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ABSTRACT 
 

 

Fossil fuels constitute 86% of global energy consumption. Even though fossil fuels have satisfied 

our energy needs for decades, they are non-renewable source of energy, and burning of fossil fuels 

is detrimental for the environment. Mining and extraction release toxic and heavy metals in the 

environment. The burning of fossil fuels release greenhouse carbon dioxide, SO2, NOX and volatile 

organic compounds into the atmosphere. Hence, the development of non-fossil fuel based 

alternative sources of energy is a logical solution to address these concerns. This thesis work 

primarily focused on design, development and understanding the chemistry of two-dimensional 

(2D) layered materials, particularly transition metal oxides, birnessite and lithium cobalt oxide as 

catalytic materials for the conversion of renewable energy into fuels and. In order to accomplish 

this, we principally studied the energy intensive oxygen evolution reaction (OER) in water 

splitting, and Fischer-Tropsch synthesis (FTS) to generate synthetic fuels.  

Birnessite is a 2D layered manganese dioxide material with intercalated Lewis cations and water 

molecules. Birnessites have been extensively investigated for their catalytic activity towards 

oxygen evolution reaction. In this work, we studied the influence of interstitial hydration structure 

on the catalytic efficiency of birnessite towards OER. The results of this study facilitated the 

development of upgraded, low-cost and, earth abundant catalyst for the OER. We demonstrated 

that the layered materials constructed from the same batch of nanosheets, but with different 

interlayer hydration structure exhibited significant differences in catalytic activity for chemical 

and electrochemical water oxidation. The dominant factor in these differences was the 

enhancement of relevant water fluctuations due to geometric frustration leading to enhanced 

electron transfer rate in the oxidation step of water splitting.  
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Furthermore, lithium cobalt oxide (LiCoO2) and Co-doped birnessite were explored for their 

competence as precatalysts for Fischer-Tropsch synthesis (FTS). FTS is a commercial technology 

that allows converting synthesis gas, a mixture of CO and H2, into fuels and chemicals. This 

process is fundamentally important in the reduction of fossil fuel dependency for the energy needs. 

It has a great potential for generating synthetic fuels from renewable sources, such as biomass, 

after its gasification into synthesis gas. The synthetic fuels produced via this technology have a 

lower local environmental impact as compared to the conventional fuel, since it is practically free 

of sulfur and nitrogen impurities and yields lower exhaust emissions of hydrocarbons. The present 

study focused on the use of cobalt-based catalysts for the production of small to medium chain 

hydrocarbons (paraffins and olefins). In particular, the correlation between product selectivity and 

varying catalyst properties and reaction parameters was studied. In-situ studies revealed that 

LiCoO2 was reduced to metastable Co(hcp) and Co(fcc) nanoparticles during the activation 

process, providing a high surface area medium for the adsorption and hydrogenation of CO. The 

catalyst exhibited a high %CO conversion with small to medium chain hydrocarbon products (C2-

C7). Co-doped birnessited was reduced to Co(hcp) and MnO(ccp) phases during the activation step 

of the FTS reaction. MnO provided an excellent medium for the dispersion and stabilization of the 

cobalt nanoparticles to catalyze CO-hydrogenation. Lower olefins and paraffins (C2-C4) were 

selectively synthesized in conjunction with low CO2 production and methane selectivity. These 

studies suggested that transition metal oxide based layered heterogeneous catalysts are capable of 

producing chemicals and fuels directly from H2-rich synthesis gas. This gas-to-chemicals process 

can greatly reduce CO2 emissions, thereby contributing to the mitigation of climate change and 

the energy needs of the future generations.  
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CHAPTER 1: INTRODUCTION 
 

 

1.1 Overview 

The rising global population is predicted to drive the annual energy consumption to more than 

triple by the year 2100, arguably creating one of the most pressing global challenge of the century, 

i.e., to meet the energy needs of current and future generation.1 In 2018, the primary energy 

consumption grew at a rate of 2.8% which is approximately double compared to its 10-year average 

of 1.5% per year and the fastest since 2010 (Figure 1)2. China, the US and India together accounted 

for more than two-thirds of the global increase in energy demand, with US consumption expanding 

at its fastest rate in 30 years3. In parallel, carbon emissions grew by 2.0%, the fastest growth for 

seven years. 

 

Figure 1.1 World energy consumption by fuel in the year 2018.  
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From the dawn of civilization, humanity has utilized energy stored in the bonds of high energy 

molecules to meet these needs. The sources of energy have emerged from biofuels such as wood 

and charcoal before industrial revolution to fossil fuels (coal, natural gas and oil) at present.4,5 

Even though the estimates from global reserves indicate that sufficient resources exist in the form 

of fossil fuels to meet energy requirements for decades. However, the near-exclusive dependence 

on fossil fuels to meet the current and future energy needs is not only unsustainable but also a 

pressing environmental and economical concern.6 During the last ice age, CO2 levels was 280 parts 

per million (ppm) approximately. In 2013, CO2 levels surpassed 400 ppm for the first time in the 

recorded history. The current relentless rise in CO2 shows a remarkably constant relationship with 

Figure 1.2 Fuel consumption by region in the year 2018. 
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fossil fuel burning and can be well accounted based on the simple premise that approximately 60% 

of the fossil fuel emissions stay in the air.7,8  

 

 If fossil fuel burning continues at a business-as-usual rate, not only will humanity exhaust these 

natural energy resources over the next few centuries but also the CO2 will continue to rise to 

levels of the order of 1500 ppm.9,10 Consequently, the atmosphere will not return to the pre-

industrial levels thousands of years into the future. Hence, the development of non-fossil fuel 

based alternative sources of energy is a logical solution to address these concerns. 

Altogether, energy is essential to life. The major source of energy comes from fossil fuels, and the 

dominant fossil fuels used today by most industrialized and developing countries are coal, natural 

Figure 1.3 Annual total CO2 emission by region from 1751 to 2019. 
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gas and oil. With rising global population and the dwindling fossil fuel reserves, it is challenging 

to meet the energy needs of the world exclusively by fossil fuels. The key challenges arising from 

the consumption of fossil fuels as main source of energy are their limited availability, non-

renewability and the generation of greenhouse waste that pollutes the environment. The essential 

resolution to these crises is to have renewable resources play a larger role in the supply of energy. 

Among the most promising of the solutions are those based on a circular economy and low carbon 

emissions. The concept of circular economy relies on green chemistry and catalysis and thus 

highlights the key role chemistry plays in society today as well as the important role it will likely 

play in solving problems in near future. Layered materials have been proven to be of scientific and 

technological importance in a variety of energy and environmental applications including 

catalysis, energy conversion and storage, CO2 capture and conversion, biomass, air pollution 

control, and wastewater treatment as a result of interesting chemistry going on in the interlayer 

region. 

 

1.2 Oxygen evolution reaction (OER) 

Solar energy possesses the largest resource base of all the renewable sources.11 Indeed, fossil fuels 

represent the end products of solar energy storage itself through primary photosynthesis and the 

food chain over billions of years.12 The invention of oxygenic photosynthesis, the light driven 

oxidation of water to molecular oxygen, stands as one of the pivotal evolutionary innovations in 

the history of life on Earth.12,13 The contemporary imperative is for a system that can replicate the 

process with high efficiency. In this regard, an artificial photosynthesis scheme that can generate 

fuels from solar-driven uphill chemical reactions stands as a “holy grail” of modern day chemical 

science.14,15 This principle lays down the foundation of Chapter 3 which is an extension of the 



5 
 

ongoing research in the field of layered manganese-based heterogeneous catalytic system namely 

Birnessite. Chapter 3 explores the utility of water frustration in a well-controlled experimental 

assembly unhampered by the influences of other properties of synthetic layered manganese oxide 

samples. 

Water splitting has been extensively studied since it was first proposed in 1789.16 Even though 

water splitting has the advantages of flexibility, zero-emissions and production of high purity gas 

yet it needs revisions in terms of efficiency and durability of electrolyzers.17  Electrolysis of water 

includes cathodes for the hydrogen evolution reaction (HER) and anodes for the oxygen evolution 

reaction (OER). The electrolyzers can be categorized into three main divisions based on the 

operating temperature: (acidic) polymer electrolyte water electrolyzers (PEWEs), alkaline water 

electrolyzers (AWEs) and solid oxide electrolyzers (SOEs). Solid oxide electrolyzers (SOEs) 

operate at temperatures above 500°C, with water in the form of steam. Alkaline and PEM 

electrolyzers operate at low temperature range (typically below 100°C) where water is liquid.  

PEWEs utilize solid polymer electrolytes that selectively conduct cations such as protons creating 

an acidic environment, enabling the production of high purity hydrogen gas at high current 

densities and high pressure (>2 A cm-2 , 150 bar). 18 Under given reaction conditions only few 

noble metal-based catalysts such as Pt, Ir, Ru and their oxides can catalyze water splitting using 

PEWEs as electrolysers.19,20 Contrarily, AWEs can exhibit sufficient stability with non-noble 

metal-based catalysts formulating a cost-effective and relatively stable technology.  21,22 Oxygen 

evolution reaction (OER) has the standard reduction potential of 1.23V relative to standard 

hydrogen electrode (SHE) and the standard reduction potential of HER is 0V (vs SHE). However, 

the complexity of the electron transfer process results in sluggish kinetics and large overpotential 
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constraints. Consequently, a suitable catalyst can greatly reduce the overpotential and increase the 

reaction rate.  

 

1.2.1 Transition-metal based OER catalysts: 

Ir, Rh and Ru based nanomaterial catalysts exhibit the most exceptional OER catalytic activity 

(Ru>Ir>Rh) traits including high conductivity, chemical and thermodynamic stability but their 

limited availability and expensive cost limit their large-scale application.23,24 Transition metal 

based OER catalysts such as transition-metal oxides, hydro(oxy) oxides, perovskites, spinels have 

become popular alternatives owing to their abundancy, high stability and activity for OER.25 

Cobalt, nickel, iron and manganese oxides are the most deeply researched transition-metal oxides 

for OER.26 It has been established that doped or mixed oxides can deliver orchestrated effects 

through intra-component electronic interactions which can efficiently control the physicochemical 

properties and enhance their catalytic activities. For example, cobalt oxide/N-doped carbon 

hybrids (CoOx@CN) requires a small overpotential of 0.30V to reach a current density of 10 

mA/cm2.27 Numerous hybrid catalysts such as NixCo3-xO4, Ni-Fe oxides, spinel-type oxides 

MCo2O4, MFeO4, MMnO4 (M=divalent metals)28,29 have high stability and activity in alkaline 

solution, cheaper cost, which makes these hybrid oxides one of the most potential OER 

electrocatalysts. In addition, materials composed of mixed metal oxides such as NiCo2O4 

nanoplatelets and graphene hybrids (NiCo2O4-G) exhibit excellent OER activity due to the 

enhanced electrical conductivity by the insertion of Ni into the octahedral sites of the 

spinel.30Metal oxides have relatively lower electrical conductivity as compared to that of graphene. 

This may prevent efficient utilization of the active sites of the metal oxide that are available for 

electrocatalytic activity. Hence, by combining NiCoO4 with graphene sheets into a hybrid, a much 
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enhanced OER activity is observed.  Transition metal dichalcogenides (TMDs), transition-metal 

nitrides (TMNs) and phosphides (TMPs) exhibit promising potential for bifunctional catalysis 

(both OER and HER) towards overall water-splitting reaction.31  

Transition metal chalcogenides have excellent conductivity, magnetic properties and 

halfmetallicity. Half-metals possess 100% spin polarization; that is all the electrons at Fermi-level  

are either spin up or spin down.32 For instance, Fe doped NiSe2 derived oxide catalysts (NixFe1-

xSe2-DO) exhibit an overpotential of ~195mV. Transition metal nitrides show an excellent 

electrocatalytic activity towards OER owing to their unique electronic structure such as cobalt 

nitrides such as Co2N, Co3N and Co4N, Ni3N.33 Transition metal phosphides show great potential 

as bifunctional catalysts for HER and OER.34,35  

 

1.2.2 Carbon-based OER catalysts 

Non-metallic compounds have been found to top the drawbacks of metal-based OER catalysts 

such as impurity interference, low selectivity, poor stability and unclear active sites.36,37 Carbon-

based materials such as carbon black, carbon nanotubes and graphene with N, P, B and S doped 

have been widely studied for their catalytic activity towards OER.37 Carbon-based materials with 

doped atoms result in an increased number of chemically active sites, high density defects and 

high electrochemical activity. For instance, N-doped carbon nanomaterials performs OER 

catalysis at an overpotential of 400 mV in alkaline medium.38 The hybrid of hexagonal boron 

nitride (h-BN) and carbon nanotubes shows OER electrocatalytic activity and stability better than 

that of Pt/C catalyst.39 Graphene-based materials such as N,O-dual doped graphene carbon 

nanotubes exhibit an excellent electrochemical durability because of larger surface area and more 

active sites.40 Henceforth, carbon-based electrocatalysts can not only improve electrochemical 
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performance as compared to metal-oxide based OER catalysts but also be mass produced due to 

cheaper manufacturing costs and reduce the environmental impacts.  

Additionally, black phosphorus with 2D puckered layered anisotropic structure possess high OER 

activity exhibit a superior and stable OER performance at an overpotential of 300 mV.41 

 

1.2.3 Mechanism of oxygen evolution reaction (OER) 

Water splitting reaction involves the decomposition of water into hydrogen and oxygen at the 

expense of external potential. Electrocatalysts are applied to the surface of cathode and anode to 

accelerate this reaction.42 Oxygen evolution is the anodic half-reaction of water splitting and is the 

most energy-intensive step in the electrolysis of water because the anode reaction involves the 

transfer of four electrons. The reaction pathway of OER depends on the pH of the solution. In 

acidic medium, OER takes place by converting two water molecules into protons and oxygen 

molecule while in alkaline and neutral solutions, OER involves oxidation of four hydroxide ions 

into water and dioxygen (equations 2.1-2.10).43 OER involves adsorption and desorption of metal 

active sites on a variety of oxygen containing intermediate species. There are two pathways to 

produce oxygen from the intermediate species. One in which oxygen is produced by direct 

combination of two M-Os and the second by the formation of MOOH intermediates followed by 

decomposition, including acidic and basic mechanisms.44 

Basic/Neutral medium:                        𝑀 +  𝑂𝐻−   →   𝑀𝑂𝐻                     (1.1) 

                                                       𝑀𝑂𝐻 +  𝑂𝐻−   →   𝑀𝑂 +  𝐻2𝑂             (1.2) 

                                                                  2𝑀𝑂 →   2𝑀 +   𝑂2                    (1.3) 

                                                        𝑀𝑂 +  𝑂𝐻−  →   𝑀𝑂𝑂𝐻 +   𝑒−           (1.4) 
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                                                 𝑀𝑂𝑂𝐻 +  𝑂𝐻−  →   𝑀 + 𝑂2  +   𝐻2𝑂      (1.5) 

 

Acidic medium:                     𝑀 +  𝐻2𝑂 →   𝑀𝑂𝐻 +   𝐻+  +   𝑒−             (1.6) 

                                          𝑀𝑂𝐻 +   𝑂𝐻−   →   𝑀𝑂 +  𝐻2𝑂  +   𝑒−          (1.7) 

                                                                 2𝑀𝑂  →   2𝑀 +   𝑂2                     (1.8) 

                                                  𝑀𝑂 +   𝐻2𝑂 → 𝑀𝑂𝑂𝐻 +  𝐻+  +   𝑒−        (1.9) 

                                           𝑀𝑂𝑂𝐻 +   𝑂𝐻−   →   𝑀 +  𝑂2  +   𝐻+  + 𝑒−    (1.10) 

Electrocatalysts are the catalytic materials that accelerate the charge transfer at the interface 

between electrode and the electrolyte to promote the electrochemical reaction. Electrocatalytic 

kinetics and catalytic activities are measured based on few key parameters such as overpotential, 

tafel slope, stability, faraday efficiency and turn over frequency (TOF).  

                                                 Tafel equation: 𝜂 = 𝑎 + 𝑏  log|𝑗|                (1.11) 

where 𝜂 is the overpotential, 𝑏 is the Tafel slope and 𝑗 is the exchange current density. 

Overpotential is the potential difference (voltage) between the theoretical reduction potential of 

the reaction and the potential of the redox reaction observed experimentally. It is necessary to 

achieve the value of the specified density (10 mA.cm-2) and the lower the overpotential of the 

electrocatalyst the better the electrocatalytic performance.44 Exchange current density, 𝑗, describes 

the ability of an electrode to react with zero potential and it reflects the ease with which an 

electrode reaction can proceed. Higher exchange current density represents better electrocatalyst. 

Smaller Tafel slope (𝑏) indicates that the current density can increase more rapidly with a given 

increase in overpotential which illustrates good electrocatalytic kinetics.45 Catalytic stability refers 
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to the ability of a catalyst to maintain its activity, thermal stability, and structure unchanged during 

the catalytic reaction. Faraday efficiency is the ratio of the actual mass of a substance liberated 

from an electrolyte by the passage of current to the theoretical mass liberated according to 

Faraday’s law.46 Turn over frequency (TOF) is the number of catalytic conversions per active site 

per unit time, measuring the rate of a catalytic reaction and represents the intrinsic activity of the 

catalyst.47  

 

1.3 Fischer-Tropsch process  

The novel targets of the energy research centered focus on biomass-based renewable energy and 

greenhouse gas emission cuts. The scientists have been intrigued to explore the challenges in 

catalyst development that have thus far stalled the implementation of industrial pilot-plants and 

facilities. Real-world catalyst development process has been principally hindered by increasing 

costs and risks succeeding from laboratory scale to pilot plant-level and from pilot plant to 

industrial-scale. These factors contribute to the establishment of real barriers and increase in the 

time for industrialization and commercial implementation. Nonetheless, the development of 

successful catalysts for biomass conversion is a challenging yet sustainable and environmentally 

desirable outcome. Heterogeneous catalysis have a crucial role in the conversion of fossil resources 

into energy and transportation fuels, for instance synthetic diesel is produced by Fischer-Tropsch 

(~210 000 barrels per day (bpd) Gas-to-Liquid (GtL)) in Middle East, 170 000 bpd Coal-to-Liquid 

(CtL) in South Africa and fluid catalytic cracking (FCC) produces gasoline from heavy fossil oils 

in Europe.48  

One of the key targeted approaches to increase the share of renewable energy and reduce the carbon 

footprint is the gasification of traditional feedstocks such as biomass, biogas and coal (denoted by 
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X) into syngas mixture for Fischer-Tropsch synthesis. The catalytic conversion of biomass as 

compared to fossil oil, coal and natural gas is highly intricate due to its large amount of oxygen, 

nitrogen and sulfur containing molecules and its variability depending on its origin (waste, paper, 

wood, grass and straw). However, the gasification of biomass produces short-chain and long-chain 

hydrocarbons representing nearly 50% of the energy within the feedstocks, which would be wasted 

if not converted into useful fuels. Therefore, to achieve an increase in the overall energy efficiency 

and low green-house emissions it is important to improve the individual steps of this over-arching 

process. Chapter 4 and 5 focus on exploring the catalytic efficiency of heterogenous layered 

transition metal oxides for Fischer-Tropsch step of XtL (X-to-liquid, where X may be coal, 

biomass or biogas) process of converting feedstock to upgraded refinery products such as gasoline, 

synthetic naptha, synthetic middle oil distillates (diesel and kerosene), lubricating oils and 

synthetic waxes (further details in Chapter 2,4 & 5). 

