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Abstract

In today's world, the need for sustainable technology is more crucial than ever. With the
continuous growth in demand for resources and energy, the environment is under severe strain due
to climate change, depletion of natural resources, and environmental degradation. Electrochemical
techniques offer a promising solution for sustainable development. One such approach is using
carbon dioxide as a renewable, non-fossil-based feedstock to produce fuels and value-added
chemicals via electrochemical processes that use renewable energy sources. In addition,
coelectrolysis of carbon dioxide with environmental pollutants such as NO>", NOs", and NO has
shown promising results for producing of sustainable fuels, commodity chemicals, and fertilizers
while reducing environmental pollutants.

Our research focuses on coreduction of CO; with nitrite (NOy") to produce ammonia and
urea simultaneously using renewable power sources. Among the effective catalysts for this
process, metallophthalocyanines (M-Pc) have been shown to be successful, especially iron-based
phthalocyanine, with a high current efficiency. We investigated the electrochemical coreduction
of NO; and CO; at carbon-supported iron-based phthalocyanine electrocatalysts to produce
ammonia and urea under ambient conditions. To understand the electrochemical behavior of the
electrodes, we used both cyclic voltammetry and chronoamperometry in 0.1 M NaHCO3 and
5 mM NaNO; solution under N> and CO; environments. The produced ammonia and urea
concentrations were determined using two different spectrophotometric techniques, and
secondary analytical techniques, liquid-chromatography-mass spectrometry (LC-MS) and proton
nuclear magnetic resonance spectrometric (\H-NMR), were used to confirm the accuracy of the

results.
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Our results indicate that it is possible to produce urea at low overpotentials at various iron-
based phthalocyanine electrocatalysts in NaHCO3 as an electrolyte. However, our experiments
revealed that ammonia was the primary electrolysis product when using carbon-supported iron
phthalocyanine (FePc/C) as an electrocatalyst. At a potential of -0.347 V vs RHE, 85% of the
current was used for NH3 production, while only 4.1% was utilized for urea production.
Nevertheless, we observed a significant amount of urea production at FePc/C, with a maximum

yield of 5.8% at the lowest overpotential (-0.047 V vs RHE).

We also observed that carbon supported sulfonated iron(II) phthalocyanine (FeTSPc/C)
produced the highest faradaic yield (54.8%) of urea at a potential of +0.053 V vs RHE, with 25%
coproduction of NHs. In a PEM electrolysis cell, the FePc/C catalyst demonstrated the potential to
produce urea and ammonia simultaneously using very low NO>" concentrations. The faradaic
efficiency for urea was increased from 2.8% to 15.9% compared to the normal three-electrode cell.

In addition to producing commodity chemicals, research has also focused on developing
electrocatalysts for fuel cell applications. PtBi/C and PtPb/C catalysts were prepared by the surface
decoration of a commercial Pt/C catalyst, and their catalytic activities for electrochemical
oxidation of formic acid, methanol and ethanol were compared. It was found that the currents at
0 V vs SCE for formic acid oxidation at the PtBi/C and PtPb/C catalysts were ~ 6 and ~ 2 times
higher, respectively, compared to the unmodified Pt/C catalyst. In addition, the PtBi/C catalyst
also showed slightly higher activity for ethanol oxidation at low potentials compared to the

unmodified Pt/C.
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Chapter 1

Introduction



1. Introduction
1.1 Electrochemistry for sustainable technology

As the world's nations continue to develop, their urbanization, industrialization, and growing
population will require ever-increasing amounts of energy and commodities. According to the
International Energy Agency (IEA), global energy consumption is projected to rise by 50% from
2021 to 2040 [1]. For decades, fossil-based resources have been used as primary energy sources
and feedstocks for commodity chemicals worldwide. Unfortunately, fossil fuels are not renewable,
and their availability is steadily declining. Even their present consumption levels have raised
serious concerns about the guarantee of their future supply [2].

Greenhouse gases and other pollutants are to blame for environmental degradation and
climate change, which seriously threaten humanity’s and our ecosystem’s survival. Burning fossil
fuels for energy generation and utilizing fossil-based feedstocks in the manufacturing of industrial
goods has resulted in significant anthropogenic emissions of greenhouse gases, such as carbon
dioxide and methane, as well as other environmental pollutants over the past several decades.
Fortunately, society has now recognized the importance of addressing climate change and in this
regard, world leaders and the international community have made significant commitments to limit
CO; emissions in order to establish a sustainable future. According to the 2022 Global Carbon
Budget [3], the global atmospheric CO> concentration reached an average of 414.71 + 0.1 ppm.
Meanwhile, 350 ppm is the consensus limit for achieving a 1.5 °C increase in global temperature
over pre-industrial levels and avoiding catastrophic climate change [4]. Sustainable technologies
with novel carbon-neutral or carbon-negative strategies are necessary to achieve this aim.

Many nations are exploring new strategies and alternative sustainable technologies to

maintain economic growth by ensuring a sustainable energy supply and environmental protection



[5]. Electrochemistry has a significant role to play in these types of strategies to achieve sustainable
development. In the last century, there has been a remarkable development in the energy sector to
produce sustainable power from electrochemical sources. Electrochemical power sources, such as
fuel cells [6] and batteries [7], are efficient, clean, and unaffected by meteorological conditions
[8]. Among them, fuel cells have received significant attention in this area due to their unique
properties, such as high energy efficiency (98% in theory) [9] and use of renewable reactants (e.g.,
H», CH30H, C;Hs0OH, and HCOOH). Moreover, they can function for extended periods as long as
reactants are supplied and have significantly higher energy densities than batteries. Thus, pure
electric power can be generated at high efficiency in fuel cells, or electrical energy can be stored
in batteries electrochemically. These power sources can be used in electrically powered vehicles
or as stationary power devices. Recent breakthroughs in battery technology have also enabled the
commercialization of electric and hybrid cars [10].

Chemical manufacturing is another sector where electrochemistry can play a significant role.
As we intend to move towards sustainable development, this also requires substantial changes in
our manufacturing sectors through developing new green processes that can reduce greenhouse
gases and waste production. Electrosynthesis is an alternative to many conventional
thermochemical processes for commodity chemical production, which uses electrons as green
reactants instead of potentially hazardous chemicals and allows to use of renewable energy sources
[11]. The environmental benefits of electrosynthesis, such as waste minimization, the use of non-
fossil/renewable feedstocks, and the option of on-demand chemical production, are important
considerations for sustainable chemical production [12]. CO; is one of the greenhouse gases that
can be utilized as a sustainable non-fossil carbon-based feedstock. It is now most widely explored

for producing value-added chemicals electrochemically [13-18]. The conversion of CO> to carbon



monoxide has been demonstrated at scale using an electrochemical cell, and this technology is now
moving toward commercialization to supply a renewable syngas (synthesis gas) component [19-
21].

In addition to the greenhouse gases, another public health concern is pollutants from
industrial and agricultural wastes that can leach into the main water stream. Electrochemical
processes can also be used to treat industrial or municipal wastes and, in some cases, can be used
to convert these wastes into valuable chemicals. For example, agricultural wastes such as NO>,
NOs7, and NO can be electrochemically converted into necessary commodity chemicals such as
ammonia [22-24]. Other approaches, such as the co-electrolysis of CO, with environmental
pollutants (e.g., NO>", NOs", and NO), utilize both pollutants simultaneously to address ecological
concerns while producing sustainable fuels, commodity chemicals, and fertilizers [25-27]. Our
research focuses primarily on the coreduction of CO: with nitrite (NO2") to simultaneously produce
two essential commodity chemicals, ammonia and urea, that can utilize renewable power sources.

However, despite all these advancements in electrochemistry, further and continuous
improvements are required to make this technology viable. Achieving sustainability in the energy
and manufacturing industries requires a collaborative effort from academia and industry, involving

expertise in electrochemistry, electrocatalysts, electrolytes, and process engineering.

1.2 CO: reduction reaction (CO: RR) process
1.2.1 Introduction

Exploring non-fossil-based alternative carbon sources is crucial for building a sustainable
manufacturing sector for carbon-based chemicals and products. Biomass is one of the widely

accessible carbon sources and can be utilized as an alternative [28-30]. Renewable fuels such as



methane, methanol, ethanol, and other carbon-based products can be produced from biomass [31].
While biomass is superior to fossil fuels, some drawbacks limit its use as a source of carbon-based
products. First, biomass is primarily used for food production, land conservation, and landfills;
only a limited amount of biomass can be used for other purposes. Second, burning biomass can be
harmful to public health and is a source of pollution [32].

Alternatively, utilizing CO> as a carbon source is a promising solution for generating carbon-
based compounds while addressing environmental concerns. Both thermochemical and
electrochemical processes can convert CO2 into fuels and other value-added chemicals. The
thermochemical process involves reacting CO> with H at high pressure and temperature to
produce carbon-based compounds, such as long-chain hydrocarbons, through the Fischer-Tropsch
reaction [33] or smaller molecules like methane synthesis [34]. The main challenge of this process
is the sustainable and cost-effective sources of H> and energy. Currently, most hydrogen and
energy are produced from fossil fuels, which results in significant greenhouse gas emissions [35].

The electrochemical conversion of CO; into fuels and other value-added chemicals utilizing
energy produced from a renewable source (e.g., wind and solar) could end the use of fossil-based
resources [36]. This conversion process has several advantages, including electrical energy can be
stored from intermittent sources indefinitely as chemical fuels using surplus electricity generated
during off-peak hours [37]. Later, electric power can be produced from these fuels by internal
combustion engines or electrochemically through fuel cells when the energy production from wind
or solar plants dips. Additionally, carbon-based chemicals and products can also be produced in
this way to replace those that are currently produced from fossil-based feedstocks [9].

However, the viability of using CO: as a feedstock for fuels and chemical production

depends on several factors, the most important of which are cost and scale [38]. The price of



electricity is a significant cost related to CO; reduction, and in this regard, the high voltage needed
for CO2 RR is a primary concern. Therefore, lowering the amount of electrical energy required for
this process is a keyway to reduce costs. Only an effective electrocatalyst can improve the energy
efficiency of the process by decreasing the overpotential, which is the excess electrical energy
(voltage) required (beyond the thermodynamic potential) to drive the reduction process.
Unfortunately, an ideal electrocatalyst for CO2 conversion has yet to be found, so research into
electrocatalysts to improve reaction selectivity and overcome cost is crucial. Additionally, the
production rate is essential when considering processes that can replace traditional fossil-based
feedstocks [38]. To meet demand, an alternative to fossil-based feedstocks must have a high
production rate. Electrolysis processes such as chlor-alkali [39] and aluminum refining [40] are in
industrial operation and producing on a large scale, demonstrating that this type of electrochemical

process can meet large-scale demand.

1.2.2 COz2 reduction reaction

Currently, CO> reduction reaction (CO2 RR) is the most intensively explored [41], focusing
on strategies to improve its energy efficiency by controlling various essential parameters, such as
selectivity, production rates, and reaction cell configuration. The voyage of the electrochemical
CO2RR began in 1954 when Teeter and Rysselberghe discovered this reaction for the first time
[42], but until 1980, research mainly focused on synthesizing carbon monoxide, formate, and
oxalate. A major breakthrough happened in 1985 when Hori et al. [43] discovered that methane
and ethylene were the major products when using copper metal as an electrocatalyst. Since then,

research on CO2 RR has been growing and producing a variety of renewable chemical compounds



while parallelly developing efficient electrolysis cell designs. Some of these products have the
potential to be scaled up and commercialized [38].
In the CO2 RR process, the main electrochemical reactions are water oxidation and reduction

of CO;. Thus, the two half-cell reactions are as follows (eq.1.1 and 1.2):

At the anode, H>O is oxidized (oxygen evolution reaction, OER):

2H, O —» 4H"+4e + O3 (1.1)
At the cathode, CO; is reduced (CO; rection reaction, CO2RR):

xCO,+yH"+ne — CH,0,+ HO (1.2)
The sum of two electrochemical half-cell reactions (eq. 1.3)

xCO; + yH,0 —- CH,0, + zO» (1.3)

Equation 1.3 is written in a general form to demonstrate that various carbon-containing
products can be produced. The actual observed products depend on several factors, but the most
important is the cathode material (catalyst) that plays the most significant role. Common products
from electrochemical conversion of CO; and their standard potentials are given in Table 1.1 [44].

The first step of the CO2 RR process, in which one electron transfers to form the CO;™
intermediate, poses the main energy barrier. This step requires overcoming a large negative
potential of -1.90 V vs the standard hydrogen electrode (SHE). CO», being a thermodynamically
stable, inert, and fully oxidized gas, is difficult to activate [44, 45]. However, proton-coupled-
electron transfer steps are more thermodynamically favorable and require less-negative potential
than the one-electron transfer step. In these steps, CO2 must first absorb on the electrode’s surface

and undergo a proton and /or electron transfer process. As illustrated in equation 1.3, these multi-



proton-coupled-electron transfer steps can lead to various products with complex reaction
mechanisms. The most common products are two-electron transfers to carbon monoxide and
formic acid or formate (HCOOH or HCOO"). Other organic compounds such as methanol
(6-electron transfer), methane (8-electron transfer), and ethylene and ethanol (12-electron transfer)
can also be produced, depending on the cathode materials. The water reduction reaction (HER)
can also occur at the same potential (-0.42 V vs SHE) as CO2 RR. Thus, competitive HER is also

a concern for CO2 RR performance, which reduces the energy efficiency of the process.

Table 1.1. The standard potentials for CO2 reduction to C; and Cz products in aqueous solution at

25 °C [44].
Standard potentials
Half reactions for CO: reduction
E’ (V vs SHE)

2CO; + 12H* + 12¢- — C,HsOH + 3H,0 -0.33
2CO; + 12H" +12¢” — CoHs + 4H20 -0.35
2CO; + 6H" + 6 — CH30H + H,0 -0.38
2H" +2¢ — H» -0.42
CO2+4H + 4e- — HCHO + H,O -0.51
CO; +2H" + 2 — CO + H2O -0.53
CO, +2H * + 2e- — HCOOH -0.61
COz +e — COY™ -1.90




1.2.3 The state of art electrocatalysts for CO; RR

As was previously mentioned, the study of CO> reduction made significant progress when
Hori et al. [16] revealed that the primary products from a copper metal electrocatalyst were
ethylene and methane. Since then, a number of studies have investigated and compared the activity
of different transition metals [46-49]. They found that the CO2 RR products are dependent on the
binding energy of CO at transition metals catalysts. Researchers believed CO is the crucial reaction
intermediate in reducing CO; at catalysts prepared with transition metals [46]. The CO and other
intermediate products produced during CO; RR easily poison the metal catalyst’s surface. The
metal catalysts that bind CO strongly, produced few CO2RR products because of CO poisoning
and hydrogen is the major product at those surfaces due to the competitive H>O reduction reaction.
On the other hand, metal catalysts that weakly bind CO only produce CO as a product because
when CO; is reduced to CO, the CO is released quickly from the surface and does not continue to
form further reduced products like alcohols and hydrocarbons. Among all these metal catalysts,
Cu has an intermediate binding energy for CO, which is believed to be the reason for the formation
of more reduced products that require more than a 2-electron reduction [50]. Currently, Cu and
Cu-based materials are the only electrocatalysts capable of producing alcohols and hydrocarbons
[41].

While the majority of studies have focused on transition metals, a number of other materials
have also been studied. The activity of organic compounds, such as pyridinium-based catalysts,
have also been studied, and among them, pyridine has shown selectivity for methanol at low
potential, a product that is not favored for metal catalysts [51]. Various non-noble
metallophthalocyanines have also been explored using gas diffusion electrodes (GDE), and

crystalized copper-phthalocyanine has demonstrated selectivity for ethylene with 25% faradaic



efficiency [52]. Recently, using ionic liquids in place of aqueous electrolytes was shown to
decrease the overpotential necessary for CO2 RR, where CO was their primary product; however,
the current density under these conditions was low [53, 54]. The activity of a few metal-free
catalysts, such as tetraalkylammonium salts, aromatic esters, and nitriles, has been reviewed [55]
[28]. Carbon monoxide dehydrogenase (CODH), a protein, has been shown to convert CO to CO
at the reversible potential [56]. A Ni-CODH coated pyrolytic graphite “edge” (PGE) electrode has
been demonstrated to exhibit electrocatalytic activity for both CO oxidation and CO: reduction.
This electrode has two active sites, namely a [Ni4Fe-5S] cluster and Ni-CODH/acetyl-CoA
synthase (ACS) and can function in both directions.

Unfortunately, none of the materials investigated so far for CO2 RR catalysis have the
required activity to be applied commercially. An ideal catalyst would work with a high current
density at low overpotential and produce selectively only the desired product. A good
understanding of the CO2 RR mechanism and other factors influencing the reaction is needed to

guide the research for catalysts that meet these requirements.

1.2.4 Electrolysis cells configuration for CO; RR

Currently, there is no widely accepted standard protocol for electrolysis cell configuration
for CO2 RR. Many research groups design and customize their electrolysis cells based on their
specific goals. However, in addition to the high-performance cathode and anode materials, a
reaction cell with low ohmic resistance and adequate mass transport capabilities are critical for
achieving a highly efficient CO2 RR process [57, 58].

While some CO; RR investigations have been conducted using simple one-compartment

electrochemical cells [59], this type of cell is not preferred due to the possibility of products of

10



CO: RR forming at the working electrode, then diffusing to the cathode and becoming reoxidized.
Despite this drawback of this system, this approach has been used successfully in several
experiments [59].

A more popular CO; electrolysis cell is a H-type cell (Figure 1.2). This cell uses a separator,
such as a glass frit or solid membrane, between the working and counter electrode compartments
to prevent the diffusion of products from the cathode to the anode and vice versa. Due to their
simple design and ease of operation, H-type cells are beneficial for mechanistic studies and
electrolysis experiments that run over long periods of time. However, this cell also has some
limitations. This system requires a large electrolyte volume, making it more challenging to get
high concentrations of liquid phase products, making them difficult to detect and quantify. Another
drawback of the H-cell is its low current density due to the limited CO: solubility (33 mM at
25 °C) in aqueous electrolytes [41, 60]. Despite these drawbacks, H-type cells are still widely used
in CO2 RR experiments due to their availability and have been used successfully in many

experiments [60].

0, «q} CO»— fgracog + H, + gas products

| I | Cathode
Anode 0
o) L.
Membrane/ [ &% | Liquid
separator products

Figure 1.1. Schematic of a laboratory electrochemical H-cell [62]. Reprinted with permission,

Copyright (2020), Journal of Materials Chemistry A.
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Recently, to overcome the limitations of H-type cells, a flow cell system was developed for
CO2RR [61, 62]. This system continuously supplies gas and liquid feeds to the cell, which provides
high mass transport of CO> to the electrode surface. However, the constant flow of electrolytes in
the flow cell dilutes liquid phase products formed during electrolysis, making them difficult to
detect and quantify unless they are present in high concentrations. A modified flow cell system,
called a membrane electrode assembly (MEA) flow cell, was later developed (Figure 1.2). This
design uses a membrane to separate the counter and working electrode sides, allowing for the use

of different electrolytes. Specifically, ionic liquids have been used on the working electrode side

to perform CO> RR [63].
Current HHfusion Proton
collector ¢ :,’ s exchange Gas Current
and flow g membrane diffusion collector

’ glectrode  and flow
and catalyst plat
(cathdde)

Products
(e.g. CO, C,H,}

Figure 1.2. Schematic of a membrane electrode assembly (MEA) electrolysis cell [64]. Reprinted

with permission, Copyright (2021), Acta Physico-Chimica Sinica.

The MEA-flow cell concept is similar to proton exchange membrane (PEM) based water

electrolysis cells [64] and fuel cells, except that fuel cells operate in the opposite direction [65].
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These types of cells have low cell resistance and good mass transport properties. However,
attempts to run a CO; reduction reaction (CO2 RR) using Nafion membranes, which create a very
acidic environment where hydrogen evolution reaction (HER) dominates, have yet to be
successful. Many research groups have used anion exchange membranes (AEMs) to allow the flow
of OH and water between the cathode and anode in CO, RR [64]. However, these AEM-flow cells
also have some limitations. The efficiency of the cell gradually decreases due to the accumulation
of excess water and flooding on the cathode side [66]. This is caused by the inability of the OH"
exchange to keep up with the CO; input due to membrane carbonation. Additionally, the crossover
of reactant (CO,) via the cathode-to-anode transport of CO3* /HCOj3™ and liquid products through
the membrane is also an issue in all MEA-based electrolysis cells [40].

Another approach that differs from the rest is to couple an electrolysis cell directly to a mass
spectrometer. This approach is known as a differential electrochemical mass spectrometer
(DEMS). DEMS has the advantage that products can detect as the potential is scanned, reducing
data collection times and allowing for the observation of transient electrochemical processes [68].
The disadvantage is the difficulty of setting up the DEMS system, requiring extensive calibrations,
and the inability to detect low-volatility products. Furthermore, this technology is only suitable for
laboratory-scale investigations.

Despite the development of advanced designs for CO2 RR cells, their performance still lags
behind that of current PEM water electrolysis cells. Apart from catalyst design, more efforts should
be made to improve CO; RR performance through electrode configuration, ion exchange

membrane, ionomer, mass transfer as well as process engineering.
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1.3 Nitrite reduction reaction (NO2 RR)

Effluents released from agricultural and industrial activities have led to significant
environmental pollution. Nitrate, nitrite, and nitric oxide are the major nitrogen pollutants found
in these effluents. Among them, nitrite is more toxic, and its presence in water systems is a major
environmental challenge. Nitrite contamination of groundwater in many areas of Europe as well
as in the United States and Canada has reached severe levels exceeding the nominal limits set by
the European Standards. According to these standards, only 0.05 mg L™! of nitrite is the maximum
allowable level in potable water. Excessive nitrite exposure can have devastating effects on human
health, such as respiratory deficiencies [69].

Various methods have been used for the treatment of nitrite in wastewater, such as biological
[70], catalytical [71], ion exchange [72], and suspended solid removal by sedimentation [73].
Researchers have also investigated the electrochemical treatment of nitrite for wastewater [74, 75].
In addition, the electrochemical reduction of NO>™ has also been extensively researched to produce
N2 and value-added chemicals while mitigating NO;~ pollution in recent decades. Since 2020, it
has become a potential research area as it considers a more reactive N-source to produce useful
products with high faradaic efficiency. Figure 1.3 shows all possible pathways of electrochemical
reduction of nitrite (NO2 RR) to produce various useful products [76]. However, the main
challenge of the NO2 RR process is the selectivity of the products because of the complexity of the
reduction reaction process as it involves multiple protons and electrons transfers (Figure 1.3).
Thus, electrocatalysts are crucial to developing effective reaction systems with high efficiency and

selectivity. This review will focus on the NOz RR to two useful products, nitrogen and ammonia.
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NH, ° N,O
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Figure 1.3. Different pathways of electrochemical reduction of nitrite (NO2 RR) to useful products

[76]. Reprinted with permission, Copyright (2022), Chemical Communications.

1.3.1 Electrochemical production of nitrogen from nitrite

Selective electrochemical reduction of nitrite to N2 has been a topic of significant research
due to its importance in maintaining the nitrogen cycle balance [77]. Recently, Koper et al. [78]
studied the NO;> RR to N> at a Pt(100) electrode in an alkaline environment. They found that the
Pt(100) electrode had a unique reactivity and selectivity for this process, which requires 8H* and

6¢ transferred to convert NO» to N», as described in eq. 1.4 [79].

2NOy +8H"+ 6 — N2 +4H:0, E®=1.52 V vs SHE (1.4)

EY is the standard electrode potential vs. Standard Hydrogen Electrode (SHE).

The team used in-situ Fourier transform infrared (FTIR) and online mass spectrometry
(OLEMS) experiments to reveal the origin of the unique reactivity of Pt(100) sites. The in-situ
FTIR experiment showed that NHo(q) and NOqy coexist near the N2 evolution potential window.

NHaz(aq) was found to be dominant when E < 0.55 V, while NOg) was dominant when E > 0.55V,
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with both overlapping in the potential region of 0.3-0.5 V. The involvement of both species was

confirmed by the OLEMS experiment.

o
h

jimAcm

IO.1 a.u.

miz = 14 (N)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Evs RHE /V

Figure 1.4: Cyclic voltammetry during OLEMS measurements (a) and ion current profiles for m/z
= 14 (b) and m/z = 28 (c¢) in 0.1 M NaOH containing 2 mM NaNO, [78]. Reprinted with

permission, Copyright (2010), American Chemical Society.

Figure 1.4 (a) shows the cyclic voltammograms obtained during OLEMS measurements in
0.1 M NaOH containing 2 mM NaNO». A sharp peak at around 0.55 V vs. RHE corresponds to
NO;" reduction to N2. The production of N> was confirmed by the detection of masses 14 and
28 m/z as shown in Figures 1.4 (b) and (c). The team proposed that the coexistence of NOaq) and

NHaz(aq) led to the formation of N> through a Langmuir Hinshelwood recombination (eq. 1.5).
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NH2@a) + NO@y — N2+ H20 (1.5)

Additionally, the team suggests that achieving 100% selectivity in the conversion of NO>™ to
N2 could be possible through the (NHz@a) + NOg)) mechanism. This is because it involves the
participation of two highly adsorbed intermediates (NO and NH>) [78], which can lead to more
efficient catalysis compared to the traditional stepwise mechanism, which requires multiple steps
involving the transfer of more than two electrons as described in eq. 1.6-1.8 [80]. However, the
precursor N>O in the stepwise pathway reaction can easily escape from the catalytic sites as it is a

weakly ligating molecule, resulting in poor selectivity to Nz [81].

NO> + 2H" + ¢ — NOqads) (1.6)
NO(ads) +2H" +2¢ — NZO(ads) (1 7)
N2Ogags) + 2H" +2¢” — N> (1.8)

Nishimura et al. [82] also studied the nitrite reduction reaction at a porous platinum electrode
in acidic media and coupled it with online differential electrochemical mass spectrometry (DEMS)
analysis. Unlike the results reported by Koper et al., they observed the simultaneous formation of
NO, Nz, and N>O during the voltammetry. They proposed that N, was being formed

electrochemically from N>O through the reaction of eq. 1.9.

N>O+2H" +2¢” — Na, E°=1.77 V vs SHE (1.9)

Similarly, the formation of N2O during nitrite reduction was also confirmed by Bae et al.
[83] at Pt using FTIR spectroscopy, and they also suggested that N> was being formed
electrochemically from N>O through a reaction similar to eq. 1.9. However, in contrast, He et al.

recently investigated the reduction of NO> to Nz at oxo-molybdenum sulfide (oxo-MoSx) in
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neutral media and reported a low faradaic efficiency of only 13.5% for N> generation, indicating

that the process follows a stepwise reaction mechanism [80].

