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Abstract 

Zinc-air batteries are viewed as one of the most promising energy storage technologies for 

consumer electronics, electric vehicles, and grid storage due to a number of benefits including 

relatively high theoretical specific energy density (1350 Wh/kgactive material ) compared to lithium-ion 

batteries (1000 Wh/kgactive material), the abundance of zinc in the earth, and its inherent safety and ease 

of handling. Zinc-air batteries (ZAB) include an air-breathing cathode in addition to more standard 

battery components including a metal (zinc) anode, polymer separator, and alkaline electrolyte. This 

makes ZABs a unique technological advancement. Unlike other common battery systems like 

lithium-ion batteries, which store active material in the cathode, the air cathode of a ZAB  uses 

gaseous oxygen molecules in the air as the fuel for an energy-generating process. The oxygen 

reduction reaction (ORR) and oxygen evolution reaction (OER) processes that take place during 

battery discharge and charge, respectively, largely control the overall energy efficiency of the ZAB 

system due to their inherently slow kinetics. Nevertheless, the most significant obstacles to the large-

scale industrial deployment of ZABs are their low round-trip energy efficiency and performance 

deterioration. Both issues are directly connected to the poor activity and stability of the 

electrocatalysts used to catalyze the reactions at the air electrode and the reactions at the zinc 

electrode. In order to substitute precious metal catalysts, a variety of hybrid catalysts, transition 

metal-based catalysts, and metal free catalysts have been studied. However, the majority involve 

complex fabrication processes that demand special conditions and multiple, often energy intensive 

steps. This has hindered scale-up and can result in additional costs. Consequently, a straightforward 

technique for creating air electrodes with active catalysts is essential. 

Laser induced carbonization has emerged as a promising, furnace-free approach to create carbon-

based materials and electrodes in one step. However, little work has been carried out to determine 

whether precious and non-precious metal catalysts can also be formed during this rapid laser 

conversion process and whether such methods could result in high activity electrocatalysts for the 

air-cathode of a zinc-air battery. Thus, in this thesis, we sought to develop composites of carbon 

forming resins containing various precious and non-precious metal catalyst precursors that could be 

laser converted to high surface area carbon/catalyst composites. 

We successfully designed a simple approach to prepare air cathodes consisting of laser biomass-

induced graphene (LIG) decorated by different catalysts; platinum based, manganese oxides, and 
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metal free catalysts. We used furfuryl alcohol (FA) as a LIG precursor and CO2 laser to carbonize 

poly furfuryl alcohol instead of furnace in all the three projects. We demonstrate a facile approach 

to reduce platinum content to less than 2 wt.% by interfacing Pt with CoOx as well-dispersed 

nanoparticles entrapped within a highly conductive laser-induced graphene (LIG) matrix as an air-

cathode for ZABs. Furfuryl alcohol was used as the monomer of poly furfuryl alcohol (LIG 

precursor) and as a reducing agent. Laser-induced carbonization of polymerized furfural alcohol 

pre-loaded with Co, and Pt precursors resulted in the formation of a mixture of spherical nanoalloys 

and core-shell Pt-CoOx structures with ultra-small size less than 2 nm. SEM, TEM and EDS analysis 

indicated excellent distribution of the nanoparticles consisting of core-shell (CoOx-Pt) and mixed 

spherical nanoalloys throughout the three-dimensional LIG. Moreover, the onset potential of LIG-

PtCoOx air cathode is ~ +20 mV (vs. Hg/HgO) in alkaline media which indicates fast ORR kinetics 

when compared to commercial Pt/C (-30 mV vs. Hg/HgO) with the same catalyst concentration. 

The half-wave potential is -150 mV (vs. Hg/HgO) which is 30 mV more positive than commercial 

Pt/C. ZAB cycling using LIG-PtCoOx as catalyst material showed improved stability and 

rechargeability compared to the commercial Pt/C electrode. A greater peak power density of 

67.1 mW/cm2 is also delivered by the LIG-PtCoOx cathode-assembled ZAB compared to the pricey 

Pt/C electrode (52.3 mW/cm2). Moreover, commercial manganese oxide (MnO2) was loaded in LIG 

via a facile one-pot polymerization reaction. Carbonization was accomplished by optimizing laser 

irradiation to produce a mixed-phase catalyst material supported by a highly conductive carbon 

matrix. Optimal loading of MnO/Mn3O4 vs LIG was determined via rotating ring disk electrode 

measurements where the samples that contained 10 wt.% MnO2 catalyst precursor (10MnxOy) had 

the best bifunctional performance towards ORR and OER and followed a four electron ORR 

pathway. While ZAB testing at 50 mA/cm2 indicated a voltage gap was 1.72 and 1.47 for the 

10MnxOy composite and 20 wt.% Pt/C, respectively. The calculated power density showed peak 

powers at 48.3 and 69.0 mW/cm2 for 10MnxOy and 20 wt.% Pt/C, respectively. Finally, the 

synthesis method to fabricate metal free catalysts was studied using precursors entirely derived from 

waste biomass. Nitrogen doping of the LIG was achieved using chitosan as a biomass-based nitrogen 

source and furfuryl alcohol as the carbon precursor. The resulting nitrogen-doped LIG (N-LIG) 

samples were tested towards ORR performance. Reducing the size of the chitosan by ball milling 

was found to be a necessary pretreatment step to improve the ORR performance. To the best of our 
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knowledge, this is the first work to utilize a nitrogen dopant in LIG for metal-free ORR 

electrocatalysis.   

In summary, we demonstrated the feasibility of preparing high performance ORR catalysis by 

laser-induced carbonization and reduction of various one-pot synthesized composite resins based on 

the biomass-derived poly furfuryl alcohol system. Recipes for low Pt-content Pt-Co-based alloys, 

manganese oxides and nitrogen doped carbons were found to achieve performance comparable or 

exceeding many literature studies and will, hopefully, form the basis of future advancement for 

practical air cathodes recipes which hold promise for low-cost zinc-air batteries and related 

electrochemical systems. 
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Chapter 1 

Introduction 

1.1 Scope and Challenges 

Development of sustainable and clean energy resources is urgently needed due to the growing use 

of conventional fossil fuels and the resulting environmental pollution.1,2 The energy demand by 2050 

would triple that of today because the population would reach nine billion.3 Reducing the 

requirement for conventional thermal power generation through the utilization of renewable energy 

sources could assist in reducing greenhouse gas emissions.4 In response to the current rise in demand 

for more economical, sustainable, and renewable energy, several conversion devices are being 

developed with cutting-edge materials such as fuel cells and metal air batteries.  

Zinc-air batteries have recently received a lot of interest due to their high theoretical energy 

density and low environmental impact. Zinc-air batteries (ZABs) are promising for application in 

large-scale, stationary energy storage. Because zinc has a greater reduction potential and a 

significant overpotential for hydrogen evolution, zinc-air batteries may be charged with a better 

current efficiency than Al/Mg equivalents. 5 Zinc is the 24th most prevalent element on the planet 

and is completely recyclable.6 ZABs can provide a higher energy density ( reach to 1350 Wh/kg)7 

than a Li-ion battery (reach to 1000 Wh/kg)8,9 at half the price (90-120$ kW/h for ZAB).10–12 Other 

advantages of the ZABs include safe operation and environmental friendliness because they do not 

contain flammable and hazardous organic electrolytes.  

Both proton-exchange membrane (PEM) fuel cell and metal-air battery technologies rely on the 

oxygen reduction process (ORR), which is known for its sluggish kinetics. Therefore, to enable 

PEM fuel cells and metal-air batteries to be functional and feasible, ORR-active electrocatalysts 

must be utilized to speed up the electrochemical process. Therefore, over the last several decades, 

there has been a considerable increase in research on the synthesis and catalysis of catalysts for the 

oxygen reduction process (ORR) in electrochemical systems.13,14 To date, platinum (Pt) and its 

alloys dispersed as nanoparticles on carbon black supports serve as the most efficient electrocatalyst 

for ORR, which favors the four-electron oxygen reduction reaction pathway to generate water. With 

only a modest quantity of hydrogen peroxide produced, platinum has the lowest overpotential and 
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the maximum selectivity for the direct oxygen reduction.15,16 However, platinum-based materials 

are costly, accounting for up to 50% of the total cost of a fuel cell and a metal-air battery.15 

Alternatively, several studies have been carried out on transition metals, metal oxides, and carbon-

based materials as electrocatalysts for ORR due to their attractive physical and electrochemical 

characteristics.17,18  

To develop new ORR catalysts, two strategies have been proposed and extensively researched: 

(1) using less platinum by alloying platinum with other transition metals; and (2) entirely switching 

out platinum-based catalysts for non-precious metal catalysts such as manganese oxide or doped 

carbon with heteroatoms such as nitrogen. 

There are several advantages of platinum-transition metal alloy (Co, Ni, etc.) over pure platinum 

such as lower platinum content, lower price of the obtained catalyst, better catalytic activity, stability 

and durability under harsh electrochemical conditions relevant to fuel cell and metal air battery 

operations.19–21 Polycrystalline Pt films alloyed with various transition metals were explored by 

Norskov et al. and Stamenkovi et al.; Pt3Co was discovered to be the most active of those 

investigated, with a specific activity 3–4 times greater than Pt.22,23 Despite their many advantages, 

platinum-transition metal alloys can present some challenges in their production and use. Such as; 

processing difficulties due to their high melting points and high reactivity with other materials, and 

specialized equipment and processes could be required to produce high-quality alloys. Generally, 

the difficulties posed by platinum-transition metal alloys could be manageable and handled with 

careful planning and specific methods. These alloys have special qualities and advantages that make 

them indispensable in a wide range of sectors and uses. 

