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Abstract

As part of the efforts to mitigate climate change, the electrochemical reduction of CO, into valuable
chemicals and fuels has been identified as a pivotal technology due to its potential for CO, utilization
and ability to store excess electricity as chemical energy. While significant progress has been made in
optimizing various aspects of the electrochemical CO, reduction system, an unexplored area pertains to
the improvement of the anodic reaction. The conventional anodic reaction, namely the oxygen evolution
reaction (OER), is constrained by kinetic and thermodynamic unfavorability, reliance on precious metal
catalysts, and the need for costly downstream gas separation.

To address these limitations, a novel approach has gained traction within the research community:
the paired electrolysis of CO, reduction reaction (CO,RR) and glycerol oxidation reaction (GOR). How-
ever, these studies mostly employ expensive platinum group metal (PGM) catalysts in flow cells, failing
to address cost dependency or scalability for future industrial applications due to inefficient energy use
in this electrolyzer configuration. Therefore, this study intends to understand and optimize the paired
electrolysis of CO,RR with GOR in zero-gap electrolyzers while comparing the performances of Pt (a
relatively rare PGM catalyst) and Ni (an abundant non-PGM catalyst). The effects of applied cell po-
tential, glycerol concentration, active surface area, and ion exchange membrane type on GOR product
selectivity and the system’s energy demand are evaluated through potential and current controlled ex-
periments. Gas chromatography (GC) and proton nuclear magnetic resonance spectroscopy (H-NMR)
are used for product analysis.

This thesis demonstrates the viability of paired electrolysis in zero-gap electrolyzers, yielding major
products like formate and lactate alongside minor byproducts such as acetate, glycerate, and dihydrox-
yacetone. The results reveal Ni's superior performance over Pt at current densities below 200 mA/cm?
in zero-gap electrolyzers. The negative influence of increasing applied potentials on faradaic efficien-
cies (FEs) is presented, particularly in Ni, likely due to side reactions like OER or formate oxidation. The
study also illustrates that increased glycerol concentrations decrease FEs and system activities due to
heightened viscosity-related diffusivity issues. Moreover, the tests conducted using the Ni anode in
zero-gap electrolyzers utilizing bipolar membranes (BPM) show a minor reduction in product selectivity
likely caused by the increased amounts of OH™ ions near the anode coming from the water dissociation
reaction (WDR).

The study also uncovers that the anticipated significant reduction in the cell's energy demand with
the replacement of OER with GOR is not observed in zero-gap electrolyzers. No conclusive improve-
ments are observed for either catalyst when anion exchange membranes (AEM) are employed, and
only marginal improvements in the cell’'s energy demand are achieved when bipolar membranes are
used with Ni. Although this behavior is speculated to be a consequence of the absence of a flowing
electrolyte near the anode, further investigations are needed to identify the cause of this unexpected
lack of improvement in the energy demand.
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Introduction

The industrial revolution, while undoubtedly bringing about numerous benefits and advancements since
the 18th century, has been accompanied by a relentless surge in energy consumption and extensive
reliance on fossil fuels. In fact, the global consumption of fossil fuel-based energy has increased around
eight-fold since 1950, doubled since 1980, and reached over 135,000 TWh as of 2021 [1]. These are
extraordinary numbers, constituting about 80% of the world’s energy supply [2]. When fossil fuels are
burned, large amounts of greenhouse gasses (GHG), especially CO,, are released into the atmosphere.
Each year human activities cause more CO, emissions than natural processes can remove, resulting
in an accumulation of carbon dioxide. This increase can be seen in Fig. 1.1 where the atmospheric
CO,, levels and the CO, emissions since the start of the Industrial Revolution in 1750 are shown. The
figure indicates a 50% increase in the atmosphere’s carbon dioxide content in less than 200 years.

1 1 I T T T T T T
1750 1780 1810 1840 1870 1900 1930 1960 1990 2020
year

Figure 1.1: Global carbon dioxide concentration in the atmosphere (blue line) and global carbon
dioxide emissions (gray line) since 1750. Sourced from [3]

The accumulation of CO, and other GHG as a result of human activities has been identified by
the Intergovernmental Panel on Climate Change (IPCC) as the primary driver of climate change [4].
Looking at the average global temperatures across years reveals the unprecedented effects of anthro-
pogenic CO, emissions in terms of global temperature rise. In fact, the latest decade (2010-2020) was
determined to be warmer than any multi-century period in the past 125,000 years [4]. Already reach-
ing an approximately 1.1°C higher average than the temperature baseline in the pre-industrial period,
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the consequences of global warming are and will continue to affect every region on Earth in the form
of extreme climate events [4]. As ambitious as it is, decreasing carbon dioxide emissions globally is
thus obligatory to mitigate disastrous global temperature increases. If current policy and technology
trends continue, global energy demand is expected to increase by 50% by 2050 from 2020 values
due to economic and population growth. This makes developing and implementing renewable energy
technologies even more essential for limiting warming to 1.5 °C above pre-industrial temperatures as
decided under the Paris Agreement [4-6].

Other

renewables
160,000 TWh Modern biofuels
Solar
Wind
140,000 TWh Hydropower
Nuclear
Natural gas
120,000 TWh
100,000 TWh
80,000 TWh Oil
60,000 TWh
40,000 TWh
Coal
20,000 TWh
Traditional
0 TWh biomass

1800 1850 1900 1950 2021
Figure 1.2: Global primary energy consumption by source since 1800. Sourced from [7-9]

The current global primary energy consumption trend, as seen in Fig. 1.2 above, reveals that as
of 2021, only about 16% of our energy comes from low-carbon sources [7]. Considering the current
and upcoming ramifications of global warming, it is clear that substantial and sustained reductions of
CO, through a rapid energy transition are crucial. However, such restructuring of the energy land-
scape is a complex and multifaceted challenge that will require efforts from a wide range of people and
improvements in many green technologies.

Despite being the market’s two most established and fastest-growing renewable technologies, solar
and wind energy still face many challenges. One of the most critical limitations of both is the mutual in-
termittency issue. Due to their dependency on natural phenomena, utilization of wind and solar energy
as the primary energy source would bring expected and unexpected disruptions to the energy supply,
creating a mismatch between the supply and demand [10]. Not only can this issue result in electricity
shortages, but also interruptions in electricity supply are not conducive to the current power grid infras-
tructure available in many regions of the world [11]. Therefore, extensive research is being conducted
to address the energy storage needs associated with their use and make the energy captured easily
transportable and available for on-demand use.

Electrochemical reduction of CO, into value-added chemicals and fuels is one of the most promis-
ing technologies to address both the CO, emissions and the energy storage issues described above.
This technology would allow captured CO, to be utilized as a feedstock for valuable products such
as carbon monoxide (CO), formic acid, methanol, and ethylene, through an electrochemical approach
[12]. Moreover, the ability to not only store but utilize CO, would allow us to simultaneously reduce our
greenhouse gas emissions and realize the storage of electrical energy in the form of chemicals [13].

Value-added chemicals listed above are currently being manufactured via carbon-intensive meth-
ods using fossil fuels under high-pressure and/or high-temperature environments, and our demand
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for them will continue for many years into the future [12]. Thus, implementing electrochemical CO,
conversion technologies would also help decarbonize the manufacturing of these chemicals and allow
for milder operational conditions. Capturing and utilizing the CO, emitted from the use of these hy-
drocarbons can also be implemented to close the carbon cycle and reduce the net emissions of the
system to zero. Another benefit of this technology is that due to our longstanding dependency on fossil
fuels, there is an established global infrastructure for storing and transporting hydrocarbons. There-
fore, implementing CO, electrolysis to make valuable chemicals would allow us to utilize the current
infrastructure, preventing extra costs [5].

Unfortunately, electrochemical reduction of CO, still has challenges to compete commercially with
the cheaper and more energy-efficient fossil-fuel-based alternatives. Significant progress must be
made to make the process energy efficient, selective, stable, and economically feasible while oper-
ating at commercially relevant reaction rates [14].

Significant research has already been dedicated to extensively exploring the various factors involved
in the electrochemical reduction of CO, to optimize the system. Efforts have primarily focused on
increasing performance, selectivity, and stability through catalyst development. Additionally, research
has been conducted to investigate the combined effects of the reaction environment, active sites, and
the system configuration [15]. Yet a common thread present in most current studies is the coupling
of the cathodic CO, reduction reaction (CO,RR) with the anodic oxygen evolution reaction (OER) [12].
Although OER’s prevalence in conventional CO, electrolyzers can be attributed to the easy accessibility
of water and the well-known kinetics from water electrolysis studies [16], there are still challenges
associated with having it as the anodic reaction in CO,RR systems. These challenges arise from both
intrinsic kinetics and thermodynamics, requiring high overpotentials, consuming a large amount of the
energy input [12], producing a gas product that requires a costly separation step, and the financial
insignificance of the produced oxygen [17, 18]. Moreover, using OER as the anodic reaction in highly-
stable commercialized applications commonly requires rare and precious metal-based catalysts like
iridium, which up the costs associated with the system significantly [19].

Given the abovementioned limitations, a considerable strategy is coupling alternative value-added
anodic reactions with CO,RR instead of OER. Coupling the anodic glycerol oxidation reaction (GOR)
with the cathodic reduction of CO, is a promising approach among the various options available. Glyc-
erol is an inexpensive byproduct of industrial biodiesel and soap production, and its oxidation can lead
to the production of various value-added chemicals such as glyceraldehyde, glyceric acid, formate, ox-
alate, etc. [20]. Research on the electrochemical behavior of glycerol dates back to the 1960s [21];
however, it has only recently been explored for its capacity for co-electrolysis with CO, [12, 17, 22—-24].
Glycerol oxidation reaction offers substantial advantages over the conventional oxygen evolution reac-
tion in avoiding the costly gas separation step due to its liquid-to-liquid nature, producing commercially
desirable products, and its potential to reduce cell potential, thus resulting in a decrease in electricity
consumption of the system [12].

1.1. Knowledge Gaps

Glycerol oxidation alone is well-studied by coupling it with the cathodic hydrogen evolution reaction
(HER); however, there are limited studies exploring coupling GOR with CO,RR. A common thread in
these studies is the utilization of noble metal-based catalysts such as Pt, Au, Ag, Pd, and Ru [21].
These catalysts were previously identified for their stability and high catalytic activity when GOR is
coupled with HER [21]; however, their use in the disparate reaction environment formed when GOR is
coupled with CO,RR requires further investigation.

Moreover, these studies have only used electrolyzer configurations other than zero-gap electrolyz-
ers which have been identified to be the most promising type for industrial applications due to their
low ohmic resistances and high energy efficiencies [25]. Thus, there is inadequate knowledge of the
effects of coupling GOR and CO,RR in zero-gap electrolyzer configurations, and a study investigating
this can provide valuable insights.

As of the start of this study, there have also been no current endeavors to explore the coupling of
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GOR with CO,RR using bipolar membranes (BPM). Considering bipolar membranes operating in re-
versed bias are proven to be better at reducing parasitic CO, losses than anion exchange membranes
(AEM) and cation exchange membranes (CEM) [26], an investigation to understand the effect of re-
placing OER with GOR in BPM-fitted configurations is an exciting avenue of study. Therefore, further
research must be performed on the topic to understand the coupling of GOR with CO,RR to explore its
potential in BPM configurations.

It should also be mentioned that the Materials for Energy Conversion and Storage (MECS) group has
quite a lot of experience with CO, electrolysis; however, no prior experience with paired electrolysis is
present. Therefore, this study also lays the groundwork for future paired electrolysis work by the MECS

group.

1.2. Research Objectives

Determined through an analysis of the knowledge gaps, this thesis’s primary goal is understanding and
optimizing the paired electrolysis of glycerol oxidation with CO, reduction to CO in zero-gap electrolyz-
ers. This is done by testing the performance of the paired electrolysis while utilizing different anodic
catalysts in both AEM and BPM-utilized zero-gap electrolyzers.

To guide the study following sub-questions were identified:

* Do the platinum-group-metals (PGM) identified as best for GOR also perform better than their
PGM-free alternatives in a CO,RR-GOR paired electrolysis?

» Can replacing oxygen evolution reaction with glycerol oxidation reaction in CO, electrolysis stud-
ies performed realize a decrease in the system’s energy needs?

» How does using bipolar membrane-fitted zero-gap electrolyzers affect the performance of GOR?



Theory

Electrochemistry is the branch of chemistry that focuses on the chemical changes that happen due to
the flow of electrons and, conversely, electricity production due to chemical changes [27]. Therefore, the
interrelation of chemical and electrical effects is at the forefront of this area of study. The understanding
and application of electrochemical principles require the examination of electrochemical systems; of
those, the electrochemical cell is a great starting point. The two primary types of electrochemical cells
are electrolytic and galvanic cells, where the former converts electrical energy to chemical energy and
the latter does vice versa. This work only concerns electrolytic cells where electrical energy is required
to drive a non-spontaneous reaction; however, simple example schematics of both these types can be
viewed in Fig. 2.1 below.

@ ® e :J

6 cathode

electrolyte

anode cathode

electrblyte (+)
I

Figure 2.1: The schematic of (a) a galvanic cell where chemical energy is converted to electrical
energy and (b) an electrolytic cell where the electrical energy supplied is used to drive a chemical
reaction. Sourced from [28].

Electrochemical cells consist of two electrodes: an anode and a cathode. At the cathode, the
reactants gain electrons leading to a reduction reaction, and at the anode, reactants lose electrons,
causing an oxidation reaction. Both an oxidation and a reduction reaction are necessary to have a
working electrochemical cell. Thus, the anodic and cathodic reactions are often described as half-cell
reactions.

Typically, the electrodes are separated by a liquid electrolyte, and the electrochemical reactions
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occur at the electrode-electrolyte interface. The electrodes transport charge by transporting electrons
through an external circuit, whereas in the electrolyte phase, the charge is carried through the move-
ment of ions [29]. Porous separators/membranes are often centrally present to transport and block
specific charged species.

2.1. Electrochemical Reduction of CO,

As mentioned before, using CO, to make value-added chemicals and fuels is a promising approach
to achieving net-zero CO, emission systems. Thus, this study investigates the optimization of the
electrochemical reduction of CO, through the approach detailed in Section 2.2. The half-reactions
involved in this thesis are the CO, reduction reaction (CO,RR) to CO, hydrogen evolution reaction
(HER), oxygen evolution reaction (OER), and glycerol oxidation reaction (GOR). Of those listed, the
first two are the reactions occurring at the cathode, while the last two occur at the anode. HER is an
undesired reaction competing with CO,RR in this system [14].

Below are the half-reactions and the standard reduction potentials of CO,RR, HER, and OER. The
alternative, GOR, will be discussed later in Section 2.2.4.

Hydrogen Evolution Reaction (HER): (E° =0.00V vs RHE)
2HT +2¢~ = H, (acidic) (2.1)
2H50 +2e¢~ = Hy +20H™ (alkaline) (2.2)
CO, Reduction Reaction (CO,RR): (E° =-0.11V vs RHE)
COy +2H" +2¢~ = CO + H,0 (acidic) (2.3)
CO2+ HyO +2e~ = CO+20H™ (alkaline) (2.4)
Oxygen Evolution Reaction (OER): (E° =1.23V vs RHE)
1
Hy0 = 502 +2HT +2e” (acidic) (2.5)
1
20H™ = 502 + Hy0 +2e~ (alkaline) (2.6)

The chemical species’ standard reduction potentials (E°) signify their tendency to gain electrons
and get reduced [29]. And by looking at the three reactions listed above, it can be observed that the
standard thermodynamic potential of HER is pretty close to that of CO,RR. This is the reason behind
HER’s previously-mentioned presence in CO,RR systems as an undesired reaction. Also, it should be
noted that the standard thermodynamic potential of OER is significantly higher than HER and CO,RR
despite being the conventional anodic reaction in these systems which will be discussed further later
in Section 2.2.1.

It should be mentioned that CO,RR can lead to several other products depending on the reaction
environment, applied potential, reactant concentrations, and especially the catalyst being used [30].
Some of the possible CO,RR products (including CO, as denoted in equations 2.3 and 2.4) and their
half-reactions that could have occurred are listed (in an alkaline environment) in Table 2.1.
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Table 2.1: Possible CO,RR half-reactions and their products

Product Possible Half-Reactions for CO,RR
coO COy + HyO +2¢~ =CO+20H~
HCOOH CO3 +2H30 +2¢~ = HCOOH +20H~
HCHO CO2+3H0+4e~ = HCHO +40H~
CH3;0OH COs + 5H0 + 6e~ = CH30H + 60H~
CH, CO3 +6H30 +8¢c~ = CHy+80H~
CH3COOH | 2C0O5 + 6H30 + 8¢~ = CH3COOH +80H~
CyHy 2C02 +8H0 + 12¢~ = CyHy + 120H ™

Of these products, CO is known to be the smallest molecule with a well-understood and straight-
forward reaction route [31]. In addition, CO is a gaseous product making the choice of CO, reduction
to CO as the cathodic reaction in this study attractive because it would minimize the addition of liquid
products to the anolyte. Thus, CO, reduction to CO is the chosen cathodic reaction for this thesis. It
should also be noted that, although in a minimal amount, production of formate (HCOO-) occurs in
addition to CO from CO,RR [32]. This will be accounted for while analyzing the liquid products of the
electrochemical cell and discussed later in this report.

2.1.1. Thermodynamics

The thermodynamic equations governing the behavior of an electrochemical configuration are crucial
in understanding both the cell and the system potentials. Therefore, this chapter will detail the thermo-
dynamics associated with electrochemical cells.

All electrochemical reactions require a potential (E) to drive the reaction. This required potential can

be calculated by subtracting the potential associated with the oxidation half-reaction (E?,_ . ;.+:0,) from
the one associated with the reduction half-reaction (E?, ., .+:0,) @S such:

:edo:v = Eﬁeduction - gwidation (27)

where E?_, is the standard thermodynamic potential to drive the total reaction in a cell. The sign

of the redox potential calculated using Eq. 2.7 can be correlated to the spontaneity of the reaction in
question. Ifthe E?_,  is positive, the reaction is spontaneous, and the E° can be taken as the amount
of generated potential difference from the occurrence of the chemical reaction [27]. On the other hand,
if the E7, ., is negative, the reaction is said to be non-spontaneous, requiring a minimum of £° amount
of potential from a voltage source to drive the reaction [27]. In this study, all half-reaction pairings result
in negative £, values meaning that the cell potential calculated is the minimum amount of potential

needed to be supplied.

However, an additional potential (overpotential) is generally required to run and drive a reaction in
experimental conditions [29]. This overpotential can be calculated as below:

n=FE—E° (2.8)

where 7 is the overpotential needed, F is the applied potential in V, and E° is the thermodynamic
potential to drive the reaction in volts. Without an applied overpotential, no net electrolysis can be
observed in a system [27].

This prediction of the spontaneity of reactions can be obtained from the change in Gibbs free energy
(AG) at constant temperature and pressure as given by:

AG = AH — TAS (2.9)
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where AH is the change in enthalpy in J/mol, T is temperature in Kelvin, and AS is the change in
entropy in J/mol - K[27]. The change in enthalpy can be viewed as the heat released from or the heat
required for a reaction, and due to an increase in entropy, the change in Gibbs free energy is smaller
than the heat requirement. Since the change in Gibbs free energy is the maximum amount of non-
expansion work (w,,.,.) done on the system, it is then equal to the required electrical work (w;) in the
context of electrochemistry [27].

AG = Wpar = Wer (2.10)

In general, electrical work is described by the following relation:
We = Ecell VAN (211)

where E..;; is the cell voltage, I is the current, and At is the duration in seconds the current is applied.
IAt is the amount of charge transferred when a reaction occurs and can also be given by nF' where n
is the number of transferred electrons and F' is the Faraday’s constant (96485 %). Thus, the required
electrical work and the change in Gibbs free energy (under standard and non-standard conditions) can
be calculated as such:

AG = —nFEce” (212)

Under standard conditions, Eq. 2.12 then is written as:
AG®° = —nFEZ,, (2.13)

Unfortunately, this equation only applies in ideal conditions. However, the change in Gibbs free energy
of a reaction in non-standard conditions can be related to the change in Gibbs free energy in standard
conditions by including the effect of reaction mixture composition [27].

AG = AG° — RT - InQyan (2.14)

where R is the universal gas constant (8.314 J/mol*K) and Q,...,, is the reaction quotient. Substitution
of Eq. 2.12 and 2.13 into 2.14 leads to the Nernst equation as follows:

. RT
Ecell =

. 2.1
cell nF anT.Ln ( 5)

2.1.2. Kinetics

This section serves as a quick discussion of the kinetics of electrochemical reactions. Understanding
kinetics is essential to interpreting the factors that affect the rate of these reactions and controlling them
[27]. It is also highly linked to a current density of a system, which is the amount of electrical current
passing through per unit area of a chosen material per second and a key performance indicator.

Let’s consider the following simple reversible redox reaction that involves a single electron transfer:

k
Ot +e =R (2.16)
kp
where O and R are a redox couple’s oxidized and reduced form, and % and k; are rate constants for
the forward (reduction) and backward (oxidation) reactions, respectively. The rates of the forward (vy)
and backward (v;) reactions with their corresponding current densities can be described as:

vp =k -[0*]o =L 2.17)
v = ky - [Rlo = %2 (2.18)

where j; is the forward current density, j, is the backward current density, and [0, and [R], are the
surface concentrations of the reactant species [33]. It can be assumed that the rate constants follow
Arrhenius’s law as such:

_aF(n)

RT

kg =k} - exp] ] (2.19)
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(1 —a)F(n)
RT
The £} and k) are the rate constants at standard conditions; « is the transfer coefficient, and 7 is the
overpotential applied [33]. It should be noted that in equilibrium, the forward and backward reaction
rates are equal; however, at non-equilibrium conditions, the net reaction rate (v) and the net current

density (j) are:

ky = kY - exp| ] (2.20)

u:ub—ufz%z% (2.21)
By combining the Egs. 2.17, 2.18 and 2.21, the Butler-Volmer equation can be reached:
o (1-a)Fn aFn

where jj is the exchange current density in A/m?, which is the current density in the presence of no
overpotential and net electrolysis. Thus, the Butler-Volmer equation can be used to understand the
effect of applied overpotential on the current density of an electrode. At highly positive overpotentials,
the oxidation reaction becomes dominant; at highly negative overpotentials, the reduction reaction
dominates [33].