1.3.2 Electrochemical production of ammonia from nitrite

The electrocatalytic nitrite reduction to produce value-added commodity chemicals, like
ammonia, is a potential area of research. Several research groups have investigated the selective
electrochemical conversion of nitrite to ammonia, which is a challenging process due to the
complexity of the 8H" and 6¢ transferred reaction, as shown in eq. 1.10 [79]. The NO, RR
generates various products, as shown in Figure 1.3, the most common of which is N», but NH3 is
actually easier to form than N> from a catalytic standpoint because no N-N bond is required though
it is a thermodynamically favorable product [79]. However, converting nitrite to ammonia with
high efficiency remains a challenge, and the development of catalysts with high activity and

selectivity is needed for this process.

NOy + 8H' + 66 — NH4" + 2H,0, E°=0.897 V vs SHE (1.10)

Dinuclear metal complexes, such as the ruthenium complex {(TpRu). (p-pz)} [(Tp =
trispyrazolylborate and pz = pyrazole] have been studied for their ability to selectively catalyze
the six-electron reduction of nitrite to ammonia [84]. Arikawa et al. proposed a three-step
mechanism for this process (Figure 1.5). The first step for nitrite reduction was initiated by the
2H"/e” conversion of a nitrito ligand to a NO ligand, which was further reduced to a nitrido and a
H>O ligand through a 2H"/5¢" process. Finally, the parent nitrito ligand could be recovered by the
consumption of 3H" and 3e™ in the presence of a nitrite ion, thereby releasing NH3 and completing

the cycle.
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Figure 1.5: Nitrite reduction to ammonia on a dinuclear ruthenium complex [84]. Reprinted with

permission, Copyright (2018), American Chemical Society.

Furthermore, the tripeptide GlyGly-HisA (CoGGH)-coordinated cobalt complex has also
demonstrated high catalytic activity for the selective NO2 RR to NH;3 with faradaic efficiency of
90% at 0.9 V vs. Ag/AgCI [85]. This catalyst also selectively converted two reaction intermediates,
hydroxylamine and nitric oxide, to ammonium, limiting the simultaneous accumulation of by-
products during NO>RR to ammonia.

Chebotareva et al. have also studied nitrite reduction on glassy carbon electrodes modified
with various metallophthalocyanine (M-Pc) complexes in an alkaline solution. They found that the
Cu-Pc complex was the most active, producing mainly ammonia. They also reported that nitrite
reduction to ammonia is much higher in basic media than in acidic media [86].

Recently, Wang et al. have demonstrated that Ni nanosheet arrays with Ni vacancies (Ni-
NSA-VNi) exhibited excellent electrocatalytic performance for the selective NO2 RR to NH3, with
a faradaic efficiency of 95.5% and a selectivity of 98.0% [87]. They identified nitric oxide (NO)

as the reaction intermediate by online DEMS measurement. Through DFT calculation, they found
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that the addition of Ni vacancies decreased the surface electron cloud density in NiNSA-VNj,
which improved the adsorption and activation of nitrite as well as the desorption of ammonia,
leading to enhanced electrocatalytic performance. Additionally, they replaced the sluggish oxygen
evolution reaction (OER) with value-added semi-dehydrogenation of tetrahydroisoquinolines by
using NiNSA-VNi as an anode catalyst, which showed a high FE of 95.5% and a selectivity of
98.0%. The Ni-NSA-VNi || Ni-NSA-VNi two-electrode system also exhibited excellent stability
and high selectivity for the simultaneous production of ammonia and dihydroisoquinoline. This
work showed that combining the beneficial anode reaction with nitrite reduction can result in
efficient energy utilization and enhance economic benefits.

The electrocatalytic reduction of nitrite is a promising area of research for both wastewater
treatment and the production of value-added products. This area is growing and has enormous
prospects and challenges. Catalyst with high selectivity towards a specific product is crucial for
practical applications. Rational catalyst design and reproducible and consistent performances are
important. The development of effective electrocatalysts for selective nitrite reduction requires
rational catalyst design, in-situ characterization, and theoretical studies to understand the reaction

mechanism and intermediates.

1.4 Coreduction of nitrite and CO: to urea
1.4.1 Introduction

Electrochemical urea synthesis by coreduction of CO; and N-containing compounds, such
as nitrogen, nitrite, nitrate, or nitrous oxide [88] is regarded as more sustainable than traditional
urea production methods, as it eliminates the need for high temperatures and pressures, as well as

reducing the consumption of fossil fuels.
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Traditionally, urea is synthesized from the reaction between ammonia (NH3) and carbon
dioxide (CO2) under harsh conditions such as high temperature (150-200 °C) and pressure (150-
250 bar) [88]. Currently, more than 95% of NH3 is produced using the century-old Haber-Bosch
process (HBP), where N is reduced at high temperature and pressure using H» (eq. 1.11), which

is mainly produced through the steam reforming of fossil fuels [89].

Ny 4 3H, 400-500 °C INH, (L11)
150-200 atm

AG =-16.4 kJ mol!, AHP = -45.9 kJ mol’!
Where AG{’ is the standard Gibbs free energy of formation and AH{ is the standard enthalpy of
formation.

The electrochemical reduction of CO2 and NO;" is an extensively studied area for urea
synthesis, as NO»™ is considered a highly active nitrogen source [26, 90-95]. This technique
simultaneously removes two pollutants from the environment while producing urea as a valuable
fertilizer. However, the formation of urea from coupling carbon dioxide and nitrite is challenging
due to the complexity of the simultaneous reduction process. It involves multiple proton-coupled
electron-transfer steps and chemical steps. The challenge is further complicated by the need to
activate CO; and NO;" within the same potential window while competing with the water reduction
reaction, resulting in low urea faradaic efficiency and complex product distribution. Highly active
catalysts are desired to improve urea production with high efficiency. Unfortunately, an ideal
electrocatalyst for converting CO2 and NO;™ to urea with high efficiency and production rate has
yet to be discovered. Therefore, extensive research on electrocatalysts is crucial to improve the

selectivity of both NO;™ and CO> reduction towards urea and reduce side reactions.
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1.4.2 Proposed reaction mechanism of coreduction of nitrite and CO; to urea
Electrochemical coreduction of NO>~ and COxz to produce urea has been accomplished with
a wide variety of catalysts [26,90-95]. Shibata et al. [90] first demonstrated the electrochemical
synthesis of urea from CO; and NO>" using a Cu-loaded gas diffusion electrode in 1995, achieving
the highest faradaic efficiency of 37% at -0.75 V vs RHE. The authors believed that adsorbed CO
(CO*) and adsorbed NH, (NH:*) are the two major reaction intermediates responsible for
producing urea. They proposed that the formation of urea depends upon the catalyst’s ability to
convert CO2 to CO*-type and NO> to NH>*-type intermediates simultaneously at the same
potential window (eq. 1.12-1.13). Then the adjacent intermediate CO* and NH>* help to form the
C—N bond through Langmuir-Hinshelwood mechanism to produce urea (eq. 1.14) [96]. In this
cathodic process a total of 14 protons and 12 electrons are consumed to produce one molecule of

urea (eq. 1.15).

CO2(g) +2e +2H" (aq) — CO* (intermediate) + H,O (1.12)
NO;y (aq) + 5¢" + 6H" (aq) — NH»* (intermediate) + 2H,O (1.13)
CO* (intermediate) + 2NH>* (intermediate) — NH>CONH:> (aq) (1.14)

Overall cathodic reaction

CO,(g) + 2NOy (aq) + 12¢" + 14H" (aq) — NH,CONH; (aq) + SH,0 (1.15)

This group established their mechanism through control experiments by replacing either CO:
with CO or NO>” with NH3 and found no urea was produced under these conditions. These results
confirmed that urea was directly produced from NH>*-like and CO*-like intermediates, which

were produced from the reductions of NO;" and COx.
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Recently, Meng et al. [91] proposed a different type of reaction mechanism as described in
eq. 1.16-1.18, when they investigated the coreduction of nitrite and CO> at oxygen vacancy-rich
ZnO porous nanosheets (ZnO-V). This group was the first to establish their proposed mechanism
by characterizing the surface intermediates with in-situ techniques, leading to an alternative C-N

coupling mechanism.

NO;y (aq) + 6¢ + 6H" (aq) — NH»* (intermediate) + 2H,O (1.16)
CO2(g) +H'(aq) + e — COOH* (intermediate) (1.17)
The final cathodic reaction:

COOH* + 2NH,* + H' (aq) + & — NH,CONH, (aq) + H,0 + CO (1.18)

They have predicted the reaction pathway on the basis of the catalytic surface, which contains
oxygen vacant sites in ZnO. The schematic illustration profile of the CO; reduction reaction and
the NO>™ reduction reaction at ZnO-V is represented in Figure 1.6.

According to the authors' proposed mechanism, the process begins with the oxygen atom in
NO;™ attacking the oxygen-vacant sites of the catalyst. This is followed by the reduction of NO>
to the intermediate NH>* through a series of proton-coupled electron transfer reactions. At the
same time, oxygen atom in CO; is also attacked into the vacant sites and reduced to COOH*
through a single proton-coupled electron transfer reaction. The final step involves coupling the
NHz* and COOH* intermediates, leading to the formation of urea. The authors supported their
proposed mechanism with the in-situ infrared absorption spectroscopy (FTIR) experiments under
reaction conditions. Their IR spectra showed a strong band for COOH* intermediate at 1360 cm™!

when NO;" was absence then in the presence of both CO; and NOy", indicating the consumption of
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COOH* during urea formation. Additionally, an absorption band at 1440 cm™! was found in the

presence of both CO; and NOy", indicating the present of a C-N bond as a result of urea formation.
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Figure 1.6. The schematic illustration profile of the CO: reduction reaction and the NO>™ reduction

reaction at ZnO-V surface. Reprinted with permission [91], Copyright (2021), Physical Science.

1.4.3 State of the art electrocatalysts for coreduction of nitrite and CO; to urea

As was previously mentioned, that the first report on the electrochemical synthesis of urea
from the coreduction of CO; and NO>™ was published by Shibata et al. in 1995 [90]. After then,
this group has investigated various transition metal-loaded gas diffusion electrodes and found that
the highest urea faradaic efficiency of 55% was achieved with a Cd electrode at -1.0 V vs RHE
[92]. Later in 2001, further findings were reported by the same group that metal phthalocyanine
(M-Pc) catalysts could be a potential electrocatalyst to produce urea by the coreduction of CO»
and NO2 [93]. The presence of multiple active sites such as the metal center, pyridinic nitrogen,
and pyrrolic nitrogen groups in M-Pc can greatly enhance the selective reduction of NO> and CO»

to produce urea, where the choice of metal ions is very important, which significantly influence
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the reaction's selectivity and efficiency [97-98]. They found that, except Al and Ge, all metal
phthalocyanines from groups 8-14 were capable of producing urea. The most effective were Zn,
Cu, Pd, Fe, Co, and Ni phthalocyanines, which produced urea at high faradaic efficiency of
20-42% at negative potentials range from -0.75 to -1.6 V vs RHE.

Since Shibata’s work, there has been limited progress in developing effective and selective
electrocatalysts. However, recent studies have shown promise. In a study by Cao et al. [26], the
authors explored TiO> based materials and successfully synthesized an oxygen vacancy Cu-doped
TiO; electrocatalyst. This electrocatalyst was able to produce urea with an excellent yield rate
(20.8 uM h') and high faradaic efficiency (43.1%) at a low overpotential (-0.4 V vs RHE). The
oxygen vacancy Cu-doped TiO: played the role of a synergistic site, which could efficiently
catalyze the reduction of CO; into CO* intermediate on the copper dopants site and the reduction
of NO™ to NH>* intermediate on Ti** defect site, resulting in high efficiency urea production.

In another study by Meng et al. [91], the authors used electrochemical reduction to create
oxygen vacancies in synthesized ZnO porous nanosheets (ZnO-V). This electrocatalyst was able
to convert nitrite and CO> to urea with a faradaic efficiency of 23.26% and a urea yield rate of
16.56 uM h! at -0.79 V vs RHE. The authors were able to uncover the likely reactive intermediates
and C-N coupling route for urea production through in-situ FTIR and DEMS. The preparation of
oxygen vacancy-rich ZnO porous nanosheets involved a three-step steps, including the use of
electrodeposition, calcination, and electrochemical CV reduction. In the first step, carbon cloth
was used as the substrate to grow ZnisSO4(OH)e'5SH20 nanosheet precursors through
electrodeposition. Next, the ZnsSO(OH)s-5H>O nanosheets were calcinated at 650 °C in air to
create ZnO porous nanosheets. Finally, ZnO is converted into ZnO-V through electrochemical CV

reduction.
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In a study by Feng et al. [94], Te-doped Pd nanocrystals were prepared using a wet chemical
method. The authors used Pd(acac), and H¢TeOs as metal precursors and N, N-dimethylacetamide
as the solvent and reducing agent, and NH4sHCO;3 and polyvinylpyrrolidone (PVP) as additional
components in the synthesis process. The resulting electrocatalyst showed efficient
electrochemical performance, with a faradaic efficiency of 12.2% for converting CO> and NO;" to
urea at a high negative potential of -1.1 V vs RHE.

A very recent study conducted by Liu et al. [95] has shown that noble metal alloy AuCu self-
assembled nanofibers (SANFs) are highly stable during long-term electrolysis. This catalyst has
been found to have the capability to produce urea at a relatively high rate of 64.8 uM h'! with a
faradaic efficiency of 24.7%. The authors attribute the success of this catalyst to the presence of
rich structural defects in AuCu SANFs, which provide a large number of highly active catalytic

sites. This allows the simultaneous reduction of CO> and NO» to produce urea at a high rate.

1.5 Product analysis from coreduction of nitrite and CO

The performance of electrocatalytic coreduction of nitrite and CO is directly determined by
the amount of product produced during electrolysis. Therefore, product quantification methods are
critical and should be highly sensitive, selective, accurate, and reproducible. Due to the diverse
experimental conditions used, several detection techniques have been used to quantify products.
This section will focus on discussing the most commonly used analytical techniques for measuring
urea and ammonia, which are typically the primary commodity products produced during the

coreduction of nitrite and COs.
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1.5.1 Analysis of urea

Recently, Li et al. [99] provided a comprehensive overview and comparison of analytical
techniques employed to quantify urea produced from coreduction of diverse carbon and nitrogen
sources, including seven studies from coreduction of nitrite and COz. According to the report,
around 58% of studies quantified urea using spectrophotometric techniques, of which 28% used
indophenol blue method after hydrolysis/digestion with urease and 30% used the diacetyl
monoxime method. In constant, only 24%, 16%, and 2% used 'H-NMR, HPLC, and FTIR
techniques, respectively.

Urea measurement using the urease method [26] mainly refers to the decomposition of urea
by urease to ammonia (eq. 1.19), and the urea concentration is indirectly calculated by difference,

by analyzing the total amount of ammonia following decomposition as described in eq. 1.20.

Urease
—————» 2NH, + CO, (1.19)
HoN NH,

Total number of moles of urea = [[NH;] after digestion - [NH;] before digestion]/2 (1.20)

Here, [NH;] before digestion is the initial concertation of NH3 in the sample and [NH;] after
digestion is the total concertation of NH3 in the sample after urea was digested with urease.

The indophenol blue method (or the salicylate method modification of the indophenol blue
method) is widely used for the quantification of ammonia after the decomposition of urea to
ammonia due to its low detection limit, stable color development, good reproducibility, and low
cost [100]. Additionally, a few studies have also reported the use of ion-chromatography (IC) [101-

102] for the quantification of ammonia. The indophenol blue method follows the Berthelot reaction
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(eq. 1.21), involving the reaction of ammonia with phenol and hypochlorite in an alkaline solution
to generate a blue-colored indophenol product. Sodium nitroprusside is used as a catalyst to
intensify the color change in the indophenol reaction, with citrate buffer used to stabilize the pH

of the reaction solution [103].

OH

NaClO, NaOH O :@zo 1.21
+ ° N
NH,* (ag) + Na,[Fe(CN)sNO] ( . )

Indophenol Blue

Unfortunately, this method is highly sensitive to various factors such as pH, reaction time,
and reagent concentrations [103]. Additionally, the presence of certain metal ions (Fe*, Fe**, Na*,
Ca?", Cu?', Mg?"), various anions, and especially N-containing compounds can adversely impact
in the formation of the chromophores and accuracy of the ammonia measurement [102, 104,105].

Studies have shown that the presence of NO>™ can suppress the formation of the indophenol
blue, leading to the underestimation of the NH4" formation, which in turn lowers the calculated
urea concentration [8]. The influence of NH4" on urea detection is also investigated extensively,
since NH4" is one of the inevitable by-products in the urea electrosynthesis system. It has been
found that low concentrations of NHs" (below 10 ppm) have low interference with urea
measurement, with a relative error within 10%. However, higher concentrations of NH4" (above
35 ppm) can significantly impact the accuracy of urea measurement, resulting in a relative error
typically exceeding 30% [99, 105].

It is clear that the sample's matrix greatly influences the accuracy of urea quantification by
the urease method. Therefore, it is crucial to match exactly the solution components and

concentrations used to acquire the standard calibration data with those used in the coreduction
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process. However, due to the reaction process's complexity, many unknown products and
intermediates can be produced during the electrolysis, making it very challenging to match the
calibration standard composition with the actual sample's matrix. Additionally, Huang et al. [105]
also noted other potential difficulties with using the urease method for urea quantification beside
the sample’s matrix, such as variations in urease activity between batches, potential loss of NH4*
during the digestion process, and inhibition of colorimetric determination of NH4" by high urease
concentrations. Therefore, the author recommended paying extra attention to the details of the
experiment when the urease method is used, especially when urea is produced with a high amount
of ammonia.

On the other hand, IC with appropriate chromatography columns can provide the advantages
of a much lower detection limit, excellent reproducibility and accuracy, and direct determination
of multiple ions. However, Li* and Na* containing electrolytes are unsuitable due to their shorter
retention time, and ionic liquid and organic electrolytes are also incompatible [101, 102].

Compared to the urease method mentioned earlier, the diacetyl monoxime (DAM) method is
a more straightforward detection approach based on the absorbance of the pink-red complex
produced by the reaction between DAM and urea. Additionally, it has the advantage of a very low
detection limit. For instance, the detection of 1.2 nM urea in seawater has been reported [106].
First, diacetyl monoxime is hydrolyzed and breaks down into diacetyl during the reaction in the
presence of strong acid and heat (eq. 1.22). Diacetyl and urea then react in the same medium to
form the yellow-colored diazine product and water. Diazine is stabilized by thiosemicarbazide and
converted to a pink-red colored complex product with a stronger absorbance at 520 nm in the

presence of metal ions such as Fe** (eq. 1.23) [107].
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Chen et al. [106] reported that this method is highly sensitive to reagent stability, pH, and

reaction temperature and time. Additionally, Li et al. found that the presence of metal ions at low

concentration does not affect the detection of urea; however, various carbon and nitrogen

containing reactants, sacrificial agents, and electrolytes do have a negative impact on the formation

of the chromophores (Figure 1.7), which can lead to unreliable results [99].

The urea concentration measured in most experiments showed quantitative discrepancies,

with all components except NH4OH having a positive interference. More importantly, the addition
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of 0.1 M KNO:; resulted in the inability to detect urea. Further experiments by decreasing the
concentration of C/N-containing components revealed that, except for KNOg, all components had
a concentration-independent quantitative error. Significant quantitative inconsistencies happened
when the KNO; concentration exceeded 0.1 mM, and no urea was detected above the concentration

10 mM. These results indicate that the DAM method is not suitable for systems containing NO>".
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Figure 1.7. The urea concentration (theoretical value: 1 pg mL!) detected under different
interferences (After added N/C-containing reactants before reaction (NH3.H20 and NH>OH: 1%
v/v), sacrificial agents (oxalic acid: 1% w/v; HCOOH and isopropanol: 1% v/v), or electrolytes

(0.1 mol L)) [99]. Reprinted with permission, Copyright (2022), Small Methods.

Compared to the spectrophotometric techniques, NMR 1is a non-destructive and isotope-
sensitive technique that has been successfully employed to measure the urea and isotopic-labeled
urea [99, 105, 108]. '"H-NMR can easily differentiate '>CO(*NH.), from '?CO('>NH>) based on

the spin difference between “N and '°N. The interaction between 'H and '*N in "2CO(!>NH,),
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produces a doublet (two symmetric signals) with a coupling constant '/x.i of 89.94 Hz. In contrast,
the interaction between 'H and N in ">CO(!'NH>): produces a broad signal (singlet) instead of a
triplet (three symmetric signals) due to the quadruple relaxation effect as seen in Figure 1.8. The
amount of >CO(**NHz), or "2CO('>NH,), produced during coreduction of *NO,/"NO, and CO,
can be quantified by making an external calibration curve or adding an internal standard. However,
this technique is less sensitive than the spectrophotometric techniques (urease and DAM methods).

The lowest detection limit (LOD) reported is 0.54 ppm [105].

——— 2C5N-urea Urea
——— BC"N2-urea 89.94 Hz

—— 2C"N2-urea /\“‘—"‘r

Disodium maleate

Intensity (a. u.)

6.2 6.0 5.8 5.6 5.4 5.2
Chemical shift (ppm)

Figure 1.8. "TH-NMR spectra of non-isotope and isotope-labeled urea (10 ug mL") [99]. Reprinted

with permission, Copyright (2022), Small Methods.

Recently Huang et al. [109] used the 'H-NMR to effectively measure urea produced from

the coreduction of NO and COz at ZnO nanosheets (ZnO NSs). They achieved a yield rate and
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faradaic efficiency of 15.13 mM g'h! and 11.26% at -0.92 V vs RHE, respectively. However,
they also emphasize the importance of proper sample preparation, signal acquisition, and
processing procedures for obtaining accurate results with NMR. Additionally, the presence of
reaction by-products and metal ions can have a negligible impact on urea quantification using
'"H-NMR due to the distinct chemical environment of hydrogen atoms. However, using 'H-NMR
to measure urea requires a cryoprobe-equipped NMR spectrometer, as well as an appropriate water
suppression pulse sequence, to differentiate between urea (5.6 ppm) and H>O (~4.7 ppm), as seen
in Figure 1.9. This process can be time-consuming, costly and requires expertise, which makes it

less accessible for widespread use.

Intensity / a.u.
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Figure 1.9. Typical 'H-NMR spectrum of electrolyte extracted after electrolysis experiments [109].
Reprinted with permission, Copyright (2021), ACS.
In addition to NMR, mass spectrometry is another isotope sensitive technique that can

accurately identify and quantify both urea and isotopic-labeled-urea [110, 111]. This technique is
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able to differentiate between the two based on their molecular mass differences. Mass spectrometry
is highly selective and sensitive compared to other techniques. The use of electrospray ionization
(ESI) in a mass spectrometer is very useful for the analysis of non-polar or semi-polar small
molecules due to its soft ionization capabilities. In positive polarity mode, the molecular ion peaks
of urea can be identified in MS spectra as a [Urea + H] " as seen in Figure 1.10. This method is
particularly very useful when urea is produced at very low concentration levels, such as in the

micromole or nanomole range concertation.
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Figure 1.10. The molecular ion peaks and fragment ion peaks of urea ['2CO('*NH,),] [110].

Reprinted with permission, Copyright (2021), ACS.

Several research groups have successfully used the liquid-chromatography mass
spectrometry (LC-MS) technique to identify urea produced from coreduction CO and various N-
sources [26,105,108]. Maimaiti et al. [110] recently used LC-MS to detect isotopically labeled

urea produced from photocatalytic reduction of N> and CO», using an Fe-core-supported Ti**-TiO;
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composite as a catalyst. They found that Ti*" sites and oxygen vacancies on TiO, were the active
centers for N> and CO» reduction, respectively. To confirm that urea was produced from the
coreduction of N2 and CO», they conducted several controlled experiments using isotope labeling.
Using LC-MS, they were able to identify the production of both CO(!>NH,), and *CO("*NH2),
when using "N»/CO» and N»/'*CO as the feeding gases. Figures.1.11 (a) and (b) show the MS
spectra, in negative polarity mode, of the molecular ion and fragment ion peaks of 61.04 and 59.86

m/z for CO(**NHz),, and 60.02 and 58.9 m/z for >*CO(**NH>),, respectively.
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Figure 1.11. The molecular ion peaks and fragment ion peaks of (a) CO('’NH,), and (b)
BCO("NH;), when used "N»/CO; and N,/'3CO; as the feeding gases [110]. Reprinted with

permission, Copyright (2021), ACS.

1.5.2 Analysis of ammonia
In addition to the indophenol blue method, as described in Section 1.5.1, NMR is also used
to measure ammonia as it is a quick and convenient isotope sensitive method [112, 113]. This

technique is commonly used by the nitrogen reduction community to verify that ammonia is
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produced from nitrogen reduction, rather than from contamination, by conducting isotopic-labeled
experiments. For ’NH3 measurement, 'H-NMR is typically used instead of '’N-NMR. 'H-NMR
can easily differentiate '’NH;3 from '“NH3 by the spin difference between *N and '>N. The
interaction between 'H and >N in '>NH4" produces a doublet (two symmetric signals), while the
interaction between 'H and '*N in “NH4" produces a triplet (three symmetric signals). However,
due to quadruple relaxation effect, the N splitting of the 'H signal is not always observed, but
when N is in a highly symmetrical environment, like '“NH4*, the N splits the 'H signal into a
triplet. Hence, proper sample preparation and signal acquisition and optimizing of the method are
very important for obtaining accurate results. Figure 1.12 shows overlaid 'H-NMR spectra for
SNH4" and “NH4", where a doublet with a coupling constant '/n.iof 73.1 Hz was identified when
SNH4Cl1 was used as a standard, while a triplet with a coupling constant 'Jx.u of 52.2 Hz was
found when "“NH4C1 was used as a standard [112].

Andersen et al. [112] proposed a rigorously controlled experimental protocol for consistent
and accurate measurement of ammonia produced from electrochemical nitrogen reduction. They
conducted several controlled experiments and isotope-labeled experiments under different
conditions to verify their protocol and presented a thorough comparison of ammonia measurement
results. Two techniques, 'H-NMR and a spectrophotometric method (indophenol blue), were used
to measure ammonia and the results are presented in Table 1.2. The concentrations of NH3
measured by 'H-NMR and the indophenol blue method were 0.65 + 0.08 and 0.56 = 0.10 mM,
respectively, when *N, was used and 0.49 + 0.05 and 0.61 £ 0.16 mM respectively, when "N
was used. These results demonstrated that if the control experiments are executed carefully, similar

amounts of NH3 can be produced using '°N» as well as using N> as the feeding gas.
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Figure 1.12. Overlaid 'H-NMR spectra for '“NH4* and "NH4* (solutions contain 0, 3,10, 50 and

100 uM L of “NH4Cl and '>NH4CI) [112]. Reprinted with permission, Copyright (2019), Nature.

Table 1.2: Average concentration, average faradaic efficiency (%FE), and average yield rate of

NH; produced from Nz reduction at -3.1 V vs RHE under ambient conditions.

