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ABSTRACT 

Due to the intermittent nature of renewable energy sources like wind and solar, efficient energy 

storage and distribution is essential when these sources are dormant. Among potential candidates 

for chemical energy storage, ammonia is gaining more attention, owing to its zero-carbon 

footprint, relatively efficient synthesis on a global scale, and well-established transportation 

infrastructure. If ammonia is synthesized via renewable energy sources, the efficient conversion 

of NH3 to N2 and H2 would complete an energy cycle where H2 stored as NH3 can fuel 

hydrogen/hybrid vehicles that are being commercialized. The efficiency of ammonia electrolysis 

to N2 and H2 can be improved by catalysts designed to lower the high overpotentials for oxidation 

and reduction at conventional electrodes. 

This work first describes the synthesis of tris and mono(ammine) iron complexes with 

tridentate phosphine ligands and their role in increasing current densities for NH3 oxidation relative 

to current densities generated using standard anodes. Electrocatalytic ammonia oxidation by a 

mononuclear ruthenium ammine complex supported by an isoindole-based tridentate ligand has 

been investigated next and its oxidation potential has been compared to previously reported 

mononuclear ruthenium ammine catalysts. At the end, a dinuclear polypyridine ruthenium 

bis(ammine) complex was reported in which ruthenium centers are held in close proximity by a 

bridging ligand in a way two NH3 ligands have a syn relationship, allowing the possibility of 

intramolecular oxidative NïN coupling. 
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Chapter 1. AMMONIA AS A CARBON-NEUTRAL FUEL 
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1.1. Consumption of Fossil Fuels and Global Warming  

Global warming due to anthropogenic greenhouse gasses released into the atmosphere remains 

one of the challenges for todayôs world to overcome.1 On the other side, a progressive increase in 

the planetôs human population results in high demand for energy production. Fossil fuels constitute 

a major part of the worldôs energy consumption. According to BPôs annual statistical review of 

world energy, fossil fuels provided 83.2% of the global energy supply in 2020 whereas for 

renewable energies this number reaches 5.7% (Figure 1.1).2 
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Figure 1.1 Worldôs energy consumption by fuel in 2020 

 

The emission of CO2 is an inevitable consequence of fossil fuel combustion that is still rising 

worldwide, mainly due to the high energy demand in transportation sectors and increases in the 

standard of living (Figure 1.2).3 Although oil, natural gas, and coal resources are limited, new 

technology continues to make unexploited deposits accessible reserves, and by adding up the 

discoveries of new reservoirs, fossil fuels will sustain for centuries. 
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Figure 1.2 Increase in CO2 emission due to the consumption of fossil fuels 

 

Extraction and employment of new carbon-based fuel deposits regardless of considering the 

consequences of CO2 emission into the atmosphere will eventuate in a 1.5°C temperature increase 

for the northern hemisphere by 2050 based on the current trend of energy consumption. The 

accelerated rise of sea level, changes in precipitation patterns, droughts, and heat waves are the 

most significant outcomes of global warming.4 

1.2. Hydrogen Economy: Removing Carbon Out of Fuel Cycle 

An alternative for decreasing the emission from the combustion of fossil fuels can be achieved 

by utilizing non-carbon-based energy carriers. Hydrogen, as a sustainable and green energy carrier, 

has gained extensive consideration around the world due to its high energy density per mass and 

taking carbon out of the fuel cycle. Natural gas reforming and coal gasification are the most 

common industrial processes for massive hydrogen production that generate CO2 emission.5 So, 
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H2 can be regarded as a renewable fuel only if produced directly from renewable energy sources 

such as wind, solar, and hydropower.6 

H2 has higher energy density per mass but lower energy density per volume among the 

common fuels which makes its transportation costly. Liquefaction of H2 increases its volumetric 

energy density from 4.5 MJ/L (at 700 bar) to 8.5 MJ/L but consumes ~35% of hydrogenôs energy 

content.7 Even the volumetric energy density of liquefied hydrogen is 1/4 of gasoline, and this is 

not a solution due to the high-energy-consuming process of hydrogen liquefaction. Moreover, even 

a cryogenic liquid hydrogen tank with good thermal insulation has a continuous boil-off at a rate 

of up to 1% per day which makes long-term storage challenging.8 All of  these difficulties and 

safety concerns regarding hydrogen storage suggest an alternative hydrogen carrier. 