Alternatively, in terms of entirely moving to a non-Pt system, manganese oxides and 

oxyhydroxides offer an attractive replacement for the precious metal-based electrodes under basic 

conditions, due to their availability, low cost, and proven ability to catalyze both the oxygen 

reduction reaction (ORR) and the oxygen evolution reaction (OER) at high pH values.24,25 When 

comparing manganese's abundance and price to that of platinum and iridium, manganese is about 

six orders of magnitude more abundant in the earth's crust and three to four orders of magnitude less 

expensive.26 In summary, because of its low price, excellent stability, and availability, manganese 

dioxide (MnO2) is a viable ORR catalyst for ZABs. Although there are still challenges with its low 
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activity compared to platinum, research is constantly being done to improve its performance and 

make it more suitable for usage in energy storage applications. 

It has been demonstrated that incorporating heteroatoms such nitrogen, oxygen, sulfur, 

phosphorous, and boron enhances the electroactivity of carbon-based materials. The nitrogen-doped 

graphene catalyst has recently been shown to have exceptional ORR catalytic activity that is 

comparable to Pt catalysts for ORR and has potential as an ORR catalyst due to its low cost, high 

stability, and high efficiency.27 By pairing with the lone pair electrons from the N dopants, nitrogen 

atom doping in graphene can activate the carbon π electrons, reducing oxygen molecules on the 

positively charged carbon atoms nearest to them.28 While nitrogen-doped carbon (N-C) catalysts for 

the oxygen reduction processes in ZABs appear to hold promise as alternatives to platinum-based 

catalysts, a number of obstacles need to be removed in order to enhance their functionality and make 

them widely available for commercial application. The key issues that researchers work to address 

are low activity, complicated synthesis, and nitrogen content optimization.29–31 

As will be discussed in more detail in the upcoming sections, most of the ORR catalysts impose 

several limitations due to the complex fabrication methods that required special conditions, high 

catalysts precursor needed, low stability achievement, and poor ORR performance. Moreover, one 

of the serious challenges of embedding the catalyst in a carbon or graphene matrix as an ORR 

catalyst is the high temperature required in the furnace under inert gas. Using the laser induced 

graphene technique to carbonize the graphene precursor at ambient conditions instead of furnace 

under inert gas has been recently an interesting object for many researchers due the advantages of 

the laser induced graphene (LIG) technique that will be discussed in detail in the next chapters. 

However,  using the LIG technique to fabricate air cathode was rarely explored due to the common 

casting method used to deposit the catalysts on the LIG. Casting the catalysts on the LIG caused 

limited stability, and aggregation/dissolution of the catalyst on/from the LIG substrate that cause a 

decrease in the device performance of the catalyst/LIG over time.  

Therefore, the main goal of this research is the development of highly active nanostructured ORR 

catalysts decorated on a biomass derived three-dimensional LIG. This will be achieved by 

carbonization of carbon forming resins containing various precious and non-precious metal catalyst 

precursors that could be laser converted to high surface area carbon/catalyst composites. The 

research focuses on using a biomass-derived polymer which is poly furfuryl alcohol as a graphene 
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precursor and entrapping the mentioned catalysts in the polymer matrix using a new and simple 

synthesis method under amber condition to improve the catalytic activity and stability forward ORR 

process . The specific objectives of my thesis are provided in the following section. 

1.2 Thesis Objectives 

This work will investigate the synthesis of different ORR catalysts using laser scribing of biomass 

polymer as graphene precursor with entrapped catalyst precursors. The main objectives are to: 

1. Development of a furnace-free, ambient processed, laser scribing process for the synthesis of 

graphene embedded with ORR electrocatalyst. 

2. Use a biomass polymer as LIG precursor instead of commonly used polyimide (Kapton ) 

precursor. 

3. Simultaneously incorporate ORR catalyst precursor in a carbon precursor resin filled that will 

be reduced during lasering leading to catalyst entrapped in LIG that would overcome the 

agglomeration/leaching issues caused by casting catalysts on the LIG. 

4. Reduce the amount expensive Pt in LIG by alloying or replacing with inexpensive ORR active 

transition metal. 

5. Understand the factors influencing how the catalyst structure evolves in  LIG during laser 

scribing.  

6. Provide insights on the effect of irradiation carbonization on the crystalline structure/phases of 

the embedded catalysts.  

7. Simultaneously dope heteroatom in LIG (nitrogen) using biomass nitrogen source . 

8. Test their electrocatalytic performance of LIG/catalysts for an air-cathode application in zinc 

air battery. 

 

To achieve these goals, a series of catalyst design strategies that may boost the activity and 

durability performance of LIG/catalysts and nitrogen doped LIG materials toward ORR were 

explored as will mentioned in the next chapters. 
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Chapter 2 

Background 

2.1  Zinc-Air Battery (ZAB) 

Metal-air batteries are an attractive electrochemical energy storage technology due to their high 

energy density and the fact that atmospheric oxygen is one of the reactants. The two metals that 

have drawn the most interest as anode materials are lithium and zinc, with zinc providing safety 

benefits over lithium over its highly reactive counterpart in addition to being abundant and totally 

recyclable. Moreover, when zinc is used as an anode metal in a metal-air battery, it offers benefits 

over other candidate metals in some of the following areas:  production cost, polarization and 

stability, parasitic corrosion, uniformity dissolution, reactivity, tolerable rechargeability, practical 

handling, and safety.32 Zinc-air battery (ZAB) storage presently costs $90- $120 per kWh, partly 

because zinc is less expensive than large-scale lithium ion energy storage, which costs around $200 

to $250 per kWh.33 

A ZAB typically consists of four components: a separator, an alkaline electrolyte, an air electrode 

with a gas diffusion layer (GDL) coated with catalyst, and a zinc electrode (Figure 1.1). As can be 

seen, through an external circuit, a negative Zn electrode is connected to a positive air electrode, 

and an ionically conductive electrolyte (typically an alkaline solution) serving as the electrochemical 

channel connecting the two electrodes. When the battery discharges, the Zn electrode oxidizes 

according to Equation 1.1, supplying a flow of electrons to the external circuit in the process.34,35 

Oxygen reduction reaction occurs though two pathways as shown in Equations 1.4 and 1.5: either 

O2 reduced by 4 electrons pathway into H2O or by  two-electron pathway into H2O2. In an alkaline 

electrolyte, the four-electron ORR pathway is preferred. In the two-electron pathway, oxygen is 

reduced by two electrons to form superoxide radicals (O2-), which react with water to form H2O2. 

Superoxide radicals are highly reactive and can cause degradation of the battery components, which 

is one of the main drawbacks of this pathway. The four-electron pathway is more efficient than the 

two-electron pathway in terms of energy conversion, as it requires a lower overpotential (i.e., the 

excess voltage needed to drive the reaction) to proceed. This means that the four-electron pathway 

can achieve a higher current density at a given voltage, leading to a higher power output. Moreover, 

the four-electron pathway produces only water as a byproduct, whereas the two-electron pathway 
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produces hydrogen peroxide, which can build up and cause corrosion of the fuel cell and metal-air 

batteries components over time.36 Finally, the four-electron pathway is more chemically stable than 

the two-electron pathway in an alkaline electrolyte. This means that the four-electron pathway is 

less susceptible to poisoning by contaminants, which can interfere with the reaction and reduce the 

efficiency of the battery or the fuel cell.37,38 Overall, the four-electron pathway is a better option for 

ORR in an alkaline electrolyte as it is more efficient, produces only water as a byproduct, and is 

more chemically stable, leading to a longer-lasting and more reliable battery. 

As shown in Figure 2.1, the oxygen reduction reaction (ORR), which oxygen is fueled by the 

ambient outside air, consumes the electrons once they travel the load in the external circuit and 

arrive at the air electrode according to Equation 1.4, 1.5 and 1.6. The diffusion of hydroxide (OH-) 

ions created at the air electrode and consumed at the zinc (Zn) electrode maintains charge balance 

within the electrolyte (Equation 1.1,1.2, and 1.3). The overall chemical reaction yields a theoretical 

cell voltage of 1.65 V (Equation 1.6). During charge, by an external power source, the flow of 

electrons is reversed, and the processes described by Equations 1.1–1.7 take, releasing oxygen back 

into the environment.39,40 

 

Figure 2-1 Bi-electrode-based zinc-air battery schematic view.41 

Zn electrode reactions:  

Zn + 4OH − ⇔ Zn(OH)4 2− + 2e-                                                                                     (Equation 1.1)  

Zn(OH)4 2− ⇔ ZnO + 2OH− + H2O                                                                                  (Equation 1.2)  



 

 7 

Overall: 

 Zn + 2OH− ⇔ ZnO + H2O + 2e −                                                                                     (Equation 1.3)  

Air electrode reaction: 

4 electrons pathway:  O2 + 2H2O + 4e − ⇔ 4OH −                                                            (Equation 1.4)  

2 electrons pathway: O2 + H2O + 2e− ⇔ 2HO2
−                                                               (Equation 1.5) 

                                  HO2
− + H2O + 2e− ⇔ 3OH−                                                            (Equation 1.6) 

                                                                                

Overall cell reaction:  

2Zn + 𝑂2 ⇔ 2ZnO, E°
cell = 1.65 V                                                                                    (Equation 1.7) 

Total energy efficiency and long-term cyclability of ZAB, which are currently less than a fifth of 

those of commercially available lithium-ion batteries, are the major impediments preventing them 

from being used in practical applications.42 The air electrode is the crucial component that dictates 

the battery's performance, where the conversion of oxygen and metal hydroxide occurs. The primary 

causes of ZABs' high polarization and poor electrode reversibility are their inherently slow reaction 

kinetics (as mentioned above), which include oxygen evolution reaction (OER) during charging and 

oxygen reduction reaction (ORR) during discharging. Thus, the rational design of effective 

bifunctional oxygen catalysts has received a great deal of attention from researchers in an effort to 

improve battery performance by accelerating reaction kinetics and reducing discharge/charge 

overpotentials.43 

While in principle ZABs show a lot of promise, several technological challenges from each 

component of the system face their own challenges and need still to be resolved. The challenges 

associated with air electrode, zinc electrode, and electrolyte are briefly discussed in the next sub-

sections. 