Indophenol blue 'H-NMR
Feedi A A
e;a;ng Average yievlﬁc:lrerlftz Average Average yiervlilrerlfti: Average
%FE H; (mM %FE NH; (mM
o uM hlem™ NH; (mM) ° uM h™lem 3 (mM)
N, 7.5+ 1.1 0.8+0.10 | 0.65+0.08 | 6.5+1.4 0.7+0.20 | 0.56+0.10
5N, 7.0+£2.2 0.7+0.20 | 0.61+0.16 | 57+0.70 | 0.6+0.10 | 0.49+0.05

Additionally, Hu et al. [113] published a study on electrochemical N> reduction using a
Mo>N/Ti catalyst, where they achieved a high faradaic efficiency of 42.3% at -0.05 V vs RHE and

a yield rate of 1.99 pug h™! mge !. However, when they slightly changed their applied potential
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from -0.05 V to -0.15 V, they found that faradaic efficiency dropped drastically from 42.3% to
1.93%. Initially, they believed that NH; was produced from electrochemically reduced N>. An
isotope-labeling experiment was performed to confirm the N> sources of their produced NH3 using
5N, as a feeding gas. They analyzed the products with "TH-NMR, and surprisingly, no doublet was
observed in the spectra, which indicates that no "NHsz was produced in their isotopic labeled
experiment. Further investigation using Ar-based electrochemical electrolysis revealed that NH3
was formed due to the decomposition of the nitride catalyst. The isotope-labeling study thus proved

that the Mo2N/Ti catalyst does not have any catalytic ability to produce NH3 from Na.

1.6 Performance evaluation of the electrocatalytic coreduction of nitrite and CO;

The performance of an electrocatalytic process can be evaluated using several fundamental
parameters, including faradaic efficiency, reaction rate (yield rate), onset potential, current density,
energy efficiency, and stability. However, this section will specifically focus on two key
parameters, the faradaic efficiency and reaction rate, as both are far behind the practical
expectations.

1. Faradaic efficiency: Faradaic efficiency implies the selectivity of the product in
electrolysis. It measures how much of the total charge that flows through the cell is used
for the desired reaction. The faradaic efficiency is expressed as a percentage and is
calculated as the ratio of the charge consumed for the production of a specific product to
the total charge that flows through an electrolysis cell as described in eq. 1.24 [114]. A
faradaic efficiency of 100% would mean that all of the current is used for the desired

reaction, and none is used on any side reactions.
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[Ci] * ni*F

Faradaic ef ficency (%) = x 100 (1.24)

total

Where Qo 1S the quantity of the charge consumed in the reduction (C), n; is the number of
electrons transferred to form product i, [C;] is the concentration of product i (mol L) and F is
the Faraday constant (96485 C mol™!).

il. Experimental reaction rate (; (exp)): The experimental reaction rate is a measure of the

actual amount of a specific product that is formed during electrolysis. Production of a
specific product per unit time and area (or per unit time and mass of the catalyst) is a direct
parameter to evaluate the performance of catalysts. Based on the unit time and area, the
reaction rate of a specific product can be calculated from the eq. 1.25 [112].

[Ci] xV

exp): = — ., (mol s 'em?) (1.25)

Reaction rate (r;
where [C;] is the concentration of product i (mol L), t is the electrolysis time (s), V is the total
volume of electrolyte (L), and A is the electrode surface area (cm?).

iii. Theoretical reaction rate (r,-(thw)): The theoretical reaction rate is a measure of the

maximum amount of a specific product that could be formed during electrolysis. It can be

calculated from the current flow during the electrolysis using the eq. 1.26 [112].

= —L1  (mols'cm?) (1.26)

Reaction rate (ri(exp)) A F T

where, I is the current flow (A), n; is the number of electrons transferred to form product i, A is

the electrode surface area (cm?), and F is the Faraday constant (96485 C mol™).

39



Based on the existing literature, the reported values of faradaic efficiency of urea from the
reduction of nitrite and CO; under ambient conditions mostly fall within the range of 4-55 %, and
the reaction rate is around 2-30 uM h!. In contrast, the faradaic efficiency of industrial urea
production is typically about 85-95 %. This field is new and challenging, and is continuously
improving, but for practical applications, the performance of the system is expected at least to be
comparable to current state-of-the-art proton exchange membrane water electrolysis. However,
recently published a noble-metal alloy catalyst such as AuCu has achieved a relatively high
production rate of 64.8 uM h™! with a faradaic efficiency of 24.7 % [95]. If this catalyst shows
good stability, it could possibly be utilized in distributed applications, where a low quantity but

continuous urea supply is needed.

1.7 Oxidation of small organic fuels
1.7.1 Introduction

Small organic fuels (SOF) such as formic acid, methanol, and ethanol are seen as promising
sources of energy due to their high energy density [115, 116] and sustainable production [117].
Over the last several decades, the oxidation of SOF has been extensively researched in the field of
electrochemistry. This research is important in order to understand the electrochemical oxidation
reactions and guide the design of high-performance catalysts. This understanding is also crucial
for the development of direct organic fuel cells (DOFC). Various techniques, such as cyclic
voltammetry (CV), chronoamperometry (CA), CO stripping, Tafel plot, electrochemical
impedance spectroscopy (EIS) have been using to investigate the electrocatalytic oxidation of

SOF. Among them, cyclic voltammetry has been widely used to study this process using various
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metal catalysts. Through oxidation, these fuels can generate electrical power and they have high
energy density (Table 1.3). Therefore, these fuels can be used in fuel cells, which can have

applications across a variety of industries.

Table 1.3: Energy density of some organic fuels (E is the standard potential of the reaction vs

SHE) [115, 116].

Energy density  Energy density

Type of fuel Anode reaction
(WhL™) (Whg)

HCOOH — CO;, +2H* + 2¢”
Formic acid 1750 1630
E’=-0.17V

CH;0H + H,0 —

Methanol CO; + 6H" + 6¢ 4820 6073
E°=0.016 V
C,HsOH + 3H,0 —

Ethanol 2COz + 12H" + 12¢ 6280 8028
E°=0.085V

1.7.2 Electrochemical oxidation of formic acid

Formic acid is a promising renewable fuel source that can be produced through sustainable
methods such as from biomass [117] or electrochemical reduction of CO; [118]. It has several
advantages as a fuel, including a high flash point of 69 °C, making it less flammable than other
fuels such as methanol (12 °C) and ethanol (16.6 °C). Additionally, it has 3.6 times greater proton
storage capacity than compressed hydrogen (at 350 bar and by volume) [119] and low crossover
properties through membranes [120]. Formic acid has a potential use as a fuel in direct formic acid

fuel cells (DFAFC) [121].
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Pt-based (or Pd-based) materials are typically used for formic acid oxidation in direct formic
acid fuel cells (DFAFC). Capon et al. first proposed in 1973 that the oxidation of formic acid
occurs through a dual-path mechanism [122, 123]. Initially, formic acid is adsorbed on the Pt
surface. In the next step, it can be either dehydrogenated (eq. 1.27) to form CO; [124, 125] or it
can be dehydrated (eq. 1.28) and blocks (poisons) sites on the Pt surface by adsorbed CO (COags).
COaugs can be further oxidized to produce CO» (eq. 1.29) [124,126]. The dehydrogenation pathway

is known as the direct pathway and dehydration as the indirect pathway.

HCOOH,4s — CO, + 2H" + 2¢ (1.27)
HCOOH,4s — COugs + H2O (1.28)
COyds + HO — CO, + 2H' + 2¢ (1.29)

1.7.2.1 Cyclic voltammetry of formic acid oxidation at a Pt electrode

The formic acid oxidation reaction (FAOR) is the most intensively investigated among other
small organic molecules. Several research groups studied the FAOR mechanism by characterizing
surface intermediates using various techniques, including in-situ, ex-situ, and online analysis of
the electrode surface, and identified different intermediate and adsorbed species [127]. Figure 1.13
shows the cyclic voltammetry (CV) of 0.1 M formic acid oxidation at a Pt electrode in 0.5 M

H,SO4 [128].

The CV exhibits two peaks in the forward scan. Initially, at the potential ca. 0.4 V vs RHE,
the current slowly increases and reaches a plateau at ca 0.6 V vs RHE (1st peak). This is followed

by an increase in current at ca. 0.7 V vs RHE, which peaks at ca. 0.9 V vs RHE (2" peak). At low
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potentials, formic acid was oxidized through the direct pathway with the simultaneous formation
of absorbed CO (COags) through dehydration of adsorbed formic acid. At these potentials, in-situ
ATR-FTIR analysis has identified the presence of both adsorbed formic acid (HCOOHags) and
bridge-bonded formate (HCOO%*y) [129, 130]. However, of these species, weakly adsorbed
HCOOHags is considered a reactive intermediate directly oxidized to CO> [129], while HCOO*; is
regarded as a site-blocking species [130]. Recent density functional theory (DFT) calculations
suggested that HCOO*y, acts as a catalyst for the direct oxidation of formic acid rather than being
an active intermediate or a site-blocking species. This is because HCOOHags (O-down) is difficult
to oxidize to CO2, while HCOOHags (CH-down) can be oxidized to CO; when it presents near the

adsorbed HCOO*;, [131].

IS mA

Current

0.0 | 02 04 0.6 0.8 1.0 12 14
E |V (RHE)

Figure 1.13. Cyclic voltammograms (scan rate 50 mV s'l) for 0.1 M formic acid oxidation in 0.5
M H>SO0s (aq) at a Pt electrode [128]. Reprinted with permission, Copyright (2006), American

Chemical Society.
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However, as the potential increases, the coverage of COags increases, the number of Pt sites
available for the direct path decreases, and the rate of increase in the current decreases. The Pt
surface is poisoned by COags, which cannot be removed until water molecules are activated at
higher potentials to give adsorbed hydroxyl groups at Pt sites nearby the COags. At high potentials,
Pt-OH becomes available to oxidize COags [132, 133], and the current starts increasing, which
results in a large current peak at ca. 0.9 V vs RHE (2" peak). Therefore, electro-oxidation of
formic acid on pure Pt proceeds predominantly via the indirect pathway.

In the reverse scan, a sharp increase in the FA oxidation current is observed. The current at
ca. 0.4 V vs RHE is significantly higher than in the forward sweep because the reaction occurs at
the electrocatalysts' freshly reduced, poison-free surface [128]. As the potential exceeds ca.1.1 V
vs RHE, all adsorbed CO is oxidized, and the Pt surface regains its full activity as the oxide layer
is reduced. Pulsed voltammetry has been used to investigate the electrooxidation of formic acid at
Pt nanoparticles, revealing that in the backward scan, a large anodic peak is due to formic acid
oxidation, which predominantly occurs via the direct oxidation pathway until the potential reaches

around 0.5 V and lower, where CO adsorption begins [134]

1.7.3 Electrochemical oxidation of methanol

Methanol is a promising alternative fuel to hydrogen for use fuel cells (i.e, in direct methanol
fuel cells (DMFC)), owing to its high energy density [135] and ability to be synthesized from
various sources such as biomass, natural gas, coal, and oil [117, 136]. In DMFCs, methanol
undergo reaction at the anode in the presence of water to produce six protons, six electrons and

COz (eq. 1.30).

CH;OH + H,0 — CO, + 6H" +6¢ (1.30)
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Breiter et al. [137] introduced the concept of a parallel pathway reaction mechanism for
complete methanol oxidation at a Pt electrode in 1967. One pathway, known as an indirect path,
involves the adsorption of methanol on the catalyst surface, followed by the production of absorbed
CO (COags), which is then oxidized to CO.. The other pathway, known as a direct path/formate
path, involves the production of CO: through the oxidation of formic acid and formaldehyde
intermediates after the absorption of methanol. Both pathways require a catalyst to break the C-H
bonds and facilitate the oxidation of intermediates to CO;. Pt is the most effective catalyst for

breaking the C-H bond and complete oxidation of methanol [138, 139].

Several research groups proposed that the process of methanol oxidation in acidic media
begins with the adsorption of methanol at Pt sites (eq. 1.31), followed by a series of

electrochemical dehydrogenation steps (eq. 1.32-1.35) [140, 141].

CH30H + Pt — Pt — CH30OHags (1.31)
Pt — CH30Hags — Pt — CH30a4s + H + ¢ (1.32)
Pt — CH30ads — Pt — CH2Oa4s + H" + ¢ (1.33)
Pt — CH204a4s — Pt — CHOags + H + € (1.34)
Pt — CHOus + Pt — OH — Pt — COuas + H20 + Pt (1.35)

At high potentials, the CO intermediate at the Pt surface (Pt-COads), can be oxidized to CO>

as the final step (eq. 1.36 and 1.37) [142, 143]. This step is also known as oxidative removal of the

adsorbed CO.
Pt — CO.4s + HHO — Pt + CO, + 2H' + 2¢° (1.36)
Pt — CO.q4s + PtO — 2Pt + CO» (1.37)
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1.7.3.1 Cyclic voltammetry of methanol oxidation at a Pt electrode

The methanol oxidation reaction (MOR) is investigated with cyclic voltammetry coupled
with various in-situ, ex-situ, and online analysis techniques and identifies different intermediate
and adsorbed species [144, 145].

Recently, Lai et al. investigated the methanol oxidation reaction (MOR) using differential
electrochemical mass spectrometry (DEMS) to analyze the reaction products. Figure 1.14
illustrates the cyclic voltammogram and corresponding mass spectrometric cyclic voltammograms
(MSCVs) obtained for 1 M methanol oxidation at a carbon-supported Pt (Pt/C) electrode in 0.5 M
Ha2SO4 [146].

The cyclic voltammogram (CV) exhibits two oxidation peaks, one in the forward scan and
the other in the backward scan. During the forward scan, methanol oxidation commenced at around
+0.3 V (vs Ag/AgCl) and peaked at +0.6 V, followed by a gradual decrease. At low potentials,
methanol adsorbed onto the Pt surface and formed intermediates such as COadgs, HCHOags, and
COHags species via dehydration, as identified by various in-situ spectroscopic techniques [144],
which subsequently led to CO; production. At higher potentials, a sharp increase in oxidation
current was observed due to the formation of Pt-OH.gs and the increase in COags 0xidation, resulting
in more Pt sites available for methanol adsorption, leading to a sharp peak at ca +0.9 V. At this
potential, the presence of CO, (m/z =44), HCOOH (m/z = 46), and HCOOCH3 (m/z = 60), as well
as methanol (m/z = 31) was observed [146].

During the reverse scan, an oxidation peak appeared at ca. +0.45 V. A study by Zhao et al.
[147] investigated the oxidation peak of methanol electrooxidation on noble metal electrodes

during negative potential scans. The authors proposed that the cathodic oxidation peak originated
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from the oxidation of freshly adsorbed methanol on the catalyst surface after the metal oxide layer

was removed.
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Figure 1.14. Cyclic voltammogram and corresponding mass spectrometric cyclic voltammograms
for methanol oxidation on Pt/C in 1 M methanol and 0.5 M H>SO4 solution at the scan rate of

mV s . Reprinted with permission, Copyright , Blsevier.
1 mV 1[146]Rp' d with p 1ssi Copyright (2021), Elsevi

1.7.4 Electrochemical oxidation of ethanol
Compared to methanol, ethanol has a higher energy density (8.03 kWh kg ! vs

6.1 kWhkg!) and is less toxic [115, 116]. It can be produced on a large scale from various biomass
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sources, including agriculture, forestry, and urban waste. Despite being widely studied as a liquid
fuel for fuel cells, the oxidation reaction of ethanol is more complex than that of methanol, making
the development of direct ethanol fuel cells (DEFC) a challenge. The ethanol oxidation reaction
proceeds through multi-step reaction mechanisms, with the cleavage of the C-C bond in ethanol
being the most challenging step [148]. Thus, finding more efficient catalysts becomes a critical
issue for DEFC development.

The ethanol oxidation reaction mainly follows a dual-pathway mechanism, with one pathway
being partial oxidation without C-C bond breaking, resulting in the formation of acetaldehyde by
transferring two electrons and two protons (eq. 1.38) or acetic acid by transferring four electrons
and four protons (eq. 1.39) [148, 149]. Later, acetaldehyde can be further oxidized to acetic acid.

However, further oxidation of acetaldehyde to acetic acid is difficult [149].

CH;CH,OH — CH;CHO + 2H* +2¢” (1.38)
CH;CH,OH + H,0 — CH3;COOH + 4H" +4¢ (1.39)
CH;CH,OH + 3H,0 — 2CO; + 12H" +12¢ (1.40)

The other pathway of the dual-pathway mechanism is the complete oxidation of ethanol to
carbon dioxide (eq. 1.40), which requires the transfer of twelve electrons and twelve protons. In
this path, the C-C bond of ethanol must be broken for the reaction to occur, producing intermediate
adsorbed species like CHyads and CHyOags (eq. 1.41 and 1.42) [150]. These species can then be
oxidized to carbon monoxide (COags) through the transfer of electrons and protons. The further
oxidation of COags species to COz occurs from the rection with hydroxyl species on Pt surfaces

(eq. 1.43), which is the limiting step at low potentials [150, 151].
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Pt-O-CH,CH3 or Pt-CH(OH)CH3 — Pt-CHx + Pt-CH,O + (5-x-y) H" + (5-x-y) ¢ (1.41)
Pt-CH,O or Pt-CHy — Pt-CO + (x or y) H" + (x or y) € (1.42)

Pt-CO + Pt-OH — 2Pt + CO» + H* + ¢ (1.43)

1.7.4.1 Cyeclic voltammetry of ethanol oxidation at a Pt electrode

Various spectroscopy techniques have been utilized to study the ethanol oxidation
mechanisms at Pt surfaces [152]. Pt and Pt-based materials have been identified as the most
effective catalysts for cleaving the C-C bond in ethanol, leading to fully oxidized products [153,
154].

Figure 1.15 shows the cyclic voltammetry of 0.1 M ethanol oxidation in 0.1 M HCIO4 at a
Pt electrode studied by Shao et al. using surface-enhanced infrared absorption spectroscopy
(SEIRAS) with attenuated total reflection (ATR) [155]. Similar to the oxidation of methanol,
cyclic voltammetry of the ethanol oxidation reaction (EOR) also displays two oxidation peaks.

The initial step of EOR involves ethanol adsorption on the Pt surface, followed by its

decomposition into intermediates such as CHxCO, C;Hx, CHxO, CO, and CHx species. In the
forward scan, the first peak at +0.7 V (Ag/AgCl) is attributed to the oxidative removal of the
adsorbed CO intermediate to CO», while the second peak arises from the overlapping current due
to the removal of acetate and the formation of PtO. In the reverse scan, the oxide layer on Pt was
removed and acetaldehyde/adsorbed acetyl was formed from fresh ethanol and a large oxidation

peak is observed.
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Figure 1.15. Cyclic voltammogram of 0.1 M ethanol oxidation in 0.1 M HCIO; at a Pt electrode

[155]. Reprinted with permission, Copyright (2005), Elsevier.

1.8 Pt-surface modification with adatoms for fuel cell application

The surface structure of an electrocatalyst is known to have a significant impact on its
electrocatalytic activity and selectivity [156]. In order to improve performance for specific
electrochemical reactions, various methods have been used to modify the surface of
electrocatalysts. One effective approach is the modification of Pt surfaces by the adsorption of a
sub-monolayer of foreign atoms, known as adatoms [157]. This modification can enhance
electrocatalyst activity and reduce catalyst poisoning, which is a primary focus of current fuel cell
catalyst research.

There are several effective methods used to modify the surface of Pt with adatoms, including
solution deposition [158], electrochemical underpotential deposition [159], and irreversible
adsorption of adatoms [160]. Various adatoms, such as Ru, Pd, Au, Sb, Se, As, Pb, and Bi, have

been used to modify Pt surfaces, improving their activity and selectivity in oxidizing small organic
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fuels. Even a small coverage of these adatoms can significantly enhance catalytic activity for these
reactions. The mechanisms behind the increased performance of adatoms on Pt can be attributed
to several phenomena, including the third-body effect, electronic effect, and bifunctional effect
[161]. However, the extent of the contribution may vary depending on various factors, such as the
preparation of the catalysts, the shape of the Pt nanocrystals, their modification, and the resulting
surface composition.

The third-body effect, also known to as the ensemble effect, results from inactive adatoms
on the Pt surface that can enhance the oxidation current by blocking the formation of poisoning
species, such as absorbed CO (COags), and promoting the desorption of reactive intermediates
species during the reaction. Many studies have reported that the third-body effect can effectively
improve the catalytic activity for formic acid oxidation [162]. In this case, the adsorbed adatom
divides the Pt surface into small domains that are large enough for the direct oxidation path but
too small for the indirect oxidation path (which requires multiple adjacent Pt active sites for COads
formation) [163-165]. This provides higher activity through direct oxidation to CO,. However,
studies have shown that the third-body effect typically leads to a decrease in CO> selectivity for
the oxidation of ethanol [166, 167]. This is because adatoms blocking active sites inhibit the
cleavage of the C-C bond of ethanol, which prevents its complete oxidation to CO> due to the
absence of multiple adjacent Pt active sites. Instead, the incomplete oxidation of ethanol to
acetaldehyde and acetic acid is promoted, as fewer Pt active sites are required for these reactions.

Electronic effects can result from modifications to the electronic properties of surface. The
adatoms lower the electron density of the 5d orbitals of Pt and changing the electronic properties
of the Pt, resulting in a considerable decrease of the CO binding strength to Pt that helps CO to

oxidize to CO; at low potential [168, 169].
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The bifunctional effect involves two steps: promoting the formation of oxygen-containing
species (OH) and facilitating removal of reaction intermediates. Modified surfaces have two types
of sites with different roles. Pt site breaks the bonds in organic fuels and adatoms adsorb
oxygen-containing species. Abundant oxygen-containing species can oxidize strongly adsorbed
intermediates such as COags to COs, resulting in improved cell efficiency by increasing voltage
efficiency [170].

Numerous studies have demonstrated that Bi can act as an effective modifier of the Pt surface
for formic acid oxidation [161]. Even very small coverages of Bi-adatoms have been shown to
significantly improve activity through the direct path (dehydrogenation path), likely due to the
electronic effect, third body affect as well as bifunctional mechanism [161].

For instance, Choi et al. [159] modified the surface of carbon-supported Pt (Pt/C) catalyst
with Bi adatom to selectively promote formic acid oxidation. Irreversibly adsorbed Bi on the Pt/C
surface, resulting in a significant increase in catalytic activity, with a 13-fold enhancement
compared to Pt/C. This improvement was attributed to the third body effects, which makes Pt
ensembles, preventing COags poisoning, thereby increasing formic acid oxidation through direct
pathways. They also noted that the performance enhancement is highly dependent on the surface
structure of the decorated Pt NCs and the nature and coverage of the Bi adatom.

Additionally, Chen et al. [171] conducted a study on Pt nanocrystals for formic acid
oxidation. They used tetra-hexahedral Pt nanocrystals (THH Pt NCs) and decorated their surface
with Bi adatoms, which resulted in a significant increase in catalytic activity by up to 70 times
when compared to bare THH Pt NCs. According to their findings, Bi-decorated THH Pt NCs
hindered the indirect oxidation pathway through a third-body effect, preventing COags poisoning.

The Bi adatoms also improved the adsorption of OH species on adjacent Pt sites through electronic
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effects, promoting the oxidation of COags through bifunctional mechanisms and making more Pt
sites available for further adsorption, thus enhancing the catalytic activity.

Apart from Bi, several other groups investigated the use of Pb [172], Ti [173], Pd [174], Sb
[175], and Au [176] adatoms to modified Pt nanoparticles (Pt NPs) for formic acid oxidation and
in all cases, improved electrocatalytic activity was observed. However, the enhancement factor
strongly depends on several factors such as the preparation method, surface structure of the
substrate and coverage of the adatom [171]. The enhanced performance of Ti, Pd and Au-decorated
octahedral Pt NPs was attributed to third-body effects. On the other hand, the systems such as Pb
and Sb-decorated octahedral Pt NPs, the enhanced performance was attributed to both third-body
and electronic effects [174, 175].

Additionally, Yang et al. [177] decorated octahedral Au NPs surface with Pt NPs to promote
the formic acid oxidation. The researchers discovered that the electrocatalytic activity of formic
acid oxidation was significantly improved through direct path when decreasing Pt coverages,
particularly in the submonolayer range. The researchers found that a 0.05 monolayer of Pt NPs
resulted in a mass activity of about 63 A mg Pt"!, which was much higher than those obtained with
1 monolayer and with a commercial Pt/C catalyst. They explained the observed enhanced
performance was not solely due to a third body effect, but also from the bifunctional effects of
adjacent Pt-Au sites. The presence of Au NPs promoted the formation of oxygen-containing
species at low potential, contributing to the improved COags oxidation to COs.

Like formic acid, various adatom-decorated catalysts have also investigated for methanol
and ethanol oxidation reactions [178 -182]. However, in most of the cases, negligible catalytic
effects and predominantly inhibition effects have been observed for both methanol and ethanol

oxidation in acidic medium.
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One promising finding is that Ru-decorated THH Pt NPs have been shown to have a high
tolerance to CO poisoning and a shift in onset potential to about 0.1 V towards more negative
potentials for methanol oxidation reactions [178]. When compared to Ru-decorated Pt/C or
commercial PtRu alloy nanoparticle catalysts, these Ru-modified THH Pt NPs exhibit higher
activity in the low potential range. However, significant catalytic effects for methanol have been
observed for Pb, and Bi decorated Pt NPs in alkaline medium [180]. In contrast, a study conducted
by Rogero et al. [181] on ethanol oxidation with adatom decorated (Sn, Rh, Ru, and Pb) Pt NPs in
both acidic and alkaline solutions showed that in acidic medium, only the Sn-decorated THH Pt
NPs displayed slightly improved properties, which were dependent on the surface structure of the
Pt NPs. However, the enhanced activity was also affected by the Sn coverage, potential region,
and electrochemical method used. However, in alkaline solutions, none of the adatoms decorated
Pt NPs provided significant enhancements of activity for ethanol oxidation. In contrast, a study
conducted by Rogero et al. [182] on ethanol oxidation on adatom decorated (Sn, Rh, Ru, and Pb)
Pt NPs in both acidic and alkaline solutions showed that in acidic medium, only the Sn-decorated
THH Pt NPs displayed slightly improved properties, which were dependent on the surface
structure of the Pt NPs. However, the enhanced activity was also affected by the Sn coverage,
potential region, and electrochemical method used. However, in alkaline solutions, none of the

adatoms decorated Pt NPs provided significant enhancements of activity for ethanol oxidation.

1.9 Objectives of the research

The scientific community has dedicated significant efforts to the development of alternative
technologies that promote a sustainable future. Electrocatalysis is one of the critical areas of

research in this field, with applications in electrolysis, electrosynthesis, and fuel cells.
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Electrochemical processes are increasingly essential in meeting modern society's energy and
chemical demands, and electrocatalysts play a pivotal role in enhancing their efficiency and
sustainability. Continual efforts to develop and accurately evaluate the performance of new
electrocatalysts will help advance these technologies, leading to more sustainable and efficient
energy and chemical production processes. The above introductory chapter provides an overview

of the history and necessity for alternative sustainable technologies.