1.3.1 History of Fischer-Tropsch synthesis 

Fischer-Tropsch synthesis is a highly exothermic process that converts synthesis gas, i.e., a mixture 

of carbon monoxide and hydrogen into a wide range of long chain hydrocarbons (Equation 1.12). 

It has been considered as a viable process for producing clean energy to replace petroleum-based 

energy.   

       2𝑛𝐻2(𝑔) +  𝑛𝐶𝑂(𝑔) → (−𝐶𝐻2 −)𝑛(𝑔) +  𝑛𝐻2𝑂 (𝑔)              ΔH298 = -165 kJ.mol-1          (1.12) 

The Fischer-Tropsch process was first discovered by Franz Fischer and Hans Tropsch from the 

Kaiser Wilhelm Institute in 192349, wherein they converted a mixture of hydrogen and carbon 

monoxide into hydrocarbons and water using an iron catalyst. Subsequently, the process became 

interesting from a commercial point of view. The most promising and efficient metallic catalysts 

for the Fischer-Tropsch synthesis were determined to be ruthenium, iron, cobalt and nickel. Iron  
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and nickel were reported to possess high methane selectivity while cobalt appeared to be the most 

effective for long chain hydrocarbon production.50–52 The hydrocarbon product mixture obtained 

after Fischer-Tropsch process is called synthetic crude oil, which is mainly a mixture of linear 

hydrocarbon chains (olefins and parrafins).  

Ruhrchemie AG, Germany pioneered metallic cobalt-catalyst based industrial Fischer-Tropsch 

synthesis in 1936 followed by Sasol in South Africa (iron-catalyst based) in 1950s.53 Industrial 

companies such as Shell, Sasol, Statoil, BP, ExxonMobil, PetroSA, Ras Laffan Qatar, Velocys, 

Rentech have been previously involved in this promising energy field. However,  majority of them 

withdrew owing to the complexity of the process.54–58 At present, Fischer-Tropsch plants are 

located in South Africa, Qatar, Nigeria and Malaysia59 (Figure 1.4).  

Figure 1.4 Existing and under construction Fischer-Tropsch plants. 
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1.3.2 X-to-Liquid technologies (XtL) 

XtL technologies are a group of refinery-based processes (Figure 1.4) that convert solid or gaseous 

carbon-based sources (“X”) into liquid products (“L”) of commercial importance. The carbon-

based sources are known as feedstocks, mainly coal (X=C), natural gas (X=G), waste (X=W) and 

biomass (X=B).60 

Gasification, the first step of XtL is an efficient way to utilize excess energy and reduce CO2 

footprint by converting the feedstocks into synthesis gas.61 The technologies approached for 

gasification are based on the nature of the initial feedstock, main routes being steam reforming of 

natural gas, autothermal reforming or partial catalytic oxidation.62,63 

• Steam Reforming: It is a highly endothermic reaction of methane and steam at high 

temperatures (700°-1100°C) in the presence of metallic-Ni catalyst.  

Figure 1.5 XtL processes from feedstock to upgraded products 
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                              𝐶𝐻4(𝑔) +  𝐻2𝑂(𝑔) ↔ 3𝐻2(𝑔) + 𝐶𝑂(𝑔)      ΔH298 = 226 kJ.mol-1            (1.13) 

 

• Autothermal reforming: It is an exothermic reaction of methane and a mixture of oxygen 

and carbon dioxide or oxygen and steam. Varying ratios of H2:CO can be generated 

depending on the type of gaseous mixture treated with methane. Carbon dioxide and 

oxygen mixture generates 1:1 ratio while steam and oxygen mixture produce a 2.5: 1 ratio.  

                             4𝐶𝐻4(𝑔) + 2𝐻2𝑂(𝑔) +  𝑂2(𝑔) → 4𝐶𝑂(𝑔) +  10𝐻2(𝑔)                           (1.14) 

                         2𝐶𝐻4(𝑔) + 𝐶𝑂2(𝑔) +  𝑂2(𝑔) → 3𝐶𝑂(𝑔) +  3𝐻2(𝑔) +  𝐻2𝑂                       (1.15) 

 

• Partial catalytic oxidation: It is a partial combustion reaction of methane and oxygen in 

the presence of steam at a temperature range of 1573-1773K. The syngas produced has a 

H2:CO ratio of ~2, which is an attractive ratio for commercial use in methanol synthesis 

and Fischer-Tropsch synthesis.  

                4𝐶𝐻4(𝑔) + 2𝐻2𝑂(𝑔) +  𝑂2(𝑔) → 4𝐶𝑂(𝑔) +  10𝐻2(𝑔)     ΔH298 = -22 kJmol-1      (1.16)    

 

Fischer-Tropsch synthesis (FTS) is the second step of XtL process, converting syngas mixture into 

synthetic crude (syncrude) oil (Figure 1.5). Even though Fischer-Tropsch synthesis is not the only 

existing route in the syngas-to-liquid process, it remains to be the ideal method to produce clean  
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liquid fuels because the hydrocarbon products obtained are oxygen, nitrogen and sulfur-free.60 

Fischer-Tropsch is a surface catalyzed non-selective polymerization reaction. It is an exothermic 

Figure 1.6 Schematic representation of Fischer-Tropsch process 
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process that converts syngas into a wide range of hydrocarbons starting from methane to waxes 

and the main products being paraffins and α-oelfins (Equation 1.16-1.19). Additionally, side 

reactions result in the formation of oxygenated hydrocarbons, carboxylic acids and alcohols. 

Boudouard reaction and water-gas shift reactions can result in catalyst deactivation (Equation 1.19-

1.20).   

Methanation:      3𝐻2(𝑔) +  𝐶𝑂(𝑔) →  𝐶𝐻4(𝑔) + 𝐻2𝑂(𝑔)              ΔH298 = -206.2 kJmol-1 (1.17) 

Alkane: (2𝑛 + 1)𝐻2(𝑔) +  𝑛𝐶𝑂(𝑔) → 𝐶𝑛𝐻2𝑛+2(𝑔) +  𝑛𝐻2𝑂 (𝑔)   ΔH298 = -165 kJmol-1    (1.18) 

Alkene:           2𝑛𝐻2(𝑔) +  𝑛𝐶𝑂(𝑔) → 𝐶𝑛𝐻2𝑛(𝑔) +  𝑛𝐻2𝑂 (𝑔)        ΔH298 = -211 kJmol-1     (1.19) 

Boudouard reaction:     2𝐶𝑂 →   𝐶∗ +  𝐶𝑂2                                      ΔH298 = -172.4 kJmol-1  (1.20) 

Water-gas shift:       𝐶𝑂(𝑔) +  𝐻2𝑂(𝑔) ↔  𝐻2 (𝑔) + 𝐶𝑂2(𝑔)           ΔH298 = -41.1 kJmol-1   (1.21) 

 

The commercially available Fischer-Tropsch reactors include circulating fluidized bed reactor 

(CFB), fixed fluidized bed reactor (FFB), slurry phase reactor and tubular fixed bed reactor (Figure 

1.7). Tubular fixed bed and slurry phase reactors are used for low temperature Fischer-Tropsch 

synthesis (LTFT, 200°-240°C)  with either iron or cobalt catalysts while fluidized bed reactors are 

used for high-temperature Fischer-Tropsch (HTFT, 300°-350°C) process with iron based 

catalysts.64  
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Figure 1.7 Commercial reactors for Fischer Tropsch synthesis (a) Exxon (b) Sasol slurry bubble 

column reactor (c) multi-tubular trickle bed reactor (d) circulating fluidized-bed reactor (e) fixed 

fluidized-bed reactor.  
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Refining and Upgrading comprise the final steps of XtL, where in syncrude obtained from Fischer-

Tropsch synthesis is converted into fuels by hydrocracking which is a catalytic cracking process 

at an elevated partial pressure of hydrogen (Figure 1.6).65 Catalysts utilized for hydrothermal 

cracking are generally capable of serving the dual purpose of rearranging and breaking 

hydrocarbon chains as well as adding hydrogen to aromatics and olefins to produce naphthenes 

and alkanes.  The products range from ethane and LPG to isoparaffins (jet fuel, diesel, relatively 

high-octane rating gasoline fractions) depending on pressure, temperature and catalyst 

employed.66,67 These products have a low content of sulfur, nitrogen and other contaminants. The 

octane number of the hydrocracked products can be further improved by isomerization, catalytic 

reforming, alkylation and oligomerization.68  

 

1.3.3 Fischer-Tropsch catalysts 

Group VIII transition metals were first utilized at industrial scale for FTS about a century ago. 

Ruthenium (Ru), nickel (Ni), iron (Fe) and cobalt (Co) have been the most suitable catalysts for 

FTS with different spectrum of products in terms of olefin content, branching of paraffins and the 

number of oxygenated products synthesized.69,70 Vannice reported that high molecular weight 

hydrocarbon selectivity follows the order Ru > Fe > Co > Rh > Ni > Ir > Pt > Pd.  

Ni is mainly a methanation catalyst with low hydrocarbon selectivity. It has high activity towards 

hydrogenation because of strong dissociative CO chemisorption. Additionally, volatile nickel 

carbonyls (poisonous) may form at low temperature FTS rendering Ni catalyst inactive. Ru is not 

a popular choice of catalyst because of its high cost and scarcity.  Therefore, Fe and Co catalysts 

have been traditionally used as FTS catalysts for industrial applications.69 
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Fischer-Tropsch promoters 

Promoters are the dopants added to the FTS catalyst that improve catalyst activity, selectivity and 

stability. Promoters can be categorized into structural, electronic, textural, stabilizer and poison 

resistant promoters based on their physicochemical and catalytic attributes. Alkali, alkaline-earth 

metals and rare-earth metal oxides have been used as promoters for FTS.71 

Owing to their strong basic properties, alkali metals have been reported to enhance the activity of 

FTS catalyst by improving chain growth probability, olefin-to-paraffin ratio and suppressing WGS 

reaction.  

The effect of Group IA promoters on FTS reaction rate and olefin selectivity with Co-based 

catalysts follow the trend, Rb > K > Na > Li. Alkali promoters have been postulated to increase 

the electron density on catalyst surface that may facilitate an enhanced CO chemisorption.72 

Luo et al investigated the effect of alkaline-earth promoters on iron-based FTS catalysts and 

observed an increased activity and chain growth probability.73 Bao et al reported an increased 

reducibility of CoO to Co, suppressed methane selectivity and increased paraffin selectivity using 

calcium promoter.  

Rare-earth metal oxide promoters such as CeO2 have been found to improve catalyst dispersion in 

cobalt-based FTS catalysts which in turn increases the turn-over rate, C5+ selectivity and long-term 

stability.74,75   
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Fischer-Tropsch supports 

FTS supports are thermally and mechanically stable materials with relatively inert properties that 

enhance the BET surface area and stability of active catalyst phases.76 Semiconductor oxides such 

as alumina, silica, titania and zirconia are the most common supports used in FTS. The excess heat 

released during exothermic FTS can lead to reduced catalyst activity and selectivity. The supports 

act as catalyst diluents that may dissipate the released heat decreasing the temperature gradient in 

FT reactors. The choice of supports for FT catalysts depends on several criteria including basicity, 

dispersion, electronic modification and metal-support interaction as the structure, physicochemical 

attributes and catalytic performance of FT catalysts are influenced by the properties of support 

used.77,78 Bessell found that the acidic properties of support increased olefin isomerization rate and 

reduced chain growth probability of supported Co catalysts whilst straight-chain hydrocarbons 

formation rate improved with basic supports. Ishihara reported that electron-donating supports 

enhanced electron density on active metals facilitating the cleavage of C-O bond of CO adsorbed 

on the catalyst surface while the electron-accepting supports such as TiO2 and SiO2 improved H2 

chemisorption and weakened CO adsorption.78–81 However, the possible interaction between metal 

and support should be considered as it may reduce catalyst activity.  

 

• Alumina support 

Alumina is the most used catalyst support because of its excellent thermal and mechanical 

stability. Non-porous crystallographically ordered α-Al2O3, porous amorphous η-Al2O3 

and γ-Al2O3 are the only phases of alumina suitable as catalyst supports.82 γ-Al2O3 has a 

high BET surface area of 50-300 m2gcat
-1 with average pore volume of 0.6 cm3gcat

-1. 
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 Al2O3 is considered to be the most suitable support for cobalt-based catalyst for FTS.82 

Due to its strong interaction with reduced Co-oxide may lead to the formation of relatively 

small cobalt crystallites.83 Cooper et al. reported that the cobalt aluminate phase was 

formed by the diffusion of small cobalt active phase into Al2O3 support.  

 

• Titania support 

Titania has three crystalline forms: anatase, rutile and brookite. Anatase is commonly 

employed as a support because of its high surface area as compared to that of rutile and 

brookite structures.84 TiO2 supported cobalt and nickel catalysts exhibit an enhanced CO 

consumption rate due to the better metal support interaction. Reuel and Bartholomew 

reported that the FTS activity of supported cobalt catalysts follow the order: Co/TiO2 > 

Co/SiO2 > Co/Al2O3 > unsupported Co > Co/MgO.85–87 

 

• Silica support  

Silica exists in the polymorphic form of different crystalline phases: quartz, tridymite, 

cristobalite, coesite and stishovite.88 Co-based catalysts and SiO2 supports have been 

reported to have relatively weaker interaction as compared to Al2O3 and TiO2 even though 

silica supported Co-based catalysts exhibit better reducibility.89 Adesina reported that SiO2 

supported Fe-based catalysts show enhanced activity and chain growth probability.  

 

• Zirconia support 

Zirconia (ZrO2) mainly possesses monoclinic, cubic, orthorhombic and tetragonal phases. 

It may form suboxides or monoxides (cubic) under high temperature or reduction 
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conditions.90 Enache et al. reported higher selectivity of C5+ hydrocarbons and lower 

methane selectivity over ZrO2 supported Co-catalysts due enhanced adsorption of 

hydrogen species on the zirconia support.91   

 

Iron-based Fischer-Tropsch catalysts 

Iron based F-T catalysts have been widely explored owing to their cost effectiveness, abundant 

availability, high tolerance of operating conditions (temperature, pressure) and high activity 

towards water-gas shift (WGS) reaction. WGS converts CO and H2O produced during FTS into 

H2 and CO2.
92 This aspect is particularly useful when the input syngas mixture has low H2: CO 

ratio (for example if coal is the source of syngas). The product spectrum with Fe-based FTS 

catalyst is directed more towards short-unsaturated hydrocarbons. During F-T reaction steps, a 

complex mixture of iron phases is formed (metallic iron, iron oxides, iron carbides) making the 

establishment of structure-activity relationships a challenging task. The most commonly detected 

iron oxide phases during FTS are hematite (α-Fe2O3), maghemite (γ-Fe2O3), goethite (α-FeO(OH)) 

and magnetite (Fe3O4).
93 These species are reduced under H2 atmosphere and further converted to 

iron carbide species under syngas atmosphere. Ferrite, (α-Fe) is the only metallic phase observed 

under FTS reaction conditions. Under syngas atmosphere, carbon is incorporated to the metallic 

iron interstitial sites forming a variety of iron carbide phases, i.e., cementite (θ-Fe3C), Hägg 

carbide (χ-Fe5C2), Eckstrom-Adcock carbide (Fe7C3), hexagonal carbide (ε-Fe2C, έ-Fe2.2C). The 

precise role of different iron carbide phases in FTS remains controversial.94,95 Structural promoters 

such as K2O, Al2O3 or MgO have been added to overcome the challenge of designing a robust 

iron-based FTS catalyst. Alkali metals are important promoters as they alter the adsorption of H2 

and CO, increasing the selectivity of desired products.96  
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Cobalt-based Fischer-Tropsch catalysts 

Although iron-based FTS catalysts are approximately 230 times cheaper than cobalt-based 

catalysts, their structural instability and high WGS activity restricts the desired conversion and 

selectivity.97 On the other hand, cobalt-based FTS catalysts have lower WGS activity, higher 

paraffin selectivity. Cobalt-based catalysts are usually supported with alumina, silica or titania to 

maximize the catalytic surface area. Noble metals (Pt, Ru, Rh) are used in small amounts as 

promoters which are reported to improve the reduction of cobalt by increasing the hydrogen 

adsorption and regeneration of deactivated catalyst. 

 

1.3.4 Mechanisms for Fischer-Tropsch synthesis 

The mechanism of Fischer-Tropsch catalysis has been studied for decades. However it is still a 

subject of debate. Owing to the recent discoveries in surface science and 14C-tracer experiments98, 

Fischer-Tropsch is widely accepted as a polymerization-like process with six elementary steps:  

1. Adsorption of reactants on the catalyst surface.  

2. Chain initiation. 

3. Chain propagation.  

4. Chain termination.  

5. Product desorption.  

6. Re-adsorption and further reactions.  
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It is widely accepted that multiple reactions occur on the catalyst surface during Fischer-Tropsch 

synthesis (FTS). Hence, there have been numerous proposed mechanisms since its discovery. The 

most popular FTS mechanisms are carbide, enolic, CO-insertion and alkyl mechanisms.  

 

Carbide Mechanism 

Carbide mechanism was proposed by Fischer and Tropsch in 1926 and further improved by 

Craxford and Rideal. It proposes dissociative adsorption of CO and H2 on the catalyst surface. The 

chemisorption of syngas leads to the formation of methylene (-CH2-) groups which further 

polymerize during chain propagation step to produce higher molecular weight hydrocarbons.99 The 

identity of the products depend on the extent of H2 chemisorption. The formation of carbide species 

has been widely reported for iron based F-T catalysts, while the cobalt based F-T catalysts stay in 

the metallic phase during FTS even though low concentrations of cobalt carbide particles have 

been detected that ultimately decompose to metallic cobalt and carbon.100,101  
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The carbide mechanism does not explain the formation of branched hydrocarbons, small volumes 

of C2 molecules, β-elimination of M-hydrides and the formation of oxygenated products. 

 

Enolic Mechanism  

Following the limitation of carbide mechanism in addressing the formation of oxygenated 

products, Emmett et al proposed that FTS proceeds by a reaction between chemisorbed CO and 

H2 to form enolic species (HCOH) followed by a chain growth step that involves a condensation 

reaction of two hydroxy-carbene species. The formation of branched hydrocarbons is assumed to 

be CH2 insertion between HCOH, CHROH and hydrogenated species and the formation of 

oxygenated products proceeds via CO insertion.102,103  

Figure 1.8 (a) Initiation step in carbide mechanism (b) Chain propagation of monomer units in 

carbide mechanism during FTS process.  

Figure 1.9 Mechanism scheme of hydroxy-carbene intermediates’ formation and chain growth 

pattern during F-T synthesis.  
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CH2 insertion mechanism  

Alkyl insertion was developed based on the carbide mechanism and stands as the most widely 

accepted FTS mechanism till date. It supports that surface carbon and oxygen are generated by 

dissociative adsorption of CO on the catalyst surface. The surface oxygen is reacted further with 

syngas to form CO2 while the surface carbon is hydrogenated to alkyl species (CH, CH2, CH3). 