2.1.1  Anode Electrode Challenges: 

In a zinc-air battery, there are four main phenomena that restrict the performance of a zinc 

electrode:44  
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• Dendrite expansion: At the anode, due to the high solubility of the zincate ions, it is 

difficult to reduce them on the zinc electrode surface, causing a morphology change on 

the surface of Zn electrode or dendrite growth during discharge-recharge cycling. 

Dendrites could lower the battery capacity and could cause a short circuit if penetrated 

through the separator.45 

• Passivation and internal resistance: During the discharge process, ZnO that has been 

supersaturated in alkaline electrolytes can be deposited on the surface of the zinc electrode 

creating an insulating layer, blocking the electrode's surface and interfering with the 

electrode's subsequent reaction by hindering migration of the discharge product and/or 

OH- ions. This process is known as passivation.46  Passivation will reduce the Zn 

electrode's use, which will lead to a reduction in discharge capacity. In addition to raising 

the zinc electrode's internal resistance due to its nonconductive nature, ZnO also causes 

voltage losses during discharge and voltage gains while charging.  

• Hydrogen evolution: the Zn/ZnO has a more negative standard reduction potential than 

the evolution of hydrogen gas, therefore, the zinc electrode at rest, will corrode over time 

and self-discharge because hydrogen evolution is thermodynamically favored.  As a result 

of internal swelling caused by the created hydrogen, the battery's internal pressure will 

rise and cause damage.47 

There are several factors can determine the best solutions and techniques for enhancing zinc-

electrode performance such as: 

• Increasing the surface area of the electrode could reduce the zinc-deposition overpotential, 

which could decrease the dendrite during charging. Parker et al. designed porous three-

dimensional zinc anode with a high specific and volumetric capacity density. At high 

currents, this electrode proved capable of up to 90% zinc utilization and more than 80 

charge-discharge cycles without any noticeable dendrite growth.48 However, the rate of 

hydrogen evolution rises with exposed surface area, which is one drawback of utilizing a 

zinc electrode with a high surface area. Therefore, when researchers create zinc electrodes 

with greater and larger surface areas, attention to hydrogen-evolution reduction techniques 

must rise. 
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• Due to their conductivity and strong chemical resistance to alkaline conditions, carbon-

based additions (most frequently carbon black) have been used to reduce the resistance of 

zinc electrodes. Masri et al added 2 wt.% carbon black to their porous zinc electrode which 

improved the specific discharge capacity, enhanced the zinc utilization (from 68% to 95%), 

and stabilized the voltage (1.4 V).49 

• An effective way to reduce anode corrosion is modifying the Zn electrode's composition. 

Various heavy metal elements, including as Cd, In, Sn, Ti, Pb, and Bi (or their oxides), 

have been investigated as Zn electrode additions.44 Moreover, these additives increase the 

conductivity and current distribution inside zinc electrodes. Aremu et al. fabricated a zinc 

electrode by mixing 30 wt.% Zn: 3 wt.% bismuth oxide: 10 wt.% potassium sulfide: 5 wt.% 

lead (II) oxide additives. The zinc electrode exhibited low dendrite growth, less corrosion 

rate, and excellent capacity.50 

• The corrosion behaviour of Zn electrodes might be successfully changed by changing the 

electrolyte. Many investigators use a KOH electrolyte that is pre-saturated with Zn(OH)4
2− 

ions (usually by dissolving ZnO powder). Xiao et al. added organic additives like 

benzotriazole (BTA), thiourea (CH4N2S), and sodium dodecyl benzene sulfonate (SDBS) 

one at a time to the electrolyte in order to decrease the corrosion rate of zinc-air batteries 

and improve the charge and discharge performance of the zinc electrode. The zinc-air 

battery's cycle life and charge-discharge performance were both considerably enhanced, 

and the zinc electrode's corrosion inhibition effectiveness was 76.9%.51 

• An additional technique to extend cycle life is to coat the surface of the zinc electrodes. 

Coating should prevent or significantly slow down Zn(OH)4
2- migration outward during 

the discharge process while permitting enough OH ion migration to facilitate the charge 

and discharge processes. Moreover, In order to prevent self-discharge and enhance the 

electrochemical performance of ZABs, Lee et al. coated a zinc electrode with a thin layer 

of aluminium oxide (Al2O3). This coating reduced the hydrogen evolution reaction and 

zinc-electrode corrosion and enhanced the stability of ZABs, while maintaining battery 

performance.52 
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However, many of the zinc-electrode improvement techniques discussed above need to be 

investigated for long testing periods to demonstrate that they qualify for a variety of battery 

applications. 

2.1.2 Electrolyte Challenges  

The electrolyte's role in the charge/discharge process is to provide fast ion conduction. The 

electrolyte controls the electrochemistry of ZABs because it is necessary for the transfer of active 

species, such as Zn(OH)4
-2 and oxygen intermediates, which are essential for the output power 

density and energy density. The ideal electrolyte should have high ionic conductance, low electronic 

conductivity, robust chemical stability, and low cost. Aqueous alkaline electrolytes (e.g., aqueous 

potassium hydroxide (KOH) solutions) are often used as electrolytes for zinc-air batteries, primarily 

due to their superior ionic conductivity, greater oxygen diffusion coefficients low viscosity and 

interfacial characteristics than other acidic and neutral electrolytes. Alkaline electrolytes have a 

higher overpotential for HER compared to other electrolytes, making them more favorable for zinc-

air batteries. The use of acidic electrolytes can accelerate the corrosion of the zinc electrode, leading 

to premature battery failure. Alkaline electrolytes, on the other hand, provide better protection 

against zinc corrosion due to their higher pH levels. Therefore, we used alkaline in the three project 

mentioned in chapter 3,4, and 5. 

The ionic conductivity of a ZAB is greatly influenced by the alkaline content. Poor reaction 

activity and high ion-transfer impedance of the electrolyte would be seen when the alkaline 

concentration is relatively low, and large alkaline concentrations would also limit ion-transport 

because of the electrolyte's high viscosity. 

However, carbon dioxide in the air readily dissolves in the electrolyte continuously reducing the 

pH and eventually precipitating carbonates. These can block pores within the gas diffusion layer 

(GDL), and hamper oxygen diffusion to the catalyst surface causing an increased polarization and 

shortening the life of the battery.46,53. For more details, the crystallization of carbonates in the porous 

air electrode follows the reactions below: 

CO2 + OH- → CO2
-3 + H2O                                                                                            (equation 1.8) 

CO2+ KOH → K2CO3 + H2O                                                                                         (equation 1.9) 
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Because HCO3/CO2
-2 has less mobility than OH does, the aqueous alkaline electrolyte's ionic 

conductivity decreases as a result of the carbonation process. It eventually damages the cathode, 

which results in performance degradation. Moreover, due to the development of carbonates, the OH- 

content decreases, which has an impact on the conductivity and viscosity of the electrolyte. As a 

result, the electrolyte's viscosity becomes higher, and the oxygen transport becomes challenging, 

which degrades the bifunctional air cathode's oxygen reduction reaction (ORR).54 Another 

electrolyte challenge is the high Zn(OH)4
-2 solubility in alkaline electrolytes which cause zinc 

passivation and dendritic development on Zn anode during battery charge, lead to low battery 

performance. The development of electrolytes faces significant obstacles as well as possibilities due 

to the growing need for high-performance, flexible, durable, and rechargeable zinc-air batteries.55 

2.1.3 Air Electrode Challenges: 

For air electrode, low-cost, and efficient bifunctional electrocatalysts are needed to mediate the 

oxygen reduction and oxygen evolution reactions (ORR/OER). Since both the ORR and the OER 

exhibit significantly large overpotentials, the development of a highly bifunctionally active air 

electrode is rather difficult and strongly relies on an effective bifunctional electrocatalyst for 

successfully promoting both the ORR and the OER processes. Additionally, the electrode materials 

must be able to withstand both strong reducing conditions during oxygen reduction at high current 

rates and extremely oxidative situations during oxygen evolution. It has been suggested that using 

decoupled air electrodes for the appropriate ORR and OER will increase the battery cycle stability.56 