Chapter 3 of this research aimed to develop effective methodologies for systematically
evaluating the performance of various electrocatalysts used for coelectrolysis of CO> and nitrite.
The objective was to establish reliable and accurate methods for assessing the performance of
electrocatalysts by accurately determining their electrolysis products. To achieve this goal, various
quantitative analytical techniques such as spectrophotometry, mass spectrometry, and 'H-NMR
techniques were developed and optimized to accurately measure and compare the performance of
electrocatalysts. The influences of electrolyte and nitrite ion in the sample on the analysis results
was investigated, and analysis procedures were optimized to develop appropriate methodologies
for measuring urea and ammonia in the electrolysis solutions. These methodologies were crucial

for accurately evaluating the performance of electrocatalysts and comparing their effectiveness.

Chapter 4 focused on the simultaneous synthesis of commodity chemicals such as ammonia
and urea from coelectrolysis of CO; and nitrite using a highly effective electrocatalyst. The
performance of the electrocatalysts was quantified using the quantitative method developed in

Chapter 3.

In Chapter 5 aimed to establish a quick and straightforward methodology for screening

electrocatalysts for co-electrolysis of CO; and nitrite ion using a proton-exchange membrane
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(PEM) electrolysis cell. This method would be routinely used to comprehensively characterize,
evaluate, and quantify the performance of both commercial and in-house catalysts. The method
would be able to determine and compare the kinetic parameters such as yield rate and faradaic
efficiency routinely. Chapter 6 focused on studying various surface-modified Pt/C catalysts used
for fuel cells applications to obtain mechanistic information on the oxidation of formic acid,
methanol, and ethanol by comparing the effects of various modifying metals on a commercial Pt/C
catalyst. Here, cyclic voltammetry and chronoamperometry have been used to measure the effects

of modifying Pt with Bi and Pb adatoms.
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2.1 Chemicals and materials
The chemicals and materials used in the study were used as received. For a complete list of

all the chemicals and materials used, please refer to Appendix D.

2.2 Nafion™ 117 membrane pre-treatment

Nafion™ 117 membranes (Ion Power, Inc) were used in proton exchange membrane
electrolysis cells. Before usage, the commercial Nafion™ 117 membranes underwent the
following pre-treatment process:

First, Nafion™ 117 membranes were cut into approximately 4.5 X 4.5 cm square pieces.
Then these pieces were heated in a 3% H20O» solution at 80 °C with continuous stirring for 1 h. The
membranes were then rinsed with deionized water, then immersed in deionized water for
15-20 min at room temperature. Subsequently, they were heated in 1 M H2SO4 solution at 80 °C
with continuous stirring for a 1 h. Finally, the membranes were again rinsed with deionized and
heated in deionized water at 80 °C with stirring for 3 h, followed by rinsing and storage in deionized

water.

2.3 Preparation of membrane electrode assemblies (MEAs) for proton-exchange

membrane (PEM) electrolysis cells.

In order to prepare MEAs for PEM cells, cathodes were prepared by depositing catalyst ink
on CFP discs (0.24 cm? or 5 cm?) with a target catalyst loading of 1.5 mg cm™. The catalyst ink
was prepared in a mixture of 150 uL of H>O, 75 uL of 2-propanol, and 75 pL of 5% Nafion™
solution. Electrodes were dried in a fume hood overnight. A 5 cm? commercial anode electrode

was used, which consisted of 4 mg ¢cm? Pt black loaded onto wet-proofed Toray™ CFP
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(TGP-H-090). During the cell assembly, an anode and a cathode were pressed onto each side of a

treated Nafion™ 117 membrane with a pressure of 1.5 MPa at ambient temperature.

2.4 Electrochemical measurement

An in-house custom-made three-compartment glass cell was used for the coreduction of
nitrite and CO; study, as shown in Fig. 2.1. The cell anode and cathode chambers were separated
by a porous glass frit. A catalyst-loaded CFP disc was used as the working electrode and held in
place by a Ti clip. A Pt wire was used as the counter electrode (CE), and Hg/HgSO4 in saturated

potassium sulfate solution (Koslow; 658 mV vs. SHE) as the reference electrode (RE).

Cyclic voltammetry (CV) and electrolysis of CO2 and NO;™ (constant potential experiments)
were performed using an EG&G model 273A Potentiostat/Galvanostat. Corrware software was

used to control the instrument and process the data.

Figure 2.1. A photograph of a three-compartment glass electrochemical cell
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In the proton-exchange membrane (PEM) electrolysis cell (Fig. 2.2), cyclic voltammetry and
electrolysis of CO2 and NO; (or Nz) were performed using an EG&G model 273A

Potentiostat/Galvanostat.
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Figure 2.2. Schematic diagram of the PEM electrolysis cell (top) and the operation mode (bottom).

The PEM electrolysis cell was used with two different configurations; as a multi-cathode
cell with nine 0.24 cm? cathodes, or with a single 5 cm? cathode. An electrolyte saturated with N,
CO; or mixture of N2 + CO; was pumped into the cathode flow field with a NE300 New Era Pump
Systems syringe pump at a flow rate of 0.1 mL min', while the anode was purged with 5% H> in
N at a flow rate of 4 mL min! as shown in Fig. 2.2 (bottom). The anode functions as a counter

electrode as well as a reference electrode. The electrochemical reaction that occurs at the anode
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(Pt black) is H» = 2H" + 2e¢7, so the anode can be treated as a pseudo reference electrode (Dynamic

hydrogen electrode).

2.5 Product analysis
Three analytical techniques were used to determine the concentrations of ammonia and urea
produced from the electrolysis of nitrite and CO,. For ammonia measurement, spectrophotometry

and '"H-NMR and for urea, spectrophotometry and mass spectrometry techniques were used.

2.5.1 Ultraviolet-visible (UV-Vis) spectrophotometry

UV-Vis spectrophotometry is an analytical method used to measure the transmission of light
in the UV-Vis regions of the electromagnetic spectrum of a sample. The spectrum produced by the
sample can be used to identify the presence of specific analytes and to determine the concentration
of these analytes in the sample.

To measure the concertation of ammonia and urea, an Agilent Cary 100 UV-Vis
spectrophotometer was used. The instrument uses a deuterium lamp as a light source and is capable
of exciting samples with light across a wavelength range of 190 -1100 nm. The absorbed light was
detected by a photodiode array (PDA) detector, which has a wavelength accuracy of within 1.5 nm
and a 1 cm standard optical path length. Cary WinUV software was used to control and acquire

the spectrum.

2.5.1.1 Salicylate method for ammonia analysis with standard addition of NH;

The salicylate method was used to measure the concertation of ammonia, where aqueous

NH4" reacted with sodium salicylate and NaClO as an oxidizing agent in the presence of
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Nas[Fe (CN)sNO] as a catalyst to form an indophenol type blue (2,2-dicarboxy indophenol) as
described in the eq. 2.1 [1]. The absorbance of 2,2-dicarboxy indophenol was measured at 655 nm
against a reagent blank using Agilent Cary 100 UV-Vis Spectrophotometer. A detailed sample
preparation and analysis procedure is described in Chapter 3, within the results and discussion

section [1].

NaClO, NaOH o
+ H > ° N
NH,* (aq) + QO Na,[Fe(CN)sNO] .

00C CO0
coo

Salicylate 2,2-dicarboxy indophenol

Figure 2.3. The Berthelot reaction; NH4" reacts with salicylate to form 2,2-dicarboxy indophenol
[2].
The ammonia concentration was calculated using equation 2.2 for multiple solutions with a

constant total volume [3].

Ax

Standard addition equation: Agix = Ay + - [S]f (2.2)
f

Here, [S]f, is the concentration of standard in the final solution, [X]; is the final
concentration of analyte, Ay is the absorbance of the analyte and Ag, x is the absorbance of analyte
plus standard.

A standard addition curve was constructed by plotting the absorbance of standard (NH3) plus
unknown (Ag,x) against the corresponding final concentrations of standard [S]r. as shown in

Figure 2.4. The x-intercept is the final concentration of unknown [X]y, after dilution to the final
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sample volume. The initial concentration of unknown is calculated from the dilution that was

applied to make the final sample.
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Figure 2.4. Graphical representation of standard addition analysis [2].

2.5.1.2 Salicylate method for urea analysis

Urea was measured by difference following its decomposition to ammonia with urease, as
described in equation 1.19. Following the decomposition of the urea, the total number of moles
of NHj; present was measured by standard addition of NH3 using the salicylate method as described

in Section 2.5.1.1. A detailed analysis procedure is provided in Chapter 3 [1].

2.5.1.3 Diacetyl monoxime (DAM) method for urea analysis
The diacetyl monoxime (DAM) method was used to measure the concentration of urea

produced, where urea reacted with diacetyl monoxime in an acidic media in the presence of

&5



thiosemicarbazide (TSC) and iron(III) sulfate hydrate (Fe2(SO4)3) at high temperature [4, 5]. This
reaction produced a pink-red colored complex, the absorbance of which was measured at 520 nm

against a method blank. A detailed analysis procedure is provided in Chapter 3 [1].

2.5.2 Liquid chromatography—mass spectrometry (LC-MS) method for urea analysis

LC-MS is an analytical technique that involves the physical separation of target analytes
followed by their mass-based detection. It is an extremely sensitive and selective analytical
technique that can accurately determine the identities and concentration of analytes within a
sample. First, targeted analytes in a sample are chromatographically separated in the LC system,
then eluted analytes are introduced to a mass analyzer where analytes are ionized by electrospray
ionization (ESI) or atmospheric pressure chemical ionization (APCI) source either in positive or
negative polarity depending on the analytes. The charged analytes generated in the source are then
analyzed by the mass analyzer based on their mass-to-charged (m/z) ratio.

Urea was quantified using the SCIEX triple TOF™ 5600, a tandem quadrupole-time-of-
flight (Q-TOF) based mass analyzer coupled with Agilent 1100 Series HPLC system. A detailed

analysis procedure is provided in Chapter 3 [1].

2.5.3 Nuclear magnetic resonance (‘H-NMR) spectroscopy method for NH3 analysis

NH; was analyzed using a Bruker AVANCE III HD spectrometer, which operated at a
'"H frequency of 500 MHz equipped with a 5 mm TCI CryoProbe (Bruker Biospin). The
measurements were conducted at ambient temperature.

To determine the concentration of NHs, the internal standard method was employed, with

fumaric acid (FA) used as the internal standard. The spectra for NH4" (7.23 ppm) and FA
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(6.67 ppm) are presented in Fig. 2.6. The concentration of ammonia was calculated by comparing
the peak intensity ratio of FA singlet and NH4" triplet as described in eq. 2.3 [3]. A detailed

analysis procedure is provided in Chapter 3 [1].

Signal from analyte Signal from internal standard

(2.3)

Concentration of analyte B Concentration of internal standard

Here F is the response factor, which was determined from the know concentration of analyte

and internal standard and their respective signal intensity.
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Figure 2.5. '"H-NMR spectra for NH4" and fumaric acid in 0.1 M NaHCO3; and 5 mM NaNO;

solution.

2.6 Deionization procedure of the electrolysis sample [6]
Prior to quantitative analysis, the electrolysis samples were deionized (clean-up) to eliminate

interfering compounds, such as the NO2  or any ionic compound. A conical high-density
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polypropylene-based column (0.8 X 4 ¢cm, Poly-Prep® Chromatography Columns; Bio-Rad) with
a biotechnology grade AG® 501-X8 mixed bed ion exchange resin as a chromatographic media
was used to deionize the sample (Figure 2.7). The resin was used as received, and approximately
0.6 g of resin was used for every 1 mL of column volume.

First, three-quarters of the column was filled with DI water, and then a very small amounts
of resin were poured into the column until a total of 1 g of resin (~1.66 ml of a column volume)
had been added. After the column was packed with resin, it was washed several times with
deionized water. The sample was then carefully added to the reservoir above the resin and was
eluted slowly (0.5 mL min'!) through the column. First, 2 mL of eluent from a total of 5 mL of
sample was discarded to avoid dilution of the sample with water present in the column, and then

the rest of the eluent passed through the column twice and collected.

Figure 2.6. A photograph ofa 1.66 mL (1 g) bed volume mixed-bed ion exchange chromatography

column.
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2.7 Catalyst characterization techniques

Four analytical techniques were used to characterize the catalysts: thermogravimetric
analysis (TGA), scanning electron microscopy coupled with energy dispersive X-ray analysis
(SEM-EDX), X-ray diffraction (XRD), and transmission electron microscopy (TEM).

2.7.1 Thermogravimetric analysis (TGA)

TGA is an analytical technique to characterize materials by measuring the mass of a sample
as a function of temperature. The TGA experiments were carried out with a TA instruments Q500
thermogravimetric analyzer, and the data were processed using the Thermal Advantage software.
The sample was loaded on a TGA platinum sample pan, which was stored in 3 M HCI solution.
Before use, it was rinsed with deionized water and torched with a propane burner. The experiments
were carried out under an airflow using a conventional ramp method, with a heating rate of
20 °C min’! from ambient temperature to 800 °C. During the analysis, the airflow was turned on
when the temperature had reached at 300 °C, and the final temperature (800 °C) was held until the
mass was constant. Once the airflow was turned on, the carbon contained in the sample of PtBi/C
and PtPb/C started combustion as the temperature was increased above ca. 600 °C. Metals like Pt,
Bi, and Pb are thermally stable over the operating temperature range, and the residue of the
combusted samples of PtBi/C and PtPb/C were assumed to be Pt and Bi or Pb. Therefore, the total
percentage of metal loading of the prepared PtBi/C and PtPb/C catalysts can be easily obtained by
TGA analysis.

2.7.2 Scanning electron microscopy coupled with energy dispersive X-ray analysis
(SEM-EDX)
When SEM is coupled with an EDX system, both surface morphology and elemental

composition of a sample can be obtained simultaneously. SEM is one kind of electron microscopy
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that generates high-resolution images of the surface by scanning a focused electron beam across
the surface of the sample. When high-energy electrons are applied to the surface of a sample
X- rays are produced as a result of the electrons ionizing the core shells of the atoms. The energies
and intensities of these X-rays are measured, enabling the identification of different elements in
the sample and providing semi-quantitative information.

For SEM-EDX analysis, the FePc/C catalyst was initially dispersed in a mixture of H>O,
2-propanol, and Nafion and then deposited on a double-sided carbon adhesive film attached to an
aluminum stub. The sample was allowed to dry at room temperature.

The SEM-EDX analysis was carried out using a Model FEI Quanta 400 scanning electron
microscope equipped with a Bruker 4th generation XFlash SDD X-ray detector. This work was
carried out under the supervision of Dr. David Grant at the Core Research Equipment and

Instrument Training facility at the Memorial University of Newfoundland.

2.7.3 X-ray diffraction (XRD)

The X-ray diffraction (XRD) technique is a powerful tool used to determine a sample's
crystalline properties. This method is based on the interaction between X-rays and the electrons in
a sample, which results in the X-rays diffracting in various directions. The diffraction pattern
produced can be analyzed to uncover the crystalline structures, size, and shape.

In order to determine the FePc/C, FePc, and carbon black (CB) crystalline properties, powder
XRD measurements powder XRD measurements were performed using a Rigaku XtalLAB
Synergy-S X-ray diffractometer with dual PhotonJet sources (Cu and Mo) and a HyPix-6000HE
Hybrid Photon Counting detector. The X-ray powder diffraction was carried out from 20 to 90

degrees in 20 at a scan rate of 1 degree per minute. The latest CrystAlisPro software was used for
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data collection and processing. The study was carried out by Dr. Jianbin Lin at the Core Research

Equipment and Instrument Training facility at the Memorial University of Newfoundland.

2.7.4 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is a highly advanced analytical technique used to
investigate the structure and properties of materials at the micro or nanoscale level. TEM is
especially useful for analyzing samples' morphology and particle size and providing high-
resolution images.

To obtain accurate results, sample preparation for TEM is a crucial step. TEM samples must
be ultra-thin and electron-transparent so that electrons can pass through without being absorbed
by the material. First, the catalyst (FePc/C) was dispersed evenly in deionized water through
sonication. A drop of the sample solution was placed on a TEM grid and allowed to dry overnight,
and then analyzed. The TEM analysis was conducted using a TecnaiTM Spirit scanning
transmission electron microscope, and the work was carried out by Dr. Stephanie Tucker at the

Memorial University of Newfoundland's Faculty of Medicine.
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Chapter 3
Electrochemical production of ammonia and urea from coreduction
of nitrite and carbon dioxide at iron phthalocyanine electrodes and

comparison of analytical methods.

Abstract

There is rapidly growing interest in the electrochemical reduction of both nitrite and carbon
dioxide to mitigate environmental concerns and sustainably produce fuels, chemicals, and
fertilizers. Ammonia and urea are key targets in this area and have been produced simultaneously
by coreduction of NO>~ and CO; at a variety of electrocatalysts. The salicylate spectrophotometric
method is commonly employed to quantify both products, with urea determined by difference
following decomposition with urease. However, this method can be influenced by numerous
interferences and matrix effects. Here the electrochemical coreduction of NO>~ and CO; at iron
phthalocyanine electrodes has been investigated in order to accurately determine the ammonia and
urea production. Urea concentrations were determined by salicylate, diacetyl monoxime and
liquid-chromatography-mass spectrometry methods, while the salicylate method and nuclear
magnetic resonance spectroscopy were used to determine ammonia. Urea was produced at low
overpotentials, with a maximum faradaic yield of 5.8% at -0.047 V vs RHE, while a maximum
85% yield of ammonia occurred at -0.347 V. It is shown that the salicylate method can provide
accurate ammonia and urea analyses when a standard addition method is employed, reaction

conditions are carefully controlled, and the accuracy of calibration slopes are verified.
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3.1 Introduction

Environmental concerns and the need to more sustainable production of fuel, commodity
chemicals and fertilizers has prompted massive grow in research on the electrochemical reduction
of N> and CO» [1] Electrochemical reduction of N> to produce NHj is particularly attractive, but
also particularly challenging [2]. Although there are thousands of reports of NH3 generation from
N2 at ambient temperature, the amounts produced are so small that it is difficult to separate the
contributions from N> and the many other sources of N that have been identified [3, 4].

In light of the difficulties in reliably quantifying very small quantities of NH3 generated from
N, there has been increasing interest in the use of environmental pollutants as the N source. NH3
has been successfully been generated from nitrate (NO3"), nitrite (NO2"), and nitrogen oxides by
using a variety of electrocatalysts [5-8]. Since one of the main uses of NH3 is for the manufacture
of urea ((NH>),CO) fertilizers, coreduction of CO, with these N sources is a particularly attractive
process, and there are a growing number of studies that have demonstrated that urea can be
produced in this way.

Shibata et al. [9] demonstrated in 1995 that urea could be generated by coreduction of CO»
and NO; under ambient conditions at Cu loaded gas diffusion electrodes. Subsequently, they
showed that a wide variety of other metals were effective for this process [10], and that
metallophthalocyanines could also produce substantial yields of urea [11]. FeTiO3 nanoparticles
[12], Cu doped TiO> [13], Te doped Pd [14], and ZnO nanosheets [15] have also been shown to
produce urea from coreduction of CO, and NO,". For example, a faradaic efficiency (yield) of
43% was reported at a rate of 21 pmol h'! for Cu doped TiO: at -0.4 V vs RHE [13]. It has also
been reported that urea can be produced by coreduction of CO; and N [16-18], NOs3™ [9, 19], or

nitric oxide (NO) [20].
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The salicylate method (a modification of the indophenol blue method) [21], based on the
Berthelot or indophenol reaction, is most commonly used for quantification of both ammonia and
urea from electrochemical reduction of NO>™ (or N2) with or without CO; [10, 13, 14, 16]. Urea is
determined by difference following its decomposition to ammonia with urease. However, the
accuracy of this method can be influenced by many factors [21-25], which can lead to unreliable
results, particularly for quantification (or even detection) of urea in the presence of excess
ammonia. Of particular concern are the effects of electrolyte concentration [22], pH [25], and metal
ions [22, 23].

Recently, Li et al. [26] have highlighted the need to confirm urea quantification using two
different methods and reported a proton nuclear magnetic resonance (NMR) method. They
compared results with analyses by a spectrophotometric method based on a reaction with
diacetylmonoxime-thiosemicarbazide (DAM method), high-performance liquid chromatography,
and ion chromatography following decomposition with urease. Notably, they reported that pH,
metal ions, and high ammonia concentrations can lead to poor accuracy when urea is decomposed
to ammonia for quantification.

We report here on the electrochemical coreduction of NO>~ and CO> at iron phthalocyanine
(FePc) electrodes and rigorous quantification of the production of urea and ammonia. Although
this system has previously been reported to produce urea at gas-diffusion electrodes, current
efficiencies for the formation of products were reported without supporting electrochemical data,
such as current vs potential and time. The analytical method was identified only as “determined
using a spectrophotometer” [11]. Here the electrochemistry of a carbon supported FePc catalyst in
a hydrogen carbonate (bicarbonate) is reported, with and without NO>~ under N> and CO», with

production of urea and ammonia quantified using four different analytical methods. It was found
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that accurate urea analysis by the salicylate method could only be achieved by using standard
addition, and that deionization of the samples was required for accurate analysis by the DAM

method and a liquid-chromatography-mass spectrometry (LC-MS) method.

3.2 Experimental
3.2.1 Materials

Iron(II) phthalocyanine (FePc; 90%; Sigma-Aldrich), carbon black (Vulcan XC-72; Cabot),
Nafion™ solution (5.14 mass% in a mixture of lower aliphatic alcohols and 51.9% water; Dupont),
2-propanol (99.5% ACS grade; Caledon), carbon fiber paper (CFP; Toray), sodium hydrogen
carbonate (99.7-100.3% ACS grade; BDH), sodium nitrite (>99% ACS grade; BDH), ammonium
chloride (99.5% ACS grade; BDH), sodium hypochlorite (reagent grade, available chorine
4.00-4.99%; Sigma-Aldrich), salicylic acid (>99.0% ACS grade; Sigma-Aldrich), trisodium citrate
dehydrate (reagent grade; Sigma-Aldrich), sodium hydroxide (97% ACS grade; BDH), sodium
nitroprusside dihydrate (>99% ACS grade; Sigma-Aldrich), urea (99.0-100.5% ASC grade;
Sigma-Aldrich), diacetyl monoxime (DAM; 2,3-butanedione monoxime; 99%; Sigma-Aldrich),
thiosemicarbazide (TSC; 98%, puriss. p.a; Sigma-Aldrich), Fe2(SO4)s (97%; Sigma-Aldrich),
sulfuric acid (98%, ACS grade; Fisher Scientific), AG 501-X8 mixed bed resin (Bio-Rad
Laboratories), acetonitrile (99.9% HiPerSolv CHROMANORM®, BDH), ammonium acetate
(Sigma-Aldrich), acetic acid (Fisher Scientific), HPLC-grade water (Fisher Scientific), fumaric
acid (>99%, purum; Sigma-Aldrich), dimethyl sulfoxide-ds (DMSO-ds; 99.9% reagent grade;
Cambridge Isotope Laboratories, Inc), CO> (CD-50, Airgas) and nitrogen (Praxair, UHP, NI

5.0UH-T) gases were used as received. Urease, supplied as a glycerol solution (specific activity
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500-800 units mL!; Sigma-Aldrich), was diluted by a factor of four with a 1% phosphate buffer

(pH ~ 6.3). Deionized (DI; resistivity >17.9 MQ)) water was used to prepare solutions.

3.2.2 Preparation of the carbon supported iron(II) phthalocyanine catalyst (FePc/C)
Carbon black (100 mg) and FePc (10 mg) were first dispersed in 5 mL and 1 mL of THF,
respectively, under stirring followed by ultrasonication for 1 h, and then mixed together and
sonicated for 4 h. The solvent was allowed to evaporate at room temperature overnight in a fume
hood and the FePc/C catalyst was then dried at 60 °C in an oven for 30 min. Energy dispersive
X-ray analysis (Appendix A, Figure Al ) indicated that the Fe content of the catalyst was
0.85 mass%, which is close to the target value of 0.77%. Transmission electron microscopy
(Appendix A, Figure A2) showed the typical structure of the carbon black [27], with no evidence
of FePc particles, indicating that the FePc was well dispersed over the carbon surface. This
conclusion was supported by X-ray diffraction (Appendix A, Figure A3), which did not show any

evidence of crystalline FePc.

3.2.3 Electrode preparation

FePc/C (10.0 mg) was dispersed in a mixture of 150 uL of H2O, 75 pL of 2-propanol and
75 uL of 5% Nafion™ solution and sonicated for 3 h. The resulting catalyst ink (45 uL) was
deposited onto a 1.0 cm? disc of CFP with a micropipette (in 2 uL aliquots) to give a catalyst
loading of 1.5 mg cm2 and left to dry overnight at ambient temperature. Figure A4 (Appendix A)

shows a scanning electron microscopy image of an electrode.
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3.2.4 Electrochemistry

A three-compartment glass cell (constructed in house) with a porous glass frit
(ca. 1 mm X 0.2 cm?; 10 pm porosity) separating the anode and cathode chambers was used at
ambient temperature. A Pt wire (ca. 1 cm?) was used as the counter electrode, with Hg/HgSO4 in
saturated potassium sulfate solution (Koslow; 658 mV vs SHE at 25 °C) as the reference electrode.
All potentials are reported relative to the appropriate reversible hydrogen electrode (RHE),
at-0.464 V vs SHE in 0.1 M NaHCO; under Nz or -0.395 V vs SHE in 0.1 M NaHCOs3 under COs.

Cyclic voltammetry and chronoamperometry were performed using an EG&G model 273A
Potentiostat/Galvanostat in 0.1 M NaHCOs3 and in a mixture of 0.1 M NaHCO3 and 5 mM NaNO,,
under N> and CO,. Before each measurement, the electrolyte solution was purged with N> or CO»
for 30 min and then covered with the purge gas during measurements. Constant potential
coreduction (electrolysis) of CO2 and NO>" was performed for 2 h at each potential, with a new

FePc/C electrode used at each potential.

3.2.5 Analysis of ammonia (salicylate method) [28]

Three reagent solutions were prepared as follows; The chromogenic reagent (A) was
prepared by dissolving 5 g of salicylic acid and 5 g of sodium citrate in 100 mL of I M NaOH. An
oxidizing solution (B) was prepared by diluting 7 mL of sodium hypochlorite solution (available
chlorine 4.00-4.99 %) to 100 mL with DI water. The catalysis solution (C) was prepared by
dissolving 1 g of sodium nitroferricyanide in 100 mL of DI water.

For analysis of NH3 by standard addition, equal volumes (0.5 mL) of the unknown sample
were pipetted into six volumetric flasks. Increasing volumes of a 1000 pmol L™! standard solution

of NH4Cl were added to each flask. Then, 2 mL of the chromogenic solution (A), 1 mL of oxidizing
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solution (B) and 0.2 mL of catalyst solution (C) were added sequentially to each flask and diluted
with deionized water to a final volume of 10 mL. Each reagent was added to all six flasks before
addition of the next reagent without any delay. These solutions were then kept in the dark at
ambient temperature for 2 h. The absorbance of each solution at 655 nm was measured using a
double beam Agilent Cary 100 UV-Vis Spectrophotometer. A reagent blank, prepared with DI

water in the same way as the samples, was used in the reference beam.