2.1.3. Electrolyte Effects

Electrolytes used in CO,RR systems can significantly affect performance and efficiency. Factors such
as the electrolytes’ concentration, species, and pH value can influence the local reaction conditions
and impact the products produced by the electrocatalyst [34].

The local pH at the electrode plays a crucial role in determining electrocatalytic selectivity. At the
cathode, low pH conditions increase the favorability of HER over CO,RR. This reduces CO, utilization
and increases inefficiencies in the system [35]. Moreover, low pH conditions at the anode in conven-
tional CO,RR electrolyzers require using PGM such as iridium and ruthenium. These catalysts are
necessary to prevent an increase in overpotentials and the slowing down reaction kinetics that would
otherwise occur if catalysts like nickel were used for the anodic oxygen evolution reaction [35].

To avoid these negative consequences, a high local pH can be imposed as a natural conclusion;
however, alkaline conditions created by using electrolytes such as KOH also come with some draw-
backs. At the cathode, alkaline conditions can be induced to suppress HER and increase multi-carbon
product formation, but this increase in the local pH can lead to a reduction in CO, availability due to
parasitic (bi)carbonate formation [35]. The reaction of dissolved CO, with OH™ ions formed by both
CO,, reduction and the competing HER will result in the following reactions:

COs(g) = COx(ag) (2.23)
COs(aq) +OH,,, = HCOy,, (2.24)
HCOy ) + OH gy = H00) + CO5,, (2.25)

The formation of (bi)carbonates depicted above has many consequences. The acidic (bi)carbonates
will cause the electrolyte pH to decrease gradually, which can result in the adverse effects of lowered
pH, as discussed above, appearing in the system [36]. Their reaction with the cation of the electrolyte
can also cause salt formation at the cathode, which increases the likelihood of flooding [35]. Flooding
of the cathode electrode will be detailed later, but it mainly decreases CO, availability leading to an
increase in HER [36].

Studies have also been investigating the effect of different cations in the electrolyte. It was found
that the larger a cation is, the smaller its hydration shell is, and the smaller its repulsion will be near the
electrode [37]. This reduced repulsion will lead to a higher concentration of cations at the electrode and
a larger surface charge density. And finally, the increased surface charge density will cause stabilization
of the CO,RR intermediates, resulting in decreased overpotentials, higher activities, and a change in
selectivity [38]. The cations of interest were: Cs*, K*,Na" and Li" listed here decreasing in size, and
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thus decreasing in performance. However, the use of K* is more common than Cs” in CO,RR studies,
which is the case due to the higher price of Cs" containing electrolytes [37].

Lastly, it was reported that increased cation concentrations could be leveraged in MEA configura-
tions using bipolar membranes to promote CO,RR over HER. This indicates that the electrolyte con-
centrations can be critical in optimizing CO,RR applications besides the pH environment they create
[39].

2.1.4. CO,RR Electrolyzer Configurations

As described, electrolyzers are the carriers for CO,RR applications. They allow the testing of electro-
catalysts under similar reaction conditions to those found in the industrial practice (i.e., high current den-
sities, pressures, temperatures) [35]. Throughout this thesis, a membrane electrode assembly (MEA)
was used for testing; however, H-cell and flow cell are also widely used electrolyzer configurations and
will be briefly covered in this section.

H-Cell Electrolyzer

In CO,RR studies, preliminary research typically starts in an H-cell when investigating fundamental
processes and novel catalyst materials. A schematic of this type of CO, electrolyzer can be seen in
Fig. 2.2.

[ CE WERE |

CO, = CO, = ——= GC

Membrane

\
i

UL

Figure 2.2: Schematic diagram of H-cell type CO,RR electrolyzer where the working electrode (WE),
reference electrode (RE), counter electrode (CE), and the path of the gas output to the gas
chromatography (GC) is denoted. Sourced from [40].

In this configuration, the CO, and its products diffuse to and from the catalyst through the liquid
electrolyte. However, this significantly restricts the current density and selectivity of CO,RR. Due to the
low solubility (~ 34 mmol/L) and diffusivity (~ 2x10° m?/s) of CO, in the aqueous electrolyte, only low
maximum current densities can be achieved [41]. If higher current densities were to be applied ( >200
mA - cm~2), mass transport limitations would result in an undesirable uptick of HER in the cathode [41]
that competes with CO,RR. H-cell electrolyzers are simple, cheap, and allow rapid screening of new
catalysts and electrolyte solutions; however, such limitations restrict their use to lab-scale experiments
and hinder their potential in practical applications [41]. To address this issue, gas diffusion electrodes
(GDE) that allow CO, to reach the catalyst surface in its gaseous form have been developed [35].

Gas Diffusion Electrode (GDE)

As shown in Fig. 2.3, there are two main components of a GDE: the catalyst layer and the diffusion
medium that consists of a microporous layer and a gas diffusion layer. The catalyst layer is formed by
depositing catalyst particles onto the microporous layer and is the active site for the electrochemical
reaction [42]. On the other hand, the diffusion medium acts as the porous medium that allows the
gaseous CO, to diffuse toward the catalyst layer. It also mechanically supports the catalyst layer and
conducts electrons to ensure their flow from the current collector to the active catalyst site [42].
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Figure 2.3: Schematic of a gas diffusion electrode. Sourced from [42].

The use of GDEs for CO,RR systems has allowed current densities an order of magnitude larger
than those of H-cell configurations as described above [43]. Their utilization, unfortunately, comes with
some stability challenges associated with the flooding of GDEs [43]. Ideally, the gas diffusion layers
are made hydrophobic with polytetrafluoroethylene (PTFE) treatment, and electrolyte leakage to the
cathodic gas chamber is minimized [42]; however, it was discovered that some applied potentials could
still lead to GDE instability [43].

As discussed previously in section 2.1.3, in alkaline environments, CO, can go through a side
reaction with the OH™ ions to form (bi)carbonates. These (bi)carbonate ions can then react with the
potassium ions that were dragged through the membrane in their hydrated form due to osmotic drag
and electrostatic forces [44]. These reactions cause salt precipitates to form in low-water regions of the
GDE, and their hydrophilic nature attracts water molecules to these areas [45]. Thus, flooding occurs,
the diffusion length of CO, molecules increase, and active catalyst sites experience CO, accessibility
issues [46]. This shift ultimately leads to a rise in the undesirable HER, reducing CO,RR selectivity [46].
Further research is necessary to develop effective protocols for flooding prevention in GDEs due to the
limited knowledge about the causes and mechanisms behind flooding and the gradual shift towards
HER. [44].

However, despite these issues, using GDEs as catalytic support in CO,RR systems can improve
activity, selectivity, and stability, making its use necessary for scaling up and establishing this electro-
chemical process in the industry. Two configurations in which GDE is present and have been widely
used in CO,RR studies are flow-cell and MEA-type electrolyzers.
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Figure 2.4: Schematics of (a) flow cell and (b) membrane electrode assembly (MEA) type
electrolyzer. Modified from [35].

Flow Cell Electrolyzer

As it can be seen from Fig. 2.4 (a) above, the flow cell electrolyzer is composed of an anode, a
cathode GDE, a flowing anolyte and catholyte, a reference electrode, and a membrane. As described
above, the utilization of GDE solves the CO, solubility issues. In fact, through the use of flow cell
electrolyzers, very high ( >600 mA - cm™) current densities can be achieved; however, due to the
presence of the catholyte, some stability issues arise [46]. The presence of the catholyte increases the
risk of flooding in the GDE as described above, and any impurities present in the catholyte have the
potential to reduce the performance efficiency and the stability of the system [46]. Flow cell electrolyzers
also suffer from high ohmic resistivity and low energy efficiencies due to their sizeable interelectrode
separation (in the order of a few millimeters) [40].

Another disadvantage of flowing electrolyte CO,RR systems is that they experience a gradual low-
ering of bulk electrolyte pH due to an accumulation of highly acidic (bi)carbonates [36]. In flow cell
electrolyzers, the parasitically formed (bi)carbonates don’t get a chance to react with the H" ions to
revert to CO, before flowing away from the electrolyzer, thus slowly turning the bulk electrolyte acidic.
This creates stability issues in the system and limits the types of catalysts used on the anode [36].

Membrane Electrode Assembly (MEA) Cell Electrolyzer

MEA-cell electrolyzers are the most likely configuration for cost-effective industrial CO,RR applica-
tions [40]. Asitcan be seenin Fig. 2.4(b), the MEA cell can also be described as a zero-gap electrolyzer
cell due to its compact configuration where the anode, the membrane, and the cathode are stacked
one after another with no gaps in between. In an MEA cell, the membrane works as a solid electrolyte,
reducing the distance between the two electrodes to the membrane thickness (in the order of tens of
micrometers) [40]. Whereas both flow cells and MEA cells can deliver high currents, this reduction in
the interelectrode distance in the MEA configuration lowers the ohmic resistances, and the system’s
energy efficiency is increased [25]. Additionally, the simple and thin structure of MEA makes it easier
to scale up, allowing researchers to investigate the system in various sizes [47].

A disadvantage of MEA cells is that the sandwiching of the electrodes and the membrane causes
parasitically formed (bi) carbonates to reach the anode catalyst layer directly. This leads to high
(bi)carbonate concentrations at the anode, creating a lower local pH at the anode than the bulk elec-
trolyte [36]. The lowered local pH can then contribute to catalyst deactivation and lowered stability [36].
Nonetheless, MEA's scalability and higher efficiencies make it still the most attractive for further studies
on the way to industrial-level applications; hence it is the chosen electrolyzer configuration in this study.
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2.1.5. Ion Exchange Membranes

lon exchange membranes are an essential part of electrolyzer systems. Their main functions are: (1)
to allow the passage of the desired ionic charge carriers, (2) to ensure the separation of reactants
and products between anode and cathode, and (3) to provide a regulated environment for electrode
reactions [48]. They are manufactured to contain immobilized ionic groups and aid in the transport of
hydroxide anions in the case of anion-exchange membranes (AEM) and protons along with cations
species like K in the case of cation-exchange membranes (CEM). A third type of ion-exchange mem-
brane called bipolar membrane (BPM) consists of both a cation exchange layer (CEL) and an anion
exchange layer (AEL) laminated together. Usually, there is also a water dissociation reaction (WDR)
catalyst in this interface layer. Due to the presence of both types of exchange layers, BPMs prevent
the transport of ions across its two layers and allow for the evolution of distinct reaction environments
at the anode and cathode sides [48].

The specific species that can travel through these membranes vary with the type and other specifi-
cations of the membranes. Still, they are mainly determined by the size, and the valence of the species
trying to pass through [49]. A driving force, such as a concentration, potential, or pressure gradient,
causes transport within the membrane. For electrochemical cells, migration and diffusion are the most
common transport mechanisms [49]. As this thesis focuses on the investigation of a glycerol oxidation
reaction in MEA cells using both AEM and BPM, a more detailed explanation of the different categories
of ion exchange membranes can be found below.
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Figure 2.5: Schematic representations of zero-gap electrolyzer cells with (left) an anion exchange

membrane where anions can travel from the cathode to the anode through the positively charged

AEM, (middle) a cation exchange membrane where cations can travel from anode to the cathode

through the negatively charged CEM, (right) a bipolar membrane under reverse bias where neither
cations nor anions can pass through the BPM.

Anion Exchange Membrane (AEM):

AEMs are semipermeable membranes designed to conduct anions such as hydroxide and prevent
the passing over of cations. This selective permeability is achieved through the positively charged
functional groups anchored to the membrane’s hydrophobic polymer backbone [50]. When an electric
field is applied to the system, anions are driven to move from the cathode (negative electrode) to the
anode (positive electrode). In contrast, cations are driven to move from the anode (+) to the cathode
(-). However, AEM blocks the transport of cations, as shown on the left in Fig. 2.5. This allows for
the reaction environment for the cathode to stay alkaline, which is beneficial for CO,RR systems since
HER becomes more favorable and competes with CO, RR in an acidic environment [35]. Thus when
AEMs block the cations, this undesired reaction that lowers the faradaic efficiency of the system can
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be suppressed. This benefit of AEM is why it is the most commonly used ionic exchange membrane in
CO,RR setups [35].

Given the previous discussion on the effects of pH on the system, a foreseeable disadvantage
of the basic environment created on the cathode side due to the use of AEMs is that it favors the
formation of catalytically inactive carbonates (CO32_) and bicarbonates (HCO3') [35]. Especially at high
current densities (reaction rates), these (bi)carbonate ions maintain the ionic conductance of the system,
increasing ohmic losses because of the significantly lower ionic mobility of (bi)carbonates compared to
OH™ [35]. Moreover, (bi)carbonates acting as the charge carriers lead to a locally acidic surface pH at
the anode and cause them to react back to CO,, decreasing its utilization in the system [51].

A final remark about AEMs is that while they are expected to hinder the transport of cations from the
anode to the cathode, this exclusion is imperfectin practice [52]. In the case of KOH based anolytes, the
K" cation is in its hydrated form in the system. Due to the consumption of water by the CO,RR, water
dragging is present towards the cathode, making K* cations crossover. Moreover, the K* crossover
is also enhanced in the system to provide electroneutrality to deal with the imbalance created by the
(bi)carbonate crossover towards the anode [50, 52]. Thus, it is common to observe K" salt formation at
the cathode GDE leading to gas flow blockage, catalyst surface obstruction, and flooding when AEMs
are used [52].

Cation Exchange Membrane (CEM):

CEMs are semipermeable membranes that favor the transport of cations from the anode (positive
electrode) to the cathode (negative electrode). This selectivity is realized due to the negatively charged
functional groups attached to the membrane’s polymeric backbone [50]. The anions driven to migrate
toward the anode are prevented from crossing the membrane, as shown in the center in Fig. 2.5. Cation
exchange membranes exhibit low ohmic losses and high conductivities because they transport H”,
which are known to be highly mobile ions [35]. Unfortunately, CEMs are not commonly used in CO,RR
systems because the salt precipitation tends to occur too quickly due to K* transport. Additionally,
they tend to create acidic conditions at both the anode and the cathode unless specifically treated
to be selective for K* transport and reduce H* crossover. As described before, at the cathode, low
pH conditions result in the favoring of HER over CO,RR. At the anode, the acidic conditions tend to
increase the anodic reaction overpotentials and require expensive catalysts like iridium and ruthenium
[35].

Bipolar Membrane (BPM):

Bipolar membranes can be viewed as a hybrid of AEMs and CEMs. They are composed of an
anion-exchange layer (AEL) that transports anions like OH™ and a cation-exchange layer (CEL) that
transports cations like H* [48]. The presence of both types of layers inhibits the crossover of ions
through the whole of the BPM but allows for the creation of distinct reaction environments at either side
[48]. A schematic of this behavior can be seen on the right side in Fig. 2.5 above. The junction between
AEL and CEL is called an interface layer (IL) and, when operating in reverse bias, becomes a reaction
site for water dissociation reaction (WDR), which can be seen in equation 2.26 below. [39].

H,O=H' +OH (2.26)

Since the ions in the bulk electrolyte cannot provide the ionic current due to BPM blocking their passage,
the produced H* and OH™ carry the ionic current in BPM systems [53]. Orienting the BPM so that the
CEL faces the cathode and the AEL faces the anode allows the flux of OH™ to the anode and H" to the
cathode [53]. This characteristic of BPMs is an attractive feature for its use in CO,RR systems. Since
the water dissociation provides the protons, the parasitic CO, crossover described before, a prevalent
issue in AEM-based systems, can be eliminated through the use of BPMs [48]. This elimination allows
for an increase in the single pass utilization rate of CO, (the ratio of the CO, converted to the total CO,
inputted), which results in lower amounts CO, crossover that mixes with the anodic outlet and lower
amount of energy required for the downstream separation of CO.,.

Due to its hybrid nature, BPM has a few other intrinsic advantages over the monopolar membranes,
such as better separation of products and/or reactants and increased stability of electrolytes (reaction
environments) at either side of the membrane [48]. This characteristic of BPM makes it commercially
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interesting for CO, electrolysis applications since the optimal pH is commonly different for the two
electrodes [48] in these systems. Formation of these distinct reaction environments (acidic at the anode
and alkaline at the cathode) can reduce the overpotential associated with performing OER (or GOR) in
acidic anodic reaction environments. However, this characteristic also results in a favorable reaction
environment for HER which lowers the faradaic efficiency of CO,RR products significantly [39]. Recent
studies suggest that by using a buffer or decreasing the acidity of the CEL, the undesired HER can be
suppressed, but further optimization is required [48].

Another aspect of BPM-based CO,RR systems is the increased energy cost since the water disso-
ciation reaction requires an applied potential of 0.83 V (the standard reduction potential in V vs. RHE).
This increase makes the overall cell potential higher and causes significant energy losses in the system
[35]. Some recent studies suggest that such drawbacks can be improved by incorporating catalysts
like TiO, [54]. However, improvements are still necessary to implement BPMs in CO,RR applications
in commercially relevant conditions.

2.2. Anodic Half-Reactions

As the focus of this thesis is to investigate the optimization of CO,RR processes through modifying the
anodic half-reaction, this section introduces the main subject of this research. The following subsec-
tions will discuss the challenges associated with the conventional OER, criteria for potential alternative
reactions, and glycerol oxidation reaction as the proposed anodic reaction alternate.

2.2.1. Challenges Associated with OER

As mentioned briefly in the introduction, despite being the most conventionally coupled anodic reaction
in CO,RR processes, oxygen evolution reaction (OER) has many associated challenges. Performing
OER on the anode has been made prevalent so far based on two main reasons: no mass transfer
limitations are expected due to abundant reactant presence in the system, and the extensive body of
knowledge is present for water electrolysis, making this anodic reaction and its catalysts, supports,
binders, etc. well-understood [16].

However, quite a few limitations come from OER acting as the anodic reaction in CO,RR. These
constraints are:

OER requires expensive materials as catalysts.

Commercialized OER catalysts that can maintain low overpotentials, desirable kinetics, and high
stability are mainly precious metal-based ones such as IrO, and RuO,. Both ruthenium and
iridium are among the rarest metals and suffer from high costs and limited supplies [17].

OER is thermodynamically unfavorable.

As briefly mentioned in Section 2.1, the standard thermodynamic potential of OER (1.23V vs.
RHE) is significantly higher than the standard thermodynamic potentials of CO,RR and HER.
This potential value causes the total cell voltage to be substantially high [17], making the choice
of OER thermodynamically unfavorable.

OER is kinetically unfavorable.

By looking at Equations 2.5 and 2.6, it can be noticed that making 1 molecule of O, requires
4 electron transfers. This requirement makes the reaction kinetically sluggish and accounts for
50% of the imposed overpotential to the cell [17, 55].

OER consumes a significant amount of the energy input.

When the standard Gibbs free energies of electroreduction of CO, to CO and OER is calculated
using Hess’s law, it can be concluded that 92.2% of the total energy is being consumed to drive
the OER at the anode [12].

Produced O, requires a separation step.

In most conventional CO,RR electrolyzers, a significant amount of CO, crosses the membrane
from the cathode side to the anode side as bicarbonate/carbonate. Later when these compounds
encounter the protons generated from the anodic reaction, they get converted to CO, [56]. This
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crossover CO, then mixes with gaseous O, that has been produced via OER to make up an
anodic outlet composition of 60-80% CO, to 40-20% O, [57]. Direct recycling of this gaseous
output to the cathode is not feasible due to oxygen reduction likely taking over at the cathode
[22]; thus, a costly gas separation step is needed downstream of the anode when OER is the
anodic reaction.

Produced O, is financially worthless.

The value of the produced oxygen is approximately 30€ per ton, which is quite insignificant and
doesn’t contribute to the economic viability of the CO,RR process [16].

2.2.2. Alternatives to OER

Considering the limitations associated with having OER as the anodic reaction mentioned above, the
search for alternative anodic half-reactions to couple with CO,RR has been suggested and investigated
in the past few years. However, it is vital to keep in mind that choosing an oxidation reaction that satisfies
some of the shortcomings of OER but derails from the overarching efforts of making CO, electrolyzers
commercially viable is not adequate. Thus, it is necessary to have some guidelines while searching for
alternatives to OER for CO, electrolysis. In 2019, Verma et al. came up with a few simple principles
that can guide the replacement anodic reaction selection process. These process design rules can be
sorted under three main categories [12], and these are:

1. Cost.
* |s the anodic feed expensive?
* |s there a well-sized market demand for the anodic product?

2. Production of Feed
+ Is the production of the anodic feedstock energy intensive?
* Does it involve additional CO, emissions?

3. Scale
» Does the anodic feedstock have enough availability to match the scale of projected CO,
utilization?

The abovementioned criteria are quite encompassing; however, there are a few other requirements
that should also be mentioned. First is the compatibility of the reaction to be coupled with CO,RR.
The chosen alternative anodic reaction should be able to handle the current densities required for com-
mercial application of CO, electrolysis (>100 mA/cm?). Second is the preferred lower thermodynamic
potential than OER so that the thermodynamic unfavorability issue can be handled, and the third is the
suitability of operating conditions for the reaction to be coupled with CO,RR.