Chain propagation is initiated by the insertion of other monomer species to the surface alkyl 

species and chain termination proceeds by β-elimination of hydrogen to form α-olefins or addition 

of hydrogen to yield n-paraffins. Oxygenated species are believed to be products of a reaction 

between surface hydroxy and alkyl species.99,104,105  

 

 

 

 

 

Figure 1.10 CH2 insertion mechanism for FTS reaction.  
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CO insertion mechanism 

This mechanism supports the formation of surface alkyl species as described previously. The chain 

propagation is believed to occur via CO insertion into a metal-alkyl bond forming surface acyl 

species. The elimination of oxygen from surface species leads to the formation of short to long 

chain alkyl species which further undergo β-elimination of hydrogen or hydrogen addition to form 

α-olefins or n-paraffins respectively. The formation of aldehydes has been explained as β-

elimination of hydrogen from the oxygenated surface species while hydrogen addition to the same 

species results in the formation of alcohols.106  

 

1.4 Conclusion 

Layered materials are made up of sheets or planes of atoms held together by interplanar forces 

which are generally weaker than intraplanar forces. This structural set-up allows the insertion of 

atomic or molecular guest species between the layers. Such intercalation provides a means for 

controlled variation of the physical and chemical properties of the host layered material over wide 

ranges to yield new variants of novel layered materials. Layered materials provide an interesting 

opportunity for developing novel materials with a tailored nano-design, controlled accessibility to 

the sites and properties, tuneable pore size and volume, and surface area. Nanoconfinement can 

Figure 1.11 General chain growth pattern in CO-insertion mechanism, R represents 

H or alkyl group.  
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enhance the catalytic activity due to increased exposure of surface-active sites. They can act as 

bulk catalysts instead of surface catalyst which can increase catalytic activity per gram of the 

catalyst.  

The central idea of this thesis is to study and explore the catalytic properties of layered transition 

metal oxide material catalysts to develop and improve sustainable and environment friendly 

methods of energy conversion. 
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CHAPTER 2: EXPERIMENTAL TECHNIQUES 

 

2.1 Transmission Electron Microscopy (TEM) 

TEM images were collected using a Jeol JEM 1400 Transmission Electron Microscope equipped 

with a tungsten source at 80 kV with a point-to-point resolution of 0.3 nm. TEM utilizes the short 

wavelength of highly energetic electrons under high vacuum to produce high-resolution images 

down to nanometer regime.1 Samples were prepared by dispersing the powder sample in DI H2O 

via sonication and deposition of a small volume on to a copper grid with a carbon film support. A 

schematic of a TEM is shown in Figure 2.1. 

 

2.2 Scanning electron microscopy (SEM)  

Scanning electron microscopy (SEM) operates by emitting electrons from an electron gun allowing 

larger particles (micron scale) to be imaged and information to be acquired about their 

topographical structure as well as their overall morphological structure. Accelerating voltages used 

in SEM are significantly less than in TEM. Two main types of signals produced from scanning 

electron microscopy include secondary and backscattered electrons. Secondary electrons are 

produced when the incoming electrons cause another electron to be ejected from the sample 

(inelastic scattering). Topographical information is revealed from secondary electrons that do not 

penetrate the sample deeply. The surface image resolution is up to 1 nm. Backscattered electrons 

are produced through elastic scattering of the electrons, the intensity is related to the atomic 

number of the material being analyzed and is therefore ideal for analytical information. Resolution 

of the instrument is typically in the hundreds of nanometers range and can probe the surface 
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topography of materials due to the low accelerating voltages that are being introduced.2 Depth of 

field corresponds to how much of the object of interest remains in focus at the same time, is a 

characteristic feature of SEM and gives images more 3D characteristics compared to TEM. This 

is because during SEM analysis, the electrons do not completely penetrate the sample of interest, 

as they do in TEM, where a 2D image is produced.  

An FEI Quanta 450 FEG SEM with an Oxford Aztec Energy Advanced EDS system was used in 

this study. Samples were directly deposited on a silicon wafer for analysis.  
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Figure 2.1 Schematic diagram of core components of (a)TEM microscope (b)SEM microscope 
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2.3 BET (Brunauer, Emmett and Teller) Theory 

Adsorption is defined as the binding of atoms or molecules of gas to a surface. The amount of gas 

adsorbed on the exposed surface depends on the temperature, gas pressure and strength of 

interaction between the gas and solid. The BET theory was an extension of the Langmuir theory 

which relates the monolayer adsorption of gas molecules (adsorbates), onto a solid surface to the 

gas pressure of a medium above the solid surface at a fixed temperature (equation 2.1), where θ is 

the fraction cover of the surface, P is the gas pressure and α is a constant.  

θ =  
αP

1+(αP)
   (2.1) 

The Langmuir theory is based on the following assumptions:  

1. All surface sites have the same adsorption energy for the adsorbate, which is usually Ar, 

Kr or N2 gas. The surface site is defined as the area on the sample where one molecule can 

adsorb onto.  

2. Adsorption of the solvent at one site occurs independently of adsorption at neighboring 

sites.  

3. Activity of adsorbate is directly proportional to its concentration.  

4. Adsorbates form a monolayer.  

5. Each active site can be occupied only by one particle.  

The Langmuir theory has a few flaws that are addressed by the BET theory. The BET theory 

extends the Langmuir theory to multilayer adsorption with three additional assumptions:  

1. Gas molecules physically adsorb on a solid in layers infinitely.  

2. Gas molecules only interact with adjacent layers.  

3. The Langmuir theory can be applied to each layer.  
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In BET surface area analysis, nitrogen is usually used because of its availability in high 

purity and its vander waals interaction with most solids. The surface is cooled using liquid 

N2 to obtain detectable amounts of adsorption as the interaction between gaseous and solid 

phases is usually weak. Known amounts of nitrogen gas are then released stepwise into a 

sample cell. Relative pressures less than that of atmospheric pressure are achieved by 

creating conditions of partial vacuum. After the saturation pressure, no more adsorption 

occurs regardless of any further increase in pressure. Highly precise and accurate pressure 

transducers monitor the pressure changes due to the adsorption process. After the 

adsorption layers are formed, the sample is removed from nitrogen atmosphere and heated 

to cause the adsorbed nitrogen to be released from the material and quantified. The data 

collected is displayed in the form of a BET isotherm, which plots the amount of gas 

adsorbed as a function of the relative pressure. There are five types of adsorption isotherms: 

 

Isotherm Type Adsoprtion features Isotherm 

Type I Monolayer adsorption, microporous 

materials 

 

Type II Monolayer adsorption-low pressure, 

multilayer adsorption-medium pressure, 

capillary condensation-high pressure 

Non-porous or macroporous 

 

Table 2.1 BET adsorption isotherms 
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Type III Multilayer adsorption, 

Adsorbate-adsorbate interactions 

 

Type IV Capillary condensation 

In mesopores 

 

 

Type V Porous adsorbent, weak adsorbate-

adsorbate interactions 

 

 

The BET equation uses the information from the isotherm to determine the surface area of the 

sample, where X is the weight of nitrogen adsorbed at a given relative pressure (P/P0), Xm is 

monolayer capacity, which is the volume of gas adsorbed at STP and C is a constant.  

1

X[(
P0
P

)-1]
=  

1

XmC
+  

C-1

XmC
 (

P

P0
)  (2.2) 
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Experimental Details 

Prior to any measurement the sample must be degassed to remove any water and other 

contaminants before the surface area can be accurately measured. Samples are degassed in a 

vacuum at high temperatures. The highest temperature possible that will not damage the sample’s 

structure is usually chosen in order to shorten the degassing time. A minimum of 0.5 g of sample 

is required for the BET to successfully determine the surface area.  

Samples are placed in glass cells to be deassed and analyzed by the BET machine. Glass rods are 

placed within the cell to minimize the dead space in the cell. Sample cells typically come in sizes 

6, 9 and 12 mm are used for large pieces that cannot be further reduced. The cells are placed into 

heating mantles and connected to the outgas port of the machine.  

After the sample is degassed, the cell is moved to the analysis port. Dewars of liquid nitrogen are 

used to cool the sample and maintain it at a constant temperature. A low temperature must be 

maintained so that the interaction between the gas molecules and the surface of the sample will be 

strong enough for measurable amounts of adsorption to occur. The adsorbate is injected into the 

sample cell with a calibrated piston. The dead volume in the sample cell must be calibrated before 

and after each measurement. To do that, helium gas is used for a blank run, because helium does 

not adsorb onto the sample.  
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2.4 Powder X-ray diffraction 

Crystalline materials are illustrated by the long-range periodic arrangement of atoms. The smallest 

repeating unit that represents the crystal structure is called a unit cell. The unit cell may contain 

more than one molecule. For example, the quartz unit cell contains three units of SiO2
3 (Figure 

2.2).  

 

Figure 2.12 Structure of the unit cell (a) quartz (b) cristobalite 
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The unit cell replicates in all dimensions to fill space and produce the macroscopic grains of a 

crystal that can diffract light, wherein each atom can be regarded as a coherent point scatterer. 

When atoms in a crystal are exposed to X-rays, constructive interference between the wavelength 

of X-rays and inter-atomic distance produces a diffraction pattern that represents unique crystal 

structure of a material. Amorphous materials such as glass do not exhibit periodic arrangement of 

atoms, hence they do not generate a diffraction pattern.  

When a crystal is bombarded with X-rays of a fixed wavelength and at certain incident angles, 

intense reflected X-rays are produced when the wavelengths of the scattered X-rays interfere 

constructively. In order for the waves to interfere constructively, the differences in the travel path  

 

must be equal to integeral multiples of the wavelength. When this constructive interference occurs, 

a diffracted beam of X-rays will leave the crystal at an angle equal to that of the incident beam.3 

The position of diffraction peaks are determined by the distance between parallel planes of atoms.  

 

Bragg’s equations:     λ = 2dhkl Sinθ    (2.3) 

 

Figure 2.13 X-rays reflecting from a crystalline surface. 
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Diffraction peaks obtained from powder XRD are associated with Bragg’s planes separated by a 

constant parameter, d. Miller indices (hkl) are used to identify the atomic planes (figure 2.4). The 

miller indices (hkl) define the reciprocal of the axial intercepts. 

 

 

The crystallographic direction (hkl) is the vector normal to (hkl). dhkl (figure 2.4) is the vector 

extending from the origin to the plane (hkl) or the unit cell to intersect the crystallographic plane 

(hkl) at a 90°angle. The vector dhkl is used in Bragg’s law to determine the position of the 

diffraction peaks in the diffraction pattern. The magnitude of the vector dhkl  is the distance between 

parallel planes of atoms in the family (hkl).3 

dhkl is a geometric function of the size and shape of the unit cell. The intensity of the diffraction 

peaks is determined by the arrangement of atoms in the entire crystal.  

                                                               Ihkl ∝  |Fhkl|                                             (2.4) 

                                         Fhkl =  ∑ mj=1  Nj fj exp[2π(hxj + kyj + lzj)]                (2.5) 

where xj, yj, zj → fractional coordinates 

Figure 2.14 Schematic representation of (a) dhkl (b) Atomic planes of NaCl crystal 
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fj → scattering factor, quantifies the efficiency of X-ray scattering at any angle by the group of 

electrons in each atom 

Nj → fraction of every equivalent position that is occupied by atom j.  

The structure factor Fhkl sums the result of scattering from all the atoms in the unit cell to form a 

diffraction peak from (hkl) planes of atoms.  

For parallel planes of atoms, with a space dhkl between the planes, constructive interference only 

occurs when Bragg’s law is satisfied. Diffractometers have a fixed wavelength of X-rays. 

Consequently, a family of planes generates a diffraction peak only at a specific angle 2θ. 

Additionally, the plane normal [hkl] (perpendicular to a plane of atoms) must be parallel to the 

diffraction vector, s (the vector that bisects the angle between the incident and diffracted beam and 

is normal to the surface of the sample).4  

 

The powder diffractometers typically use the Bragg-Brentano geometry.5  

ω→ incident angle, between the X-ray source and the sample 

2θ→diffraction angle, between incident beam and the detector 

Figure 2.15 Schematic representation of powder diffractrometer with Bragg-Brentano geometry. 
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                                          ω =
1

2
 2θ                              (2.6) 

Powder samples contain thousands of crystallites. For every set of planes, there are a small 

percentage of crystallites that are properly oriented to diffract. The basic assumption of powder 

diffraction is that for every set of planes, there is an equal number of crystallites that will diffract 

and that there is a statistically relevant number of crystallites, not just one or two. Samples can be 

powder, sintered pellets, coating on substrates engine blocks. The “ideal” powder sample contains 

thousands of randomly oriented crystallites.6 Every diffraction peak is the product of X-rays 

scattering from an equal number of crystallites with only a small fraction of crystallites 

contributing to the measured diffraction pattern.  

The thousands of randomly oriented crystallites in a sample produce a Debye diffraction cone that 

corresponds to a single Bragg’s angle (2θ). The linear diffraction pattern is formed as the detector 

scans through an arc that intersects each Debye cone at a single point, thus giving the appearance 

of a discrete diffraction peak.6 

 

Figure 2.16 The intersection of d100 vectors from a powder with the Ewald sphere. 
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2.5 Rietveld Refinement for identification and quantification of crystal phases 

In the classical method of crystallographic data analysis each Bragg peak is isolated, a table of the 

position and integrated intensity for each peak is produced, and the fitting to the calculated position 

and intensity attempted. The fully automated version of this approach is successfully implemented 

in single crystal structure determinations till date. However, this approach has limitations in 

solving powder diffraction data in case of complex structures where the Bragg peaks get closer 

together and begin to overlap each other. In the Rietveld method, the whole pattern of diffracted 

intensity, the diffraction profile, as a function of the diffraction angle (2θ) is calculated for the 

model including the modifications to the profile due to experimental effects such as the peak shape, 

absorption, polarization correction, the Debye-Waller factor, sample geometry, and the 

background. The calculated intensity profile, Ical (Q), is compared to the data, and each parameter 

of the model is refined to obtain the best-fit structural model.7 For this purpose, the R-factor 

(residual function) is defined as the difference between the model and the experiment. 

                      Rw =  √
∑ ωN

i=1 (ri) [G obs(ri)- G calc(ri)]2

∑ ωN
i=1 (ri) G obs

2(ri)
          (2.7) 

The R-factor is minimized in a procedure of least square fitting. Ideally, R should become zero, 

but because of various errors it remains non-zero. The residual value of R indicates the quality of 

the fit. Usually, a R value below 10% is considered to represent good fitting. Another commonly 

defined factor is Rwp (weighted profile R-factor)8 in which the statistical significance of each data-
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point is taken into account by weighing its contribution to the residual function. It is defined as 

weighted profile R-factor.  

              Rwp =  √
∑    wi (yi- Mi)2N

i=1

∑    wi (yi)2N
i=1

            (2.8) 

When Rietveld method was proposed it met with strong skepticism. However, it is more amenable 

to modern computers and gained popularity becoming the standard method of data analysis in 

powder diffraction at present. There are a wide range of Rietveld programs available, some of the 

most commonly used being GSAS, FULLPROF, HIGHSCORE PLUS.  

 

2.6 Pair Distribution Function Analysis (PDF) 

The study of materials has been historically split into the study of crystalline and non-crystalline 

materials. In crystalline materials, the atoms sit on an imaginary three-dimensional grid of points 

called crystal lattice with short-range and long-range order. Non-crystalline materials lack a 

systematic and regular arrangement of atoms over relatively larger atomic distances. They include 

amorphous solids, polymers and nanostructures that have well-defined local structure but the long-

range order is limited to a few nanometers. Bragg’s law is the foundation of crystallography which 

is based on the crucial assumption of perfect lattice periodicity. If the structure of a crystal is not 

reasonably periodic, the benefits of Bragg’s law cannot be reaped. Consequently, as the studies of 

crystalline materials based on Bragg’s law advanced, the study of non-crystalline materials 

languished. The powder x-ray diffraction pattern (PXRD) provides an average three-dimensional 

structure of the reciprocal lattice and the position and intensity of each Bragg’s peak represents a 

periodic occurrence of an atomic pane in the crystal (Figure 2.8). Any large aperiodic local 

displacements of atoms usually have significant consequences on the properties of the materials 
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such as change in the intensity of the Bragg’s peaks. However, they do not change the average 

symmetry or reflect in the location of Bragg’s peaks. Hence, the XRD patterns of materials with 

low crystallinity and high dispersion are challenging to analyze by traditional approaches.  
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Figure 2.17  (a) Experimental XRD patterns for crystalline, fungal and bacterial MnOx.
14(b) Atomic PDFs of the 

crystalline, fungal and bacterial MnOx. PDF peaks reflecting first neighbor Mn-O and Mn-Mn correlations are marked 

with arrows. A model PDF (red) based on the structure of hexagonal birnessite. (c) top view of single layer structure of 

hexagonal birnessite.  
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For instance, sharp bragg peaks are observed in the XRD pattern of synthetic birnessite, as 

expected for materials with good crystallinity. However, the XRD patterns of bacterial and fungal 

birnessite MnOx show only a few broad Bragg-like peaks rendering them difficult to analyze by 

traditional approaches.  

The Bragg’s diffraction data is collected in reciprocal space (Figure 2.7). Atomic pair distribution 

function (PDF) analysis utilizes the total scattering data from XRD and single peak represents the 

probability of finding a pair of atoms at a distance “r” from a given atom (Figure 2.18). The refined 

XRD data generates atomic pair distribution function, G(r) =  4Πr [ρ(r)-ρo] , where ρ(r) and ρo 

are the local and average atomic number density, respectively. G(r) for birnessite exhibits a series 

of well-defined peaks to high real-space distances reflecting the presence of long-range, periodic, 

atomic ordering. The first major peak at ~ 1.90 Å in G(r) correspond to Mn-O correlations in the 

first O coordination shell of Mn. The peaks at ~ 2.85 Å are dominated by Mn-Mn and O-O (bridged 

O) correlations in two-edge sharing Mn octahedra. Adsorption of Mn2+/3+ on vacant sites results in 

~ 3.50 Å MnOL-MnIL correlation. Other pair correlation contributions at 4.44, 4.92, 5.69 and 6.00 

Å mainly result from correlations within a single Mn layer.  
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2.7 Synchrotron: In-situ powder X-ray diffraction (PXRD) and Pair distribution function 

analysis (PDF)  

In order to attain an insight into different crystallographic phases and their correlation with 

catalytic performance, in-situ measurements were carried out at Advanced Photon Source (APS) 

at Argonne National Laboratory, Lemont, Illinois. The following characterization techniques were 

used for the in-situ analysis:  

a. Powder X-ray diffraction (PXRD) 

b. Pair distribution analysis (PDF) 

For the experimental procedure, approximately 5-6 mg of the sample was placed in a quartz 

capillary reactor (catalyst bed size ~ 1 cm) plugged with glass wool on either sides. The capillary 

was mounted on a stainless-steel bracket support and secured with a glue resistant to high 

temperatures on both ends. The reactor cell9 (figure 2.8) was then connected to the full feed system 

comprised of gas inlet and outlet, heating gun below the catalyst bed and the analysis system. 
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PXRD and RGA measurements were conducted on the fresh catalyst. Firstly, hydrogen gas (5% 

Helium balanced) was introduced into the system at 200°C for catalyst reduction and cooled down 

to room temperature post reduction process. Further, the syngas mixture (CO:H2=1:2, 5% , Helium 

balanced) was introduced. The glass reactor temperature was then increased to 200° C at the rate 

of 10° C/min. Approximately 7 cycles of measurements were collected during this isothermal step. 

Figure 2.18 Experimental set up of the synchrotron apparatus, stainless steel bracket maintaining 

the glass reactor (up) and in-situ cell (down). 
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The system was then ramped up to next operating temperature and the same procedure was 

repeated.  

2.8 Custom-flow reactor  

A lab-scale custom flow reactor was built for the FTS study. The gas cylinders were secured with 

appropriate CGA fittings and connected to the gas inlets secured by Swagelok connections (Figure 

2.9).  

