discoveries. Since these initial studies, The Rosenthal Research Lab developed various 

electrodeposition methods that involved either an acid aqueous or organic baths for ex 

situ or in situ studies respectively.23 Upon developing a general organic 

electrodeposition procedure, other inexpensive p-block metals were studied for CO2 to 

CO catalysis (Sn, Pb, and Sb).24 Additionally, the essential interplay between the metal 

cathodes and 1,3-dialkylimidazolium ionic liquids (IL) to promote CO2 to CO catalysis 

was highlighted. 

1.2 Results and Discussions 

1.2.1 Bismuth Carbon Monoxide Evolving Catalyst (Bi-CMEC) 

Previous Rosenthal Group co-workers studied the preparation of a Bi 

electrocatalyst. Specifically, initial work with Bi involved the modification of current 
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electrodeposition techniques to develop a concentrated HCl acid aqueous bath with a 

bismuth nitrate (Bi(NO3)3) precursor and electrolyte (KBr). Upon polarizing an inert 

GCE at the potential at which Bi(NO3)3 is reduced, shown by the cathodic peak in the 

cyclic voltammogram (CV) in Figure 1.3a, they successfully modified the electrode 

surface, seen visually by a dark gray film. The morphology, elemental surface 

composition, and the composition of the film were analyzed with secondary electron 

microscopy (SEM), X-ray photoelectron spectroscopy (XPS), energy dispersive X-ray 

spectroscopy (EDX), and powder X-ray diffraction (PXRD) respectively. 

Figure 1.3b features an SEM image of the electrodeposited film. This image 

revealed micrometer-sized clusters on the surface that are reminiscent of rosebuds. 

These microstructures overwhelm the surface and provide information on the porosity 

of the film. Having a porous film with enhanced depth provides additional active sites 

for the reactants (CO2) to bind to during catalysis.25 

 

Figure 1.3. Cyclic voltammogram in a) describes the cathodic behavior for Bi(NO3)3 

when conditioning the GCE in an acid aqueous bath. The secondary 

electron microscopy image of the Bi-modified GCE is illustrated in b). 
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EDX detected Bi, K, C, Br, and Cl in the film bulk (Figure 1.4a). Upon 

qualitative analysis, Bi was found to be the main component. The presence of Br and Cl 

on the surface were believed to be contaminants from the electrodeposition. They appear 

necessary for neutralizing the Bi3+ charge, but show no evidence towards encouraging 

CO2 reduction. XPS complimented EDX by providing quantitative elemental analysis 

of the surface. Figure 1.4b shows the Bi 4f high resolution XPS spectrum which detected 

two components: metallic bismuth (Bi0) and oxidized bismuth (Bi3+) at 157.0 and 159.9 

eV respectively. PXRD characterized the Bi3+ component as being bismuth(III) 

oxychloride (BiOCl), shown in Figure 1.4c where the electrodeposited Bi diffraction 

(black trace) overlaid nicely with Bi0 (orange trace) and BiOCl (green trace) standards.22 

 

Figure 1.4. Electrodeposited Bi-CMEC film characterized by a) EDX, b) XPS, and c) 

PXRD.  

Electrochemical studies were subsequently performed on the modified surface 

to observe CO2 reduction activity. Specifically, CV was used to monitor current 

responses. Current, in Amps (C s-1), is a measure charge (Q) passed per time (t) 

(equation 1.2). Current is linked to the rate of reaction, such that if the current (flow of 

electrons) is high, then the rate of catalysis is also high. Dividing by the electrode area 
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normalizes the current to allow for comparisons between systems with varying surface 

sizes to be made. This results in the total current density (j tot), measured in mA/cm2.  

i =           (1.2) 

For this study, the electrolyte solution consisted of acetonitrile (MeCN) and 

supporting electrolyte (100 mM tetrabutylammonium hexafluorophosphate (TBAPF6)). 

The solution was first saturated with nitrogen (N2) to observe if Bi-CMEC was stable 

under potentials ranging from ï0.25 to ï2.25 (V) vs. SCE (all potentials will be reported 

to this reference). A flat current response was observed (Figure 1.5b, black trace), which 

signified a strong ohmic contact between the film and electrode surface. When saturated 

with CO2, a rise in current was observed with an onset potential of ï2.0 V (Figure 1.5b, 

blue trace). Despite showing modest activity towards CO2 reduction, small aliquots of 

ionic liquid (IL), 1-ethyl-3-methylimidazolium tetrafluoroborate ([EMIM]BF4), were 

titrated into the CO2 saturated electrolyte solution with the intention of further 

enhancing the observed activity (Figure 1.5a). A significant current enhancement was 

observed after the first few additions of IL. Further additions (reaching 100 mM) 

demonstrated a substantial current enhancement greatly surpassing the initial current 

response without IL. Additionally, the onset potential became less negative implying a 

more thermodynamically favorable redox reaction. 
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Figure 1.5. Cyclic voltammograms in a) show an IL titration into CO2 sat. MeCN. 

Cyclic voltammograms in b) show the polarization curves for IL/Bi/CO2 

(green trace), IL/Bi/N2 (black trace), and IL/CO2 (blue trace). The inset 

magnifies the polarization curves for Bi under CO2 and N2 without IL 

(purple and red traces respectively). The current density plot in c) 

illustrates the kinetic comparisons between [BMIM]PF6, [BMIM]BF 4, 

[EMIM]BF 4, and [BMMIM]BF4, in orange, green, red, and purple traces 

respectively. 

The significance of incorporating IL was further highlighted when performing 

controlled potential electrolysis (CPE) at ï1.95 V on a variety of ILs. CPE was 

performed in a sealed two-compartment electrochemical cell equipped with CO2 

saturated electrolyte solution. The headspace of the cell was analyzed with gas 

chromatography (GC) to monitor CO production reported in Faradaic efficiencies (FEs). 

Like the yield of a synthetic reaction, the FE of electrochemical catalysis is a measure 

of moles of product formed divided by the theoretical moles amount of product 

(equation 1.3). Catalytic systems associated with high FEs are systems that have high 

product selectivity. 

FE = 
  

  
 x 100          (1.3) 

The ILs studied varied in cation and anion combinations: 1-ethyl-3-

methylimidazolium tetrafluoroborate ([EMIM]BF4), 1-butyl-3-methylimidazolium 
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tetrafluoroborate ([BMIM]BF4), 1-butyl-3-methylimidazolium hexafluorophosphate 

([BMIM]PF6), and 1-butyl-2,3-dimethylimidazolium tetrafluoroborate 

([BMMIM]BF 4). The structures for these imidazolium-based ionic liquids are shown 

below in Figure 1.6. The ILôs behavior during electrolysis are summarized in the current 

density plot in Figure 1.5c. Control experiments were when either IL or Bi-CMEC were 

not incorporated (Figure 1.5c, black and blue traces respectively).  

 

Figure 1.6. Structures for imidazolium-based ionic liquids. 

The current density plot showed a large enhancement in current density for the 

Bi/1,3-dialyklimidazolium IL interfaces compared to when the Bi/IL interface did not 

exist. This was found true regardless of the anion (BF4
ï, PF6

ï) or C1 alkyl substitution 

([BMIM] +, [EMIM] +).  

Table 1.3 shows that the Bi/IL interface produced high CO efficiencies 

exceeding 90 %. The impressive metrics were suggested to not be the result of IL or 

solvent decomposition, as observed when performing CPE under N2; negligible current 

and no CO evolution. If Bi-CMEC was absent in the CO2 saturated MeCN/IL solution, 

the current density was negligible with trace amounts of CO produced. Conversely, 

when Bi was present without IL, CO production was halved. This further supports that 
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this is not a homogeneous system mediated by the IL. If this were true, then the absence 

of Bi would have minimal effects on the metrics. Lastly, a significant IL characterization 

was revealed when the C2 proton was substituted by a methyl group, [BMMIM]BF4. 

When [BMMIM]BF4 was used in catalysis, the current density was comparable to when 

IL was absent from the electrolyte solution. Further, CO production was sacrificed by 

nearly 20 %.  This highlights the importance of the acidic C2 proton.  

Table 1.3. CPE metrics for Bi-CMEC at ï1.95 (V) vs. SCE.22 

electrode IL  FECO (%) jCO (mA cm-2) 

GCE [EMIM]BF 4 trace <0.03À 

Bi-CMEC [EMIM]BF 4 93 ± 7 3.77 ± 0.7 

Bi-CMEC none 48 ± 13 0.11 ± 0.1 

Bi-CMEC [BMIM]BF 4 95 ± 6 5.51 ± 1.2 

Bi-CMEC [BMIM]PF6 90 ± 9 4.82 ± 0.7 

Bi-CMEC [BMMIM]BF 4 76 ± 6 0.67 ± 0.5     

À Total current density   

The energy efficiency (ὑ) of Bi-CMEC was calculated by equation 1.4. Eapp is 

the applied potential for CPE and E CO2/CO is the standard reduction potential for the CO2 

to CO reduction. 

Energy efficiency (ὑ) = 
  ϳ

 x FE          (1.4) 

This equation requires the estimation of E CO2/CO and overpotential. E CO2/CO is dependent 

on the electrolyteôs ability to proton donate. For our system, this is likely influenced by 

IL.26 Overpotential (ɖ) is a measure of the additional energy required (energy cost) for 

an electrocatalytic reaction to overcome the kinetic barrier (equation 1.5), where Eeq is 

the equilibrium potential. A lower ɖ implies a lower energy cost, thus a more efficient 

system.  

ɖ =Eapp ï Eeq          (1.5) 
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The Bi/IL interface experimentally demonstrated a lower overpotential of 0.165 V. The 

C2 acidic proton of 1,3-dialkylimidazolium cations have a reported pKa of ~32 in 

MeCN and an observed experimental redox couple of ï1.78 V.27 Applying these values 

to equation 1.4, ὑ exceeded 85 %. These catalytic properties further highlight the 

potential of Bi-CMEC acting as a heterogeneous platform for CO2 reduction to CO.  

 

Figure 1.7. Tafel plot for Bi-CMEC via step potential electrolysis. 

The mechanism for this redox reaction was studied with Tafel analysis. As 

described by the Butler-Volmer equation (equation 1.6), Tafel analysis provides 

mechanistic information on the rate determining step (RDS). When expressed for a large 

overpotential (>100 mV), equation 1.7 is obtained, where i is current, io is the exchange 
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current, Ŭ is a symmetry factor, and f is a combination of constants (equation 1.9, F is 

faradays number, R is a gas constant, and T is temperature in K).28 

i = io[exp(ïŬfɖ)ïexp((1ïŬ)fɖ)]          (1.6) 

i = ioexp((1ïŬ)fɖ)          (1.7) 

ɖ = ïb log (i) + a          (1.8) 

f = F/RT          (1.9) 

Rearranging equation 1.7 by solving for ɖ, equation 1.8 is obtained, which shows a 

linear relationship between ɖ and log i. When this relationship is described in a Tafel 

plot, the slope of this linear region provides information on the rate limiting ET event. 

Theoretical slopes have been derived to helped elucidate mechanistic information for 

the RDS.29,30 For Bi-CMEC specifically, its Tafel plot (Figure 1.7) suggested a Tafel 

slope of 118 mV decï1. This slope correlates to the first ET being rate determining for 

the formation of surface adsorbed CO2
Åï.30 

This RDS has been suggested for a variety of heterogeneous electrodes,13 but 

has recently been supported by potential dependent density functional theory (DFT) 

calculations performed in collaboration with the University of Minnesota. This was 

based on a higher calculated kinetic energy barrier for the first ET from the Bi/IL 

interface to the adsorbed CO2 in comparison to subsequent H+/eï transfer events. 

Interestingly, an even larger kinetic barrier was calculated in the absence of IL. The 

acidic C2 proton on the IL likely interacts with the CO2
Åï to stabilize this intermediate 

and lower the energy barrier. The simulation also suggested that proton transfer is not 

from the adsorbed IL, despite it acting as a Lewis acid to stabilize CO2
Åï. The pKa of 

adsorbed IL is increased significantly, such that IL in the bulk is likely providing the 

protons towards catalysis. When bulk IL delivers a proton to CO2
Åï it produces carboxyl 
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(COOH) and carbene. The second H+/eï transfer events are faster in comparison and are 

theorized to be similar to the first H+/eï transfer to yield water and loosely bound CO 

(Scheme 1.1).  

 

 

Scheme 1.1. Mechanistic depiction of the 2H+/2eï transfer for CO2 to CO 

electrocatalysis. 

Initial Bi-CMEC studies highlighted an impressive platform for CO2 conversion 

to CO which marked the first example of Bi functioning as a carbon monoxide evolving 

catalyst. The Bi/IL interface demonstrated current densities reaching 9 mA/cm2 and CO 

FEs exceeding 90 % that rival the historic silver and gold cathodes. Bi-CMEC remained 

robust during electrolysis (>12 hours) and demonstrated no decay in rate. XPS showed 

that the surface material that drives these high rates and CO selectivity was a Bi0/Bi3+ 

assembly. The utility of this composition was initially unclear, i.e. if Bi3+ assists in 

stabilizing intermediates or if Bi0/Bi3+ was the result of in situ reduction. To clarify its 

significance, in situ electrodeposition of Bi-CMEC was of interest. This required the 

development of a new organic electrodeposition procedure for the preparation of Bi-

CMEC. Additionally, we hoped to achieve even faster rates by either strengthening 

ohmic contact, or by changing cathode material itself.  

1.2.2 Advancements in the Bi-CMEC Platform  

The previous ex situ acid aqueous plating procedure is incompatible with 

organic electrolysis conditions. Therefore, previous co-workers in the Rosenthal 
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Research Lab developed an in situ electrodeposition procedure based directly from the 

organic electrolysis conditions.23 Additionally, the extent to which the catholyte anion 

effects CO2 catalysis, and if the expensive TBAPF6 supporting electrolyte can be 

eliminated without sacrificing CO production or current density, were also studied.   

In situ electrodeposition streamlines an alternative method for modifying 

electrodes. Switching from a concentrated HCl acid aqueous electrodeposition to an 

organic electrodeposition allowed for the incorporation of more gentle substrates that 

are sensitive to corrosion or too reactive to remain inert under acidic conditions. The in 

situ plating deposition required the Bi material to be reduced at potentials more positive 

than the CO2 reduction potential and for the Bi complex to be soluble in organics. Most 

Bi complexes are insoluble in organics. Some Bi complexes that are soluble in organics 

are reduced at potentials more negative than the CO2 reduction potential, i.e. Bi(Ph)3. 

Fortunately, Bi(OTf)3 was found to fit these criteria. Importantly, OTfï was previously 

demonstrated to be inert towards CO2 catalysis.  

Now having an attractive precursor, in situ electrodeposition was performed 

with 1.0 mM Bi(OTf)3 and CO2 saturated electrolyte solution via CV. The electrolyte 

solution consisted of 0.1 mM TBAPF6 and 0.1 mM[BMIM]OTf in MeCN. Upon 

scanning through a range of potentials, a cathodic feature was shown at ï1.2 V (Figure 

1.8a, inset) and a larger current response was shown at ï1.8 V, (Figure 1.8a, red trace). 

This is representative of Bi precipitating onto the GCE followed by CO2 reduction 

respectively. The intense current enhancement at ï1.8 V is analogous to cathodic rise 

for Bi when prepared with the acid aqueous ex situ electrodeposition. When in situ 

studies were performed under N2, the current enhancement was suppressed, 
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representing no CO2 reduction activity. Likewise, negligible current was observed under 

CO2 when either Bi or IL were absent.  

 

Figure 1.8. Cyclic voltammograms in a) illustrate in situ electrodeposited Bi(OTf)3 in 

MeCN/IL. The inset shows the reduction of Bi(OTf)3. Current density plot 

in b) shows in situ electrolysis for Bi/GCE/IL (red trace) and GCE/IL 

without Bi (black trace). 

In situ capabilities were studied further via CPE (ï2.0 V) when monitoring CO 

evolution and current density (Figure 1.8b). When the electrocatalytic cell consisted of 

just an unmodified GCE submersed in a CO2 saturated MeCN/IL solution, no CO was 

quantified and the current density was negligible. When 1.0 mM Bi(OTf)3 was added to 

the cathode, high current densities were achieved (~12 mA/cm2) and surpassed what 

was observed previously with ex situ acid aqueous baths. CO was the only gaseous 

product detected and the catholyte showed no detection of formate, oxalate, or 

glyoxalate, other common production from CO2 reduction.31,32 Additionally, the 
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electrode at the end of electrolysis possessed a dark film representing the in situ 

modified Bi film.  

 

Figure 1.9. Secondary electron microscopy image in a) shows the surface morphology 

of the film in a 40 x 40 ɛm2 window. The XPS survey spectrum and the Bi 

4f high resolution spectrum are shown in b) and c) respectively. PXRD for 

the Bi-CMEC film (black trace) and the Bi0 standard (orange trace) are 

shown in d). 
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The film was analyzed with SEM, XPS, and PXRD to probe for morphological 

information and film composition. SEM imaging (Figure 1.9a) revealed submicrometer-

sized particles arranged with much depth and porosity to give a sponge-like appearance. 

The XPS survey spectrum (Figure 1.9b) suggested that Bi, in addition to residual triflate 

from the initial Bi(OTf)3 starting complex, is present on the surface. Analogous to the 

Bi 4f high resolution spectrum for acid aqueous ex situ electrodeposition for Bi-CMEC, 

the in situ Bi 4f high resolution spectrum revealed a component at 157.1 and 159.5 eV 

representing Bi0 and Bi3+ respectively (Figure 1.9c). PXRD demonstrated that the Bi3+ 

species is amorphous, such that the only peak observed represents Bi0 (Figure 1.9d). 

This suggested that the main difference between the acid aqueous and organic 

electrodepositions is the crystalline vs amorphous morphology respectively. 

 

Figure 1.10. Tafel analysis performed using rotating ring electrode techniques at 1000 

rpm. 
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Tafel studies were performed via rotating disc electrode (RDE). The Tafel plot 

slope was found to be 135 mV decï1 which suggests that the RDS is the first ET to 

reduce the linear CO2 species to generate the bent CO2
Åï (Figure 1.10). This parallels 

the RDS for Bi film prepared with acid aqueous conditions. Therefore, it was concluded 

that regardless of the acid aqueous electrodeposition or the organic electrodeposition, 

the mechanism for CO2 reduction to CO is analogous. 

 

Figure 1.11. Cyclic voltammograms in a) show the [BMIM]PF6 titration into CO2 sat. 

MeCN with an ex situ Bi-modified GCE via organic electrodeposition. The 

current density plot in b) shows the comparisons between [BMIM] + ILs 

with PF6
ï, BF4

ï, OTfï, Brï, and Clï anions in the red, purple, blue, orange, 

and green traces respectively. 

Because IL is known to act as electrolyte, it was of interest to observe if catalysis 

can be as effective with the elimination of TBAPF6 supporting electrolyte.33 To 

determine if TBAPF6 can be removed, LSV studies were performed with ex situ organic 

electrodeposited Bi-CMEC/GCE in CO2 saturated MeCN (Figure 1.11a) without 
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electrolyte. [BMIM]PF6 was titrated into MeCN, which resulted in polarization curves 

resembling previously shown CVs that incorporated electrolyte (Figure 1.5b). With 

additions of IL, the current responses increased until a plateau at ~300 mM.  

Now knowing that impressive CO2 reduction activity is achieved with IL in lieu 

of incorporating supporting electrolyte, more robust ILs were explored. This was 

prompted from the previously studied ILs ([BMIM]PF6 and [BMIM]BF4) slowly 

hydrolyzing during long electrolysis. Keeping with the [BMIM] + cation, the anions 

studied included BF4
ï, Clï, Brï, and OTfï. CO2 reduction activity for these ILs were 

studied similarly with LSV IL titrations. The resulting polarization curves were found 

to be nearly identical to the PF6
ï derivative. The current also plateaued at ~ 300 mM IL 

and demonstrated an onset potential of ï1.78 V. Additionally, the onset potential relates 

well to E CO2/CO seen previously with the acid aqueous electrodeposition of Bi.  

The screened [BMIM]+ ILs were then studied via CPE with an applied potential 

of ï2.0 V (ɖ = of 220 mV) and an elevated concentration (300 mM) in CO2 saturated 

MeCN in the absence of supporting electrolyte. As summarized in Table 1.4, all 

[BMIM] + ILs selectively evolved CO with FEs nearly reaching 90 %. The partial current 

densities associated with CO generation (jCO) ranged from 17 to 30 mA/cm2, affording 

higher rates than reported with 100 mM TBAPF6 and IL. Additionally, the Bi film was 

not found to become passivated upon increasing amounts of IL. A robust film was 

demonstrated by steady current densities (Figure 1.11b). It is important to note, that 

when either Bi or IL was absent, there was no CO evolution.  