Keeping the standards discussed above in mind, one group of candidate anode reactions that have
recently been investigated due to their mild reaction conditions, catalyst availability, flexible product
range, etc. are organic oxidation reactions (OOR). Recent techno-economic analyses have suggested
that utilizing OORs would reduce the total cell voltage and produce profitable products from both sides
of the cell [12, 22]. These include the oxidation of glucose [22], glycerol [12], alcohols [58], furfural
[59], methane [12], etc. Among these alternatives, glycerol is a highly promising choice for numerous
reasons. Consequently, this thesis centers on investigating the oxidation reaction of glycerol as the
selected anodic reaction.

2.2.3. Viability of Glycerol Oxidation Reaction as the Anodic Reaction

Various reasons make glycerol oxidation reaction (GOR) a promising alternative to OER as the anodic
reaction in CO,RR systems. The first notable advantage of GOR is its potential to significantly reduce
the electricity input required in CO,RR systems [17]. This lower energy cost is due to the lowered cell
potential of the total reaction. See table 2.2 below for the standard reduction potentials of OER and a
few reaction routes of the glycerol oxidation reaction.



2.2. Anodic Half-Reactions 17

Table 2.2: Possible anodic half-reactions and their standard reduction (thermodynamic) potentials in
V vs. RHE[12]

. . Standard Thermodynamic
Anodic Half-Reactions Potential £°, . (V vs. RHE)
Oxygen Evolution Reaction 1.23
20H = $03 + Hy0 + 2¢~
Glycerol — Glyceraldehyde 0.41
C3HgO3 +20H~ = C3HgO3 + 2H50 + 2e~
Glycerol — Lactic Acid 0.25
C3HgO3 +20H~ = C3HgO3 + 2H50 + 2e~
Glycerol — Formic Acid 0.14
C3H3O3+80H- = 8HCOOH +5H50+8e™~

Note the significant difference between the standard thermodynamic potential of OER and the stan-
dard thermodynamic potential of the listed possible GOR products. This notable divergence of the
values indicates the anticipated decrease of the cell potential (~0.96 V), and thus the required energy
input when OER is replaced with GOR in CO,RR systems. A groundbreaking study by Verma et al.
demonstrated a reduction in the system’s electricity consumption by 37-53% through coupling CO,RR
with glycerol oxidation to formate and lactate [12].

The second significant advantage of GOR is its liquid-to-liquid nature, which would simplify the
overall process design of the CO,RR systems. As mentioned before in the limitations of OER, due to
bicarbonate/carbonate formation, conventional CO,RR electrolyzers regularly have to deal with CO,
crossover on the anode side [56]. And because OER involves a gas evolution, the anode gas outlet
is a mixture of CO, and O,. Direct recycling of this mixture back to the cathode is impossible since
this would cause oxygen reduction to compete with CO,RR. However, this complex and expensive gas
separation step can be avoided by replacing GOR with OER, thanks to its all-liquid nature.

The third notable advantage of glycerol is its potential to produce commercially desirable products
in mild conditions, expanding the market potential of CO,RR systems [12]. Glycerol oxidation reaction
can produce many value-added compounds such as aldehydes, carboxylic acids, and other functional
groups [21]. Each of these products has various applications in industries from pharmaceuticals to food
& beverage industries, thereby increasing the economic viability of CO,RR systems [21]. More details
about the potential products from GOR will be discussed later in this chapter.

And the final advantage of glycerol oxidation over the other potential alternative anodic reactions
is its availability and affordability. A more detailed examination of glycerol as a feedstock is discussed
below, but it is necessary to mention that in recent years, the growing biodiesel industry has led to an
abundance of glycerol, resulting in decreasing prices [60]. This means that utilizing glycerol instead of
another chemical like glucose or methane as the feedstock for the anodic reaction not only ensures a
readily available and cost-effective resource but also contributes to the valorization of a surplus waste
product.

2.2.4. Glycerol

Having discussed the viability of glycerol as an alternative to OER, a quick introduction to glycerol
as a potential feedstock is necessary. Glycerol (C3HgO3) is an inexpensive by-product of industrial
biodiesel and bioethanol production (approximately US$0.24 kg~ for 80% purity) [60]. As efforts to
find less CO, emitting alternatives to gasoline and diesel have accelerated, more attention has been
given to biodiesel and bioethanol due to their renewable and eco-friendly nature [61]. Crude glycerol
is produced via the trans-esterification of triglycerides with methanol, as shown in Fig. 2.6. It makes up
about 10 wt% and 7-8 wt% of the products in the process of manufacturing biodiesel and bioethanol,
respectively [62].
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Figure 2.6: Trans-esterification of triglycerides with methanol to make biodiesel and glycerol [21]

The global glycerol market is estimated at around 3000 kilo-tons per year and is expected to increase
to 6000 kilo-tons by 2025 [60]. It is expected that as the global production of biodiesel increases,
glycerol will be brought into the market, making its price plunge [21] and making glycerol more financially
attractive to buy. However, it is important to note that this is significantly smaller in scale compared to
the vast magnitude of excess global CO, emissions, which currently amount to 14.7 gigatons of CO,
per year [12]. A substantial increase in biodiesel adoption in the transportation sector could improve
this limitation; however, the system is still likely to be limited by the size of this market.

Glycerol can be used as a feedstock to make the necessary chemicals for producing medicine,
cosmetics, military equipment, coating, and so on.[21]. Various methods exist to make these value-
added products from glycerol, but most are energy-intensive and require intricate processes [21]. On
the other hand, electrocatalytic glycerol oxidation is a promising approach to producing these high-value
products that have been getting more attention in the past few years.

The high functionality of glycerol comes from its chemical structure. Looking at the chemical struc-
ture of glycerol depicted in red in Fig. 2.6, its symmetrical nature and the presence of three hydroxyl
groups (OH") can be observed. These symmetrical primary and secondary hydroxyl groups can react
with different substances and can lead to the production of a wide range of products [21] like formate,
oxalate, lactate, dihydroxyacetone, etc. These products can be considered high-value (higher than
glycerol) and are desired in various industries. Table 2.3 below summarizes some potential products
from glycerol oxidation and their potential applications.

Table 2.3: Various common products of glycerol oxidation and their applications.

Potential GOR Product Applications

Dihydroxyacetone (DHA) Chemical intermediate in the pharmaceutical industry [63], sweet-
ener in the food & beverage industry [63], humectant and self-
tanning agent in the cosmetic industry [64]

Formic Acid (FA) Starting material or intermediate in the chemical and pharmaceu-
tical industry, surface treatment agent, fuel in fuel cells, and a
potential medium for hydrogen storage [65]

Glyceraldehyde (GLAD) Fuel for fuel cells [66], a substrate in the study of enzymatic reac-
tions and metabolic pathways [67], and a precursor in the produc-
tion of pharmaceuticals and fine chemicals [68].

Oxalic Acid (OA) Bleaching agent, rust remover, a mordant in dying textiles [69],
and a chelating agent to remove calcium from wastewater and
dissolve metal oxides [70].

Acetic Acid (AA) A solvent [71], reactant to make synthetic fibers and plastics [72],
antiseptic and rust remover.

Tartronic Acid (TA) Building block for compounds useful in medicine and a precursor
in the formation of sugars [21].
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Continuation of Table 2.3

Potential GOR Product Applications

Lactic Acid (LA) A humectant in cosmetics, a preservative and flavoring agent in
the food industry [73], and a mordant in textile dyeing [74].

Glyoxylic Acid(GLOX) A synthetic intermediate in pharmaceuticals and dyeing agent in
the textile industry [75].

Glyceric Acid (GA) Used as a precursor in a wide range of chemical syntheses [76],
found in skincare products, and its derivatives are used in the
medical industry [77].

Glycolic Acid (GLO) An acidifier in cleaning agents and wastewater treatments [78], a
component in topical treatments for various skin conditions and
in the cosmetic industry [79].

Mesoxalic Acid (MA) Reference material in analytical chemistry [80], a precursor in
the production of fine chemicals like dyes and pharmaceuticals,
chelating agent or complexing agent for metal ions in wastewater
treatment [81].

Electrocatalytic glycerol oxidation reaction is a complex multi-electron transfer process. Fig. 2.7
showcases the complex reaction pathways in making the previously listed GOR products.
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Figure 2.7: The main reaction pathways of the glycerol oxidation reaction. Sourced from [21].

For the production of C3 products, the primary -OH of the glycerol can be oxidized to GLAD and
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GA, and the secondary -OH can be oxidized to DHA. Further oxidization of GLAD and DHA can then
lead to TA, MA, and hydroxypyruvic acid. The formation of C, products such as LA, AA, and OA,
on the other hand, is mainly caused by the further oxidization of GA through the breaking of on C-C
bond [21]. Various pathways can also lead to the production of one product, which is the case for OA,
as seen in Fig.2.7. As a Cy product of GOR, formate is formed through the C-C bond cleavage of
GA [21]. The complete oxidation of glycerol can also result in CO, production; however, the sluggish
oxidation kinetics and the high energy barrier for C-C bond cleavage make this quite tricky [82]. The
variety of pathways briefly described here depends on the catalytic activity, reaction environment, and
selectivity of the catalysts used for the GOR reaction. The different pathways also lead to ongoing
debates, creating a challenge in achieving highly selective catalysis towards a single GOR product in
specific environments [21].

2.3. Catalysts

Since catalysts play an essential role in the stability and selectivity of many multiproduct reactions, they
have been a focus topic for many researchers aiming to optimize CO,RR systems.

Cathodic Catalysts

As mentioned in section 2.1, CO, electroreduction can result in various products. The selectivity
of these value-added products depends on many factors, such as the reaction environment, system
configuration, and, most significantly, the chosen catalyst for the cathodic reaction. The available liter-
ature has reported a wide range of CO, reduction catalysts. Although homogeneous catalysts can also
be used in CO,RR systems, they suffer from solubility issues in aqueous electrolytes. Heterogeneous
catalysts, on the other hand, do not face that issue and can reach much higher activities due to their
proximity to the current collectors [83].

In particular, metal-based catalysts such as Au, Ag, Cu, and Pd show excellent activity and selec-
tivity in CO,RR applications [84]. For CO,RR, where multiple products and pathways are possible, the
binding strength of the CO intermediate has a significant effect on product selectivity. For instance,
Ag binds to the CO intermediate too weakly; thus, CO has a short residence time on the catalyst sur-
face, insufficient to undergo the C-C coupling necessary for producing Cs products [84]. However, this
makes it a suitable catalyst for single-carbon products such as carbon monoxide and formate. On the
other hand, copper has the unique ability to produce a wide range of higher carbon products (e.g.,
methane, ethylene, alcohols, etc). This is due to its moderate binding strength to CO, which increases
the residence time of CO and makes the necessary reduction reactions possible [84].

As previously stated, this thesis investigates the paired electrolysis of glycerol oxidation reaction
with CO,RR towards CO. This was done to minimize the different types of liquid products that could
be mixed into the electrolyte since GOR would also produce various compounds. Hence, the chosen
cathodic catalyst in this study is Ag. Besides being a catalyst with good CO selectivity (~81%), silver
also costs significantly less than other precious metal catalysts making it a suitable option for industrial
applications [85].

Anodic Catalysts

Until recently, little attention has been given to the anode reaction and the anode itself. In conven-
tional CO,RR systems, the anodic catalysts were chosen to minimize the overpotential, increase the
efficiency and enhance the stability of OER in the electrolyzer. In the published works, almost half of the
studies have thus utilized Ir (47%), while 30% and 14% of the studies employed Ni and Pt, respectively
[86].

The prevalence of Ir and Ni is caused by their stability and high performance for OER in acidic
and alkaline aqueous electrolyzers, respectively [86]. Nonetheless, since electrolytes tend to be driven
towards a neutral pH regardless of their initial acidity or alkalinity, oxygen evolution reaction requires
Ir-based catalysts like IrO, to maintain efficient kinetics and low overpotentials. Ni goes through dis-
solution in near-neutral pH environments when Ir is stable and active [86]. Yet iridium is still far from
being the perfect catalyst since it is among the rarest metals on earth. When the overarching goal of
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making CO,RR systems large scale is considered, the dependency on catalysts like iridium becomes
economically unfeasible and potentially leading up to availability issues [87]. This limitation is a driving
factor in the search for alternative anode reactions to OER and a motivation for this thesis.

GOR Catalysts

Separate from GOR’s potential to be coupled with CO,RR, glycerol valorization is a topic that has
been getting more attention with the increase of glycerol influx into the market. Thus, there exists an ex-
tensive area of study that investigates the various methods of GOR optimization outside of the CO,RR
context [21]. As with most electrochemical processes, the electrocatalysts’ composition, structure, and
morphology play an essential role in the selectivity and activity of GOR [21]. Thus, this section aims to
summarize existing GOR catalysts that informed the selection of the anodic catalysts in this thesis.

A list of some existing electrocatalysts and their GOR performance from previous studies can
be seen in Table 2.4 below. Noble metal-based catalysts such as Pt, Au, Ag, and Pd have been
widely employed in GOR studies due to their remarkable stability, excellent corrosion resistance, high-
temperature oxidation resistance, and high catalytic activity [21]. Especially platinum has been re-
ceiving significant attention for its excellent catalytic activity and stability in both acidic and alkaline
environments despite being one of the rarest materials [21].

Table 2.4: The GOR performance and electro-oxidation parameters of GOR electrocatalysts.

Catalyst Electrolyte Eonset (V) Products Ref.
0.1M H,SO4 + 0.1M GLY | 0.35V vs. RHE
Pt (111) DHA, GLO
0.1M H,Cls + 0.1M GLY 0.35V vs. RHE [88]
0.1M H,SO4 + 0.1M GLY | 0.55V vs. RHE
Pt (100) DHA, GLO, FA, CO,
0.1M H,Cl4 + 0.1M GLY 0.55V vs. RHE
0.1 MNaOH + 1 M GLY 0.65 V vs. RHE DHA, TA, MA,
Au GLOX, CO,
0.1 M HpSOy4 + 0.1 MGLY | - TA, FA, CO, [89]
0.1 MNaOH + 1 M GLY 0.5V vs. RHE
Pt TA, GLO, FA, CO,
0.1 MH;SO4 +0.1MGLY | 0.5V vs. RHE
PtAg 0.1 MKOH + 1 M GLY 0.51 Vvs. RHE OA, TA, GLOX, GA, | [90]
GLAD, DHA
Pds2.4Cuss 7Pts o 0.41V vs. Hg/HgO
Pds 4Cugg 2 Pt 0.36 V vs. Hg/HgO
O14~T992894 | 4 MKOH + 1 M GLY 9T 1 GLo, Fa [91]
Pd49,5CU41_4Pt9_1 0.34 V vs. Hg/HgO
Pdso2Cuzs 4Pti1.4 0.32 V vs. Hg/HgO
PdAuj, 0.1 MNaOH + 0.1 MGLY | 0.5V vs. RHE GA, GLO, FA, CO, | [92]
Pto.24Cuq.76/C
Pto.31Cuo.60/C
0.1 MNaOH + 1 M GLY - DHA, GLAD [93]
Pto.62Cu0.38/C
Pt.74Cuo.26/C
PtBi/C
0.5M H,SO4 + 0.1M GLY | - GA, TA, GLO, OA [93]
PtSb/C
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Continuation of Table 2.4

Catalyst Electrolyte Eonset (V) Products Ref.

Ni electrode 1.0 MKOH + 0.1 M GLY 1.2V vs. RHE GLAD, carbonyl, | [94]
carboxylate ions

Ni-CA 1.0 M KOH + 0.1 M GLY 1.32V vs. RHE - [95]

Ni-TBr 1.0 M KOH + 0.1 M GLY 1.33 Vvs. RHE - [95]

Ni-Mo-N/CFC 1.0 M KOH + 0.1 M GLY 1.30 V vs. RHE FA [96]

Early studies have mainly focused on studying the effect of different facets and alloys of various
noble metals on GOR selectivity and performance. Pt(111) was found to be more active for GOR, more
likely to produce C3 products, and less affected by CO-poisoning compared to Pt(100) and Pt(101).
This was attributed to the difficulty of breaking C-C-C bonds at low potentials in the Pt(111) facet [88].
Later, tuning the components and structure of catalysts has interested many researchers. Examples
include the formation of 3D nanoporous PtAg skeletons with primarily Pt(111) facets that produced DHA
with high selectivity (82.6%). This improved performance compared to Pt/C was attributed to the high
surface area and the abundance of Pt(111) [90].

In addition to Pt-based catalysts, other noble metals such as Au and Pd have also been studied
for GOR. Au-based studies mainly focused on the influence of potential and pH and found that poly-
crystalline Au had higher selectivity for C3 products and a higher GOR activity in alkaline environments
[89]. Pd studies were primarily performed in tandem with other catalysts such as Au or Pt, and it
was observed that deposited onto Au, Pd particles could enhance the complete oxidation of glycerol
significantly [92].

Another approach was to create hybrid electrocatalysts combining the noble metal catalysts with
non-precious metals, such as Cu, Sb, Co, and Bi. The aim was to create multi-component catalysts
that harness the advantages of each component while avoiding their shortcomings [21]. It worked for
some combinations and not so much for others. For instance, Yang et al. were able to create Pd—
Cu-—Pt particles in various metal ratios and observed that Pdsg»,Cusg 4Pts14 was able to circumvent
CO-poisoning better than others because it was able to easily convert intermediates of GOR into CO,
[91]. In contrast, another study focusing on introducing Bi to Pt and Pd-containing catalysts was only
able to influence the selectivity of Pt-containing catalysts at low potentials but observed no changes in
Pd-containing catalysts [93].

Recently, due to their low costs and abundance, non-noble metal catalysts have been getting the
spotlight in GOR studies. Especially Ni-based catalysts have been garnering quite a bit of attention
[21]. Due to their simplicity, electrodeposited Ni-based catalysts are the most commonly used; how-
ever, some studies also report that through the use of structure-directing agents like citric acid (CA) and
tetrabutylammonium bromide (TBr), specific morphologies can be enhanced, and higher catalytic activ-
ities can be achieved [95]. Like noble-metal-based catalysts, hybrid catalysts such as Ni-Mo—-N/CFC
were also tested to enhance GOR performance [21] and found nearly unity selectivity for formate [96].

Given the studies described above, the two catalysts whose performance will be tested in this thesis
are chosen to be Pt and Ni. This choice compares the most commonly preferred platinum group metal
catalyst, Pt, and its up-and-coming non-noble alternative, Ni, in a paired electrolysis MEA configuration.

2.4. Previous Studies Coupling GOR with CO,RR

The paired electrolysis of GOR with CO,RR has been getting increasing attention due to the benefits
of GOR over OER, as described before. Across these studies, various catalysts have been tested
in different cell configurations and potential control strategies. Interestingly, none of the studies have
utilized zero-gap electrolyzers for this reaction pairing. A review of the literature reveals that while
some groups focused on improving the performance of the paired electrolysis via the maximization
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of valorization and reduction of anodic gas products, others focused more on ensuring reduced cell
potentials. As standard with other research areas, each study offers its suggestions for optimizing this
paired electrolysis system while having drawbacks.

The study by Pei et al. demonstrated FEs of over 90% to formate from paired synthesis at current
densities of 10 and 22.4 mA/cm?. They also reduced cell potentials compared to OER when utilizing Ni-
Co-OH-based anodes. However, their discontinuous batch cell configuration is limited by low electrolyte
volume and small electrodes, and the absence of a GDE at the cathode is not applicable for high-rate
production required in industrial scales [97]. Verma et al.’s study reported formate and lactate formation
alongside a potential reduction of up to 53% in electricity demand. However, their use of Pt-black as
the anode catalyst poses cost challenges due to its cost and rare nature [12]. Similarly, Vehrenberg
et al. have simultaneously achieved reduced cell voltages and the production of value-added GOR
products (mainly lactate) while utilizing the expensive Pt catalyst [98].

In contrast, Junqueira et al. employed a nickel-based anode and achieved formate FEs of 96% at
the cathode and 45% at the anode at a current density of 200 mA/cm?. Unexpectedly, despite these
promising results, their study did not show a reduction in cell potential compared to OER [99]. It is
worth noting that a separate investigation, which utilized a Pt/C catalyst on carbonaceous support,
reported an unanticipated increase in energy consumption by 25-50% upon replacing OER with GOR
[24]. However, no detailed explanation was provided as to why this was observed, and the behavior
was simply attributed to the higher anode potentials measured. Moreover, a recent study utilizing Ni3S,
on nickel foam achieved exceptional formate FEs of up to 90%, reported on potential adverse effects
of high formate concentrations on GOR. Yet, no reduction in cell potential was reported [100].

Aside from formate, there has also been interest in producing other potential GOR products due
to their high value and demand. For instance, Bajada et al. developed a molecular catalyst on an
indium tin oxide scaffold to ensure high FEs to glyceraldehyde (83%) from GOR while CO and H, were
produced at the cathode [101]. But these studies were found to be limited and generally had significant
formate FEs despite efforts to minimize them.

A comprehensive compilation of these existing studies, including those discussed here and oth-
ers, is available in Table 2.5 below. The array of previous studies underscores the diverse efforts and
challenges in the paired electrolysis of GOR and CO,RR. These investigations reveal the complex re-
lationships of catalysts, configurations, and potential controls while highlighting the need for innovative
approaches to address limitations. Within this context, the investigation into paired electrolysis using
the zero-gap electrolyzer configuration is identified as an unexplored and promising area of study which
is what is pursued in this thesis.



Table 2.5: Reported studies in literature coupling GOR with CO,RR according to: (a) anodic electrode; (b) cathodic electrode; (c) the composition of the
anolyte; (d) the composition of the catholyte; (e) the cell configuration; (f) the main cathodic products; (g) the main anodic products; (h) the cell voltage;
and (i) the total current density applied.