 

The gas flow rates were adjusted and monitored by FL-3000 mass flowmeters equipped with built-

in polytetrafluoroethylene (PTFE) needle valves with Kel-F, borosilicate glass, sapphire and 

perfluorodastomer O-rings. The catalyst was loaded in a removable U-shaped reactor system 

plugged with glass wool on both ends. For each experiment, the catalyst was reduced in 50 mL/min 

Figure 2.19 Stainless steel custom-flow FTS reactor 
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H2 flow at 200° C for 12 hours. After catalyst reduction, the reactor was cooled down to room 

temperature. The syngas mixture (CO:H2= 1:2) was introduced to the system at 50 mL/min with a 

stepwise temperature ramp up to 500°C (200°C, 250°C, 300°C, 350°C, 400°C, 450°C, 500°C). 

Each temperature point was dwelled for 1-3 hours for stabilization. Once the reaction temperature 

was reached analysis began. All the components leaving the reactor system were condensed in a 

stainless-steel coil and the outlet gases were directly analyzed by offline GC-FID and GC-TCD. 

 

2.9 Product Analysis: Gas Chromatography 

Product detection and analysis were carried out using offline GC-FID and GC-TCD. For the 

hydrocarbon product analysis, Agilent 6890N was installed with Rt-Q-Bond column. It is a non-

polar PLOT column incorporating 100% divinylbenzene phase. In flame ionization detector (FID), 

the column effluent is swept into a hydrogen flame where the flammable components are burned. 

In the burning process, a very small fraction of the molecules become fragmented, and the resulting 

positively charged ions are drawn to a collector (negatively charged) electrode, a metal cylinder 

above and encircling the flame, while the electrons flow to the positively charged burner head. The 

negatively charged collector and the positively charged burner head are part of an electrical circuit 

in which the current changes when this process occurs, and the change is amplified and seen as a 

peak on the recorder trace. The FID is a very sensitive detector for organic substances that burn 

and fragment in a hydrogen flame. The analysis methods and calibrations are detailed in Chapter 

4.  

Thermal Conductivity Detector (TCD) is a universal detector that can detect air, hydrogen, carbon 

monoxide, nitrogen, sulfur oxide, inorganic gases and many other compounds. The TCD is a non-

specific and non-destructive detector. For most organic molecules, the sensitivity of the TCD is 
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lower compared to the FID. In GC-TCD the carrier gas is both used to transfer the sample through 

the column and into the TCD-detector and as a reference gas. Helium is typically used as a carrier 

gas for the TCD owing to its high thermal conductivity. However, nitrogen, argon or hydrogen are 

also used as carrier gases depending on the substances in the sample. An Agilent 7890A gas 

chromatograph equipped with a Carbonex fused silica plot column were utilized to analyze 

hydrogen, carbon monoxide and carbon dioxide in the reaction mixture.  

 

Calculations    

The following calculations were employed to evaluate the results obtained from the product 

analysis:  

% CO conversion = [(total concentration/mass of FT products) /(total mass/concentration of CO)]  

Product selectivity = [(moles of carbon number (Cn) X Cn) / (Cn X total moles of all Cn)] 

 

2.10 Product distribution 

Anderson-Schulz-Flory (ASF) distribution has been typically used to determine the composition 

of the products as a function of the operating conditions of the reactor. It assumes that the FTS 

reactor is a polymerization reactor.10 The mole fraction of the hydrocarbons, mn depends on the 

probability of chain growth, α, which in turn is a function of the temperature and the H2:CO ratio 

as follows where i= number of carbons. 

α = (0.2332 ∙ (
yco

yco+yH2
) + 0.6333) ∙ (1-0.0039 ⋅ (T(°C) + 273)-533)      (2.30) 
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wi =  αi-1(1-α)2 ∙ i              (2.31) 

mn =  
wn

n
=  

(1-α)2

α
 αn    (2.32) 

Where n is the carbon number of the product atom, mn is the mole fraction of the hydrocarbon with 

chain length n and α is the ASF chain growth probability 

α =
Rp

Rp+ Rt
   (2.33) 

Where Rp and Rt are the rate of propagation and termination.10 A semi-logarithmic plot of the 

product mole fraction as a function of carbon number should generate a straight line, and chain 

growth probability, α, can be readily obtained from the slope as described in Figure 2.10. 

 

Figure 2.20 Classical Anderson-Schultz-Flory distribution of all products.  
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Although ASF distribution law gives a fair description of FTS products, there are significant 

deviations in the FT product distribution as described in Figure 2.11.  

 

While the deviations are generally attributed to the occurrence of secondary reactions such as 

hydrogenation, isomerization, α-olefins re-insertion and hydrogenolysis, van Dijk drew attention 

to the fact that FTS is not an ideal polymerization reaction assumed in the ASF model. The 

monomer has to be formed in situ on the catalyst surface from the reactants CO and H2, the rates 

of surface reactions are chain length dependent and the primary products can undergo secondary 

reactions that influence the product distribution and the primary products can undergo secondary 

reactions that influence the product distribution.11,12 These dissimilarities of FTS from ideal 

polymerization kinetics account for the deviation of FTS product distribution from the ideal ASF 

distribution.  

Figure 2.21 Experimental product distribution in comparison to ASF 

distribution law.  
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CHAPTER 3: EFFECT OF WATER FRUSTRATION ON WATER 

OXIDATION CATALYSIS IN THE NANOCONFINED 

INTERLAYERS OF LAYERED MANGANESE OXIDES 

BIRNESSITE AND BUSERITE. 
(Note: Content of this chapter is adapted from the publication "Bhullar, R. K.; Zdilla, M. J.; Klein, M. L.; 

Remsing, R. C. J. Mater. Chem. A 2021, 9, 6924.") 

 

3.1 Introduction 

Solar hydrogen remains to be realized as a replacement for fossil fuels. Currently, humanity’s main 

source of hydrogen is preparation from natural gas, which produces carbon dioxide as a byproduct. 

Hence, it is not yet a carbon-neutral source of hydrogen and its use undermines the main incentive 

of switching to a hydrogen economy, i.e., the reduction of fossil fuel consumption.1 

Indeed, fossil fuels represent the end products of solar energy storage itself through primary 

photosynthesis and the food chain over billions of years.2 The invention of oxygenic 

Figure 3.1 Structure of oxygen evolving complex (OEC), CaMn4O5 cluster in PSII.  
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photosynthesis, the light driven oxidation of water to molecular oxygen, stands as one of the 

pivotal evolutionary innovations in the history of life on Earth.2,3 The initial water oxidation step, 

known as Kok cycle, is carried out at the oxygen-evolving complex (OEC), the CaMn4O5 cluster, 

active site of photosystem II (PSII) found in cyanobacteria, plants and algae (Figure 3.1).4,5  

PS II absorbs photons that drive the separation of charge, which is transferred through several 

redox cofactors.6,7 The ultimate electron donor is water, being oxidized to molecular oxygen and 

releasing four electrons and four protons. These protons and electrons are then shuttled to 

Photosystem I, where hydrogen is temporarily stored by attaching to NADP+, reducing it to 

NADPH. These reducing equivalents are finally employed in the Calvin cycle of photosynthesis 

where the hydrogen atoms are used to synthesize CO2-derived glucose, which is the fuel produced 

by nature.8 PSII is capable of supporting photosynthetic life with a turnover number greater than 

100,000 and rate constant of 400 s-1. However, due to the need of specific protein environment for 

optimal water-splitting activity, it is not a viable catalyst for industrial application.9,10  

The contemporary imperative is for a system that can replicate this process with high efficiency. 

In this regard, an artificial photosynthesis scheme that can generate fuels from solar-driven uphill 

chemical reactions stands as a “holy grail” of modern day chemical science.11,12 One such reaction 

is the splitting of water into molecular oxygen and hydrogen:  

2H2O(l)   → 2H2(g)  +   O2 (g)                     Eo = -1.23 V                  (3.1)        

This overall reaction can be divided into two half-reactions, first involving oxidation process 

known as oxygen evolution reaction (OER) and the second involving reduction known as hydrogen 

evolution reaction (HER): 

    2H2O(l)  →  O2(g) +  4H+(aq) + 4e-                      Eo = (1.23-0.059 x pH ) V v/s NHE   (3.2) 
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    4H+(aq) + 4e-  →    2H2 (g)                                     Eo = (0-0.059 x pH ) V v/s NHE        (3.3)  

Of the two half reactions, OER remains to be more kinetically hindered of the two processes, as it 

requires the efficient completion of four electron oxidation of water to molecular oxygen (Equation 

3.2).13 The challenge of splitting water is that while it takes only 1.23 V to thermodynamically 

drive the reaction, practically, there are kinetic barriers to OER and HER as well as ohmic losses 

that require additional potential beyond that of 1.23 V to coerce the reaction to an appreciable rate:  

                        Ein  =  E0 +  ηOER +   ηHER +  ηΩ                                   (3.4)  

where Ein is the applied input potential, E0 is the standard potential for water splitting (1.23 V), 

and η represents the overpotentials associated with the half-reactions and the ohmic resistances.14 

Because only 1.23 V of potential is stored, all applied potential beyond this is wasted. Thus, the 

overpotential can be conceptualized as the kinetic barrier that needs to be surmounted before the 

reaction can occur (Figure 3.2).  

 

These activation barriers result from multiple electron and proton transfers that create high-energy 

intermediates. As a general rule of thumb, each additional redox transformation imposes further 

Figure 3.2 Ilustration of thermodynamic and kinetic barrier.  
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kinetic penalities on the reaction. Thus the HER reaction, which involves two electrons and two 

protons, is considered kinetically “easier” as compared to the OER. This sentiment is reflected in 

comparing HER and OER catalysts where the best HER catalyst (Pt metal) can achieve current 

densities of the order of 10 mA/cm2 with η ≤ 50 mV while the best OER catalyst (Ir oxides) require 

η = 200-300 mV to match the same reaction rate.15–18 The goal for water splitting is to minimize 

the overpotential of the reaction to increase the efficiency of storing energy in the reaction. To 

achieve better efficiencies, catalysts are employed to decrease the overpotentials by lowering the 

activation energies of the OER and HER. Because our goal is to employ water splitting on a global-

scale for energy storage, development of highly active earth abundant catalysts for OER is 

mandatory.    

Generally, heterogenous catalyst systems are more practical OER catalysts as compared to 

homogenous systems because of their stability, cost-effectiveness and better resistance to 

degradation due to irreversible oxidation. The state of the art catalysts for OER comprise metal 

oxide systems inlcuding dioxides, spinels and perovskites.15,19 The most active OER catalysts are 

Ir and Ru oxides operating at low overpotentials of 0.219V and 0.321V respectively, but they are 

precious and cannot scale to global usage. For decades, there has been intense interest in replacing 

Ir and Ru catalysts with earth-abundant metal oxides. A comprehensive review of these oxides is 

beyond the scope of this chapter given the large combination of unary and mixed metal oxides that 

have been studied.20 

It has been argued that manganese-containing minerals such as rancieite and hollandite have been 

incorporated and involved in the evolution of OEC over billions of years.9 Hence, it is intuitive for 

scientists to study varying class of materials that are chemically and topologically analogus to the 

Photosystem II. Birnessite ([M+
x][Mn3+

xMn4+
1-xO2]) are layered manganese oxide of particular 
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interest in this aspect.21  Birnessite are important manganese containing phases forming a major 

component of deep sea nodules and desert varnish.22 Because of their chemical and topological 

analogy with the catalytically active site of Photosystem II (Figure 3.1 & 3.3), low cost, high 

abundance and green cleaning, extensive studies have been conducted on birnessites to test and 

enhance their catalytic activity towards water splitting.23 Birnessite comprises two-dimensional, 

atomically thin layered, anionic MnO2 sheets with mixed Mn(III)/Mn(IV) oxidation states 

separated by ~7.25 Å and containing a monolayer of Lewis cations and water molecules in the 

interlayer region. Buserite is near-identical class of birnessite except for a greater interlayer 

separation of 10 Å, which accommodates a double layer of water molecules and cations instead of 

birnessite’s single layer (Figure 3.3).24,25  

 

Figure 3.3 Structures of Birnessite and Buserite. Each is a layered oxide of octahedral manganese(III/IV) with hydrated 

interlayer cations. Birnessite has a single layer of cations and a smaller 7.25 Å spacing while buserite has a two layers of 

interlayer cations and a larger 10 Å spacing. 
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Birnessite has two main crystallographic phases: hexagonal and triclinic. Both materials consist of 

sheets of edge-sharing MnO6 octahedra separated by interstitial hydrated cations (Figure 3.4).26, 27 

 

Triclinic birnessite contains edge-shared Mn4+ (with some Mn3+) octahedra within the MnO2 sheets 

while the reduced charge is compensated by interlayer spectator cations (such as K+). In contrast, 

hexagonal phase contains higher Mn3+ content and as a result does not stabilize distorted Mn3+ 

within the sheets. These Mn3+ are located above or below cationic sheet vacancies in the interlayer, 

bonded via corner-sharing bridges. Poorly crystalline birnessites correlate with higher catalytic 

activity in multiple studies in contrast to triclinic birnessites which have been reported to exhibit 

low activity for water oxidation.26,28 In general, birnessite is traditionally regarded as a poor water 

oxidation catalyst, with overpotentials typically in the range of 800 mV28,29, recent studies have 

demonstrated the enhancement of water oxidation activity beyond that of even the best Mn-O 

based water oxidation catalysts by a combination of approaches. The enrichment of synthetic 

birnessite with Mn2+ and Mn3+ has proven to demonstrate 50-fold turn over number (TON) 

enhancement for water oxidation by which overlaps with the previous studies that Mn(III) defects 

Figure 3.4 (a) 1×1×1 hexagonal unit cell of birnessite (left) (b) 1×1×1 triniclinc unit cell of birnessite (right)  
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are crucial for water splitting catalysis by birnessites in general.30 The study of the role of 

intercalated lewis cations established that the trend in activity for birnessite as water-oxidation 

catalyst in dependence of the type of intercalated alkaline earth cation can be formulated as 

Ca2+>Sr2+>K+>Mg2+.31 Systemic in-layer doping of transition metals has shown to increase the 

catalytic activity owing to enhanced bulk conductivity, enhanced local electron transfer kinetics, 

introduction of defect active sites and kinetic enhancement of the rate-limiting mechanistic steps 

of the active sites.32  

Additionally, the enhancement of geometric frustration of water molecules in the interlayer region 

has been explored by theoretical and molecular dynamical modeling studies.33 The frustrated 

hydration structures in the crowded birnessite interlayer can lead to an enhanced electron transfer 

rate in the oxidation step of water splitting and hence enhance catalytic activity for water oxidation. 

This is because the supersaturation of this interlayer by the interstitial cations prevents the 

complete coordination of interstitial cations by water molecules, leading to enhanced water 

dynamics, which reduces the reorganization energy (λ) in the Marcus description of electron 

transfer. While this phenomenon has been examined in a detailed report of molecular dynamics 

simulation supported by vibrational spectroscopy, and exploited the phenomenon in several reports 

where this frustrated interlayer environment has been used to enhance catalytic activity by nickel 

and cobalt ions, these studies were complicated by the simultaneous alteration of more than one 

feature of these birnessites in the comparative samples. For example, by the introduction of in-

layer or interlayer transition metal ions, not only the degree of water frustration is altered, but also 

the Mn (III) content, defect density, in-layer hole mobility and interlayer conductivity.  

This chapter seeks to establish the role of water frustration by catalytic assessment of analogus 

birnessite and buserite samples from the same split-batch synthetic material in order to evaluate 
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comparable birnessite and buserite samples that have the same average manganese oxidation state, 

the same interlayer cation content, the same defect density and where the only difference is that of 

the interlayer water structure. Two sets (interlayer Na+ v/s Ca2+) of buserite and birnessite samples 

were examined, as well as partially dehydrated birnessite with an even greater degree of expected 

water frustration. This chapter reports a well-controlled evaluation of the role of water frustration 

apart from influences of other properties of synthetic layered manganese oxide samples. 

 

3.2 Results and Discussion 

The main goal of this study was to correlate the role of water frustration to the OER activity of 

birnessite. To accomplish this task, a series of birnessite samples were synthesized which primarily 

differed in the interlayer content. First, Na-intercalated buserite, Na-intercalated birnessite and 

partially dehydrated Na-birnessite were synthesized. However, Na-buserite is unstable at room 

temperature and in the presence of air losing a part of the hydrates to form Na-birnessite.24 This 

makes the study of Na-buserite very difficult. To address this issue, Ca-intercalated samples were 

synthesized as they are stable towards dehydration upto 60° C hence suitable for our comparative 

studies.   
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The PXRD pattern (Figure 3.5) of Ca-Buserite showed (001) and (002) peaks at a d-spacing of  
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Figure 3.5 PXRD patterns of standard triclinic birnessite, buserite and 

dehydrated birnessite samples. 

 

Figure 3.6  Figure 3.6 SEM images (a) Ca Birnessite (b) Ca Buserite (c) Na Birnessite (d) Na Buserite                       

(e) Dehydrated Birnessite 
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10.20 Å and 7.25 Å (3.99° and 5.62° 2θ) respectively, correspond to the stacking direction. 

However, after converting to Ca-Birnessite, the (001) peak shifted to 7.25 Å (5.62° 2θ) due to loss 

of interlayer water molecules. Similar trend was observed after converting Na-buserite to Na-

birnessite, (001) peak shifted from 10.20 Å to 7.21 Å (3.99° and 5.64° 2θ) respectively. The (001) 

peak after partial dehydration shifted from 7.21 Å to 5.65 Å (5.64° and 7.76° 2θ) which is typical 

of dehydrated birnessite.24 SEM images (Figure 3.6) suggested that the flower-pod morphology 

typical of birnessite and buserite were maintained regardless of the addition or removal of 

interlayer water molecules.34 TEM images (Figure 3.7) showed a similar layered structure in all 

the samples. 

 

 

  

 

Figure 3.7 TEM images (a) Ca Birnessite (b) Ca Buserite (c) Na Birnessite (d) Na Buserite    

(e) Dehydrated Na-Birnessite 
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IR spectra of birnessite and buserite samples are shown in Figure 3.8. The absorption peaks around 

3200 cm-1 correspond to the OH-stretch of water molecules. The bending vibration peaks of 

interlayer water molecules were observed around 1600 cm-1.24 However, these peaks were 

relatively sharper in buserite samples as compared to birnessites which indicated a greater degree 

of ordering of water molecules in buserite. The peaks around 600 cm-1 are characteristic of Mn-O 

stretch in birnessite. 
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Figure 3.8 IR spectra of standard triclinic birnessite, buserite and dehydrated 

birnessite. 
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The results of elemental analysis from ICP-MS (Table 3.1 and 3.2) and SEM-EDS (Figure 3.9) are 

shown below.  

 

Atomic 

composition 

(%)

Na-

Birnessite

Na-

Buserite

Ca-

Birnessite

Ca-

Buserite

Dehydrated 

Birnessite

Na 11.13 10.26 3.5 3.2 18.3

Mn 32.1 27 23.6 30.6 23.45

O 56.7 62.8 71 60.95 56.3

Ca - - 7.1 7.05 -

Cl - - - - 0.3

Table 3.1  

 

Table 3.1 Elemental content of the samples obtained from ICP Spectroscopy. 

 

Sample C [Mn]  µmol/L [Na] µmol/L [Ca] µmol/L

Ca Buserite 222.009 6.684 153.952

Ca Birnessite 280.866 8.406 118.393

Na Buserite 101.358 13.373 -

Na Birnessite 258.817 101.559 -

Dehydrated Birnessite 258.817 101.559 -

Table 3.2  

 

Table 3.2 Atomic composition measured by EDS. 
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Figure 3.9 Elemental composition as measured by Energy dispersive 

spectroscopy, (EDS). 
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Electrochemical surface area measurements on catalytic materials were determined using 

electrochemical measurement of double-layer capacitance. These measurements on buserite, 

birnessite, and dehydrated birnessite offered insights into whether changes in catalytic activity 

could merely be a function of surface area. These measurements showed that upon conversion of 

buserite to birnessite by dehydration and collapse of the stacking distance, the electrochemically 

active surface area decreased by about half. Dehydration of sodium birnessite by further heating 

did not change the electrochemically active surface area. These data are presented in Table 3.3 and 

Figures 3.10-3.11. 