Table 1.4. CPE metrics for Bi-CMEC with 300 mM [BMIM]+ ILs at ï2.0 (V) vs. SCE. 

Electrode IL  solvent FECO (%) ὲCO (%) jCO (mA cm-2) 

Bi-CMEC [BMIM]PF 6 MeCN 82 ± 12 73 31 ± 2 
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Bi-CMEC [BMIM]BF 4 MeCN 82 ± 11 73 26 ± 4 

Bi-CMEC [BMIM]Cl  MeCN 79 ± 12 70 17 ± 2 

Bi-CMEC [BMIM]Br  MeCN 74 ± 4 65 20 ± 2 

Bi-CMEC [BMIM]OTf  MeCN 87 ± 8 77 25 ± 2 

GCE [BMIM]OTf  MeCN None  0.4À 
      

À Total current density     

CO was produced in excellent yields in the absence of supporting electrolyte. 

The halide derivatives had the lowest CO generation likely from the additional water 

content from being more hydroscopic. The ὑ surpassed 70 % for all ILs, except for Brï 

(demonstrating the lowest CO FE). OTfï had the highest CO FE and ὑ (80 %). 

Discovering that [BMIM]OTf could yield these impressive metrics was beneficial 

towards the continuation of this study. [BMIM]OTf is one of the least expensive 

commercially available ILs, $2/ g, and previously to date, only the expensive noble 

metal Ag and Au cathodes could achieve these efficiencies. 

 

Figure 1.12. Linear sweep voltammograms for Bi, Au, Ag, SS, Zn, Cu, and Ni in red, 

green, blue, navy, purple, gold, and gray traces respectively. 
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These studied highlighted the versatility of the electrolyte solution and the 

electrode modification methods for Bi-CMEC to afford substantial current densities and 

CO efficiencies at low overpotentials (~200 mV). This demonstrated much promise in 

the advancement of energy conversion devices due its low energy input. Further, having 

the ability to screen various substrates via the recently developed organic 

electrodeposition method, future study for improving ohmic contact to create a more 

robust electrocatalyst was of interest. The impressive capabilities of the Bi-CMEC 

platform was highlighted when directly comparing its polarization curve to the historic 

Ag and Ag cathodes and other inexpensive cathode materials including Cu, Zn, stainless 

steel (SS), and Ni (Figure 1.12). Seeing that many metal cathodes have larger 

overpotentials for CO2 reduction, it was curious if other inexpensive p-block metals near 

Bi on the periodic table promote similar catalysis to Bi. In doing so, it was of interest to 

observe if the cathode/IL interface is as essential for other cathodes as it is for Bi-

CMEC.  

1.2.3 Investigation of p-block Metal Cathodes 

The p-block metal complexes studied were Sn(OTf)2, Pb(OTf)2, and Sb(OTf)3. 

Triflate complexes were pursued because of their solubility in organics and for direct 

comparisons with Bi(OTf)3. The triflate complexes were either commercially available 

(Sn) or easily synthesized (Pb and Sb). Organic ex situ electrodeposition resulted in a 

dark gray film which was later characterized with surface techniques to determine its 

morphology and elemental composition. 

SEM imagining revealed similarities in film depth and porosity, however, 

unique microstructures were identified. Bi and Sb illustrated amorphous granular 

structures (Figures 1.13a and d respectively), whereas Pb showed striated clusters of 
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platelets and Sn showed micrometer crystallites that resembled ferns (Figures 1.13b and 

c respectively). EDX identified the p-block metal, along with O, F, and P. XPS also 

identified the respective metal, O, and F along with trace amounts of S, N, and P. These 

elements are likely from the electrodeposition solution (Bu4N
+ and PF6

ï) and the triflate 

anion (CF3SO3
ï). 

 

Figure 1.13. Secondary electron microscopy images of a) Bi, b) Sn, c) Pb, and d) Sb via 

ex situ organic electrodeposition. 

The high resolution spectra for the p-block metals all revealed an overwhelming 

contribution of metal oxides on the surface (Figure 1.14). Bi 4f7/2 was fit to two 

components, 157.6 and 159.4 eV corresponding to Bi0 and Bi3+ respectively in a 6:96 
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ratio (Figure 1.14a). Sn 3d5/2 was also fit to two components at 484.9 and 487.0 eV for 

Sn0 and Sn2+/4+ respectively in a 14:86 ratio (Figure 1.14b). Sb 3d5/2 was in a 19:81 ratio 

for Sb0 to Sb3+at 528.1 and 530.5 eV respectively (Figure 14d). Interestingly, Pb showed 

only a single component at 139.0 eV in the Pb 4f7/2 high resolution region indicative of 

Pb2+/4+ (Figure 1.14c).   

 

Figure 1.14. XPS high resolution spectra for a) Bi 4f7/2, b) Sn 3d5/2, c) Pb 4f7/2, and d) 

Sb 3d5/2. 
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After uncovering their unique surface compositions, their activity for CO2 

reduction was studied via LSV with 100 mM [BMIM]OTf and TBAPF6 in CO2 

saturated MeCN with either a GCE (Bi, Pb, and Sb) or Ni electrode (Sn). Bi was found 

to have the earliest onset potential, ï1.80 V, closely followed by Sn and Sb. Pb had the 

latest onset potential of ~ ï1.95 V (Figure 1.15a), suggesting that Pb has the largest 

kinetic barrier. When performed under N2, there was negligible current for all cathodes. 

Interestingly, Sb was the only material to show no current enhancement even under CO2, 

implying no activity towards CO2 reduction. Bi and Sn both showed similar polarization 

curves, whereas Pb demonstrated a less intense rise in current. 

 

Figure 1.15. Linear sweep voltammograms in a) for Bi (marron trace), Sn (cyan trace), 

Pb (green trace), Sb (yellow trace), and their respective inert substrates (Ni 

(pink trace) and GCE (black trace)). The current density plot is illustrated 

in b). 

The product distribution for CO2 reduction was studied via CPE.  Specifically, 

it was curious if the greater O or F content affects catalysis. Because Bi, Sn, and Sb 
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demonstrated similar onset potentials, electrolysis was performed at ï1.95 V. Pb was 

performed at ï1.95 and ï2.05 V due to having a more negative onset potential. The 

current density plot from CPE (Figure 1.15b) showed Bi and Sn having high and steady 

currents affording no contribution from the inert substrate. Pb began electrolysis (ï2.05 

V) with an equally high rate, but decreased over time. Even when ï1.95 V was applied 

to the Pb cathode, its current density did not exceed 2 mA/cm2 and decrease further just 

10 minutes into electrolysis. The final current density was no higher than the bare GCE. 

Similarly, the current density for Sb was comparable to the unmodified GCE. 

As shown in Table 1.5, Bi, Sn, and Pb (ï2.05 V) were ~ 80 % selective for CO 

evolution with no H2, methane, or other small hydrocarbon production. The 

uncompensated 20 % of charge is likely attributed to nonvolatile CO2 reduction products 

that are not detectible within our GC detection limits. Sb showed no selectivity for CO 

and produced an equivalent amount of H2 and formic acid (HCOOH). At ï1.95 V for 

Pb, CO selectivity was halved (40 %) and it now produced HCOOH (31 %) and H2 (11 

%). When performed under N2, the current densities for Bi, Sn, and Pb were negligible. 

When IL was removed from the electrolyte solution under CO2, the current density and 

CO production dropped significantly. This highlights that the cathode/IL interface is not 

only essential for Bi, but for Sn and Pb as well.  

Table 1.5. CPE metrics for the Bi, Sn, Pb, and Sb cathodes. 

electrode Eappl (ɖ) j tot (mA cm-2) FECO (%) FEH2 (%) FEFA (%) jCO (mA cm-2) 

Bi ï1.95 V (~200 mV) 10.1 ± 2.1 78 ± 5   8.4 ± 1.7 

Sn ï1.95 V (~200 mV) 7.2 ± 1.9 77 ± 5  5 ± 1 5.0 ± 1.8 

Sb ï1.95 V (~200 mV) 0.5 ± 0.1  30 ± 20 29 ± 21  

Pb ï1.95 V (~200 mV) 1.0 ± 0.4 40 ± 12 11 ± 6 31 ± 17 0.4 ± 0.2 

Pb ï2.05 V (~300 mV) 5.0 ± 1.0 81 ± 5   4.1 ± 0.9 
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Of the four p-block metals, only Bi, Sn, and Pb demonstrated the ability to 

reduce CO2 with impressive metrics. The Pb cathode, however, became passivated with 

current densities reaching below 4 mA/cm2 and CO evolution steadying at ~10 %. Sn 

demonstrated catalytic behaviors that resembled Bi (CO selectivity, onset potential, and 

kinetics) and therefore modeled a promising platform for organic electrolysis for the 

rapid conversion of CO2 to CO. Sn also demonstrated the same essential cathode/IL 

interface, highlighted in Figure 1.15a via CV. A desire to further optimize Sn was 

prompted by its ability to be prepared via in situ techniques. Sn is a good candidate for 

in situ catalysis because Sn(OTf)2 is soluble in organics and has a reduction potential 

lower than the CO2 reduction potential.  

 

Figure 1.16. Cyclic voltammograms in a) show the current response for Sn in 

MeCN/IL/TBAPF6 under CO2 (red trace) and N2 (black trace), and for 

MeCN/TBAPF6 under CO2 (green trace) and N2 (blue trace). The current 

density plot in b) shows 0.1 M Sn(OTf)2 added in situ to the catholyte 

during CPE. The inset describes the current density for Sn in CO2 sat. 

MeCN/IL (red trace), N2 sat. MeCN/IL (blue trace), and CO2 sat. 

MeCN/TBAPF6 (black trace).  
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The in situ capabilities for Sn were highlighted during CPE when a bare Ni disc 

electrode was submersed in CO2 saturated MeCN/IL (Figure 1.16b). The current density 

was negligible until 1.0 mM Sn(OTf)2 was added to the catholyte where a sharp rise in 

current density was observed, reaching ~9 mA/cm2. Paired with GC analysis, CO was 

the sole product detected only after Sn was added (~75 %). 

These studies demonstrated that there are other inexpensive earth abundant 

materials that are capable of electrochemically transforming CO2 to CO, highlighting 

that these materials can be prepared via ex situ and in situ techniques. Of the additional 

p-block metals studied, Sn stands out as a promising platform for CO evolution. 

Additionally, the IL interface for Bi and Sn was demonstrated to be an essential 

component for establishing high CO selectivity, appreciable rates, and low energy costs.  

1.3 Conclusions and Future Directions 

In summary, the Rosenthal Research Lab was the first to explore the 

electrocatalytic capabilities of Bi; an inexpensive and earth abundant material that can 

electrochemically transform CO2 to CO with high selectivity, appreciable current 

densities, and low energy cost. Bi-CMEC is comparable to the historic noble metal 

cathodes, but it is not impeded by the cost of material for industrial scaling. Industrial 

integration can be promoted further upon redesigning our two-compartment 

electrochemical cell into a flow cell. This may also encourage enhanced mass transport.  

Already demonstrating impressive metrics, the versatility of Bi-CMEC was 

further demonstrated upon developing an organic plating procedure for in situ studies. 

The organic electrodeposition tolerated delicate substrates that are reactive under acidic 

conditions. The organic electrodeposition is easily modified and allowed for materials 

other than Bi (Sn, Pb, and Sb) to be studied. Despite Sb showing poor CO2 reduction 
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activity, Sn and Pb demonstrated high activity towards CO2 reduction and selective CO 

evolution. The Sn cathode demonstrated the greatest resemblance to Bi. Pb, however, 

was not robust during CPE and instills curiosity as to why this film becomes passivated. 

It was of interest to perform additional studies on Pb to investigate this behavior. 

An essential cathode/IL interface was revealed and was suggested to play a 

critical role in stabilizing the electrode bias, suppressing H2 evolution, and stabilizing 

the CO2
Åï. It was curious to observe how neat IL systems (the absence of solvent) would 

behave during catalysis. Additionally, their physical properties (viscosity and Tonset) 

would provide valuable insight on diffusional effects and IL structural durability.  
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Bi-CMEC ASSIMILATION INTO INDUSTRY VIA A 3D -PRINTED FLOW 

ELECTROLYSIS ASSEMBLY  

2.1 Introduction  

The fossil fuel industry has been implemented for decades and has optimized 

their fuel production to easily adapt to fluctuations in energy demand.1 Solar energy, 

however, currently faces a challenge with meeting supply and demand of its global 

consumers due to its intermittency and lack of a long-term energy storage mechanism.2 

When sunlight emits solar energy via high power energy irradiation, it is not guaranteed 

that it will be during the peak energy demand. Because of this, the development of 

inexpensive solar energy storing devices remains essential. If energy-storage devices 

can provide energy during seasonal changes and unexpected weather, renewable energy 

could displace facilities that are less efficient and more expensive. The ability to provide 

for sudden demands in energy may also encourage an energy dependency switch to 

renewables. This can ultimately suppress environmental damages from fossil fuel 

combustion (CO2) from the fossil fuel industry.1 Additionally, solar energy electrical 

storage devices offer benefit during off energy peaks by pumping/ charging to further 

optimize operations.3  

One proposed solar energy storing devise is through the chemical bonds in solar 

fuels.4,5 Chemical bonds in hydrocarbons, i.e. methanol, are amongst the highest energy 

dense materials, greatly surpassing other energy storage devices, i.e. lithium-ion 

batteries (chemical energy) and flywheels powered by wind turbines (kinetic energy).2,6 

Chapter 2 
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If the proposed solar energy storage device can be manufactured in a cost effective and 

efficient manner, then solar fuels would act as an efficient platform to provide clean 

renewable energy to the consumer during the low and high energy peaks. This would 

mark a critical transition of energy dependency from fossil fuels to solar energy. This 

demonstrates high potential for a switch in energy dependency, in that solar energy 

utilization has been increasing yearly by approximately 60 %.7  

Implementing solar fuel production is envisioned by coupling solar energy to a 

photovoltaic to drive the reduction of CO2 to CO. CO will then undergo the well-known 

Fischer-Tropsch process, as it is the C1 feedstock, to produce hydrocarbon solar fuels. 

There are two key challenges associated with the anticipated production of solar fuels; 

(1) the development of an inexpensive catalyst for the initial reduction of CO2 to the 

high-energy CO molecule and (2) designing an electrolysis assembly that matches 

industrial requirements while encouraging optimal CO production.  

In recent work, co-workers in the Rosenthal Research Lab developed a bismuth 

carbon monoxide evolving catalyst (Bi-CMEC) that can undergo the initial 

transformation from CO2 to CO. Bi-CMEC was identified with high selectivity for CO 

evolution (90%), high energy efficiency (ὑ, ~83 %), sufficient current density (~5 

mA/cm2), and low energy cost (~200 mV). These metrics rivaled the historic noble 

metal cathodes, Ag and Au, for CO2 to CO heterogeneous electrocatalysis. Comparing 

the cost of Ag and Au ($700 and $45 000/ kg respectively) to the cost of Bi (~ $18/ g), 

however, Bi-CMEC was more attractive for industrial scaling.  

Bi showed promise in the advancement of solar energy storage by acting as an 

inexpensive material to catalyze CO production. To further this advancement and 

overcome the second challenge associated with implementing solar fuel production via 
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a solar energy storage device, the two-compartment electrochemical cell architecture 

used previously for electrocatalysis was redesigned to encourage integration into 

industry. Specifically, the fragile glass cell was transformed into a robust 3D printed 

electrolysis flow cell assembly. The flow cell incorporated inexpensive nylon material, 

low-costing carbon supports that can easily be scaled, and commercially available and 

inexpensive Bi3+ complexes. Further, 3D printing the redox cell offered rapid and cost 

effective prototyping for easily optimizing the cell design with high precision and 

accuracy. Additionally, the constant flow of recycled electrolyte over the catalyst 

surface showed a substantial enhancement in mass transport.  

2.2 Experimental Method 

2.2.1 Materials and Methods 

Reagents and solvents were purchased from Sigma Aldrich, Alfa Aesar, Acros 

or Fisher. Imidazolium ionic liquid 1-butyl-3-methylimidazolium 

trifluoromethanesulfonate ([BMIM]OTf), Nafion perfluorinated ion-exchange resin (5 

wt.% solution in lower aliphatic alcohols/H2O mix), bismuth(III) carbonate, 

bismuth(III) nitrate, and bismuth(III) subsalicylate were purchased from Sigma Aldrich. 

Tetrabutylammonium hexafluorophosphate (TBAPF6) was purchased from TCI 

America and purified by recrystallization with ethanol. Multiwall carbon nanotubes 

(MWCNTs) were purchased from Fuel Cell Earth. Carbon dioxide (CO2) was purchased 

from Keen Compressed Gas Company.  

Platinum gauze (99 %) was purchased from Sigma Aldrich. The bare glassy 

carbon disc electrode and the Ag/AgCl reference electrode were purchased from CHI 
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Instruments. Carbon paper, carbon cloth, and 10 % Pt on Carbon Cloth were purchased 

from Fuel Cell Earth. 

2.2.2 Bismuth Slurry Procedure 

The solution was prepared by suspending a Bi3+ complex in tetrahydrofuran 

(THF, 10 mL) where it was immobilized on multiwall carbon nanotubes (MWCNTs) in 

a 40:1 wt.% ratio in the presence of 5% Nafion (1.1% of slurry). The suspension was 

sonicated for 20 minutes before drop casting. Drop casting involved applying 500 ɛL 

of the slurry onto carbon paper, carbon cloth, or a GCE using an automated pipet 

(100/1000). The Bi3+ complex was either bismuth(III) carbonate, bismuth(III) nitrate, 

or bismuth(III) subsalicylate. 

2.2.3 Instrumentation  

2.2.3.1 Electrochemical Measurements 

Electrochemical studies were conducted using a CHI-620D 

potentiostat/galvanostat or a CHI-720D bipotentiostat. Electrochemical apparatus 

consisted of a three-electrode system; working (bare glassy carbon disc (3.0 mm 

diameter), carbon paper (1.0 cm x 2.2 cm), carbon cloth (1.0 cm x 2.2 cm)), counter 

(platinum gauze (1.0 cm x 2.2 cm)), and a reference (Ag/AgCl, (1.0 M HCl)) or pseudo 

reference (Ag wire)). Cyclic voltammetry and linear voltammetry experiments were 

performed with iR drop compensation with 100 mV sï1 scan rate. Ag/AgCl reference 

was converted to SCE referencing by the equation, ESCE = EAg/AgCl + 0.044 V. 
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2.2.3.2 X-ray Photoelectron Spectroscopy 

XPS analysis was performed using a Thermo Scientific K-alpha+ spectrometer 

with monochromatic Al KŬ X-ray (1486.7 eV) and 72 W of power (12 kV, 6 mA) 

equipped with a 128 CCD detector plate. Operating vacuum pressure in the main 

chamber was less than 1x10-8 torr. XPS survey scans were collected with a step size of 

1.0 eV and a pass energy of 100 eV. High resolution spectra were collected with a step 

size of 0.1 eV and a pass energy of 20 eV. The X-ray spot size was an elliptical shape 

with a semi-major axis of approximately 400 ɛm. 

2.2.3.3 SEM and EDX 

Secondary electron microscopy (SEM) and energy dispersive X-ray (EDX) 

were performed on a JEOL JSM 7400F scanning electron microscope. Data was 

collected in a 40 x 40 ɛm2 window. 

2.2.3.4 CO2 Reduction Electrolysis and Headspace Analysis 

Current densities were obtained by performing controlled potential electrolysis 

(CPE) on a nylon 3D printed cell. The electrolyte solution contained 50 mL of CO2 

saturated acetonitrile with dissolved ionic liquid and/or 0.1 M TBAPF6. The solution 

was sparged for 30 minutes prior to electrolysis. 

During CPE, the electrolyte solution was continuously mixed by the peristaltic 

pump (100 mL minï1) with a continuous flow of CO2 into the headspace (30 mL minï

1). The single cell head space was vented directly into a flow gas chromatograph (SRI 

Instruments, SRI-8610C). A chromatograph was obtained every 15 min throughout the 

duration of electrolysis by placing the sampling loop in line with a packed HayeSep D 

column and a packed mole Sieve 13X column. The columns led directly to a thermal 

conductivity detector (TCD) and a flame ionization detector (FID) equipped with a 
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methanizer to quantify hydrogen and carbon monoxide production respectively. The gas 

carrier was Argon (Keen, 99.999 %). 