1.3. Ammonia as Hydrogen Carrier 

Among the compounds that store hydrogen chemically, ammonia has attracted a significant 

amount of consideration due to its low-cost, large-scale production, and carbon-free emission 

when being used as a fuel. In 2016, 175 million metric tons of ammonia were produced worldwide 

and more than half of it was used in agriculture.9 Unlike hydrogen which requires carbon fiber-

reinforced composite tanks for storage at 700 bar, ammonia liquefies at 10 bar and thus can be 

stored in stainless steel tanks. Moreover, there is a safe storage and transportation infrastructure 

due to the large-scale industrial production of ammonia, which is one of the prerequisites for a 

chemical to be considered as a worldwide fuel. 

Vehicles can be powered by ammonia in three different ways: internal combustion engines 

(ICEs), ammonia fuel cells, and onboard conversion of NH3 to N2 and H2, by thermal cracking or 

NH3 electrolysis and then feeding the produced H2 into a hydrogen fuel cell. Since the activity of 

ammonia toward combustion is 1/6 of gasoline10, in internal combustion engines ammonia must 
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be mixed with some portion of a combustion enhancer like gasoline, diesel, or H2 to burn and 

release enough energy to propel the car.11,12 There are some challenges to be solved regarding 

ammonia ICEs such as a relatively high NH3:gasoline ratio (3:7) in 1400 rpm engine speeds, 

ammoniaôs high auto-ignition (651°C compared to 440 °C for gasoline), low flame temperature, 

corrosion of the engine parts and potential NOx emissions.13 

The prototype of an ammonia fuel cell was first examined in the late 1960s based on alkaline 

fuel cells (AFCs) using a KOH electrolyte with an operating temperature range of 50-200 °C.14 

The net reaction in an alkaline fuel cell is shown in the Scheme 1.1: 

 

Scheme 1.1 Overall reactions in an ammonia alkaline fuel cell 

 

 

 

Based on todayôs technology, it is hard to develop a good low-temperature direct ammonia fuel 

cell with high power density. They are not suitable for transport applications due to the slow start-

up and brittleness of their ceramic components.15 Low-temperature proton exchange membrane 

fuel cells (PEMFCs) using hydrogen as fuel have been developed for various applications 

including electric vehicles. Toyota Mirai which is commercially available to purchase uses 

PEMFC as an energy source. The car stores 6 kg of hydrogen at 700 bar in two tanks which can 

provide enough energy to drive 845 miles.  
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Utilizing ammonia in PEMFCs poisons the Pt/C anode catalyst and reacts with the acidic 

Nafion membrane; therefore, it is not a suitable fuel for PEMFCs by itself. However, ammonia 

can be used as a source for hydrogen production and the produced hydrogen can be fed into 

PEMFC for power generation.16 

1.4. Splitting NH 3 to H2 and N2 

Two methods can be considered for NH3 splitting to H2 and N2: thermal cracking and 

electrolysis. Thermal cracking of ammonia occurs at temperatures ~500 °C in the presence of a 

heterogeneous catalyst. Ru is the most used catalyst for this process due to its high activity toward 

NH3 decomposition. The catalytic activity of Ru is support-dependent, which means the support 

facilitates the electron transfer and helps the recombination desorption of N atoms from the Ru 

surface, the rate-determining step in the heterogeneous catalytic cycle. It also enhances the 

dispersion and increases the effective area of the active catalyst.17 Utilizing carbon materials such 

as activated carbon, carbon nanotubes (CNTs), and CNTs-MgO as support shows the highest 

catalytic activity in ammonia decomposition. However, the reaction to produce H2 with a carbon 

support at high temperatures eventuates in the production of methane and decreases the efficiency 

of the catalyst over time.18 Investigating the new supports for Ru-based catalysts is the subject of 

ongoing research. Ru/graphene nanocomposites and Ru catalysts on non-carbon-based supports 