 

 

 

 

Figure 3.10  

 

Figure 3.10 Top: Determination of DLC response of a 7.1 mm2 glassy carbon electrode as a function of scan rate. 

Bottom: DLC current response (blue = positive and red = negative) vs. scan rate. Linear fit shown as dotted lines. 
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Figure 3.11  

 

Figure 3.11 Top: Determination of DLC response of samples as a function of scan rate. Bottom: DLC 

current response (Icath - Ianod) vs. scan rate. Bottom: DLC vs. Scan rate, and linear fit shown as dotted 

line. 
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Figure 3.11 Top: Determination of DLC response of samples as a function of scan rate. 

Bottom: DLC current response (Icath - Ianod) vs. scan rate. Bottom: DLC vs. Scan rate, and 

linear fit shown as dotted line. 
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High-resolution X-ray photoelectron spectra were obtained for each sample and fit for the 

approximation of average oxidation state using the approach of Nesbitt.35 Average oxidation states 

(AOS) were similar for the samples. AOS 3.52 for Ca-birnessite, 3.64 for Na-birnessite, and 3.55 

for dehydrated Na-Birnessite. XPS of Na-busserite could not be determined due to dehydration of 

the material under vacuum back to birnessite. XPS of calcium buserite gave a slightly higher AOS 

of 3.72. XPS spectra and average oxidation state are shown in figure 3.13 and table 3.4 

respectively.  

 

Table 3.3 Electrochemical surface area (ECSA) and 

thickness of catalyst ink in electrochemical catalysis. 
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. 

 

Figure 3.12 XPS spectra of Mn 2p. An analysis of Mn 2p3/2 indicates that the major 

species are Mn(IV) with small concentration of Mn(III) and Mn(II) 

Sample Name Average oxidation state 

Dehydrated Na-Birnessite 3.55 

Na-Birnessite 3.64 

Ca-Birnessite 3.52 

Ca-Buserite 3.72 

 Table 3.4 Average oxidation state from fitting of XPS in Figure 3.13 
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OER activity was tested by using glassy carbon electrode in electrochemical experiments and by 

exposing the catalyst to the chemical oxidant (ceric ammonium nitrate) which can drive water 

oxidation in the presence of the catalyst. 

                        2H2O (l) + 2Ce4+(aq) →  O2(g) +  2Ce3+(aq) +  4H+(aq)                       (1.5) 

The results of these experiments are illustrated in Figure 3.13 The electrochemical activity of 

layered phases improved with decreasing interlayer water content. The overpotential decreased 

from 1.815 V in Na-buserite to 1.286 V in Na-birnessite. Similarly, the overpotential decreased 

from 1.455 V in Ca-buserite to 1.297 V in Ca-birnessite. With further removal of water molecules 

in the interlayer, the overpotential decreased to 1.056 V in dehydrated Na-birnessite (Figure 3.13a). 

The Tafel plot improved from 1.79 V/dec in Na-buserite to 1.11V/dec in Na-birnessite and 0.875 

V/dec in dehydrated Na-birnessite (Figure 3.13b). The chemical oxidation in the presence of ceric 

ammonium nitrate showed similar trends (Figure 3.13c). The standard Na-Birnessite was active 

for 45 minutes approximately. Increased OER rate was observed with diminishing interlayer water 

molecules (Table 3.5) Dehydrated birnessite possessed highest activity with a turn over number 

(TON) of 198 mmol of O2/mol of Mn, in comparison to Na-birnessite with a TON of 114 mmol 

of O2/mol of Mn and Na-buserite with a TON of 11 mmol of O2/mol of Mn. The TON increased 

from 56 mmol of O2/mol of Mn in Ca-buserite to 68 mmol of O2/mol of Mn in Ca-birnessite.  

 

 



73 
 

 

1.5 2.0 2.5 3.0

Potential(V)

2

4

6

8

10

Ca-Birnessite

Ca-Buserite

Na-Birnessite

Na-Buserite

Dehydrated Birnessite

C
u

rr
en

t 
D

en
si

ty
 m

A
/c

m
2

0 0.5 1.0

log i (mA/cm2)

0.5

1.0

1.5

2.0

Ca-Birnessite

Ca-Buserite

Na-Birnessite

Na-Buserite

Dehydrated Birnessite

O
v

er
p

o
te

n
ti

a
l 

(V
)

Figure 3.13 Water oxidation activity of the catalysts (a) Linear sweep voltammetry (10mV/s; standard calomel reference 

electrode and Pt wire was used as the counter electrode. (b) Tafel plot (c) Ceric ion oxidation of water catalyzed by birnessite 

and buserites with mmol of O2 evolved normalized by mass (mg) of Mn content of the catalyst. 
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Table 3.5 Turn over number (TON) and Turn over frequency (TOF) for the catalytic efficiency 

towards water oxidation 

 

Table 3.6 Overpotential (V) and Tafel slope for electrocatalytic water oxidation.  
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The broadening of peaks in the PXRD patterns (Figure 3.13) of the samples post catalysis indicated 

that the catalysts undergo structural damage during the water oxidation which could be because of 

the introduction of ceric ions in the interlayer region or oxidative damage to the sheet structure. 

The interlayer region of dehydrated birnessite was observed to be hydrated during the water 

oxidation catalysis because of the shift of (001) peak to 7.25 Å in post catalysis PXRD pattern      

(Figure 3.14). 

 

3.3 Discussion 

Due to a high degree of variability in the activities, surface areas, average oxidation state, and 

defect density of synthetic layered manganese oxides, examination of the role of a single 

phenomenon on catalysis is difficult, since different batches of layered MnO2 will have variation 

in several correlated properties. In order to test the role of water frustration on catalytic efficiency, 

a controlled preparation of partially dehydrated birnessite, birnessite and buserite samples was 

performed with structural and compositional control in mind. To achieve this, we prepared a series 

of layered manganese oxides using variations on a protocol for triclinic birnessite. While this 

polymorph of birnessite is less active in catalysis than the hexagonal birnessite used in our previous 

10 20 30 40
2θ ( )

Ca Birnessite
Ca Buserite
Na Birnessite
Na Buserite
Dehydrated Birnessite

Figure 3.14 PXRD patterns of triclinic 

birnessite and buserite post catalysis. 
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studies,3 it is advantageous for this controlled experiment as it has relatively lower defect density 

and higher crystallinity. To prepare this series, a split batch method was used whereby individual 

samples of sodium birnessite were split and converted to sodium buserite, calcium buserite, 

calcium birnessite and partially dehydrated birnessite under mild conditions. By this approach, the 

structure and composition of the anionic MnO2 sheets were maintained across samples to the 

maximum degree possible, and the only significant difference between samples was the interlayer 

content, i.e., cation identity and degree of hydration. Characterization of the samples by XRD 

confirmed the expected interlayer spacing of birnessite and buserite samples by the difference in 

the position of the 001 and 002 Bragg peaks of buserite to 3.99° and 5.62° respectively in 

comparison to birnessite, with the same peaks at 5.64° and 11.2° (Fig. 3.5). This corresponds to a 

difference in interlayer spacing: 7.25 Å and 10.20 Å for birnessite and buserite respectively, due 

to difference in the number of cation/water layers. The presence of a second water layer in buserite 

“dilutes” the interlayer concentration of the cations and was expected to result in a greater degree 

of inter-water hydrogen bonding.  FTIR showed an increase in broadness of the O-H stretch (3200 

cm-1) and bend (1600 cm-1) resulting from increased hydrogen bonding among water molecules, 

which widens the range of stretching frequencies due to a large array of dielectric environments 

of the O-H bonds. While the difference between the Na-birnessite and buserite OH peak widths in 

Figure 3.8 is clear, the peak width difference for the Ca-containing samples was more subtle in the 

case of the OH stretching peak (3200 cm-1), and not apparent at all for the OH bending mode (1600 

cm-1). This is most likely due to decreased water frustration in Ca-birnessite than in K-birnessite; 

the higher charge of the Ca2+ requires half the concentration in comparison to K+ ions in order to 

achieve charge balance. The lower concentration of Ca2+ ions suggested a greater opportunity for 



77 
 

H-bonding in interlayer water molecules in Ca-birnessite, leading to broader OH stretches in Ca-

birnessite than in K-birnessite. 

The samples were tested for their catalytic efficiency for water oxidation based upon two 

approaches: electrochemical water oxidation under alkaline conditions, and chemical water 

oxidation by ceric ion under acidic conditions (~ pH = 2). It is worthwhile to note that these 

samples do not represent excellent catalysts like those we have reported previously. 3 This is 

because the purpose of this report was not to maximize catalytic efficiency, but to test the role of 

a single phenomenon: water frustration. Therefore, in this report we deliberately avoided catalytic 

enhancement by other means available, including Mn(III) enrichment, structural defect 

incorporation and dopants, which improved the catalytic activity. Instead, we focussed here on a 

well-controlled comparison using a synthetic approach36,37 that minimized defects so that the role 

of interlayer hydration may be directly assessed apart from other influences. Independent of 

whether chemical or electrochemical oxidation is examined, a general trend emerged that as the 

level of interlayer hydration decreases from buserite to birnessite to dehydrated birnessite, the 

catalytic efficiency towards water oxidation increases. The latter result was consistent with a 

previous report from Chen et al. that demonstrated that annealing of a nickel birnessite OER 

catalyst resulted in a decrease in interlayer spacing, and corresponding increase in catalytic 

activity.38 In this report, a change in Mn oxidation state from annealing, and a change in charge 

transfer resistance was cited as a cause for the increase in catalytic activity. As our oxidation state 

also decreased slightly (0.1 e- per manganese) upon formation of dehydrated birnessite at 300 °C, 

this effect could also be in play for dehydrated birnessite. However, this oxidation state change is 

small, and likely within experimental error of the XPS fitting. Further, high-temperature annealing 

was was not undertaken for buserite-birnessite conversion reactions, and probably did not drive 
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significant redox chemistry. Further, it is worthwhile to note that the electrochemically active 

surface area (Table 3.3) decreases by about half upon the conversion of buserite to birnessite, and 

does not change signficiantly upon dehydration of birnessite. Therefore, active surface area did 

not explain the difference in catalytic activity.   

At first the observation that decreasing interlayer hydration improves catalysis might seem 

counterintuitive since water is the catalytic substrate, and since normally, reaction rates are 

presumed proportional to (some power of) the concentration of the substrate. Our past work 

predicted39 that geometric frustration of interlayer water increases relevant fluctuations of water, 

leading to faster redox catalysis based on Marcus theory, even though there is less water present. 

We have exploited this prediction to generate some of the most active Mn-based water oxidation 

catalysts known,30,37,39–42 but until now have yet to offer a well-controlled examination of the role 

of this water frustration in the absence of other rate-enhancing effects. 

While XRD analysis provides an understanding of the structure of the MnO2 sheets of layered 

manganese oxides, in order to understand the role water frustration plays on enhancing catalysis 

in layered manganese oxides, a molecular-scale view was required. Spectroscopic investigation 

and molecular dynamics simulations provided these insights. Birnessite and buserite have Lewis 

cations in the interlayer region which are surrounded by water molecules forming a hydration 

structure; see Figure 3.15A-C for an illustration. In buserite, the interlayer cations are expected to 

be better hydrated because of the presence of two layers of water molecules, but no extra cations 

(the number of cations is defined by the average oxidation state in the MnO sheets). Indeed, our 

MD simulations predict that the coordination number of K+, (including ions at the solvent exposed 

interlayer edges), increases according to the following series: 1.5, 4.8, 7.8 water molecules per K+ 

upon increasing the interlayer distance from dehydrated birnessite to birnessite to buserite 
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respectively. The number of water-water hydrogen bonds also increases, resulting in more bulk-

like water in buserite. This is consistent with the observed broadened water O-H stretch signals at 

3200 cm-1 in the IR spectrum of buserite in comparison to birnessite (Figure 3.8). This is especially 

germane to the case of the Na-birnessite samples, which have a larger ion concentration due to the 

lower charge on Na+ compared to Ca2+. This results in more cations required to balance the 

negative charge on the sheets, and therefore greater Na+ concentration and more frustrated water 

molecules than expected for Ca2+. Because of the bulk-like ordering of water molecules in buserite, 

there is a large reorganization energy association with electron transfer, and consequently electron 

transfer rates at these hydrated ions are slow (e.g. 30 ms-1 for aqueous redox ions in direct 

contact)43,44. Of the three classes of materials we examine here, buserite is the most bulk-water-

like, having well-hydrated cations and a significant degree of inter-water hydrogen bonding.  

The geometric constraints and orientational tendencies of water in the three sample types are 

illustrated by the molecular dynamics simulations. In birnessite, water molecules predominantly 

orient their dipoles perpendicular to the MnO surface normal (θD ≈ 90°, Figure 3.15E, black data). 

A small fraction of water molecules form water-water hydrogen bonds, orienting their dipoles at 

θD ≈ 40-50°. We have previously argued from MD that the perpendicularly oriented θD ≈ 90° water 

molecules are geometrically frustrated, giving rise to enhanced polarization fluctuations and 

enhanced electron transfer rates. This behavior is illustrated in a supporting movie in our original 

report.39 The intermolecular water-water hydrogen bonded molecules at θD ≈ 40-50° are not 

frustrated, and do not contribute much to the enhancement of electron transfer rates.39 Upon 

dehydration, birnessite experiences an increase in the proportion of perpendicularly aligned water 

molecules, and the intermolecular water-water hydrogen bonding peak disappears. A new, small 
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peak at θD = 15° appears, corresponding to water molecules doubly hydrogen bonded to oxide ions 

of the same MnO sheet (Figure 3.15D,E, blue data).  

In contrast, in buserite, water molecules hydrogen bond in a fashion similar to bulk water, and 

almost all of them orient their dipoles toward interlayer cations at an angle θD of about 40-50°, as 

illustrated in the histogram in Figure 3.15E. Unlike birnessite and dehydrated birnessite, there are 

no water molecules hydrogen bonded across the sheets and aligned perpendicularly (Figure 3.15E, 

green data). 

To gain a qualitative understanding of electron transfer in these materials, we can consider redox 

reactions in the confined interlayer space within a Marcus theory framework. In this context, there 

are two fundamental quantities: the transfer coefficient, which is proportional to wavefunction 

overlap between the two species involved in electron transfer, and the solvent reorganization 

energy. The amount of overlap increases as the distance between the donor and acceptor decrease. 

Thus, decreasing the distance between Mn and other redox active species (ions and other MnO2 

sheets) serves to increase this component of the electron transfer rate. Indeed, upon partially 

dehydration of birnessite, the Mn-interlayer-ion distance decreases from 4.3 Å to 2.8 Å, and is 
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expected to increase overlap (electronic communication) and the rate of electron transfer between 

the sheet and a redox-active interlayer ion.  

 

 

Figure 3.15 Simulated models of (A) dehydrated birnessite, (B) birnessite, and (C) 

buserite, illustrating the single layer of water ions in birnessite and double layer in 

buserite. Also shown in (D) is a zoomed in snapshot of representative orientations of 

water molecules in the dehydrated birnessite system with the angle made by the water 

dipole moment vector and the MnO2 surface normal (θD) ≈ 90° (left water) and θD ≈ 15° 

(right water). (E) The probability distribution for θD, P(θD), for (blue) dehydrated 

birnessite, (black) birnessite, and (green) buserite. The structure of interlayer water 

changes significantly upon moving from buserite to birnessite. Upon partial dehydration 

of birnessite, the overall distribution is similar, but the peak at 40° disappears and a 

peak at low θD emerges that is consist with water molecules donating two hydrogen 

bonds to one surface, i.e. the rightmost water in panel D. 
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The reorganization energy determines the free energy barrier for electron transfer. This originates 

from the free energetic cost for the solvent to reorganize to a minimum energy configuration in 

response to a polarization state that makes the donor and acceptor equivalent with respect to the 

electron. Without a change in the chemistry of the system, the reorganization energy decreases as 

the interlayer ion coordination number decreases, because there are fewer solvent molecules that 

must reorganize. Thus, a qualitative perspective based on Marcus theory suggests that decreasing 

the interlayer spacing will lead to an increase in electron transfer rates. However, the birnessite 

system presents additional mechanisms for the reorganization energy to decrease even beyond this 

qualitative picture. 

Previous work has shown that electron transfer rates are increased beyond Marcus theory 

expectations due to frustrated solvation of interlayer ions.39 Water molecules in birnessite are 

geometrically frustrated because there are too few of them to satisfy the coordination sphere of the 

interlayer countercation, in combination with their orientation (Figure 3.16). As such, this 

frustration enhances fluctuations of water molecules in birnessite trying to seek a stable 

configuration. This enhancement of fluctuations makes it easier (thermodynamically) for water to 

reorganize in a manner conducive to electron transfer (even electron transfers that don’t involve 

the interlayer cations), which in turn lowers reorganization energies, and is thus predicted to further 

enhance electron transfer rates. 

 

 

 

 



83 
 

 

 

Molecular dynamic (MD) simulations executed by Dr. Richard Remsing indicated that the 

geometric frustration in birnessite arises from water molecules that H-bond to both MnO2 sheets 

and orient their dipole moment perpendicular to the MnO2 normal. Such structures dominate in 

both regular and dehydrated birnessite, though in dehydrated birnessite, there is no persistent 

internal water H-bonding at all, and another minority orientation is observed in the simulation as 

well, with a water molecule doubly hydrogen bonded to the same MnO sheet (θD = 15°, Fig. 3.15 

D,E). This additional orientational degree of freedom provides another source of frustration 

because “up” and “down” orientations are equivalent, leading to more degrees of freedom and 

further enhancement of dynamical behavior. In this sense, water in dehydrated birnessite is 

frustrated in three-dimensions (3D), while water in birnessite is frustrated in two-dimensions (2D), 

and water in buserite is unfrustrated. One may then expect that the increased frustration in 

Figure 3.16 Illustration of the phenomenon of interlayer frustrated solvent water. Left: bulk 

solvated ion with water-water hydrogen bonding and no geometric frustration. Right: 

nanoconfined, water-solvated ions in an interlayer. The central water experiences geometric 

frustration due to insufficient solvent for complete solvation of ions, leading to enhanced 

water fluctuations. 
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dehydrated birnessite will enhance water polarization fluctuations relevant to electron transfer 

beyond those occurring in birnessite, and consequently enhancing electron transfer rates. 