2.2.3.5 Solvent Suppression 1H NMR  

Solvent suppression 1H NMR was performed with aliquots from the electrolyte 

solution to detect any solution products from electrolysis and/or decomposition of 

electrolyte solution. The acetonitrile resonance was suppressed at 1.96 ppm. Formic 

acid production was monitored at 8.1 ppm.  

2.3 Results and Discussions 

2.3.1 Flow Cell Inspiration for Energy Storage 

A variety of electrolyzer architectures have been designed and implemented in 

industry since the 1920s and 1930s.8 Commercial electrolyzers have demonstrated the 

ability to store electrical energy for extended periods of time, such as for redox flow 

batteries (RFB) for hydrogen (H2) fuel production.9 Manufacturing electrolyzers for 

large-scale production, however, is costly. Even when constructed, the capital cost for 

implementing them into industry is high.3 From an industrial standpoint, using low 

costing hydrocarbons is a more attractive alternative to electricity-based energy.8 

Energy storage devices typically require frequent maintenance and are heavy, which 

places additional limitations on profit and transportability.10 Altering the design and 

method of manufacturing existing bulky electrolyzers may greatly lessen the price and 

may ultimately make industrial integration desirable. 3D printed flow assemblies help 

to negate these costs and also offers desirable assets for industrial corporations; rapid 

and cost effective prototyping for facile design optimization, assemblies can be 
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constructed with intricate designs and flow ports with high precision and accuracy, and 

the weight is reduced considerably.11 It has an adaptable design that results in 

maintenance and manufacturing costs to be less than other electrical storage methods 

stated previously.10 3D printing also allows for the quick fabrication of multiple 

electrolyzers to test different design architectures, i.e. channel width and flow path, that 

were once difficult, time consuming, and expensive to screen.3 Flow cells are sealed 

systems that are not affected or influenced by the surrounding environment. This results 

in little need to re-optimize existing systems while also offering a safer environment for 

industry workers.  

Flow technologies have also shown promise for other chemical systems, such as 

continuous-flow organic synthesis and water electrolyzers. These systems used 3D 

printing technologies that took advantage of design schemes with inline analytics to 

observe results in real time.11,12 Redox flow cells have been designed for the purpose 

of storing and dispensing electrical energy for Fe/Cr, V(II)/V(III), or V(IV)/ V(V) 

systems, but they lacked the industrial advantages of 3D printing technologies.13,14 For 

the encouragement of solar fuel production specifically, our redox electrochemical cell 

was designed with appropriate dimensions to encourage the flow of electrolyte over the 

catalyst to swiftly bring CO2 to the electrode surface and ultimately diffuse away CO. 

In doing so, we anticipated an enhancement in mass transport (rate) in addition to 

making our system more industrially feasible.  

2.3.2 Flow Cell Design 

As stated previously, our electrochemical flow cell was manufactured using 

nylon 3D printing technologies to prepare the central flow body and the exterior flow 

plates. The design was modeled on computer aided design (CAD) software and 
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ultimately constructed layer by layer by a 3D printer. The architecture for the 

electrochemical flow cell is displayed in Figure 2.1a. Structural support was added to 

the flow cell by incorporating stainless steel (SS) plates adjacent to the exterior nylon 

plates. Two sets of silicon strips, one with a central window and one without, 

sandwiched the auxiliary (Pt/ C cloth) and working electrode (inert carbon substrate) 

individually. The silicone strips encouraged a sealed system thus to prevent leaking and 

contamination from the surrounding environment. The working and auxiliary electrodes 

were placed on either side of the central flow plate (silicone window facing the central 

flow plate). Because the auxiliary and working electrode are trapped inside the cell, SS 

conducting strips (3.0 cm x 1.0 cm) were used to extend these terminals to the 

potentiostat leads. The complete layering of the various components to the cell are 

secured together with screw and bolt clamping pressure at each of the four corners. 

 

Figure 2.1. Flow cell design, central flow port architecture, and single cell reservoir are 

illustrated in a, b, and c respectively. 

The central flow plate was designed with an internal window (1.0 cm x 2.2 cm), 

as illustrated in Figure 2.1b. This allows for the flowing electrolyte solution to interact 
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simultaneously with the anode and cathode. As the solution flows out of the exit channel 

of the central flow plate, it comes into contact with the pseudo reference electrode (Ag 

wire) and is collected in a single cell reservoir (Figure 2.1c). Here, any gaseous products 

will migrate out of solution and fill the single-cell headspace which is tethered with 

inline analytics to a flow gas chromatograph (GC). Gaseous products could now be 

detected in real time during the duration of the electrolysis. The final flow device when 

assembled is shown in Figure 2.2. 

 

Figure 2.2. Assembled 3D printed electrocatalytic flow cell. 

Although flow systems have been successful for heterogeneous systems with a 

liquid/solid interfaces, they were previously restricted to steady state conditions.15 Here, 

we demonstrated channel widths that were optimized (4 mm diameter) to encourage 

nonrestrictive electrolyte flow for the 2H+/2eï redox reaction. To further enhance the 

industrial use of our flow cell, the substrate material (GCE) and substrate modification 

method (electrodeposition) were also modified.  
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2.3.3 Substrate and Catalyst Modification Assessment 

Bi-CMEC was previously prepared by electrodeposition techniques onto a 

glassy carbon plate (GCP) from an acid aqueous or organic bath. The time needed to 

pass 3 C cmï2 of charge to precipitate Bi onto the substrate was not adequate for the fast 

pace of industry. Additionally, if the Bi-modified GCP were to be equipped in the flow 

cell, the GCP would not guarantee a sure seal for the flow cell. The GCP would 

unequally displace the clamping pressure and result in leaking. Furthermore, the flow 

cell promotes an enhanced surface area that is nearly 12x larger than the GCP. Scaling 

GCPs would be expensive ($16/ cm2, pricing from Sigma Aldrich) and not ideal. To 

encourage substrate compatibility with the flow cell and rapid catalyst preparation, 

alternate substrates and modification methods were explored. 

2.3.3.1 Substrate Evaluation  

Two common substrates that have been used for flow systems are carbon paper 

and carbon cloth.16 Both are inexpensive pliable materials that are capable of being 

compressed and scaled ($0.12/ cm2 and $0.05/ cm2 for carbon paper and carbon cloth 

respectively, pricing from Fuel Cell Earth). These substrates differ merely in 

morphological arrangement of carbon fibers; carbon paper has an arrangement of 

compressed carbon fibers (Figure 2.3a) and carbon cloth has interwoven carbon fibers 

(Figure 2.3b). This arrangement becomes significant when considering the resistivity 

and intrusion of the flow cell. These properties are unique for specific systems and flow 

cell designs.  
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Figure 2.3. Secondary electron microscopy images of a) carbon paper and b) carbon 

cloth. 

When materials are compressed, resistivity is reduced and the flow of electrons 

become more favorable.16 Carbon paper is already a characteristically compressed 

material. This results in carbon paper reaching its resistivity limit sooner than carbon 

cloth. Carbon cloth is an overall thicker material and can show more intrusion into the 

central flow port and interrupt the flow path. Intrusion becomes significant when 

channel widths of 2 and 3 mms are reached. The channel width for our electrochemical 

cell is 4 mm. The difference in physical structures between the two substrates suggests 

that the redox chemistry at the surface will be different for each material. Because 

reduced resistivity and less intrusion were suggested to occur with carbon paper, carbon 

paper was the substrate chosen for our flow cell. Despite carbon paper being a more 

fragile material, the flow cell would provide structural support to prevent fracture.  

2.3.3.2 Optimizing Drop Casting Method for Bi-Modified Surface 

Drop casting is a common surface modification technique featured in the 

literature to strongly adhere catalysts, or materials, to inert substrates.17 Drop casting, 
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as the name implies, drops the catalyst onto a substrate where it is set (cast) within a 

matter of minutes prior to its use. This technique highlights ease in solution preparation 

and substrate modification. Unlike the necessary skill set required by electrodeposition 

methods, drop casting does not require technical training. This reduces the external cost 

for training employees. Additionally, this film may ultimately be prepared via a spray 

gun with constant slurry convection to coat very large surface areas. This would afford 

reduced catalyst preparation time for large scale productions. One of the attractive 

features for Bi, and what sets it apart from the historic Ag and Au catalysts, is its cost. 

Remarkably, the overall cost for Bi-CMEC was further reduced with the incorporation 

of multiwalled carbon nanotubes (MWCNTs) in the drop casting slurry, such that 

MWCNTs encourage lower catalyst loading.18,19 

Previously, bismuth(III) nitrite (Bi(NO3)3) was the precursor for Bi-CMEC acid 

aqueous electrodeposition. Initial Bi-CMEC surface studies revealed that there was a 

significant contribution of Bi3+. Therefore, when optimizing the drop casting slurry, a 

sampling of inexpensive and commercially available Bi3+ complexes were studied. 

Screening the different Bi3+complexes could ultimately provide information on if the 

specific Bi3+ complex structure influences the outcome of CO2 to CO catalysis.  

The Bi3+ complexes studied were Bi(NO3)3, bismuth(III) carbonate 

((BiO)2CO3), and bismuth(III) subsalicylate (C7H5BiO4). These Bi3+ materials are 

insoluble in organics (MeCN) and well suited for organic electrolysis. Their respective 

structures are illustrated in Figure 2.4, along with their respective cost per mole of Bi. 
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Figure 2.4. Structures for bismuth(III) nitrate (purple), bismuth(III) carbonate (orange), 

and bismuth(III) subsalicylate (green) with their respective commercial 

cost per mole of bismuth. 

Per one mole of Bi, each Bi3+ complex is <$1 to purchase via chemical retailors. 

Specifically, Bi(NO3)3 was of interest because, as stated previously, it is the precursor 

for the acid aqueous electrodeposition. This would allow for significant comparisons to 

be made between modification techniques. (BiO)2CO3 and C7H5BiO4 are both currently 

used in industry. (BiO)2CO3 has production in recreation use, specifically in fireworks, 

but also in health care to offer antibacterial properties towards peptic ulcers and 

gastritis.20 C7H5BiO4 also finds benefits in health care as it is an essential component in 

the commercially produced medication for indigestion relief, Pepto-Bismol.  

Once the slurries were prepared for each Bi3+ complex, their films were cast onto 

carbon paper and characterized with surface techniques to obtain information on film 

morphology and elemental compositions. Electrochemical methods were used to 

observe CO2 reduction activity for the Bi3+ catalysts. When equipped in the newly 

designed flow cell, current densities and product distributions were monitored. 

Specifically, it was of great interest to observe how the flow cell impacts mass transport 

for the 2H+/2eï redox reaction to evolve CO.  
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2.3.4 Surface Analysis of Drop Cast Bismuth Modification 

Drop casting was facile surface modification method to produce a dark gray film 

for all Bi3+ complexes. The surface morphology and elemental composition for the Bi-

modified carbon paper (for (BiO)2CO3, Bi(NO3)3, and C7H5BiO4) were then analyzed 

with secondary electron microscopy (SEM), energy dispersive X-ray spectroscopy 

(EDX), and X-ray photoelectron spectroscopy (XPS) respectively. 

 

Figure 2.5. Secondary electron microscopy images of a) bismuth(III) carbonate, b) 

bismuth(III) nitrate, and bismuth(III) subsalicylate at magnifications of 5 

K and 10 K (inset).  

The SEM images (Figure 2.5) revealed morphologies resembling the 

electrodeposited Bi surface in terms of depth and porosity. Enhanced porosity is 

desirable because it encourages more available active sites for the binding of reagents 

or adsorbates. The porosity is likely encouraged by gentle solvent evaporation from 

THF, such that Bi loaded on MWCNTs can settle into optimal sites with maximum 

stability. Unlike electrodeposited Bi surface modifications, the drop cast Bi3+ complexes 

do not undergo a chemical transformation, such that there is no applied reduction 

potential to precipitate Bi onto the surface. The cast Bi3+ complex retains its starting 

composition. Therefore, the observed microstructures for Bi(NO3)3, (BiO)2CO3, and 
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C7H5BiO4 each portray their characteristic architectural identities; (BiO)2CO3 

demonstrates clusters of platelets (Figure 2.5a), Bi(NO3)3 appears as an amorphous 

sponge-like material (Figure 2.5b), and C7H5BiO4 shows stick-like striations spanning 

across the surface of the film (Figure 2.5c).  

The characteristic identities for the Bi3+ complexes were further illustrated with 

XPS when analyzing the Bi 4f high resolution region for each Bi3+ surface. 

Characteristic binding energies (BEs) were revealed for (BiO)2CO3 (Figure 2.6a), 

Bi(NO3)3 (Figure 2.6b), and C7H5BiO4 (Figure 2.6c) at 159.0, 159.9, and 159.5 eV 

respectively. Unlike the electrodeposited Bi surface, there was no metallic Bi (Bi0) 

component (157.0 eV). It is curious to observe how catalysis will differ when there is 

no starting Bi0 on the electrode surface.  

 

Figure 2.6. Bi 4f high resolution spectra for a) bismuth(III) carbonate, b) bismuth(III) 

nitrate, and c) bismuth(III) subsalicylate modified carbon paper.  

The survey spectra for these prepared films identified F, S, O, C, and Bi. The 

presence of F, S, and O are likely from the Nafion binder. Appropriately, the survey 

spectrum for Bi(NO3)3 showed the incorporation of N. 
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Figure 2.7. XPS survey spectra for a) bismuth(III) carbonate, b) bismuth(III) nitrate, and 

c) bismuth(III) subsalicylate modified carbon paper. 

Bi, C, F, S, and O were also identified by EDX in the film bulk. F and S appeared 

in trace amounts, whereas the greatest elemental contribution was from C, Bi, and O. 

The abundance of carbon is likely due to the incorporation of MWCNTs and not from 

penetration into the carbon paper support. Drop casting provides a robust film microns 

in thickness which makes the detection of carbon paper unlikely. When Bi-CMEC was 

prepared by organic electrodeposition, an overwhelming amount of oxygen was also 

observed.21,22 Comparatively, the oxygen contribution was less significant, such that the 

ratio of Bi to O for Bi(NO3)3, (BiO)2CO3, and C7H5BiO4 were 1:6, 1:5, and 1:3 

respectively. These ratios resemble what would be expected for each Bi3+ complex. This 

suggests that once the surface is modified, Bi does not become further oxidized.  

The organic electrodeposition for Bi-CMEC also identified F, S, and O on the 

film surface from either residual supporting electrolyte (TBAPF6) or residual triflate 

(CF3SO3
ï).21 These elements did not demonstrate negative correlations toward the 

efficacy of catalysis (CO evolution, current density, energy cost). This suggests that 

these elements will remain inert during catalysis, however, this will be investigated in 

greater depth upon performing electrochemical studies.  
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Noting the resemblances to previously prepared electrodeposited Bi materials, 

the drop casting method appeared promising for preparing a Bi platform for industrial 

CO2 reduction to CO. Importantly, it was curious to observe if these films demonstrate 

resemblances in CO2 reduction activity and CO selectivity to the analogous Bi-CMEC 

system. Because these films no longer show Bi0 on the prepared surface, it will be a 

significant contribution towards CO2 to CO electrocatalysis to observe if it is necessary 

to have this component present on the surface to initiate catalysis. Additionally, it was 

of interest to observe the durability of the drop cast films once equipped in the flow cell. 

If high CO selectivity and enhanced mass transport are achieved, the designed redox 

flow cell would be a significant contribution to the advancement of energy-storage 

devices. 

2.3.5 Activity Towards CO 2 Reduction and CO Evolution 

It was encouraging to observe similarities in surface structure and composition 

to previously studied electrodeposited Bi surfaces. To observe if there were also 

resemblances in the CO2 reduction activity, the film itself (in the absence of the flow 

cell) was first studied with cyclic voltammetry (CV). Once the activity and peak 

potential have been identified, controlled potential electrolysis (CPE) was performed 

with the Bi-cast modified surface equipped in the flow cell and tethered to a GC to 

monitor the evolution of CO, H2, or methane (CH4). To support that carbon paper is the 

optimal substrate for the redox flow cell, CPE was also performed with Bi-modified 

carbon cloth where CO evolution was monitored. This is expected to highlight their 

unique resistivity and intrusion properties as suggested in the literature.16  
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2.3.5.1 CO2 Activation Demonstrated by Cyclic Voltammetry 

CVs were performed by suspending the modified substrate in electrolyte 

consisting of supporting electrolyte (100 mM TBAPF6) and 1-butyl-3-

methylimidazolium trifluoromethanesulfonate (100 mM [BMIM]OTf) in either CO2 or 

N2 saturated MeCN. In lieu of using carbon paper, the Bi3+ slurries were cast onto a 

glassy carbon disc electrode (GCE, 3.0 mm diameter) due to the current limitation on 

the potentiostat. Carbon paper has a larger surface area which would result in the current 

limits of the potentiosat being maxed at potentials where you would expect to see the 

cathodic rise for CO2 reduction. Additionally, preparing carbon paper with a smaller 

surface areas may result in fracture. Any of these outcomes would result in unreliable 

voltammogram readings.  

A GCE and carbon paper demonstrate different ohmic interactions based on their 

unique microstructures and ultimately encourage different surface chemistries for the 

2H+/2eï redox reaction. Therefore, direct comparisons between the Bi3+ complexes are 

not encouraged. CV analysis aimed to observe if the Bi3+ complexes demonstrate the 

ability to reduce CO2. 
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Figure 2.8. Cyclic voltammograms a) for bismuth(III) nitrate (brown), bismuth(III) 

subsalicylate (cyan), bismuth(III) carbonate (yellow), and no bismuth 

(black) drop cast on GCE submersed in 100 mM IL and 100 mM TBAPF6 

in CO2 saturated MeCN. Cyclic voltammograms for b) control studies are 

shown with bismuth(III) nitrate. 

The overlaid CVs in Figure 2.8a suggesed that regardless of the Bi3+ complex, 

the slurry was active towards CO2 reduction. Bi(NO3)3 demonstrated the earliest onset 

potential, ~ ï1.75 (V) vs. SCE (all potentials will be referred to this reference), followed 

by C7H5BiO4 (cyan trace) and (BiO)2CO3 (yellow trace). Each Bi3+ complex showed a 

cathodic peak maxima at ~2.0 V. To highlight that the Bi3+ complex is responsible for 

CO2 reduction, the slurry was prepared with only the MWCNTs and Nafion. The 

resulting polarization curve (Figure 2.8a, black trace) revealed negligible activity 

towards CO2 reduction suggesting that the Nafion and MWCNTs are not responsible 

for the cathodic feature. Further, the Bi3+ films demonstrated a similar potential for the 

CO2 redox event. This observation was significant because it is analogous to the 

electrodeposited Bi-CMEC systems.  
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Bi(NO3)3/GCE demonstrated the greatest enhancement in CO2 reduction activity 

and demonstrated a stronger ohmic contact to glassy carbon compared to (BiO)2CO3 

and C7H5BiO4. Because the current response was substantial and the film was robust 

under these conditions, Bi(NO3)3 was ideal for executing control studies (Figure 2.8b). 

Specifically, it was of interest to observe the stability of the film and the IL, in addition 

to observing if there is still an essential Bi/IL interface that encourages CO2 reduction, 

as demonstrated from previous electrolysis with electrodeposited Bi-CMEC.21,23 

The stability of the film and IL were studied upon saturating the electrolyte 

solution with N2 (Figure 2.8b, purple trace). The polarization curve was flat until an 

observed cathodic feature at ï2.15 V. This is the observed reduction potential for 1,3-

dialkylimidazolium ILs. This observation suggests that the film is stable under these 

applied potentials. Furthermore, the negligible current response discredits the possibility 

for the breakdown of IL or solvent to result in a feature at ï2.0 V. The absence of a 

cathodic feature under N2 supports that Bi is responsible for the CO2 redox reaction 

under CO2 saturated conditions.  

To highlight the essential interplay between Bi and IL, separate CVs were 

performed in the absence of IL under CO2 and N2 (Figure 2.8b, black and pink traces 

respectively), and in the absence of a Bi-modified electrode under CO2 and N2 (Figure 

2.8b, cyan and red traces respectively). The polarization curve in the absence of IL 

demonstrated no activity under CO2 or N2. With just the bare GCE submersed in 

MeCN/IL, the only cathodic feature was IL reduction. Appreciable current 

enhancements were only observed for the Bi/IL interface under CO2. These results 

support initial electrodeposited Bi-CMEC studies which highlighted the significance of 

incorporating both components to mediate the CO2 to CO redox reaction.  
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2.3.5.2 Product Distribution Elucidation  

More direct comparisons in electrochemical behavior were made by performing 

CPE with the Bi-modified carbon paper equipped in the flow cell. These conditions now 

incorporated the appropriate substrate (carbon paper) to reveal the true durability of the 

catalyst. Here, the ability to catalyze CO2 was monitored by current density and product 

distribution. Gaseous products were monitored by GC (CO, CH4, H2) and solution phase 

solvents (formic acid (HCOOH)) were monitored by 1H NMR. CPE was performed at 

ï1.95 V with CO2 saturated electrolyte solution(100 mM IL, 100 mM TBAPF6).  