The critical GDL tasks are mass transport-related; oxygen diffuses to the catalyst layer with minimum 

resistance while preventing electrolyte from blocking the pores and flooding the cell. A relatively 

hydrophilic catalytic layer and a hydrophobic gas diffusion layer (GDL) are the basis construction of 

the bifunctional air electrode. In addition to providing conductive and physical support for the 

catalysts, the GDL also serves as a passageway for oxygen diffusion during charging and discharging, 

respectively. Since the oxygen reduction reaction (ORR), diffusion of ionic species, and conduction 

of electrons are all important modes of transport phenomena, the performance is greatly influenced 

by the characteristics of the porous air electrodes. The triple phase boundary (TPB), which marks the 

point of contact of the solid, liquid, and gas reaction phases, has a major effect on the kinetics of 

discharge and charge processes. Constructing appropriate electrode design to increase the TPB and 

creating active air catalysts to speed up ORR kinetics could both significantly improve battery 

discharge performance. In published work by Yu et al., they investigated how increasing the triple 
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phase boundary can increase the cathode's rate of reaction. In their research, they used PTFE to treat 

one side of a carbon paper while growing a nickel iron layered double hydroxide catalyst on the other 

surface. They improved the TBP by creating 3D multiphase reactive interface by the asymmetric 

development of electrocatalysts inside the cathode, which significantly increased the number of 

functional active sites, sped up mass transfer, and improved interfacial stability.57 

In addition, the flooding of the air electrode and loss of the triple phase boundary might result from 

the high OER potential that gradually oxidizes the electrocatalysts, porous conductive carbon, and 

the gas diffusion layer. The oxidative corrosion of the air electrode during the charging process is the 

main reason for the battery's performance degrading throughout cycle operations. 

Studying deteriorated cathodes, where hindered mass transport results in a drop in cell 

performance, makes the importance of the mass transport features in zinc-air cathode performance 

apparent. The electrode structure which is designed for effective mass/charge transportation, is 

crucial to the performance of the zinc-air battery. In zinc-air batteries, mass transfer losses occur at 

the air cathode because oxygen must permeate through the cathode to cross TPB at active sites to 

participate in the reaction. Moreover, utilizing oxygen from air, while practical and economical, is a 

problem since the oxygen concentration is only about 20% and even lower if the air is fully 

humidified. This results in a low mass transfer driving force. The electrode's porosity and 

permeability affect the ease with which oxygen can penetrate the electrode structure. Higher porosity 

allows for increased gas flow and easier diffusion of oxygen which improves the mass transfer of 

oxygen to the catalyst. When a high concentration of KOH (> 7 M) used, more OH- is engaged in 

ORR kinetics and this increases the value of the exchange current density. Hhowever, the diffusion 

of O2 to the TPB will be restricted, leading to increased concentration polarization losses. Therefore, 

optimizing the electrode structure, catalyst activity, electrolyte saturation, and operating conditions 

are key strategies to enhance oxygen mass transfer and improve the performance of zinc-air batteries. 

Another important challenge facing the air cathode is the peroxide production during the 2 

electrons ORR pathway. Because of its high oxidizability, the peroxide accumulation not only 

decreases the ORR catalysis's effectiveness but also contaminates the catalysts or carbon support 

materials. Therefore, a bifunctional catalyst with excellent selectivity may catalyze both oxygen 

reduction by using the four-electron transfer pathway to generate the needed OH specie and oxygen 

evolution by excluding CO2 evolution (caused by carbon oxidation if the catalyst is carbon-based). 
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An ineffective catalyst with a tendency towards the two-electron route will result in a higher 

concentration of peroxide ions in the electrolyte. According to equation (1.10), the peroxide ions may 

move towards the zinc electrode during the discharge process with completely reduced hydroxide 

ions and then directly interact with the zinc electrode to cause self-discharge that reduce the specific 

capacity. 

Zn +  HO2
- → ZnO + OH-                                                                               equation (1.10) 

Carbon corrosion processes occur in alkaline air electrodes in two different ways. The first is an 

electrochemical carbon corrosion reaction, which arises from the fact that the air electrode reaction's 

(Eq. 1.11) potential is significantly larger than that of the carbon corrosion reaction equation (Eq. 

1.12). The second is a chemical reaction that is brought on by hydrogen peroxide's (HO2-) great 

oxidizability; it is a stable intermediate product of the oxygen reduction reaction (ORR) (Eq. 1.5). 

O2 + 2H2O + 4e- → 4OH- , Eo= 0.401 V vs. SHE                                            equation (1.11) 

CO3
2-  + 3H2O +4e- → C + 6OH- , Eo = -0.584 V vs. SHE                               equation (1.12) 

The two-electron ORR pathway caused peroxide to form, which then diffused into the electrolyte. 

The bonding between the catalyst particles, carbon, and other catalyst components is oxidized by the 

peroxide during this sluggish diffusion. This degradation, the main contributor in ZAB deterioration, 

blocked the pores, increased resistance, and decreased the ORR catalyst's active surface area. 

The sluggish oxygen reduction reaction in the air cathode causes a large overpotential, which is 

the main reason for the decreased cell voltage (1.65 V) of ZAB, as shown in Figure 2.2. The practical 

voltage of the ZAB is less than 1.65 V because the electrochemical polarization at the air electrode 

is higher than the polarization at the Zn electrode. There are two types of electrode polarization: 

ohmic polarization, which is carried on by the electrode's electrical resistance, and electrochemical 

polarization of ORR. The catalysts, the substrate and the catalysts contact, could cause electrode 

resistance. While activity of the catalysts caused the electrochemical polarization.58  Moreover, 

because the ZAB works as an open system, the impurities from air could poison the catalysts.  

The slow oxygen reduction reaction (ORR) and the restricted reactant diffusion to the catalytic 

active sites on the cathode side have caused the cell to become highly polarized, which limits the 

maximum power the cell is capable of producing. 
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Figure 2-2 Schematic diagram the zinc-air cell's polarization curves. Although the zinc-air cell's equilibrium potential 

(black line) is 1.65 V, the practical voltage during discharge (red line) is less than 1.65 V as a result of the slow ORR. 

ZABs require a large potential, more than the equilibrium potential (blue line).41,59  

2.2 Electrocatalysts for Air Electrode 

ZAB’s ability to be electrically recharged is made possible by fundamental electrochemical 

processes that reduce and evolve oxygen in alkaline conditions. Both oxygen reduction (ORR) and 

evolution (OER) reactions require four fundamental chemical steps; ORR involves first forming 

HOO* from adsorbed O2, then reducing it to O* and HO*, whereas OER involves their backward 

reactions.60,61 The sluggish kinetics of these reactions necessitates an active bifunctional oxygen 

electrocatalyst, with low overpotential to accelerate the rate of these reactions. Noble metals such 

as platinum, ruthenium, iridium and their oxides are regarded as the benchmark material for the 

ORR and OER electrocatalysis, respectively,62,63 as these catalysts require low overpotentials 

(284  mV on Pt/C for ORR and 250mV on RuO2 for OER in 0.1M KOH).63–65 However, employing 

them for large-scale application is not viable due to high cost, limited bifunctionality and 

stability.66,67 

In this research, we will focus on the air cathode catalysts because ORR is a limiting half-cell 

reaction for ZABs.  ORR involves reduction of molecular oxygen during the discharging process. 

However, it is highly challenging to electrochemically break the O = O bond since it has a very high 

bond energy of 498 kJ mol-1.68 Currently, expensive carbon-supported platinum (Pt) nanoparticle 
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based electrocatalysts (Pt/C, with Pt loading up to 60 wt.%) are employed to achieve acceptable 

rates for the electrochemical ORR.69,70  Even though, Pt/C is a highly active catalyst for ORR, it 

often suffers from limited stability during charge/ discharge cycling, and the aggregation/dissolution 

of the Pt/C on/from the substrate causes a decrease in the device performance of the Pt/C over time.71 

Commercial Pt/C catalysts undergo degradation as a result of corrosion and dissolution during the 

demanding electrochemical process. Meanwhile, at high voltage, the carbon support is heavily 

oxidized, which causes the Pt nanoparticles to detach and (or) aggregate, losing the stability.72 

Furthermore, the high price of the Pt/C, scarcity, and susceptibility to poisoning limit its widespread 

application. For all these reasons, highly active, scalable, low-cost, stable and efficient bifunctional 

catalysts are essential for a ZAB. 

Towards this direction, several research efforts have been reported. For example, Huang et al. 

summarized the strategies used to develop and improve the activity of Pt-based catalyst toward ORR 

as follows: 73 

1. Introduce transition metals such as Co, Fe, and Ni to form alloys to reduce the consumption of 

Pt and improve intrinsic activity and the stability.74 The overall aim of Pt based alloy catalysts is 

to have nanoalloy PtM (M= Co, Ni, Fe) that form overlayers with catalytic activity and stability 

larger than of Pt and to lower the cost of the catalyst.75,76 There are several explanations for the 

enhancement in the ORR electrocatalysis on PtM nanoalloys such as:77 

a. increasing in Pt surface area due to dissolution of non-noble element in Pt alloy.78 

b. more advantageous Pt-Pt interatomic distance.79 

c. greater Pt d-band vacancy.80 

Overall, the Pt nanoalloy technique shows promise for creating more effective and durable ORR 

catalysts, and further study in this area is required to fully realize the potential of this technology. 