. . Cathodic . J
Anode Cathode | Anolyte Catholyte Cell Configuration Product Anodic Product Ecen (V) (mA-cm?) Ref.
AgBOC? KOH (1.0 M) + Two-compartment flow
CoP-NF GDE GLY (0.1 M) KHCO (05M) | o)l with AEM FA FA 2 50 [102]
Co-Se on . KOH (2.0 M) + Two-compartment flow
o3 Ni GDE GLY (2.0 M) KHCO, (2.0 M) cell with CEM CoO FA 2.2 111.1 [103]
Ni-Au/C- KOH (2.0 M) + Two-compartment flow )
o AgGDE | Giv5.0M) KOH (20M) | e aem co FA 1.55 [104]
Ag GDE CO, FA 1.5 94.67
Pt-black KOH (2.0 M) + KOH (2.0 M) Two-compartment flow FA LA [12]
GDE CuGDE | GLY (2.0 M) ' cell with AEM CoHq ’ 1.5 99.19
Sn GDE C,Hs0H 1.5 72.95
Bi/C KOH (1.0 M) + KCI (0.5 M) + Continuous filter press FA FA, GLAD, CARB*, | 3.46 45 [24]
PYConCP | GDE GLY (1.0 M) KHCO5(0.45M) | cell with CEM GLO, LA, MA, DHA | 4 51 9
Ni-Co-OH BiOl on KOH (1.0 M) + KHCO3 Discontinuous batch FA FA 1.74 10 [97]
on NF CP® GLY (0.1 M) (0.5 M) flow cell with CEM 1.9 224
STEMPQ® | CNT® KHCO
) 3 (0.3 M) + Two-compartment cell i i
on ITO? CoPPc | 5150 mM) KHCO3 (0.5M) | | i apem co GLAD [101]
scaffold on CP
) BiOBr KOH (1.0 M) + Two-compartment flow FA, OX, TA, GA,
NiBon NF | GpE GLY (1.0 M) KOH(1.0M) | cell with CEM CO, FA GLO, LA, AA 4.5 100 [99]
Ni-S> on - KOH (1.0 M) + Two-compartment flow
ng 2 InBi-GDE GLY (1.0 M) KHCO3 (0.1 M) cell with BPM FA FA 34 100 [100]
PtC on | Sn/C KOH (1.0 M) + Two-compartment flow
i oDE GLY (2.0 M) KHCO3 (0.5M) | i with CEM FA LA, FA, GLO 4.4 50 [98]

T NF = Nickel foam
2BOC = Bismuth subcarbonate
3.CC = Carbon cloth

4 CARB = carbonates

5 CP = Carbon Paper

6 STEMPO = (2,2,6,6-tetramethylpiperidin-1-yl)oxyl modified with a silatrane-anchor
71TO = Indium tin oxide

8 CNT = Carbon nano tube
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Experimental Method and Maternals

3.1. Experimental Method

The main objective of the experimental study is to understand and optimize the coupling of glycerol
oxidation with CO, reduction to CO in zero-gap electrolyzers. Since both sides of the cell yield valu-
able compounds, this coupling is paired electrolysis; therefore, both anodic and cathodic products are
measured throughout the experiments. However, minor performance changes in CO,RR are not the
primary concern of this thesis, and the cathodic products are mainly measured to ensure reasonable
CO,RR selectivities are achieved. This assumption that the CO,RR performs as expected is made to
simplify the analysis of experiments and direct the focus on the anodic reaction.

The anodic catalyst, glycerol concentration, applied cell potentials, and applied current densities
all affect the selectivity of the GOR products and the amount of glycerol that can be valorized. Cyclic
voltammetry can be used to determine the potential of a catalyst to be active for GOR. Chronopoten-
tiometry (when the current density is applied) or chronoamperometry tests (when the cell potential is
applied) can be used to evaluate the performance of the MEA cell for different catalysts and different
glycerol concentrations in the anolyte.

Starting with the state-of-the-art AEMEA cell configuration, the plan was to test the paired elec-
trolysis at seven potentials (1.8, 2.1, 2.4, 2.7, 3.0, 3.3, 3.6V) in a stepwise process with twenty-minute
increments. It was designed to observe the effect of different applied cell potentials on the performance
of the two GOR catalysts in question (Pt and Ni). However, most experiments showed high levels of
salt precipitation at the 3.3V and 3.6V steps, rendering the data unreliable for those potentials. Then,
to investigate the effect of glycerol concentration on GOR selectivity and activity, three different glyc-
erol concentrations (0.1 M, 0.5 M, 1.0 M) were added to the anolyte (0.5 M KOH) and tested in the
aforementioned stepwise process using both catalysts.

In addition to completing all the previously mentioned tests, the catalysts were tested at one com-
mercially relevant rate (~ 100 mA/cm?) for CO,RR. Moreover, an equal mole amount of the Ni catalyst
was sputtered on the same support material as the Pt anode to level their electrochemical active surface
areas and investigate the cell performance with less uncontrolled variables. Finally, the Ni catalyst was
tested in the BPMEA cell configuration to understand the impact of BPMs on the system performance.
It should also be mentioned that in BPMEA stepwise experiments, instead of applying the potentials
listed above, five current densities (25, 50, 100, 150, 200 mA/cm?) were applied to ensure comparability
with the available literature.

3.2. Experimental Setup

Fig. 3.1 shows a process flow diagram for the experimental setup used in this thesis. A membrane elec-
trode assembly (MEA) from Dioxide Materials was utilized for all experiments. A potentiostat powers
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the MEA to facilitate the electrochemical reactions. The potentiostat allows the application of desired
current densities and cell potentials based on the specific test.

Pump
Anolyte
Stirrer |
| 3] % I
Anodic Cathodic
products products i
Liquid MEM A
trap | Gas
Anode | |Cathodd] Products
Gas chromatography
CO,(g), H,0(g)
co, >}
MFC g MFC : Mass flow controller
Humidifier MFM : Mass flow meter
Fixed Inlet flowrate Measures outlet flow (CO+H,+residual CO,)

Figure 3.1: Process flow diagram of the experimental setup used for paired electrolysis of GOR with
CO,RR in an MEA. Modified from [105].

The MEA has inlet and outlet connections on both sides to supply reactants to the respective reac-
tions and remove products from the reaction sites. On the cathode side, the MEA is fed with humidified
CO,, by bubbling dry CO, from a cylinder into a water bath at room temperature. This step ensures the
membrane remains humidified and maintains low ohmic resistances associated with MEAs [106]. The
flow rate of CO, is controlled by a mass flow controller (MFC), and in this study, it is set at a fixed flow
rate of 50 sccm.

The gaseous cathodic products, such as CO and H,, are removed from the MEA through the ca-
thodic outlet. The products first pass through a liquid trap to capture any anolyte that may have flooded
through the gas diffusion electrode (GDE). Then, their flow rate is measured using a Bronkhorst mass
flow meter (MFM) as shown in Fig. 3.1. The MFM is connected to a gas chromatograph (GC) that
separates the chemical components of a sample, enabling the detection of specific compounds [107].
The concentrations of gaseous cathodic products can be obtained from gas chromatography. The GC
available can only accept a single stream of gas flow, samples are collected every 5 minutes using the
GC, and the average values for each applied reaction condition are used to calculate FEs.

On the anode side, anolyte is fed into the MEA via a peristaltic pump at a constant flow rate of 20
mL/min. Since the pump continuously circulates the anolyte through the cell, the liquid anodic products
formed on the reaction site are able to be removed from the anodic outlet and join the bulk anolyte.
The anolyte container is sealed with Parafilm to avoid acidification by atmospheric CO,. The anolyte is
kept well-mixed throughout the experiments using a stirrer, and liquid samples are collected from the
bulk for each applied current density/potential. These samples are then analyzed using H-NMR.

Regarding the electrolyte in the system, it is essential to consider the type and concentration to
optimize the experimental conditions. In AEMEA experiments, an anolyte with a concentration of 0.5
M KOH was selected to create an alkaline environment within the cell, considering factors such as
membrane compatibility and performance. This concentration was chosen to minimize the formation
of salts and prevent flooding, which can negatively affect the experimental outcomes. However, for
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BPMEA experiments, a higher concentration of 1.0 M KOH was utilized to promote CO,RR over HER,
as BPMs have been found to exhibit reduced susceptibility to salt formation [48].

Moving onto the components that comprise the membrane electrode assembly, Fig. 3.2 shows the
schematic view of the MEA configuration used in the experiments.
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Figure 3.2: Schematic of the membrane electrode assembly configuration used in the experiments.

The figure depicts the seven main components of the MEA cell used in this thesis. The cathode
and anode endplates that can be seen at both ends of the image are the current collectors of the
cell. The black and red connections at the top are used to attach the MEA to the potentiostat, and
the white channels coming out of the back of the endplates are the inlets and outlets for the reaction
components. Although only the cathodic endplate’s inside is shown in this schematic, both endplates
have flow channels that allow for the flow of reactants and products through them to reach the reaction
sites of the electrodes.

The cathode was kept the same throughout experiments. A Sigracet 39 BB gas diffusion layer
(GDL) of 5.06 cm? area (2.25cm x 2.25cm) was used as the porous transport layer. To make the
cathode active, a 100 nm thick Ag catalyst layer was sputtered on top of the microporous layer of
the GDL using direct current magnetron sputtering. On the anode side, two different electrodes were
tested. The first type is a Nickel foam with an area of 5.29 cm? (2.3cm x 2.3cm). The second type is a
platinized titanium fiber felt sputtered with a 200 nm layer of Pt on one side. The titanium support was
picked due to its excellent stability. Due to only one side being catalytically active, the size of the Pt
anode was chosen to be 8.41 cm? (2.8cm x 2.8cm) to ensure a larger surface area than the cathode.
This size increase was unnecessary for the Ni foam anode because the activity is not limited to only
one electrode side.

For each experiment, a fresh ion exchange membrane and a fresh Ag GDE were used to en-
hance the accuracy of the results. For AEMEA tests, Sigracet anion exchange membranes were used,
whereas, for BPMEA tests, Fumasep bipolar membranes were used and positioned to ensure the cation
exchange layer faces the cathode.

Gaskets are positioned between the endplates and the electrodes to secure the electrodes in po-
sition and ensure a tight seal in the electrochemical cell. Each gasket used is fitted with appropriately
sized openings, and they are made of either PTFE or silicone, chosen based on the required thickness
to securely hold the electrodes in place. PTFE gaskets were used for Pt and Ag GDE electrodes, but
for Ni foam, the silicon gasket was used.

Around the perimeter of the endplates and the gaskets, eight openings can be observed. These
openings allow for the passage of bolts that can be used to physically compress the MEA cell compo-
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nents together. Tightening was achieved using a torque wrench set to 2.5 N-m. This compression was
chosen to ensure no damage to the Ag GDE while providing full contact between the electrodes and
the membrane.

3.3. Analysis
3.3.1. Analysis of Products

Faradaic efficiency (FE) describes the selectivity of an electrochemical process toward the production
of a specific product. It is one of the essential parameters used to quantify the performance of an
electrochemical system since it is common for multiple reactions to occur at a single electrode where
one is the desired reaction and the other is the side reaction (i.e., CO2RR and HER or GOR and OER
in this study) [27]. As seen from Eq. 3.1 below, FE is defined as the amount of the desired product with
respect to the amount possible to produce from the total charges passed [27].

amount of desired product produced

E= 3.1
amount that could be produced with the coulombs supplied (31)

For this study, the FEs of gaseous and liquid products need to be determined. The analysis of
cathodic gaseous products was done using a gas chromatograph (GC) to ensure reasonable CO,RR
selectivities are achieved. Since Ag was used as the cathodic catalyst for all CO,RR experiments, it
was assumed that the output gas was made up entirely of CO, H,, H,O and CO,. Based on a study
by Subramanian et. el. using the same electrolyzer setup and gas flow conditions, the humidity of the
output stream was taken as 78% (xn,0 = 0.023) [105].

The GC is equipped with two thermal conductivity detectors and a flame ionization detector, and
it measures the different gaseous compounds in the sample. A homemade Excel file was created to
correct the outlet flow rate data reported through the mass flow meter monitoring system calibrated only
for CO, and the part per million (ppm) data given by the GC. These values were then used to calculate
FEs of gaseous products as seen in Eq. 3.2. A sample calculation of the FEs of gaseous products and
the correction calculations performed can be found in Appendices A.1 and A.2, respectively.

P .
(ppmg - 1076 —— V) .n°. F

FE, = R-T -100% (3.2)

where:
FE, is the FE of the gaseous product z,
ppm,. is the corrected parts per million amount of z,
P is the standard pressure in Pa,
R is the gas constant (8.314 .J - mol™! - K1),
T is the standard temperature (273.17 K),
V is the corrected volumetric flow rate of the outlet stream in m3/s,
n® is the number of electrons involved in the reaction,
Fis the Faraday’s constant (96485 C/mol),
I is the current (A) applied.

Although minimal, the Ag catalyst used in these experiments can also produce liquid formate [32].
This can be assumed to be the case if the FEs of CO and H, do not add up to 100%. The missing FE
can thus be attributed to formate made from CO,RR, which will be discussed more when detailing the
FE calculations of liquid products.

The liquid products from the anolyte were analyzed using proton nuclear magnetic resonance (H-
NMR) spectroscopy. This method allows for both a qualitative analysis to detect the types of compounds
present in the sample as well as a quantitative one. For the quantitative analysis, the internal standard
was maleic acid (Sigma Aldrich), per the MECS group H-NMR protocol. The NMR samples were
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created by mixing 550 pL of the anolyte with 40 uL of the maleic acid solution (0.047 g in 10 mL D,0)
and 10 puL D,0O (Sigma Aldrich). D,0 is used to sharpen the maleic acid NMR signal by exchanging
deuterium atoms with carboxyl protons and to eliminate the hydroxyl signals from the KOH anolyte that
can overwhelm the rest of the signals. The NMR facility utilized is Agilent-400 MR DD2 operating at
400 MHz, and measurements were made using H-PRESAT experiment mode to suppress the water
peak.

Once the spectra were measured, quantitative analysis for all the detected and identified com-
pounds was performed using the MestReNova software. Quantitative analysis entails integrating the
area under all the signals identified and calculating the desired concentration via the known concentra-
tion of the reference standard in the NMR sample via Eq. 3.3 below.

I:v Nstd

C, =
Istd Nz

: Cstd (33)

where:
C, is the molar concentration of the product,
I, is the integral (areas under the signal) of the product,
L4 is the integral of the reference standard,
C,:q is the concentration of maleic acid in the NMR sample,
Ng:q is the number of represented protons of the reference standard,
N, is the number of represented protons of the product.

Once the molar concentration of the product was calculated, it was used to calculate the FE of the
liquid products as shown in Eq. 3.4:

C. . VNMR tube * Vanolyte ne.F
’ V, sample
FE(%) = NMRI t”l - 100% (3.4)

where:
VN R tube 1S the total liquid volume in the NMR tube (600 p.L),
Vanolyte i8 the total anolyte volume circulated throughout the experiment,
VN MR sample 1S the volume of the anolyte sample in the NMR tube (550 (L),
t is the time in which the current, I, has been applied in seconds.

Since most of the experiments were performed stepwise as described in section 3.1, the C, param-
eter inputted into Eq. 3.4 should be replaced with AC,, to only account for the concentration increase of
the product at a specific applied electrical condition. A sample calculation for the FEs of liquid products
can be found in Appendix A.3.

Although the procedure described above gives a comprehensive method to calculate the FE of most
liquid products through H-NMR, the calculations are more complex for formate. This is because formate
can be produced through both the anodic and cathodic reactions, as mentioned before. Therefore,
a modified method of calculation is necessary for the formate FEs, which accounts for the different
amounts of electrons required for formate production via GOR vs. CO,RR, the different sampling
frequencies for gaseous vs. liquid products, and more. A detailed explanation for the calculation of FE
of formate can be found in Appendix A.4.

Besides NMR, some high-performance liquid chromatography (HPLC) measurements were also
completed to check whether any products that are invisible to H-NMR (such as oxalate) were present
in the anolyte; however, no trace of them was found in the samples, and HPLC measurements were
not pursued further.

3.3.2. Analysis of Cell Performance

The performance analysis of the electrochemical cells was executed using the data acquired from the
VersaStudio software, which allows for the control and monitoring of the potentiostat used as part of
the setup. As discussed before, most experiments performed for this thesis were realized by supplying
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the working electrode (the anode) with either a fixed current and monitoring the cell potential or a fixed
cell potential and monitoring the current passing through the external circuit.

Unfortunately, in the setup used for this study, no reference electrode is present to read the anode
potential. Therefore, only the total cell potential can be applied or monitored, causing the evaluation of
cell performance in terms of changes in energy efficiency and activity to be quite complex.

Moreover, the cell potential (or current density) readings can be impacted by the unexpected and
expected side reactions occurring in electrochemical cells, such as: competing HER, water dissociation
when using BPM, (bi)carbonate formation, competing OER, and phase changes in catalysts [35, 39].
Thus, the evaluation of cell performance is a complex matter that needs to account for the presence of
unintended reactions.



Results

This chapter showcases the experimental findings and results obtained during this study. The findings
will be explored in Section 5. A total of 33 experiments were performed in the laboratory during this
thesis. Appendix B can be referred to for the experiment numbers and their applied experimental
parameters. The FEs of the cathodic products (CO and H,) for each experiment measured to ensure
reasonable CO,RR can be found in Appendix C and the results of the supplementary experiments that
did not significantly contribute to the primary conclusions are presented in Appendix E.

41. NMR Measurements

As discussed before, the catalyst, reaction environment, and cell configuration are all factors affecting
the selectivity of GOR. Therefore, identifying the compounds produced is an essential task tackled first
and improved upon throughout this study. In Fig. 4.1 below, an example H-NMR spectra for an anolyte
sample where GOR was performed as the anodic reaction can be seen.
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Figure 4.1: H-NMR spectra of the anolyte sample for Exp. 24 and the identified peaks
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While the presented spectrum is from a single experiment, it is essential to note that the same
signals were consistently observed in measurements taken from samples of other experiments where
OER was replaced with GOR, regardless of the anodic catalyst used. All samples were measured to
be highly alkaline, and for the experiments where GOR was intended, slight yellowing was observed.
Most signals were identified using the available literature in GOR studies or NMR databases such as
the Human Metabolome Database [108]. The identified peaks, their chemical shifts, peak type, and
proton locations in the compound are shown in Table 4.1 below.

Table 4.1: H-NMR signal values for identified compounds in the anolyte

Chemical Name Proton Location Chemical shift (ppm) | Peak type

Maleic Acid HO,CCH=CHCO.H 5.8 Singlet
HOCHH-CHOH-CHHOH 3.57 Multiplet

Glycerol HOCHH-CHOH-CHHOH 3.45 Doublet of doublets
HOCHH-CHOH-CHHOH 3.35 Doublet of doublets

Formate HCOOH 8.25 Singlet

DHA HOCH,C=0OCH,0H 4.1 Singlet

Glycerate HOCH,CHCO,H 3.22 Multiplet

Acetate CH3;COOH 1.72 Singlet

Lactate CH;CHCOOH 1.13 Doublet

Aside from the reference standard (maleic acid) and the reactant (glycerol) still present in the sample,
the compounds listed are the products of glycerol oxidation observed in zero-gap electrolyzers when
using Ni foam or Pt as the anode. The balanced half-reactions below correspond to the conversion of
glycerol into these specific GOR products in alkaline solutions.

C3HgOs3 (glycerol) + 110H™ — 3 HCOO™ (formate) + 8 HyO + 8¢~ (4.1)
C3HsOs3 (glycerol) +20H ™ — C3H5053 (lactate) + 2 HyO +2e” 4.2)
C3HgOs (glycerol) + 50H™ — C3H50; (glycerate) +4 HyO +4e™ (4.3)
C3HgOs (glycerol) +7/20H~ — 3/2CyH305 (acetate) + 7/2 HoO + 2 e” (4.4)
C3HgOs3 (glycerol) + 20H™ — C3HgO3 (DHA) +2 HyO +2e™ (4.5)

4.2. Cyclic Voltammetry Tests

The cyclic voltammetry responses presented below in Fig. 4.2 are part of the examination of the two cho-
sen catalysts, Ni & Pt, regarding their performance for glycerol oxidation compared to oxygen evolution
reaction. Peaks are already labeled in the figure; however, a discussion regarding their assignments
will be explained in Section 5.2.

The CV response of the Pt electrode under anodic conditions on Fig. 4.2a demonstrates notable
differences with the addition of glycerol into the electrolyte. An increased anodic current density is
observed at all applied potentials in the presence of glycerol. Furthermore, this presence leads to a
reduction of 1.2 V in the onset potential compared to the OER case. In the presence of glycerol, the
Pt electrode exhibits two reversible redox pairs centered at 1.0 V and 2.05 V. A comparison between
the OER and GOR responses at 5 mA-cm? reveals a reduction of approximately 1.32 V in the anodic
half-reaction. When glycerol is absent in the electrolyte, an oxidation peak centered around 1.0 V and
a reduction centered around 0.2 V is observed.

In the Ni anode measurements, as seen in Fig. 4.2b, the presence of glycerol reduces the onset
potential of oxidation in CV by 0.3 V. Ni electrode exhibits a reversible redox pair centered at 1.3 V in
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the absence of glycerol. The redox pair disappears in the presence of glycerol; however, an irreversible
oxidation peak centered around 0.9 V can be observed instead. A comparison between the OER and
GOR responses at 5 mA-cm? shows around 0.33 V reduction in the anodic half-reaction for the Ni
anode.
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Figure 4.2: Cyclic voltammetry (CV) responses of Pt and Ni foam electrode recorded in a single
compartment three-electrode cell using RHE as the reference electrode in the presence and absence
of glycerol in 0.5 M KOH. Measurements were made at a scan rate of 0.1 V/s in an Ar-saturated
environment using Ni foam as the cathode. 5th cycle responses are displayed.