(MgO, SiO2, Al2O3, TiO2, ZrO2, and Cr2O3) have demonstrated high activity for ammonia 

dehydrogenation.19 In addition to Ru-based heterogeneous catalysts, the catalytic activity of main 

group compounds, including LiNH2 and NaNH2, also have been investigated, and it was shown 

that they could be effective ammonia decomposition catalysts.20 

Electrolysis or electro-oxidation is another method for splitting ammonia into H2 and N2. The 

scalability and ability to operate in on-demand mode and at moderate temperature are the 
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advantages of electrolysis over thermal cracking methods.21 The thermodynamic potential for 

ammonia electrolysis in aqueous alkaline media is ï0.06 V compared with ï1.223 V for the 

electrolysis of water. The theoretical thermodynamic energy consumption is 1.55 Wh/g of H2 from 

the electrolysis of NH3 compared to 33 Wh/g of H2 from the electrolysis of H2O assuming that 

there are no kinetic limitations. This means that, theoretically, ammonia electrolysis consumes 

95% less energy to produce the same quantity of hydrogen than water electrolysis.21 Electrolysis 

of ammonia is favorable thermodynamically; however, kinetics limits the rate of reaction requiring 

higher voltages to be applied. 

1.5. Catalysis for Reducing the Overpotential of NH3 Oxidation 

In the search for electrodes that reduce the overpotential of NH3 oxidation in aqueous media, 

Pt alloys show effective catalytic properties. Pt/Ir, Pt/Ru, and Pt/Rh alloys are the most efficient 

catalysts for the dehydrogenation of NH3 in lower potentials. The electrocatalytic activity of Pt 

alloys decreases with the trend Pt/Ir > Pt/Rh > Pt/Ru.22 A significant amount of effort has been 

devoted to the development of electrocatalysts for the anode since ammonia oxidation has been 

identified as the limiting reaction.23 The efficiency of Pt/Ir electrodes for ammonia oxidation range 

from 80% at 10 mA/cm2 to 60% at 400 mA/cm2 in alkaline media.24 There are still some challenges 

with ammoniaïalkaline electrolytic cells. The commercialization of the technology demands the 

development of more efficient electrodes with lowïcost metals for future largeïscale production. 

Moreover, the hydrogen capacity is limited to 6.1 mass%, because the ammonia concentration in 

saturated ammonia aqueous solution is 34.2 mass% at 20 °C.25 Unlike the electrolysis of NH3 in 

aqueous media, electrolysis of liquid NH3 has attracted less attention. In 2010 Hanada et al., 

reported the current density of 7.2 mA/cm2 from the electrolysis of liquid ammonia with 2.0 V 

applied potential between two Pt electrodes using 1 M KNH2 as the supporting electrolyte.26 They 
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proposed that oxidation of amide at the anode and reduction of ammonia at the cathode generates 

nitrogen and hydrogen respectively. Because of the application of a potential between the working 

and counter electrodes and not using a reference electrode for measuring the exact potential of 

each electrode, the overpotential of the anodic and cathodic reactions was not reported. In 2015 a 

revised mechanism was proposed.27 It was suggested that the cathodic reaction proceeds via initial 

oneïelectron reduction of NH4
+ to NH4

Å rather than NH4
+ dissociation to NH3 and H+ followed by 

H+ reduction. Also, by using a three-electrode system, overpotentials at the anode and cathode 

were determined to be 1000 mV and 600 mV, respectively. Finally, it was shown that Pt electrodes 

get poisoned in NH3(l) due to nitride formation. 

Even after resolving the problem of electrode poisoning, employing a suitable catalyst that 

lowers the overpotential of ammonia oxidation for efficient H2 generation is necessary. One 

possible solution is the use of a homogeneous catalyst. A catalyst should be designed to be 

oxidized, and then, in turn, oxidize NH3 in the bulk solution. In this project, we focus on the 

synthesis of Fe and Ru complexes to reduce the anodic overpotential of ammonia oxidation. 
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Chapter 2. GENERAL EXPERIMENTAL PROCEDURES 
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2.1. Electrochemistry 

2.1.1. Instrument  

All electrochemical experiments were performed with a Metrohm Autolab PGSTA128N 

potentiostat using the Nova 2.1 software package. 