2. Increase the number of unsaturated active sites by improving the Pt-based catalyst's surface and 

morphology. For example, using nanoscale particles of Pt can increase the surface area and 

expose more active sites. Additionally, changing the shape of Pt nanoparticles to more open 

structures such as octahedra, cubes, or truncated octahedra can also expose more unsaturated 

sites and improve ORR performance.81 By improving the surface and morphology of Pt-based 

catalysts, researchers hope to enhance their catalytic activity, reduce the amount of Pt required 
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for efficient ORR, and improve their durability and stability over long-term operation. This may 

have substantial effects for the advancement of more affordable and effective ZABs. 

3. Enhance the graphitization degree of the carbon supports. The degree of graphitization, which 

can increase the conductivity and stability of the catalyst, describes how well the carbon support 

is structured in a crystalline structure resembling graphite.82 Graphitized carbon materials have a 

more crystalline and organized structure than non-graphitized carbon materials, which can 

improve their mechanical and thermal stability as well and surface area. These characteristics 

may help the ORR catalyst function better and last longer. There are several ways to enhance the 

graphitization degree of carbon supports for Pt-based catalysts, including:  

a. Pyrolysis: heating the carbon support at high temperatures in an inert atmosphere can 

induce graphitization by removing the amorphous carbon and creating more ordered 

graphitic structures. The degree of graphitization can be controlled by adjusting the 

temperature and duration of the heat treatment.83 

b. Doping: Introducing dopants such as nitrogen, boron, or phosphorus into the carbon 

support can also enhance the graphitization degree. This is because the dopants can act 

as nucleation sites for the graphitic structure and promote the growth of ordered 

domains.84 

c. Templating: Using a template to direct the growth of the carbon support can also lead to 

higher graphitization degree. For example, using a hard template such as silica or 

alumina can create ordered channels in the carbon support, which can then be graphitized 

by pyrolysis.85 

All of the above methods to improve the Pt-based catalyst are cost-effective and could enhance 

the ORR performance.  

Developing an effective and stable catalyst for air cathodes in ZABs is a challenging task that 

necessitates careful consideration of many aspects such as; stability, activity, selectivity, cost, 

reproducible, and durability. Therefore, this thesis focuses on air cathode fabrication using a facile 

synthesis of platinum/cobalt oxides, manganese oxides, nitrogen doped graphene materials by using 

a laser-based technique to produce efficient cathode catalysts for rechargeable zinc-air batteries. 

Carbonization of biomass polymer that loaded with catalyst precursors by CO2 laser at ambient 
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conditions, instead of using furnace under inert gas and at high temperature, to produce laser induced 

graphene doped with catalysts in nanoparticle size, with excellent distribution, and in different 

controllable patterns. We developed a simple fabrication method to prepare platinum and cobalt 

oxides (PtCoOx) nanoalloys and core shell nanoparticles loaded in biomass derived laser induced 

graphene (LIG) as ORR catalyst. The PtCoOx nanoalloy and core shell nanoparticles loaded in laser 

biomass-induced graphene with excellent distribution was accomplished and ORR/OER 

performance was investigated. Alternatively, manganese oxides as an ORR catalyst were developed 

and fabricated using one-pot synthesis method. Finally, doping the laser induced graphene with 

nitrogen was prepared by using biomass nitrogen precursor.  

2.2.1 Platinum- based nanoalloy catalysts 

Arguably, the most practical method to lower the Pt loading in ZAB cathodes is to make Pt more 

active by alloying it with other metals. Since Pt alloys were discovered at United Technologies Corp. 

as superior ORR fuel cell catalysts in the 1980s, they have gained a lot of interest and are now 

regarded as the second generation of fuel cell catalysts after pure Pt.86–89  PtNix, PtCox, PtFex, and 

dealloyed PtCux have all undergone comprehensive testing for the ORR in fuel cells.90,91 These 

catalysts performed significant improvements in activity higher than pure Pt.  

 The higher ORR activity of Pt alloys has been attributed to a variety of factors as mentioned by 

Shoa et al.92. For instance, compressive strains resulting from shorter Pt–Pt bonds,93,94 downshifting 

the Pt d-band center or changing the d-band vacancy owing to strain and ligand effects,95,96 higher 

surface roughness brought on by the dissolution of the transition metal,97 delayed oxide species 

formation,98 all lead to better ORR activity.  

To understand the activity of Pt alloys for ORR, the stability of the intermediates was investigated 

by many researchers.99–103 The four electrons pathway ORR is a demanding reaction to catalyze 

because each oxygen molecule must receive a transfer of four electrons. OOH*, O*, and OH* are 

three of the intermediates that the catalyst must moderately bind to, in a 4-electrons ORR pathway.  

Figure 2.3a shows the measured activities of Pt alloys (Pt3Ni, Pt3Co, Pt3Fe, Pt3Ti, Pt3Y, Pt/Pd) and 

pure Pt as a function of oxygen adsorption energy as a volcano-like plot . It demonstrates that a 

surface with an oxygen binding energy that is 0.0–0.4 eV less than that of Pt (111) should have 

higher ORR activity than Pt. This could be a guidance to improve Pt-based nanoalloy as ORR 

catalyst. Each intermediate's stability increases linearly as oxygen binding energy increases. On the 
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weak binding side and the strong binding side of the “volcano” type relationship, OOH*, * + 

O2+H++e-
→OOH*, and OH*,*OH + H++e-

→*+H2O , respectively are potential determining (* is 

the vacant active site). Note that, the oxygen binding energy was estimated from ΔEO-

ΔEO
Pt≈2(ΔEOH-ΔEOH

Pt). As can be seen from the plot, at the volcano's peak, the ideal catalyst should 

have an oxygen binding energy that is about 0.2 eV weaker than pure Pt. Alloying Pt with another 

metals results a better activity compared to Pt due to their reduced contact with O. As a result, 

weakening the bonding of the intermediates to the surface atoms of Pt is the major result of alloying 

Pt with another metal. Theoretically, as shown in Figure 2.3a, Ni and Co are the two most promising 

elements for maximizing the binding free energy of adsorbed oxygen-containing species on Pt.104 

Figure 2.3b demonstrates that the Pt3Co alloy catalyst is the optimum replacement for the traditional 

Pt/C catalyst. Furthermore, from the locations of Pt3Ti and Pt3V in the plot, it can be concluded that 

the d-band centre is too far from the Fermi level, the surface possesses lesser coverage of OHad and 

anions, while the binding energy of O2 and the intermediates are too weak to enable a turnover rate 

of ORR.105 Thus, it is crucial and effective to optimize the binding free energy of oxygen-containing 

species on surface-active sites when designing Pt-based catalysts in order to improve ORR 

performance.  

 

Figure 2-3 (a) Volcano plot for various catalysts with overlayers of Pt, demonstrating experimental ORR activity improvement 

in relation to oxygen binding energy EO and both in relation to pure Pt. All data point is at U=0.9 V. (RHE).  106 (b) 

Relationships between the various ORR activities that were determined experimentally on Pt3M surfaces in 0.1 M HClO4 at 

333 K and the location of the d-band centre on the Pt-skin surface.107 

There are numerous  methods used to prepare PtM (M= Co, Ni, Fe) nanoalloys such as: 
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1. Electrodeposition: A substrate or glassy carbon is immersed in an electrolyte solution containing 

Co salt, and an electric current or voltage is applied to deposit Co on the substrate followed by 

electrodeposition of Pt using Pt precursor as shown in Figure 2.4.108,109 

2. Seed-mediated growth: As shown in Figure 2.5, this method involves the formation of 

homogeneous nucleation by the growth and depositing the atom directly on performed seed.110 

3. Gas-phase Synthesis: In this approach, the precursor materials are suspended in a gas phase, 

converting them to small clusters followed by imposing these clusters to grow to nanoparticles, then 

collecting the nanoparticles. 111 

4. Solvothermal Synthesis: This method involves a reduction reaction in a solvent at high temperature 

and pressure in a sealed vessel. Then the mixture allowed to cool down at ambient temperature before 

sonicating it with carbon support to minimize nanoparticle aggregation.112,113 

5. Template-assisted synthesis: This method involves depositing Pt and other metal precursors onto 

the surface of the template. The template is fabricated with desired shape and size and made of solid  

such as silica, alumina , and polymer or  a nonporous membrane. Then the reduction reaction is done 

by heat or reducing agent. Finally, the template is removed, leaving behind the Pt nanoalloys. This 

method controls the shape and size of the nanoalloys. 114 

6. Sol-gel: This process involves the reaction of metal precursors that dissolved in water or alcohol to 

form a gel-like material by heating or/and stirring. Then the gel is dried and calcined to produce the 

nanoalloy.115 

7. Chemical Vapor Deposition (CVD): This method is widely used, where the gas or vapor precursors 

react with a substrate to produce the nanoalloy at high temperature and vacuum in chamber.116 

8. Physical Vapor Deposition (PVD): This process is used to evaporate the metal elements in a 

vacuum chamber then deposit the evaporated elements on electrically conductive material or 

condense on a substrate to form the nanoalloy.117 
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Figure 2-4.  Steps of the electrodeposition method of different metals on the glassy carbon.108 