4.3. Investigating GOR Product Selectivity

Although information about system activity and product selectivity can both be extracted from the experi-
ments, the results presented in this section primarily pertain to the GOR product selectivity performance
concerning the tested parameters. Only main products (>10% FE) are presented in the figures. The
data for 2.1 V samples are not displayed due to unreliable results caused by improper anolyte mixing.
The FEs of minor products for each measurement shown in the figures can be found in Appendix D.

4.3.1. Influence of Varying Applied Potential

Given that many previous studies showed the impact that applied potential could have on the selectivity
of GOR [23], this chapter presents the results regarding the effect of varying applied potential on the
product selectivity of glycerol oxidation for both Pt and Ni anodes in an AEMEA cell. Combined bar and
scatter plots present the faradaic efficiencies and the achieved current densities. The following results
do not include the 2.1, 3.3, and 3.6 V applied potential steps. This is due to the unreasonably high
concentration measurements at 2.1 V and the common occurrence of salt formation and blockages at
the cathode. Fig. 4.3 shows the formed salt precipitates and blockages.
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(a) Salt formation on the back of (b) Blockages caused by salt in the
the Ag-GDE cathodic gas flow channel

Figure 4.3: Picture of the cathode and the cathode end plate after salt formation issues were
observed in an experiment

Figure 4.4 reveals a few things about the product selectivity of GOR while using Pt in an AEMEA
cell. The faradaic efficiency of formate from GOR is the highest (averaging 70%), making it the main
product of this reaction. With much lower FEs (averaging 5%), lactate is the second major product
of GOR. Additionally, when Pt is used as the catalyst, all three samples show similar FEs to formate
and lactate combined at around 70 %. Also, no Pt dissolution was detected in these studies through
EDX measurements performed at the end of these experiments. Corresponding SEM images are in
Appendix F.
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Figure 4.4: Faradaic efficiency and current density as a function of applied cell potential in 0.5 M KOH
and 0.5 M glycerol using the Pt anode in an AEMEA cell. See Table D.1 for FEs of minor products.

Similar to the Pt anode, the major products of GOR on Ni foam are formate followed by lactate, as
evidenced by the FEs denoted in Fig. 4.5. However, in contrast to the consistency in performance seen
when using Pt, the FE of formate has a sharp decline for Ni from around 80% to 20% in 3.0 V applied
potential conditions. But, before that decrease, the FE of formate and lactate is higher for Ni than Pt,
suggesting better GOR activity on Ni catalysts. Moreover, when Ni anode is used, the cell consistently
performs at higher current densities, up to 200mA-cm™ at 3 V. In fact, before 3.0 V is applied, the Ni-
utilizing cell has significantly higher partial current densities of formate (53 and 85 mA-cm2) compared
to the Pt-utilizing cell (18 and 48 mA-cm2). At 3.0 V, however, the Pt-utilizing cell achieves 68 mA-cm
the partial current density of formate whereas the Ni-utilizing cell has 42 mA-cm™.
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Figure 4.5: Faradaic efficiency and current density as a function of applied cell potential in 0.5 M
KOH and 0.5 M glycerol using the Ni foam anode in an AEMEA cell. See Table D.2 for FEs of minor
products.

4.3.2. Influence of Varying Glycerol Concentration

It has been shown in previous reports that the concentration of glycerol in the electrolyte affects the
GOR process, and it does not necessarily have a linear relationship with reactivity, unlike most other
catalytic reactions [21]. Thus, this section presents product selectivity as a function of different glycerol
concentrations. During experimentation, three glycerol concentrations (0.1 M, 0.5 M, and 1.0 M) were
tested; however, the product analyses for the 0.1 M samples could not be completed due to equipment
limitations. Therefore, the following product selectivity results will only include the results of the 0.5 M
and 1.0 M tests.
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Figure 4.6: Faradaic efficiency as a function of applied cell potential with different glycerol
concentrations added to the 0.5 M KOH electrolyte in an AEMEA cell.
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Fig. 4.6a above displays the effect of glycerol concentration on the faradaic efficiency of major GOR
products at different applied potentials when Pt anode has been used. FE of formate is higher for
all applied potentials when 0.5 M glycerol is present in the system. Moreover, the formate FEs are
relatively consistent across different applied potentials regardless of the glycerol concentration in the
anolyte when Pt is used as the anode.

On the other hand, this consistency in FEs across different applied potentials is not present for the
cell utilizing the Ni anode. Fig. 4.6b showcases the effect of glycerol concentration on GOR selectivity
for this cell, and a few observations can be made. First, a decrease in total FEs can be observed
for both glycerol concentrations at higher applied potentials, and the reduction in FEs is significantly
steeper when the electrolyte contains 0.5 M glycerol. In fact, before the 3.0 V is applied, the formate
FEs are considerably larger in tests circulating electrolytes containing 0.5 M glycerol than 1.0 M glycerol.
The FEs are also more consistent across different applied potentials in the presence of 1.0 M glycerol.

4.3.3. Influence of Electrochemical Active Surface Area

Given that the efficiencies of reactions that utilize catalysts are highly dependent on the active surface
area available for compounds to react, a comparative anode was created by sputtering an equal mole
amount of Ni onto the same type of support Pt was sputtered on. This method yielded an anode
featuring a 150 nm layer of Ni on one side of the titanium support. This electrode was tested, and the
following leveled surface area comparison regarding GOR product selectivity, as shown in Fig4.7, was
created.
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Figure 4.7: Faradaic efficiency as a function of applied cell potential for Ni foam, sputtered Ni on Ti
and sputtered Pt on Ti as the anodes in an AEMEA cell. The anolyte utilized was 0.5 M KOH and 0.5
M glycerol. See Table D.5 for FEs of minor products.

This figure shows that the Ni on Ti anode exhibits lower FEs than the Ni foam anode while exhibit-
ing higher FEs than the Pt on Ti anode for the 2.4 and 2.7 V applied voltages. Ni on Ti anode also
demonstrates a relatively small reduction in the total FEs with increasing applied potential. Although
not as pronounced as the substantial reduction seen with the Ni foam anode at 3.0 V, this decrease
still leads to lower FEs than the Pt anode under the same applied potential.
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4.3.4. Selectivity at Commercially-Relevant Rates

Since a catalyst’s selectivity and activity are highly dependent on reaction rate due to its effect on the
reaction environment [14], an evaluation of GOR catalysts has been conducted at the commercially
relevant current density of 100 mA-cm2. Additionally, instead of integrating this current density as part
of a step-wise test, it was applied alone for 1 hour. Thus, any undesired effect of step-wise tests was
removed from these measurements.
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Figure 4.8: Faradaic efficiency and full cell potentials at 100 mA-cm™ for Pt and Ni catalysts in the
presence and absence of CO,RR in the cathode side using 0.5 M KOH and 0.5 M glycerol in an
AEMEA system. See Table D.6 for FEs of minor products.

Fig 4.8 above makes a comparison of Ni and Pt anodes in terms of GOR product selectivity when
coupled with either CO,RR or HER on the cathode side at 100 mA-cm™. The data indicate that, for
both cathodic reactions, Ni foam exhibits higher GOR faradaic efficiencies ( 50% and 70%) compared to
the Pt anode (37% and 43%) at this specific current density. Furthermore, GOR faradaic efficiencies to
formate and lactate are higher when coupled with HER for both Pt and Ni, suggesting possible oxidation
of products under CO,RR conditions.

4.3.5. Selectivity in BPMEA Cells

Given the benefits of BPMs for use in CO,RR systems, this section compares the results of the chronopo-
tentiometry tests done using Ni foam as the GOR electrode in AEMEA and BPMEA cells. Based on
the experimental data displayed in Fig 4.9, it is apparent that at lower current densities, the AEMEA
system shows higher total FEs from GOR than the BPMEA system. Yet GOR products show a less
significant decrease in FEs at higher current densities when BPMs are used. In fact, the total FEs of
the BPMEA system is higher at 100 mA-cm than at 50 mA-cm. A slight decline can still be observed
at 200 mA-cm?; however, it is significantly smaller than the reduction observed in the AEMEA system.
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Figure 4.9: Faradaic efficiency as a function of applied current density when using different ion
exchange membranes in an MEA cell. For the AEMEA and BPMEA tests, an anolyte composed of
0.5 M KOH with 0.5 M glycerol and 1.0 M KOH with 0.5 M glycerol was used, respectively. See Table
D.7 for FEs of minor products.

Following the trends observed in the BPM experiment, an investigation was devised to determine
what could be causing the reduction of FEs at higher current densities in BPMEA systems. As men-
tioned before, the GC utilized in this study is designed to accommodate only one gas flow stream. This
inherent limitation prevents the feasible measurement of gas concentrations like O, and CO, in the
anodic stream, as measuring the cathodic products with the GC is essential to confirm the occurrence
of CO,RR. Therefore, to detect the presence (and the hypothesized suppression) of gas compounds
like O, exiting the anodic end-plate, a few experiments were performed using the setup in the Transport
Phenomena (TP) group’s laboratory that can accommodate two gas flow streams.

The experiments were conducted using a BPMEA cell, where Ni foam served as the anode, Ag-
GDE as the cathode, and the anolyte comprised either 1.0 M KOH or a mixture of 1.0 M KOH and 0.5
M glycerol aiming to induce OER or GOR as the anodic reaction, respectively. Table 4.2 summarizes
the detection results of these experiments.

Table 4.2: The O, detection results of BPMEA experiments utilizing Ni foam as the anode.

Intended

. Anolyte Test Performed Detected O,
Reaction
GOR 1.0 M KOH + | Chronopotentiometry X
0.5 M GLY test at 100 mA-cm™
OER 1.0 M KOH Chronopotentiometry v

test at 100 mA-cm

Stepwise chronopoten-
GOR g)g MMGSOH * tiometry test at from 25 | X
' to 200 mA-cm™2

Besides the lack of detection of O, by the GC when glycerol was added into the anolyte, no gas
bubbles were observed exiting the anodic outlet throughout these three experiments, suggesting the
complete suppression of OER.
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4.4. Investigating System Activity & Energy Efficiency

The results presented in this section are about system activity and the reduction in the energy require-
ments hypothesized to occur with the paired electrolysis of GOR with CO,RR. The data presented com-
plements the results already showcased concerning product selectivity in the previous chapter. Due to
the lack of a reference electrode, the potentials measured and applied are all total cell potentials.

4.4.1. Influence of Varying Applied Potentials and Glycerol Concentration

Fig 4.10 presents chronoamperometry results of AEMEA cells using the Ni anode in various glycerol
concentrations. Looking at the entire applied potential range in Fig 4.10a, no apparent increase in
activity could be observed when glycerol was incorporated into the anolyte. Except for the 0.1 M
glycerol case, measurements done without glycerol (where OER acts as the anodic reaction) show a
higher current density than the GOR-coupled cells. A closer comparison of the no glycerol and the 0.1
M glycerol measurements also reveals a modest improvement in current density of about 15 mA-cm.

A convergence of current densities can be observed at lower applied cell potentials when looking
at the entire range. Therefore, Fig 4.10b on the right highlights the increased activity observed at low
current densities with glycerol. The results indicate that an absence of glycerol in the anolyte causes
the system’s lowest current density (hence activity) at low cell potentials. When activities of tests with
glycerol presence are compared, it can also be said that activity decreases with increased glycerol
concentration in this applied potential range.
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Figure 4.10: Current density as a function of applied cell potential in the absence and various
glycerol concentrations in a Ni anode utilizing AEMEA cell.

Fig 4.11 below showcases the chronoamperometry results of the Pt anode in an AEMEA cell for
various glycerol concentrations. Based on the experimental data, it is apparent that the no glycerol cell
where OER is the anodic reaction shows the highest activity for all applied potentials. Another thing to
note is that similar to the trend observed with the Ni anode, amongst the glycerol present experiments,
the test with 0.1 M glycerol has the highest activity for all applied potentials; however, the tests with 1.0
M glycerol outperforms the one with 0.5 M glycerol at some applied potentials.
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Figure 4.11: Current density as a function of applied cell potential in the absence and presence of
various glycerol concentrations in an AEMEA cell utilizing a Pt anode. The potential range from 1.8 V
to 3.0 V is shown, and the experimental steps where salt blockages were encountered are not
presented.

4.4.2. Influence of Electrochemical Active Surface Area

Fig4.12 below presents the energy performance results of Ni foam, Pt on Ti, and Ni on Ti tested to
investigate the performance when the effect of the catalyst surface area is minimized. The figure high-
lights the significant impact of surface area on energy performance: Ni foam (an anode whose active
surface area is not limited to one side) operates at substantially higher current densities of formate for
most applied cell potentials. When a comparison of the sputtered catalysts is made, it can be observed
that Ni on Ti can operate at higher current densities than Pt on Ti for applied potentials up to 2.7 V. At
2.7 V applied cell potential, Pt on Ti anode has the best performance towards formate production at 70
mA-cm? closely followed by the Ni on Ti anode with 64 mA-cm partial current density to formate.

90 T T T
== Ni foam

== Pt sputtered on Ti
Ni sputtered on Ti

)

-2

m

o5

o
T

~
o
T

(0]
o

)]
o

w
o

N
o

Partial Current Density of Formate (mA-c
N
o

-
o o©

1

1.8 2.1 2.4 2.7 3
Applied Cell Potential (V)

Figure 4.12: Partial current density of formate as a function of applied cell potential using differing
anodes in 0.5 M KOH and 0.5 M glycerol in an AEMEA cell.
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4.4 3. Influence of BPM

The energy performance results for BPMEA tests are below in Fig 4.13. Note that the cell potentials
measured for the BPMEA cells are higher than those presented for the AEMEA cell. This increase is
associated with the water dissociation reaction occurring at the BPM interface.
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Figure 4.13: Cell potential as a function of applied current density in the absence and various
glycerol concentrations in 1 M KOH for the Ni anode utilizing BPMEA cell. The entire experimental
range is shown from 25 to 200 mA-cm™.

The data indicates that the system’s best performance is achieved with 0.5 M glycerol added anolyte,
evident from the lower cell potentials. In contrast, the performance in the presence of 0.1 M glycerol
operates at higher cell potentials than when glycerol is absent. The difference is minimized at 150
mA-cm but gets as high as 0.17 V at 50 mA-cm™.

4.4.4. Impact of Various Reaction Pairings on Effective Cell Potential

Table 4.3 below is a big-picture view of different reaction pairings’ impact on cell potential at the com-
mercially relevant rate of 100 mA-cm for both Ni and the Pt catalysts tested. The tests were performed
with Ag-GDE as the cathode. The anolyte composition was varied based on the cell type and whether
or not GOR was intended, with 1.0 M KOH + 0.5 M GLY used for BPMEA cells and 0.5 M KOH + 0.5
M GLY for AEMEA cells where GOR was the intended anodic reaction. If the intended anodic reaction
was OER, 0.5 M KOH was used for AEMEA, and 1.0 M KOH was used for BPMEA tests. The cathodic
inlet was modified according to the intended cathodic reaction as well, and it was either CO, to initiate
CO,RR or N5 to initiate HER.

The tabulated results indicate that for tests performed in AEMEA cells, regardless of which catalyst
is utilized, the GOR provided no improvements in energy efficiency (no decrease in the cell voltage
measured) when coupled to CO,RR. Moreover, when GOR was coupled with HER, an increase of 0.2
V was observed. As already showcased in graphical form in Fig. 4.8, it can also be observed that the
FEs of formate from GOR were significantly higher when Ni catalyst was used. On the other hand, the
BPMEA tests suggest a 0.1 V decrease in cell potential with GOR when Ni is used as the anode.
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Table 4.3: Formate faradaic efficiency and cell voltage measurements for Ni and Pt anodes in various

electrolysis pairings performed at 100 mA-cm™ applied current density.

Coupled Rxns | Anode | FE ga, cor(%) | Cell Potential (V)
GOR + HER Ni 68.0 2.82
GOR + HER Pt 421 2.81
AEM GOR + CO5RR | Ni 75.0 2.60
GOR + CO5RR | Pt 34.9 2.62
OER + CO,RR | Ni - 2.61
OER + CO,RR | Pt - 2.62
BPM GOR + COsRR | Ni 71.0 3.53
OER + CO,RR | Ni - 3.62




Discussion & Recommendations

The results of this research have provided an exploration and understanding of the paired electrolysis
of glycerol with the electroreduction of CO, to CO in zero-gap electrolyzers. Through detailed analysis
and interpretation of the obtained results, this chapter aims to assess and shed light on the product
selectivity of GOR and the impact this coupling has on the system energy demand while also conducting
a comprehensive comparison of Ni and Pt as anodic catalysts for this reaction pairing.

5.1. Product Determination via NMR Spectroscopy

In this study, NMR analysis confirmed the presence of formate, lactate, acetate, glycerate, and dihy-
droxyacetone as value-added products resulting from glycerol oxidation. ldentifying and quantifying
these products are necessary to understand the effects of various factors like glycerol concentration
and applied cell potential on GOR product selectivity. NMR Spectroscopy was selected as the primary
analytical technique for liquid analysis due to its widespread application in previous GOR studies for
product identification and quantification [103]. With NMR, identifying various compounds within a chem-
ical mixture is possible without a specific calibration for detecting individual GOR products. Although
this method proved invaluable in qualitatively identifying and quantitatively analyzing the products re-
sulting from glycerol oxidation in our study, some limitations were associated with its use for product
and selectivity analysis.

While H-NMR has been commonly employed in product analysis for numerous GOR studies, the
limited documentation of measured spectra and peak assignments poses a challenge. To address this,
we utilized NMR databases, such as Human Metabolome Database (HMDB) [108] and NMRShiftDB
Project [109], in two distinct approaches. On the one hand, the peaks of molecules that could be GOR
products were searched by their names, allowing for a direct comparison of reported peaks with those
observed in our measurements. On the other hand, peaks already present in the measured spectra
were searched to generate a list of possible corresponding compounds. However, many databases
only provide H-NMR signals of compounds recorded under neutral pH conditions. Since the pH of the
sampled solution significantly influences chemical shifts, they can only be approximated to an extent
without measuring the compound in the appropriate alkaline environment. The anolyte samples in this
study are highly alkaline, and the chemical shifts do not align appropriately with the available NMR
data.

Moreover, the glycerol signal has a strong presence in the spectra, as evidenced in Fig. 4.1. It spans
from 3.30 ppm to 3.62 ppm (in pH 14) in three different clusters and poses difficulties in distinguish-
ing signals from certain GOR products, such as glycolate. This limitation was initially suspected to be
the case when the chemical shifts of the possible GOR products were identified via NMR databases.
Then NMR analyses were performed on anolytes with varying and known initial glycerol concentrations
after their experimental runs. The glycerol signal measured was integrated to determine the glycerol
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concentrations in the anolytes, and the measured glycerol amount was consistently higher than the ini-
tial glycerol concentration put into the electrolyte despite the newly formed presence of GOR products
like formate. These higher-than-initial concentrations suggest the presence of peaks associated with
compounds other than glycerol in the span that was being integrated. And this indicates the presence
of GOR products that have not been able to be quantified and accounted for in the faradaic efficiency
calculations for GOR. To mitigate this issue, a discussion with Dr. Stephen Eustace was initiated to in-
vestigate alternative methods for quantifying these products. C-NMR measurements with large sample
volumes were identified for their potential; however, when trial samples were tested, it was determined
that a week of measurement time was required to get signals clean and robust enough for quantitative
measurements. Due to the time limitations associated with this thesis, this method was not pursued
further.

Lastly, a limitation that appeared towards the latter half of the experiments was the repeated errors
(60+) the NMR machine started giving, causing the samples to be left unmeasured. It is suspected
that the issue is due to the high ionic strength of samples, causing them to affect the tuning and the
matching of a probe, especially at high frequencies [110]. As for the NMR spectroscope utilized in this
study, when the dip in the tuning frequency isn’t big enough, it stops the measurement and sends an
error message to the user. As per Dr. Eustace’s suggestions, several attempts were made to dilute
the samples and turn off the tuning during the measurements to tackle this issue; however, several
samples still could not be measured. This resulted in a lack of information about the product selectivity
performance for samples with 0.1 M glycerol. To get around this problem, HPLC was calibrated with
the available compounds (formate, glycerol, lactate, oxalate) in the lab. However, the delays in this
step resulted in discrepancies in the trial samples between the concentrations measured directly after
the experiment via NMR and measured via HPLC after calibration was completed. This discrepancy is
speculated to be a consequence of the possible evaporation of the water content in the anolyte samples
that could not be measured.

To address the limitations of conventional H-NMR for selectivity analysis described above, all pos-
sible GOR products can be acquired and used to calibrate HPLC before the start of experimentation.
This way, HPLC can be used as the primary analytical technique for liquid product detection. If utilizing
the H-NMR approach is still preferred for comparison with previous literature, neutralizing samples with
acid before NMR measurements can overcome the limitations of NMR databases in identifying prod-
ucts under only neutral conditions. Lastly, access to an NMR spectroscope fitted with coils designed
to handle high ionic strength samples can be arranged to prevent issues related to tuning errors.

5.2. Electrochemical Examination of GOR Catalysts via CV

The cyclic voltammetry measurements have been valuable in evaluating the potential of the Pt and Ni
catalysts in terms of electrocatalytic performance.

Pt Anode in the Absence of Glycerol

Starting with the CV response of the Pt anode displayed in Fig. 4.2a, it can be said that in the
absence of glycerol, Pt goes through phase changes before OER takes over at its onset potential of
1.7 V. This change in surface chemistry can be observed by the presence of the oxidation peak at
1.0 V as commonly identified in previous studies investigating the OER mechanism on Pt electrodes
[111, 112]. It has been widely accepted that in alkaline media, this peak corresponds to the binding of
hydroxide ion onto the activated Pt site (forming Pt’s—OHads) coupled with a one-electron oxidation step
is followed by the formation of the surface oxide species for OER on Pt [111].