2.1.2. Reference Electrode 

For accurate and precise control of the potential of a working electrode and obtaining reliable 

electrochemical data, an ideally non-polarized electrode, i.e., reference electrode, should be 

utilized. The potential of the reference electrode should remain practically constant upon current 

flow through the electrochemical cell. In previously reported papers, silver-based non-aqueous 

reference electrodes (Ag/AgNO3, Ag/AgOTf, Ag/AgClO4) have been used for electrochemical 

measurement in the presence of NH3. It will be shown here that the potential of these reference 

electrodes shifts due to the reaction of NH3 with silver to yield [Ag(NH3)2]
+. This potential shift 

can result in serious experimental errors, especially during controlled potential electrolysis. 

Figure 2.1 shows the CV of 1 mM decamethylferrocene (Fc*) in THF containing 2 M of 

NH4OTf as a supporting electrolyte. Glassy carbon (GC) was used as the working electrode, Pt 

disk as the counter electrode and for preparing the reference electrode a 1/4 inch diameter glass 

tube with a Pt fused tip was filled with THF containing 5 mM of AgOTf. Although the CV of Fc* 

in the absence of NH3 was stable and no potential drift was observed after 200 scans, upon bubbling 

NH3 to make a saturated solution (3.24 M NH4 measured by titration and NMR spectroscopy), 

reference electrode potential started to drift. After ~150 scans, potential of the reference electrode 

became stable, however, ~100 mV drift was observed. 

Due to the assumption that the formation of [Ag(NH3)2]
+ in the reference electrode after 

introducing NH3 to the solution results in drifting its potential, it was devised that instead of 
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Ag(OTf)2 in the reference electrode, [Ag(NH3)2]
+to be used. For this purpose, [Ag(NH3)2]

+was 

easily prepared by bubbling NH3 into AgOTf solution in THF. Upon removing the solvent, white 

solids of [Ag(NH3)2][OTf] were collected. 

 

 

 

 

 

 

 

 

Figure 2.1 Left: CV of 1 mM of Fc* in THF with 200 scans containing 2 M NH4OTf as supporting 

electrolyte right after bubbling NH3 for 5 min to get a saturated NH3 solution (3.24 M of NH3). 

Right: Same CV in which only scans #2, 50, 100, 150, and 200 are plotted for clarity. Working 

electrode: GC; counter electrode: Pt disk; reference electrode: Ag wire immersed in THF 

containing 2 M NH4OTf, and 5 mM AgOTf with Pt fused tip; scan rate: 100 mV/s 

 

Although Ag/[Ag(NH3)2]
+ reference electrode was stable after bubbling NH3 and no potential 

drifting was observed, E1/2 of ferrocene (Fc) shifted upon the addition of 1 mM of Fc* into the 

solution (Figure 2.2). This pattern was observed in different solvents with different supporting 

electrolytes, so it was assigned to the intrinsic property of the reference electrode.  

In addition to Fc, E1/2 of other inorganic complexes was also shifted upon the addition of Fc*. 

For these reasons, a new reference electrode was realized for electrochemical experiments in 

presence of NH3 to eliminate silver. A previously reported reference electrode with a Pt wire 

immersed in a 1:1 ratio of Fc*/Fc*+ was chosen for this purpose due to the inertness of Fc* toward 

NH3.
28ï31 
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Figure 2.2 E1/2 of 1 mM Fc after the addition of 1 mM of Fc* with Ag/[Ag(NH3)2]
+ reference 

electrode in THF containing 2 M of NH4OTf shifts 368 mV to more anodic potential. Working 

electrode: GC; counter electrode: Pt disk; reference electrode: Ag wire immersed in THF 

containing 2 M NH4OTf, and 5 mM [Ag(NH3)2][OTf]  with Pt fused tip; scan rate: 100 mV/s 

 

Fc*/Fc*+ reference electrode was prepared by immersing a Pt wire into a 1/4 inch glass tube 

with CoralPor tip containing THF, 1 M of NH4OTf as supporting electrolyte, 3 mM of Fc*, and 3 

mM of Fc*OTf. Because Fc*OTf is not soluble in THF but dissolves in the presence of NH4OTf 

and Fc* is highly soluble in THF but dissolves very slowly in the presence of NH4OTf, itôs better 

to prepare Fc*OTf in THF with 1 M NH4OTf and Fc* in pure THF and then mix both. Due to the 

oxidation of Fc* solutions upon exposure to air, the reference electrode should be prepared under 

an inert atmosphere (glovebox) and sealed properly.  