3.2.6 Analysis of urea (salicylate method) [19]
Urea was measured by difference following its decomposition to CO2 + 2NHj3 by urease. In
a sealed sample vial, 6 mL of the electrolysis solution was mixed with 3 mL of urease solution.

The mixture was incubated for 1 h at 40 °C in a constant temperature water bath.

3.2.7 Diacetyl monoxime (DAM) method for urea analysis [26, 29]

Standard solutions of urea in a mixture of 0.1 M of NaHCO3 and 5 mM of NaNO, were
prepared daily, and freshly prepared DAM (50.0 g L") and TSC (2.0 g L!) solutions in DI water
were used. A Fez(SO4)3 (600 mg L) solution was prepared by dissolving Fe»(SO4)3in a 5% H>SO4
solution (v/v) to avoid hydrolytic decomposition and was stored in an amber glass bottle at 4 °C.

Prior to analysis of the urea, standard solutions and samples were first deionized using a
conical 0.8 X 4 cm polypropylene column (Poly-Prep® Chromatography Columns; Bio-Rad) with
1.00 g (1.6 ml bed volume) of biotechnology grade mixed bed ion exchange resin (AG® 501-X8;
Bio-Rad). Following deionization, 2 mL aliquots of the standards and samples from electrolyses
were placed in 20 mL glass vials and freshly prepared solutions of DAM (0.225 mL), TSC

(0.0375 mL), Fex(SO4)3 (0.0375 mL) and 50% H>SOs4 (2 mL) were added sequentially. The
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resulting mixture was diluted to a final volume of 5 mL, heated for 30 min in a water bath at
90 °C and cooled to ambient temperature. The absorbance of the resulting red compound was
measured at 520 nm against a reagent blank (prepared with DI water in the same way as the
samples), was used in the reference beam.at room temperature using an Agilent Cary 100 UV-Vis

Spectrophotometer.

3.2.8 Liquid chromatography-mass spectrometry (LC-MS) method for urea analysis [30,
31]

Standard solutions and samples were deionized, as described above for the DAM method,
and then mixed with acetonitrile in a 1:4 volume ratio. Chromatographic separation was achieved
using an Agilent 1100 Series HPLC system with a Poroshell 120 HILIC, 4.6 X 100 mm, 4 pm
column (Agilent Technologies) with a KrudKatcher ULTRA HPLC in-line filter (2.0 pum,
0.004 in. ID, Phenomenex). The mobile phase was acetonitrile containing 10% HPLC-grade water
0.5 mM ammonium acetate and 0.2 mM acetic acid, at a flow rate of 0.5 mL min™'. The injection
volume was 10 uL and the column temperature was maintained at 30 °C.

The eluant from the column was analyzed using a SCIEX triple TOF™ 5600 system
(quadrupole time-of-flight (Q-TOF) mass analyzer) in multiple reaction monitoring (MRM)
acquisition mode. The DuoSpray™ Source was used with an electrospray ionization probe in
positive polarity. During analysis, the quadrupole mass analyzer (Q1) was operated in a mass filter
mode to transmit only the precursor ion of interest for the mass of 61.03 m/z, then transmitted to
the collision cell (Q2), where it undergoes fragmentation. TOF-MS acquired the MS/MS data from
15 to 1000 m/z in high sensitivity mode, and a multiple reaction monitoring (MRM) acquisition

method was developed. Data was acquired using Analyst® TF software, and the extracted ion
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chromatograms (XIC) generated for fragment ions were processed with PeakView® software. A
matrix-based calibration curve was prepared by plotting the integrated peak area of mass

61.03 m/z against the concentration of urea standard.

3.2.9 NMR method for ammonia analysis [3, 32]

A Bruker AVANCE III HD spectrometer operating at a 'H frequency of 500 MHz equipped
with a 5 mm TCI CryoProbe (Bruker Biospin) was used at ambient temperature. Electrolysis
samples (75 pL) were mixed with 25 pL of 4 M H2SO4 in DMSO-ds, 400 uLL of DMSO-ds, and
50 uL of 50 uM fumaric acid (FA) in DMSO-dg as an internal standard. The ratio of the integrated
peak areas of the NH4" triplet and FA singlet were used to calculate the ammonia concentration
with calibration (a 4.5% correction) using a 0.200 mM standard solution of NH4Cl in 0.1 M of

NaHCOs3; + 5 mM of NaNOa.

3.3  Results and Discussion
3.3.1 Quantification of ammonia and urea by the salicylate method

Based on the work of Shibata and Furuya [11] on the use of FePc for coreduction of CO; and
NOz7, 0.1 M NaHCO; plus 5 mM NaNO; was selected as the electrolyte for this study. Due to
concerns over the consistency of calibration curves [11], and possible changes in absorbance due
to unknown species that may be present in samples following electrolysis (e.g., organic products
from CO; reduction, ions from the electrodes, changes in pH) a standard addition method was used
to quantify ammonia and urea. Figure 3.1 shows data for analysis of a standard solution containing
60 pM NH4Cl and 40 pM urea. ACammonia 1 the change in concentration following addition of

NH4Cl to other aliquots of the NH4Cl + urea standard solution.
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It can be seen from Figure 3.1 that the standard addition plots exhibited excellent linearity
with very similar slopes, before and after decomposition of the urea. Table 3.1 shows averaged
analytical results and slopes (with standard deviations) for six identical analyses performed in this
way. The average NH4Cl concentration of 60.0 = 1.0 uM before urea decomposition is in
agreement with the value of 60 uM in the standard. The ammonia (NH4Cl plus NH3 from urea)
concentration following decomposition of the urea is also in good agreement with the expected
value of 140 puM, resulting in a urea concentration of 41.0 + 1.6 uM that is within experimental

uncertainly of the true value.
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Figure 3.1. Standard addition analysis of 60 uM NH4Cl and 40 uM urea in 0.1 M NaHCO; +
5 mM NaNO; using the salicylate method.

The average slopes of the standard addition plots before and after urea decomposition,
reported as effective molar attenuation coefficients (¢* = absorbance/ (ammonia concentration X

path length)) in Table 3.1, are close to a reported value of 17.7 mM! cm™! in water [21]. It was
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found that without careful control of the experimental conditions during formation of the
indophenol-type dye and decomposition of urea, and consideration of the instability of the dye,
concentrations of urea determined by this method could be very inaccurate. Consequently, it was
found to be essential to confirm that £* was consistent, use quality control samples, and verify the
accuracy of results with a second analytical method. Note that €* is based on the concentration of
ammonia after dilution, since it is based on the absorbance of the chromophore produced after the
reagents have been added. It is independent of the dilution factor, whereas the slope of a calibration

or standard addition plot (based in the initial ammonia concentration) varies with dilution.

Table 3.1. Concentrations and effective molar attenuation coefficients (¢*) (averages and standard
deviations for six measurements) for analysis of 60 pM NH4Cl and 40 uM urea in 0.1 M NaHCO3

+ 5 mM NaNO: using the salicylate method.

[NH;3] . [urea]
¢ (mM cm™)
(uM) (uM)
Before urea
60.0+ 1.0 17.4+0.3
decomposition
After urea
142.0+3.8 17.3+£0.2 410+ 1.6
decomposition

3.3.2 Quantification of urea by the diacetyl monoxime (DAM) method

The reaction of urea with diacetyl monoxime to form a red product is potentially better than
the salicylate method for determining urea in the presence for ammonia because it avoids errors
arising from the enzymatic urea decomposition step and subtraction of the ammonia concentration

which may be much higher [26]. It can also provide a very low detection limit; detection of
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1.2 nM urea in seawater has been reported [29]. However, interference by NO>™ [26] makes the
method unsuitable for the determination of urea from coreduction of CO, and NO>~ without pre-

treatment of samples to remove NO;~ and other potential interferences.
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Figure 3.2. Calibration curves for analysis of urea in water, 0.1 M NaHCO; + 5 mM NaNO;
(electrolyte) that had been deionized with a mixed bed ion-exchange resin, with urea added
following deionization, and urea + 0.1 M NaHCO; + 5 mM NaNO; solutions (standards) that had
been deionized.

An AG 501-X8 mixed bed ion-exchange resin was used here to remove both the NaHCO;
electrolyte and NaNO,. The efficacy of this deionization method is demonstrated in Figure 3.2,
where a calibration curve for urea in water is compared with a calibration curve for urea added to
a 0.1 M NaHCO3 + 5 mM NaNO; solution that had been deionized with the mixed bed resin.

Figure AS (Appendix A) shows spectra for reagent blanks and 20 uM urea samples before and
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after deionization. It can be seen that the presence of the electrolyte prevents formation of the red
product with urea (no peak at 520 nm) and produces a new peak at 480 nm. These effects were not
seen in the absence of NaNO», but also occurred at NaNO, concentrations as low as 0.5 mM.

In order to employ this method for analysis of urea in samples from the co-reduction of CO>
and NO>" it was necessary to account for the loss of urea during deionization by calibration with
urea standards in 0.1 M NaHCO3 + 5 mM NaNO: that had been deionized. This calibration curve
is also shown in Figure 3.2, where it can be seen that the slope is ca. 50% lower due to adsorption
of urea by the column. Nonetheless, the linearity of the calibration curve is excellent, the slope
was reproducible with a second set of standards, and analysis of five 10 uM quality control samples

gave an average urea concentration of 10.6 + 0.4 pM.

3.3.3 Coreduction of NO;™ and CO; at FePc/C electrodes

Figure 3.3 shows voltammograms for FePc/C electrodes in 0.1 M NaHCOs3, with and without
5 mM NaNO., under N> and CO». Under N>, in the absence of NaNO;, two main quasi- reversible
redox waves are seen at formal potentials of +0.89 V (AE, =0.33 V) and 0.00 V (AE; =0.18 V)
for the Fe(+3/+2) and Pc(-2/-3) (or Fe(+2/+1)) couples of the FePc, respectively [33]. Under CO»
there are minor changes in these waves that are presumably due mainly to the change in pH from
8.3 to 6.8, and a significant increase in current at potentials below ca. -0.2 V due to CO: reduction
[34]. The main product from CO: reduction at FePc is generally CO [34, 35]. Voltammograms
were similar in the presence of NaNO> under N>, but with enhanced cathodic currents below
ca. 0 V due to reduction of NO,™ [36].

When both NO>" and CO; were present there was a large increase in current at potentials

below +0.1 V, with a cathodic peak at -0.21 V that was more than 3.5 times higher than the current
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at this potential for either NO," and CO» alone. This suggests that there was substantial coreduction
of NO;  and CO; in addition to their individual reduction processes. A previous report has
demonstrated that urea is produced under similar condition, in addition to CO and NH3 [11]. In
that work, both NH; and urea produced from coreduction of NO>™ and CO: at FePc “determined
using a spectrophotometer”, although the method was not specified. Urea was decomposed to NH3

and determined by difference.
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Figure 3.3. Cyclic voltammograms (10 mV s!) for FePc/C electrodes in 0.1 M NaHCO3, with and
without 5 mM NaNO;, under N> and COa.
In order to verify that urea could be produced from the coreduction of NO>~ and CO; at FePc,
and quantify both urea and ammonia production, a series of 2 h constant potential electrolyses

were conducted. As shown in Figure 3.4, the current was reasonably stable during electrolysis,
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with relatively small changes in the average current (Table 3.2) as the potential was changed (a
range of 0.87 to 1.19 mA). The higher currents at -0.247 V and -0.447 V were reproducible with
2" electrodes, and correspond approximately to the peak seen at ca. -0.21 V in cyclic voltammetry
(Figure 3.3) and the onset of other reduction processes, such as reduction of water at -0.4 V seen
in the voltammogram under N> in the absence of NaNO», respectively. The noise, spikes, and
positive and negative variations/drift in the current vs time plots can be attributed to gases (e.g.
NH3, CO, N2, Ho) formed within the electrode structure, since bubbles were visible on the electrode

surface during electrolysis.
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Figure 3.4. Current vs time at various potentials (vs RHE) for electrolysis of 5 mM NaNO; under

CO21n 0.1 M NaHCOs at FePc/C electrodes.
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Since initial attempts to quantify urea by the salicylate method produced inconsistent results,
both the DAM and LC-MS methods were used to establish accurate values. The salicylate method
was used to determine ammonia and verified by NMR. It can be seen from the analytical data in
Table 3.2 that the urea concentrations from the DAM and LC-MS methods were in good agreement
(average difference of 1.8%) and that the NH3 concentrations from the salicylate and NMR
methods were also in good agreement (average difference of 2.8%). Reproducibility at -0.047 V
was assessed by running four electrolyses at different electrodes. Averages and standard deviation
are reported in Table 3.2 (NMR was only used for one run). Relative standard deviations were
3.9%, 2.6%, 4.1%, 0.7% for the average current, DAM, LC-MS, and salicylate methods,

respectively.

Table 3.2. Average currents and concentrations of urea and ammonia for electrolysis of 5 mM
NaNO: in 0.1 M NaHCOj3; under CO> at FePc/C electrodes for 2 h. Averages and standard

deviations are reported for four different electrodes at -0.047 V.

Urea concentration NH3 concentration
Potential (V) Average
(uM) (LM)

vs RHE current (mA)

DAM LC-MS Salicylate NMR
-0.047 -0.865 +0.034 20.7+0.5 21.1+0.9 501 +4 520
-0.147 -0.932 18.9 18.6 457 453
-0.247 -1.02 16.4 16.0 668 683
-0.347 -0.890 153 15.3 629 659
-0.447 -1.19 13.9 14.3 436 452
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Following optimization of the salicylate standard addition method, and validation by NMR,
it was used to determine urea produced in a separate set of electrolyses at -0.047 V. The average
current of -0.859 + 0.003 mA for three different electrodes agreed with the value of
-0.865 + 0.034 mA in Table 3.2, while the average urea concentration of 22.5 + 0.9 pM was in
reasonable agreement with the values from DAM and LC-MS in Table 3.2
(average of 20.9 £ 0.7 uM). Although this demonstrates that the optimized salicylate method can

be reasonably accurate for urea analysis, great care is still required and it is important to verify

accuracy.
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79.0%
80% 1+ ’
69.9%
70% 4+ W Urea
o 59.1% NH;
0_; 60%
(& ]
= 50% + 44.2%
o]
g 40% +
|
30% <+
20% <+
10% +5.8% 4.9% 3.9% 4.1% 2.8%
0%_J I I — -

-0.047 -0.147 -0.247 -0.347 -0.447
Potential vs RHE (V)

Figure 3.5. Faradaic yields of NH; and urea, calculated from the data in Table 3.2.
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Faradaic yields of NH3 and urea calculated from the salicylate and DAM data in Table 3.2
are reported in Figure 3.5. They show that the main product from the electrolyses was NH3, with
85% of the current producing NHz at -0.347 V. However, there was significant production of urea,
with a maximum yield of 5.8% at the lowest overpotential employed. The high yields of NH3
relative to urea indicate that the large increase in current observed when NO>~ was reduced under
COg, relative to N, was due to primarily the effect of CO, on NO; reduction rather than
coreduction to produce urea. This is most likely due to the change in pH, and suggests that it may
be possible to control the urea:NH3 ratio by changing pH.

The yields of urea obtained in this work are significantly lower than the faradaic yield of
15% reported for coreduction of CO, and NO; using a FePc based gas diffusion electrode at
-1.5 V vs SCE (ca. -0.86 V vs RHE) [11]. There are many possible reasons for this, including the
differences in potential, differences in concentrations (e.g. 20 mM vs 5 mM NO"), gas phase vs
dissolved CO., and FePc loading (not specified in [11]). Nonetheless, urea was produced at much
lower overpotentials (less negative potentials) in this work (a 5.8% yield at -0.047 V vs RHE).
Higher faradaic yields of urea have also been reported for Cu doped TiO> (43% at -0.4 V vs RHE)
[13], Te doped Pd (12% at -1.1 V vs RHE) [14], and ZnO nanosheets (21% at -0.79 V vs RHE)
[15].

The production of urea at FePc at less negative potentials than for other reported catalysts
warrants further investigation and development to increase yields and production rates and take
advantage of the higher energy efficiency arising from the lower cathode overpotential. In addition,
other metallophthalocyanines should be investigated, such as CoPc which has been reported to be

more selective for urea production [11].
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3.4 Conclusions

Iron phthalocyanine has been shown to be an effective catalyst for coreduction of CO; and
NO; to produce urea at low overpotentials, although faradaic yields of urea (< 5.5%) were low
relative to ammonia (< 85%). At -0.347 V vs RHE, 89% of the charge passed produced ammonia
or urea, demonstrating very high efficiency for conversion of NO> to high value products.

Although the salicylate method can be used for measuring both ammonia and urea from
electrochemical coreduction of CO> and NO,™, great care must be taken to avoid inaccuracies due
to interferences, matrix effects, variations in reaction condition, and instability of the
chromophore. This is particularly important when urea is formed together with a large excess of
ammonia. It is essential to confirm that the correct effective molar attenuation coefficient is
consistently obtained for the electrolyte employed, and to monitor accuracy with quality control
samples. It is recommended that analyses be conducted by standard addition, and verified by

independent analytical methods.
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Chapter 4
High efficiency production of urea from electrochemical coreduction
of carbon dioxide and  nitrite at carbon supported

iron(I1I) tetrasulfophthalocyanine under ambient conditions.

Abstract

Electrochemical coreduction of carbon dioxide with nitrite can potentially be used to remove
two serious pollutants from the environment while producing urea as an essential fertilizer and
valuable fuel. However, efficiencies are currently much too low due to the high overpotentials
required and/or low faradaic efficiency (FE) for urea formation. Although metal phthalocyanine
catalysts can provide reasonably high FE (< 42%), high negative potentials (<-0.75 V vs RHE) are
required. Here it is shown that a water soluble, sulfonated iron(III) phthalocyanine can produce a
higher yield of urea (54%) at +0.053 V vs RHE, with 25% coproduction of NH3. Urea production
was measured by the diacetyl monoxime (DAM) method and verified by liquid chromatography—
mass spectrometry. Electrodes prepared with a carbon black support and Nafion binder exhibited

good stability in the 0.1 M NaHCO; electrolyte.
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4.1 Introduction

Electrochemical production of urea by the coreduction of CO; with a variety of nitrogen
sources [1, 2] is regarded as more sustainable than the use of ammonia from the Haber-Bosch
process, which is energy intensive and produces high CO; emissions [3]. In addition, the use of
nitrogen containing pollutants, such as nitrate and nitrite, can accomplish their simultaneous
removal from the environment with CO; [4-7].

Nitrite in water systems is a major environmental challenge and can be mitigated by
electrochemical reduction of the NO>™ to N> and useful products such as NH3, NO, N>O, and
NH:20H [8]. Coupling of NO; and CO; reduction to produce urea [9] is particularly attractive,
and has been accomplished with a variety of catalysts, including metals and alloys [10, 11], metal
phthalocyanines [12], FeTiOs [13], Cu doped TiO» [14], Te doped Pd [15], and ZnO> [16]. Cu, Fe,
Co, and Ni phthalocyanines produced urea at faradaic efficiencies (current efficiencies) of 13-42%
[12], while an efficiency of 43% was reported for Cu-doped TiO: [14] and a Cd metal catalyst
gave an efficiency of ca. 55% [10].

Metallophthalocyanines are attractive for the electrochemical production of urea from NO2~
and CO; because of their synthetic versatility and the wide range of ways in which they can be
incorporated into electrode materials [17, 18]. Substituents can be used to control redox potentials
and solubility, and to bind them to surfaces and polymers [17]. Fe(Ill) tetrasulfophthalocyanine
(FeTSPc) has been shown to be effective for reduction of both CO, [19] and NO>~ [20], and its
water solubility makes it more versatile than unsubstituted iron phthalocyanine for incorporation
into electrodes and control of the catalytic environment. We demonstrate here that it is highly
effective for coreduction of NO>~ and CO» to produce urea. A maximum faradaic efficiency of

54% was obtained at +0.053 V vs RHE.

120



4.2 Experimental
4.2.1 Materials

Fe(IlT) tetrasulfophthalocyanine (FeTSPc) (iron(III) phthalocyanine-4,4',4",4""'-
tetrasulfonic acid, compound with oxygen, monosodium salt hydrate; Sigma-Aldrich), carbon
black (Vulcan XC-72; Cabot), 5% Nafion™ solution (5.14 mass% in a mixture of lower aliphatic
alcohols and 51.9% water; Dupont), 2-propanol (Caledon), carbon fiber paper (CFP; Toray),
sodium hydrogen carbonate (BDH), sodium nitrite (BDH), urea (Sigma-Aldrich), diacetyl
monoxime (DAM; 2,3-butanedione monoxime; Sigma-Aldrich), thiosemicarbazide (TSC; Sigma-
Aldrich), Fex(SO4); (Sigma-Aldrich), sulfuric acid (Fisher Scientific), AG 501-X8 mixed bed resin
(Bio-Rad Laboratories), Acetonitrile (HiPerSolv CHROMANORM®, BDH), ammonium acetate
(Sigma-Aldrich), acetic acid (Fisher Scientific), ammonium chloride (BDH), sodium hypochlorite
(Sigma-Aldrich), salicylic acid (Sigma-Aldrich), sodium citrate (Sigma-Aldrich), sodium
hydroxide (BDH), sodium nitroprusside dihydrate (Sigma-Aldrich), urease (specific activity
500-800 units/mL supplied as a glycerol solution; Sigma-Aldrich), and carbon dioxide (CD-50,
Praxair Canada Inc.) and nitrogen (NI 5.0UH-T, Praxair Canada Inc.) gases were used as received.

Deionized water was used to prepare all solutions.

4.2.2 Preparation of carbon supported FeTSPc electrodes

Carbon supported FeTSPc catalysts (3% FeTSPc/C and 10% FeTSPc/C) were prepared by
depositing FeTSPc on Vulcan carbon black at mass loadings of 3% and 10%. FeTSPc in water
(50 mg mL") was added to 10 mg of carbon black dispersed in a mixture of 150 uL of H>O, 75 pL
of 2-propanol and 75 pL of 5% Nafion™ solution, and the resulting ink was sonicated for 1 h. The

ink was deposited onto a 1.0 cm? disc of CFP with a micropipette to give a FeTSP¢/C loading of
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1.5 mg cm?, and Nafion loadings of 0.44 and 0.42 mg cm? for the 3% FeTSPc/C and 10%

FeTSPc/C electrodes, respectively.

4.2.3 Electrochemistry

Electrochemical measurements were made in 0.1 M NaHCO3 at ambient temperature in a
glass cell with a porous glass frit between the working and counter electrode compartments. A Pt
counter electrode and Hg/HgSOu/saturated Na>SO4 reference electrode (Koslow; 658 mV vs SHE)
were employed. Potentials are reported relative to the appropriate RHE (reversible hydrogen

electrode), at -0.464 V vs SHE under N> (pH = 8.30) or -0.395 V vs SHE under CO; (pH = 6.75).

4.2.4 Product analysis

Ammonia in electrolysis solutions was measured by the salicylate method [21]. Samples
(0.5 mL) were mixed with solutions prepared with 5 g of salicylic acid and 5 g of sodium citrate
in 100 mL of 1 M NaOH (2 mL), 7 mL of sodium hypochlorite solution (available chlorine
4.00-4.99 %) in 100 mL of water (1 mL), and 1 g of sodium nitroferricyanide in 100 mL of water
(0.2 mL), and diluted to 10 mL with water. After 2 h in the dark at ambient temperature for 2 h,
the absorbance of each solution was measured at 655 nm against a reagent blank, using an Agilent
Cary 100 UV-Vis spectrophotometer. The UV- Vis spectra and calibration plot is shown as
Figure B1 in Appendix B.

Urea was measured by the diacetyl monoxime (DAM) method [22, 23]. In order to avoid
interference from NO; ™ [23], standards and samples were first deionized with a mixed bed ion
exchange resin (AG® 501-X8; Bio-Rad) using a conical 0.8 X 4 cm polypropylene column

(Poly-Prep® Chromatography Columns; Bio-Rad). DAM (0.225 mL; 50.0 g L), TSC
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(0.0375mL; 2.0 g L"), Fea(SO4)3(0.0375 ml; 600 mg L' in a 5% H2SO4) and 50% H>SO4 (2 mL)
were added sequentially to 2 mL aliquots of the deionized solutions with dilution to a final volume
of 5 mL. Following 30 min at 90 °C, and cooling to ambient temperature, the absorbance of the
resulting red compound was measured at 520 nm. The UV-Vis spectra and calibration curve is
shown in Figure B2 in Appendix B.

To confirm accuracy [23], urea concentrations were also determined by liquid
chromatography-mass spectrometry (LC-MS) [24, 25] using a SCIEX triple TOF™ 5600 mass
spectrometer coupled with an Agilent 1100 Series HPLC system with a Poroshell 120 HILIC,
4.6 X 100 mm, 4 um column (Agilent Technologies) with a KrudKatcher ULTRA HPLC in-line
filter (2.0 pm, 0.004 in. ID, Phenomenex). Deionized samples (as described for the DAM method)
were diluted with acetonitrile in a 1:9 volume ratio and eluted using a mobile phase of acetonitrile
containing 10% HPLC-grade water, 0.5 mM ammonium acetate and 0.2 mM acetic acid, at a flow
rate of 0.5 mL min"!. The injection volume was 10 pL and the column temperature was maintained
at 30 °C. A calibration curve (Figure. B3 in Appendix B) was prepared by plotting the integrated

peak area of mass 61.03 m/z against the urea standard concentration.

4.3 Results and discussion
4.3.1 Coreduction of NO; and CO; at FeTSPc¢/C electrodes

Figure 4.1 shows cyclic voltammograms of electrodes prepared with the 10% FeTSPc/C
catalyst in 0.1 M NaHCO; with and without 5 mM NaNO., under N> and CO;. Under N in the
absence of NaNO., three main redox waves are observed at formal potentials of +0.92 V
(AEp = 0.07 V) for the Fe(+3/+2), and +0.06 V (AE, = 0.02 V) and -0.11 (AE, = 0.15 V) for the

Fe(+2/+1)/TSPc(-2/-3) couples, which cannot be unambiguously assigned [26]. Addition of
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NaNO:> (under N») did not influence the Fe(+3/+2) wave significantly, but resulted in an enhanced
cathodic peak at ca. +0.0 V due to the reduction of NO» . The proximity of this peak to the wave

at +0.06 V strongly suggests that the process is catalyzed by the Fe(+1) state, although there is

likely involvement of the TSPc(-3) state [26].
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Figure 4.1. Cyclic voltammograms (10 mV s!) for 10% FeTSPc/C electrodes in 0.1 M NaHCO3

with and without 5 mM NaNQO; under N, and COa.