A recent operando study by Favaro et al. aiming to investigate the surface chemistry of Pt during
OER reveals that the active species for oxygen evolution is the subsurface layer of Pt°~OH,q4s formed.
In contrast, Pt oxides like Pt""O and Pt")O, that are present in outer layers are found to not contribute to
OER [112]. Moreover, they identify a diversion from the thermodynamically predicted stable phases of
Pt as seen by the Pourbaix diagram in Fig. 5.1 below. In alkaline conditions, upon increasing potentials
(up to 1 V vs. NHE), the Pourbaix diagram predicts Pt to first partially oxidize to Pt(OH), and then be
present in the form of PtO, as it is the only stable phase. However, their experimental results indicate
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the presence of PtG—OHads and Pt up to 0.5 V and the presence of PtO, only after 0.9 V, which is
higher than the potentials predicted in the Pourbaix diagram. This deviation is hypothesized to be due
to kinetic effects not considered in a thermodynamic investigation of Pt phases. As we are operating in
similar reaction environments without glycerol, it can be inferred that these mechanistic steps are also
occurring in our experimental setup.
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Figure 5.1: Pourbaix diagram of Pt at 298 K. Sourced from [112].

Note that the small redox pair centered at 0.2 V is associated with hydrogen adsorption onto the
Pt. This peak is observed less prominently in our measurements, but it is in agreement with the CV
responses reported in other studies and [113, 114].

Pt Anode in the Presence of Glycerol

The cyclic voltammetry results of the Pt anode in the presence of glycerol indicate a significant
improvement in catalytic activity compared to OER performed on Pt. The higher current densities
observed and the 1.2 V reduction in onset potential both show that Pt has an improved activity for
glycerol oxidation. The two redox pairs observed can be inferred to be related to the GOR process
occurring on the Pt anode. The mechanism of GOR on platinum in alkaline media is a complex process
that is not yet fully understood. However, the first redox pair centered at 1.0 V is expected and has
been reported in the literature before [114]. Identifying the mechanistic process this peak corresponds
to for GOR on Pt is still elusive; however, it is often associated with a combined electrochemical effect
of OH™ adsorption and the cascading steps of glycerol oxidation.

The GOR is hypothesized to occur via O-adsorption on Pt, which involves the deprotonation of
the primary or secondary hydroxy group of glycerol, and C-adsorption on Pt, which consists of the
chemisorption of a glycerol carbon [115]. The prevalence of each pathway is highly dependent on
the reaction conditions. The O-adsorption pathway involves the formation of alkoxides, a second de-
protonation step to DHA and glyceraldehyde, and further oxidation to other GOR products such as
glycerate and lactate [115]. On the other hand, the C-adsorption pathway is highly dependent on the
Pt interface the adsorption happens. For instance, Pt(100) is reported to only chemisorb the terminal
carbon atoms and produce glyceraldehyde, whereas Pt(111) is said to chemisorb both terminal and
non-terminal carbon atoms [115].

An observation to note is that in addition to the complex network of products possible from GOR as
illustrated in Fig. 2.7, the results derived from different research groups on the subject of GOR pathways
on Pt seem to be contradictory to each other. Therefore, standardization of reporting on this subject to
include elemental compositions, morphologies, and crystal planes is needed in future studies [115].
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The presence of the second redox pair observed and centered at 2.05 V is unexpected and has not
been reported often in GOR studies. A detail to mention is that the cyclic voltammograms of Pt for GOR
reported in the literature do not reach as high anodic potentials. The maximum is generally around 1.5
V vs. RHE. It can be concluded that this peak is unrelated to any impurities present on the Pt surface
because a similar redox pair does not appear in the absence of glycerol. A plausible explanation
for the second redox pair is the further oxidation of glycerol in the form of formate oxidation to CO,
[100]; however, more detailed analyses that include identifying the products formed in situ should be
performed to clarify this ambiguity.

Despite the elusive understanding of what is happening on the Pt anode, the above results highlight
opportunities to decrease the energy input requirement in the CO,RR systems when the Pt anode is
used as the anode and the OER is replaced with GOR.

Ni Anode in the Absence of Glycerol

The cyclic voltammetry response of Ni in the absence of glycerol in Fig. 4.2b reveals a phase tran-
sition of Ni before the onset potential of OER at 1.65 V vs. RHE. The redox pair centered at 1.3 V vs.
RHE can be associated with the formation of a nickel oxyhydroxide (NiOOH) film on the surface of the
Ni electrode. This rapid conversion was observed to occur prior to OER and determined not to be a
reaction step limited by kinetics of diffusion [116]. This NiOOH film is also well-reported to be the active
species for OER in Ni [117]. Moreover, previous studies have shown that this transformation either
occurs at the surface leading to core-shell type structures, or throughout the bulk anode leading to
higher surface areas of NiOOH [118]. The formation of this Ni species can also be thermodynamically
predicted by the alkaline and high potential region of the Pourbaix diagram seen in Fig. 5.2 below.
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Figure 5.2: Pourbaix diagram of Ni at 298 K. Sourced from [119].

Ni Anode in the Presence of Glycerol

The CV measurement of Ni in the presence of glycerol shows a decent improvement in activity,
as observed by the reduction in the onset potential and the steeper increase in current density once
oxidation begins. Previous literature indicates that the oxidation peak around 1.0 V without a reduc-
tion peak during the cathodic scan is a significant indication of the GOR process [120]. Fundamental
investigations have revealed that many types of alcohols, including glycerol, were found to oxidize at
the same potential at which the nickel anode is oxidized [116]. Therefore, it was concluded that the
catalytically active NiOOH is the species responsible for GOR, and the peak observed is the evidence
for the oxidation of hydroxy groups in glycerol through the reduction of NIOOH [95, 120] as such:

NiOOH + glycerol — Ni(OH ), + glycerol oxidation products (5.1)
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It was also reported that when glycerol is present, the oxygen evolution on NiOOH occurs at higher
potentials [121], indicating that NIOOH has a preference for producing intermediates of GOR rather
than generating the adsorbed OH species (Ni—OH,4s) which explains the improvement in the onset
potential.

Limitations of the CV Measurements

A limitation to be mentioned regarding the CV measurements discussed above is the lack of prede-
termined areas in the single-compartment cell to place the working electrode (WE), counter electrode
(CE), and reference electrode (RE). Because the cell needs to be emptied, cleaned, and fitted with
electrodes for each catalyst, slight differences in the electrode separation in the Ni vs. Pt tests can
be present, changing the ohmic resistance of the system and leading to changes in the overpotential
required to perform a reaction. To remedy this issue, attention has been paid to keeping the locations
of the electrodes as constant as possible. Therefore it is believed that such differences have not signif-
icantly affected the primary outcomes of these measurements, yet the potential impacts should still be
recognized when comparing the catalysts. In future studies, the cell can be modified to include slots
at the bottom that ensure the locations of the three electrodes are kept constant. Keeping this limita-
tion in mind, it can be said that the Pt electrode shows a more significant improvement in the energy
requirement to perform GOR compared to the Ni electrode. However, this difference in improvement is
relatively small, and Ni anode still shows significant energy demand improvements for GOR compared
to OER.

To gain a more comprehensive understanding of the CV responses when glycerol is present, fur-
ther research can also be conducted by measuring the CV using electrolytes containing GOR reaction
intermediates, such as DHA or glyceraldehyde. This approach would enable researchers to indepen-
dently identify and analyze the electrochemical responses of these intermediates, thereby aiding in
understanding the mechanism with which GOR happens in a more focused manner.

5.3. Investigating Performance of GOR and CO,RR Co-Electrolysis
in MEA Cells

Before discussing the changes in product selectivity and system activity concerning each parameter
tested, a few key findings can be presented. First and foremost, this study finds that the glycerol
oxidation reaction performed in zero-gap electrolyzers when using Ni or Pt as the anode formate and
lactate are the major products, and acetate, glycerate, and dihydroxyacetone are the minor products
of GOR. The main products are not known to be the most value-added products of GOR but still have
a higher market value than glycerol itself, as seen in Table 5.1 below.

Table 5.1: Market price values of the GOR products in this study [114]

Product | Market Price ($/kg)
Glycerol 0.24
Formate 0.97-1.08
Lactate 1.58-1.87
Acetate 0.68-0.92
Glycerate 12-17
DHA 37-60

The production of formate and lactate up to combined faradaic efficiencies of 92% is still significant
since the profit made from the sale of these products can be used to offset the costs associated with
some of the system inefficiencies in CO,RR on top of making up for the cost associated with acquiring
glycerol.

However, the sale of these compounds requires separating the liquid products in the anolyte. Prod-
uct separation is a significant technical challenge slowing down the development of catalytic glycerol
oxidation processes because GOR tends to result in various products at once [122]. Despite this typical
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behavior and the apparent costs this step would add to the price of such systems, not many studies
are available evaluating and discussing how these products can be separated. Overall, the methods
suggested for these purposes are liquid-liquid extraction and distillation [12].

5.3.1. Effects of Varying Applied Potential

Looking at the impact of applied potential on the product selectivity of GOR in Pt, several key findings
come to light. The first notable observation is the considerably higher FEs of formate with the highest
value of 78% at ~25 mA/cm?, which strongly indicates formate as the primary product of this process.
Considering the observed products and the available literature on the reaction pathway of GOR on
Pt, it can be suggested that, at first, glycerol was oxidized to produce glyceraldehyde and DHA. Then
glyceraldehyde was further oxidized to glycerate and lactate and then to formate, acetate, and glycolate
through C-C bond cleavage [114]. This possible product formation pathway can be illustrated as such:
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Figure 5.3: Electrochemical reaction mechanism for GOR on Pt catalyst. Modified from [114]

The results also suggest that the FEs of the major GOR products appear to be produced primarily
independently to the applied potential when a Pt catalyst is utilized. This independence in product
formation with varying potential signifies the consistent performance of Pt in GOR reactions.

It is crucial to compare these selectivity outcomes with those obtained using Ni anode to compre-
hend the overall performance and identify potential areas for catalyst enhancement. Like Pt, Ni also
exhibits higher FEs for formate than lactate, with the highest FE to formate of 83% at ~65 mA/cm>.
These FEs suggest that formate is the primary product of GOR on Ni. This kind of selectivity is ex-
pected since existing reports indicate that Ni anode has a demonstrated ability to cleave the C-C bond
and that the catalyst is likely to produce C1 products like formate and CO, from glycerol [121]. But the
reaction pathway that includes this C-C bond breakage is still not fully understood for Ni. However, the
GOR products formed are the same for both catalysts. Thus the path illustrated in Fig. 5.3 can also be
assumed to apply to Ni catalysts.

Prominent differences are present for the two catalysts when examining the effect of higher applied
potentials on their GOR product selectivity. For both catalysts, the effective current densities are smaller,
and the FE of GOR tends to be closer to 100% at lower cell potentials. But in the case of Ni, there is a
considerable decrease in the FEs of GOR products with increasing applied potentials, a phenomenon
not prominently observed in Pt. This unique behavior raises the possibility that the oxygen evolution
reaction (OER) may take precedence over GOR at higher potentials on Ni [24]. Unfortunately, access to
a GC that could be used to detect the components of the anodic gas stream was not available for these
experiments, but gas bubbles were observed on the anode outlet with increasing potential, possibly
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confirming the occurrence of an unintended reaction.

It should also be noted that for all applied potentials, the cell activity is higher for Ni than for Pt, with
the effective current densities reaching up to 200 mA/cm? at 3.0 V. Considering that the Ni anode’s
partial current density of formate is lower than Pt only at this applied potential, the higher cell activity
could signify the potential increase in side reactions such as OER and/or the increased production of
CO, from the complete oxidation of glycerol at high potentials, as given in Eq. 5.2 below:

CsHsOs3 (glycerol) + 14OH™ — 3CO2 + 11 HyO + 14 e~ (5.2)

The formation of O, or CO, gasses can explain the shift in liquid product selectivity. This decrease
in FEs was also documented by Irabian et al. around 200 mA/cm? while utilizing Pt/C catalyst as the
anode [24], indicating that the phenomenon observed is not unique to the Ni anode. However, since
the tests discussed here are chronoamperometry tests and the Pt anode used in this study does not
reach current densities of 200 mA/cm? within this range of potentials, we do not have the empirical data
to confirm whether the Pt sputtered on Ti anode would also face this issue.

Notably, before the significant decrease in FEs at the 3.0 V applied potential, the Ni catalyst exhibited
better FEs (and higher partial current densities of formate) than Pt, further underscoring the complexity
of the interplay between catalyst activity and product selectivity in the coupled electrochemical system.
These results indicate that Ni anode might be the better catalyst for coupling GOR with CO,RR in zero-
gap electrolyzer systems at certain cell potentials. The overall lower selectivity performance of Pt can
be explained through the notorious issue of CO-poisoning by strong CO adsorption that is common with
the use of Pt for glycerol oxidation [123]. In this study, it was assumed that CO is not due to a flux of the
species through the membrane but originating from the glycerol oxidation itself [114]. Surface poisoning
species such as Pt—COads can either form through C-C bond cleavage of adsorbed GOR intermediates
such as Pt—COOHads or get adsorbed onto the Pt from the electrolyte [124]. These surface poisoning
species are reported to exacerbate selectivity and catalytic activity even at low concentrations (<100
ppm) [125, 126]. Moreover, in the case where Pt—OH,qs is widely present on the active surface, the
Pt—COads reacts with Pt—OH_y4s to form CO, leading to an increased catalytic activity [115] but no
changes in the FE measurements of liquid products.

5.3.2. Effect of Different Glycerol Concentration

This section will discuss the effects of various glycerol concentrations on the GOR product selectivity
and system activity/energy requirement. As mentioned before, the selectivity data for the tests with 0.1
M glycerol content are unavailable due to equipment limitations; thus, no examination will be presented
in this section regarding the product selectivity performance of these samples.

The selectivity results of various glycerol concentrations presented in section 4.3.2 indicate that
the anode has no apparent limitations in glycerol availability at the measured concentrations. This is
evidenced by the generally higher FEs for the main GOR products in the presence of 0.5 M glycerol
compared to 1.0 M for both catalysts. This decrease in the FEs in the presence of 1.0 M glycerol can
be attributed to the reduced diffusivity for all species due to the higher viscosity of the electrolyte with
1.0 M of glycerol [114]. Moreover, the consistency of FEs observed and discussed in section 5.3.1
for the Pt catalyst was again observed when 1.0 M glycerol was added to the anolyte. On the other
hand, an improvement can be observed in the presence of 1.0 M glycerol for the Ni anode regarding the
reduction of FEs measured at the 3.0 V applied potential. The decline in FEs for Ni is significantly larger
when 0.5 M glycerol is present in the anolyte, indicating that perhaps with the increased availability of
glycerol, the presence of the liquid-to-gas side reactions can be suppressed at high cell potentials. It
can be suggested that the abundant glycerol and its intermediates might occupy the active sites on
Ni and decrease the likelihood of side reactions common around high current densities such as 200
mA/cm?Z.

Moving on to results presented in section 4.4.1 about the effects various glycerol amounts have
on the activity and the system’s energy requirements for these same experiments, a few points can
be made. Overall, the system activity results of these experiments indicate no overall improvement in
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the AEMEA system’s energy requirements when GOR is coupled to CO,RR instead of OER for either
catalyst.

For the Ni anode, this is because the current densities observed without glycerol are not the lowest
across the entire range of applied cell potentials. The data visualized in Fig. 4.10a reveals that the
system’s activity was highest in the presence of 0.1 M glycerol, followed by the measurement taken
in the absence of glycerol. A comparison of only these two concentrations might suggest that the
presence of glycerol is improving the system activity, but the cells with higher glycerol concentrations
(0.5M and 1.0M) have lower activities than the no glycerol cell. This decrease in activity could be due
to the increased viscosity of the electrolyte with enough addition of glycerol. The increased viscosity
is reported to impair the transport of species away from the electrode resulting in higher electrode
potentials (or lowered activities in chronoamperometry tests) [98, 127]. Likely, the 0.1 M glycerol cells
do not suffer from this issue since this amount of glycerol is too little to make a significant difference in
the viscosity [127].

When using the Ni anode, the cell with the poorest overall activity differs from the cell exhibiting the
poorest performance at lower applied potentials, as shown in Figure 4.10b. Within this cell potential
range, the replacement of OER with GOR shows some improvements in cell activity since any amount
of glycerol in the electrolyte leads to higher activity. However, comparing the experiments with glycerol
presence within themselves reveals that increasing the glycerol amount decreases cell activity at this
potential range. This can again be explained by the increased viscosity of the electrolyte, which causes
a slower species turnover on the Ni anode [98]. The dampening effect of the viscosity on mass transport
is suspected to be less intense but still present in this range because of the slower reaction kinetics.

The system activity results of the Pt anode show a different trend from what was discussed for the
Ni anode. The glycerol absent experiment has the highest activity throughout this catalyst’s applied
potential range. The results indicate that adding any amount of glycerol to the anolyte in the presence
of the Pt anode does not improve the system’s activity. Moreover, comparing the Pt-utilizing cells with
glycerol in the electrolyte reveals that those with 0.1 M glycerol concentration show more activity than
the rest. Once again, this phenomenon can be attributed to higher viscosities in electrolytes with in-
creased glycerol concentration, which hinders species’ transport from the anode [98]. The difference in
the Pt and Ni results also indicates the varying effect viscosity increase can have for different catalysts.

Looking solely at the system activity results of various glycerol concentrations discussed here, it can
be said that the 0.1 M glycerol amount seems to be the better-performing concentration of the three
tested. However, as explained before, the product selectivity data for the 0.1 M cases could not be
acquired due to equipment limitations. Since valorization of glycerol is an integral part of this paired
electrolysis study and the product selectivity results indicate that the 0.5 M glycerol concentration in
the anolyte offers the most favorable conditions for achieving optimal product selectivity, the decision
was made to select the 0.5 M glycerol amount as the standardized concentration in the anolyte for the
remainder of the studies. This choice was made to ensure consistency in the comparisons between
catalysts and electrolysis conditions, ultimately leading to a more informative study.

Two key improvements can be made to enhance the understanding of how glycerol concentration
influences the performance of this paired electrolysis system. The first improvement is the completion
of liquid product analyses for electrolytes containing 0.1 M glycerol. It is essential to acquire the GOR
selectivity results of cells with this glycerol concentration to understand the cell performance better
and check the conclusions made regarding the effect of viscosity on GOR product selectivities. This
endeavor should be guided by the recommendations described in Section 5.1, such as initiating access
to an NMR spectroscope that can handle high ionic strength samples. The second improvement is the
pursuit of viscosity measurements. By carefully measuring the viscosity of the electrolytes, we can
better evaluate our results using the existing literature. This step is essential in understanding how the
viscosity of the electrolyte changes with the addition of glycerol and can provide a more comprehensive
perspective for future research pathways.
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5.3.3. Effect of Electrochemical Active Surface Area

Considering the significant influence of active surface area on catalytic efficiencies, the Ni and Pt cata-
lysts were compared after their surface area was leveled by sputtering them on the same Ti support.

Interestingly, even with a leveled active surface area, Ni still demonstrated higher FEs (around
6.5%) to the major products compared to Pt at lower cell potentials, firmly establishing its superiority as
a catalyst for GOR in zero-gap electrolyzers within this range. Additionally, the Ni sputtered electrodes
exhibited a decrease in overall FEs at 3.0 V applied potentials, but this reduction was significantly
smaller than what was observed with the Ni foam anode. Potentially, this behavior can be explained
by the decrease in the availability of active sites to form O, in the Ni anode’s lowered surface area
form. This also aligns with the previous report indicating that in the presence of glycerol, NIOOH has a
preference for producing intermediates of GOR rather than adsorbed OH species [121]. It is likely that
with the lowered active surface area, the blocking of active sites by the bulkier glycerol intermediates
becomes more effective in preventing the formation of Ni—OH,4s species [118]. This finding offers a
promising avenue for future GOR studies, indicating a potential approach to mitigate the FE decrease
when employing Ni catalysts. By investigating this aspect, Ni catalysts can become more attractive and
competitive for enhanced GOR selectivity.

The system activity results of the Ni and Pt catalysts (found in section 4.4.2), compared at their
leveled active surface area form, also reveal the superior activity of the Ni catalyst for formate production
via GOR in zero-gap electrolyzers. As anticipated, the system’s activity for formate production is lower
when the anode is the Ni catalyst sputtered on the titanium support than when the anode is Ni foam.
This difference persists until the Ni foam activity sharply declines at 3 V. Nonetheless, the sputtered Ni
anode continues to surpass the performance of the Pt anode sputtered on the same support material,
remaining more effective up to the applied cell potential of 2.7 V.

The Pt anode unquestionably performs worse than the Ni alternatives in both parameters. As dis-
cussed, various reports suggest that CO poisoning can worsen catalytic activities and product selectiv-
ities on the Pt catalyst. Thus, CO poisoning is suspected to be responsible for the inferior performance
observed for Pt in these tests [125].

Overall, this analysis underscores that Ni catalysts, even in their lowered active surface area form,
demonstrate superior performance for GOR in zero-gap electrolyzers. They also highlight future av-
enues that can be pursued to improve the product selectivities using Ni at higher cell potentials, paving
new ways for the continued advancement of GOR catalysts.

5.3.4. GOR Selectivity at 100 mA/cm?

All the results discussed before were obtained as part of stepwise chronoamperometry experiments.
This means that the anode’s performance was evaluated on a 20-min basis. Although this duration
is long enough to understand the product selectivity of a catalyst in given experimental conditions,
longer-duration tests can allow for the testing of durability while providing more reliable data. Thus, the
following discussion focuses on the GOR product selectivity performance of the Ni and Pt electrodes
tested at the commercially relevant reaction rate of 100 mA/cm? applied for one hour. For both the
HER and the CO,RR coupling case, it can be observed that due to higher overall FEs, Ni is the better-
performing catalyst compared to Pt at this current density. Although the results of this study alone
cannot explain why that is the case, it can be reasoned that lowered FEs are a consequence of the
presence and perhaps the buildup of surface poisoning species (CO) on the Pt surface [126].