Table 2.1. CPE metrics for Bi-modified carbon paper at ï1.95 (V) vs. SCE. 

Bi3+  IL  IL conc. FECO (%) jCO (mA cm-2) j tot (mA cm-2) 

nitrate [BMIM]OTf  100 mM 45 ± 8 5.6 ± 1.9 12.6 ± 4.5 

subsalicylate [BMIM]OTf  100 mM 50 ± 6 3.3 ± 2.1 6.9 ± 4.3 

carbonate [BMIM]OTf  100 mM 54 ± 3 12.5 ± 1.3 23.0 ± 1.5 

As demonstrated in Table 2.1, the Bi3+ complexes produced CO with 

comparable efficiencies and suggests that Bi0 does not need to be present to initiate 

catalysis. (BiO)2CO3 demonstrated the highest CO efficiency and current density which 

suggests that it is an ideal platform for industry. Surprisingly, Bi(NO3)3 evolved the least 

amount of CO. This is the precursor for Bi-CMEC prepared by acid aqueous 

electrodeposition which evolved CO with >90 % Faradaic efficiencies (FEs). Without 

experiencing a chemical change, Bi(NO3)3 demonstrated less impressive metrics. 

Electroreduction of NO3
ï anions can produce side products such as ammonia or 

hydroxylamine.24 Additionally, some metal-N bonds experience stronger binding 

interactions which result in film passivation for cathodic processes. In analyzing the 

current density plot for in Bi(NO3)3 (Figure 2.9, maroon trace), passivation is unlikely 
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due to the observed steady rates over time. Therefore, the NO3
ï reduction products are 

likely interfering with CO selectivity.  

 

Figure 2.9. Current density plot for the Bi(III) carbonate (yellow trace), nitrate (maroon 

trace), and subsalicylate (green trace).  

The current density for (BiO)2CO3 exceeded 20 mA/cm2 which greatly 

surpassed electrolysis performed in a two-compartment electrolytic cell where 

convection was controlled by vigorous catholyte stirring. C7H5BiO4, not showing as 

high of rates, still demonstrated comparable current densities to the ex situ acid aqueous 

electrodeposition.21,23 Despite (BiO)2CO3 and C7H5BiO4 evolving CO with similar 

selectivity (~60 %), their rate for the 2H+/2eï redox reaction varied by nearly 18 

mA/cm2. This is highlighted in the current density plot in Figure 2.9, yellow and green 
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traces respectively. It was curious if the difference in rate was the result of the Bi3+ 

molar dependence for catalysis, or the complex structure itself. The moles of Bi3+ used 

in the drop casting slurry for (BiO)2CO3 and C7H5BiO4 were 1.57 mmol and 1.10 mmol 

Bi3+ respectively. These amounts were calculated based on the 40:1 wt.% ratio of Bi3+ 

to MWCNTs for preparing the slurry. To determine if the higher rates were the result of 

slightly elevated Bi3+ loadings (+0.47 mmol for (BiO)2CO3), CPE was performed where 

the moles of Bi3+ were switched for (BiO)2CO3 and C7H5BiO4: (BiO)2CO3 would now 

have 1.10 mmol Bi3+ and C7H5BiO4would have 1.57 mmol Bi3+. 

2.3.5.2.1 Bi3+ Molar Dependence for Catalysis 

Switching the catalyst loadings for (BiO)2CO3 and C7H5BiO4 will reveal if the 

specific Bi3+ architecture or if the moles of Bi3+ incorporated in the slurry have a greater 

influence on CO2 to CO catalysis. The new wt.% ratios for (BiO)2CO3 and C7H5BiO4 

are 28:1 and 56:1 respectively. CPE was performed with the same electrochemical 

apparatus where product distribution and current density were monitored. The current 

density plot for (BiO)2CO3 and C7H5BiO4 is illustrated in Figure 2.10, yellow and green 

traces respectively. 
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Figure 2.10. Current density plot of Bi(III) carbonate (yellow trace) and subsalicylate 

(green trace) with 1.10 and 1.57 mmol Bi respectively.  

Regardless of exchanging the mmoles of Bi3+, (BiO)2CO3 still demonstrated 

higher current densities than C7H5BiO4 by ~5 mA/cm2. Because the current density for 

C7H5BiO4 was only slightly elevated by the 0.47 mmol Bi3+ increase, the rate is 

suggested to be less affected by Bi3+ loading and more affected by the architecture for 

the Bi3+ complex. The local bonding for (BiO)2CO3 and C7H5BiO4 are unique, as 

illustrated by their oxidative environments from XPS (Figure 2.6a and c respectively), 

and may ultimately interact with intermediates differently. This is likely to play a more 

significant role in the progression of CO2 to CO catalysis. 
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Table 2.2. CPE metrics for Bi(III) carbonate and Bi(III) subsalicylate mole dependent 

study. 

Bi3+  IL  IL conc. FECO (%) jCO (mA cm-2) j tot (mA cm-2) 

carbonate [BMIM]OTf  100 mM 43 ± 6 5.6 ± 1.6 15.8 ± 5.1 

subsalicylate [BMIM]OTf  100 mM 48 ± 8 4.5 ± 0.2 9.6 ± 1.8 

Table 2.2 summarizes the metrics for the mole dependent CPE study. The 

selectivity for CO is comparable, in that the efficiency is still within the standard 

deviations of the previously reported metrics (Table 2.1). These results suggest that 

slightly lower catalyst loadings will not jeopardize efficient CO2 to CO catalysis. This 

observation was significant in furthering the progression of industrial integration, such 

that catalyst loading can be reduced further to result in a greater industrial profit. 

Because the complex structure appears to play a significant role in catalysis, 

observing the structural durability of the (BiO)2CO3 and C7H5BiO4 was of interest. If 

the architecture is durable, minor surface deviations would be expected after 

electrolysis. If the morphology demonstrates significant deviations from the starting 

composition, the film durability would be poor and the changes in architecture may 

likely alter the CO2 to CO redox reaction. To analyze the durability and evolution of the 

Bi film, the film morphology after CPE was studied via SEM. EDX and XPS were used 

to study the elemental composition of the surfaces after CPE. 
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Figure 2.11. Secondary electron microscopy images of a) Bi(III) carbonate and b) 

Bi(III) subsalicylate after electrolysis at ï1.95 (V) vs. SCE.  

Magnifications of 2.5K and 15K (inset). 

It was fascinating to observe how (BiO)2CO3 and C7H5BiO4, when prepared in 

the same manner and enduring identical electrolysis conditions, demonstrated unique 

surface deviations after electrolysis. The morphology for (BiO)2CO3 (Figure 2.11a) 

after electrolysis was nearly identical to the prepared surface. The morphology for 

C7H5BiO4 after electrolysis, however, barely resembled the initial surface architecture. 

The stick-like striations were sparse and a majority of the surface demonstrated a more 

rugged morphology. Interesting, the new surface microstructure showed similarities to 

(BiO)2CO3.  

Because the surface for C7H5BiO4 showed similarities in surface structure to 

(BiO)2CO3, it was curious to identify if C7H5BiO4 underwent a compositional change 

during electrolysis. Elemental analysis was performed to observe possible 

transformations. First, EDX revealed that the oxygen content for (BiO)2CO3 which 

suggested that (BiO)2CO3 was robust and did not become further oxidized. The oxygen 

content for C7H5BiO4 increased to a 1:5 Bi to O ratio. C7H5BiO4 is likely becoming 



 60 

more oxidized during electrolysis and may experience a new oxidative environment. To 

clarify this observation, XPS complimented EDX by identifying the elemental 

composition of the Bi3+ species specifically. The Bi 4f high resolution spectra for 

(BiO)2CO3 and C7H5BiO4 are illustrated in Figure 2.12a and b respectively. 

 

Figure 2.12. Bi 4f high resolution spectra for a) Bi(III) carbonate and b) Bi(III) 

subsalicylate. 

XPS revealed a slight change in the Bi3+ oxidative environment for C7H5BiO4. 

Specifically, the Bi 4f7/2 component for C7H5BiO4 demonstrated a shift to lower BE. 

Here, the spectrum was optimally fit to two components, 158.9 and 159.5 eV. 

Interestingly, these BEs represent (BiO)2CO3 and C7H5BiO4 respectively. Having both 

components present corresponds to the observed SEM image (Figure 2.10b), such that 

stick- and sponge-like morphologies were identified. As supported by SEM (Figure 

2.11a), XPS demonstrated that the oxidative environment for (BiO)2CO3 remained idle 

and suggested no compositional changes.  
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Observing that the final Bi3+ compositions after CPE was (BiO)2CO3 was a 

significant observation for understanding the evolution of the active species during 

catalysis. Further, this correlates to the Bi composition after electrolysis when prepared 

via acid aqueous electrodeposition. This suggests that despite the 2H+/2eï redox reaction 

occurring in a different electrochemical apparatus and Bi-CMEC being prepared by a 

different surface modification method, the pathway for catalysis appears analogous.    

2.3.5.3 Energy Efficiency for the Redox Flow Cell 

The Bi3+ complexes demonstrated CO selectivity with high current densities and 

a low overpotential (ɖ ~200 mV). The FE for CO and ɖ (Eeq ï Eapp) effect the energy 

efficiency (ὑ) for the redox event, which is calculated by equation 2.1. Despite 

demonstrating a low energy cost, roughly ~40 % of charge was unaccounted for. The 

low selectivity significantly affected the ὑ. (BiO)2CO3 demonstrated the greatest ὑ with 

a maximum of 53.1 % (considering upper end of standard deviation). This is a ~30% 

drop in efficiency from the two-compartment electrochemical assembly. 

ὑ =  x FE          (2.1) 

The Bi film was robust during CPE and demonstrated no signs of passivation. 

Only trace amounts of H2 were produced (<5 %) with no CH4 or oxalate detected. 

HCOOH was only detected for (BiO)2CO3 (<2 %). It is likely that part of the charge 

goes towards stabilizing the larger electrode surface area, such that altered efficiencies 

are not uncommon for larger electrodes. Additionally, the production of small reduced 

hydrocarbons that are not detectable with the GC detection limits may also occur. 

Lastly, it is possible that lower selectivity may be the result of re-oxidation of evolved 

CO. The flow path for CO2 to leave the electrolyte solution and enter the headspace is 
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longer for the flow cell than it is for the two-compartment cell. This may encourage 

additional interactions with the reactants and products to re-oxidize CO to CO2.  

2.3.5.4 Detection of the Bismuth/IL Interface 

The Bi/IL interface was highlighted when performing CPE without either IL or 

the Bi-modification. CV studies demonstrated that CO2 reduction activity was sacrificed 

without this interface. CPE will investigate this behavior further by understanding 

catalytic effects on product distribution and current density (rate). Additionally, it was 

of interest to observe if the supporting electrolyte can be removed from the electrolyte 

solution completely. IL has been reported to possess multi-functional properties, which 

involves promoting ion conductivity.25 It would be advantageous for promoting 

industrial integration if the expensive supporting electrolyte can be eliminated.  

[BMIM]OTf was shown to be robust during catalysis and demonstrated a highly 

energy efficient system (~87 %) when used at slightly elevated concentrations (300 

mM) without electrolyte.21 This efficiency had only been seen previously with noble 

metals (Ag and Au).26 Additionally, [BMIM]OTf is among the least expensive ILs ($2/ 

g). It is curious to observe if IL still demonstrates these multifunctional properties when 

flowing continuously in the redox cell. 
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Figure 2.13. Current density plot for 300 mM IL/MeCN/Bi, 100 mM IL/MeCN/Bi, 

TBAPF6/MeCN/Bi, and IL/TBAPF6/MeCN in the navy, purple, red, and 

pink traces respectively  

The control studies were performed with (BiO)2CO3 because it has higher 

current densities and CO efficiencies compared to Bi(NO3)3 or C7H5BiO4. To 

demonstrate the Bi/IL interplay, separate CPE studies were performed where either Bi 

or IL were not included in electrolysis (Figure 2.13, pink and red trace respectively). 

When Bi was absent, the slurry was only composed of MWCNTs and Nafion. Lastly, 

to determine if supporting electrolyte can be eliminated, CPE was performed with 100 

and 300 mM IL (Figure 2.13, purple and navy traces respectively). The metrics are 

summarized in Table 2.3 
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Table 2.3.CPE metrics for Bi(III) carbonate and variable IL conditions at ï1.95 (V) vs. 

SCE. 

Bi3+  ionic liquid IL conc. FECO (%) jCO (mA cm-2) j tot (mA cm-2) 

none [BMIM]OTf  100 mM 1 ± 1 trace 4.3 ± 1.3À 

carbonate none  4 ± 2 0.3 ± 0.2 5.9 ± 1.4 

carbonate* [BMIM]OTf  100 mM 57 ± 6 6.7 ± 3.9 12.1 ± 3.8 

carbonate* [BMIM]OTf  300 mM 57 ± 7 11.3 ± 1.4 19.8 ± 1 
      

À Total current density    

* No TBAPF6 supporting electrolyte    

These metrics compliment previous Bi-CMEC studies describing the 

relationship between Bi and IL.21,23 These metrics also compliment the CV traces 

presented in Figure 2.7b, such that current density is reduced significantly without the 

Bi/IL interface. Despite being reduced, the current densities were still slightly higher 

than expected for these two controls studies. Previously, the current densities for an 

unmodified GCE or for Bi-CMEC without IL were <1 mA/cm2. This may result from 

the enhanced surface area and mass transport effects from the flow cell. The enhanced 

surface area is not only due to the size of the substrate, but also in part with the 

incorporation of MWCNTs. MWCNTs have been shown to lower the resistance of 

charge transfer for the reaction occurring at the cathode.18 

These studies highlighted the multifunctionality for imidazolium donating 

protons for the 2H+/2eï redox reaction, neutralizing surface charge from bias, stabilizing 

radical intermediates (CO2
Åï), and functioning as electrolyte. Comparable selectivity for 

CO evolution was observed with only 100 mM IL and no electrolyte, however, the 

current density was slightly reduced. Increasing the IL concentration to 300 mM, the 

selectivity for CO evolution and current density now matched the metrics for the 

TBAPF6/IL electrolyte. These electrolyte conditions are identical to previous Bi studies 
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in the absence of electrolyte, and demonstrated an analogous dependency on 1,3-

dialkylimidazolium IL.21,23 

2.3.5.5 Elucidating the Significance of the Modified Substrate Material 

It was previously suggested that carbon cloth would demonstrate greater 

intrusion and resistivity than carbon paper when equipped in the flow cell. Intrusion 

would interrupt the flowing electrolyte and would likely accumulate pressure from the 

restricted flow. Added resistivity would interfere with facile electron transfer (ET) 

events and further increase the kinetic barrier for the rate determining step (RDS). For 

these reason, carbon paper was pursued.  It was of interest, however, to observe these 

properties experimentally and to compare the differences in electrolysis between the 

two carbon substrates. The influence that the substrate has over the outcome of 

electrolysis was studied by performing CPE on the Bi3+ modified surfaces for carbon 

cloth and carbon paper when equipped in the flow cell. The effects on CO evolution is 

highlighted in Figure 2.14.  
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Figure 2.14. Bar graph describes the CO Faradaic efficiencies for carbon paper 

(maroon) and carbon cloth (blue) substrates. Substrates were modified 

with Bi(III) nitrate, Bi(III) subsalicylate, and Bi(III) carbonate. 

Regardless of the Bi3+ complex, carbon cloth demonstrated lower selectivity for 

CO than carbon paper. Because the substrate is the only variable changing in these 

electrolysis experiments, it is likely that the surface chemistry deviates due to the unique 

microstructures. Therefore, these results suggested that the compressed fibers in carbon 

paper encourage ideal binding for the adsorption and desorption of CO2 and CO 

respectively. Carbon cloth demonstrates 50-70 % of charge unaccounted for (no H2, 

CH4, or HCOOH production). It is possible that intermediates may become trapped in 

carbon cloth and become further reduced to small hydrocarbon species. This may result 

from restricted flow to allow a longer interaction times between intermediates and the 
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Bi-modified surface. Further, electrolysis efficiencies have been demonstrated to have 

a strong dependence on the substrate pore size (porosity/architecture).27 

Table 2.4. CPE metrics for Bi-modified carbon paper at ï1.95 (V) vs. SCE. 

Bi3+  ionic liquid IL conc. FECO (%) jCO (mA cm-2) j tot (mA cm-2) 

nitrate [BMIM]OTf  100 mM 29 ± 8 4.3 ± 1.1 15.0 ± 1.5 

subsalicylate [BMIM]OTf  100 mM 41 ± 4 5.5 ± 1.6 13.2 ± 2.7 

carbonate [BMIM]OTf  100 mM 50 ± 5 8.8 ± 1.0 17.9 ± 0.3 

Interestingly, Table 2.4 describes current densities that do not deviate 

significantly from carbon paper (Table 2.1), within standard deviation limitations. It was 

expected to observe an increase in current density with increased surface area. The 

anticipated increase in rate may have been offset by the added resistivity from carbon 

cloth.  

These studies highlight the intrusion and resistive properties for carbon paper 

and carbon cloth. It was fascinating to observe how different microstructures of the same 

elemental material influence different surface interactions. Additionally, these CPE 

results afford confidence in selecting carbon paper as the substrate for the redox flow 

cell. 

2.4 Conclusions 

In transitioning our energy dependency from the combustion of fossil fuels to 

renewable solar power, challenges are faced when matching energy demands for 

spontaneous weather and seasonal changes.6 This is largely attributed to solar energy 

lacking an efficient energy storage device to provide energy during high and low energy 

peaks. An energy storage method that has received much attention in the literature is 
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solar fuel, in that they are among the most energy dense storage devices.28 In producing 

these fuels, we have successfully developed a bismuth carbon monoxide evolving 

catalyst (Bi-CMEC) capable of producing the C1 feedstock (CO) for the well known 

Fischer-Tropsch process. In this work, we modified our Bi-CMEC system to function 

optimally in an industrial setting to encourage integration of energy storage devices.   

The modifications that were necessary to encourage industrial integration 

included redesigning the electrochemical cell, exploring a new surface modification 

method, and exploring more cost-efficient materials. First, the architecture of the 

previous fragile two-compartment electrochemical cell was redesigned into a robust, 

compact, and cost efficient 3D printed electrolysis assembly. The flow cell encouraged 

a sealed environment for the redox event to take place that reduces the need for constant 

re-optimization of reaction conditions. The technical and time consuming 

electrodeposition technique was replaced by drop casting methods. Slurry conditions 

were adapted from the literature and incorporated inexpensive commercially available 

Bi3+ salts (<$1/ mol Bi). When cast on inexpensive carbon supports, a strong ohmic 

contact was demonstrated from high and steady current densities. The current densities 

were also found to greatly surpass published values for Bi-CMEC in the two-

compartment cell. The enhancement in mass transport is likely due to the continuous 

flow of recycled electrolyte refreshing the catalyst support. 

It was also discovered that expensive supporting electrolyte can be eliminated 

with the incorporation of IL ([BMIM]OTf, 300 mM). [BMIM]OTf is one of the least 

expensive commercially available 1,3-dialkylimidazolium ILs. Furthermore, ILs can 

also be recycled which would further enhance industrial profit.29,30,31 [BMIM]OTf 

demonstrated appreciable rates that were steady during electrolysis, except for when 
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there was no Bi-modified surface.  An essential interaction between IL and Bi was 

revealed and complimented previous Bi-CMEC studies. The Bi/IL interface proves to 

be critical for the outcome of CO2 to CO electrolysis; current density, product 

distribution, and selectivity. If either Bi or IL is removed, these metrics were sacrificed.  

The ease in cell modification encourages further advancements in cell design. 

The cell architecture can be screened easily and quickly from the ability to 3D print. 