 

 

Figure 3.17 Free energy, 𝛽𝛥𝐹(𝛥𝐸෨) = − 𝑙𝑛 𝑃( 𝛥𝐸෨), as a function of the 

reduced energy gap, 𝛥𝐸෨ = ∆𝐸/∆𝑠𝐽𝑋𝑌, for the charge frustrated XY 

model (CFXY) and the modified CFXY model (mCFXY), shown as data 

points (see SI for model details). The solid curves indicate the 

corresponding parabolic free energy surfaces obtained by fitting the left 

side of the computed free energy. The light gray curve is a representative 

parabolic estimate of the free energy surface for the product state, 

illustrating how the free energy barrier (intersection with data points) 

changes with frustration. Note that electron transfer in buserite is 

expected to follow Marcus theory, i.e. the solid blue parabola, but with 

larger reorganization energies due to the larger coordination number of 

ionic hydration shells, with respect to birnessite. 
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The effects of water frustration on electron transfer were previously explained by developing and 

analyzing a lattice model that exhibits a competition between dipole alignment and ion solvation, 

the charge frustrated XY (CFXY) model.39 This competition leads to frustration in a solution 

containing only cations, as is the case for the systems studied here. To illustrate that the emergence 

of out-of-plane water orientations increases frustration by moving from 2D to 3D frustration we 

extend the CFXY model to include a description of the out-of-plane degrees of freedom. In brief, 

we introduce an additional variable, zi, for solvent degrees of freedom that is equal to 0 if the 

solvent molecule dipole is parallel to the MnO sheet, +1 if it is pointing out-of-plane “upward,” 

and -1 if it is pointing out-of-plane “downward.” When a molecule is pointing out-of-plane, its 

interactions with other solvent molecules and ions are reduced, consistent with the change in the 

orientation of water dipoles. The model is described in detail in the Supporting Information.  

Using this modified CFXY model (mCFXY), we carried out the same calculations as described 

elsewhere33, we mimic electron transfer by changing the charge on a single ion and monitoring the 

energy gap order parameter, ∆E, which adequately describes the progress of a hypothetical electron 

transfer reaction between interlayer ions and the MnO sheets. The free energy as a function of the 

energy gap, βΔF(ΔẼ) = - ln P( ΔẼ), is shown in Fig. 3.17 for the CFXY model with the zi 

modification (mCFXY) and without out-of-plane orientations (CFXY), both in the reactant basin 

where frustration-enhanced fluctuations are most relevant. The free energy basin for the 3D 

frustrated system is wider, indicating a lower reorganization energy for the electron transfer 

reaction. Moreover, the deviations of ∆F(∆E) from the parabolic form predicted by Marcus theory 

(solid lines) is also more significant for the modified (mCFXY) model. This deviation is an 

immediate consequence of frustration, and the increased deviation in the modified CFXY model 

is consistent with its increased number of frustrated degrees of freedom compared to the CFXY. 
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We also show a representative Marcus parabola for the product state in the normal regime to 

illustrate that the barrier for electron transfer (crossing point between parabolas) is reduced upon 

the inclusion of out-of-plane solvent orientation. That is, the electron transfer rate is increased 

when increasing the frustration of solvent molecules from 2D to 3D, as illustrated by birnessite 

(2D) and dehydrated birnessite (3D) simulations. Because buserite does not exhibit frustration, its 

corresponding free energies will not exhibit significant deviations from the Marcus parabolas. This 

alone will lead to lower electron transfer rates. As discussed above, the increased number of 

coordinating water molecules around each ion will further increase the reorganization energy, 

narrowing the parabolic free energy surfaces and further reducing electron transfer rates of buserite 

with respect to birnessite. 

3.4 Conclusion 

The nanoconfined interlayer of layered materials can enhance redox catalysis by the nature of the 

frustrated solvent molecules therein, which lower the reorganization energy for electron transfer 

and increase catalytic efficiency. This has been shown to result in remarkable increases in catalytic 

activity of simple ions when placed into the birnessite interlayer. However, up until now, there has 

been no conclusive controlled experiment to parse the role of solvent frustration from other factors 

(defect density, conductivity, average oxidation state, band structure) that could enhance catalysis 

in in-layer doped layered materials. We demonstrate here that layered materials constructed from 

the same batch of nanosheet, but with differing interlayer structure exhibit significant differences 

in catalytic activity for chemical and electrochemical water oxidation. The dominant factor in these 

differences is the enhancement of relevant water fluctuations due to geometric frustration. 

Although frustration can enhance orientational, dielectric polarization fluctuations, the high level 

of confinement in birnessite can significantly hinder translational motion.45 The slow translational 

motion results from the formation of hydrogen bonds between water and the two confining MnO2 
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sheets, which need to be broken in order for water to diffuse. Despite this slow diffusion, the slow 

migration of reactants and products throughout the interlayer is less important for catalytic 

efficiency than electron transfer rates, as evidenced by the higher activity of birnessite over 

buserite. We expect that future work examining the mechanisms of translational and rotational 

diffusion within the birnessite interlayer will aid in further understanding and engineering the 

catalytic properties of these materials. 

 

3.5 Experimental Details 

 

3.5.1 General Considerations. All reagents were purchased from chemical vendors and used 

without further purification. X-ray diffraction (XRD) was performed on Bruker DUO ADVANCE 

diffractrometer using Mo-Kα radiation from a sealed tube and processed using the DIFFRACEVA 

software package. Transmission electron microscopy (TEM) images were collected using a JEOL 

JEM-1400 microscope operating at 120 kV. Scanning electron microscopy and energy dispersive 

spectroscopy (SEM-EDS) samples were deposited on conductive carbon tape mounted on 

aluminum stubs and images were collected on an Agilent 8500 FE-SEM instrument operating at 

1kV. All manganese oxide samples were analyzed for elemental content using SEM-EDS and 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) using a Thermo Scientific 

iCAP 7000 Series ICP-OES instrument. IR spectroscopy data was collected using a Thermo 

Scientific iS5 spectrometer with a iD5 ATR attachment. 

LSV data was collected using CHI 660E electrochemical instrument using glassy-carbon working 

electrode, 1 M KOH as electrolyte solution, Pt wire as counter and saturated calomel as reference 

electrode.  
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3.5.2 Computational methods. MODIFIED CHARGE FRUSTRATED XY MODEL  

We write the Hamiltonian of the system as 

H = HXY + Hq + HI  (1) 

corresponding to an XY model-like term, a Coulombic term, and a charge-XY interaction term. 

This is Hamiltonian is the same generic form as the charge frustrated XY model. We modify the 

Hamiltonian to account for out-of-plane degrees of freedom by introducing the additional spin 

variable zi; zi = 0 for an in-plane spin (solvent molecule), zi = +1 for an out-of-plane spin point 

upward, and zi = -1for an out-of-plane spin pointing downward. The spin variables enter the 

modified charge frustrated XY model through the coupling constants JXY(zi, zj) and  JI(zi, zj). 

Thus, the form of the Hamiltonians remains the same, but the coupling constants depend on the 

spin states of a central spin and its nearest-neighbors.  

The Coulombic interaction term is unchanged by the additional degrees of freedom, and is given 

by  

Hq =
q2

2
∑ v(rij)i≠j sisjtitj   (2) 

where v(r) is the Coulomb potential, which in two-dimensions is -2 ln r, si is the spin state of 

species i (1 for ions), and ti is equal to 1 for cations, -1 for anions, and 0 for spins. The spin-ion 

interaction Hamiltonian is given by  

HI = - ∑ JI(zi, zj)〈i,j〉 siti(1-tj) cos ϕij   (3) 

where  

JI(zi, zj) = JI(1-ti)[(1-zi
2) + zi

2b] + JI(1-tj)[(1-zj
2) + zj

2b] ,  (4) 
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the sum is over nearest-neighbor pairs, and b < 1 is a parameter that reduces the ion-spin interaction 

consistent with a dipole pointing out-of-plane. In this work, we set b = 0.8.  

The additional spin degrees of freedom also alter the XY model-like piece of the Hamiltonian. 

This becomes  

HXY = - ∑ JXY(zi, zj)〈i,j〉 cos(θi-θj)Θ(1-ti)Θ(1-tj)     (5) 

where 

JXY(zi, zj) = JXY[f0
i f0

j
+ f+

i f+
j

+ f-
if-

j] +
aJXY

2
[f0

i zj
2 + f0

j
zi

2 + f+
i f0

j
+ f+

j
f0

i + f-
if0

j
+ f-

jf0
i ], (6) 

f0
i = (1-zi

2)   (7) 

f+
i =

zi

2
(1 + zi)   (8) 

and 

f-
i =

zi

2
(zi-1)   (9) 

The parameter a lowers the spin-spin interactions in a manner consistent with the weakening of 

dipole-dipole interactions between misaligned water dipoles, and we set a = 0.25 here.  

To perform Monte Carlo simulations of the modified charge frustrated XY model, we carry out 

single-particle moves that change zi, in addition to the single-particle spin moves and two-particle 

swap moves used in previous work (Ref. 6 of main text). Each move type is attempted with a 

probably of 1/3.  
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 3.5.3 Synthesis 

 Synthesis of Na-Buserite. Solutions of 12.589g (0.064 mol) of MnCl2 and 80.67g (2.017 mol) of 

NaOH in 250 mL of deionized water were prepared. These solutions were kept in an ice bath and 

sparged with N2 gas for 1 hour. The MnCl2 solution was slowly added to NaOH solution with 

continued N2 sparging in an oil bath at room temperature. The solution changed to a brown 

suspension. The N2 purging was replaced with O2 bubbling for 5 hours forming brownish black 

precipitate. The suspension was heated to 80° C and aged for 9 hours. The flask was cooled to 

room temperature and the solid isolated by filtration. Before it was permitted to dry, the residue 

was immediately split into two batches for subsequent syntheses as described below.36,37  

Stabilization of Na-buserite and preparation of Na-birnessite. The brownish-black precipitate 

was washed with deionized water till the pH of the solution was below 9.5. About ¾ of the wet 

product was transferred to a beaker and suspended in 1000 mL of deionized water and stirred for 

48 hours. The product was kept under water to preserve the buserite structure from dehydration 

into birnessite.4 The remaining ¼ of the product was air-dried, which resulted in conversion into 

12.5 g of Na-birnessite.  

Synthesis of Ca-buserite. A 500 mL solution of 1M CaCl2 was prepared and treated with 5 mL 

of Na-buserite solution and stirred for 48 hours to facilitate ion exchange.4 The product was filtered 

and air dried overnight to give 5.0 g of Ca-buserite.  

Synthesis of Ca-birnessite. 2g of Ca-buserite was heated at 60° C for 24 hours producing 1.75 g 

of Ca-birnessite.9 

Synthesis of partially dehydrated birnessite. 2g of Na-birnessite was heated to 300° C at the 

rate of 1°C per minute in an oven for 4 hours. The thermogravimetric analysis (Fig. 3.18a) revealed 

15.3% of mass loss as a result of heating the birnessite sample to 300° C for 4 hours. Partially  
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dehydrated birnessite was tested for its reversible conversion back to standard birnessite by treating 

50 mg of the sample with water for 72 hours. The PXRD pattern (Fig. 3.18b) shows that the 

conversion of dehydrated birnessite to standard hydrated birnessite is reversible. Heating beyond 

100 200 300

Temperature ( C)

84

88

92

96

100
Na-Birnessite

Ca-Birnessite

W
ei

g
h

t 
(%

)

10 20 30 40
2θ

In
te

n
si

ty
 (

a
rb

. 
U

n
it

s)

Figure 3.18 (a)Thermogravimetric analysis (TGA) of Birnessite samples heated up to 300°C suggests 15.30% mass loss. 

(b) PXRD of Dehydrated Birnessite after treatment with water for 72 hours. (c) PXRD pattern of Na-Birnessite after 

Thermogravimetric analysis beyond 300° C indicating possible collapse of layered structure. 
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300° C (Fig. 3.18c) results in decomposition, possibly due to the collapse of the lattice upon the 

loss of all water, was thus avoided.  

 

 

3.5.4 Water oxidation catalysis. The efficiency of these materials towards chemical water 

oxidation was tested using ammonium ceric nitrate (0.04M, 5 mL) and Hach HQ30d portable 

meter kit with LDO101 optical dissolved oxygen probe. A suspension of about 30 mg of the 

catalyst in 20 mL of degassed water (prepared by bubbling Ar gas for atleast 3 hours) was prepared 

and sonicated for 5 minutes to ensure homogeneous suspension of the sample. An N2 blanket was 

applied to the suspension along with O2 probe as previously described.3 The 5 mL of ceric ion 

solution was then injected to the catalyst suspension and O2 evolution was measured over time. 

The O2 yield was normalized by total Mn molar content, as determined by ICP-OES to give O2 

yield in units of mmol of O2/mg of Mn.10  

Linear sweep voltammetry tests were performed at a sweep rate of 10 mV/s at a pH of 14 (1M 

KOH solution). All the potentials were measured with respect to a standard calomel reference 

electrode (CH instruments) and Pt wire was used as the counter electrode. The catalyst ink was 

drop casted on glassy carbon electrode with a loading of 0.28 mg/cm2. The catalyst ink was 

prepared by dissolving 4 mg of catalyst, 4 mg of carbon dispersed in 1 mL of isopropyl alcohol 

and 35 µL of Nafion solution (5% in alcohol, Ion Power Inc.). The mixture was sonicated for 1 

hour to suspend the particles homogeneously.  
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CHAPTER 4: LiCoO2 AS A CATALYST FOR FISCHER-

TROPSCH SYNTHESIS.  
 

4.1 Introduction 

The world’s reliance on conventional fossil fuels as the primary source of energy puts the planet 

in peril. The catastrophically dwindling oil reserves, high cost of purification to remove sulfur 

including other harmful impurities, and environmental concerns have stimulated diversification 

and encouraged researchers to explore and develop alternative routes to produce hydrocarbons of  

diverse chain lengths  from different non-oil feedstocks.1 Indirect technology GtL(gas to liquid), 

CTL(coal to liquid), BtL(biomass to liquid) unified as XtL processes enable feedstock expansion 

and production of ultraclean fuels. The second and the most important stage of XtL processes is 

the Fischer Tropsch synthesis (FTS), as it involves the catalytic conversion of syngas (CO & H2) 

into a spectrum of hydrocarbon products. Furthermore, the techniques of refining depend on the 

nature of products synthesized during the FTS step.2,3 The main products of the FTS reaction 

include light olefins, higher hydrocarbons, methanol, ethylene glycol, dimethyl ether, and 

aromatics. Light olefins (C2-C4) are the key building blocks of the chemical, plastic, coating, and 

cosmetic industry. The synthetic liquid fuels synthesized via the FTS process have a very low 

content of sulfur and aromatic compounds compared to gasoline or diesel from crude oil.4–7    

A variety of catalytic systems have been developed by researchers that exhibit CO hydrogenation 

activity. Metals such as iron, cobalt, nickel, and ruthenium have been found to be sufficiently 

active for their application. Iron and cobalt are more favorable catalysts from a commercial 

standpoint as they are cheaper and readily available as compared to ruthenium. Nickel forms 

volatile carbonyls at the operating conditions of the FTS plant and produces much more methane 

than Fe or Co.8 The properties of FTS active catalysts can be further enhanced by adding chemical 
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promoters to enhance catalytic activity and improve mechanical stability. The surface area of the 

active metal can be extended by dispersing it on a support or carrier material.9  

Cobalt FTS catalysts are an attractive choice owing to their high conversion per pass and long 

lifetime. The activity of Co catalysts in FTS is attributed to the active sites located on the surface 

of the supported cobalt metal particles formed after reduction. The activity and selectivity of cobalt 

catalysts depend on factors such as particle size, nature of the support, the presence of promoters, 

preparation methods, and pretreatment conditions. Co-based FTS catalysts dispersed on carriers 

such as typical metal oxides, zeolites, carbon materials, silicon carbide, partially reducible oxides 

(PRO) like ceria, and various other materials have been reported. 

In this study, we aimed to explore the catalytic activity of cobalt catalyst synthesized from layered 

LiCoO2 supported on silica as a precatalyst for Fischer-Tropsch synthesis. The Co (II) and Co (III) 

ions in LiCoO2 were reduced to metallic cobalt during the activation phase. We predicted that the 

reduction of the layered LiCoO2 material to metallic cobalt would lead to the development of novel 

morphology and nanoconfinement of the active catalytic species. The presence of lithium was 

speculated to promote the CO dissociation by providing lewis acid capabilities.  

This chapter reports the evaluation of the catalytic activity of bulk reduced layered LiCoO2 towards 

FTS. The layered LiCoO2 was reduced with hydrogen gas at 200°C. The catalysis was monitored 

at 200°C, 250°C, 300°C, 350°C, 400°C, 450°C, 500°C. The product selectivities were recorded 

and contrasted for individual temperatures. Additionally, the FTS reaction was reproduced with 

diluted reactants at synchrotron facility to monitor the structure and phase transformation of 

microcrystalline LiCoO2 precatalyst and the cobalt catalyst with the progression of the catalysis.  
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4.2 Results 

 

4.2.1 Characterization 

The PXRD pattern (Fig 4.1b) of LiCoO2 was consistent with the previously reported data. 

Hexagonal unit cell dimensions are a=2.8156Å, b=2.8156Å, c=14.0542Å, α=90° β=120°, γ=90°. 

LiCoO2 crystallizes in a rhombohedral 𝑅3𝑚 structure. The unit-cell in the hexagonal setting 

contains three formula units (Fig. 4.1a). The stacked layers are composed of cobalt octahedrally 

surrounded by edge-sharing oxygen and intercalated by Li+ ions.10 

Figure 1 (a) Structure of LiCoO2 (b) PXRD pattern of LiCoO2 
Figure 4.1 (a) Structure of LiCoO2 (b) PXRD pattern of LiCoO2. 
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The SEM and TEM images (Fig. 4.2a-b) confirmed the layered morphology of the samples. The 

elemental composition was confirmed by SEM-EDS spectra shown in Figure 4.2c. The X-ray 

photoelectron spectrum (XPS) plot in Figure 4.3 showed Co2p3/2 peak at 780 eV and a Co2p1/2 

peak at 795 eV. The strong broadening of the peaks can be attributed to the presence of Co2+ ions 

in the oxygen environment in addition to Co3+.10   

 

 

Co

O
Co

Figure 4.2(a) SEM (b) TEM images of LiCoO2 (c) SEM-EDS 

spectrum of LiCoO2 (bottom) 
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(a)                                                                              (b)   

Figure 4.4 (a) BET isotherm (b) multipoint BET for LiCoO2 for the surface area analysis 

Figure 4.3 XPS spectra of LiCoO2 
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The BET adsorption isotherm in Figure 4.4 was identified as type II isotherm, a characteristic of a 

non-porous or microporous solid. The shape was the result of unrestricted monolayer-multilayer 

adsorption up to capillary condensation. The total surface area of the sample material was 348 

m2/g. The volume specific surface area of 72.75 m2/cm3 indicated that the sample can be identified 

as nanomaterial according to the official EC recommendation as the value of VSSA was higher 

than 60 m2cm-3.11 

 

4.2.2 Catalytic performance 

The products were determined by analyzing the outlet gases by an offline GC-FID and GC-TCD. 

Table 4.1 summarizes the catalytic performance and product distribution for FTS reaction over 

LiCoO2 in the temperature range of 200°C-500°C. The catalyst was exposed to a syngas mixture 

(H2:CO=2:1) at the flow rate of 3000 mL/h/g. Overall, the catalyst exhibited a high %CO 

conversion. The CO2 selectivity was low up to 350°C (3.9 %C). With a further increase in 

temperature, CO2 selectivity (42.6 %C) increased due to enhanced water-gas shift activity.32 

Generally, methane selectivity decreased with increasing temperature. 
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 A comparison of product distribution at all operating temperatures is described in Figure 4.5 and 

Table 4.1. The C2 products exhibited the highest average selectivity of 25.6 %C, followed by C4 

with an average selectivity of 14.40 %C. At 300°C, C4 products dominated the distribution with 

43.8 %C. The overall product yield decreased with a further increase in temperature due to the 

increase in the water gas shift activity and a corresponding increase in the production of CO2. 
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Figure 4.5 Product distribution as a function of temperature 

 

Table 4.1 Product selectivity as a function of temperature 

 



100 
 

 

 Figure 4.6 shows the olefin/paraffin ratios in the reaction temperature range. The catalytic results 

indicated that 1,3-butadiene (12.05 %C) was the most abundant product in the olefin distribution  

 

 

Table 4.2 Olefin to paraffin (o/p) ratios  
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followed by propylene (9.3 %C). Paraffins constituted the main products at all temperatures. The 

o/p ratio generally decreased with an increase in temperature (Table 4.2).  