The lower FEs measured when the CO,RR is paired with GOR suggest that a paired electrolysis
with CO,RR might negatively affect the GOR product selectivity. This is not an unexpected behavior
and can be explained by the likely lowering of local pH at the anode due to the parasitic (bi)carbonate
formation and crossover towards the anode when CO,RR is employed in MEA configurations [36].
Moreover, this interpretation also explains why the FE reduction is more significant when Ni anode is
utilized. Pt is well-known to be a stable catalyst at both acidic and alkaline environments [21] whereas
Ni’s activity is lowered in acidic environments [86]. While these tests enable a comparison of catalysts
at a high reaction rate for an hour, future studies should conduct even longer duration tests (2-3 hours)
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to confirm this interpretation and check the impact of changing local alkalinity on the catalyst GOR
performance.

In conclusion, the product selectivity results obtained from this test using AEMEAs unmistakably
support the already growing understanding that Ni catalysts outperform Pt below 200 mA/cm? current
densities. While traditionally, PGMs such as platinum were considered superior catalysts for GOR;
these findings indicate that Ni, a PGM-free alternative, performs better in this cell configuration and
coupling. These results underscore the potential of non-PGM catalysts and suggest the need for further
exploration of Ni-based alternatives in future research concerning CO,RR-GOR paired electrolysis. By
shedding light on the superior GOR selectivities of Ni in zero-gap electrolyzers, this study contributes
valuable insights that can pave the way for more sustainable and economically viable electrochemical
conversion processes.

5.3.5. Performance of Ni anode in BPMEASs

Having identified the better catalyst to be Ni in the AEMEA tests, the focus was shifted to addressing
a limitation related to using Ni along with AEMs in zero-gap electrolyzers. Ni is incompatible to use
in AEMEA systems because of the progression of the electrolyte towards neutrality near the anode
with the formation of (bi)carbonates. Ni goes through dissolution at these reaction environments and
becomes unsuitable for use [86]. Thus, it was determined that the Ni anode should be tested in a
BPMEA cell.

The results of the BPMEA tests reveal that the overall GOR product selectivity performance is better
with the use of AEMs at lower applied current densities. However, this decrease in FEs of desired
products is less significant than what is commonly observed on the cathodic side with the use of BPMs
[39] and only becomes more significant at 200 mA/cm?2. On top of that, the reduction in the performance
of BPMEA cells is significantly less than that observed for AEMEA cells signifying a potential avenue
of optimization for utilizing Ni in reaction rates of approximately 200 mA/cm>.

To understand the origin of these reductions in FEs, the interpretations behind the decreased
CO,RR selectivities in BPMEA systems were considered. The information that the decrease in the
CO,RR selectivities was due to the increased presence of H" at the cathode enhancing the HER side
reaction [39] led to the hypothesis that the anode side might be experiencing a possible takeover of
OER due to the increased presence of OH™. To test this hypothesis, access to a GC with two gas inlets
was requested from the TP group, and a few Ni-BPMEA cells were tested in this setup. However, the
anodic outlet results of these measurements presented in Table 4.2 indicate a lack of O, presence in
the anode outlet, suggesting total OER suppression.

Although this was not aligned with our hypothesis, this finding can be explained by interpretations
made by previous studies also experiencing a total decrease in GOR selectivity below 100%. As men-
tioned before, OER is not the only potential reaction suggested to drive the measured FEs below their
expected range. CO, production via formate oxidation as part of the total glycerol oxidation could also
reduce FEs for the liquid products [24]. It is feasible that with the increased presence of OH™ near the
anode, the likelihood of the complete glycerol oxidation that requires 14 OH™ groups increases the pro-
duction of CO,, which would explain the lowered liquid product FEs. The GC data from the setup in the
TP lab also provided some information regarding the amount of CO, in the anodic outlet; however, this
data was deemed unreliable because of the highly probable presence of CO, leftover from the cathodic
outlet during the anodic outlet measurements. This problem is because of the GC’s way of sampling,
which was designed to accommodate two gas flow streams by switching from one to the other, thus
suffering from the presence of unwanted gas species. Alternative methods need to be devised to mea-
sure CO, on the anode side. Because no gas bubbles were observed leaving the cell, it is likely that
the produced CO, was dissolved in the electrolyte [128].

Moving on to the system activity results for the BPMEA cells: they do not show the clear improve-
ment in the effective cell potential expected due to GOR’s significantly lower half-cell standard potential
compared to OER. Thus, no clear reduction in the energy requirement of the electrochemical cell can
be concluded with glycerol in BPMEA cells from Fig. 4.13. In fact, the cell with 0.1 M glycerol-added
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electrolyte operates at a higher cell potential than the cell without any glycerol present in its electrolyte,
suggesting that this amount of glycerol hinders the system’s energy efficiency. This is unexpected and
unlike the behavior examined in the AEMEA cells utilizing the Ni anode. However, it can be speculated
that this is due to the water dissociation reaction at the BPM interface, leading to an excess of OH™ at
the membrane-anode interface. When there is insufficient glycerol availability (0.1 M) in the electrolyte,
these high concentrations of OH™ could be causing OER to be preferential to GOR and resulting in
lower activities. Unfortunately, there is no available data regarding the O, presence in the anode outlet
for cells with 0.1 M glycerol presence; thus, the data acquired in this study cannot be used to confirm
or deny this claim.

On the other hand, a higher concentration of glycerol in the electrolyte (0.5 M) seems to lower the
effective cell potential by up to 0.3 V for current densities up to 150 mA/cm?2. This decrease in cell
potential indicates a reduction in the energy requirement of the BPMEA system with 0.5 M glycerol
despite the previously suggested presence of excess OH™. A similar improvement in the reduction of
energy consumption was reported by Junqueira et al., which was reasoned by the lower expected total
cell potential due to replacing OER with GOR [99].

This discussion indicates that further studies must be completed to clarify the behavior observed
in the BPMEA cells. The limited number of experiments performed utilizing the TP setup is due to
the time limitations of this thesis and the access issues to the TP lab during the summer period. In
further studies, to enhance the comprehensive understanding of the anode behavior and the potential
presence of liquid-to-gas reactions, it is crucial to either gain access to a GC capable of measuring the
anodic gas outlet from the beginning or modify the existing experimental setup to capture and analyze
the anodic gas. This modification would enable the detection of all of the gaseous compounds formed
in the cell, providing valuable insights into the anodic processes. The detection and analysis of gaseous
products would complement the liquid product analysis, leading to a more thorough understanding of
the electrochemical reactions occurring at the anode and their impact on the overall glycerol oxidation
reaction (GOR) performance.

5.3.6. Impact of Various Reaction Pairings on Effective Cell Potential

Analyzing the effective cell potentials for various reaction couplings recorded during one-hour exper-
iments with 100 mA/cm? applied current density leads to several conclusions. Table 4.3 reveals that
in the AEMEA cell, replacing GOR with OER does not result in a reduction in cell potential regardless
of the catalyst utilized. This is unexpected as many previous reports comparing the replacement of
OER with GOR have recorded reduced effective cell potentials [12, 97, 103, 104] However, all of these
studies have utilized two-compartment flow reactors which involve the flow of anolytes and catholyte.
It is possible that this flow of electrolytes might benefit the system energy requirement by aiding in the
removal of GOR products from the active surface area. Thus, the absence of a flowing electrolyte layer
in this study utilizing the MEA configuration can be the reason for the lack of reduction in the effective
cell potential. On the other hand, some previous papers also report similarly nonexistent reductions
in the system’s energy consumption with the replacement of GOR with OER [24, 99]; however, no
adequate explanations are provided to explain the unexpected response.

Moreover, the results in this study indicate that coupling GOR with HER instead of CO,RR causes
a 0.2 V increase in the cell potential. This increase can be interpreted in two ways. First, this could
indicate the reaction environment the CO,RR created positively impacts the cell potential. This is en-
tirely unexpected since the decrease in local pH caused by the bicarbonate formation due to CO,RR
can be expected to decrease the reaction efficiency of GOR [36]. The other interpretation could be that
the presence of GOR intermediates and products in the anolyte negatively affects the HER reaction.
However, the data obtained in this study is inadequate to address how changes in the local reaction
environment might affect the cathodic reaction. Thus, future paired electrolysis studies should simulta-
neously evaluate the performance of both anodic and cathodic reactions using a reference electrode.

Finally, the BPMEA measurements of effective cell potential for one-hour experiments show a 0.1
V decrease in the cell potential by replacing OER with GOR. This is a less pronounced reduction in
the effective cell potential than what was observed for the stepwise experiments. The difference could
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indicate a buildup of OH™ near the anode due to the longer duration of this experiment, which makes
the excess OH™ have detrimental effects like increasing the effective potential even in 0.5 M glycerol
concentrations [129].

5.4. Additional Recommendations

Having interpreted and analyzed the results of this study with regard to product selectivity and system
activity, this section aims to provide some additional general recommendations and directions for future
research. The future directions detailed here are meant to complement the recommendations already
highlighted as part of the discussions.

Considering that the paired electrolysis of GOR with CO,RR in this study results in a mixture of
liquids containing KOH, glycerol, formate, lactate, glycerate, acetate, and DHA, the separation of this
mixture is a step that needs to be accounted for in the analysis of this coupling for future applications.
The requirement and the complexity of this liquid separation step can be minimized in two ways. The
first is by improving the GOR product selectivity to get closer to 100% for a single GOR product such
as formate, and the second is by maximizing the total oxidation of glycerol resulting in the formation
of CO,. Although the production of CO, in this way can seem counterproductive in the overarching
goal of reducing CO, emissions at first glance, it can actually be recycled back into the system. The
CO, formed on the anode would be mixed with the CO, crossover from the cathodic side and can be
directly recycled back to the cathode. Assuming no liquid products are formed from CO,RR, the total
conversion of glycerol to CO, would mean that the electrolyte could be kept as KOH and glycerol and
be reused.

A recent report by Van den Bosch et al. also suggested the potential inhibiting effects of high
formate concentrations (~10 wt%) on the product selectivity of electrochemical glycerol oxidation. They
observed a dramatic decrease in the FE to formate and a reduction in formate concentration at these
high concentrations. They identified this as a significant bottleneck in the commercialization of this
process [100]. Therefore such limitations should be checked for if maximizing formate production is
pursued in future studies.

If optimizing the formate oxidation is prioritized, then future work should also investigate the impact
of retention time and how further formate oxidation can be prevented. By varying the retention time
through electrolyte flow rate adjustments, researchers can investigate how different residence times
influence product selectivity. Previous studies have demonstrated that changes in retention time can
lead to variations in the types of GOR products formed [24]. Such an investigation is not possible in
the setup utilized in this study because the anolyte is being circulated. The circulation of the anolyte
makes it challenging to distinguish the effect of retention time via the modification of the electrolyte flow.
Adopting a flow-through system like Irabien et al. [24] would allow for a systematic exploration of this
parameter, enabling a deeper understanding of its influence on product distribution and overall GOR
performance.

Aside from modifying the way electrolyte flows through the system to test new parameters, adjust-
ments can be made in the setup to improve the liquid product analysis. A limitation related to the liquid
sampling in this study is that in the step-wise experiments, the samples are taken from the anolyte
while the electrochemical reaction continues. Although the anolyte is mixed throughout experiments,
this method still results in aliquots that are not entirely representative of the bulk anolyte. Therefore,
differential electrochemical mass spectrometry (DEMS) should be used in future studies. This method
allows for the quantitative analysis of reactants/products from electrochemical reactions in situ, reduc-
ing the uncertainty in the aliquots and allowing for a more comprehensive understanding of the reaction
mechanisms and the kinetics of complex reactions [130].

While DEMS can also be utilized alongside CV measurements for the improved identification of
peaks and a better understanding of structure-activity relationships [130], utilization of in situ FTIR
measurements to investigate the presence of various species on the catalyst surface could also be
pursued in future CV studies. As reported by Jeffrey et al., in situ FTIR can allow the detection of surface
poisoning species like adsorbed CO and any decrease in the local alkalinity at the electrode surface
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via the detected presence of the OH- species [131]. By implementing either of these techniques, more
light can be shed on the many unknowns faced when reviewing the CV responses measured during
this study, and further improvements can be made by the utilization of anti-poisoning methods such as
the strategic introduction of defects [132]

Additionally, improvements can be made in future studies in how currents or potentials were applied
on the cell. Due to time constraints, many experiments were conducted stepwise, as mentioned before.
This way of testing the cell performance potentially introduces variations like salt formation and already
modified starting local reaction environments at later steps. Future studies should consider perform-
ing continuous and uninterrupted tests that cover a wide range of potentials and current densities to
minimize any potential effects of stepwise experimentation. This approach would provide a more com-
prehensive and accurate assessment of catalyst performance, closer to how electrochemical reactions
would be operated commercially.

Furthermore, continuing studies should also include extended tests to assess the stability of the
anodes for GOR production. Investigating the anode’s long-term performance will shed light on its dura-
bility and potential degradation mechanisms, thereby guiding the development of robust and reliable
electrocatalysts. Additionally, these extended tests can be utilized to investigate the susceptibility of
the GOR products to be oxidized upon the depletion of other compounds that are more easily adsorbed
onto the catalyst surface. For instance, Morales et al. [23] reported a decrease in the concentration
of oxalate and glycolate after long electrolysis times. Such investigations regarding the sustainabil-
ity of the product concentrations in the electrolyte would be very beneficial in optimizing this paired
electrolysis system.

Additionally, a general scan of previous GOR studies (whether coupled to HER or CO,RR) reveals
that pure glycerol is the primarily used reactant. As opposed to its pure form, crude glycerol contains
methanol and salt impurities that must be removed through vacuum distillation or an ion exchange
process [21]. Given that these processes are costly, complex and crude glycerol is 20% cheaper than
pure glycerol, the potential financial benefits of utilizing glycerol in its crude form should be pursued in
future electrochemical systems [21].

Finally, in this thesis, the discussion regarding system activity and energy requirements relied on
the total cell potential because a reference electrode was unavailable. However, future research can
consider integrating a reference electrode into the MEA cell. This step would allow for the determina-
tion of individual electrode potentials, providing a more comprehensive understanding of the half-cell
potentials needed in paired electrolysis systems, like GOR-CO5RR.



Conclusions

This research aimed to explore and optimize the paired electrolysis of glycerol with CO, reduction to CO
in zero-gap electrolyzers. The paired electrolysis of CO,RR with GOR was pursued for its potential to
address the challenges associated with the use of OER as the conventionally coupled anodic reaction
in CO,RR systems. These limitations include thermodynamic and kinetic unfavorability, the necessity
for rare metals as catalysts, and the added need for a gas separation step due to the presence of
O,gas in the anodic outlet. Through experimentation, the performances of Pt (a PGM catalyst) and Ni
(a PGM-free alternative) were investigated across multiple parameters, such as glycerol concentration,
active surface area, and membrane types. These catalysts were evaluated under potential and current
controls, focusing on their selectivity for GOR products and overall system activity. Products were
analyzed using gas chromatography (GC) and proton nuclear magnetic resonance spectroscopy (H-
NMR).

This study unveiled the viability of zero-gap electrolyzers for producing various GOR products in
a paired electrolysis with CO,RR. While formate and lactate emerged as the primary products, the
presence of glycerate, DHA, and acetate in minor quantities for both Pt and Ni catalysts underscores
the value-adding benefit of this coupling compared to one reliant on OER.

Intriguingly, while cyclic voltammetry measurements hinted at a more pronounced GOR activity with
Pt, the paired electrolysis tests demonstrated Ni’s superiority as a GOR catalyst in zero-gap electrolyz-
ers at current densities below 200 mA/cm?. It was hypothesized that the enhancement of CO poisoning
due to the lack of electrolyte flow on the anode surface is the likely root cause for the worse performance
of Pt in zero-gap electrolyzers. This outperformance of Ni challenges the convention that PGM cata-
lysts reign supreme in GOR applications, prompting a call for future research to concentrate on these
promising and cost-effective alternatives, especially for use in paired electrolysis with CO,RR.

Furthermore, the influence of parameters on cell performance highlighted the adverse effect of in-
creasing applied potentials on faradaic efficiencies (FEs), suggesting potential liquid-to-gas side reac-
tions like OER or formate oxidation as part of total glycerol oxidation. Similarly, the impact of glycerol
concentrations was demonstrated, and viscosity-related diffusivity issues were identified as a likely
cause for reduced activities and FEs at higher glycerol concentrations. Notably, the utilization of Ni an-
odes revealed a significant reduction in total FEs at around 200 mA/cm?, a phenomenon potentially tied
to side reactions. However, it was determined that an increase in glycerol concentration or a reduction
in the active surface area could somewhat alleviate this FE reduction, hinting at potential mitigation
strategies in future investigations.

Having explored the parameters mentioned above in an AEMEA configuration and highlighted the
superior performance of the Ni anode, attention was shifted towards investigating the effects of bipolar
membranes on the paired electrolysis. This investigation was prompted by bipolar membranes’ po-
tential to address the widely acknowledged issue of long-term durability of Ni anodes in AEM ultilizing
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CO,RR systems. Additionally, this investigation aimed to bridge the knowledge gap existing in cur-
rent CO,RR-GOR studies regarding the utilization of BPMs for this paired electrolysis. The Ni tests
conducted on BPMEA cells unveiled a minor reduction in product selectivity, likely attributable to an el-
evated presence of OH™ ions near the anode. The absence of detectable O, in the anode outlet served
as a pivotal clue, leading to the deduction that the reduction in faradaic efficiency stems from the oxida-
tion of formate and complete glycerol oxidation. However, future tests are necessary to confirm these
hypotheses and advance the performance of these electrochemical systems.

Regarding the anticipated reduction in the energy demand of the system with the incorporation of
GOR as an alternative to OER, AEMEA tests did not yield any conclusive improvements in system
activity (and thus energy needs) with glycerol presence. On the other hand, a slight improvement in
effective cell potential (up to 0.3 V) was observed in the Ni anode using BPMEAs at 0.5 M glycerol
content. Notably, the absence of a significant decrease in cell potential (~ 1.0 V) still contradicts prior
studies in flow cell electrolyzers [12, 97, 103, 104], implying a potential correlation between the ab-
sence of a flowing electrolyte and the absence of a significant reduction in effective cell potential. Such
conclusions underscore the need for modifications, particularly incorporating a reference electrode, to
illuminate the reasons behind these disparities.

Although the paired electrolysis did not show any indication of a decrease in the energy demand
in the system for AEMEAs and only a small one for the BPMEAs, this study investigating the paired
electrolysis of GOR and CO,RR in zero-gap electrolyzers still led to the production of value-added
products, explored the intricate dynamics of various parameters on cell performance and underscored
the potential of non-PGM catalysts to be utilized for GOR in CO,RR electrolyzers. Collectively, these
findings pave the way for future research within the MECS group and contribute to the evolution of
electrochemical CO, reduction systems, inching them closer to commercial viability.
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Selectivity Calculations

A.l. Correction of the Outlet Flow Rate

As mentioned in Section 3.3.1, the MFM available in the lab is calibrated only for CO,. In addition to
the calibration, a previous flooding incident has also left the MFM indicating flow rates that are 87.5%
of the actual flow rate. Thus, the first correction step is:

mem
0.875

Voutlet = (A1)
where:
Vingm is the MFM reported outlet flow rate in mL/min,

Voutier 1S the outlet flow rate where the flooding damage is accounted for in mL/min.

Once the flow rate is adjusted, a correction factor is calculated to account for each of the gasses
present in the outlet gas flow. The gas mixture leaving the reactor is composed of CO,, CO, H,0, and
H,, and the relevant values for the calculation of the correction factor are listed in Table A.1 below.

Table A.1: Gas conversion factors of the cathodic outlet components

i | Species | Gas Conversion Factor
1 CoO 1

2 H, 1.01

3 H,O 0.79

4 CO, 0.74

Using the aforementioned correction factors, and the volume fraction measurements done by the
GC, the correction factor for the gas mixture can be calculated as such:

[ O N S 7!

- R A.2
Cmv',x Cl CQ Cg 04 ( )

where:
Chmis is the correction factor for the gas mixture,
C; is the gas conversion factor for gas species i,
V; is the volume fraction of the gas species i in the outlet as reported by the GC.
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Once C,,;, is obtained Eg. A.3 can be used to find the real gas outlet flow now accounting for the
mixed nature of the gas. .
y Voutlet
Vtr'sa = . Omia: A.3
= (A.3)
where:
V,ea1 1S the real outlet flow rate,
C, is the correction factor of CO,.
The outlet flow rate obtained can now be used in selectivity calculations.

A.2. Sample Calculation for FE of Gas Products

To demonstrate a sample calculation of FE for gas products, several experimental values, such as the
current and GC readings are necessary. For this purpose, the experimental parameters for one GC
reading of experiment 4 are listed in Table A.2 below.

Table A.2: Corrected Experimental Data for Experiment 4, GC Reading 18

Applied Current (A) Corrected Mass Flow H, amount CO Amount
Potential (V) Rate (mL/min) (ppm) (ppm)
2.61 0.5721 48.20 5874.8 70640.9

The calculation of FEs utilizing Eq. 3.2 and these values are as follows:

For H,:
101325 Pa
(5874.8 ppm - 1076 - — - (48.20 - 1.6TE8 m3s71)) - 2- 96485 Cmol !
FEyy — 8.314 Jmol - 'K—1-273.15 K 100%
0.5721 A
(A.4)
FEy, =1710% (A.5)
For CO:
101325 Pa
(70640 ppm, - 1076 - o - (48.20 - 1.67TE~3 m3s~1)) - 2 - 96485 C'mol !
0.5721 A
(A.6)
FEco = 85.40% (A.7)

The calculations showcased above were performed via a homemade Excel file for all experiments that
utilized the GC.