This allows the cell to easily adapt to the ever-changing demands of industry to fit 

specific criteria or goals. This feature further highlights the significance of our proposed 

electrolysis assembly. A potential modification in cell design would be through stacking 

multiple flow cells (Figure 2.15a). This involves more than one flow plate incorporated 

in the architecture. Multiple flow plates require multiple catalyst supports which would 

result in enhanced CO production. The stacking design has shown interest in the 

literature for energy storing devices, but could further be improved upon by this 

lightweight and robust material.3   

 

Figure 2.15. Stacked flow cell design is featured in a). Illustration in (b) shows etched 

engravings for gas flow systems. 
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An additional modification involves the redesign on the flow cell into a gas flow 

system.  A flow plate can be designed with etched grooves with high precision to direct 

the flow path for gasses (Figure 2.15b). The grooves encourage direct interaction with 

the gas reactants and catalyst support. Depending on the length of the flow path, short 

or long interaction times can be achieved. In lieu of constant electrolyte flow, gas flow 

systems would involve an IL bath suspended below the Bi-modified surface (Bi/IL 

interface remains). The elimination of supporting electrolyte and organic solvent both 

reduces the cost and encourages greener solvents.32 

Additionally, the IL would be used in 1.5 mL volume. This is a small volume 

that does not result in a costly supply of IL. However, implementing neat IL alters our 

previously explored dilute IL electrolyte conditions. It would be curious to observe if 

the physical properties of IL alter the outcome of electrolysis. ILs are highly viscous, 

which would provide valuable insight on diffusional effects despite having the multi-

functionality of IL being an electrolyte and proton donor. (See Chapter 5). 
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INVESTIGATING THE CATALYTIC DISCREPANCIES BETWEEN THE 

BISMUTH AND TIN PLATFORMS TO THE LEAD PLATFORM FOR THE 

ELECTROCATALYTIC REDUCTION OF CO 2 to CO  

3.1 Introduction  

With energy consumption and the atmospheric concentration of CO2 rapidly 

increasing, electrochemical conversion of CO2 to reduced carbon species has grown in 

interest to mitigate CO2 emissions.1,2,3 Specifically, reducing CO2 to CO has received 

much attention because CO is the C1 feedstock for producing liquid fuels via the 

Fischer-Tropsch process. Recycling CO2 by storing electrical energy in chemical bonds 

is a promising route for decreasing our contributions to rising atmospheric CO2 levels; 

a carbon-neutral system.2,4 This reduction, however, is kinetically challenging due to 

high CO2 stability and therefore requires a catalyst. There is continued research devoted 

towards discovering noble metal heterogeneous electrocatalysts that can facilitate this 

reduction with high efficacy with the intent of developing more energy efficient 

systems.5 Additionally, by studying a slew of potential platforms, this research would 

also help to further understand the currently unclear mechanistic pathway.1 

Unfortunately these noble metal platforms are expensive and even if they are found to 

demonstrate the ability to selectively and efficiently transform CO2 to CO, the price 

would make the systems impractical for further applications.  

Thus, when deviating from the expensive noble metal cathodes, Bi was found to 

possess analogous metrics at a much lower cost. Because the Bi carbon monoxide 

Chapter 3 
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evolving catalysts (Bi-CMEC) was a promising platform for the heterogeneous 

reduction of CO2 to CO, other p-block metals were explored near Bi on the periodic 

table to determine if they also have high electrocatalyticic activity towards this 

reduction. To explore the CO2 reduction capabilities of a library of p-block materials, a 

general organic electrodeposition method was developed.6,7 This deposition bath was 

no longer acidic and could accommodate a slew of materials and sensitive substrate 

supports that were once hindered from electrochemical analysis due to being reactive 

under acidic conditions. Incorporating these substrates aided in enhancing the ohmic 

contact for certain materials to strengthen its durability as a catalyst; greater CO2 

reduction activity, CO selectivity, and current density. Specifically, the expanded p-

block metal library included Sn, Pb, and Sb on either a glassy carbon electrode (GCE) 

or Ni supports. Here, the variety of inexpensive materials allowed further discovery of 

more efficient catalytic systems and enabled additional mechanistic insights for the CO2 

to CO reduction pathway. 

Of the variety of heterogeneous p-block metals studied, Sn and Bi demonstrated 

the greatest potential of being a CO evolving catalyst. Regardless of the substrate 

material, however, Sb was not active towards CO2 reduction and Pb did not demonstrate 

film durability as high as Bi or Sn. The Pb cathode initially produced CO with selectivity 

exceeding 80 % Faradaic efficiencies (FEs) with current densities of ~10 mA/cm2, but 

became passivated during electrolysis within a matter of minutes. 

Passivation of the Pb cathode inspired a series of investigations to understand 

why the Pb-modified surface demonstrated different metrics and catalytic behaviors 

than the Bi and Sn platforms. It was possible that Pb endured a unique pathway if 20 % 

of unaccounted charge is going towards the evolution of a counter species. Reports have 
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suggested that Pb foil electrodes are prone to producing an imidazolium-carboxylate 

adduct (Figure 3.1) upon polarization at very negative applied potentials in a [BMIM]+ 

and CO2 environment.4  

 

Figure 3.1. Structure of imidazolium-carboxylate adduct. 

This electrolyte environment parallels the electrolyte solution used in these studies with 

Bi, Sn, and Pb. Therefore, the formation of this adduct may be forming and 

thermodynamically stabilizing on the Pb surface to result in passivation and subsequent 

loss of CO production due to competing pathways.8 Bi and Sn can activate CO2 at a less 

negative applied potential and may circumvent the formation of this adduct as a side 

product, thus, to be selective towards one product, CO.  

If this theory represents the surface chemistry occurring at the Pb cathode, it 

would be a significant discovery towards the continued mechanistic research for the 

heterogeneous electroreduction of CO2 to CO. Currently, the adduct is believed to 

encourage catalysis and the production of CO, not poison the transformation.9,10 

Interestingly, despite these statements, there has been no evidence to support the 

mechanistic interaction of the adduct.11,12  
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3.2 Experimental Method 

3.2.1 Materials and Methods 

Reagents and solvents were purchased from Sigma Aldrich, Alfa Aesar, Acros 

or Fisher. Bismuth(III) trifluoromethanesulfonate (Bi(OTf3)) and imidazolium ionic 

liquid 1-butyl-3-methylimidazolium trifluoromethanesulfonate ([BMIM]OTf) were 

purchased from Sigma Aldrich. Tin(II) trifluoromethanesulfonate (Sn(OTf)2), lead(II) 

oxide (PbO) 99.999 % puratrem, and potassium superoxide (KO2) were purchased from 

Strem Chemicals. Electrochemistry grade hydrochloric acid (36.5ð38.0 % in H2O) was 

purchased from Sigma Aldrich. Tetrabutylammonium hexafluorophosphate (TBAPF6) 

was purchased from TCI America and purified by recrystallization with ethanol. Carbon 

dioxide (CO2) was purchased from Keen Compressed Gas Company.  

Platinum gauze (99 %) was purchased from Sigma Aldrich. The bare glassy 

carbon disc electrode, bare Ni disc electrode, and the Ag/AgCl reference electrode were 

purchased from CHI Instruments. Graphite plates were purchased from Ohio Carbon 

and Ni foil was purchased from Sigma Aldrich. 

3.2.2 Instrumentation  

3.2.2.1 Electrochemical Measurements 

Electrochemical studies were conducted using a CHI-620D 

potentiostat/galvanostat or a CHI-720D bipotentiostat. Electrochemical apparatus 

consisted of a three-electrode system; working (bare glassy carbon disc (3.0 mm 

diameter), bare Ni disc (3.0 mm diameter)), counter (platinum gauze), and a reference 

electrode (Ag/AgCl (1.0 M KCl)). Cyclic voltammetry and linear voltammetry 

experiments were performed with iR drop compensation with 100 mV sï1 scan rate. 
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Ag/AgCl reference was converted to SCE referencing by the equation, ESCE = EAg/AgCl 

+ 0.044 V. 

3.2.2.2 Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) was performed using a CHI-

720D bipotentiostat. Electrochemical apparatus consisted of a three-electrode system; 

working (bare glassy carbon disc (3.0 mm diameter), bare Ni disc (3.0 mm diameter), 

Ni foil (~1 cm x 1.0 cm x 0.00125 cm), or graphite plate (~1 cm x 1.0 cm x 0.1 cm)), 

counter (platinum gauze), and a reference electrode (Ag/AgCl (1.0 KCl)). Frequency 

ranged from 0.1 Hz to 100 000 Hz. The electrolyte solution consisted of 0.1 M 

[BMIM]OTf and 0.1 M TBAPF6 in CO2 saturated MeCN. 

3.2.2.3 Rotating Disc Electrode 

Rotating disc electrode (RDE) was performed using a CHI-720D bipotentiostat. 

Electrochemical apparatus consisted of a three-electrode system; working (glassy 

carbon disc (5.0 mm diameter)), counter (platinum gauze), and a reference electrode 

(Ag/AgCl (1.0 KCl)). Linear sweep voltammograms (LSVs) were obtained between 

scanned potentials ranging from ï1.45 to ï2.95 V. Rotation rate was performed at 1000 

rpm and scan rate of 100 mV secï1. The electrolyte solution consisted of 0.02 M 

[BMIM]OTf and 0.1 M TBAPF6 in CO2 saturated MeCN (80 mL).  

3.2.2.4 X-ray Photoelectron Spectroscopy 

XPS analysis was performed using a Thermo Scientific K-alpha+ spectrometer 

with monochromatic Al KŬ X-ray (1486.7 eV) and 72 W of power (12 kV, 6 mA) 

equipped with a 128 CCD detector plate. Operating vacuum pressure in the main 

chamber was less than 1x10-8 torr. XPS survey scans were collected with a step size of 
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1.0 eV and a pass energy of 100 eV. High resolution spectra were collected with a step 

size of 0.1 eV and a pass energy of 20 eV. The X-ray spot size was an elliptical shape 

with a semi-major axis of approximately 400 ɛm. 

3.2.2.5 CO2 Reduction Electrolysis and Headspace Analysis 

Current densities were obtained by performing controlled potential electrolysis 

(CPE) on a sealed two-compartment electrochemical cell with the cathode and anode 

separated by a proton permeable Nafion membrane (NRE-212). The anode and cathode 

compartment both contained 20 mL of electrolyte solution; 0.1 M ionic liquid 

([BMIM]OTf) and 0.1 M TBAPF6 that was dissolved in CO2 saturated MeCN. The 

solution was sparged for 30 minutes before the start of electrolysis. 

During CPE, the cathode was stirred at a steady rate while there was a 

continuous flow of CO2 into the headspace (5 mL/min). The cathode was vented directly 

into a flow gas chromatograph (SRI Instruments, SRI-8610C). A chromatograph was 

obtained every 15 min throughout the duration of electrolysis by placing the sampling 

loop in line with a packed HayeSep D column and a packed mole Sieve 13X column. 

The columns led directly to a thermal conductivity detector (TCD) and a flame 

ionization detector (FID) equipped with a methanizer to quantify hydrogen and carbon 

monoxide production respectively. The gas carrier was Argon (Keen, 99.999 %). 

3.2.2.6 NMR 

Solvent suppression 1H NMR was performed with aliquots from the cathode 

solution to detect any solution products from electrolysis and/or decomposition of 

electrolyte solution. The acetonitrile resonance was suppressed at 1.96 ppm. Formic 



 80 

acid production was monitored at 8.1 ppm and imidazolium-carboxylate adduct was 

monitored at 7.17 and 7.13 ppm. 

Synthetic products were characterized with 13C and 1H NMR. 13C NMR was 

performed as an attached proton test (APT) experiment with 2048 scans. 1H NMR was 

performed with 8 scans. The samples were solvated in deuterated-MeCN. 

3.2.2.7 Lead (II) trifluoromethansulfonate  

Lead(II) oxide was reacted with excess triflic acid in correspondence to a 

modified literature procedure.13 A Schlenk flask, equipped with lead oxide (2.00 g), 

triflic acid (4 mL) and 40 mL dry toluene. The mixture was heated at 110 C under N2 

for 5 hrs. The Schlenk flask was transferred to a N2-filled glove box upon the removal 

of solvent and a slightly reduced pressure. The crude material was dissolved in 

acetonitrile and filtered through celite. The filtrate was then concentrated under vacuum 

to yield an off-white powder in a 62 % yield. 19F NMR (376 MHz, CD3CN, 25 C) / 

ppm= ï78.67. 

3.2.2.8 1-butyl -3-methylimidazolium-carboxylate 

In a N2-filled glove box, was suspended 1-methyl-3-butylimidazolium bromide 

([BMIM]Br; purchased from Alfa Aesar) in dried toluene and let it react with sodium 

hexamethyldisilizane (NaHMDS; purchased from Sigma Aldrich) for 2 hrs. This 

solution was filtered through celite and the filtrate, carbene, was sparged with CO2 gas 

for 0.5 hr. This solution underwent a second filtration step where the product was 

collected as a white precipitate in a 78 % yield.  
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3.2.2.9 1-butyl -3-methyl-2-imidazolone 

In a N2-filled glove box, 1-butyl-3-methylimidazolium bromide (1.0 M, 0.4382 

g) was solvated in dry dimethylsulfoxide (DMSO, 2 mL) in a 20 mL conical vial 

equipped with a stir bar. 1 eq. potassium superoxide (KO2, 0.1422 g) was added to the 

round bottom and let react overnight with vigorous stirring. The round bottom was 

removed from the glove box and washed with water and dichloromethane (DCM). The 

DCM layer was collected and dried with magnesium sulfate. DCM was then removed 

under reduced pressure. The product was a viscous liquid collected in a 25 % yield. 

Product was analyzed via 1H NMR, 13C NMR, and XPS.  

3.2.3 Electrodeposition of Bi, Sn, and Pb Electrodes 

Prior to electrodeposition, the Ni disc electrode (3.0 mm diameter), carbon disc 

electrode (3.0 mm diameter), or graphite plate (~1 cm x 1.0 cm x 0.1 cm) was polished 

with 0.05 micron alumina powder in Millipore water and then sonicated in Millipore 

water for five minutes to remove residual powder. If starting with Ni foil (~1 cm x 1.0 

cm x 0.00125 cm), it was sonicated in water, acetone, and lastly acetonitrile for 20 

minutes for each step to remove excess oils. The substrate was then submersed in an 

acetonitrile organic electrolyte solution containing 0.02 M of the respective triflate 

metal and 0.1 M TBAPF6 saturated with N2. A series of cyclic voltammetry sweeps (10 

cycles, 100 mV s-1) were performed with applied potentials ranging from ï0.25 to ï2.25 

(V) vs. SCE. Following the electrode conditioning, the GCE/Ni disc was agitated to 

remove exfoliated material formed on the electrode surface. Using the same electrolyte 

solution, controlled potential electrolysis (CPE) applied a constant potential of ï1.35 for 

Bi(OTf)3, ï0.55 V for Sn(OTf)2, and ï1.35 (V) vs. SCE for Pb until a total of ~1 C cm 
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-2 was passed. The modified electrode was rinsed with acetonitrile followed by a drying 

step consisting of a gentle N2 flow over the modified surface. 

3.3 Results and Discussions 

3.3.1 Identifying Surface Impurities  

Literature has openly stated that the imidazolium-carboxylate adduct is an 

essential intermediate for the heterogeneous electroreduction of CO2 to CO.14,15 

Therefore, there is apprehension in confidently stating that the adsorption of this species 

leads to film passivation, despite the likely thermodynamic formation for Pb surfaces as 

discussed previously. Because of this, careful and vigorous studies were performed to 

first support that there is an impurity adsorption event for Pb. This should also support 

that film passivation is not simply due to film thinning, which was further demonstrated 

by a sleek gray film existing on the electrode surface after electrolysis.  

Further, understanding how surface adsorbates interact with the specific cathode 

is critical towards gaining clarity on the mechanism for CO evolution. Detecting a 

difference in adsorbate interactions would be a key insight for understanding why the 

mechanism for Pb leads to film passivation. Importantly, because impurity adsorption 

likely alters the pathway that catalysis proceeds, it was therefore critical to first identify 

if the mechanism for Pb is analogous to Bi. Tafel analysis was used to elucidate this 

mechanism based on the rate determining step (RDS). To monitor impurity adsorption 

events specifically, the cathode surface before and after controlled potential electrolysis 

(CPE) was monitored via X-ray photoelectron spectroscopy (XPS) to observe how the 

adsorbates evolve. Because impurities can complicate charge transfer events, the 
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resistivity of these events were investigated with electrochemical impedance 

spectroscopy (EIS).  

3.3.1.1 Tafel analysis 

Tafel analysis, as described by the Butler-Volmer equation (equation 3.1), 

provides information on the type of rate determining electron transfer (ET) event 

occurring in an electrocatalytic redox reaction.16 For a simple irreversible two-electron 

redox reaction, such as for Bi-CMEC, the Butler-Volmer equation can be manipulated 

to provide the Tafel equation (equation 3.2) which affords a linear relationship between 

overpotential (ɖ) and the log of current (log(i)).  

i = nFAk  (CA(0,t)exp(ïŬf(EïE) ï CB(0,t)exp((1ïŬ)f(EïE))          (3.1) 

ɖ = ïb log(i) + a          (3.2) 

A is the area of the electrode, F is faradayôs constant, k  is a gas constant, n is the number 

of electrons transferred, Ŭ is the transfer coefficient (symmetry factor), EïE represents 

the overpotential (ɖ), and CA(0,t) and CB(0,t) are the concentrations of the oxidized and 

reduced species at the surface respectively. In equation 3.2, b represents the Tafel slope. 

Slopes for this equation have been theoretically derived with an absolute maximum of 

120 mV dec-1. 

Tafel analysis for Bi revealed Tafel slopes of ~120 mV dec-1, 6,17 which 

suggested that the first ET event is rate determining for the reduction of CO2.8 This 

results in the formation of a CO2 radical anion (CO2
Åï) after the first ET event, which is 

common for many heterogeneous catalysts for CO2 reduction.18 To observe if Pb 

experiences a similar mechanism to Bi based on the RDS, Tafel experiments were 

performed via rotating disc electrode (RDE) studies. Steady-state Tafel analysis is 

beneficial for minimizing diffusional effects, which is important for Pb.19 Specifically, 
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poor diffusion of the co-catalyst (imidazolium), reactant (CO2), or product (CO) may 

complicate adsorption events and result in non-ideal adsorbates (impurities).  

 

Figure 3.2. Linear sweep voltammogram in a) and b) show the Tafel plots for the Pb-

modified electrode for the first (LSV (1), blue trace) and fifth (LSV (5), 

green trace) sweep respectively. Plot c) overlays five Tafel plots. LSVs 

obtained at 1000 rpm and scan rate of 100 mV sec-1.  

Upon multiple executions, a Tafel slope of 125 ± 11 mV dec-1 was obtained 

(Figure 3.2a). This value correlates to the RDS being the first ET to yield CO2
Åï. This 

suggested that Pb undergoes a similar mechanism to Bi. Interestingly, upon sequential 

sweeps using the same Pb-modified electrode (without re-plating the Pb surface), the 

Tafel slope became larger and exceeded the maximum 120 mV dec-1 for a two-step ET 

mechanism. This feature is unlike what was observed for Bi. 

When the Tafel slope exceeds 120 mV dec-1, often it is the result of non-ideal 

charge transfer conditions, such as for when Ŭ Í 0.5.8 Specifically, high Tafel slopes 

have been observed for when Ŭ << 0.5. As shown in equation 3.1, Ŭ is the symmetry 

factor for the distribution of electrons going towards oxidation or reduction. When 

Ŭ<<0.5, there are fewer electrons going towards oxidation and more going towards 

reduction. This leads to an irreversible redox reaction to favor product formation. An 
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explanation for this event has been attributed to impurity adsorption to hinder charge 

transfer.8 Once formed, the impurity is stable and can be displaced by either solvent 

(MeCN) or reagent (CO2) itself. This results in additional energy required to remove the 

impurity to make available active sites to continue charge transfer events. The extra 

energy required to remove the impurity, in addition to the already high potential barrier, 

is representative of the higher Tafel slope (>120 mV dec-1). Therefore, the increasing 

Tafel slope upon sequential sweeps (Figure 3.2c) supports the theory that an impurity is 

thermodynamically formed and adsorbed to the Pb cathode.  

The higher potential barrier from the surface impurity is also highlighted in 

Figure 3.3a. Here, the overpotential becomes more negative upon additional LSV sweep 

segments using the same Pb-modified electrode. Additionally, Figure 3.3b suggested 

that the shift to more negative overpotentials is not a function of rotation rate because 

the change in overpotential shifts accordingly for the two separate RDE studies. 