 

Generally, the chain growth probability (α) values decreased with an increase in temperature 

(Figure 4.7). Anderson-Schulz-Flory (ASF) plots shown in Figure 4.7 indicated that the product 

distribution strongly deviated from the ideal ASF distribution. This is typical of heterogeneous 

catalytic reactions as the kinetic parameters such as temperature, H2/CO ratio, partial pressures of 

the individual reagents and reaction products cannot be kept identical and constant in the 

immediate proximities of all catalytic sites throughout the reactor via a dynamic steady state 

equilibrium. The basic reason for this is that the rates of reagent chemisorption from the immediate 
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Figure 4.6. Olefin/paraffin ratio as a function of temperature Figure 4.6 Olefin/paraffin ratio as a function of temperature 
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proximity of the catalytic site and the gas molecules set in, are much faster than the rates of supply 

by transport.12–14  

 

 

4.2.3 In-situ structure determination of the catalyst and Phase Refinement 

Rietveld refinements were performed for each powder diffractogram measured during reduction 

and catalysis processes. The instrumental parameters were determined from LaB6 calibrant 

measured at 200 mm  

 

 

sample detector distance (Table 4.3). This instrument parameter file was then used for the Rietveld 

refinement of the diffractograms obtained during the experiments. Line broadening observed for 
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the individual crystalline phases were fitted using the appropriate phase-dependent parameters 

obtained from crystallography open database (COD).  

 

 

 

A plot of in-situ X-ray powder diffractograms obtained of the catalyst during reduction and 

catalysis at increasing temperatures can be seen in Figure 4.8. At the beginning, LiCoO2 (hR) was 

the observed phase up to 21 minutes of the activation process. The average crystallite size of 

LiCoO2 was 3.0678 µm. The cobalt phases (Co(hcp) and Co(fcc)) gradually appeared with 

increasing reduction time and are the dominant phases at 27 minutes of activation process.  

Table 4.3 Instrument parameters for rietveld refinement 
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The crystalline phase abundances during reduction and catalysis can be seen in Figure 4.9. The 

phase fraction from rietveld refinement suggested that Co(hcp) was the dominant phase of the 

metallic cobalt evolved during the reaction. The phase fraction of Co(hcp) was nearly 4 times that 

of Co(fcc) up to 400°C followed by an increase in the concentration of Co(fcc) phase up to 500°C. 

At 450°C, the phase fraction of Co(hcp) was 2.5 times that of Co(fcc).   
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Figure 4.8 Evolution of the diffractograms during in-situ reduction 

and catalysis process with increasing temperature 



105 
 

 

 

200

activation phase
200

catalysis
250 300 350 400 450 500

Reaction progress(T C)

20

30

40

50

60

70

80

Co(fcc)

Co(hcp)

P
h

a
s

e
 f

ra
c
ti

o
n

 (
%

)

. Figure 4.9 Phase abundance during the reaction. 

200

Activation phase

200

catalysis

250 300 350 400 450 500

Reaction progress (T C)

0.1

0.2

0.3

0.4

0.5

0.6

Co(fcc)

Co(hcp)

A
v
e
ra

g
e
 C

ry
s
ta

ll
it

e
 S

iz
e
 (

)

200

Activation phase

200

catalysis

250 300 350 400 450 500

Reaction progress (T C)

1000

1500

2000

2500

3000

3500

4000

Co(fcc)

Co(hcp)

M
ic

ro
s

tr
a

in

Figure 4.10 (a) Average crystallite size                        (b) microstrain in Co phases during the reaction. 



106 
 

The average crystallite sizes could be determined from rietveld refinement and are described in 

Figure 4.10a.  The average crystallite size for Co(fcc) and Co(hcp) phases evolved were 370 nm 

and 380 nm, respectively. The overall crystallite size decreased with an increase in the temperature 

during the catalysis process which can be attributed to re-structuring, chemical reaction, or a 

morphological effect. The strain values were determined and are shown in Figure 4.10b.  
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The pair distribution function G (r) refined for the data set is shown in Figure 4.11. The radial 

distribution functions of the diffractograms were over layered and modifications in interatomic 

distances are visible during reduction and catalysis. During the activation phase up to 21 minutes, 

the peaks at 1.97 Å corresponding to Li-O or Co-O; 2.82 Å corresponding to Co-Co or O-O 

interatomic distances were observed. The peaks at 1.97 Å and 2.82 Å disappeared at 27 minutes 

of reduction process and evolved into a peak at 2.52 Å corresponding to that of metallic Co 

(hcp/fcc) phases. A progressive increase in crystallinity with increasing temperature was visible 

as the broader peaks evolve into narrower peaks (as indicated by green circle in Figure 4.11).  

Rwp is a statistic measure of how well the experimental and calculated PDFs match. The results 

obtained from Rietveld refinement were used as starting parameters for the PDF fit. The lattice 

parameters and relative atomic coordinates of the phases were constrained to their space groups 

and the refined values carefully monitored to prevent divergence of the PDF fit. The quantitative 

results from Rietveld refinement and PDF are given in Table 4.4. 

 

 

Table 4.4 Residual weight factors (Rw) for rietveld refinement 
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4.3 Discussion  

LiCoO2 (lithium cobaltite) was synthesized, characterized, and their catalytic performance in the 

Fischer-Tropsch synthesis was evaluated. The catalyst was first activated by treatment with 

hydrogen gas at 200°C. The activation process reduced LiCoO2 to metallic cobalt phases (fcc and 

hcp) as alluded by in-situ X-ray powder diffraction and pair distribution function (PDF) data. After 

activation, the catalyst was exposed to syngas mixture. The metallic cobalt phases generated on 

the surface of the reduced catalyst are hypothesized to catalyze the FTS. The large surface area of 

LiCoO2 is presumed to facilitate the synthesis of large surface area cobalt particles that ensure 

sufficient adsorption of syngas for CO activation.  The product analysis suggested that the reaction 

exhibited an overall high %CO conversion (average 70.5% CO conversion) comparable to 

previously studied Co-based catalysts such as MnOx/Co, TiO2/Co and CNT/Co (CNT-carbon 

nanotubes).15–17 Products up to C7 were identified with paraffins as dominant products as compared 

to olefins. The total product selectivity at 200°C was 65.7% (C2-C7) which increased to 77.03% at 

250°C and 95.8% at 300°C. With further increase in temperature, the product selectivity decreased 

to nearly 47% at 350°C-400°C and 28% at 450°C-500°C. This shift in the product selectivity and 

concurrent rise in %CO2 selectivity can be attributed to the domination of water gas shift reaction 

at higher temperatures.  

In-situ studies revealed that Co(hcp) and Co(fcc) evolved as metastable phases during the 

activation step of FTS reaction. Previous studies suggested that Co(hcp) crystal phase is more 

likely to have higher FTS activity as compared to that of Co(fcc) phase.18 Zhang et al. suggested 

CHO-insertion and carbide mechanism for the initial formation and growth of carbon chain over 

Co(hcp) and Co(fcc) facets.19 A detailed DFT calculation reveals the higher CO dissociation rate 

on most of the Co(hcp) facets compared to that of Co(fcc).20 Additionally, the computational 
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results suggested that the direct CO dissociation (𝐶𝑂∗  + 𝐻∗  →  𝐶∗  +  𝑂∗  + 𝐻∗) is preferred on 

Co(hcp). While the hydrogen-assisted CO dissociation (𝐶𝑂∗ +  𝐻∗   →  𝐶𝐻𝑂∗  →  𝐶𝐻∗ +  𝑂∗)   is 

thermodynamically favored on Co(fcc). The potential energy of direct pathway on Co(hcp) is 

lower than that of hydrogen-assisted dissociation on Co(fcc), indicating the higher activity of 

Co(hcp). It was also reported that the carbide mechanism on Co preferably suggested higher 

selectivity of C2 hydrocarbons as compared to methane.21 The amount of Co(hcp) phase was 

approximately 4 times as compared to that of Co(fcc) phase. The Co(hcp) phase fraction decreased 

with increasing temperature which is concurrent with the decrease in the total product selectivity. 

The product analysis suggested that the C2 selectivity was indeed higher as compared to that of 

methane which indicated that carbide mechanism was the plausible mechanism of FTS reaction.    

The activity and selectivity of the Fischer-Tropsch synthesis are size dependent.22–26 Iglesia et al. 

reported that the turn over frequency (TOF) of the FTS process is insensitive to the cobalt particle 

size over a range of 10-200 nm.27 However, the methane selectivity dramatically increases as the 

cobalt particle size decreases below 10 nm, and the TOF decreases within smaller nanoparticles. 

de Jong et al. reported that TOF of CO hydrogenation remains almost unchanged when particle 

sizes are larger than 6 nm or 8 nm, but decreases with smaller particle size (< 6 nm).23 As the 

particle size decreases, the amount of exposed low-coordinated cobalt atoms on the catalyst surface 

increase. These metallic cobalt sites are easier to react with H2O to form CoO and thereby 

enhancing methane selectivity. The larger metallic cobalt particles have more stable sizes because 

of more difficult oxidation of surface metallic cobalt sites which coincides with low methane 

selectivity at lower catalysis temperatures. The average crystallite size of the metallic cobalt phases 

obtained from Rietveld refinement suggested that the Co particle size decreased from ~500 nm at 
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200°C to ~60-100 nm at 500°C. As the Co-particle size was larger than 100 nm, no direct 

connotation could be drawn between methane selectivity and cobalt particle size.  

In the FTS reaction, olefins are formed by hydrogen abstraction. The olefins can leave the reaction 

zone as product, be readsorbed on the Co surface or hydrogenated to secondary paraffins.27 The 

extent of readsorption depends on the degree of mass transfer restriction on the product removal 

which in turn depends on the catalyst pore size and active site density. However, Shi and Davis 

studied the O/P ratio by switching H2 and D2.
28They concluded that α-olefin readsorption does not 

make a major impact on the product distribution. The Fischer-Tropsch synthesis involves a chain 

growing process on the Co surface leading to methane, olefins and paraffins. The relationship 

between O/P ratio and particle size is due to the changes in hydrogenation activity on the catalyst. 

For small particles the support contributes to increased hydrogenation activity either directly or 

indirectly through the Co particle. A relative increase in termination by hydrogen abstraction for 

larger particles tends to work in parallel with the facilitation of CO activation and creation of CHx 

monomers up to 8-10 nm. For even larger particles the decline in selectivity is not easily 

understood.29  

4.4 Conclusion 

In conclusion, the catalytic activity of reduced-LiCoO2 towards FTS was explored in the present 

work. The in-situ characterization by the means of XRD reported in this chapter provided useful 

insights into the evolution of catalytically active crystalline phases for the FTS reaction that were 

otherwise challenging to detect using conventional ex situ methods. The results suggested that the 

LiCoO2 was reduced to metastable Co(hcp) and Co(fcc) nanoparticles, providing a high surface 

area medium for the reduced metallic cobalt particles to catalyze CO-hydrogenation. The alkali 

metal promoters have been reported to improve chain growth probability, olefin-to-paraffin ratio 
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by increasing the electron density on the catalyst surface in previous FTS studies. The role alkali 

metal ions, Li+ remains unexplored in this study.    

 

 

 

4.5 Experimental section 

 

4.5.1 General Considerations. All chemicals were purchased from commercial sources and used 

without further purification. Transmission electron microscopy (TEM) images were collected 

using a JEOL JEM-1400 microscope operating at 120 kV. Scanning electron microscopy and 

energy dispersive spectroscopy (SEM-EDS) samples were deposited on conductive carbon tape 

mounted on aluminum stubs and images were collected on an Agilent 8500 FE-SEM instrument 

operating at 1 kV. The elemental content was analyzed using SEM-EDS. X-ray photoelectron 

spectroscopy (XPS) was performed using Thermo Fischer K-alpha+ instrument with an Al k-α 

monochromatic X-ray source. The collected data were processed using Casa XPS software. To 

determine the volume-specific surface area (VSSA), measurements of surface areas were carried 

out by nitrogen adsorption with the application of BET using a Quantachrome Quadrasorb SI 

analyzer.   

 

 

4.5.2 Synthesis of Lithium cobalt-oxide nanosheets  

The lithium cobalt-oxide nanosheets were synthesized by following the procedure described in a 

previous study (synthesized by Dr. Ran Ding). Cotton was soaked in an aqueous solution of 0.5 M 

lithium nitrate (LiNO3) and 0.5 M cobalt nitrate Co(NO3)2 for 3 hours. After soaking, the cotton 
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was squeezed to remove excess solution, heated in a furnace to a temperature of 400°C at the rate 

of 100°C per hour overnight and, then allowed to cool to room temperature.30,31 The resultant 

material was hand-ground and re-heated in the furnace to 900°C at the rate of 100°C per hour 

overnight. The final product was cooled to room temperature, washed with deionized water and, 

filtered in a centrifuge repeatedly until all byproducts were removed.  

 

4.5.3 FTS catalysis 

The reaction was conducted in a stainless-steel U-tube reactor (built and assembled by Edward 

Kaczanowicz and Matthew Mccormick) of 20 cm length and inner diameter of 3.2 mm. The reactor 

was immersed in a sand bath to regulate temperature of the reaction. Catalyst was loaded in the 

middle position of the reactor and sealed with glass wool. The temperature of the catalyst bed was 

monitored using a Cr-Al thermocouple. Syn-gas (H2/CO=2) was metered through mass flow 

controller at the flow rate of 50 mL/min. The reactions were carried out at 1 atm pressure of syn-

gas. The reaction was stabilized at the temperatures of 200°C, 250°C, 300°C, 350°C, 400°C, 450°C 

and 500°C for 2 hours respectively. The effluent gas, after passing through a cold trap was analyzed 

by an Agilent 6890N gas chromatograph with flame ionization detector (FID) with He as the 

carrier gas. The products were analyzed using non-polar fused silica PLOT column (Restek Rt-Q-

Bond column, see table 4.5 for column details and methods). The catalytic performance after 14 

hours of stabilization based on product compositions was typically used for discussion. Repeated 

experiments carried out under the same reaction conditions demonstrated that the studied catalyst 

shows good reproducibility.  

For a typical FTS reaction, the CO conversion and product selectivity were calculated by the 

equations 
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𝐶𝑂 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
𝐶𝑂𝑖𝑛𝑙𝑒𝑡− 𝐶𝑂𝑜𝑢𝑡𝑙𝑒𝑡

𝐶𝑂𝑖𝑛𝑙𝑒𝑡
 × 100 %              (1) 

                         𝑆𝑖 =  
𝑁𝑖𝑛𝑖

∑(𝑁𝑖𝑛𝑖)
 × 100 %                         (2) 

where COinlet and COoutlet represent moles of CO at the inlet and the outlet respectively. Si denotes 

the selectivity to product i on a carbon basis, Ni is the molar fraction of product i, and ni is the 

carbon number of product i.   

 

4.5.4 Powder X-ray Diffraction (PXRD) Analysis.  

The ex-situ powder X-ray diffraction (PXRD) patterns were performed on Bruker Kappa APEX 

II DUO diffractometer and Mo kα radiation from a sealed tube and processed using 

Table 4.5 GC methods and column information for product analysis. 
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DIFFRACEVA software package. The patterns were indexed to the Crystallography Open 

Database (COD).  

In-situ structure determination and Phase Refinement. The structure and phase transformation of 

microcrystalline LiCoO2 catalyst during FTS reaction was studied by the means of PXRD 

technique using synchrotron radiation at Beamline 17-BM at Advanced Photon Source (APS) at 

Argonne National Laboratory (ANL). The X-ray wavelength was 0.24135 Å. Sample powder was 

packed in a 1.1 mm diameter Kapton capillary (Figure 2.8). The catalyst was reduced with 5% 

hydrogen (Helium balanced) at 200°C for 30 minutes. FTS reaction was mimicked with 5% syngas 

(H2/CO=2, He balanced). The sample was heated from room temperature to 500°C at a heating 

rate of 10°C/min under the flow rate of 50 mL/min. The reaction was stabilized at the temperatures 

of 200°C, 250°C, 300°C, 350°C, 400°C, 450°C and 500°C for 2 hours respectively for the 

collection of XRD patterns. Two-dimensional (2D) diffraction data were collected with 

PerkinElmer flat panel amorphous Si area detector in the transmission geometry. Reduction of the 

2D images to a 1D XRD pattern of intensity versus 2Θ was carried out using GSASII program. 

XRD patterns were indexed to the Crystallography Open Database (COD). Rietveld analysis and 

pair distribution function (PDF) analysis were performed using GSASII.   
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CHAPTER 5: Co-DOPED BIRNESSITE AS A CATALYST FOR 

THE SYNTHESIS OF SMALL CHAIN OLEFINS AND 

PARAFFINS. 
 

5.1 Introduction  

Non-petroleum feedstocks such as biogas, biomass and other carbon-based matters such as coal, 

and natural gas require efficient processing to generate syngas, a mixture of carbon monoxide and 

hydrogen, in response to ever-increasing crude oil consumption and the resulting environmental 

concerns.1, 2 Fischer-Tropsch synthesis (FTS) can directly convert syngas derived from the above 

carbon resources to value added fuels and chemicals such as oil, wax, light olefins or oxygenates.3,4 

The direct conversion of syngas to olefins by FTS is called as FTO (Fischer-Tropsch to olefins) 

process.  

Light olefins including ethylene, propylene, butylene synthesized by FTO process are 

commercially valuable products with extensive use in production of plastics, detergents, drugs, 

cosmetics and solvents.5 

Numerous multiphase Co and Fe based catalysts have been employed in the FTS process due to 

their balanced catalytic activities for H2 dissociation, hydrogenation, and chain growth. 

Iron/manganese oxide catalysts have been shown to display high CO conversion and selectivity to 

light olefins.6,7 However, Fe/Mn oxide catalysts form iron carbides during CO hydrogenation 

process which causes deterioration in the catalytic activity and selectivity. Additionally, iron-based 

catalysts suffer from undesirably high selectivity of CO2.
7 In recent years, Co-Mn catalysts 

received attention due to their low methane and CO2 selectivity and their ability to promote longer-

chain products. Co-based catalysts with MnO as promoter have been previously studied for direct 
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conversion of syngas to light olefins.8,9 The alkali metal oxide promoters to Co/MnO such as Na2O 

and K2O also inhibit methane and CO2 production.  

In this work, we explored the catalytic activity of reduced Co-doped birnessite 

(K0.08Co0.28Mn0.72O2) towards FTO process. The activity of K and MnO as promoters after 

reduction are expected to reduce water-gas shift (WGS)10 and suppress methane formation. For 

metallic Co-based catalyst consisting of MnO/K as promoters, a product spectrum deviating from 

ASF distribution was expected. The catalytic performance of this catalyst was evaluated over the 

temperature range of 200°C-500°C and reaction pressure of 1 bar. The H2/CO feed ratio was kept 

at 2, a stoichiometric ratio relevant for methane feedstock.    