A.3. Sample Calculation for FE of Liquid Products

The following sample calculation proceeds the analysis completed in the MestReNova software, which
is the detection and integration of signals for the samples taken at 2.4V and 2.7V applied potential
steps in Experiment 4. LA and its corresponding doublet at 1.1 ppm chemical shift is the compound
and signal in question for the purposes of this sample calculation.

The experimental parameters considered and kept constant throughout all experiments are:
¢ lgtd = 2

* std = 2
* Csq =0.0020833 M
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* VNMRtube = 600 NL
* VN]\/[R sample =550 ML

The parameters obtained through the software or specific to this experiment/signal are:

* Nictate =3

s n®=2

* igctate IN 2.4V sample = 1.3

* iactate IN 2.7 V sample = 2.66

» Current, I, atthe 2.7 V step = 0.572 A
* t=20 min

* Vanolyte =250 mL

The parameters listed above can then be utilized in Eq. 3.3 as follows:

For the 2.4 V sample:

1.3 2
Cra,2av = 73 3 0.0020833 M (A.8)
Cra, 2.4v =0.0009028 M (A.9)
For the 2.7 V sample:
2.66 2
Cra,onv = 5 '3 -0.0020833 M (A.10)
Cra,27v =0.00184 M (A11)

Knowing the concentrations of lactate in samples taken at the end of 2.4 V applied potential and
its consecutive step 2.7 V applied potential allows us to determine the concentration increase that
happened specifically at the applied potential step of 2.7 V.

ACLA,Q.?V = CLA72.7V — CLA, 2.4y = 0.0009372 M (A12)

The above calculation is mainly necessary for experiments where a series of cell potentials or current
densities were applied to the electrochemical cell. For experiments where only one electrical parameter
is applied, the concentrations in the sample taken at the end of the experiment can be used directly for
the FE calculation.

Having obtained the increase in the concentration of lactate, the FE of lactate from GOR is then
calculated using equation 3.4.

00L - 250mL
00000372 07 - S0OL 220ML Ly 46185 Cmol -1
5504l

FEpa 27v(%) = D524 50min -100% (A.13)

FEpa onv = 7.24% (A14)

The FEs of other compounds, such as acetate and glycerate, can also be calculated using the
method showcased above; however, the calculation of faradaic efficiency of formate needs special
considerations as described in 3.3.1 and can be found in A.4.
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A.4. Formate FE Calculation

Since formate is a liquid product, and it can be produced through both the glycerol oxidation and CO,
reduction, special considerations must be made for its FE calculations. Measuring its concentration
via quantitative H-NMR like other liquid products of GOR is not enough to identify how much formate
has been produced at the anode vs. the cathode. To achieve this distinction, it was assumed that
the production of formate through the cathodic reaction can be deduced from the FEs of the measured
gaseous products. This approach essentially entails the assumption that CO,RR at the Ag GDE mainly
produces CO and H,, but for the cases where the total FEs of these two gaseous products do not add
up to a 100%, formate is produced as well. This assumption allows the formate concentration increase
via CO,RR to be determined so that the formate concentration increase through the GOR only can be
identified.

Another aspect to consider during this calculation is the sampling frequency for gaseous and liquid
products. The faradaic efficiencies of gas-phase products were estimated from the GC volume fraction
measurements of the gas output taken in 5-minute intervals. Whereas the faradaic efficiencies of liquids
were measured through samples taken from the anolyte after each experimental condition had been
completed. This means that for stepwise experiments, the sampling was done in 20-minute intervals,
and for one-electrical-condition experiments, sampling was done at the end of the run.

Assuming that the calculation of the CO and H, FEs, as well as the concentration increase of liquid
products, are completed, the following approach can be adopted to distinguish the FE of formate from
GOR vs CO,RR. First, the FEs of CO and H, of a GC reading were subtracted from 100%, resulting in
the assumed FE of formate from CO,RR in the previous five minutes that injection is representative of.
Then this value was inputted into a rearranged version of the FE equation 3.2 as such:

(].OO - FECO - FEHZ) ) QS mins « 1
ne-F 100%

NEA from COsRR = (A.15)

where:

nEFAfromco,rR 1S the moles of formate produced from CO,RR during the GC injection interval of
five minutes,

FFE¢o is the faradaic efficiency of CO from CO,RR,

FFEy, is the faradaic efficiency of H, from CO,RR,

Qs mins is the total amount of charge that has passed through the working electrode in the past five
minutes.
Once the moles of formate contribution of CO,RR for every 5 minutes have been calculated using Eq.
A.15, its accumulation in the anolyte can be determined. For the step-wise experiments, the accumu-
lated amount of formate was calculated for every 20 minutes when the same electrical conditions were
applied to the cell.

NFA, step COoRR = NVFA, 5 min + NFA, 10 min + NFA, 15 min + NFA, 20 min (A 1 6)

On the other hand, for the single current/potential experiments, the accumulated formate amount due
to CO2RR was determined for the full duration of the experiment as shown in Equation A.17 below.

NFA, full COsRR = TVFA, 5min +TVFA, 10 min +FA, 15 min +1VF A, 20 min +NFA, 25 min+--. (A7)

where:

nEA, step O, RR 1S the accumulated formate amount from CO,RR in each step,

nra, full co,rR IS the accumulated formate amount from CO,RR in the full experiment,

nrA, X min 1S the amount of formate formed from CO,RR in the 5 min interval preceding the X minute
mark in which the GC injection was taken.

Later, these values were converted to concentration increases that can be attributed solely to

CO,RR via Eq. A.18.
n
ACFa, co,RR = 7?}4" CO:RE (A.18)
anolyte
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where:

ACFa,co,rr I8 the concentration increase of formate in the anolyte caused by the CO,RR in an
experimental step or in the duration of a full experiment,

nra, co,rr 1S the accumulated formate amount (either ng 4, step co,rRR OF NFA, full co,RR depend-
ing on the type of experiment).

This concentration increase can be subtracted from the total concentration increase in the anolyte
determined through H-NMR to distinguish the production of formate via GOR and CO,RR. Finally, the
faradaic efficiencies of formate from both reactions can be calculated as follows:

Vaumritube * Vanolyt
nmr:tube anoye.ne.F

‘/nmr sample
1009 A1
= x 100% (A.19)

ACFA, COsRR -

FEra co,rrR =

where:
FEra co,rr is the FE of formate from CO,RR,
neis 2.
Vnmr ube * Vano e
ACra, NuRrR — ACFA, cOLRR) Vt b Wie pe. |
FEpa, cor = T nmr sample x 100% (A.20)
where:

FEra, cor is the FE of formate from GOR,
ACFa, Nur is the concentration increase of formate calculated from consecutive NMR spectra,
neis —.

3

As a final note, it should be mentioned that for the GC measurements that indicate FEs for H, and
CO that add up to 100%, it can be assumed that there is no formate production via the cathodic route.



List of Experiments

Below is the list of experiments performed for the duration of this thesis’ experimental study. GDE
stands for gas diffusion electrode, LSV for linear sweep voltammetry, CP for hydrophilic carbon paper,
and CV for cyclic voltammetry throughout this table.

Table B.1: A list of the experiments performed during this thesis and the applied experimental

parameters.

No | Anolyte Anode Cathode | Membrane | Gas | Tests

inlet

1 KOH (0.5M) Pt on Ti Ag GDE | AEM CO, | LSV test, Chronoamperome-
try test with steps (1.8V to 3V)

2 KOH (0.5M) Pton Ti Ag GDE | AEM CO, | Chronoamperometry test with
steps (1.8V to 3V)

3 KOH (0.5M) Nifoam | Ag GDE | AEM CO, | Impedance test, Chronoam-
perometry test with steps (1.8V
to 3.6V)

4 KOH (0.5M)+ Nifoam | Ag GDE | AEM CO, | Impedance test, Chronoam-

GLY (0.5 M) perometry test with steps (1.8V
to 3.6V)

5 KOH (0.5M)+ Nifoam | Ag GDE | AEM CO, | Impedance test, Chronoam-

GLY (1 M) perometry test with steps (1.8V
to 3.6V)

6 KOH (0.5 M)+ Nifoam | Ag GDE | AEM CO, | Impedance test, Chronoam-

GLY (0.1 M) perometry test with steps (1.8V
to 3.6V)

7 KOH (0.5 M)+ Pton Ti Ag GDE | AEM CO, | Impedance test, Chronoam-

GLY (0.5M) perometry test with steps (1.8V
to 3.6V)

8 KOH (0.5 M)+ Nifoam | Ag GDE | AEM CO, | Impedance test, Chronoam-

GLY (0.5M) perometry test with steps (1.8V
to 3.6V)
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Continuation of Table B.1

No | Anolyte Anode Cathode | Membrane | Gas | Tests Performed
inlet
9 KOH (0.5 M)+ Pton Ti Ag GDE | AEM CO, | Impedance test, Chronoam-
GLY (1 M) perometry test with steps (1.8V
to 3.6V)
10 | KOH (0.5 M)+ Pt on Ti Ag GDE | AEM CO, | Impedance test, Chronoam-
GLY (0.1 M) perometry test with steps (1.8V
to 3.6V)
11 | KOH (0.5 M)+ Pt on Ti Pton CP | AEM N, Impedance test, Chronoam-
GLY (0.5M) perometry test with steps (1.8V
to 3.6V)
12 | KOH (0.5 M)+ Pton Ti Pton CP | AEM N, Impedance test, Chronoam-
GLY (1 M) perometry test at 3V
13 | KOH (1 M) Nifoam | Ag GDE | BPM CO, | Impedance test, Chronoam-
perometry test with steps (1.8V
to 3.6V)
14 | KOH (0.5 M)+ Ni foam Pton CP | AEM N> Impedance test, Chronoam-
GLY (0.5 M) perometry test with steps (1.8V
to 3.6V)
15 | KOH (0.5 M)+ NionTi | Ag GDE | AEM CO, | Impedance test, Chronoam-
GLY (0.5M) perometry test with steps (1.8V
to 3.6V)
16 | KOH (1 M) Nifoam | Ag GDE | BPM CO, | Impedance test, Chronopoten-
tiometry test with steps (25 to
200 mA-cm-2)
17 | KOH (1 M) Nifoam | Ag GDE | BPM CO, | Impedance test, Chronopoten-
tiometry test with steps (25 to
200 mA-cm-2)
18 | KOH (3 Ni foam Ag GDE | BPM CO, | Impedance test, Chronopoten-
M) tiometry test with steps (25 to
200 mA-cm-2)
19 | KOH (1 M)+ Nifoam | Ag GDE | BPM CO, | Impedance test, Chronopoten-
GLY (0.5 M) tiometry test with steps (25 to
200 mA-cm-2)
20 | KOH (1 M)+ Nifoam | Ag GDE | BPM CO, | Impedance test, Chronopoten-
GLY (0.1 M) tiometry test with steps (25 to
200 mA-cm-2)
21 | KOH (0.5 M)+ Nifoam | Ag GDE | AEM CO, | Impedance test, Chronopoten-
GLY (0.5M) tiometry test at 50 mA-cm-2
22 | KOH (0.5 M)+ Nifoam | Ag GDE | AEM CO, | Impedance test, Chronoam-
GLY (0.5M) perometry test at 3V
23 | KOH (0.5 M)+ Nifoam | Ag GDE | AEM CO, | Impedance test, Chronopoten-
GLY (0.5 M) tiometry test at 100 mA-cm-2
24 | KOH (0.5 M)+ Pton Ti Ag GDE | AEM CO, | Impedance test, Chronopoten-

GLY (0.5 M)

tiometry test at 100 mA-cm-2
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Continuation of Table B.1

No | Anolyte Anode Cathode | Membrane | Gas | Tests Performed
inlet

25 | KOH (0.5 M)+ Nifoam | Ag GDE | AEM N, Impedance test, Chronopoten-
GLY (0.5M) tiometry test at 100 mA-cm-2

26 | KOH (0.5 M)+ Pton Ti Ag GDE | AEM N, Impedance test, Chronopoten-
GLY (0.5M) tiometry test at 100 mA-cm-2

27 | KOH (1 M)+ Pton Ti Ag GDE | BPM CO, | Impedance test, Chronopoten-
GLY (0.1 M) tiometry test with steps (25 to

200 mA-cm-2)

28 | KHCO3 PtonTi Ag GDE | AEM CO, | Impedance test, Chronopoten-
(0.1 M)+ tiometry test at 100 mA-cm-2
GLY (0.5 M)

29 | KOH (0.5 M)+ Pton Ti Ni foam - Ar CV test
GLY (0.5 M)

30 | KOH (0.5M)+ Ni foam Ni foam - Ar CV test
GLY (0.5 M)

31 | KOH (1 M)+ Nifoam | Ag GDE | BPM CO, | Chronopotentiometry test at
GLY (0.5 M) 100 mA-cm-2

32 | KOH (1 M) Nifoam | Ag GDE | BPM CO, | Chronopotentiometry test at

100 mA-cm-2
33 | KOH (1 M)+ Nifoam | Ag GDE | BPM CO, | Chronopotentiometry test with

GLY (0.5 M)

steps (25 to 200 mA-cm-2)




FEs of CO,RR Products

Below is a table containing the average CO,RR faradaic efficiencies of gaseous products measured
for each experiment. Experiments are referred to with their numbers as defined in Appendix B.1, and
the entries labeled NaN are for experiments where the GC data was not available.

Table C.1: The average faradaic efficiencies of CO,RR products in performed experiments.

No FEz, (%) FEco (%)
1 33.30 60.76
2 16.71 73.42
3 7.1 85.36
4 7.36 91.76
5 6.50 83.39
6 6.02 88.57
7 17.01 77.80
8 5.95 87.00
9 14.55 84.27
10 11.56 79.84
11 NaN NaN
12 NaN NaN
13 43.20 55.45
14 NaN NaN
15 23.37 76.42
16 72.68 24.78
17 62.30 37.37
18 43.29 54.85
19 57.04 42.71
20 NaN NaN
21 0.16 96.63
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Table C.1 continued from previous page

No FEq, (%) FEco (%)
22 2.87 73.22
23 0.69 90.28
24 4.07 87.11
25 NaN NaN
26 NaN NaN
27 58.30 39.70
28 3.77 93.84
29 NaN NaN
30 NaN NaN
31 NaN NaN
32 NaN NaN
33 NaN NaN




Table D.1: The FEs of minor products for samples presented in Fig. 4.4

Table D.2: The FEs of minor products for samples presented in Fig. 4.5

Table D.3:

FE (%)
Sample | Acetate | Glycerate | DHA
24V 0.63 0 0.71
27V 0.75 0.28 0.12
3.0V 0 1.8 0.18

FE (%)
Sample | Acetate | Glycerate | DHA
24V 0.18 0.23 0
27V 0.06 0 0
3.0V 0.16 0 0.22

FEs of Minor GOR Products

The FEs of minor products for samples presented in Fig. 4.6a
FE (%)
Sample | Acetate | Glycerate | DHA
c 24V 0.63 0 0.71
'*(% 05M | 27V 0.75 0.28 0.12
g 30V |0 1.8 0.18
§ 24V | 0.12 1.6 0
> 10M | 27V 0.17 0 0
© 3.0V | 0.28 1.85 2.32
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Table D.4:

The FEs of minor products for samples presented in Fig. 4.6b
FE (%)
Sample | Acetate | Glycerate | DHA
c 24V 0.18 0.23 0
'}% 05M | 27V 0.06 0 0
E, 30V 016 |0 0.22
§ 24V | 057 2.89 0
> 10M | 27V 0.66 0 0.98
o 3.0V | 0.94 0 0

Table D.5: The FEs of minor products for samples presented in Fig. 4.7

FE (%)
Catalyst | Acetate | Glycerate | DHA
Ni Foam | 0.18 0.23 0
24V | PtonTi | 0.63 0 0.71
NionTi | 0.1 2.9 0
T Ni Foam | 0.06 0 0
§127V | PtonTi | 075 | 028 0.12
T NionTi | 025 |09 0.68
Ni Foam | 0.16 0 0.22
30V | PtonTi |0 1.8 0.18
NionTi | 0.17 0 0

Table D.6: The FEs of minor products for samples presented in Fig. 4.8

FE (%)

Catalyst | Acetate | Glycerate | DHA
S Ni F 0.26 5.5 0.12
2| CORR i Foam
© PtonTi | 0.13 8.1 0
e
e Ni Foam | 0.09 4.52 0.12
£| HER |
O PtonTi | 0.4 0 0.02




Table D.7: The FEs of minor products for samples presented in Fig. 4.9

FE (%)

Catalyst | Acetate | Glycerate | DHA
& AEM | 0.18 | 023 0
o 50
E BPM 0 0.33 0.14
> AEM | 006 |0 0
G | 100
3 BPM 0.38 0 0.07
= AEM 0.16 0 0.22
S | 200
3 BPM 0.58 3.9 0.18




Results of Supplementary Tests

This section presents the results of the two investigations performed in this study that do not contribute
to the main findings of this thesis.

E.1. Testing for Cation Concentration in BPMEA cells

Before testing the paired electrolysis of CO,RR with GOR in a BPMEA cell, this investigation was
performed to determine whether a 1M KOH or 3M KOH concentration for the electrolyte should be
pursued. Two stepwise chronopotentiometry experiments were performed, both utilizing Ni foam as
the anode. Ag-GDE as the cathode, a BPM as the membrane testing the cell’'s performance at applied
current densities of 25, 50, 100, 150, and 200 mA/cm2.

The measurements aimed to understand the effect of cation concentration on the performance of
the MEA cells as reported in previous studies [39]. The following results, displayed in Fig E.1, were
obtained from these tests.

4.8F

—e— 1.0 M KOH
4.6 —e—3.0 MKOH l

4.4 .

4.2

4 - .
38 .
36 .

Cell Potential (V)

3.4

3.2

3+ -

28 I i I I I
25 30 100 150 200

Applied Current Density {mA-cm'z}

Figure E.1: Cell potential as a function of applied current density in 1.0 M or 3.0 M concentrations of
KOH for the Ni anode utilizing BPMEA cell. The entire experimental range from 25 to 200 mA-cm™2 is
shown.
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The presented results reveal a lower effective cell potential for the 1.0 M case, indicating a re-
duced energy requirement. Notably, the 1.0 M KOH was examined throughout the experimental range,
whereas cell potential data for the 3.0 M case at 150 and 200 mA/cm? is absent. This gap stems from
an unexpected interruption during the 3.0 M KOH test, triggered by a potential overload detected by
the potentiostat. Subsequent analysis of the cell revealed blistering on the bipolar membrane. An in-
vestigation to determine the cause for blistering is out of the scope of this thesis and was not pursued
further; however, it is likely attributed to the elevated KOH concentration in the electrolyte.

Given the results of this study, a decision was made to keep the 1.0 M KOH concentration constant
for the remaining BPMEA tests in this thesis.

E.2. Testing for Electrolyte Type

Due to the common occurrence of salt formation and blockages on the cathode side in AEMEA cells,
this investigation was devised to test the performance of the paired electrolysis of CO,RR and GOR in
the use of KOH vs. KHCOj; as the electrolyte. Two measurements were completed; both experiments
utilized: Pt as the anode, Ag-GDE as the cathode, AEM as the membrane; they had 0.5 M glycerol
content in the electrolyte and were tested for 30 minutes at 100 mA/cm?. The KOH electrolyte had a
concentration of 1.0 M, and the KHCO3 electrolyte had a concentration of 0.1 M. KHCO3 was selected
due to its prevalence in conventional CO,RR electrolyzers utilizing OER as the anodic reaction. Table
E.1 below summarizes the results from their comparison.

Table E.1: The product selectivity and system activity performance of cells utilizing different types of
electrolytes at 100 mA/cm? applied for 30 mins

Electrolyte Type KOH | KHCO;

Cell Potential (V) 2.62 4.0
FEco from CO,RR (%) | 85.54 | 98.54
FEformate from GOR (%) | 34.90 5.39
FE actate from GOR (%) | 2.06 0.00

The results indicate a significant decline in GOR product selectivity, particularly concerning formate
FE, when using KHCO; compared to KOH. This observation is coupled with KHCO3; operating at a
higher effective cell potential, indicative of increased energy demand for the system. Notably, the
sole observed advantage of KHCO; electrolyte lies in the elevated FE for CO production. However,
an in-depth analysis of cathodic product selectivities falls beyond the scope of this thesis. While the
conducted measurements are not sufficient for definitive confirmation, it is hypothesized that the lower
pH environment associated with KHCO; could be responsible for formate oxidation, a primary product
of GOR in this study. Further investigation is required to understand the underlying mechanisms.



T 1

SEM Results

Below are the SEM images of the Ag-GDE cathode after experiment #7 was completed to ensure not
Pt dissolution has happened in the system. The SEM images were taken by Siddhartha Subramanian
and showed no presence of platinum.

x30

Figure F.1: SEl image of the Ag-GDE at 30x magnification
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(a) SEl image of the Ag-GDE at 100x magnification

BEC 20kV WD11mm 5540 x100 100um  —

Counts[x1 E+3]

(b) BEC image of the Ag-GDE at 100x magnification (pt 1)
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(c) EDS results for point 1

Figure F.2: SEM images for Ag-GDE sample that contains point 1
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(a) SEl image of the Ag-GDE at 500x magnification

(b) BEC image of the Ag-GDE at 500x magnification (pt 2)
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(c) EDS results for point 2

Figure F.3: SEM images for Ag-GDE sample that contains point 2
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