Under CO», in the absence of NO»", the waves for all three couples became indistinct and
shifted to higher potentials, presumably due to the decrease in pH from 8.30 to 6.75 due to the
formation of H>COs. An irreversible oxidation peak appeared at +0.78 V on the reverse scan,
indicating that an oxidizable species was formed at low potentials, although there was no

enhancement of the cathodic current to suggest that there was significant reduction of COs,.
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In the presence of both NO>~ and CO», a large increase in the cathodic wave was observed
with an onset potential of ca. +0.08 V. The cathodic peak at -0.075 V was more than 2.5 times
higher than the peak observed at 0 V for NO>™ reduction. This indicates that there was substantial
coreduction of NO>" and CO; in addition to their individual reduction processes. Shibata and
Furuya have reported that, in addition to CO and NH3 (egs. 4.1 and 4.2), there is a significant
amount of urea produced from the coreduction of NO>~ and CO» (eq. 4.3) at metallophthalocyanine

catalysts [12].

CO, () + 2 + 2H*(aq) — CO (g) + H20 (4.1)

NO: (aq) + 6¢ + 7TH"(aq) — NHj3 (aq) + 2H>0 4.2)

COx (g) + 2NOx (aq) + 12¢" + 14H*(aq) — NH2CONH; (aq) + 5H20 (4.3)
-0.1

<
E
)
c
7]
=
=
(]
-0.6 ——+0.053V —-0.247V
0.7 ——-0.047 V —-0.347V
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0.8 : ! ’
0 2000 4000 6000
Time (s)

Figure 4.2. Current vs time at various potentials (vs RHE) for electrolysis of 5 mM NaNO; under

CO;1in 0.1 M NaHCO3 at 3% FeTSPc/C electrodes.
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In order to measure NH3 and urea production, electrolysis of 5 mM NaNO; under CO; was
performed in 0.1 M NaHCOs at various constant potentials, using the 3% FeTSPc/C catalyst.
Figure 4.2 shows the current vs time data. It can be seen that during electrolysis, the current was
quite steady at potentials > -0.147 V while it decayed over time at lower potentials. The highest
average current of -0.55 mA was observed at -0.147 V, which corresponds approximately to the

peak seen at -0.075 V in cyclic voltammetry.

Table 4.1. Average currents, and concentrations and rates of urea and ammonia production for

electrolysis of 5 mM NaNO in 0.1 M NaHCOs under CO» at 3% FeTSPc/C electrodes for 2 h.

Urea NH; Production
Potential | Average . .
concentration concentration rate Urea: NH;
s RHE current
v " (uM) (M) (WM h!) mol ratio
V) (mA) DAM | LC-MS Salicylate Urea | NH3
+0.053 -0.228 50.0 51.3 47.9 0.381 0.359 1.06
-0.047 -0.415 40.3 39.3 107 0.310 | 0.803 0.37
-0.147 -0.547 37.8 36.9 185 0.281 1.39 0.20
-0.247 -0.353 34.8 35.2 174 0.263 1.31 0.20
-0.347 -0.237 31.0 31.1 914 0.233 0.686 0.34
-0.447 -0.422 28.2 28.0 88.1 0.211 0.661 0.32

Urea and ammonia production during electrolysis was measured using the DAM (UV-Vis
spectra in Figure B4 in Appendix B) and salicylate methods (UV-Vis spectra in Figure B5 in

Appendix B), respectively. Additionally, LC-MS was used to verify the urea concentrations
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(LC-MS spectra Figure B6 in Appendix B), since the DAM method can be unreliable [23]. The
results are shown in Table 4.1. Urea concentrations from the DAM and LC-MS methods were
averaged for calculation of urea production rates and faradaic efficiencies.

The maximum amount of urea (50.7 uM) was produced at +0.053 V and there was a gradual
decrease in urea production as the potential was decreased (increasing overpotential). NH3
production initially increased as the potential was decreased, to a peak at -0.147 V, and then
decreased. The maximum rate of urea production (0.381 uM h') also occurred at +0.053 V, while

the maximum rate for NH3 (1.39 uM h!) occurred at -0.147 V.

70%
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53.50% . NH3
50% 1 46.43%
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30% -
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0.053 -0.047 -0.147 -0.247 -0.347 -0.447

Faradaic efficency

Potential (V) vs RHE

Figure 4.3. Faradaic efficiencies for NH3 and urea production, calculated from the data in Table
4.1.
Figure 4.3 shows faradaic efficiencies for production of urea and NH3. The maximum

faradaic efficiency for urea (53.6%) was observed at 0.053 V, and 79% of the charge passed
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produced urea or NH3 (25.4%) at this potential. As the potential was decrease, the yield of urea
decreased and then increased to a peak at -0.347 V. In contrast the faradaic efficiency for NH3
increased to a peak of 59.5% at -0.247 V as the potential was decreased, and then decreased. The
resulting decrease in the urea:NH3 mole ratio (Table 4.1), shows that the high currents seen in
cyclic voltammetry at potentials below ca. 0 V were due to enhanced reduction of NO,™ rather than

coreduction of CO; to produce urea. This is presumably due to the lower pH when COs is present.

Table 4.2. Average currents, potentials, and concentrations of urea (DAM method) for electrolysis

of 5 mM NaNO: in 0.1 M NaHCO3 under N> and CO» in control experiments.

Electrode Potential (V) Average Urea
vs RHE current (mA) concentration (uM)
FeTSPc/C (under CO») oCp 0.0 0.0
FeTSPc/C (under N») 0.053 -0.03 1.0
Blank (carbon black) 0.053 -0.004 0.0
(under CO») -0.447 -0.12 2.5

Control experiments were performed to determine whether there were other sources of urea,
such as contamination and electrochemistry at the carbon support materials (carbon black and
carbon fiber paper). Table 4.2 shows the concentrations of urea measured at the open circuit
potential (OCP), and in the absence of CO- or FeTSPc. No urea was detected following 2 h at OCP
in 0.1 M NaHCOs containing 5 mM NaNO; under CO, demonstrating that urea contamination
was negligible. However, 1.0 pM urea was detected following electrolysis at +0.053 V in the
absence of CO: (i.e. under N»), indicating that coreduction of the NaHCO3 electrolyte with NO2

produces small amounts of urea. No urea was detected at +0.053 V in the absence of the FeTSPc
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catalyst, indicating that the carbon support materials (CB and CFP) did not produce urea at this
potential. However, significant urea production (2.5 uM) was observed at -0.447 V, corresponding

to 8.9% of the amount measured in the presence of the FeTSPc catalyst.

4.3.2 Effect of FeTSPc loading and electrode stability

The 10% FeTSPc/C catalyst was used to increase the urea formation rate and also used to
evaluate stability. Figure 4.4 shows 30 potential cycles for a 10% FeTSPc/C electrode in 0.1 M
NaHCOs3 under N». The stability of the electrodes was good, with only gradual changes in the large
background current due to the carbon support. Notably, the wave for the Fe(+3/+2) couple at
+0.92 V was stable, indicating that there was not electrochemically significant leaching of the
FeTSPc. However, a slight blue coloration of the electrolyte showed that there was some loss of
the catalyst.

0.6

0.4 +

Current (mA)

06 114 - - -1st cycle

last cycle

-1 : : : : : '
-0.1 0.1 0.3 0.5 0.7 0.9 1.1 1.3

Potential (V) vs RHE

Figure 4.4. Cyclic voltammograms (30 cycles at 10 mV s') for a 10% FeTSPc/C electrode in

0.1 M NaHCOs3 under N».
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Figure 4.5 shows current vs time curves for two consecutive 2 h electrolyses of NO,  under
C0Oat 0.053 V, and Table 4.3 shows the average current, and concentrations, faradaic efficiencies,
and production rates of urea and ammonia. Comparison with the data in Table 4.1 shows that
increasing the FeTSPc loading from 3% to 10% increased the average current by 123% and also
increased urea and ammonia production. It is worth noting that the rate of urea production
increased by 120 % (to 0.86 pumol h'') without a significant decrease (~1%) in the faradaic
efficiency. The average current during the second electrolysis (i.e. for the same electrode with
fresh electrolyte) was 6.3% lower than in the first, and there was a decrease in the yield of urea

from 52.6% to 47.7%, suggesting that there was some instability of the electrode.
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Figure 4.5. Current vs time curves at 0.053 V for electrolysis of 5 mM NaNO; under CO; in

0.1 M NaHCOs; at a 10% FeTSPc/C electrode.

130



Table 4.3. Average currents, concentrations, faradaic efficiencies, and production rates of urea and
ammonia for electrolysis of 5 mM NaNO: in 0.1 M NaHCO; under CO2 at a 10% FeTSPc/C

electrode for 2 h.

Urea NH;3 . .
Average . . Faradaic Production
concentration concentration . -1
Sample ID | current M) (M) efficiency rate (uM h™)
(mA) DAM | Salicylate Urea NH;3 Urea | NH3
st
! . -0.509 114 112 90 52.6% | 21.3% | 0.857 | 0.68
electrolysis
2nd
. -0.477 106 100 85 47.7% | 22.0% | 0.790 | 0.64
electrolysis

Cyclic voltammograms recorded before electrolysis and after 2 h and 4 h of electrolysis at
+0.053 V (Figure 4.6), show that the reduction current at potentials below -1.0 V increased notably
after the first electrolysis, and that the activity of the electrode was still higher than the initial
activity after the second electrolysis. These results indicate that the 10% FeTSPc electrode was
quite durable for an extended period of electrolysis. However, blue coloration of the electrolyte
during the first electrolysis indicated that there was some loss of FeTSPc from the electrode.
Quantification of the FeTSPc in the electrolyte by electronic absorption spectrometry after each
electrolysis revealed that there was a 14% loss of FeTSPc from the electrode during the 1%
electrolysis. However, no FeTSPc was detected in the electrolyte after the 2™ electrolysis,
indicating that the remaining FeTSPc was strongly bound or adsorbed. This implies that the

electrodes should be stable for longer term use, once loosely bound, excess FeTSPc has been lost.
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Figure 4.6. Cyclic voltammograms (10 mV s™!) before, and after 2 and 4 h of electrolysis at a 10%

FeTSPc/C electrode in 0.1 M NaHCO3 containing 5 mM NaNO; under CO».

4.4.3 Discussion

The maximum faradaic yield of urea reported here, of 53.6% at +0.053 V vs RHE, is more
than double the yield of ca. 25% at -0.75 V vs RHE reported by Shibata and Furuya for
unsubstituted Fe phthalocyanine (FePc) [12], and was obtained at a much lower overpotential.
These differences presumably arise in part from the effects of the hydrophilic and electron
withdrawing sulfonyl substituents on solubility and the electronic structure of the Fe center and Pc
n system [18]. Shibata and Furuya demonstrated that the yields of urea obtained with MPc catalysts
depend on their efficiencies for reduction to both CO; to CO, and NO>™ to NH3 [12]. Their proposal
that urea was formed by coupling of asdorbed —CO and —-NH> species (Langmuir—Hinshelwood
mechanism) [27] has received wide acceptance in more recent work on other types of catalysts [5,

11, 16].
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Phthalocyanine complexes are well known for their ability of catalyze the reduction of CO;
to CO [18], can reduce NO,™ to NH3 [12], and have two free axial sites for binding —CO and —NH>
intermediates. However, coupling of —CO and —NH> species would require separate PcM—CO and
PcM—NH:> species in a cofacial arrangement. The solubility of FeTSPc would increase the
probability of this occuring, relative to FePc adsorbed on a carbon surface. Alternatively, one of
the adsorbed —CO or —NH> species could form on the carbon black support [28]. The observation
in Table 4.2 that urea was formed in the absence of FeTSPc indicates that both urea precursors can
be formed on the carbon support. In addition, urea formation could occur at a single Fe site by
reaction of a Fe—NH> species with CO; (Eley—Rideal mechanism) [27].

Under the conditions employed here, the sulfonyl substituents shift the formal potential for
the Fe(3+/2+) couple from +0.89 V for FePc (Figure B7 in Appendix B) to +0.92 V, while the
second reduction wave shifts from 0 V to +0.06 V. Since the second reduction is responsible for
urea production, the high activity and efficiency provided by FeTSPc can be attributed in part to
the electron withdrawing effect of the sulfonyl substituents. In addition, the hydrophilicity of
FeTSPc would make it more mobile within the catalyst layer than FePc, and increase the
probability and rate for formation of adjacent —CO and —NH> species. However, this can also
increase diffusion into the bulk solution and require methods for confinement or tethering of the

FeTSPc catalyst.

4.3 Conclusions
Carbon supported FeTSPc is a highly active catalyst for NO, and CO> coreduction to
produce urea at high potentials (low overpotentials). The 53.6% faradaic yield of urea at +0.053 V

vs RHE is comparable to the highest yield that has been reported (ca. 55% for a Cd catalyst at
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-1.0 V vs RHE [10]), and the highest potential at which urea formation has been observed.
Although some initial leaching of the water soluble FeTSPc catalyst was observed, high
electrochemical activity and urea production was maintained, and longer term stability was good.
However, further work on electrode design and composition is needed to improve the rate of urea

production and ensure durability.

4.4 References

1. Kim,J. E., Choi, S., Balamurugan, M., Jang, J. H., & Nam, K. T. (2020). Electrochemical
C-N bond formation for sustainable amine synthesis. Trends in Chemistry, 2, 1004-1019.

2. Tang, C., Zheng, Y., Jaroniec, M., & Qiao, S. Z. (2021). Electrocatalytic refinery for
sustainable production of fuels and chemicals. Angewandte Chemie International
Edition, 60, 19572-19590.

3. Driver,J. G.,Owen, R. E., Makanyire, T., Lake, J. A., McGregor, J., & Styring, P. (2019).
Blue wurea: Fertilizer with reduced environmental impact. Frontiers in Energy
Research, 7, 88.

4. Tao, Z., Rooney, C. L., Liang, Y., & Wang, H. (2021). Accessing organonitrogen
compounds via C-N coupling in electrocatalytic CO; reduction. Journal of American
Chemical Society, 143, 19630-19642.

5. Fu,J,Yang, Y., & Hu, J. S. (2021). Dual-sites tandem catalysts for C-N bond formation
via electrocatalytic coupling of CO; and nitrogenous small molecules. ACS Materials

Letters, 3, 1468-1476.

134



10.

11.

12.

Mei, Z., Zhou, Y., Lv, W., Tong, S., Yang, X., Chen, L., & Zhang, N. (2022). Recent
progress in electrocatalytic urea synthesis under ambient conditions. ACS Sustainable
Chemistry & Engineering, 10, 12477-12496.

Liang, J., Liu, Q., Alshehri, A. A., & Sun, X. (2022). Recent advances in nanostructured
heterogeneous catalysts for N-cycle electrocatalysis. Nano Research Energy, 1,
€9120010.

Zhang, X., Wang, Y., Wang, Y., Guo, Y., Xie, X., Yu, Y., & Zhang, B. (2022). Recent
advances in electrocatalytic nitrite reduction. Chemical Communications, 58, 2777-
2787.

Amanullah, S., Saha, P., Nayek, A., Ahmed, M. E., & Dey, A. (2021). Biochemical and
artificial pathways for the reduction of carbon dioxide, nitrite and the competing proton
reduction: effect of 2nd sphere interactions in catalysis. Chemical Society Reviews, 50,
3755-3823.

Shibata, M., Yoshida, K., & Furuya, N. (1998). Electrochemical synthesis of urea at gas-
diffusion electrodes: III. Simultaneous reduction of carbon dioxide and nitrite ions with
various metal catalysts. Journal of Electrochemical Society, 145, 595.

Liu, S., Yin, S., Wang, Z., Xu, Y., Li, X., Wang, L., & Wang, H. (2022). AuCu nanofibers
for electrosynthesis of urea from carbon dioxide and nitrite. Cell Reports Physical
Science, 3, 100869.

Shibata, M., & Furuya, N. (2001). Electrochemical synthesis of urea at gas-diffusion
electrodes: Part VI. Simultaneous reduction of carbon dioxide and nitrite ions with
various metallophthalocyanine catalysts. Journal of Electroanalytical Chemistry, 507,

177-184.

135



13.

14.

15.

16.

17.

18.

19.

20.

Siva, P., Prabu, P., Selvam, M., Karthik, S., & Rajendran, V. (2017). Electrocatalytic
conversion of carbon dioxide to urea on nano-FeTiOs surface. Ionics, 23, 1871-1878.
Cao, N., Quan, Y., Guan, A., Yang, C., Ji, Y., Zhang, L., & Zheng, G. (2020). Oxygen
vacancies enhanced cooperative electrocatalytic reduction of carbon dioxide and nitrite
ions to urea. Journal of Colloid and Interface Science, 577, 109-114.

Feng, Y., Yang, H., Zhang, Y., Huang, X., Li, L., Cheng, T., & Shao, Q. (2020). Te-
doped Pd nanocrystal for electrochemical urea production by efficiently coupling carbon
dioxide reduction with nitrite reduction. Nano Letters, 20, 8282-8289.

Meng, N., Huang, Y., Liu, Y., Yu, Y., & Zhang, B. (2021). Electrosynthesis of urea from
nitrite and CO; over oxygen vacancy-rich ZnO porous nanosheets. Cell Reports Physical
Science, 2, 100378.

Zagal, J. H., Griveau, S., Silva, J. F., Nyokong, T., & Bedioui, F. (2010).
Metallophthalocyanine-based molecular materials as catalysts for electrochemical
reactions. Coordination Chemistry Reviews, 254, 2755-2791.

Yang, S., Yu, Y., Gao, X., Zhang, Z., & Wang, F. (2021). Recent advances in
electrocatalysis with phthalocyanines. Chemical Society Reviews, 50, 12985-13011.
Manbeck, G. F., & Fujita, E. (2015). A review of iron and cobalt porphyrins,
phthalocyanines and related complexes for electrochemical and photochemical reduction
of carbon dioxide. Journal of Porphyrins and Phthalocyanines, 19, 45-64.

Kudrik, E. V., Makarov, S. V., Zahl, A., & Van Eldik, R. (2003). Kinetics and mechanism
of the cobalt phthalocyanine catalyzed reduction of nitrite and nitrate by dithionite in

aqueous solution. Inorganic Chemistry, 42, 618-624.

136



21.

22.

23.

24.

25.

26.

27.

Li, L., Tang, C., Xia, B., Jin, H., Zheng, Y., & Qiao, S. Z. (2019). Two-dimensional
mosaic bismuth nanosheets for highly selective ambient electrocatalytic nitrogen
reduction. ACS Catalysis, 9, 2902-2908.

Chen, L., Ma, J., Huang, Y., Dai, M., & Li, X. (2015). Optimization of a colorimetric
method to determine trace urea in seawater. Limnology and Oceanography: Methods, 13,
303-311.

Li,D., Xu, N., Zhao, Y., Zhou, C., Zhang, L. P., Wu, L. Z., & Zhang, T. (2022). A reliable
and precise protocol for urea quantification in photo/electrocatalysis. Small Methods, 6,
2200561.

Krimer, M., Fry, H., & Kappenstein, O. (2021). Development and validation of two
analytical methods for urea determination in compound feed, including pet food, and
yeast using high-performance liquid chromatography coupled with fluorescence
detection and tandem mass spectrometry. Food Additives & Contaminants: Part A, 38,
931-942.

Pitiranggon, M., Perzanowski, M. S., Kinney, P. L., Xu, D., Chillrud, S. N., & Yan, B.
(2014). Determining urea levels in exhaled breath condensate with minimal preparation
steps and classic LC-MS. Journal of Chromatographic Science, 52, 1026-1032.
Alsudairi, A., Li, J., Ramaswamy, N., Mukerjee, S., Abraham, K. M., & Jia, Q. (2017).
Resolving the iron phthalocyanine redox transitions for ORR catalysis in aqueous
media. Journal of Physical Chemistry Letters, 8, 2881-2886.

Yang, G. L., Hsieh, C. T., Ho, Y. S., Kuo, T. C., Kwon, Y., Lu, Q., & Cheng, M. J.

(2022). Gaseous CO: coupling with N-containing intermediates for key C-N bond

137



28.

formation during urea production from coelectrolysis over Cu. ACS Catalysis, 12,
11494-11504.

Liu, X., Kumar, P. V., Chen, Q., Zhao, L., Ye, F., Ma, X., & Hu, C. (2022). Carbon
nanotubes with fluorine-rich surface as metal-free electrocatalyst for effective synthesis

of urea from nitrate and CO». Applied Catalysis B: Environmental, 316, 121618.

138



Chapter 5
Electrochemical synthesis of urea and ammonia in a proton-exchange

membrane (PEM) electrolysis cell under ambient conditions.

Abtract:

The performance of a proton-exchange membrane (PEM) electrolysis cell was examined to
investigate its potential for the coreduction of CO: and nitrite (and Nz) to produce urea. In this
study, carbon-supported iron(Il) phthalocyanine (FePc/C) and carbon-supported MoS, (MoS»/C)
catalysts were employed. The electrocatalytic activity of these catalysts for the co-reduction of
CO; and nitrite (and N;) was assessed using cyclic voltammetry and chronoamperometry
techniques. The results revealed a significant enhancement in the faradaic efficiency of urea
production, rising from 2.8% to 15.9% (~ -0.4 V), with the utilization of the FePc/C catalyst for
the co-reduction of CO, and nitrite, compared to a conventional cell, even when a lower
concentration of NO;™ solution was employed. However, it was observed that MoS,/C was unable
to generate urea in H>O through the co-reduction of CO and N». Furthermore, the influence of
different aqueous electrolytes on the electrochemistry of CO; and N> in the PEM cell was
investigated. Dilute acetic acid, NaHCO3, and sulfuric acid electrolytes were used for this purpose.
It was found that the use of NaHCO; as an electrolyte resulted in a gradual deterioration in cell

performance over time.
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5.1 Introduction

Converting greenhouse gas such as CO; and agricultural waste like NO>™ to value-added
products is a promising approach to counteract their negative impact on the environment and
human health [1,2]. Compared to conventional thermochemical approaches, direct electrochemical
controlled reactions are more targeted, economical in terms of energy consumption, and
environmentally friendly [3]. These reactions can utilize sustainable energy sources such as wind,
solar power, and fuel cells, as well as non-toxic and safe electrolytes. This leads to a reduction in
greenhouse gas emissions and waste generation while also promoting a carbon-negative economy.

Co-electrolysis of CO; and various N-sources such as N2, NO>", NO3™ and NO to convert
them into commodity chemicals like ammonia and urea, is a desirable process [4-9]. However, this
process poses a number of challenges, including the need for a highly efficient catalyst, accurate
product quantification, and proper electrolysis cell configuration. Currently, there is no standard
cell configuration for this application and most researchers customize their cells based on the
research objectives. However, H-type cells are most commonly used, despite their low current
density due to the low solubility of reagent gases [10, 11]. This type of cell is widely used because
it is readily available off-the-shelf.

Several research groups have demonstrated that a flow cell system could improve current
density and yield rate compared to conventional electrolysis cells [12, 13]. This is because the
continuous supply of gas and liquid feeds at the electrocatalyst surface in a flow cell enhances
mass transport efficiency. Additionally, the direct contact of the polymer electrolyte membrane
with the catalyst surface and the use of appropriate electrocatalyst substrates all have an impact on
the thermodynamics and kinetics of the reaction in a flow system [14]. However, for an ideal cell,

it should be capable of producing high current density with efficient mass transport and low
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resistance, making it suitable for industrial applications without requiring further modification.
Therefore, further research is necessary to optimize a more efficient cell design to address the
challenges faced by conventional cells and improve current density and yield rate.

This chapter outlines an experimental method that utilizes a customized electrochemical cell
with a solid electrolyte (Nafion) to address the common experimental challenges faced in
conventional electrochemical cells. This method is suitable for conducting laboratory-scale
experiments aimed to characterize catalyst performance as well as has the potential for use in
industrial applications.

Using this customized cell, we investigated the performance of carbon-supported
iron(Il)phthalocyanine (FePc/C) in the coreduction of CO> in a low concentration of NO™ solution
and compared its performance with conventional electrolysis. Additionally, we investigated the
performance of a carbon-supported MoS: catalyst (MoS,/C) in the coreduction of CO, and N> in
an attempt to produce urea. We also investigated the effect of the electrolyte and flow conditions
of reagent gases on the production of urea from the coreduction of N> and CO». The findings of
our investigation will provide valuable insights for the development of advanced electrochemical

cells to produce urea that can be utilized in both laboratory and industrial settings.

5.2 Experimental
5.2.1 Electrochemical cell setup

A proton-exchange membrane (PEM) electrolysis cell was used to conduct cyclic
voltammetry (CV) and constant potential experiments using an EG&G model 273A
Potentiostat/Galvanostat. The electrolysis cell is based on a commercial (ElectroChem Inc.) PEM

fuel cell graphite plate flow field and hardware for the anode, and a Bakelite plate with embedded
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graphite rod current collectors and a similar flow field for the cathode [15]. The cathode and anode
of the cell were arranged parallel to each other to maintain a uniform voltage, and a Nafion™ 117
membrane was used to separate the cathode and anode chambers. This allowed for the flow of ions
while preventing the oxidation of reduced products. The cell had small volume capacity for both
cathode and anode chambers and could be operated either as a multi-cathode cell with nine
0.24 cm? cathodes or with a single large 5 cm? cathode.

The cathodes were prepared by depositing catalyst ink on carbon fiber paper ( CFP) discs
aiming for a target catalyst loading of 1.5 mg cm™. The catalyst ink was prepared by mixing 150
uL of H>O, 75 uL of 2-propanol, and 75 pL of 5% Nafion™ solution. A 5 cm? commercial Pt
black anodes was used. Membrane electrode assemblies (MEAs) were prepared by pressing an
anode and a cathode onto each side of a Nafion™ 117 membrane with a pressure of 1.5 MPa at

ambient temperature.

electrolyte

products

5 cm? Pt-
black anode

9 cathodes

t

Nafion
membrane

Figure 5.1: Schematic of a PEM electrolysis cell.
An electrolyte (or DI water) saturated with Nz, CO, or a N> + CO2 mixture was pumped

into the cathode flow field with a NE300 New Era Pump Systems syringe pump at a flow rate of
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0.1 mL min™!, while the anode was purged with 5% H> in N> at a flow rate of 4 mL min™! as shown
in Figure 5.1. Under these conditions, the anode functions as a counter electrode as well as a
reference electrode (Dynamic hydrogen electrode) and provides a relatively stable reference
potential. The small distance between the cathode and anode (as a reference electrode) in the cell

reduces the uncompensated resistance (Ru).

5.3 Results and discussion
5.3.1 Coreduction of CO; and 1 mM NaNO; at carbon-supported iron(II)phthalocyanine
(FePc¢/C) electrode in a PEM cell

The carbon supported FePc (FePc/C) catalyst was prepared based on our previous work, as
reported in Chapter 3. The membrane electrode assemblies (MEAs) of the cell were prepared
following the procedure described in Section 5.2.1. After assembling the cell, cyclic
voltammograms (CVs) were performed using a 5 cm? FePc/C electrode in H>O and 1 mM NaNO;
under N> and CO- before electrolysis. Prior to performing the CVs, the cell cathode was flushed
with H>O for at least 10 min. Figure 5.2 displays the CVs obtained at the FePc/C electrode in H,O
with and without 1mM NaNO; under N> and CO». In the absence of ImM NaNO,, the CVs in H,O
under N> and CO> displayed comparable shapes with no distinct redox waves detected for the
Fe(+3/+2) and Pc(-2/-3) couples of the FePc/C catalyst. However, when compared to N>, a slightly
enhanced cathodic current was observed in the potential region of ca. -0.1 to -0.6 V under CO..
This increased current may be attributed to the reduction of CO; [16].