To test the leaking of Fc* and/or Fc*OTf into the solution from the reference electrode through 

CoralPor membrane, CV of blank THF containing 1 M of NH4OTf was taken with the Fc*/Fc*+ 

reference electrode. A very small peak at 0 V vs Fc*/Fc*+ reference electrode can be observed in 
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the SQW which indicates a small leak of Fc* and/or Fc*OTf into the solution from the reference 

electrode through CoralPor membrane, which is reasonable (Figure 2.3). 

 

 

 

 

 

 

 

Figure 2.3 Left: CV of blank THF containing 1 M of NH4OTf as supporting electrolyte. Right: 

corresponding SQW at same condition right after taking CV. Working electrode: GC; counter 

electrode: Pt disk; reference electrode: Pt wire immersed in THF containing 1 M NH4OTf, 3 mM 

of Fc*, and 3 mM of Fc*OTf with CoralPor fused tip; scan rate: 100 mV/s 

 

To test the stability of the reference electrode in the absence of NH3, CV of 1 mM Fc* was 

taken which shows no drifting throughout 50 scans with the E1/2 of 0 V (Figure 2.4). 

 

 

 

 

 

 

 

Figure 2.4 Left: CV of 1 mM Fc* in THF with 1 M NH4OTf as supporting electrolyte. Right: 

corresponding SQW at same condition right after taking CV. Working electrode: GC; counter 

electrode: Pt disk; reference electrode: Pt wire immersed in THF containing 1 M NH4OTf, 3 mM 

of Fc*, and 3 mM of Fc*OTf with CoralPor fused tip; scan rate: 100 mV/s 
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After bubbling NH3 (2.8 M NH3) into the 1 mM solution of Fc* in THF, 50 consecutive CVs 

were taken again. No potential drift was observed after saturating the solution with NH3 and also 

after 50 consecutive scans (Figure 2.5). These data suggest that Fc*/Fc*+ is the best reference 

electrode for CV measurements in solutions containing NH3. 

 

 

 

 

 

 

 

Figure 2.5 Left: CV of 1 mM Fc* in THF with 1 M NH4OTf as supporting electrolyte after 

bubbling NH3 (2.8 M NH3). Right: corresponding SQW at same condition right after taking CV. 

Working electrode: GC; counter electrode: Pt disk; reference electrode: Pt wire immersed in THF 

containing 1 M NH4OTf, 3 mM of Fc*, and 3 mM of Fc*OTf with CoralPor fused tip; scan rate: 

100 mV/s 

 

2.1.3. E1/2 of Fc vs. Fc* in THF and MeCN with NH4OTf and TBAPF6 Electrolytes 

In most of the literature,32,33 the E1/2 of complexes in nonïaqueous media were reported vs Fc. 

For converting the E1/2 of Fc to Fc* for making an accurate comparison between E1/2 of complexes, 

CVs of Fc were taken in THF and MeCN in the presence of Fc*, and the results are summarized 

in Table 2.1.  

 

Table 2.1 E1/2 of Fc vs. Fc* in MeCN and THF 

 THF MeCN 

2 M NH4OTf E1/2 Fc = 449 mV (vs. Fc*) ï 

0.1 M TBAPF6 E1/2 Fc = 459 mV (vs. Fc*) E1/2 Fc = 508 mV (vs. Fc*) 
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Different references report ï810 V32,34,35 and ï0.826 V31,33 for converting NHE to Fc/Fc+ in 

THF at room temperature. Based on Table 2.1 it can be straightforward to convert the reported E1/2 

vs. Fc/Fc+ or NHE in literature to Fc*/Fc*+. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 CV of Fc in the presence of Fc* in MeCN and THF 
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2.1.4. Bulk Electrolysis 