 

5.2 Results 

5.2.1 Characterization  

The PXRD pattern of the Co-doped birnessite is shown in Figure 5.1. The pattern was consistent 

with the previously reported data of birnessite. The decrease in the intensity of (001) and (002) 

peaks and concurrent peak broadening indicated a decrease in crystallinity because of cobalt 

doping. Additionally, the (001) peak shifted to a higher angle, suggesting a decrease in the crystal 

size in c-direction as the d-value decreased from 7.33Å to 7.23Å.11 This suggests an overall 

increase in the charge of the sheets due to Co2+ doping which in turn enhances the Vander Waal’s 

forces of attraction between the sheets and intercalated Lewis cations thereby reducing the 

interlayer distance.  
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The SEM and TEM images (Figure 5.2) indicated that the layered flower pod morphology was 

preserved after cobalt doping in birnessite. The elemental composition was confirmed by SEM-

EDS spectrum as shown in Figure 5.3.  

Figure 5.1 Powder X-ray diffraction (PXRD) of Co-doped Birnessite. 
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Figure 5.2 (a) SEM (b) TEM image of Co-doped Birnessite 

Figure 5.3 (a) SEM-EDS spectrum of Co-doped Birnessite      (b) Average atomic percent determined by SEM-EDS 
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The BET adsorption isotherm in Figure 5.4 was identified as a type I isotherm highlighting micro-

porosity, and therefore high surface area. Type I isotherm is characterized by a high uptake of 

nitrogen at low relative pressures (P/P0<0.2) resulting from the filling of micropores. After filling 

the pores, the material does not absorb a significant amount of gas until capillary condensation 

occurs at around P/P0=1. The BET surface area of Co-doped birnessite was 117.6 m2/g. The 

measured volume specific surface area of 39.2 m2/cm3 implied that the sample cannot be classified 

Figure 5.4 (a) BET isotherm (b) multipoint BET for LiCoO2 for the surface area analysis 
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as nanomaterial according to the official EC recommendation as the value of VSSA was smaller 

than 60 m2/cm3. 

Figure 5.5 XPS of Co-doped Birnessite 

 

A high-resolution X-ray photoelectron spectrum was obtained and fitted for the determination of 

average oxidation state using the approach of Nesbitt.12 The Mn atoms were present in mixed 

oxidation states of II, III, and IV with an average oxidation state of 3.57. The X-ray photoelectron 

spectrum (XPS) plot in Figure 5.5 showed Co2p3/2 peak at 780 eV and a Co2p1/2 peak at 795 eV. 

The strong broadening of the peaks could be attributed to the presence of Co2+ ions in the oxygen 

environment in addition to Co3+.13   
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5.2.2 Catalytic performance 

The catalyst was exposed to a syngas mixture (H2:CO=2) at the flow rate of 3000 mL/h/g. The 

products were determined by analyzing the outlet gases by an offline GC-FID and GC-TCD. Table 

5.1 summarizes the catalytic performance and product distribution for FTS reaction over Co-doped 

Birnessite in the temperature range of 200°C-500°C. Overall, the catalyst exhibited a low %CO 

conversion upto 300°C. The CO2 selectivity was low up to 350°C (10.6 %C). With a further 

increase in temperature, CO2 selectivity increased to 55 %C due to enhanced water-gas shift 

activity. Methane selectivity increased with increasing temperature. 

 A comparison of product distribution at all operating temperatures is described in Figure 5.6 and 

Table 5.1. The C4 products exhibited the highest selectivity with an average of 32.9 %C. At 400°C, 

C2 products dominated the distribution with an average of 39.2 %C. The methane selectivity 

increased with an increase in temperature with a simultaneous decrease in the concentration of C2-

C4 products. The C3 and C4 were not observed beyond 350°C.  

 

Table 5.1 Product selectivity as a function of temperature. 
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Figure 5.6 Product distribution as a function of temperature 

Figure 5.7 Olefin/paraffin ratio as a function of temperature 
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Figure 5.7 shows the olefin/paraffin ratios over the reaction temperature range. The catalytic 

results indicated that propylene (3.18 %C average) was the most abundant slate in the olefin 

distribution followed by 1,3-butadiene (2.24 %C average). Paraffins constituted the main products 

at all temperatures. 

                                                      

The catalysis does not obey the Anderson-Schulz-Flory (ASF) distribution of products up to 350°C 

which indicates that the catalysis is not an ideal polymerization reaction. Above 400°C, the chain 

growth probability (α) values decrease with an increase in temperature (Figure 5.8). Anderson-

Schulz-Flory (ASF) plots shown in figure 8 indicates that the product distribution strongly deviates 

from the ideal ASF distribution. This is typical of heterogeneous catalytic reactions as the kinetic 

parameters such as temperature, H2/CO ratio, partial pressures of the individual reagents and  

reaction products cannot be kept identical and constant in the immediate proximities of all catalytic 

sites throughout the reactor via a dynamic steady state equilibrium. The basic reason for this is that 

the rates of reagent chemisorption from the immediate proximity of the catalytic site and the gas 

molecules set in, are much faster than the rates of supply by transport.14–16  

 

 

 

 

 

Table 5.2 Olefin to paraffin ratios 
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Figure 5.8 Anderson-Schulz-Flory plots for catalysis at (a) 200C (b) 250C (c) 300C (d) 350C (e) 400C (f) 

450C (g) 500C 
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5.2.3 In-situ XRD Phase Refinement 

Rietveld refinement was performed for each powder diffractogram measured during reduction and 

catalysis processes. The instrumental parameters were determined from LaB6 taken at 200 mm 

sample detector distance (Table 5.3). This instrument parameter file was then used for the Rietveld 

refinement of the diffractograms obtained during the experiments. Line broadening observed for 

the individual crystalline phases were fitted using the appropriate phase-dependent parameters 

obtained from crystallography open database (COD).  

                   

 

 

 

Table 5.3 Instrument parameters for rietveld refinement 
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Figure 5.9 Evolution of the diffractograms during in-situ reduction and catalysis process with increasing temperature. 

Figure 5.10:. Figure 5.10 Phase abundance during the reaction. 
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A plot of in-situ X-ray powder diffractograms obtained for the catalyst phase evolution during 

activation and catalysis at increasing temperatures can be seen in Figure 5.9. The Co-doped 

birnessite (hcp) was instantly reduced to Manganosite, MnO (ccp) when exposed to hydrogen gas 

at 200°C. The average crystallite size of MnO was 2.01 µm. The metallic cobalt (hcp) phase 

evolved during the activation phase of FTS process as seen in Figure 5.10. This suggested that 

cobalt segregated from MnO during catalysis.  

The crystalline phase abundances during reduction and catalysis process can be seen in Figure 

5.10. The phase fraction from rietveld refinement suggests that MnO (ccp) was the dominant 

phase. The concentration of metallic cobalt was 15.5% at 200°C in the FTS process, it decreased 

with an increase in temperature up to 400°C and then increased to 22.8% at 500°C.   

 

 

 

 

Figure 5.11 (a) Average crystallite size                        (b) microstrain in Co phases during the reaction. 
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The average crystallite size of Co(hcp) phase was 26 nm. The overall crystallite size decreased 

with an increase in the temperature during the catalysis process which can be attributed to re-

structuring, chemical reaction or a morphological effect. The strain values were determined and 

are shown in Figure 5.11.  

The pair distribution function G (r) refined for the data set is shown in Figure 5.12. The radial 

distribution functions of the diffractograms were overlaid for the reduction and catalysis stages of 

the process. The peak at 2.357 Å corresponds to Co-Co or Mn-Mn distance during the catalysis 

process. The peak at 3.157 Å corresponds to Mn-O or Co-O peaks. The sample crystallinity 

increases with an increase in temperature up to 400° C and then decreases up to 500°C as evidenced 

by the change in the width of the peaks. 

 

Rwp is a statistic measure of how well the experimental and calculated PDFs match. The results 

obtained from Rietveld refinement were used as starting parameters for the PDF fit. The lattice 

parameters and relative atomic coordinates of the phases were constrained to their space groups 

Figure 5.12 G(r) with the reaction progress 
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and the refined values carefully monitored to prevent divergence of the PDF fit. The quantitative 

results from Rietveld refinement and PDF are given in Table 5.4.  

  

 

 

 

5.3 Discussion 

Co-doped Birnessite was synthesized, characterized, and their catalytic performance in the 

Fischer-Tropsch synthesis was evaluated. The catalyst was first activated by treatment with 

hydrogen gas at 200°C. The activation process reduced Co3+ ions to metallic Co (hcp) and 

manganosite, MnO (ccp) phases as alluded by in-situ X-ray powder diffraction and pair 

distribution function (PDF) data. These changes are appreciable in the comparison of ex-situ 

powder XRD data and the in-situ results. The metallic cobalt phase is hypothesized to catalyze 

FTS with MnO species as support. The large surface area of 117.6 m2/g is presumed to facilitate 

sufficient adsorption of syngas for CO activation. The product analysis suggested that the reaction 

exhibited low %CO conversion (average 26.4% CO conversion) up to 300°C. At 350°C, the %CO 

conversion increased to an average of 95%. The overall %CO conversion was comparable to that 

of previously explored catalysts such as MnOx/Co, Co1Mn3–Na2S and, Co3Mn1–Na2O.17–19 Light 

Table 5.4 Residual weight fraction from Rietveld refinement 
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olefins and paraffins (up to C4) were selectively synthesized. Methane selectivity was low up to 

350°C (2.86 %C), which is lower than previously studied catalysts such as MnOx/Co and BDO/ 

MnOx/Co (1,4-Butanediol-BDO).20 Methane selectivity increased to ~10% at 400°C-450°C and 

48.35% at 500°C. The total product selectivity at 200°C-300°C was 75.9% (C2-C4) which increased 

to 85.50% at 350°C. C3-C4 products were not observed above 350°C decreasing the product 

selectivity to an average of 40% (C2) at 400°C -500°C. %CO2 selectivity was low (8.9 %C average) 

up to 350°C which increased to an average of 37.1 %C at 400°C-500°C. This shift in the product 

selectivity and concurrent rise in %CO2 selectivity can be attributed to the enhanced water gas 

shift (WGS) reaction at higher temperatures.  

Product analysis suggested that the MnO/Co displayed higher selectivity towards lower olefins 

and low selectivity towards undesired methane and lower paraffins (Table 5.2). The mechanistic 

steps germane to FTS catalysis include chain growth, chain branching, primary olefin/paraffin 

formation and olefin secondary reactions such as secondary hydrogenation and isomerization.20 

From Figure 5.9 and Table 5.2, MnO/Co produced significantly more primary olefins than linear 

paraffins for each carbon number. This suggests that β-H elimination was the dominant termination 

pathway and secondary hydrogenation of olefins was also suppressed.20  

In-situ studies revealed that nanoconfined Co(hcp) and MnO (ccp) phases evolved during the 

activation step of FTS reaction. Previous studies suggested that MnO served as a support for the 

metallic Co nanoparticles thereby ensuring a good dispersion and stabilization of these 

nanoparticles.21 MnO is also known to act as an electronic and structural promoter and the 

promoting effects of MnO are strongly dependent on its location and amount. Morales et al. 

showed that CO preferentially bonded linearly to surface metal sites when MnO loading was 
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increased.22 However, in the mentioned literature, the MnOx loading was much lower than the Co 

loading and the promoting effects of MnO are not yet clear.  

5.4 Conclusion 

In conclusion, the catalytic activity of reduced Co-doped birnessite towards FTS was explored in 

the present work. The in-situ characterization by the means of XRD reported in this chapter 

provided useful insighst into the evolution of catalytically active crystalline phases for the FTS 

reaction that were otherwise challenging to detect using conventional ex-situ methods. The results 

suggested that the Co-doped birnessite was reduced to Co(hcp) and MnO (ccp). MnO provided an 

excellent medium for dispersion and stabilization of cobalt nanoparticles to catalyze CO-

hydrogenation. Lower olefins and paraffins were selectivity synthesized in conjunction with low 

CO2 production and methane selectivity. This study suggests that reduced Co-doped birnessite is 

a promising catalyst which is capable of producing chemicals and fuels directly from H2-rich 

syngas.  

 

5.5 Experimental Section 

 

5.5.1 General Considerations. All chemicals were purchased from commercial sources and used 

without further purification. Transmission electron microscopy (TEM) images were collected 

using a JEOL JEM-1400 microscope operating at 120 kV. Scanning electron microscopy and 

energy dispersive spectroscopy (SEM-EDS) samples were deposited on conductive carbon tape 

mounted on aluminum stubs and images were collected on an Agilent 8500 FE-SEM instrument 

operating at 1 kV. The elemental content was analyzed using SEM-EDS.  
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5.5.2 Synthesis of Co-doped Birnessite 

A stock solution of 250 mL of potassium permanganate (0.200 M) and 50 mL of CoCl2 (0.58M) 

was heated to 80°C with continuous stirring. 50 mL of hydrochloric acid (3M) solution was added 

dropwise at the rate of 1 mL/min using a syringe pump to the continuously heating stock solution. 

The mixture was covered with watch glass to prevent excess evaporation and aged overnight at 

50° C.11,23 The resultant was filtered and washed repeatedly with deionized water, separated by 

centrifugation of the aqueous product suspension at 1000 rpm to remove any excess reactants or 

side products and, freeze-dried to the final product.   

5.5.3 FTS catalysis 

The reaction was conducted in a stainless-steel U-tube reactor of 20 cm length and inner diameter 

of 3.2 mm. The reactor was immersed in a sand bath to ensure desired temperature of the reaction. 

Catalyst was loaded in the middle position of the reactor and sealed with glass wool. The 

temperature of the catalyst bed was monitored using a Cr-Al thermocouple. Syn-gas (H2/CO=2) 

was metered through mass flow controller at the flow rate of 50 mL/min. The reactions were 

carried out at 1 atm pressure of syn-gas. The reaction was stabilized at the temperatures of 200°C, 

250°C, 300°C, 350°C, 400°C, 450°C and 500°C for 2 hours respectively. The effluent gas, after 

passing through a cold trap was analyzed by Agilent 6890N gas chromatograph with flame 

ionization detector (FID) with He as the carrier gas. The products were analyzed using non-polar 

fused silica PLOT column (Restek Rt-Q-Bond column, see table 5.5 supporting information for 

column dimensions, calibrations, methods). Repeated experiments carried out under the same 

reaction conditions demonstrated that the studied catalyst shows good reproducibility.  

For a typical FTS reaction, the CO conversion and product selectivity were calculated by the 

equations 
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𝐶𝑂 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
𝐶𝑂𝑖𝑛𝑙𝑒𝑡− 𝐶𝑂𝑜𝑢𝑡𝑙𝑒𝑡

𝐶𝑂𝑖𝑛𝑙𝑒𝑡
 × 100 %              (1) 

                         𝑆𝑖 =  
𝑁𝑖𝑛𝑖

∑(𝑁𝑖𝑛𝑖)
 × 100 %                         (2) 

where COinlet and COoutlet represent moles of CO at the inlet and the outlet respectively. Si denotes 

the selectivity to product i on a carbon basis, Ni is the molar fraction of product i, and ni is the 

carbon number of product i.   

 

 

5.5.4 Powder X-ray Diffraction (PXRD) Analysis. The ex-situ powder X-ray diffraction 

(PXRD) patterns were performed on Bruker Kappa APEX II DUO diffractometer and Mo kα 

Table 5.5 GC methods and column information for product analysis. 
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radiation from a sealed tube and processed using DIFFRACEVA software package. The patterns 

were indexed to the Crystallography Open Database (COD).  

In-situ structure determination and Phase Refinement. The structure and phase transformation of 

microcrystalline Co-doped Birnessite catalyst during FTS reaction was studied by the means of 

PXRD technique using synchrotron radiation at Beamline 17-BM at Advanced Photon Source 

(APS) at Argonne National Laboratory (ANL) with the valuable assistance of Dr. Wenquian Xu. 

The X-ray wavelength was 0.24135 Å. Sample powder was packed in a 1.1 mm diameter Kapton 

capillary. The catalyst was reduced with 5% hydrogen (Helium balanced) at 200°C for 30 minutes. 

FTS reaction was mimicked with 5% syngas (H2/CO=2, He balanced). The sample was heated 

from room temperature to 500°C at a heating rate of 10°C/min under the flow rate of 50 mL/min. 

The reaction was stabilized at the temperatures of 200°C, 250°C, 300°C, 350°C, 400°C, 450°C 

and 500°C for 2 hours respectively for the collection of XRD patterns. Two-dimensional (2D) 

diffraction data were collected with PerkinElmer flat panel amorphous Si area detector in the 

transmission geometry. Reduction of the 2D images to a 1D XRD pattern of intensity versus 2Θ 

was carried out using GSASII program. XRD patterns were indexed to the Crystallography Open 

Database (COD). Rietveld analysis and pair distribution function (PDF) analysis were performed 

using GSASII.   
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CHAPTER 6: CONCLUDING REMARKS 

 

 

Hydrogen production (H2) is a latent technology for renewable green energy. Electrochemical 

water splitting is a promising, sustainable and, pollution-free approach for H2 production. The 

development of efficient and economical technologies of green energy systems for water splitting 

can decrease external power consumption from non-renewables. A variety of green energy systems 

for efficient production of H2, such as two-electrode electrolysis of water, water splitting driven 

by photoelectrode devices, solar cells, thermoelectric devices, triboelectric nanogenerators, 

pyroelectric devices or electrochemical water-gas shift devices, have been developed recently. 

Electrochemical water splitting is a prospective method to produce environmentally friendly 

hydrogen fuel. Electrochemical water spitting requires a large voltage of 1.23 V theoretically, with 

additional overpotential required to overcome the slow four-electron transfer kinetics of the anodic 

water oxidation reaction. 

The employment of suitable catalysts is critical to develop electrolysis of water. Hence, it is an 

urgent desire for researchers to develop many different kinds of electrocatalysts with different 

performance to promote the development of H2 fuels. Birnessite and their structurally modified 

variants have been extensively studied as water splitting electrocatalysts. Chapter 3 explored the 

role of the geometry and dynamics of interlayer water molecules in water oxidation. The research 

in Chapter 3 demonstrated that layered materials with different interlayer hydration structure 

exhibit significant differences in their catalytic activity towards oxygen evolution reaction. The 

study of role of water frustration in the interlayer of birnessite has been utilized to introduce various 

structural modifications in birnessite that have resulted in remarkable enhancement of their 
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catalytic activity towards OER. We expect that future work examining the mechanisms of water 

oxidation within the interlayer region of layered materials will aid in the understanding and 

tailoring of novel catalytic materials for oxygen evolution reaction.  

The products of FTS (syncrude) are significantly different compared to crude oil, which principally 

allows syncrude refining to be more efficient than crude oil refining. From the preceding 

discussion in Chapter 4 and 5, Fischer-Tropsch synthesis using LiCoO2 and Co-doped birnessite  

produces commodity chemicals such as olefins and paraffins. Utilizing state of the art refining 

techniques such as double bond isomerization, dimerization, skeletal isomerization, etherification, 

aliphatic alkylation, aromatic alkylation, metathesis, hydrogenation, hydroisomerization, 

hydrocracking, catalytic cracking, coking, thermal cracking, aromatization, syncrude can be 

refined to fuels conforming to green chemistry principles such as preventing waste, maximizing 

atom economy and increasing energy efficiency.  

Layered catalytic materials (LiCoO2 and Co-doped birnessite) were reduced to metallic cobalt 

during activation process, thereby indicating that metallic cobalt was indeed the active site of FTS. 

In future we expect to examine the evolution and role of intercalated Li+ ions during the process. 

Low-medium chain olefins and paraffins (C2-C7) were synthesized in the temperature range of 

200°C-300°C. Steady state isotopic transient kinetic analysis (SSITKA) technique can be utilized 

to gain further mechanistic insights of FTS reaction mechanism on the surface of LiCoO2 and Co-

doped birnessite.  
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