 

Figure 3.3. Linear sweep voltammograms are overlaid in a) using the same Pb-modified 

electrode using RDE. Overlaid voltammograms in b) illustrate a rotation 

rate study performed with the same Pb-modified electrode for all rpms. 
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These Tafel studies suggested that there is an adsorbate that forms on the Pb 

cathode. This results in active sites being occupied by the impurity and not by the 

reactant to undergo the 2H+/2eï redox reaction. The formation of the adsorbate appears 

to be thermodynamically favored for the Pb cathode because of the lower apparent 

charge transfer coefficient and higher Tafel slopes for continuous LSV sweep segments. 

Understanding that the Tafel slope for Bi does not change upon multiple LSV sweep 

segments, in that it does not demonstrate impurity adsorption, it was curious to see how 

the active metal species for the Bi-, Sn-, and Pb-modified surfaces evolve during 

electrolysis. Specifically, it was curious to observe if the surface evolution for the Pb 

cathode is unique from Bi and Sn due to demonstrating a surface impurity. 

3.3.1.2 Evolution of Surface Composition  

Elemental surface changes of the metal cathodes were analyzed with XPS for 

the Bi 4f, Sn 3d, and Pb 4f high resolution regions. High resolution spectra for O 1s, C 

1s, S 2p, and F 1s, in addition to Bi, Sn, and Pb standards, were also acquired to support 

component labeling for the active metals (Appendix B.1ð3). The type of components 

identified for the active species can provide significant information on how adsorbates 

may interact with the oxidative environments. This was highlighted by analyzing the 

stability of the metal catalyst components on the surface from Gibbs free energy values 

(ȹG), which are summarized in Table 3.1 for Bi and Sn and Table 3.2 for Pb. 
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Figure  3.4. XPS spectra showing the Bi 4f, Sn 3d, and Pb 4f high resolution region for 

their respective cathodes as plated (pre, a, b, and c respectively) and after 

electrolysis (post, d, e, and f respectively). 

Bi and Sn showed similar surface compositions via organic electrodeposition 

(Figure 3.4a and b respectively). Interestingly, these surface compositions also relate to 

the surface composition of the acid aqueous electrodeposited Bi-CMEC, such that there 

is a metallic and metal halide component.17 Specifically, organic electrodeposition of 

Bi(OTf)3 shows metallic bismuth (Bi0, red trace), bismuth oxide (Bi2O3, blue trace), and 

bismuth oxyfluoride (BiOF, green trace). In this case, Bi2O3 is the result of ex situ 

oxidation of Bi0, not from electrochemical formation. The same conclusions were found 

for electrodeposited Sn(OTf)2, which showed metallic Sn (Sn0, red trace), tin(II/IV) 

oxide (SnO (blue trace) and SnO2 (yellow trace) respectively), and tin(II) fluoride (SnF2, 
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green trace). The thermodynamic stabilities of these species are roughly similar and do 

not exceed ~500 kJ molï1. Similar ȹG values correspond to the analogous onset 

potential for Bi and Sn; neither requiring a significant overpotential.  

Table 3.1. Gibbs free energy values for Bi and Sn components detected in the Bi 4f 

and Sn 3d high resolution regions.20 

Bi components ȹG (kJ mol-1) Sn components ȹG (kJ mol-1) 

Bi(0) 0 Sn(0) 0 

Bi(III) oxide ï494 Sn(II) oxide ï252 

Bi(III) oxyfluoride N/A Sn(II) fluoride ï316 
  Sn(IV) oxide ï516 

Unlike Bi and Sn, Pb showd no evidence for a metallic component. Pb was 

composed primarily of lead(II) sulfate (PbSO4, green trace) with slight contribution 

from Pb(II/IV) oxide (PbO (navy trace) and PbO2 (yellow trace) respectively) and lead 

fluoride (PbF2, blue trace). Significant PbSO4 contribution is rationalized by its 

thermodynamic stability compared to PbO (Table 3.2). Such a high contribution may 

result in the more negative onset potential to reduce the thermodynamically stable Pb 

active species. More negative applied potentials commonly bind intermediates more 

strongly,21 thus slowing the rate of catalysis. Slower rates can have negative effects on 

proton availability and result in intermediate rearrangement on the surface. This can 

negatively impact catalysis for Pb significantly. 

Table 3.2. Gibbs free energy values for Pb components detected in the Pb 4f high 

resolution region.22  

Pb components ȹG (kJ mol-1) 

Pb(0) 0 
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Pb(II) oxide ï188 

Pb(IV) oxide ï217 

Pb(II) fluoride ï617 

Pb(II) carbonate ï626 

Pb(II) sulfate ï814 

 

The surface compositions post electrolysis demonstrated a common trend; a 

metallic component for all cathodes. For Bi and Sn, this component nearly double in 

atomic percent. After electrolysis Bi was composed primarily of Bi2O3, Sn showed 

greatest contribution from SnO and SnO2 with slight contribution still from SnF2 (more 

thermodynamically stable, Table 3.1), and Pb favored lead(II) carbonate (PbCO3, purple 

trace). Here, Pb now deviated from what was observed for the highly efficient Bi and 

Sn cathodes; no metal oxides were present.  PbCO3 is highly stable at room temperature 

(ï625.9 kJ mol-1)22 which may therefore not be readily reduced to Pb0 during catalysis. 

Carbonate likely forms at the electrode surface when there is limited proton availability. 

The local pH at the cathode surface is typically higher than in the bulk, especially with 

a more negative applied potential.12 This can result in CO2 reacting with OHï to yield 

CO3
2ï, which would then favorably bind to Pb2+. Here, the active Pb component is >100 

kJ mol-1 more stable than the Bi and Sn active species. This likely contributes to the 

greater energy cost for Pb to perform the CO2 to CO redox reaction.  

3.3.1.3 Impedance Studies 

Once understanding the composition of the cathodes before and after 

electrolysis, it was curious to observe how these materials interact with the catalyst 

support by analyzing ohmic resistance (Rohmic). Rohmic is a measure of the resistance 

between the electrode surface and the electrodeposited film to facilitate ET events. EIS 

is a highly sensitive technique for measuring the electronic behavior for the rate 
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determining ET event. In particular, EIS is highly beneficial for catalyst electrodes for 

CO2 reduction because it provides capacitance and resistance values for charge transfer 

and mass transport events upon detailed analysis.23 Therefore, this is a highly reliable 

method for measuring the resistivity associated with the rate determining electron 

migrating through the film for the different p-block materials. 

3.3.1.3.1 Elucidating the Ohmic Strength for Bi, Sn, and Pb Platforms 

Electrochemical responses are generated from alternating potential signals that 

output different frequencies. The systemôs impedance response to those frequencies are 

summarized in a Nyquist plot (complex plane plot) to describe current/ voltage 

relationships. For monitoring the ohmic strength specifically, high frequency and short 

time intervals were applied (Figure 3.4) This high frequency region carefully detects the 

electrochemical response of applied input frequencies for the measured interaction 

between the film and substrate. For an ohmic response specifically, an ñelbowò (or ñLò) 

is featured. This feature highlights the capacitive and resistive contributions of Rohmic: 

suppressed elbow signifies a more resistive system and a pronounced elbow suggests an 

electronic distribution between capacitive and resistive components. 

The electrolyte solution for the EIS studies mimicked electrolysis conditions. A 

potential range was studied (ï1.80 to ï2.20 (V) vs. SCE (all potentials will be referred 

to this reference)) to observe how robust the film is not only at the applied potential for 

catalysis, but also for a slew of reaction conditions. 
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Figure 3.5. Nyquist plots (high frequency region) for a) Bi, b) Sn, and c) Pb are shown 

for potentials ranging from ï1.80 to ï2.20 (V) vs. SCE. 

Bi and Sn both show a significant feature (elbow) at high frequencies (Figure 

3.5a and b respectively). This elbow is not dominant in the responses for Pb (Figure 

3.5c). This suggests that Bi and Sn have a less resistive ohmic interaction than Pb to 

facilitate charge transfer. Resistivity is measured by the x-axis (Ź , real) and capacitance 

is measure by the y-axis (ïZě, imaginary). The ohmic response for Pb remains near Z´ 

with minimal contribution from ïZě. Bi and Sn both have an ohmic response along the 

Z´ and ïZě axis, suggesting a combination of capacitive and resistive properties which 

is ideal for electrocatalysis;24 not completely energy storing or resistive such as to 

prevent charge transfer events.  

The Nyquist plot for Pb complimented the previous Tafel results, in that a 

surface impurity for Pb may complicate charge transfer events, thus becoming more 

resistive. Complicated charge transfer events result in greater difficulty (resistance) for 

transferring electrons through the substrate to reduce CO2.  

Interestingly, Bi and Sn maintained impressive ohmic contact with the substrate 

even at more negative applied potentials. This further highlights these impressive and 

durable platforms for efficient CO2 to CO electrocatalysis.  
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3.3.1.3.2 Resistivity Comparisons for Bi, Sn, and Pb Cathodes 

In expanding the impedance window to include lower frequencies obtained at 

longer time intervals, information on diffusion effects and the resistance to charge 

transfer (RCT) was revealed. RCT provides information on how easily the rate 

determining ET step occurs. Minimal RCT values are ideal, such that a smaller RCT 

implies a less resistive and more favorable ET event. 

As illustrated in Figure 3.6a, the RCT value is obtained by taking the difference 

between the sum of RCT and solution resistance (Rsol) (orange trace) and just Rsol (green 

trace). This yields the resistance () for the diameter of the semicircle.  

 

Figure 3.6. The Nyquist plot in a) features a simple Randles impedance response for a 

one ET event. The circuit in b) shows the Randles circuit to describe the 

mechanism shown in a). CCT is the charge transfer capacitance. 

These EIS studies for lower frequencies were performed under identical 

electrolyte conditions as used previously, but were performed with a constant applied 

potential of ï1.95 V. Pb was also performed at ï2.05 V because this is the optimal 

potential for Pb catalysis. Performing EIS at both applied potentials allowed for direct 
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comparisons to be made between the various cathodes. Here, the objective was to 

elucidate mechanistic information under optimal catalytic conditions based on the RDS. 

In addition to RCT, adsorption phenomenon (RAD) were monitored and the impedance 

responses were simulated with circuit analysis (example in Figure 3.6b).  

 

Figure 3.7. Nyquist plot for the Bi (red trace), Sn (blue trace), and Pb cathodes (green 

trace, ï2.05 V; purple trace, ï1.95 V). Black lines represented 3RC 

simulated data. 

Figure 3.7 summarizes the impedance responses in overlaid 3D-Nyquist plots 

for Bi (red trace), Sn (blue trace), and Pb (ï2.05 V (green trace), ï1.95 V (purple trace)). 

Upon comparison of the p-block metal cathodes, Bi was found to have the smallest RCT, 

followed by Sn and Pb (ï2.05 V) respectively. Interestingly, Pb (ï2.05 V) and Sn 

demonstrate comparable RCT values. When Pb was exposed to the same applied 
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potential as Bi and Sn (ï1.95 V), however, its RCT nearly doubled. This supports initial 

CPE studies and Tafel studies, that at higher applied potentials, Pb is initially capable 

of reducing CO2.  

When looking more closely at the Nyquist plot in Figure 3.7, Bi showed a more 

complex impedance response. Bi demonstrated two fused-semicircles opposed to one. 

In EIS, a fused-semicircle suggests an adsorption phenomenon, which could likely be 

due to the adsorption of imidazolium on the surface to facilitate the RDS. This is based 

on the essential cathode/IL interface. Without this interface, the 2H+/2eï redox reaction 

is jeopardized significantly.6,17  

In comparison to Sn and Pb, neither showed a defined fused-semicircle. The 

possibility for an adsorption phenomenon is not eliminated, however, because this could 

be the result of two semicircles overlapping to give the appearance of one more broad 

semicircle. Because it is unclear if an adsorption phenomenon exists for Sn and Pb, 

circuit analysis will be beneficial for elucidating their mechanism.  

3.3.1.3.3 Circuit Analysis for Detection of Adsorption Phenomenon 

Circuit analysis involves the strategic arrangement of basic elements into a 

network of connected resistors and capacitors. The different values for the resistor and 

capacitor, based on the path of the electrons, gives information on the kinetics and 

mechanism for the catalytic system.23 For example, a simple Randles circuit is featured 

in Figure 3.6b to describe an ideal impedance response (Figure 3.6a) for a perfect 

semicircle. This circuit is designed with one resistor (R) and one capacitor (C) in 

parallel, which represents a time constant (RC). When designing circuits, the first 

resistor typically represents Rsol. A time constant is implemented for each subsequent 

event leading up to the ET event. For simple impedance responses, such as the Randles 
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impedance response (Figure 3.6a), one time constant is sufficient in describing the 

electrochemical event. The more complex the ET event is, such as for the 2H+/2eï redox 

reaction, more time constants will likely be required to describe the complex 

electrochemical behavior; no longer demonstrating a perfect semicircle.25  

Two circuits were designed to represent possible electrochemical events for the 

Bi, Sn, and Pb cathodes, the 3RC and 2RC. As the name implies, the 3RC has three time 

constants, whereas the 2RC is less complex and has only two time constants. The 3RC 

and 2RC circuits are illustrated in Figure 3.8a and b respectively. 

 

Figure 3.8. Illustrations of the a) 3RC and b) 2RC circuits. 

Each capacitor-resistor time constant represents a different phenomenon; Rohmic, 

adsorption resistance (RAD), and RCT. The Warburg element (W), the constant phase 
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element (CPE), and Rsol are featured in both circuits. W accounts for diffusional effects, 

such that it is an infinite array of resistors and capacitors.26 CPE accounts for an unideal 

capacitance of the double layer, which may be due to non-uniform surface area or 

charging and results in the imperfect semicircle.27 The only difference in circuit design, 

is that the 3RC accounts for an adsorption phenomenon and the 2RC does not. This 

resembles the two possible electrochemical events to clarify if there are two semicircles 

overlapping to give the appearance of one for Sn and Pb. Therefore, circuit analysis will 

reveal which circuit best mimics the ET event. For example, if the circuit simulation 

suggests better fitting to the 3RC, the material is likely to experience an adsorption 

phenomenon. If the circuit simulation shows better fitting to the 2RC, it is unlikely to 

experience an adsorption phenomenon. 

 

Figure 3.9. R-squared plots for the a) Sn and b) Pb cathodes for the 3RC (blue trace) 

and 2RC (red trace) circuit fittings. 
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The circuit fittings for Sn and Pb are shown in Figure 3.9a and b respectively, 

with R-squared (R2) values with respect to applied potential for the 3RC (blue trace) 

and 2RC (red trace) simulation. The R2 values for Sn prior to ï2.0 V showed a strong 

correlation to the 3RC circuit, suggesting that Sn experiences an adsorption 

phenomenon and therefore has overlapping semicircles. Pb does not demonstrate a 

greater correlation to either circuit, implying that the 2RC is appropriate in portraying 

the redox reaction without RAD. This suggests that the impurity adsorption may disrupt 

adsorption of IL.  

Because the 3RC and 2RC are nearly identical for Pb, it was curious to observe 

how a simple 1RC circuit would compare. As illustrated in Figure 3.10a, the 1RC 

represents RCT but is more complicated than the simple Randles circuit, such that 

diffusion and unequal charge distribution are accounted for via W and CPE respectively. 

 

Figure 3.10. The 1RC circuit is illustrated in a). The 1RC simulation (black lines) and 

experimental impedance responses (colored dots) are summarized in the 

3D Nyquist plot in b) for Pb.  
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It was clearly observed in Figure 3.10b that the 1RC poorly simulates the rate 

determining ET event. This suggests that Rohmic, in the 2RC circuit, plays a significant 

role in the mechanism. This stresses the importance on the cathode material and its 

unique interaction with intermediates, i.e. blocking or facilitating ET events. It is 

therefore not surprising to see changes in catalysis upon impurity adsorption, such that 

efficient charge transfer is highly dependent on surface resistance. 

Interestingly for both Sn and Pb, neither the 3RC nor 2RC showed a stronger 

correlation when ï2.0 V was exceeded. Because the adsorption phenomenon is due to 

the adsorption of IL, this result implies that the stability of the adsorbed IL is jeopardized 

when approaching more negative potentials. Because Sn and Bi show similar catalytic 

behaviors, it was curious to see if the loss of the adsorption phenomenon also exists for 

Bi.  

The impedance response for Bi was studied for the same range of potentials as 

executed for Sn. Because Bi had very defined fused semi-circles, these responses were 

summarized visually in a Nyquist plot (Figure 3.11) in lieu of calculating R2. This allows 

for a clear visualization on the relationship between adsorption and applied potential.  
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Figure 3.11. 3D Nyquist plot for the Bi cathode at varying applied potentials. 

As shown in Figure 3.11, Bi demonstrated fused-semicircles between potential 

ranges of ï1.85 to ï1.95 V. Once exceeding these potentials, the adsorption 

phenomenon no longer existed. More negative applied potentials (Ò ï2.05 V) result in 

a single semicircle followed by a linear response signifying diffusion into the bulk of 

solution.  

Here, Bi is showing similar behavior to what was observed for the Sn cathode 

and highlights the interplay between the cathode and IL. More negative potentials, 

approaching the reduction potential of imidazolium may jeopardize the cathode/IL 

interface. There is merely a 100 mV difference between the optimal reduction potential 

for Pb and the reduction potential for imidazolium IL. This may contribute to rapid film 

passivation for the Pb cathode at ï2.05 V.  
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Observing that Pb is not dependent on an adsorption time constant, there is now 

a distinction between how the catalytic mechanisms differ. The electronic differences 

suggest that the IL is not interacting with the cathode surfaces in the same manner. 

Thermodynamic formation of an impurity for Pb may discourage adsorption of IL and 

ultimately discourage its benefits towards effective catalysis. It was therefore of interest 

to next identify the composition of the adsorbate via XPS to gain greater mechanistic 

information on how the impurity may form. 

3.3.1.4 Clarifying Adsorbate Identity via XPS 

As a complimentary technique to EIS, XPS was used to characterize the adsorbing 

species for each cathode surface after electrolysis. Because the imidazolium IL is 

responsible for the adsorption phenomenon detected from EIS, the N 1s high resolution 

region was of greatest interest. Like the XPS surface studies performed for the active 

metal (Figure 3.3), the evolution of the N 1s high resolution region was observed by 

characterizing the surface before electrolysis (pre) and after (post). This provided a clear 

description of how the adsorbing species for Pb evolves and compares to Bi and Sn.  

In characterizing the N 1s high resolution region, an understanding of the different 

nitrogen components was first necessary. From previous mechanistic study, 1,3-

dialkylimidazolium ILs are believed to donate protons towards the 2H+/2eï redox 

reaction. Specifically, the acidic C2 proton is donated to CO2
Åï to yield the resulting 

carbene and carboxyl, as illustrated in Scheme 1.1. The imidazolium and carbene will 

both be detected in the N 1s high resolution spectrum. 
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Scheme 3.1. Arrow pushing mechanism for the formation of the carbene and carboxyl 

upon the first H+ transfer step. 

The NCN+ imidazolium nitrogens have an oxidative environment that is unique 

from the NCN carbene nitrogens. This results in characteristic binding energies (BEs) 

observed at 402.1 and 400.3 eV respectively. Additionally, supporting electrolyte 

(TBAPF6) is also detected in this region and has a unique BE of 402.4 eV. The 0.3 eV 

difference between TBA+ and imidazolium is stated with confidence upon multiple 

standards acquired. 
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Figure 3.12. N 1s high resolution spectra for Bi, Sn, and Pb cathodes pre (a, b, and c 

respectively) and post (d, e, and f respectively) electrolysis. 

Upon analyzing the surfaces after electrodeposition for Bi, Sn, and Pb (pre, 

Figure 3.12a, b, and c respectively), there was little to no nitrogen contribution. Any 

nitrogen detection would be residual from the electrodeposition bath (TBAPF6). Post 

electrolysis, the N 1s region now showed components for TBA+ (red trace), [BMIM]+ 

(blue trace), and carbene (green trace) for all cathodes. 