Bulk electrolysis experiments have been conducted in a 60 mLïsized pear shape 

electrochemical cell with four fused 14/20 thermometer adapters cap and Viton O-ring. Regarding 

electrodes, a GC plate as the working electrode, Pt mesh as the counter electrode, and an Fc* 

reference electrode were used. GC plate is dangling from a Pt wire which is connected to a copper 

wire inside a 1/4-inch diameter glass tube with silver epoxy covered with Loctite EA 1CTM 

(HYSOL®) adhesive. Pt mesh was also connected to a copper wire in the same manner. The cell 

was filled with solvent in such a way that the Pt wire which the GC plate is hanging would not be 

in touch with the solution. The top and bottom parts of the glass tubes were sealed with a glue gun 

and Loctite EA 1CTM (HYSOL®) adhesive, respectively. A stir bar also was put in the cell for 

stirring the solution during bulk electrolysis.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 Designed electrochemical cell for bulk electrolysis experiments 
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For the gas sampling port, a 3-layer, 1/2-inch diameter HAMILTON 76006 septum was used. 

Gas analysis was performed by the HIDEN HPR-20 R&D benchtop gas analysis system.  

 

 

 

Figure 2.8 BE experiment accompanied by gas analysis 

 

For gas analysis, because the instrument only reports the percentage of gases, a certain volume 

of ultra-pure helium was injected into the cell before the experiment, and moles of produced gases 

were calculated based on moles of injected helium.  
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2.2. Synthesis 

2.2.1. Synthesis of Decamethylferrocenium triflate (Fc*OTf) 

 

 

 

According to the previously described procedure,32 decamethylferrocene first was sublimed at 

140 °C at 0.01 torr as a yellow solid. In the air, 108 mg (0.996 mmol, 0.65 equiv) of p-

benzoquinone was dissolved in 35 mL of THF and while stirring, 0.3 mL (3.524 mmol, 2.3 equiv) 

of triflic acid was added. The pale-yellow color of the p-benzoquinone turns orange. Then 

immediately decamethylferrocene (500 mg, 1.532 mmol, 1 equiv) was added as a solid. The color 

changed to green and Fc*OTf crashed out. After stirring for 5 min, the green solid was collected 

and washed with THF, and dried overnight under vacuum. Yield: 684 mg, 94%. 1H NMR (500 

MHz, MeCN-d3) ‏ ï37.42 (s, br). 19F NMR (470 MHz, MeCNïd3) ‏ ï79.46 (s). 
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Figure 2.9 1H NMR of Fc*OTf in MeCN-d6 
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Figure 2.10 19F NMR of Fc*OTf in MeCN-d6 
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2.2.2. Synthesis of tris(4-bromophenyl)amine radical cation 

 

 

 

Following the previously reported procedure,36,37 in the glovebox 6.361 g (13.19 mmol, 1 

equiv) of tris(4ïbromophenyl)amine was dissolved in 25 mL of degassed and dry DCM. While 

stirring, 2.54 g (14.51 mmol, 1.1 equiv) of NOPF6 was added slowly as a solid. The color 

immediately changes from pale yellow to dark blue. Once the addition is complete, the solution 

was stirred for 10 minutes. Upon addition of 75 mL of Et2O a brownïpurple solid crashes out. 

Solids were filtered and washed with Et2O until the washings were colorless. Solids were collected 

and dried under vacuum and stored in the freezer of the glovebox at ï33 °C. Yield: 4.4 g, 53%. No 

1H or 13C NMR signals were observed for the product. 

2.3. DFT Calculations 

All the free energies (DG) were calculated at 1 atm and 298.15 K by density functional theory 

(DFT) using Gaussian 16 software package,38 and natural bond orbital (NBO) analysis with 

version 7.0.8.39 All the geometries of complexes were fully optimized with the B3LYP functional40 

and def2-TZVP basis set.41 The SMD solvation model42 was applied to the gas-phase optimized 

structures to calculate the effect of solvation in THF on the free energies. The visualization of 

orbitals and optimized structures were done using GaussView software.43  
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Chapter 3. IRON AMMINE COMPLEXES CONTAINING A TRIPODAL 

PHOSPHINE LIGAND FOR ELECTROCATALYTIC AMMONIA OXIDATION 
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3.1. Introduction  

Iron coordination complexes have been studied extensively for catalytic N2 reduction to NH3. 