 

 

Figure 2-5 General approach to colloidal metal nanocrystal formation mediated by seeds. A vessel holding a combination of 

seeds, a reductant, a capping agent, and a colloidal stabilizer is injected with a precursor solution. The metal precursor is 

reduced (or destroyed), and these atoms then heterogeneously nucleate on the surface of the seeds. Well defined nanocrystals 

are created as a result of the seeds’ continued growth along one of the many possible routes.118 

Pt-based core-shell nanoparticles are among the most notable applicants of PtM (M=Co, Ni, and 

Fe) alloy catalysts.119 In the last decade, PtM core-shell nanoparticles with a controlled size, 

structure, and composition have been synthesized using a wide range of techniques.120–122 One of 
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the most investigated Pt-based core-shell catalyst materials used in ORR applications is based on 

Co-Pt system. The improved ORR activity of Co-Pt core-shell catalyst originates from the Co core 

which persuades a strain in Pt-Pt interatomic distance.120–123 In addition of the synthesis methods 

above; laser ablation could be used to synthesis core-shell Co-Pt nanoparticles. The Co-Pt core-shell 

nanoparticles prepared by ablation of Co shell target in already prepared Pt core nanoparticles 

colloidal solution.124,125 Furthermore, sonication is a commonly used method to prepare core-shell 

Co-Pt nanoparticles. In this method, Co-Pt precursors are dispersed in a solvent and subjected to 

high-frequency ultrasonic energy for a certain time. Then, the mixture is subjected to thermal 

treatment in tube furnace under flowing inert or nitrogen gas, or surface modification, to form Co-

Pt core-shell nanoparticles.119,126 Overall, preparing core-shell and nanoalloy structures of platinum 

and cobalt can be challenging due to the complex interplay between the synthesis conditions, the 

materials properties, and the desired properties of the resulting nanoparticles. Therefore, the 

preparation of Pt-Co nanoalloys requires careful consideration of these factors to achieve the desired 

properties and ORR performance. 

2.2.2  Metal oxide catalysts 

Manganese oxides, a promising catalyst for ORR in alkaline electrolytes, have attracted great 

interest among the  metal catalysts used for the ORR due to their availability, affordability, and 

tolerable catalytic activity due to their large surface area (reach to 254.1 m2/g)127 and number of 

active sites.128,129 For example, doping MnOx/C nanoparticles with nickel improved the oxygen 

reduction activity and performed mass activity (39.6 A/g) close to commercial 10% Pt/C (40.1 

A/g).130 The mass activity is the current density produced by the catalyst during the ORR divided by 

the mass of the catalyst used in the reaction. Furthermore, thin film of MnO2, which was 

electrodeposited on a glassy carbon then calcined at 480 °C in air for 10 h, performed superior 

performance toward ORR in alkaline electrolyte with (E = 0.73 V vs. Ag/Agcl at -3 mA/cm2) 

comparable to commercial 20% Pt/C ( 0.86 V vs. Ag/AgCl at -3 mA/cm2).131  Moreover, its potential 

for use in metal-air batteries and fuel cells was improved by their low toxicity and environmental 

friendliness. 

A schematic summarizing various approaches to prepare MnO2 based nanoparticles is shown in 

Figure 2.6. While there have been a lot of advancements in this regard, MnO2 suffers from low 

electrical conductivity and agglomeration during ORR, which deteriorates the ORR catalytic 
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activity. Therefore, anchoring MnO2 over carbon support could improve the electrical conductivity, 

expand the electrochemically active sites for ORR (carbon could improve the dispersion of MnO2 

particles), and accelerate electron transfer rate by providing a conductive pathway for electron 

transfer between MnO2 and the electrode.132–134  There are several factors that could influence the 

ORR activity of MnO2 such as particle size and morphology, surface defects, crystal structure, 

surface area, the concentration of the various phases composition, presence of other elements or 

impurities, pH of the solution , synthetic strategy used to obtain them presence of supporting 

material (such as carbon, graphene, graphene oxide, metal oxides), and electrode configuration.135–

137. Defect engineering, 138,139 heteroatom doping, 140,141  surface modification, 142 and other material 

doping techniques might all be employed to increase the catalytic activity of MnO2.143 

MnO2 can exist at different morphologies and structural characteristics. There are more than three 

different types of MnO2 with various crystal structures, viz., α-MnO2, β-MnO2, γ-MnO2 (1D chain 

structures), δ-MnO2 (2D layered) and λ-MnO2  (3D spinel structure),144,145  which influences its 

functionality and catalytic activity.146–149 The electron configuration of Mn is 3d54s2, showing 5 

unpaired electrons in d orbital, which easily promotes the electronic gain-and-loss process (variable 

oxidation state).150 MnO2’s ORR catalytic activity in relation to various phases can be arranged as 

follows: β < λ < γ < α ≈ δ-MnO2, where α-MnO2 exhibits the largest tunnel size.151,152 
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Figure 2-6  Schematic shows the various MnO2 synthesis methods, highlights of the factors that affect the MnO2’s ORR 

performance, and the different polymorphic structures of MnO2 that could be synthesized.153  

Since α-MnO2 shows promise for catalytic activity, extensive efforts have been devoted to 

preparing and testing α-MnO2 for ORR. Recently, Shoa et al. prepared a rod-like structure α-MnO2 

by a hydrothermal method. 154  The α-MnO2 performed excellent performance in alkaline electrolyte 

with onset potential 0.85 V vs. RHE and limiting current density 7.0 mA/cm2. Defect engineering 

is a beneficial method to improve the catalytic performance because defects have a crucial function 

in regulating the surface electronic structures, altering catalysts adsorption behaviors, and 

optimizing the migration of intermediates.155 Therefore, the defects can create vacancies in the 

crystal lattice of the catalysts, generate more active sites, and alter the electronic properties. A MnO2 

defect is a defect that exists in the crystal structure of the compound that can enhance its ORR 

performance. In particular, the defect might increase the MnO2 catalyst's surface area of active sites, 

which can improve its capacity to catalyze the ORR. There are several types of MnO2 defects that 

have been identified, including oxygen vacancies, surface defects, and substitutional defects.156,157 

There are several experimental techniques that can be used to identify defects in MnO2 such as TEM, 

XRD, Raman spectroscopy and XPS.  Liu et al. used plasma treatment at N2 atmosphere to create 

defects on MnO2 and N-doping.158  XRD results showed that the crystal structure of MnO2 remained 

stable during the plasma treatment, and it created defects. With a half-wave potential of 0.84 V vs. 
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RHE, a limiting current density of 6.7 mA/cm2, and 3.9 transferred electrons, transition metal cation 

doping strategy was used by Selvakumar et al. to introduce Ni and Co atoms to α-MnO2 using 

hydrothermal process, to enhance the bifunctional activity of the electrode.159 They found that the 

α-MnO2 crystal structure and morphology did not change after doping, while the crystal domain size 

was decreased. The Ni and Co dual doping caused an increase in the Mn3+ content in the sample, 

which led to superior OER and ORR catalytic performance (1.77 V at 10 mA/cm2) and (onset 

potential (Eonset) = 0.9 V and half-wave potential (E1/2 = 0.8 V) vs. RHE, respectively. Moreover, 

one dimensional reduced graphene oxide (rGO)-wrapped α-Mn2O3/α-MnO2 nanowires ORR 

catalyst was prepared by hydrothermal and annealing technique.160 The catalyst has a high surface 

area reached to 45.30 m2/g and performs a positive onset potential +0.79 V vs. RHE. One of the 

reasons for the excellent performance of rGO/α-Mn2O3/α-MnO2 is that Mn3+ and Mn4+ serve as 

oxygen acceptor/donor mediators. Moreover, the multivalent Mn accelerated the charge transfer 

process and improved the electron conduction. They also discovered that the rGO decreased 

aggregation and size reduction in addition to increasing the catalyst's surface area. As mentioned 

before, there are several factors affect the catalytic activity of the MnO2 toward ORR such as 

morphology, crystallographic structure, defects, and surface area.161,162  Overall, while MnO2 is a 

commonly used catalyst in the air electrode of a zinc-air battery, its limitations must be taken into 

consideration in the design and operation of the battery to optimize its performance. 