The N 1s high resolution spectra post electrolysis for Bi and Sn were nearly 

identical (Figure 2.12d and e respectively). Interestingly, Pb demonstrated a more 

complicated surface and had an inverse relationship between the amount of [BMIM]+ 

and TBA+ on the surface compared to Bi and Sn. The greater contribution of [BMIM]+ 

may signify complications during catalysis to prevent proton transfer events. The two 

additional components contributing to the complicated spectrum (Figure 2.12f, orange 
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trace), are likely the source of impurity adsorption as previously suggested by Tafel 

analysis and EIS. The BE for the two new components are 401.3 and 399.3 eV. The 

401.3 eV component has a nitrogen oxidation environment that is less electropositive 

than imidazolium and less electronegative than carbene. To match this electronic 

environment, the C2 position is likely bound to a separate species in solution to form an 

imidazolium-based adduct. If this represents the impurity for Pb, the theorized adduct 

(imidazolium-carboxylate) may prove to be irreversibly formed, thus creating a 

thermodynamic sink. The 399.3 eV component lies in a more electronegative 

environment than carbene. This suggests that C2 is bound to an electron donating 

substituent, such as oxygen, to yield 1-butyl-3-methylimidazolone. This would provide 

an electronic environment analogous to urea. It is curious to observe if this species is 

electrochemically generated during electrolysis, or if it simply the decomposition of the 

401.3 component when exposed to air.  

It was previously stated that Pb can thermodynamically form an imidazolium-

carboxylate species when exposed to imidazolium and CO2 at negatively applied 

potentials. This is illustrated in Scheme 3.2, where the reactive carbene performs a 

nucleophilic attack on neutral CO2 that saturates the system to yield imidazolium-

carboxylate. 

. 
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Scheme 3.2. Arrow pushing mechanism for the thermodynamic imidazolium-

carboxylate adduct. 

Experimental results via Tafel, EIS, and XPS now support the probable 

formation and adsorption of this adduct; there is an impurity adsorbed which blocks 

charge transfer and increases resistivity, and the adduct offers an ideal oxidative 

environment for the 401.3 eV component. To confirm that the identity of the 401.3 eV, 

surface characterization of the adduct itself was necessary. Characterization required 

the synthesis and subsequent BE standards obtained via XPS to confirm the nitrogen 

oxidation environment for imidazolium-carboxylate. Further, this will also provide 

insight on if the 399.3 eV component is from decomposition or if it is its own entity.  

3.3.1.5 Synthesis and Characterization of Imidazolium-Carboxylate  

To confirm the identity of the 401.3 eV component featured in the N 1s high 

resolution region for the Pb cathode, imidazolium-carboxylate was synthesized from a 

known literature procedure.28 1H and 13C NMR characterized the isolated adduct and 

XPS identified its BE, in addition to any decomposition products (399.3 eV). NMR was 

not only beneficial in describing the purity of the isolated product, but also in providing 

a solution standard. This will allow for adduct detection in the cathode solution after 

electrolysis. This is expected to elaborate on if the adduct only forms and adsorbs to the 
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surface, if it adsorbs to the surface and diffuses into the solution bulk, or if it only exists 

in solution without adsorbing to the surface. 

3.3.1.5.1 1H and 13C NMR Standards 

The 1H and 13C NMR spectra were obtained in dCD3CN. 1H NMR revealed 

signature structural characteristics for successful transformation of imidazolium to 

imidazolium-carboxylate in the aromatic region in Figure 3.13a and b respectively; (1) 

A loss of the C2 proton at 9.16 ppm and (2) a shift of the doublet (C4 and C5 protons) 

at 7.46 and 7.42 ppm to 7.17 and 7.13 ppm respectively.  

 

Figure 3.13. 1H NMR of the a) [BMIM]CO2 product and the b) [BMIM]Br starting 

material. NMRs obtained in dCD3CN at 25 C.  
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Likewise, the 13C NMR showed the appearance of a new C resonance at 155.34 

ppm for the reaction product; 9 carbons for imidazolium-carboxylate and 8 carbons for 

imidazolium IL (Figure 3.14a and b respectively). This also represents a successful 

transformation of imidazolium to imidazolium-carboxylate. 

 

Figure 3.14. 13C NMR of the a) [BMIM]CO2 product and the b) [BMIM]Br starting 

material. NMRs obtained in dCD3CN.  

3.3.1.5.2 Detecting Imidazolium-Carboxylate in Cathode following Electrolysis 

Having NMR standards of the imidazolium-carboxylate adduct encouraged 

investigation of the cathode compartment to observe if the adduct exists in solution for 

Bi and Sn, yet not adsorbing to the cathode surface. Additionally, it was of interest to 
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observe if the adduct exists in the solution for Pb, in addition to likely adsorbing onto 

the cathode. This study required surface modification to be performed on either glassy 

carbon plates (Bi and Pb) or Ni foil (Sn) opposed to the glassy carbon or Ni disk 

electrode. A greater surface area (0.07 cm2 (GCE) vs. 0.7 cm2 (plate/foil)) encourages 

greater quantities of product to form for heightened detection of solution products. For 

comparison, the cathode solution before electrolysis is shown (Figure 3.15a). The 1H 

NMRs were obtained after 1 hour of electrolysis and are illustrated for Bi, Sn, and Pb 

in Figure 3.15b, c, and d respectively. 

 

Figure 3.15. 1H NMR of the cathode compartment after electrolysis at ï1.95 V for Bi 

and Sn, and ï2.05 V for Pb.  
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Bi and Sn overlaid well with the catholyte solution before electrolysis; a doublet 

resonance at 7.36 and 7.33 ppm (C4 and C5 protons) and a singlet with a resonance of 

~8.44 ppm (C2 proton). There were no characteristic doublet resonances at 7.17 and 

7.13 ppm, supporting that Bi and Sn do not favor the thermodynamic production of the 

adduct, neither in solution nor on the surface. Additionally, the IL does not show any 

signs of decomposition. The Pb cathode, however, showed a mixture of imidazolium 

and imidazolium-carboxylate in solution. This suggests that imidazolium-carboxylate 

may complicate diffusion of IL and reactants (CO2) in the bulk, thus to further effect 

mass transport. This is supported by the intense decrease in current density during 

electrolysis.  

Identifying the adduct in solution for only Pb further supports that its surface 

chemistry is unique. Therefore, it is critical to now observe if this adduct contributes to 

the complicated N 1s high resolution spectrum at 401.3 eV for Pb. This was studied by 

obtaining the XPS standard of the isolated imidazolium-carboxylate product. 

3.3.1.5.3 XPS standards for the Complex N 1s Spectrum for Pb 

The isolated imidazolium-carboxylate product (stored in N2-filled glove box) 

was transferred to the XPS intro chamber using a vacuum transfer module. As illustrated 

in Figure 3.16a, the resulting N 1s spectrum showed a BE of 401.3 eV which correlates 

appropriately to the unidentified higher BE component for the Pb cathode (Figure 3.13f, 

orange trace). Detecting imidazolium-carboxylate on the Pb cathode suggested that 

adsorption of this species blocks charge transfer events that result in film passivation. 

This is the first report of imidazolium-carboxylate inhibiting CO2 to CO heterogeneous 

electrocatalysis. 
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Figure 3.16. N 1s high resolution spectra for the synthesized imidazolium-carboxylate 

adduct a) when stored in a N2 environment and b) when it is exposed to 

air. 

To detect if the 399.3 eV component is the decomposition product of 

imidazolium-carboxylate, the isolated product was exposed to atmosphere and 

transferred to the XPS intro chamber ex situ. Two components were observed in the N 

1s high resolution spectrum at 401.3 and 399.3 eV (Figure 3.16b). These components 

overlay with the observed N 1s components featured on the Pb cathode (Figure 3.13f, 

orange traces). 

The 399.3 eV decomposition component is believed to have an oxidation 

environment like urea, such that its electronic structure suggests an electron rich 

environment for the nitrogen oxidation environment. This complex would likely form 
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through the proposed decomposition mechanism in Scheme 3.3. When the air-sensitive 

imidazolium-carboxylate adduct is exposed to moisture in the atmosphere, water can do 

a nucleophilic attack at the C2 position to ultimately remove CO2 to yield CO, water, 

and 2-imidazolone.  

 

 

Scheme 3.3. Arrow pushing mechanism for the decomposition of imidazolium-

carboxylate to urea when exposed to air 

To test this theory, the 2-imidazolone complex was synthesized by known 

literature techniques.29,30. This procedure is a facile single oxidative deprotonation of 

imidazolium.31 Upon developing a protocol for isolating and purifying this product, the 

2-imidazolone species was characterized via NMR and XPS to obtain resonance (ppm) 

and BE standards respectively.  

1H and 13C NMR were first performed to obtain the purity of the synthesized 

imidazolone. The 1H NMR spectra illustrated a shift in resonances between the 1-butyl-
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3-methyl-2-imidazolone product and the 1-butyl-3-methylimidazolium bromide starting 

material in Figure 3.17a and b respectively.  

 

Figure 3.17. 1H NMR of the a) 1-butyl-3-methyl-2-imidazolone product and the b) 1-

butyl-3-methylimidazolium bromide starting material. 

Importantly, the 2-imidazolone product does not show a proton resonance for 

the C2 proton at 9.16 ppm. The backbone C4 and C5 protons are shifted upfield to 6.28 

and 6.26 ppm. Likewise, the methyl and C1 protons in the butyl chain are also shifted 

upfield due to the greater electron density in the ring. These shifts are also illustrated in 
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the 13C NMRs for the 2-imidazolone product and imidazolium starting material in 

Figure 3.18a and b respectively. 

 

Figure 3.18. 13C NMR of the a) 1-butyl-3-methyl-2-imidazolone product and the b) 1-

butyl-3-methylimidazolium bromide starting material. 

Having made and isolated the imidazole product with high purity, XPS was 

performed. Figure 3.19a illustrates the N 1s high resolution spectra for 2-imidazolone 

and its comparison to the decomposed imidazolium-carboxylate adduct (Figure 3.19b). 
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Figure 3.19. N 1s high resolution spectra overlay of the a) synthesized 1-butyl-3-

methyl-2-imidazolone and the b) decomposed 1-butyl-3-

methylimidazolium-carboxylate. 

Figure 3.19a revealed a BE of 399.5 eV for the 2-imidazolone product. This BE 

is within error of the XPS capabilities (±0.3 eV). Decomposition was only observed 

after the conclusion of electrolysis and therefore does not play a role during the CO2 to 

CO redox reaction. However, it is fascinating to uncover the instability of the 

imidazolium-carboxylate adduct into its subsequent decomposition complex. 

3.3.2 Unique Mechanistic Pathway for Pb 

The difference in surface adsorbates between Pb and the efficient Bi and Sn 

cathodes suggested that their mechanistic pathways deviate. To appreciate the 

differences in mechanistic pathways, it was important to first understand the 2H+/2eï 
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mechanism for the Bi-CMEC. The following mechanism in Scheme 3.4a and b was 

proposed based on Tafel analysis and MD simulation performed in collaboration with 

the University of Michigan. The simulations and Tafel analysis supported that the first 

ET event is the RDS (Scheme 3.4a) to reduce surface bound CO2 to CO2
Åï. The 

simulations also revealed that the RDS is influenced by the addition of IL, such that the 

kinetic barrier was mitigated by the addition of imidazolium IL. The decrease in the 

kinetic barrier was suggested to be the result of IL stabilizing the electrode bias and the 

highly energetic CO2
Åï intermediate by Van der Waals non-bonding interactions. 

Therefore, the IL adsorbed on the surface (purple trace) does not participate in H+/eï 

transfers. 
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Scheme 3.4. Proposed mechanism and mechanistic deviations leading to film 

passivation (c) for the 2H+/2eï redox reaction for CO2 reduction to CO for 

Bi, Sn, and Pb. 

Following the RDS and the first proton transfer to form carboxyl and carbene, 

the mechanism proceeds to pathway b where IL becomes reprotonated from other 

nearby ILs in the solution bulk, or by protons migrating through the proton permeable 

Nafion membrane. The IL in the bulk (blue trace) have been calculated to have a pKa 
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of ~32 suggesting that these species are ideal to participate in Lewis acid/ Lewis base 

activity and will participate in the 2H+/2eï redox reaction.  

After reprotonation of the carbene to regenerate the IL, the second H+/eï transfer 

event takes place, which are believed to occur in a similar manner. Because Bi and Sn 

produce similar metrics, their mechanisms are thought to be analogous. Importantly, 

simulations did not detect the generation of imidazolium-carboxylate in solution or on 

the surface. 

Because Pb became passivated after only producing high CO efficiencies (83 %) 

for short durations, it likely proceeds through pathways a and b for minimal catalytic 

cycles efficiently. Because impurity adsorption of imidazolium-carboxylate was 

detected for Pb, film passivation likely deviates after pathway a to proceed through 

pathway c (Scheme 1.4c). Here, carbene nucleophilically attacks a nearby neutral CO2 

species to form the stable acid-base adduct and unaltering carboxyl. Carboxyl now 

exists on the surface for longer and may undergo additional surface chemistry to be 

transformed into more reduced carbon species not detectable within our GC detection 

limits.   

The deviation from pathway a to c is largely influenced by the stability of the 

carbene.32 After imidazolium donates a proton to yield carbene, it is sensitive/reactive 

and eagerly wants to alleviate the divalent C2. If the surface environment is preventing 

carbene from becoming reprotonated, it will capture CO2. Formation due to limited 

proton availability is further enhanced by the detection of imidazolium-carboxylate in 

solution via 1H NMR, such that the adduct in solution negatively effects mass transport. 

This irreversible adsorption impurity leading to the restriction of charge transfer 

and reduced surface active sites was first suggested by Tafel analysis for Pb (Figure 
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3.2c). Here, we have identified the source of the impurity and revealed a mechanism for 

likely formation which deviates from efficient catalytic pathways. Impurity adsorption 

is likely influenced by Pb inherently binding to intermediates more strongly than Bi and 

Sn, and due to having a more negative applied bias to effect diffusion.33  This is the first 

report for identifying the controversial behavior of imidazolium-carboxylate that 

deviates from what has been ñacceptedò in the literature. 

3.4 Conclusions 

The development of the general organic electrodeposition procedure contributed 

significantly to the existing drive to develop electrocatalysts for the CO2 to CO redox 

reaction. This procedure was easily modified to incorporate a variety of inexpensive p-

block metals (Bi, Sn, Pb, and Sb) in lieu using expensive transition metal catalysts. 

Initial electroanalytical studies via CV illustrated that while Sb was found to not be 

active towards CO2 reduction, Sn and Pb demonstrated activity towards CO2 reduction 

and were potential platforms for the organic electroreduction of CO2 to CO. CPE later 

illustrated that Sn was nearly identical to Bi with respect to rate, energy efficiency (~70 

%) and CO evolution (~80 %). Pb required a 100 mV greater overpotential to match the 

rate and production of CO for Bi and Sn, but the current density and CO selectivity was 

found to drop substantially after the first 5 minutes of electrolysis. When CPE was 

performed at the same overpotential as Bi and Sn, the current density was negligible (<1 

mA/cm2) and CO production was reduced by half. It was curious to understand why the 

Pb cathode became passivated so quickly, and why Pb required a greater overpotential 

than Sn and Bi. 

Tafel analysis was performed to first observe if Pb goes through the same rate 

determining ET event as Bi and Sn. The first linear sweep revealed a Tafel slope of 126 



 118 

mV dec-1 suggesting that the RDS is the first ET to reduce CO2 to CO2
Åï, which matches 

the Tafel studies performed with Bi. Continuous LSV sweeps were performed on the 

same Pb-modified electrode and revealed that the Tafel slope was growing larger to 

exceed the maximum 120 mV dec-1 for a two ET redox reaction. Exceeding 120 mV 

dec-1 indicates impurities adsorbing to the surface to block charge transfer events in an 

irreversible fashion.  

EIS studies suggested that an IL adsorption phenomenon existed for Bi and Sn, 

but not for Pb. This suggests that the surface impurity, presented by Tafel analysis for 

Pb, complicates the necessary adsorption of IL to satisfy the cathode/IL interaction. 

Because the impurity adsorption phenomenon is not detected via EIS, the surface 

impurity is likely not electrochemically generated. Rather, it is a thermodynamic 

product that favorably forms and adsorbs only to the Pb cathode under these conditions.  

XPS monitored the N 1s high resolution regions for Bi, Sn, and Pb surfaces both 

before and after electrolysis to observe the evolution of adsorbates for each cathode. All 

cathodes demonstrated adsorption of supporting electrolyte, imidazolium, and carbene. 

Interestingly, the imidazolium atomic% for Pb was greater than Bi or Sn, which implies 

that something is prevent IL from participating in the surface chemistry and being 

strongly bound to the surface. Additionally, Pb demonstrated a more complicated 

spectrum which included two new components located at 401.3 and 399.3 eV. XPS 

provided identity to these species as being imidazolium-carboxylate and 2-imidazolone 

(adduct decomposition product) respectively.  

In addition to surface adsorption, the adduct was also identified in the Pb-

cathode after electrolysis via 1H NMR. Neither Bi nor Sn demonstrated the two 

signature resonances for this adduct at 7.18 and 7.14 ppm. For Pb, this discovery further 
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supported the thermodynamic formation of the adduct and identified it as being 

adsorbed to the surface while also existing in the solution bulk. Like complicated charge 

transfer events at the surface, the adduct in the cathode solution likely interferes with 

diffusion and contributes to poor proton transfer events. Limited proton transfer likely 

encourages additional adduct formations.  

Based on the detection of the adduct with the passivation of the Pb cathode, the 

validity of current knowledge regarding the imidazolium-carboxylate adduct was 

questionable. These studies point towards the adduct being a thermodynamic sink, such 

that it is stable and irreversible within our redox potentials. Despite confidently 

identifying the adsorption impurity, a thorough investigation on the electrochemical 

behavior of the adduct itself was necessary. Understanding its electrochemical behavior 

will provide clarity to the previously discussed experiments and will support if the 

adduct truly complicates catalysis. Now having a method to synthetically prepare the 

adduct, in addition to having XPS and NMR standards to allow for precise identification 

during experimentation, electroanalytical studies can be performed on the adduct itself 

to probe for its true behaviors during the CO2 to CO heterogeneous electrocatalysis, i.e. 

effect on current density, CO evolution, onset potential, etc. Screening the 

electrochemical behavior of the adduct would be a significant contribution for 

electrocatalyst design and provide valuable insight on the CO2 to CO mechanistic 

pathway.  
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UNCOVERING THE TRUE CATALYTIC BEHAVIOR FOR THE 

MISINTERPRETED IMIDAZOLIUM -CARBOXYLATE ADDUCT  

4.1 Introduction  

Fossil fuels have dominated our global energy profile for decades and are a 

major contributor towards the rising atmospheric CO2 levels.1 Environmental warning 

signs, i.e. extreme weather, climate change, and encroaching oceans, have become 

prevalent and suggest that we are at a critical tipping point to make the switch from 

fossil fuels to renewables.2 Heterogeneous CO2 to CO electrocatalysis has received 

much attention due to being a promising carbon-neutral platform for lessening our rising 

atmospheric CO2 contributions.3,4 Electrochemically transforming CO2 to CO is a 

simple 2H+/2eï redox reaction where CO is a versatile product to produce a slew of 

more reduce hydrocarbon synthetic fuels via the Fischer-Tropsch process. The Fischer-

Tropsch process is an established reaction leaving most research towards catalyst 

development for this endergonic transformation. 

A key feature in developing an efficient catalyst, is understanding the 

mechanistic pathway by which catalysis proceeds.5 Ideally for heterogeneous redox 

reactions, the catalyst satisfies the Sabatier principal where it will bind to the reactants 

and products optimally. Understanding how the catalyst binds to those intermediates, 

and what those intermediates are, is critical for appropriate catalyst design.6 

Our work recently explored the mechanistic differences between three cathode 

materials; Bi-, Sn-, and Pb-modified electrodes.7 These catalytic systems were mediated 

Chapter 4 
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by the incorporation of imidazolium-based ionic liquids (ILs). While Bi- and Sn-carbon 

monoxide evolving catalysts (CMECs) were promising platforms for CO2 to CO 

electrocatalysis, Pb demonstrated film passivation that sacrificed CO evolution, current 

density, and energy efficiency. Vigorous surface and solution phase studies were 

performed to understand the mechanistic differences leading to the deviated metrics for 

Pb. Ultimately, an adsorption impurity was found for Pb, but not for the Bi or Sn 

cathodes (See Chapter 3), which was believed to be the source of film passivation. 

Interestingly, the impurity was identified as the same intermediate highlighted in 

literature to decrease the overall kinetic energy barrier, an imidazolium-carboxylate 

adduct (Chapter 3, Figure 3.1). This contradiction triggered further study to understand 

this discrepancy between our experimental results and published literature accounts.  

Imidazolium-carboxylate is believed to be an essential intermediate for CO2 to 

CO electrocatalysis.8 Literature hypotheses state that the adduct forms when 

imidazolium bound to the surface stabilizes the high-energy CO2 radical anion (CO2
Åï) 

after the first electron transfer (ET) rate determining step (RDS).2,9 This is illustrated in 

Scheme 4.1. Published work documented this adduct as being an essential intermediate 

towards encouraging enhanced efficiency and activity towards CO2 reduction to 

CO.10,11 The hypotheses in the literature also state that if the CO2
Åï species does not 

form a complex with imidazolium, thus to lower the activation energy, catalysis will not 

occur. 