In the presence of ImM NaNO; under N, the shape of the voltammogram exhibited a
slightly distinct shape compared to that without NaNO- under N». Quasi-reversible redox waves

were observed at the formal potential of -0.18 V for Fe(+3/+2) [16, 17] and an irreversible wave

144



with a peak potential (Ep) of 0.7 V due to the NO2™ reduction. When both NO,™ and CO; were
present, an increased cathodic current was observed with an onset potential of ca. -0.35 V. The
cathodic current at -1.0 V was more than twice as high as the current observed for individual NO>~
reduction at this potential. This result suggests a reasonable coreduction of NO>~ and CO,, in

addition to their individual reduction processes [16, 7].
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Figure 5.2. Cyclic voltammograms (10 mV s™!) for a 5 cm? FePc/C electrode in HO and 1 mM
NaNO; under N> and COa.

A series of constant potential experiments (electrolysis) were performed at a 5 cm? FePc/C
electrode to investigate whether urea can be produced from the co-reduction of NaNO; (I mM)
with CO;. The cathode solution was collected in a sealed vial for chemical analysis. These
electrolyses were carried out by reusing the 5 cm? FePc/C electrode used for the CVs in Figure

5.2.
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The current vs time profiles (electrolysis curves) are presented in Figure 5.3. It can be
observed that the current remained relatively stable throughout each electrolysis, with only small
changes in the average current (Table 5.1) as the potential was changed (a range of -0.12 to
-0.50 mA). The highest average current of -0.50 mA was observed at -0.5 V and the lowest average
current was -0.12 mA at -0.4 V. However, at -0.4 V, the electrolysis curve became somewhat
noisy, which could be due to formation of gas bubbles on the electrode surface, which cover areas

of the electrode until they grow large enough to be released, causing fluctuations in the current

[15].
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Figure 5.3. Current vs time at various constant potentials at FePc/C electrode for electrolysis of
1 mM NaNO; and CO:x.

The ammonia and urea produced during these electrolyses were analyzed using DAM,
LC-MS, and salicylate methods based on our previous work, as described in Chapter 3 [16].
UV-Vis and LC-MS spectra for the urea and ammonia measurements are provided in Appendix-

C (Figure. C1-C3)
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Table 5.1 presents the average current and concentrations of urea and ammonia measured at
various potentials using the 5 cm? FePc/C electrode. The analysis results show that the maximum
urea (12.72 uM) was produced at -0.5 V vs RHE. Initially, urea production increased as the
potential was decreased from -0.4 V, reaching a peak at -0.5 V, then decreased again. On the other
hand, the maximum NH3 (27 uM) was produced at -0.4 V and decreased as the potential was

decreased further, then increased at -0.6 V and -0.7 V before decreasing once more.

Table 5.1. Average currents and concentrations of urea and ammonia for electrolysis of 1 mM

NaNO; and CO» at FePc/C electrode at a flow rate of 0.1 mL min'!.

Average Urea concentration NH3; concentration
Potential vs verag (uM) (LM)
current
RHE (V) (mA)
DAM LC-MS Salicylate
-04 -0.12 9.8 10.1 27
-0.5 -0.50 12.8 12.6 24
-0.6 -0.45 11.4 11.6 25
-0.7 -0.45 10.8 10.3 26
-0.8 -0.41 9.4 9.4 24

Figure 5.4 shows faradaic efficiencies for the production of urea and NH3. The maximum
faradaic efficiency for urea (15.9%) was observed at -0.4 V, and at this potential, 37.5% of the
charge passed produced urea or NH3. This represents a six-times improvement over the maximum

faradaic efficiency of urea (2.8%) observed in a conventional cell at -0.44 V vs RHE, as reported
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in Chapter 3 [16]. While the faradaic efficiency of urea decreased below 15.9% as the potential
decreased, it remained comparable across all potentials. Similarly, the maximum faradaic
efficiency for NH3z (21.6%) was also observed at -0.4 V, although the current density at this
potential was observed to be very low. As the potential was decreased, the faradaic efficiency of
NH; decreased but remained similar across all potentials, similar to urea. Notably, the ratio of
faradaic efficiencies for urea and NH3 remained similar for all applied potentials at approximately

a 1:1 ratio.

25%

21.60%

M Urea
20% -
m NH3

15.909
15%

10%

Faradaic efficency

0% 5.60% 5.50%
5% | 4.90% 4 6oy, 4.50% % 4 500' a. 50°.,I
0% - I l

Potential (V) vs RHE

Figure 5.4: Faradaic efficiency of NH3 and urea, calculated from the data in Table 5.1.

5.3.2 Attempted coreduction of N and CO; at carbon supported MoS; (MoS:/C) in a PEM
electrolysis cell
The effectiveness of MoS; as a catalyst for N> reduction to produce ammonia has been

reported in previous studies [18-20]. Based on these reports, we employed a MoS: catalyst mixed
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with a carbon black support (MoS»/C) to investigate its potential for producing urea through the
coreduction of N> and CO; in the PEM electrolysis cell.

To prepare the cathode, a catalyst ink was first prepared by mixing MoS; and carbon black
(CB)ina 1:10 ratio with 150 uL of H,O, 75 pL of 2-propanol, and 75 pL of 5% Nafion™ solution.
The appropriate amount of ink was then loaded onto a 5 cm? CFP cathode to achieve a MoS, + CB
loading of 1.5 mg cm™. Before conducting the electrolysis of N> and CO,, cyclic voltammograms
were recorded at a 5 cm? MoS,/C electrode in H>O under various gas flow conditions (purging and
bubbling) of N>, CO2, and a mixture of N> + CO,. The effects of these conditions on the

electrochemistry were investigated, and the results are presented in Figures 5.5 and 5.7.

—— H,0 purged with N,

— H,0 purged with CO,

Current (mA)

— H,0 purged with N, + CO,

-40 | | | | |
055 -035 -015 005 025 045

Potential (V) vs RHE

Figure 5.5. Cyclic voltammograms (10 mV s') at a 5 cm? MoS,/C electrode in H,O under N2, CO»,

and the mixture of Nz and COx.
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Figure 5.5 presents a comparison of cyclic voltammograms (CVs) obtained in H2O under
three different gas environments: No, CO2, and a mixture of N> + CO» (1:1). Prior to performing
the CVs, H>O was purged with the gas in a sparger for 15 min. The purged H>O was then pumped
through the cathode field during the CV measurement. Under N> environment, a well-defined CV
was observed, with a large cathodic current at potentials below -0.33 V. However, there were no
distinct redox waves observed for the Mo(+4/+5) couple of MoS»/C catalyst. This large cathodic
current could be due to N> reduction to ammonia [14]. Under CO», the shape and current of the
CVs were comparable to those under Nz, but the onset potential for CO> reduction was less
negative than for N> reduction. When both N> and CO, were present, the onset potential for
coreduction of N> and CO» was similar to that under CO», but the current was slightly lower than
for individual N> or CO> reduction. Several research groups have reported that in addition to CO
and NH3 (eq. 5.1 and 5.2), urea could be produced from the coreduction of N> and CO2 (eq. 5.3)

using diverse electrocatalysts [21-25].

CO2(g) +2e +2H"(aq) — CO (g) + H.0 (5.1)
N2 (g) + 6e + 6H" (aq) — 2NHj3 (aq) (5.2)
CO2(g) + Na2(g) + 6e+ 6H" (aq) — NH2CONH: (aq) + H20 (5.3)

Figure 5.6 shows a schematic diagram of the PEM electrolysis cell and reagent gas setup
used in this study. To investigate the impact of reagent gas flow on the electrochemical, cyclic
voltammetry were conducted in H>O under various gas conditions and shown in Figure 5.7. Three
different gas flow conditions were tested: (1) H2O was first purged with a N> + CO, mixture (1:1)

in a sparger for 15 min before being pumped to the cathode field, (2) N2> was bubbled into the
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solution at a flow rate of 10 mL min™! while N> + CO; purged water was pumped to the cathode
field, and (3) N> was bubbled into the solution while CO; purged water was pumped to the cathode

field.
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Figure 5.6. A schematic diagram of the PEM electrolysis cell and reagent gas flow setup, where

FM refers to the flow meter
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Figure 5.7. Cyclic voltammograms (10 mV s') ata 5 cm? MoS,/C electrode in H>O under a mixture

of N2 and CO:z in different gas flow conditions.

151



As observed in Figure 5.7, the shape and current of the CVs were comparable under the three
conditions. However, the onset potential for N> + COz coreduction was found to be significantly
less negative (-0.02 V) when N, was bubbling in CO; purged H>O as compared to the other two
conditions. This suggests that under this condition, urea could be produced at a low overpotential

from the coreduction of N» and CO; relative to the others two conditions.

-0.4V, CO, + N, purged (N, bubbling)
------ -0.4V, CO, + N, purged
16 4 00 -0.4 V, CO, purged (N, bubbling)
-0.5V, CO, purged (N, bubbling)

Current (mA)

-18 T r T
0 1000 2000 3000
Time (s)

Figure 5.8. Current vs time at various constant potentials at MoS,/C electrode for electrolysis of
Nz and CO; in H>O under different gas flows.

Electrolysis was conducted to investigate whether urea could be produced through the co-
reduction of N2> and CO: at MoS»/C, as well as to determine if the reagent gas flow has any effect
on the yield. Figure 5.8 illustrates the electrolysis curves at a 5 cm? MoS,/C electrode under a
mixture of N> + CO» with different gas flow conditions (purging and bubbling).

Electrolysis at -0.4 V was performed under three different conditions: (1) H2O was first
purged with a N> + CO> mixture and pumped to the cathode field, (2) N2> was bubbling into the

solution while N> + CO» purged water was pumped to the cathode field, and (3) N2 was bubbling
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into the solution while CO» purged water was pumped to the cathode field. The highest current
was observed when CO;-purged HoO was pumped, and N> was bubbling into the CO, purged
solution, which was also consistent with the current observed in CVs under these conditions.

However, as the potential was decreased, the current slightly increased under this condition.

Table 5.2. Average currents and concentrations of urea produced from electrolysis of N> and CO»

ata 5 cm? MoS»/C and blank (carbon black, CB) electrode in water under various condition.

Urea
Potential Average concentration
Catalyst Purged gas (V) vs RHE | current (mA) (uM)
CO2+ N2 (1:1) -0.4 -11.7 1.11
CO2+ N2 (1:1) i i
(N> bubbling) 0.4 11.2 1.60
CO,
. -0.4 -13.3 1.65
Nz bubbl
MoS./C (N> bubbling)
CO,
(N bubbling) -0.5 -13.5 0.91
CO2+ N2 (1:1) i
(N> bubbling) -0.3 6.3 0.45
CO2+ N2 (1:1)
(N> bubbling) OCP 0.0 0.60
CO2+ N2 (1:1)
CB (N> bubbling -0.4 -9.9 0.80
Blank CO2+ N3 (1:1) No 0.45
H>O (purged) electrolysis '
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The urea analysis was carried out using the DAM method based on our previous work
without deionizing the samples with an ion exchange column [16]. Table 5.2 presents the
concentrations and average current of urea measured at the open circuit potential (OCP) and at -
0.4 and -0.5 V under different gas flow conditions, and for a blank analysis using deionized H.O
purged with the reagent gases (1:1) for 15 min. The results indicated that the highest urea
concentration (1.6 pM) was achieved at -0.4 V, and that no significant differences were observed
in urea production when the reagent gas conditions were altered. However, when the potential was
changed to -0.5 V or -0.3 V, urea production decreased slightly.

However, the color that developed during the DAM reaction (Figure 5.9) was different from
the color for the standards, and the absorbance spectra were significantly different (Figure 5.10).
This shows that there were other chromophores present in the samples, which were largely

responsible for the development of a pinkish-red color and absorbance at 520 nm.

Figure 5.9: Photography of solution after DAM reactions for (1) 2 uM of urea standard in H>O,

(2) MoS»/C @ -0.4 V (purged with N> + COz), (3) MoS2/C @ -0.4 V (purged with N, + COz and
N> bubbling), (4) MoS>/C @ -0.4 V (purged with CO2 and N> bubbling), (5) MoS,/C @ -0.5 V
(purged with N> + CO> and N> bubbling), (6) MoS,/C @ -0.3 V (purged with N> + CO; and N»
bubbling), (7) CB @ -0.4 V (purged with N> + CO; and CO> bubbling), and (8) MoS»/C @ OCP

(purged with N> + CO, and N2 bubbling).
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This was confirmed by replicate experiments which revealed that the apparent production of urea
was not reproducible, and by a control experiment at OCP and blank analysis (Table 5.2), which
revealed that impurities in the reagent gases were partially responsible for the pinkish-red color.
Based on these findings, it can be concluded that the MoS,/C catalyst did not generate measurable

quantities of urea.

0.08 2 uM Urea standard

- — -C0O2 + N2 purged (1:1) @ -0.4 V

- — -C02 + N2 purged (1:1) and N2
bubbling @-0.4 V

— — -C02 purged and N2 bubbling @-
04V

- - -C02 + N2 purged and N2 bubbling
@05V

———CO02 + N2 purged and N2 bubbling

@03V

CB, CO2 + N2 purged (1:!) and N2

bubbling @-0.4V

ocp

0.06

0.04
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_____
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Wavelength (nm)

Figure 5.10. UV-Vis spectra for analysis of urea (DAM method) from electrolysis of COz and N

ata 5 cm? MoS»/C electrode under different gas flow conditions

5.3.2.1 Effect of electrolytes

The impact of various aqueous electrolytes on the electrochemistry of N2> and COz in the
PEM cell was investigated by using dilute acetic acid, NaHCOs3 and sulfuric acid electrolytes. CVs
were conducted at a 5 cm? MoS,/C electrode in these electrolytes under N> and a mixture of N> +

CO: to study their impact. Prior to each measurement, the electrolytes were purged with N> and a
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mixture of N2 + CO> for 15 min and then pumped to the cathode field at a flow rate of
0.1 mL min’!. The cathode was washed with the electrolyte for at least 10 minutes before
performing the CVs.

Figure 5.11 presents a comparison of the CVs at the MoS,/C electrode in 0.1 M acetic acid
and H>O under N; and a mixture of N2 + CO,. The CV conducted under N2 in 0.1 M acetic acid
(pH = 3) showed a similar profile to that performed in H>O. However, the CV obtained under a
mixture of N> + CO> in 0.1 M acetic acid had a similar shape to the CV obtained in H>O, but the
onset potential for the coreduction of N> + CO; was slightly more negative than that observed
under H>O. Despite this difference, the highest current at -0.5 V was similar to that obtained in
H>O. It appears that in acidic condition (pH = 3), the coreduction of N> + CO> was initiated at a
more negative potential, leading to the production of urea at a higher overpotential when compared

it to the conditions in H»O.

Acetic acid purged with N

—— Acetic acid purged with N, + CO,

- — - H,0 purged with N,

Current (mA)
N
o

- — - H,0 purged with N, + CO,

-40 } } } } i
-0.55 -0.35 -0.15 0.05 0.25 0.45
Potential (V) vs RHE

Figure 5.11. Comparison of cyclic voltammograms (10 mV s) at MoS»/C electrode in 0.1 M

acetic acid and H>O under N> and mixture of N, + CO».
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When the 0.1 M acetic acid eletrolyte was replaced with a mixture of 0.1 M acetic acid +
0.2 M NaHCO:s (1:1), the performance of the cell decreased over time. Figure 5.12 shows CVs
obtained in 0.1 M acetic acid + 0.2 M NaHCO3 (1:1) under N». During the initial run, a high anodic
current was observed, which could be due to the oxidation of H>O, while the cathodic current was
low. By the fifth run, a well-defined CV with a similar shape and current to that of 0.1 M acetic
acid was observed. However, the cell performance gradually declined over time, as evidenced by

the significant decrease in the cathodic current, as illustrated in Figure 5.12 (10% run)

30
20 —— Purged with N; (15t run)
— Purged with N; (5" run)

10 1 — Purged with N, (10* run)
E 0 4 —
=
Q
£ -10 -
=}
(@)

220 4

-30 } } } } }

-0.55 -0.35 -0.15 0.05 0.25 0.45

Potential (V) vs RHE

Figure 5.12. Cyclic voltammograms (10 mV s!) for MoS»/C electrode in 0.1 M acetic acid +

0.2 M NaHCO; (1:1) under No.

In order to determine if the deactivated membrane could be regenerated, the 0.1 M acetic

acid + 0.2 M NaHCO:s electrolyte was replaced with 0.1 M H2SO4 (pH = 0.7). Figure 5.13 shows
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CVs obtained after purging the 0.1 M H>SO4 with N> for 15 min, demonstrating highly
reproducible electrochemistry after 20 cycles. Regeneration of the membrane in 0.1 M H2SO4
allowed for CVs similar to those run in H>O due to the equilibrium in H" activity across the

membrane being balanced again.

2
ﬁ
84
< | [/ / @ - 1%t run (2 cycles)
Ewgl [/ 27 run ( 2 cycles)
's' ------ 3rd run ( 20 cycles)
3
28 4
-38 } } i i i
0.55 -0.35 0.15 0.05 0.25 0.45

Potential vs RHE (V)

Figure 5.13. Cyclic voltammograms (10 mV s™') for MoS,/C electrodes in 0.1 M H>SO4 under N.

To produce urea in 0.1 M H2SOs, a series of electrolyses of N> and CO» were performed and
yielded similar results to those obtained with H.O. However, during one electrolysis at -0.3 V, an
interesting observation was made when N> gas was purged for 15 min, and both N> and CO; were
continuously bubbling with a 1:1 ratio at a flow rate of 10 mL min-'. Under these conditions, the
DAM reaction showed the correct color (Figure 5.14 (5)) and the corresponding absorbance
spectrum (Figure 5.15, red desh line), unlike the other two electrolysis conditions conducted at -

0.3 V: one was purged with N> + COz (1:1), and the other was bubbling with N> while purged with
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CO; (Figure 5.14 (4 and 6)). This results suggests that urea can be produced with a gas phase
mixture of N> and CO». However, due to the very trace production, the presence of interferenecs
the concentration of urea could not be accuratly quantified. Therefore, further investigations are

required to establish this result.

Figure 5.14: Photography of the solutions after DAM reactions for (1) 0.1 M H2SO4 (without
purged gas), (2) 0.1 M H>SOg4 (purged with N»> + COo, 1:1 ratio), (3) electrolysis at a MoS»/C
@ -0.4 V (purged with N2 + CO2 (1:1) and N2 bubbling), (4) electrolysis at a MoS,/C @ -0.3 V
(purged with N> + CO» (1:1) and N2 bubbling), (5) electrolysis at a MoS,/C @ -0.3 V (purged with
N2 and CO;+ N» bubbling (1:1)), (6) electrolysis at a MoS,/C @ -0.3 V (purged with N> and CO»

bubbling).
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Figure 5.15: UV-Vis spectra for analysis of urea (DAM method) from electrolysis of COz and N

in 0.1 M H,SOs at a 5 cm? MoS,/C electrode under different gas flow conditions.

5.4 Conclusions

In this study, the production of urea in a PEM electrolysis cell was investigated through the
coreduction of COz with NO; in H20. The results demonstrated a significant increase in the
faradaic efficiency of urea production from 2.8% to 15.9% (~ -0.4 V) at the FePc/C catalyst when
compared to a conventional cell, even with a lower concentration of NO>™ solution. On the other
hand, MoS,/C was explored as a potential catalyst for urea production through the coreduction of
N2 and COz in a PEM electrolysis cell. However, the results showed that this catalyst was unable
to produce urea in H2O. Nevertheless, it was found that at MoS,/C using 0.1 M H>SO4 as an
electrolyte and having both reagent gases in the gaseous phase could potentially lead to the

production of trace amount of urea.
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In addition, the study found that the use of NaHCO3 as an electrolyte caused a decline in the

performance of the cell over time. This observation may limit the applicability of this technique,

especially when dealing with complex samples. Therefore, it is crucial to carefully select the

appropriate electrolyte for PEM electrolysis cells to ensure optimal performance.
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Chapter 6

Oxidation of Formic Acid, Methanol, and Ethanol at Surface-

Modified Pt/C Catalysts

Abstract

PtBi/C and PtPb/C catalysts were prepared by surface decoration of a commercial Pt/C
catalyst, and their catalytic activities for electrochemical oxidation of formic acid, methanol and
ethanol were compared. The electrocatalytic activity of these catalysts towards formic acid
oxidation has been studied by both cyclic voltammetry and chronoamperometry. It was found that
after addition of Bi or Pb, the catalytic activity of the Pt/C catalyst for formic acid oxidation
increased greatly at low potentials. Bi in particular was found to greatly enhance oxidation of
formic acid through the direct pathway in which absorbed CO is not formed, while it strongly
inhibited methanol oxidation. It was found that the currents at 0 V vs SCE for formic acid oxidation
at the PtBi/C and PtPb/C catalysts were ~ 6 and ~ 2 times higher, respectively compared to the
unmodified Pt/C catalyst. In addition, the PtBi/C catalyst showed more stable activity relative to
PtPb/C. The PtBi/C catalyst also showed slightly higher activity for ethanol oxidation at low

potentials compared to the unmodified Pt/C.
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6.1 Introduction

Modification of Pt surfaces by adsorption of a sub-mono layer of foreign atoms (adatoms) is
a powerful way to improve the activities of electrocatalysts [1-7]. Adatoms such as Bi and Pb have
been widely applied to modify Pt surfaces to improve activity and selectivity for the oxidation of
organic fuels such as formic acid [4, 5], methanol [8, 9], and ethanol [10, 11]. Bismuth especially,
has received significant attention as a Pt surface modifier for formic acid oxidation. Various
structures such as PtBi alloys [12], PtBi intermetallic [13], and surface modified systems [14] have
been reported. Chemical deposition on carbon supported Pt (Pt/C) [14], under potential deposition
[15] and irreversible adsorption [16] of Bi have been reported to produce excellent catalysts for
formic acid oxidation, in terms of onset potential, activity, stability, and durability. The enhanced
performance produced by adatoms on Pt towards formic acid oxidation can arise from various
factors. It can be due to an ensemble/third body effect, where an adsorbed metal divides the Pt
surface into small domains, which is favorable for direct oxidation of formic acid to CO; [17]. It
can also be due to electronic/ligand effects, where the adsorbed metal decreases the CO binding
strength by lowering the electron density of the Pt 5d orbitals [18].

In this study, we report the oxidation of small organic fuels on three different types of the
electrode surface: PtBi/C, PtPb/C, and unmodified Pt/C catalysts. The primary objective of this
work is to obtain mechanistic information on the oxidation of formic acid, methanol and ethanol
by comparing the effects of various modifying metals on a commercial Pt/C catalyst. Here, cyclic

voltammetry and chronoamperometry have been used to measure the effects of Bi and Pb adatom.
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6.2 Experimental
6.2.1 Synthesis of the PtM/C (M = Bi or Pb) catalysts

PtM/C catalysts were prepared as previously reported [14]. Pt/C (100 mg) was dispersed in
100 mL of deionized (DI) water containing 10 drops of 10 M HNOs by stirring for 16 h. Then
3.9 mL of Bi(NO3)3-:5H20 (5 g L! dissolved in 5 M HNOs) or 2.8 mL of Pb(NOs3), (5 g L*!
dissolved in 5 M HNO3) solution was added to give Pt:Bi and Pt:Pb mass ratios of 10:1 and 8:1,
respectively. The mixture was then stirred for 0.5 h, followed by the addition of 5 M NaOH
dropwise to raise the pH to 7.4. Next, 43.8 mL of 0.05 M NaBH4 was added dropwise and stirred
vigorously for 1 h. The catalyst was allowed to settle for 0.5 h, collected by filtration, washed with
DI water and dried at 70 °C for 24 h.

The compositions of the prepared catalysts were determined by thermogravimetric analysis
(TGA; TA instrument Q500 thermogravimetric analyzer) and energy dispersive X-ray
spectroscopy (EDX; FEI Quanta 400 scanning electron microscope with a Xflash SDD energy
dispersive X-ray spectrometer).

A SP-50 Potentiostat controlled by EC-Lab software (BioLogic) was used for cyclic
voltammetry and chronoamperometry measurements with a three-compartment electrochemical
cell at ambient temperature. A Pt wire was used as the counter electrode and a saturated calomel
electrode (SCE) as a reference electrode. Before all measurements, the electrolyte solution was
purged with ultrapure N> for 30 min to remove oxygen, and then covered with N> during
measurements. To prepare the working electrodes, 2.0 mg of catalyst was dispersed in a mixture
of 100 pL of H2O, 60 pL of 1-propanol and 40 pL of 5% Nafion™ solution (DuPont) and sonicated

for 3 h. Then, 3.0 pL of the resulting ink was deposited onto a 0.071 cm? glassy carbon electrode,
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that had been polished with 0.3 um alumina and washed with DI water, and dried at room

temperature.

6.3 Results and Discussion
6.3.1 Characterization of the catalysts

Figure 6.1 shows TGA profiles for the PtBi/C and PtBi/C catalysts. The residual mass was
taken to be Pt and Bi or Pb. The results are shown in Table 6.1 and agree within experimentally
uncertainty with the targeted values. Figure 6.2 shows EDX spectra of the catalysts. It can be
clearly seen in the spectra that the catalysts consisted of Pt, M, and C. Table 6.2 summarizes the
elemental compositions of both catalysts. The measured ratio of Pt:Pb was very close to the

targeted ratio, whereas the ratio of Pt:Bi was a little higher.
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Figure 6.1. TGA profiles for the PtBi/C (a) and PtPb/C (b) catalysts.
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TABLE 6.1. TGA Results of the PtM/C Catalysts.

PtM/C Targeted mass % Experimental mass %
PtBi/C 72 76
PtPb/C 72 75
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Figure 6.2. EDX spectra of the PtBi/C (a) and PtPb/C (b) catalysts.

TABLE 6.2. SEM-EDX Results

Pt:M ratio Mass % Atomic %
PtM/C
Target Experimental C Pt M C Pt M
PtBi/C 10:1 7.0:1 20.0 70.0 10.1 79.2 182 2.6
PtPb/C 8:1 7.6:1 17.1 732 9.6 77.6 19.8 2.5

170



6.3.2 Formic acid oxidation

Figure 6.3 shows a cyclic voltammogram of the Pt/C catalyst in 0.5 M H2SOg. It shows the
characteristic peaks of Pt in an acid medium [19], where the hydrogen desorption/adsorption peaks
on the forward and reverse scans can be seen below ca. 0 V. Also, well established oxide
formation/oxide reduction peaks can be seen at higher potentials, where oxide formation starts at

ca. 0.5 V on the forward scan and there is an oxide reduction peak at ca. 0.45 V on the reverse

scan.
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Figure 6.3. Cyclic voltammogram of the Pt/C catalyst in 0.5 M H2SO4 (aq) at a scan rate of

100 mV s!.