2.2.3  Metal-free heteroatom doped carbon-based catalyst 

Carbon-based metal-free electrocatalysts show excellent electrical conductivity, robust resistance 

to acidic and alkaline conditions, and tunable molecular structures. The sp2 carbon materials are 

promising catalysts for reactions requiring electrons, such as ORR, due to their abundance of free-

flowing π electrons. However, these π electrons can't be utilized in ORR directly since they are too 

inert.163 

Recent research has shown that the carbon π electrons can be activated by conjugating with the 

lone-pair electrons from nitrogen dopants. It is regarded as one of the best elements for chemically 

doping graphene among the many possible dopants since its atomic size is comparable to that of 

carbon, and it has five valence electrons that would form stable covalent bonds with nearby carbon 

atoms, making it simple to substitute with carbon atoms (lattice mismatch would be minimal).164 

Because of advantageous characteristics including superior conductivity, extremely large specific 
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surface area, and distinctive electronic structure, nitrogen-doped graphene materials in particular 

have drawn great interest for use in electrochemical energy storage and conversion devices.165,166 

Zhao et al. discovered that notwithstanding if  the dopants are electron-rich (like N) or electron 

deficient (like B), these materials will be transformed into active metal-free ORR 

electrocatalysts  provided that the electroneutrality of the sp2-hybridized carbon atoms is broken 

and charged sites that favour O2 adsorption are created.167 N-doping can also improve the 

conductivity, which makes them a better electrode material with distinctive electronic structure.168–

170 The increased electron density on the carbon skeleton resulting from the N doping would be 

beneficial for the O2 molecules to adsorb and then reduced on the positively charged C atoms next 

to N atoms.171–176  An "activation area" on the graphitic structure is caused by doped-N atoms' that 

affects the electron density and charge distribution of the nearby carbon atoms.177,178 These activated 

sites not only have the ability to participate directly in catalytic activities related to the oxygen 

reduction process (ORR), but they also have the ability to act as anchoring sites for metal 

nanoparticles with catalytic properties.179 Strasser’s group fabricated  a sulfur-nitrogen co-doped 

functionalization ORR catalyst using ferric chloride as mediator that demonstrated greater activity 

and stability than commercial Pt/C catalyst in alkaline electrolyte. They reported that the role of the 

nitrogen presence is changing and improving the electronic structure of the carbon. They doped 

1.51 wt.% N and 0.65 wt.% S using ionic liquid systems as nitrogen and sulfur precursor and 

1.54 wt.% Fe from ferric chloride, and they got higher onset potential and limiting current density 

(0.88 V vs. RHE and -5.9 mA/cm2) than 20 wt.% Pt/C ( 0.9 V vs. RHE and -5.5 mA/cm2).180 

Nitrogen doping of carbon materials such as graphene or carbon nanotubes can be achieved 

through different methods such as; chemical vapor deposition,181,182 electrochemical doping,183 

thermal annealing,184,185 and ion implantation.186,187 Typically, N-doped carbon catalysts could also 

be prepared by pyrolyzing a combination of carbon and nitrogen-containing precursors, such as 

polypyrrole, polyaniline, metal-organic frameworks (MOFs), covalent organic frameworks (COFs), 

and urea.188,189 On the other hand, using N-rich biomass as N-doped carbons precursors such as 

bamboo fungus, silk fibroin, fructose, and ginkgo leaves, have drawn a lot of attention since it is 

extremely abundant, renewable and inexpensive compared with traditional chemicals.190–193 These 

biomass N-doped carbons have been used to prepare ORR electrocatalysts and exhibit the catalytic 

performance lightly below or comparable to Pt/C.190–192,194,195  
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2.2.3.1  Nitrogen doped carbon configurations 

There are three main bonding configurations in N-doped carbon materials: pyridinic-N, pyrrolic-

N, and graphitic-N as shown in Figure 2.7a.196,197 Pyridinic-N and pyrrolic-N types of N exist along 

the layer's border, but they can also occur inside the layer by being linked to vacancies. Pyridinic-N 

is coupled with two C atoms to create a member of the hexagon, and pyrrolic-N forms a pentagon 

with two C atoms. By connecting to three C atoms in a sp2 configuration on the interior of the layer, 

graphitic-N is acting as a substitute for the C atom in the graphene layer. A graphic representation 

of the nitrogen N1s XPS spectrum, with the subcomponents representing various nitrogen 

configurations in N-doped graphene is shown in Figure 2.7b. The content and types of N obtained 

in a N-doped carbonaceous catalyst is largely dependent on the synthesis approach adopted. For 

example, investigations done by Ruof and his co-workers showed how the choice of N precursors 

and annealing temperature affected the catalyst's effectiveness and the coordination of the nitrogen 

doped.198 They found that annealing of polyaniline/reduced graphene and polypyrrole/reduced 

graphene tended to produce pyridinic-N and pyrrolic-N species, respectively, while annealing of 

graphene oxide with ammonia favored the formation of graphitic-N and pyridinic-N species. 

Depending on where in the carbon lattice they are located and the sort of nitrogen bonding they 

have, these various nitrogen species can have variable impacts on the ORR activity. Many papers 

reported that the pyridinic-N and graphitic-N are suitable dopants for rupturing the O2 double bond 

and that the ORR activity depends more on the dopant configurations than the doping level.197,199–

202 We will explore in the next section the significance of various N functionalities in ORR catalytic 

activity as inferred from the wide range of literature reports. 
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Figure 2-7  (a) Various configuration of nitrogen in nitrogen doped carbon.203 (b) An example of N1s spectra of N-doped 

graphene 204 

2.2.3.2 Pyridinic nitrogen species  

Pyridinic-N is a highly electronegative dopant that can act as an electron sink during ORR. 

Pyridinic-N and graphitic-N are more electronegative dopants compared to pyrrolic-N and 

pyridonic-N, as they are bonded to sp2 hybridized carbon atoms, which have a higher 

electronegativity than sp3 hybridized carbon atoms.205–207 The higher electronegativity of pyridinic-

N and graphitic-N results in a stronger interaction with oxygen molecules, which facilitates the 

adsorption of oxygen on the graphene surface and the subsequent reduction of oxygen to water. In 

other words, pyridinic N can increase the catalyst's capability to donate electrons by donating one p 

electron to the aromatic system with a lone electron pair in the plane of the carbon matrix. Because 

of this, pyridinic N can enable the reduction of O2 by weakening the O-O bond by bonding O with 

N or/and the nearby C atom.82,208,209 There are several literatures investigated the effect of the 

pyridinic-N on ORR via both theoretical and experimental studies. Kim et al., using density 

functional theory (DFT) calculations found that the ORR is catalyzed by pyridinic-N through a ring 

opening process.210 Whereas other DFT reports showed that there occurs an enhancement of the 

oxygen adsorption energy on the surrounding carbon atoms due to the high electronegativity of 

nitrogen atom and resulting electron withdrawal effect.211 

Wu et al.’s results on N-doped carbons showed that the most effective N-functional group to 

promote ORR at onset potential (0.97 V vs. RHE ) which is comparable to commercial Pt/C (0.99 
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V vs RHE) in alkaline electrolyte by four electron pathway is the pyridinic N.211 They achieved high 

N content up to 6.5 at.% (4.5 at.% pyridinic nitrogen coordinator) when their sample (graphene that 

doped with solid precursor g-C3N4) post doped at 800 °C. Lai et al. explored the configuration of 

nitrogen doped graphene-based catalysts effects on the ORR and they found that the graphitic N 

content determined the limiting current density while the pyridinic N species enhanced the ORR 

onset potential and can convert the ORR mechanism from 2 electrons pathway to 4 electrons 

pathway.200 On the other hand, melamine and acetonitrile as nitrogen and carbon source were used 

recently by Zheng et al.  to fabricate a pyridinic-N dominated carbon spheres by solvothermal 

pyrolysis conversion method as cathode material in ZABs.212 They achieved very high nitrogen 

content in their sample (14.57 wt.%), which is mostly pyridinic-N. They also exhibited reasonable 

ORR catalytic activity (E1/2=0.865 V vs. RHE) and high-power density (148 mW/cm2) in ZAB test. 

Luo et al. employed zinc phthalocyanine as a precursor to reduce the loss of pyridinic -N during the 

pyrolysis process.213 In contrast to 28% without zinc phthalocyanine, 86% of the pyridinic-N groups 

were maintained because of the strong Zn-N connection inherited from the zinc phthalocyanine 

precursor that protects them during pyrolysis. The catalyst works effectively as an electrocatalyst 

for ORR ( E1/2=0.88 V vs. RHE, E1/2=0.9 after 8000 cycles) because of its high nitrogen content 

(2.285 at.% pyridinic-N) and porous carbon framework (NaCl elimination after pyrolysis).  

All of these investigations demonstrate how important are the N-precursors and synthesis 

approaches in tuning the N content with pyridinic nitrogen as the main N type for ORR active 

electrocatalysts.  

2.2.3.3 Pyrrolic nitrogen species  

Pyrrolic N atoms are attached to two carbon atoms and included in five-membered heterocyclic 

rings. Due to the limited stability of pyrrolic species, which are uncommon in carbon materials, the 

concentration of this functionality is usually low following carbonization or heat treatment.214,215 

Moreover, the pyridinic coordination of nitrogen alone cannot provide efficient ORR activity, since 

graphene with pyridinic nitrogen follows a two-electron transfer pathway rather than the reaction's 

preferred four electron transfer.216  

Even so several groups attempted to obtain N-doped carbons with high pyrrolic nitrogen content. 

For example, Unni et al. developed a simple synthesis method to fabricate nitrogen doped graphene 

with high pyrrolic-N coordinator by high temperature treatment under inert gas for graphene oxide 
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and pyrrole monomer.217 They achieved 53% pyrrolic nitrogen content, 4 electron ORR pathway in 

alkaline media, and excellent onset potential close to the commercial 40 wt. % Pt/C. In another 

work, the formation of pyrrolic-N coordinators was promoted in N-doped mesoporous carbon 

hollow sphere using 2-pyridinecarboxaldehyde and pyrrole,218 also showing an excellent ORR 

performance with low peroxide formation (3.8%) and 4-electrons ORR pathway as shown in Figure 

2.8d,e. High stability of these N-doped carbon after 3000 cycles was referred to modification of the 

nitrogen configurations during the potential cycling ( graphitic-N to pyridinic, and pyrrolic to 

graphitic-N), as shown in Figure 2.8a-c.   