 

Scheme 4.1. General literature scheme for the essential formation of imidazolium-

carboxylate.8,10 
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The stabilization of the CO2
Åï intermediate is critical towards catalysis. 

However, initial mechanistic studies for Bi-CMEC found fault with the proposed adduct 

formation in regards the surface bound imidazolium participating in surface chemistry 

to form the adduct. MD calculations performed in collaboration with the University of 

Minnesota suggested that the surface bound imidazolium serves two purposes; (1) to 

neutralize the negative applied bias and (2) to stabilize the high-energy CO2
Åï by Van 

der Waals interactions. Despite the surface bound imidazolium acting as a Lewis acid 

to stabilize CO2
Åï, it does not lose its C2 proton. This is based on its high calculated pKa 

value. Therefore, it is suggested that only imidazolium in the solution bulk or near the 

electrode surface (pKa of ~32 in MeCN) can donate protons towards the 2H+/2eï redox 

reaction. Further, MD calculations provided no evidence of the resulting carbene 

nucleophilically attacking CO2
Åï on the surface for Bi-CMEC under typical electrolysis 

conditions. 

Regardless of this mechanistic discrepancy for the formation of surface bound 

imidazolium, prior publications also stated that there is a reversible exchange between 

carbene and imidazolium-carboxylate, shown in Scheme 4.2, to allow for such a 

stabilization.10,11 

 

Scheme 4.2. Reversible reaction scheme of the carbene and imidazolium-carboxylate 

adduct proposed by previous literature.10,11 

In contrast to the proposed equilibria, our previous electroanalytical studies 

performed with Pb, i.e. Tafel analysis, suggested that the adduct is irreversible and 
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thermodynamically stable. Tafel revealed that the formation of this impurity is favored 

based on non-ideal ET (Ŭ < 0.5) events, where upon formation creates a thermodynamic 

sink (See Chapter 3).12 As Tafel analysis suggested, the adsorption of this impurity 

interferes with charge transfer events and ultimately leads to film passivation. 

Therefore, if imidazolium were to form a stabilizing bond to CO2
Åï, this species would 

not be reduced back unless more negative potentials are applied. Further, this would 

now jeopardize the energy cost of catalysis.  

Our studies advocate adduct formation only when the carbene cannot become 

readily protonated as a means for stabilization, i.e. low proton availability, poor 

diffusion, etc. For example, if the highly reactive carbene cannot readily become 

reprotonated near the electrode surface (where the chemistry occurs), it will likely 

interact with neutral CO2 which saturates the solution to form the robust imidazolium-

carboxylate adduct. This is illustrated in Scheme 4.3. Catalytic conditions where 

diffusion or proton availability is poor can occur when a more negative bias is applied 

to result in a greater interaction between intermediates and substrate, in that these are 

potential dependent interactions.13 Additionally, the greater attraction can also occur 

when the cathode material inherently binds to intermediates more strongly, such as for 

Pb.14 Here, activating the intermediate to leave the surface limits the rate of reaction for 

catalysis, and ultimately charge transfer.6 Therefore, when testing materials for 

heterogeneous catalysis, it would be ideal to find a catalyst that does not stabilize 

intermediates so strongly, yet is not limited by desorption of intermediates. This 

observation is critical for progressing catalyst design. 
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Scheme 4.3. Scheme describing imidazolium donating its proton to form carbene where 

upon Lewis acid/base chemistry the carbene reacts with CO2 to form 

imidazolium-carboxylate. 

Based on these conflicting hypotheses, it was imperative to discover the true 

mechanistic behavior of this adduct. To study the behavior of this adduct for our 

electrocatalytic system, a series of electrochemical studies were performed to 

understand its reversibility, effect on current density (rate) and activity for CO2 

reduction, and ultimately its effect on the RDS. These studies were performed with our 

Bi, Sn, and Pb platforms. Additionally, we were also curious if the adduct can exist in 

solution while remaining inert towards the surface redox events, specifically for the Bi 

and Sn systems. 

4.2 Experimental Method 

4.2.1 Materials and Methods 

Reagents and solvents were purchased from Sigma Aldrich, Alfa Aesar, Acros 

or Fisher. Bismuth(III) trifluoromethanesulfonate was purchased from Aldrich, and 

tin(II) trifluoromethanesulfonate and lead(II) oxide 99.999 % puratrem were purchased 

from Strem Chemicals. Imidazolium ionic liquid 1-butyl-3-methylimidazolium 

trifluoromethanesulfonate ([BMIM]OTf) Ó 98 % was purchased from Sigma Aldrich. 

Tetrabutylammonium hexafluorophosphate (TBAPF6) was purchased from TCI 
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America and purified by recrystallization with ethanol. Carbon dioxide (CO2) was 

purchased from Keen Compressed Gas Company.  

Platinum gauze (99 %) was purchased from Sigma Aldrich. The bare glassy 

carbon disc electrode, bare Ni disc electrode, and the Ag/AgCl reference electrode were 

purchased from CHI Instruments. Graphite plates were purchased from Ohio Carbon 

and Ni foil was purchased from Sigma Aldrich. 

4.2.2 Instrumentation  

4.2.2.1 Electrochemical Measurements 

Electrochemical studies were conducted using a CHI-620D 

potentiostat/galvanostat or a CHI-720D bipotentiostat. Electrochemical apparatus 

consisted of a three-electrode system; working (bare glassy carbon disc (3.0 mm 

diameter), bare nickel disc (3.0 mm diameter), bare graphite plate (~1 cm x 1.0 cm x 

0.1 cm), bare Ni foil (~1 cm x 1cm x 0.00125 cm)), counter (platinum gauze), and a 

reference electrode (Ag/AgCl (1.0 M KCl)). Cyclic voltammetry and linear 

voltammetry experiments were performed with iR drop compensation with 100 mV s-1 

scan rate. Ag/AgCl reference was converted to SCE referencing by the equation, ESCE 

= EAg/AgCl + 0.044 V. 

4.2.2.2 Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) was performed using a CHI-

720D bipotentiostat. Electrochemical apparatus consisted of a three-electrode system; 

working (bare glassy carbon disc (3.0 mm diameter), bare nickel disc (3.0 mm 

diameter), Ni foil (~1 cm x 1 cm x 0.00125 cm), graphite plate (~1 cm x 1 cm x 0.1 
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cm)), counter (platinum gauze), and a reference electrode (Ag wire)). Frequency ranged 

from 0.1 Hz to 100 000 Hz. 

4.2.2.3 X-ray Photoelectron Spectroscopy 

XPS analysis was performed using a Thermo Scientific K-alpha+ spectrometer 

with monochromatic Al KŬ X-ray (1486.7 eV) and 72 W of power (12 kV, 6 mA) 

equipped with a 128 CCD detector plate. Operating vacuum pressure in the main 

chamber was less than 1x10-8 torr. XPS survey scans were collected with a step size of 

1.0 eV and a pass energy of 100 eV. High resolution spectra were collected with a step 

size of 0.1 eV and a pass energy of 20 eV. The X-ray spot size was an elliptical shape 

with a semi-major axis of approximately 400 ɛm. 

4.2.2.4 CO2 Reduction Electrolysis and Headspace Analysis 

Current densities were obtained by performing controlled potential electrolysis 

(CPE) on a sealed two-compartment electrochemical cell with the cathode and anode 

separated by a proton permeable Nafion membrane (NRE-212). The anode and cathode 

compartment both contained 20 mL of electrolyte solution; 0.1 M ionic liquid and/or 

0.1 M TBAPF6 that was dissolved in CO2 saturated MeCN. The solution was sparged 

for 30 minutes. 

During CPE, the cathode was stirred at a steady rate while there was a 

continuous flow of CO2 into the headspace (5 mL min-1). The cathode was vented 

directly into a flow gas chromatograph (SRI Instruments, SRI-8610C). A 

chromatograph was obtained every 15 min throughout the duration of electrolysis by 

placing the sampling loop in line with a packed HayeSep D column and a packed mole 

Sieve 13X column. The columns led directly to a thermal conductivity detector (TCD) 
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and a flame ionization detector (FID) equipped with a methanizer to quantify hydrogen 

and carbon monoxide production respectively. The gas carrier was Argon (Keen, 99.999 

%). 

4.2.2.5 Solvent Suppression 1H NMR  

Solvent suppression 1H NMR was performed with aliquots from the cathode 

solution to detect any solution products from electrolysis and/or decomposition of 

electrolyte solution. The acetonitrile resonance was suppressed at 1.96 ppm. Formic 

acid production was monitored at 8.1 ppm and imidazolium-carboxylate adduct was 

monitored at 7.17 and 7.13 ppm. Samples were prepared in d-MeCN (purchased from 

Alfa Aesar). 

4.2.3 Synthetic Protocols 

4.2.3.1 Lead (II) trifluoromethansulfonate  

Lead(II) oxide was reacted with excess triflic acid in correspondence to a 

modified literature procedure. A Schlenk flask, equipped with lead oxide (2.0029 g), 

triflic acid (4 mL) and 40 mL dry toluene. The mixture was heated at 110 C under N2 

for 5 hrs. The Schlenk flask was transferred to a N2-filled glove box upon the removal 

of solvent and a slightly reduced pressure. The crude product was dissolved in 

acetonitrile and filtered through celite. The filtrate was then concentrated under vacuum 

to yield the resulting off-white powder in a 62 % yield. 19F NMR (376 MHz, dCD3CN, 

25 C) / ppm= ï78.67. 
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4.2.3.2 1-butyl -3-methaneimidazolium carboxylate 

In a N2-filled glove box, we suspended 1-methyl-3-butylimidazolium bromide 

([BMIM]Br ; purchased from Alfa Aesar) in dried toluene and let it react with sodium 

hexamethyldisilizane (NaHMDS; purchased from Sigma Aldrich) for 2 hrs. This 

solution was filtered through celite and the filtrate, carbene, was sparged with CO2 gas 

for 0.5 hr. This solution underwent a second filtration step where the product was 

collected as a white precipitate in a 78 % yield. 

4.2.4 Electrodeposition of Bi, Sn, and Pb 

Prior to electrodeposition, the nickel disc electrode (3.0 mm diameter), carbon 

disc electrode (3.0 mm diameter), or graphite plate (~1 cm x 1.0 cm x 0.1 cm) was 

polished with 0.05 micron alumina powder in Millipore water and then sonicated in 

Millipore water for five minutes to remove residual powder. If starting with Ni foil (~1 

cm x 1.0 cm x 0.00125 cm), it was sonicated in water, acetone, and lastly acetonitrile 

for 20 minutes for each step to remove excess oils. The substrate was then submersed 

in an acetonitrile organic electrolyte solution containing 0.02 M of the respective triflate 

metal and 0.1 M TBAPF6 saturated with N2. A series of cyclic voltammetry sweeps (10 

cycles, 100 mV s-1) were performed with applied potentials ranging from ï0.25 to ï2.25 

(V) vs. SCE. Following the electrode conditioning, the GCE/Ni disc was agitated to 

remove exfoliated material formed on the electrode surface. Using the same electrolyte 

solution, controlled potential electrolysis (CPE) applied a constant potential of ï1.35 for 

Bi(OTf)3, ï0.55 V for Sn(OTf)2, and ï1.35 (V) vs. SCE for Pb until a total of ~1 C cm-

2 was passed. The modified electrode was rinsed with acetonitrile followed by a drying 

step consisting of a gentle N2 flow over the modified surface. 
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4.3 Results and Discussions 

Imidazolium-carboxylate was synthesized using known literature techniques to 

effectively characterize its catalytic behavior.15,16 Having a method to prepare the 

adduct synthetically and having XPS and NMR standards allowed for precise 

identification upon experimentation. The adduct was incorporated into electroanalytical 

studies via titrations, as an added component in the electrolyte solution (1:1 equivalent 

to imidazolium, 0.1 M), and as a substitute for imidazolium (no [BMIM]OTf).  The 

range of experimental conditions are anticipated to provide a clear understanding of its 

behavior during electrolysis to either confirm or discredit published theories.  

Specifically, the reversibility of the adduct was investigated with linear sweep 

voltammetry (LSV), its effects on electrolysis were studied with controlled potential 

electrolysis (CPE), the evolution of adsorbates on the cathode surface was monitored 

with X-ray photoelectron spectroscopy (XPS), and deviations in charge transfer events 

were monitored via electrochemical impedance spectroscopy (EIS) for the Bi, Sn, and 

Pb cathodes. 

4.3.1 Observing the Reversibility of Imidazolium-Carboxylate  

The reversibility of the adduct was studied with LSV to observe its experimental 

redox potential. The literature states that the adduct exists in equilibrium with carbene. 

Based on the thermodynamic stability for the adduct, however, the adduct would need 

to be electrochemically reduced for this equilibrium to hold true. If the potential applied 

for CPE is not at the appropriate overpotential to encourage the reduction of 

imidazolium-carboxylate, the complex will remain stable during electrolysis. 

For these studies, the electrolyte solution consisted of 100 mM imidazolium-

carboxylate and 100 mM supporting electrolyte (TBAPF6) in CO2 saturated MeCN. 



 133 

Potentials ranged from ï1.55 to ï2.95 (V) vs. SCE (all potentials will be referred to this 

reference) for Bi (black trace), Sn (red trace), and Pb (blue trace) as shown in Figure 

4.1. Here, imidazolium is absent from the electrolyte solution. The reduction of CO2 is 

not likely to occur without a proton source. Therefore, the only cathodic feature 

expected within this spectral window should be the reduction of the adduct.  

 

Figure 4.1. Overlaid linear sweep voltammograms for the Bi, Sn, and Pb cathodes in 

CO2 saturated MeCN with 0.1 M TBAPF6 and 0.1 M [BMIM]CO2. 

The current responses for each cathode showed negligible current from ï1.5 to 

ï2.05 V. This suggested that CO2 reduction does not occur without the imidazolium 

proton source. The first cathodic peak has an onset potential of ~ ï2.1  

V and a peak maximum of ~ ï2.3 V.  This is the observed redox event for the adduct. 
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The cathodic feature at ~ ï2.55 V is reduction of solvent, as the electrochemical window 

for MeCN is exceeded.  

The first observed redox event is significant such that it discredits the adduct 

existing in an equilibrium with carbene. There is ~300 mV difference between the 

applied potential for catalysis and the potential at which the adduct is reduced. This is a 

significant overpotential and suggests that the formation of the adduct is irreversible 

during catalysis for our applied potentials. The irreversibility of the adduct is critical, 

such that upon formation it will act as a thermodynamic sink. Additional adduct 

formations will decrease imidazolium concentration because its formation shifts the 

equilibria towards its formation (See Chapter 3). Fewer imidazolium protons results in 

the lower current densities observed: lower proton availability for the 2H+/2eï redox 

reaction.  

4.3.2 Detecting the Influence of the Adduct for CO2 Reduction Activity  

Understanding that the adduct formation is irreversible during electrolysis, it 

was curious to observe if its presence in the electrolyte solution has a direct effect on 

CO2 reduction activity. Specifically, it was of interest to observe if additions of 

imidazolium-carboxylate will shift the equilibrium to favor further adduct formations, 

thus to lower the imidazolium concentration and ultimately reducing CO2 reduction 

activity. Alternatively, it was curious if adduct additions would have no effect (inert) or 

a positive effect (enhancement) for CO2 reduction activity. A positive effect would 

suggest that the adduct plays a role in the mechanism for the stabilization the 

intermediate (CO2
Åï), as suggested by the literature. 

LSV was used to probe for deviations in CO2 reduction activity. Bi-, Sn-, and 

Pb-modified electrodes were submersed in 100 mM imidazolium and 100 mM TBAPF6 
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in CO2 saturated MeCN. Aliquots of imidazolium-carboxylate were titrated into the 

electrolyte solution up to 1 equivalent (100 mM). Deviations in current response, in 

addition to shifts in onset potential were monitored.  

 

Figure 4.2. Linear sweep voltammograms for a) Bi, b) Sn, and c) Pb upon titrations of 

imidazolium carboxylate into 100 mM [BMIM]OTf and 100 mM TBAPF6 

in CO2 saturated MeCN.  

The LSV titrations are summarized in Figure 4.2. The voltammogram in Figure 

4.2a illustrates the adduct titration for Bi, which suggested that the adduct is inert 

towards CO2 reduction activity. The polarization curve retains its shape and the onset 

potential at ~ ï1.85 V. Sn showed greater deviation in its current response compared to 

Bi (overpotential shift of ~150 mV), but still maintains high CO2 reduction activity 

(Figure 4.2b). The polarization curve for Sn demonstrated that the adduct is slightly 

jeopardizing CO2 reduction activity, but not so much as to poison catalysis. Pb displayed 

the most extreme deviation in current response (Figure 4.2c), such that upon the first 

addition of the adduct (8 mM, red trace) catalysis shut down. There was no longer a 

cathodic feature indicative of CO2 reduction. This demonstrated how the cathode 

material significantly influences adsorbate interactions during catalysis. Importantly, 
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neither cathode demonstrated enhanced reduction activity due to greater concentrations 

of imidazolium-carboxylate in solution.  

These observations discredit the belief that the adduct plays a stabilizing role 

during catalysis to lowering the kinetic barrier for the rate determining ET step. While 

the adduct was relatively inert towards the Bi cathode, it resulted in complete cathode 

passivation for Pb and demonstrated a slightly greater energy cost for Sn. Unlike Pb, Bi 

and Sn must therefore preserve active sights for the adsorption of imidazolium to 

promote catalysis. If the adduct were to stabilize the CO2
Åï, a rise in current or a decrease 

in overpotential would be observed once the complex was added via titrations.  This 

insinuated that the adduct does not function as it is believed to in the literature. Notably, 

this belief assumed that imidazolium-carboxylate was in a reversible exchange with the 

carbene, which was previously discredited (Figure 4.1). 

Ultimately, these titrations suggested that imidazolium-carboxylate does not 

favorably adsorb to the Bi- or Sn-modified surfaces to interfere with charge transfer 

events. This surface interaction would later be studied via XPS. In correspondence with 

reduction activity, however, it was curious if the adduct effects electrolysis (CO 

selectivity, current density, etc.) upon the reduction of CO2 despite appearing inert 

towards CO2 reduction activity for Bi and Sn cathodes.  

4.3.3 Monitoring Deviations in CPE with Intentional Adduct Incorporation  

Noting how imidazolium-carboxylate remained relatively inert towards CO2 

reduction activity for Bi and Sn, while completely suppressing reduction activity for Pb, 

it was of interest to see if these behaviors persist during electrolysis. The literature states 

that the adduct will enhance the catalytic rate and efficiency of CO evolution during 

electrolysis.17 Therefore, the product distribution and current density were monitored 
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specifically. To observe the true behavior during electrolysis, a series of CPE 

experiments were performed where the adduct was added to the cathode compartment 

during electrolysis. Here, it would be clear if CO efficiency is enhanced or reduced, or 

if there is an abrupt change in the steady current densities upon the addition of the 

adduct.  

CPE began with 100 mM imidazolium and 100 mM TBAPF6 in CO2 saturated 

MeCN with an applied potential of ï1.95 V for all cathodes. Pb was run at the less 

negative potential so film passivation was not the primary cause of rate loss. After the 

rate and CO production plateaued at its published CO Faradaic efficiencies (FEs) and 

current densities after ~120 minutes, one equivalent (100 mM) of the adduct was added 

via syringe to the cathode compartment. The current densities (black traces) and CO 

FEs (blue traces) for Bi, Sn, and Pb are summarized in Figure 4.3a, b, and c respectively. 
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Figure 4.3. Current density plots and analogous CO FEs during CPE when 0.1 M 

[BMIM]CO 2 was added to the cathode after 120 minutes of electrolysis 

time with an applied potential of ï1.95 (V) vs SCE for a) Bi, b) Sn, and c) 

Pb. 

The rate for Bi and Sn remained steady for the first 120 minutes, signifying 

strong ohmic strength between the cathode and substrate. Even at a less negative 

potential applied for Pb (ï1.95 V), cathode passivation occurred just minutes into 

electrolysis. Nevertheless, the CO FEs for Bi, Sn, and Pb plateaued at ~ 78, 75, and 45 

respectively.  

When the adduct was added after 120 minutes, the rate dropped instantly 

(between 2-3 mA/cm2) for both Bi and Sn. At this point during electrolysis, the current 










































































































































































































