The reverse reaction, where NH3 is oxidized to N2, protons, and electrons, has recently garnered 

renewed interest because it completes a cycle for storage and distribution of renewable hydrogen 

as NH3, using the most abundant gas in Earthôs atmosphere as the feedstock. 

Chart 1.1 summarizes various Fe-based catalysts for NH3 oxidation reported by 2022. In 2019, 

Peters and co-workers reported electrochemical NH3 oxidation facilitated by a polypyridyl iron 

complex.44 Due to the high onset potential of NH3 oxidation relative to the thermodynamic limit 

in their iron system (0.7 V vs Fc/Fc+ in MeCN with boron-doped diamond (BDD) as the working 

electrode), they reported another iron complex in 2021 that shifted the onset of AO to lower (Ḑ250 

mV) potential compared to previous one at same conditions.45 In 2022, Wang and co-workers 

reported a ferric ammine system that decreases the onset of AO to ï0.04 V vs Fc/Fc+ in THF with 

glassy carbon as the working electrode.46  

While the AO mechanism for Petersô polypyridyl Fe systems is ambiguous, Wang and co-

workers have proposed a mechanism that is shown in Scheme 3.1. According to this mechanism, 

Fe(III) first gets oxidized to Fe(IV) followed by deprotonation of ammine ligand by NH3 to yield 

the corresponding Fe(IV) amido complex. Oneïelectron oxidation of Fe(IV) amide to Fe(V) amide 

accompanied by nucleophilic attack of NH3 to amide forms a hydrazido Fe(III) complex in which 

the NH group of ancillary ligand gets protonated to NH2. Further oxidation of N2H4 to N2, protons, 

and electrons completes the mechanism cycle.  
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Chart 1.1 Previously reported Fe catalysts for NH3 oxidation 

 

 

 

The coordination chemistry of firstïrow transition metals containing tripodal phosphine 

ligands and their catalytic reactions are well established.47,48 Phosphines have been utilized for 

synthesizing a large number of iron complexes due to their decent electron donor ability and 

production of diamagnetic complexes amenable for further NMR studies. Scheme 3.2 highlights 

some examples of iron ammine complexes with FeïP bonds.49ï52 Four-coordinated complex A 

reported by Sellman in 1975 is one of the first examples of diamagnetic Fe(II) mono(ammine) 

complexes containing phosphine ligands. Complex B, however, is a low-spin, tris(ammine) 
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phosphine complex of Fe(II) synthesized by Winfield and co-workers in 1988 in which the PMe3 

ligands have both fac and mer configurations. 

 

Scheme 3.1 Proposed mechanism by Wang and co-workers46 

 

 

 

Complex C reported by Peters is an unusual paramagnetic five-coordinate Fe(I) 

mono(ammine) complex (S = 3/2) supported by a tris(phosphine)borane ligand with weak FeïB 

bond that is yielded by decomposition of its N2H4 counterpart in benzene at room temperature. 

Another example of isolating Fe ammine complex containing phosphine ligands by NïN bond 

cleavage of N2H4 has been reported by Umehara et al.51 (complex D), which bears a pyrazole-

based ligand. Since hydrazine complexes can be regarded as possible intermediates in catalytic 

NH3 oxidation reactions,53,54 reproduction of Fe-NH3 by cleaving the NïN bond of bound 

hydrazine can close the catalytic cycle. 
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In this chapter, we report a Fe(II) tris(ammine) AO catalyst supported by a tripodal phosphine 

ligand. The electrochemical behavior of this sixïcoordinated diamagnetic complex has been 

evaluated in the absence and presence of ammonia.  

 

Scheme 3.2 Selected examples of Fe ammine complexes containing phosphine ligands 

 

 

 

The effect of different electrolytes and electrodes on the catalysis and stability of the catalyst 

has been accessed as well. For investigating and isolation the possible intermediates of the catalytic 

ammonia oxidation mechanism, deprotonation, and chemical oxidation of the Fe(II) tris(ammine) 

complex have been evaluated. All the complexes have been isolated and characterized by various 

spectroscopic methods.     
































































































