Figure 6.4 represents a cyclic voltammogram of formic acid oxidation in 0.5 M H2SO4 at the
Pt/C catalyst. It shows well-established features for formic acid oxidation [20]. In the forward scan,

the current began to increase at ca. 0.15 V and reached a shoulder at ca. 0.27 V, followed by an
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ascending current to a peak at 0.59 V. This is explained by the dual pathway mechanism. At low
potentials, formic acid is oxidized through a direct, dehydrogenation pathway, with simultaneous
formation of adsorbed CO (COags) through dehydration of adsorbed formic acid. As the coverage
of COags increases, the number of Pt sites available for the direct pathway decreases, and the rate
of increase in the current (due to the increasing potential) decreases. The poisoning of the Pt
surface by COags cannot be removed until water molecules are activated at higher potentials to give
adsorbed hydroxyl groups. As the potential increases, Pt-OH becomes available to oxidize COads

[21] and the current increases more rapidly, which results in a large peak at 0.59 V.
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Figure 6.4. Cyclic voltammogram of the Pt/C catalyst in 0.5 M H2SO4 (aq) and 0.1 M formic acid
at a scan rate of 10 mV s,
In the reverse scan, a sharp increase in the formic acid oxidation current coincides with the
reduction of Pt oxide. The peak current at ca. 0.27 V was higher than in the forward scan, because

the reaction was occurring at a freshly reduced, poison-free Pt surface.
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Figure 6.5 compares CVs of the Pt/C, PtBi/C, and PtPb/C catalysts in 0.5 M H2SOs. It can
be seen that the areas under the hydrogen adsorption/desorption peaks of the PtBi/C and PtPb/C
catalysts were smaller than for the Pt/C catalyst. This indicates that the presence of Bi or Pb on the
Pt surface blocks adsorption sites for monatomic hydrogen [22]. The electrochemically active
surface areas (ECSA) of the catalysts were calculated by integrating the areas under the hydrogen
absorption peaks [23]. The values were 9.0 cm?, 7.7 cm? and 5.6 cm?, respectively, for the Pt/C,

PtBi/C, and PtPb/C catalysts.
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Figure 6.5. Cyclic voltammograms of the Pt/C and PtBi/C and PtPb/C catalysts in 0.5 M H2SO4
(aq) at a scan rate of 100 mV s~ 1.

Figure 6.6 shows CVs of formic acid oxidation at the Pt/C, PtBi/C, and PtPb/C catalysts in
0.5 M H2SOs. All data were normalized based on the active surface area. It is seen that both the
PtBi/C and PtPb/C catalysts exhibited significantly enhanced catalytic performances in terms of

both onset potential and activity compared to the Pt/C catalyst.
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Figure 6.6. Cyclic voltammograms of the Pt/C, PtBi/C, and PtPb/C catalysts in 0.5 M H2SO4 (aq)

and 0.1 M formic acid at a scan rate of 10 mV s\

The onset potentials for the PtBi/C and PtPb/C catalysts are more negative and the currents
at 0 V, are ~ 6 and 2 times higher, respectively, compared to the Pt/C catalyst. Since formic acid
oxidation to CO> occurs via the direct pathway at such a low potential, this indicates that there was
much less poisoning of the Pt sites by COags. The shoulder at ca. 0.55 V for the PtBi/C catalyst in
the forward scan, and small peak for the PtPb/C catalyst, correspond to the oxidation of formic
acid via the indirect path, through oxidation of COabs to CO2. Their lower currents relative to Pt/C
indicate that formic acid oxidation at both the PtBi/C and PtPb/C catalysts proceeds primarily
through the dehydrogenation pathway with dehydration occurring to a much lesser degree,
particularly at PtBi/C.

Figure 6.7 shows staircase chronoamperometric curves for formic acid oxidation at the Pt/C,

PtBi/C, and PtPb/C catalysts. For each catalyst, currents were recorded consecutively from 0 V to
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0.5 Vin 0.1 V steps. It can be seen that the currents at the PtBi/C and PtPb/C catalysts were much
higher than for Pt/C at low potentials. At 0 V the currents at the PtBi/C and PtPb/C catalysts were

five and two times higher, respectively, than at the Pt/C catalyst.
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Figure 6.7: Staircase chronoamperometry curves at the Pt/C, PtBi/C, and PtPb/C catalysts at (0 V

t0 0.5 V vs SCE) in 0.1 M formic acid and 0.5 M H>SO4 (aq).

However, they converged at higher potentials, and the currents for PtPb/C fell below those
for Pt/C at 0.3 V. It is also notable that the rate of the current decay at each potential was minimal
at PtBi/C, while at PtPb/C the current dropped rapidly and then became relatively stable. In
contrast, the current at the Pt/C catalyst increased over time from 0.2 to 0.4 V. Additionally, the
currents at 0.5 V were similar for the PtBi/C and Pt/C catalysts. Together, these observations
indicated that there was little accumulation of COabs on the PtBi/C catalyst, and less/slower

accumulation on PtPb/C relative to Pt/C.
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Figure 6.8 represents pulse chronoamperometry curves for formic acid oxidation at the Pt/C,
PtBi/C, and PtPb/C catalysts. The chronoamperometric currents were recorded consecutively
(from 0 V to 0.5 V in 0.1 V steps) with short (5 s) pulses to a high potential (+0.7 V) before each
new potential was applied. It is seen that the current at the PtBi/C catalyst was almost constant
from 0.2 to 0.4 V. In contrast, the current decreased over time at both the Pt/C and PtPb/C catalysts.
This indicates that even though the surface was cleaned before every step, the COags poison formed

more rapidly on the Pt/C and PtPb/C catalysts relative to PtBi/C.
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Figure 6.8. Pulse chronoamperometry curves at the Pt/C, PtBi/C, and PtPb/C catalysts at (0 V to

0.5 Vvs SCE) in 0.1 M formic acid and 0.5 M H>SO4 (aq).

6.3.3 Methanol oxidation
Figure 6.9 exhibits cyclic voltammograms at the Pt/C, PtBi/C, and PtPb/C catalysts in

0.5 M H2SO4 (aq) and 0.1 M methanol. It is clearly seen that both the PtPb/C and Pt/C catalysts
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show typical voltammetric profiles for methanol oxidation. There are methanol oxidation peaks
on both the forward and backward scans. However, in the case of the PtBi/C catalyst, the peak on
the forward scan exhibited a distinct shoulder at ca. 0.4 V, and during the reverse scan there was a
cathodic peak at ca. 0.5 V prior to the anodic peak. The cathodic peak was presumably due to
reduction of bismuth oxide, which coincides with the PtOH reduction peak in the background CV,
as shown in Figure 6.5. The second anodic peak on the forward scan at ca. 0.67 V can then be
assigned to the oxidation of bismuth oxide, since it corresponds to the peak for this process in

Figure 6.5.
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Figure 6.9. Cyclic voltammograms of the Pt/C, PtBi/C, and PtPb/C catalysts in 0.5 M H2SO4 (aq)

and 0.1 M methanol at a scan rate of 10 mV s™!
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The onset potentials for methanol oxidation were more positive at the PtBi/C (0.24 V) and
PtPb/C (0.32 V) catalysts than at Pt/C (0.20 V), indicating that the presence of both Bi and Pb
adatoms inhibited methanol oxidation. Also, relative to Pt/C, both PtBi/C and PtPb/C produced
considerably lower peak current densities. The lower currents cannot be attributed to blocking of
active sites on the Pt surface by the Bi and Pb adatoms, since they have been corrected based on
the active Pt areas. Together with the changes in the onset potential, the lower currents therefore
suggest that electronic and/or third body effects inhibit methanol adsorption. The third body effect
inhibits methanol oxidation because it limits the numbers of adjacent Pt atoms (ensembles)

available for dissociative adsorption.

6.3.4 Ethanol oxidation

Figure 6.10 exhibits cyclic voltammograms at the Pt/C, PtBi/C, and PtPb/C catalysts in
0.5 M H2SO4(aq) and 0.1 M ethanol. The shapes of the voltammograms were similar for all three
catalysts, although the currents were lower for the PtBi/C and PtPb/C catalysts relative to Pt/C. As
for methanol oxidation, the lower currents can be attributed to the decreased number of Pt
ensembles available for ethanol adsorption [24]. However, at potentials below ca. 0.25 V (inset of
Figure 6.10), the presence of Bi did appear to have a significant activating effect, suggesting that

it provided a beneficial electronic effect.
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Figure 6.10. Cyclic voltammograms at the Pt/C, PtBi/C, and PtPb/C catalysts in 0.1 M ethanol and
0.5 M H2SO4 (aq) at a scan rate of 10 mV s’ The inset shows an enlargement of the low potential

region.

6.4 Conclusions

Surface modification of a commercial Pt/C catalyst with Bi or Pb significantly enhances its
catalytic activity for formic acid oxidation at low potentials. This can be attributed primarily to a
third body effect, which inhibits the formation of adsorbed CO, and allows the oxidation of formic
acid to occur primarily through a direct pathway. In contrast, the main effect of Bi or Pb was to
inhibit the oxidation of methanol and ethanol, since these reactions requires ensembles of adjacent
Pt sites. However, differences in the effects of Bi vs Pb on ethanol at low potentials suggest that

Bi may provide a beneficial electronic effect. Although further work is required to fully explore
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these differences, it is clear that variation of both the modifying element and molecule being

oxidized can provide useful information on the roles of third body, electronic, and other effects.
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7.  Summary and future work
7.1 Summary

In this research, our primary goal was to explore sustainable electrochemical techniques,
including electrosynthesis and fuel cells. One of our studies focused on investigating the
electrochemical coreduction of nitrite and carbon dioxide, which has become a promising method
to sustainably produce fuels, chemicals, and fertilizers while addressing environmental concerns.
Specifically, we explored the potential of iron-based phthalocyanine catalysts for producing
ammonia and urea via CO; and NOzelectrolysis.

In Chapter 3, we focused on the electrochemical coreduction of CO; and NO;™ at carbon-
supported iron phthalocyanine (FePc/C) electrodes to accurately determine the production of
ammonia and urea. The commonly used salicylate spectrophotometric method for quantifying both
products can be susceptible to numerous interferences and matrix effects, leading to inaccurate
determinations. Therefore, we used the standard addition technique to measure both ammonia and
urea concentrations. We found that the average recovery of six replicate measurements of a
mixture of 60 uM ammonia and 40 pM urea standard in the electrolyte was 60.0 = 1.0 and
41.0 £ 1.6 uM for ammonia and urea, respectively.

While the diacetyl monoxime (DAM) spectrophotometric method has a low urea detection
limit compared to the salicylate method, it cannot be used to measure urea in the presence of nitrite.
To overcome this limitation, we used mixed-bed ion exchange resin to remove NO>™ from the
electrolysis samples, which enabled us to use the DAM method to measure urea concentrations in
the presence of NO»" in the sample. With this method we found that the average recovery of five
replicate measurements of 10 uM of urea standard in electrolyte solution was 10.6 + 0.4 uM. We

validated the accuracy of our measurements using liquid-chromatography-mass spectrometry. Our
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results demonstrate that the salicylate method can accurately analyze both ammonia and urea when
a standard addition method is employed, reaction conditions are carefully controlled, and the
accuracy of calibration slopes is verified.

In Chapter 4 of our research, we explored the use of carbon-supported sulfonated
iron(III) phthalocyanine (FeTSPc/C) as a catalyst for producing urea from the coreduction of CO»
and NO>". Our findings indicate that the catalyst exhibited high selectivity for the coreduction of
CO; and NOz>" to urea, with a maximum faradaic efficiency of 54% at +0.053 V vs RHE and 25%
co-production of NH3. Moreover, we observed that electrodes prepared with a carbon black (CB)
support and Nafion binder exhibited good stability in the 0.1 M NaHCOs electrolyte. Additionally,
we observed that the urea yield rate was improved when optimizing the FeTSPc and CB ratio in
the electrode. Our research suggests that FeTSPc/C has significant potential as a catalyst for urea
production via the coreduction of CO> and NO>™ at low overpotentials.

In Chapter 5, we investigated the selectivity and performance of urea production via the
coreduction of CO2 and NO;™ in a proton-exchange membrane electrolysis cell (PEM cell) at a
5 ¢cm? FePc/C electrode. Our results indicated that the faradaic efficiency of urea production
increased from 2.8% to 15.9% compared to the normal three-electrode cell, highlighting the
potential of the PEM cell for improving urea production efficiency.

In addition, we also examined the potential of carbon-supported MoS> (MoS»/C) as a catalyst
for urea production via the coreduction of N> and CO; in a PEM cell. However, we found that the
MoS,/C catalyst was unable to produce a measurable quantity of urea in water. Nonetheless, we
discovered that trace amounts of urea were produced at MoS»/C in 0.1M H2SO4 when both reagent

gases N2 and CO» were present in the gas phase.
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Moreover, we conducted several experiments to evaluate the impact of different electrolyte
solutions and reagent gas flow combinations on electrochemistry. Our findings showed that the
performance of the PEM decreased over time when exposed to NaHCO3 electrolyte, making it
unsuitable for use in PEM electrolysis cells.

In the Chapter 6, our research focused on developing electrocatalysts for fuel cell
applications. We compared the catalytic activities of PtBi/C and PtPb/C catalysts, which were
prepared by the surface decoration of a commercial Pt/C catalyst, with the catalytic activity of
unmodified Pt/C catalyst for electrochemical oxidation of formic acid, methanol, and ethanol. The
results indicated that the addition of Bi or Pb significantly increased the catalytic activity of the
Pt/C catalyst for formic acid oxidation at low potentials, with Bi having a greater effect. The PtBi/C
catalyst was also found to have more stable activity than PtPb/C. Additionally, the PtBi/C catalyst

demonstrated slightly higher ethanol oxidation activity at low potentials than unmodified Pt/C.

7.2 Future work

There are several aspects of this project that hold promise for further exploration. Although
carbon-supported iron phthalocyanine (FePc/C) has been shown to be effective as a catalyst for
the coreduction of NO>™ and CO; to produce urea at low overpotentials, the selectivity of urea
production using FePc/C as a catalyst has been found to be low. One promising approach to address
this issue is to explore modification techniques for FePc catalysts. Research studies have suggested
that different transition metals have the potential to produce urea through the coreduction of NO>
and CO; [1]. By modifying FePc with different transition metals using techniques such as surface

modification or co-deposition, the electronic properties can be enhanced, and the number of active
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sites for coreduction can be increased. This could lead to an increase in the selectivity of urea
production.

Ionic liquids have also shown great potential in both N> and CO» reduction processes [2, 3].
Our group investigated the use of ionic liquids as a binder to modify various carbon-supported
metal phthalocyanines and found that they improved the selectivity of urea production from the
coreduction of NO;™ and CO». Further exploration of the potential of ionic liquids as an electrolyte
for producing urea through the coreduction of NO>" and COz is promising. lonic liquids have high
solubility for CO;, which can enhance the mass transport of CO; to the electrode surface and
improve the overall efficiency of the coreduction process.

In addition, carbon-supported iron(IIl) tetrasulfophthalocyanine (FeTSPc/C) has been
found to be a highly active catalyst for NO>" and CO: coreduction to produce urea at low
overpotentials. Although FeTSPc/C significantly promotes the selectivity of urea production, the
yield rate of urea is low. Further work on electrode design and composition is needed to improve
the rate of urea production and ensure its durability.

In this study, the potential of carbon-supported MoS: nanoparticles (MoS2/C) as a catalyst
for urea production through the coreduction of N> and CO> was explored. The results showed that
trace amounts of urea could be produced at MoS,/C when both reagent gases were in the gas phase.
However, further investigation into different crystal structures of MoSz, such as 2H-MoS;
(hexagonal phase) and 1T-MoS: (trigonal phase), could yield promising results for urea production
[3, 4]. Research has shown that various structures of MoS: catalysts have been effective for
independent N> and CO; reduction to ammonia and alcohol, respectively, indicating the potential

of MoS:> as a versatile catalyst [5, 6].
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A significant challenge we faced in this study was quantifying trace amounts of urea.
Developing highly sensitive and interference-free detection methods is crucial in such cases. One
potential solution is to explore the use of appropriate chemical derivatization techniques to
improve the detection limit of urea in LC-MS analysis. Additionally, online mass spectrometry
methods could also be investigated to quantify trace amounts of urea accurately.

Furthermore, it may be worthwhile to screen other types of membranes, such as anion
exchange or a mixture of both, to improve the productivity of urea. Several studies have reported
that a mixture of cation and anion membranes improves CO; reduction selectivity [9].

Overall, the thesis delves into sustainable electrochemical techniques that hold immense
potential for making a substantial impact in the future. It focuses on key areas such as achieving
carbon neutrality, promoting sustainable chemical production, and advancing energy storage
solutions. By actively contributing to these critical domains, the thesis lays the foundation for a

more sustainable and prosperous future.
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Appendix A:
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Figure Al. Energy dispersive X-ray emission spectra of the FePc and the FePc/C catalyst
measured with an FEI Quanta 400 scanning electron microscope (SEM). The samples were
dispersed in a mixture of water and 2-propanol for application to the carbon SEM tabs. The
C:Fe ratio measured for the FePc samples was used to correct the mass% for Fe obtained for

the FePc/C sample.
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Figure A2. Transmission electron microscopy image of the FePc/C catalyst obtained with a
Tecnai TM Spirit transmission electron microscope (Faculty of Medicine at Memorial

University).
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Figure A3. X-ray diffraction patterns for FePc, Vulcan carbon black, and the FePc/C catalyst

obtained with a Rigaku Ultima IV X-ray diffractometer with a Cu Ka radiation source (0.154 nm).
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Figure A4. Scanning electron microscopy image of a FcPc/C/CFP electrode obtained with an FEI

Quanta 400 scanning electron microscope.
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Figure AS. Spectra for analysis of urea by the DAM method in 0.1 M NaHCO3 + 5 mM NaNO»
(electrolyte) before and after deionization with a mixed bed ion-exchange resin, and reagent
blanks obtained in the absence of urea. Water was used in the reference beam except for the

deionized 20 uM urea sample, where the reagent blank for the deionized electrolyte was used.
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Figure A6. UV-Vis spectra for analysis of urea (DAM method) from electrolysis of 5 mM NaNO;

in 0.1 M NaHCOs3 under CO; at FePc/C electrodes for 2 h.

196



Absorbance

15y

0.8

0.6

y=

0.0174x+0.24
R? = 0.9994

“y=0.0176x + 0.2222
R?=0.9995

0

Conc. of NH; (UM LY

Wavelength (nm)

— = = Sam + 40 pM (aft. dig.)

Sam + 40 pM (bef. dig.)
~ = =Sam + 30 pM (aft. dig.)
Sam + 30 pM (bef. dig.)

— = =Sam + 20 pM (aft. dig)

Sam + 20 pM (bef. dig.)
- = = Sam + 10 pM (aft. dig)

Sam + 10 pM (bef. dig.)
— — =Sam +5 pM (aft. dig)

Sam + 5 pM (bef. dig.)
- = =Sample (aft. dig)

Sample (bef. dig.)

Figure A7: Standard addition curve and UV-Vis spectra for analysis of ammonia and urea by

salicylate method for electrolysis of 5 mM NaNO; in 0.1 M NaHCOs under CO; @ -0.047 V at

FePc/C electrode for 2 h. The labels "aft." and "bef." represent after and before, respectively, while

"Sam" and "dig." refer to sample and digestion, respectively.
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Figure A8. LC-MS/MS chromatogram for urea standard in 0.1 M NaHCO; and 5 mM NaNO;
solution after deionized with mixed bed ion exchange resin. (Top: LC chromatogram, bottom: urea

precursor ion and fragment ion, and their respective peak areas).
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Figure A9. LC-MS chromatogram for analysis of urea from electrolysis of 5 mM NaNO; in

0.1 M NaHCOs under CO; at FePc/C electrodes for 2 h.
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Figure A10. "H-NMR spectra for analysis of ammonia from electrolysis of 5 mM NaNO; in 0.1 M

NaHCOs3; under CO; at FePc/C electrodes for 2 h.

Table Al. Average rates of urea and ammonia formation from electrolysis of 5 mM NaNO: in

0.1 M NaHCOj3 under CO» at FePc/C electrodes over 2 h.

Rate of formation
Potential vs (uM h! cm??)

RHE (V) Urea Ammonia
-0.047 0.157 3.76
-0.147 0.141 3.35
-0.247 0.122 4.97
-0.347 0.115 4.74
-0.447 0.106 3.27

200



Table A2: Standard addition analysis of ammonia and urea for six replicate samples (a mixture of

60 uM NH4Cl and 40 uM urea in 0.1 M NaHCO3 + mM NaNO3) using the salicylate method.

Conc. of Conc. of
Sample ID Slope Intercept NH, (uM) urea (uM)

Before digestion 0.0175 0.104 59.43

Set-1 41.04
After digestion 0.0172 0.2434 141.51
Before digestion 0.0178 0.1049 58.93

Set-2 40.36
After digestion 0.0172 0.2402 139.65
Before digestion 0.0172 0.1044 60.70

Set-3 40.96
After Digestion 0.0172 0.2453 142.61
Before digestion 0.0173 0.1026 59.30

Set-4 42.86
After digestion 0.0173 0.2509 145.03
Before digestion 0.0177 0.1057 59.72

Set-5 38.32
After digestion 0.0176 0.2402 136.36
Before digestion 0.0171 0.1055 61.70

Set-6 42.56
After digestion 0.0170 0.2496 146.82
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Table A3: Concentrations of ammonia and urea for three replicate electrolysis samples

(@ -0.047 V at FePc/C) using the salicylate method.

Sample ID SI Int ¢ Conc. of Conc. Ki
FePc/C @ -0.047 V ope | Intercept | Ny () | urea (M)
Before digestion | 0.0176 0.2210 502.27
Electrolysis -1 21.62
After digestion 0.0174 0.2373 545.52
Before digestion | 0.0176 0.2222 505.0
Electrolysis -2 23.36
After digestion 0.0174 0.240 551.72
Before digestion | 0.0176 0.2207 501.59
Electrolysis -3 22.65
After digestion 0.0174 0.2379 546.89
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Appendix B:
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Figure B1. UV-Vis spectra (0.2- 1.0 mM of NH4Cl) and calibration curve for analysis of ammonia

in 0.1 M NaHCOs; + 5 mM NaNO; by the salicylate method.
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Figure B2. UV-Vis spectra (12.5-150 uM of urea) and calibration curve for analysis of urea in

0.1 M NaHCOs + 5 mM NaNO; by the DAM method following deionization with a mixed bed

ion-exchange resin.

204



a4 XIC from SE7310i.wiff (sample 1) - sam... | = | =

o e A, @ -

sl e

+ @ XIC from SE7310i.wiff (sa...25 Da, Gaussian smoothed =

20000 -
18000 A
16000 -
14000 -
12000 -
10000 -
8000
6000 -
4000 A -
2000 +

Intensity

'Fi‘e.217 3
|

|

i

1

{l

-||II : |{ y

il ? 719 3‘031I
N

45 50 55 60

65 70 75

Time, min

25

y = 0.406x + 0.053
20 T R%=1.000

815

1 5

(1]

-

(1]

2 10
5
0 ¢ : : : : :

0 10 20 30 40 50
Curea (I'I'M)

Figure B3. LC chromatograms (0-60 uM of urea standard) and calibration curve for analysis of

urea in 0.1 M NaHCO3 + 5 mM NaNO; by the LC-MS method following deionization with a

mixed bed ion-exchange resin.
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Figure B4. UV-Vis spectra for analysis of urea (DAM method) from electrolysis of 5 mM NaNO;

in 0.1 M NaHCOs3 under CO; at 3% FeTSPc/C electrodes for 2 h.
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Figure B5. UV-Vis spectra for analysis of ammonia (salicylate method) from electrolysis of 5 mM

NaNO; in 0.1 M NaHCOj3 under CO; at 3% FeTSPc/C electrodes for 2 h.
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Figure B6. LC-MS chromatogram for analysis of urea from electrolysis of 5 mM NaNO; in 0.1 M

NaHCOs under CO; at 3% FeTSPc/C electrodes for 2 h.
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Figure B7. Cyclic voltammogram (10 mV s™!) for a FePc/C electrode in 0.1 M NaHCOj3 under N.
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Appendix C:
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Figure C1. UV-Vis spectra for analysis of urea (DAM method) from electrolysis of 1 mM NaNO;

and CO; in H,O at a 5 cm? FePc/C electrode for 2 h.
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Figure C2. LC-MS chromatogram for analysis of urea from electrolysis of I mM NaNO; and CO;

in H,O at a 5 cm? FePc/C electrode for 2 h.
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Figure C3. UV-Vis spectra for analysis of ammonia (salicylate method) from electrolysis of 1 mM

NaNO; and CO» in H,O at a 5 cm? FePc/C electrode for 2 h.
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Appendix D:

List of chemicals and materials

Iron(Il) phthalocyanine (FePc; Aldrich), Fe(Ill) tetrasulfophthalocyanine (iron(III)
phthalocyanine-4,4',4",4""-tetrasulfonic acid, compound with oxygen, monosodium salt
hydrate; Sigma-Aldrich), MoS; (Sigma-Aldrich), Pt/C (Pt 70% on high surface area carbon,
HiSPEC 13100, Alfa Aesar), carbon black (Vulcan XC-72; Cabot), 5% Nafion™ solution
(Dupont), 2-propanol (Caledon), 1-propanol (Sigma-Aldrich), formic acid (Sigma-Aldrich),
methanol (Sigma-Aldrich), ethanol (Sigma-Aldrich), carbon fiber paper (CFP; Toray), sodium
hydrogen carbonate (BDH), sodium nitrite (BDH), ammonium chloride (BDH), sodium
hypochlorite (Sigma-Aldrich), salicylic acid (Sigma-Aldrich), sodium citrate (Sigma-Aldrich),
sodium borohydride (BDH chemicals), Bi(NO3);.5H20 (Sigma-Aldrich), Pb(NO3), (Sigma-
Aldrich), sodium hydroxide (BDH), sodium nitroprusside (Sigma-Aldrich), urea (99.0-100.5%;
Sigma-Aldrich), diacetyl monoxime (DAM, 2,3-butanedione monoxime, Sigma-Aldrich),
thiosemicarbazide (TSC; Sigma-Aldrich), iron(IIl) sulfate hydrate (Fe2(SO4)3; Sigma-Aldrich),
sulfuric acid (Fisher Scientific), AG 501-X8 mixed bed resin (Bio-Rad Laboratories), acetonitrile
(99.9% HiPerSolv CHROMANORM®, BDH), ammonium acetate (Sigma-Aldrich), acetic acid
(Fisher Scientific), HPLC-grade water (Fisher Scientific), dimethyl sulfoxide-ds (DMSO-ds,
Cambridge Isotope Laboratories, Inc), CO; (CD-50, Airgas), nitrogen (Praxair, UHP, NI 5.0UH-
T), and urease (supplied as a glycerol solution, specific activity 500-800 units/mL; Sigma-

Aldrich). Deionized (DI) water having a resistivity of >17.9 MQ.cm was used for the experiments.
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