 

Figure 2-8.  Linear sweep voltammetry (ORR) at 2000 rpm (1st and 3000th cycles) at N-doped mesoporous carbon hollow 

sphere using different nitrogen source a) non-doped b) pyridine carboxaldehyde source , c) pyrrole. Electrolyte: O2-saturated 

0.5 M KOH, scan rate = 5 mV/s at 2000 rpm. d) %H2O2 and e) n plots at the 3000th cycle. 

It should be mentioned that the majority of the researchers mostly view pyrrolic-N as inactive 

towards ORR. In comparison to pyridinic-N and graphitic-N structures, pyrrolic-N is less 

electronegative. Unlike pyridinic-N, which is connected to two adjacent carbon atoms, pyrrolic-N 

is attached to a nearby nitrogen atom and sp3 hybridized carbon atom, resulting in a less polarized 

N-C connection. The N-C bond in pyrrolic-N is less efficient in attracting and facilitating the 

https://www.sciencedirect.com/topics/chemistry/pyrrole
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adsorption of oxygen molecules on the graphene surface as a result of its decreased polarity, which 

lowers ORR activity.219–224 

2.2.3.4 Graphitic nitrogen species 

As opposed to one electron per carbon atom, the replacement of electron-rich N in the form of 

graphitic-N  (sp2 hybridized nitrogen bonded with three sp2 hybridized carbon neighbors) into the 

carbon system would add two electrons to the electron system. The additional electron could reach 

the π * state and have the effect of " π doping”.225  Therefore, graphitic N was recognized as an 

active site that produces optimal nitrogen-dopant characteristics. Because of their lower electron 

density on neighboring carbon nuclei, graphitic-N atoms' relative electronegativity aids in the 

transfer of electrons from those carbon nuclei to nitrogen atoms as well as the donation of electrons 

from nitrogen to nearby carbon pz orbitals.226 The donation and backdonation reactions aid in the 

formation of a strong chemical bond between oxygen and carbon as well as the O2 dissociation on 

the nearby carbon atoms.181 Moreover, due to the low energetic barrier of graphitic-N for donating 

electrons from surface to the π-conjugated system that leading to enhance oxygen adsorption for 

facilitating the formation of the OOH* and O* intermediates, graphitic-N sites could be responsible 

for ORR activity as investigated in this literature. 227 

Bermejo et al. prepared highly selective doping graphitic nitrogen species by heat treatment 

method of mixture of commercial carbon and urea as shown in Figure 2.9.228  They achieved 

8.9 at. % of nitrogen content in the samples that gave high surface area (3200 m2/g) and excellent 

ORR performance. Also, the excellent ORR performance could be referred to the good balance 

between the graphitic-N content and the carbon properties such as the porosity and specific surface 

area as Liang and his co-workers reported.229 In addition, rather than having either graphitic or 

pyridinic nitrogen exclusively, a combination of both are considered as more promising because of 

their distinct effects on promoting ORR.221–223  For instance, Lai et al. found that the limiting current 

density is determined by the graphitic N content, whereas the pyridinic N content helps lower the 

onset potential.230  Another report showed a rise in graphitic-N species (90 % graphitic N) and the 

disappearance of amines when PANI was treated at high temperatures of up to 1000 °C.231 

Interestingly, pyridine-N was also transformed to graphitic-N species as a result of condensation 

process. The catalyst exhibited a platinum-like ORR performance in alkaline electrolyte. 
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On the other hand, graphitic-N atoms, which have a three-dimensional structure, could be not 

active in the ORR as these literatures mentioned.232,233 Thought to be primarily to blame for the poor 

catalysis is the low electrical conductivity of nitrogen doped carbon materials containing graphitic 

N atoms, which is caused by the 3D structure interrupting their π–π-conjugation.   

Although different nitrogen sites (pyridinic, pyrrolic, and graphitic) have varying strengths, 

experimental investigation and theoretical simulations revealed that these sites can heavily adsorb 

and activate oxygen. The choice of nitrogen source and experiment conditions impact the most in 

discerning the nitrogen configurations in N-doped carbonaceous catalysts. The most commonly used 

nitrogen sources are mentioned in detail in the next section.  

 

Figure 2-9. Synthesis method of selective graphitic nitrogen doped carbon. 228 

The deconvoluted high-resolution N 1s spectra are displayed in Figure 2.10 as an illustration of 

the numbers of nitrogen configurations found in various samples with different atomic 

concentrations.234 Pyridinic species has the highest at.% in samples shown in Figure 2.10a,b,d. 

While pyrrolic species has the highest at.% content in samples Figure 2.10c,e,f. Graphitic 

configuration has the highest atomic contents in samples that has been shown in Figure 2.10g.235 
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Figure 2-10. XPS spectra of N 1s of different samples where (398.1, 399- 400 eV  , 401.1- 401.5 eV) peaks are 

corresponding to pyridinic, pyrrolic, and graphitic species, respectively.  

2.2.3.5 Nitrogen precursors: 

Nitrogen precursors play an important role in discerning the type and content of N in doped carbon 

and are largely dependent on the treatment and the content of nitrogen in the precursor. To date 

several nitrogen precursors have been reported such as dicyandiamide,236 1,8-

diaminonaphthalene,237 polyacrylonitrile,238 urea,239 melamine,240 pyridine,241 and N-containing 

ionic liquids.242,243 In addition to above mentioned nitrogen precursors, there are several biomass-

based conversion techniques to obtain N-doped carbons(less expensive and more eco-friendly). For 

example, Ginkgo leaves, Typha orientalis, and eggplant were used to obtain nitrogen doped porous 

carbons.244–246 Alternatively, one can also employ nitrogen-containing gases, such as ammonia or 

nitrogen oxide, as the nitrogen source, which are then reacted with a carbon source under high-

temperature conditions.196  

Overall, for nitrogen-doped carbon ORR catalysts, the choice of nitrogen source relies on the 

required final material qualities and the particular synthesis technique employed. Potential nitrogen 

sources that might be employed to create high-performance nitrogen-doped carbon materials for 

ORR applications include melamine, urea, and chitosan, which are among the most commonly used 

nitrogen sources for nitrogen-doped carbon ORR catalysts. In the next sub-sections, we review the 
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recent literatures used melamine, urea, and chitosan as nitrogen source for nitrogen doped carbon 

ORR catalyst. 

Melamine  

Melamine is a nitrogen-rich organic compound that has undergone substantial research as a 

nitrogen source for the production of carbon compounds with nitrogen doping.247 It is a white, 

crystalline powder that is 66% nitrogen by weight and has the chemical formula C3H6N6, and also 

a low-cost industrial material. Additionally, the high thermal stability of melamine enables the 

production of nitrogen-doped graphene at high temperatures without the nitrogen source 

decomposing.248 In addition, melamine has been reported to be less harmful than other nitrogen 

sources like ammonia, which might endanger researchers' health and safety.249 Melamine can be 

incorporated into carbon materials through various methods, including thermal treatment, chemical 

vapor deposition, and hydrothermal synthesis. The resulting nitrogen-doped carbon materials can 

exhibit different nitrogen functionalities depending on the synthesis conditions.247,250–252 Sheng et 

al. prepared nitrogen doped graphene with 10.1% nitrogen content (graphitic-N) by thermal 

annealing approach using graphene oxide and melamine (as shown in Figure 2.10).253 The resultant 

nitrogen doped graphene catalyzed ORR by 4-electron and performed excellent ORR process 

(Eonset= -0.1 V vs. Ag/AgCl). Ma et al. prepared porous nitrogen doped carbon by using salt template 

synthesis method using glucose, cellulose, lignin as biomass carbon precursor, and melamine as 

nitrogen source. They achieved 11.9 % of graphitic-N coordinator and high specific surface area of 

1731 m2/g.254 Moreover, nitrogen doped carbon with large pores (as shown in Figure 2.11) and high 

surface area (1626 m2/g) was fabricated using commercial melamine sponge as ORR catalyst.255 

The diffusion current density was notably comparable to that of the commercial Pt/C and the 

nitrogen doped carbon performed excellent durability after 10000 potential cycles (24 mV negative 

shift in E1/2). The XPS analysis showed the presence of all types of nitrogen conjugations. 
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Figure 2-11. Illustration of the nitrogen doping of melamine into layers of graphene oxide (GO). (1) At a temperature of 300 

°C, melamine adsorbed on the surfaces of GO. (2) When the temperature was below 600 °C, melamine condensed and 

produced carbon nitride. (3) As the temperature exceeds 600 °C, carbon nitride breaks down and is doped into graphene layers. 

 

Urea  

A popular nitrogen source for the production of nitrogen-doped carbon compounds is urea, which 

is rich (46 %) in nitrogen. It has the chemical formula CO(NH2)2 and is a solid that is tasteless and 

colorless. The use of urea as a nitrogen source has several advantages. First, urea is a water-soluble 

compound, which makes it easy to handle and mix with other materials. Second, the decomposition 

of urea at high temperature is a simple and effective method to introduce nitrogen into the carbon 

matrix. Finally, the use of urea as a nitrogen source is a cost-effective approach to prepare N-C 

materials.  Ilnicka et al. prepared nitrogen doped porous carbon from chitosan and  chitin as carbon 

and nitrogen precursors and urea as additional nitrogenation agent.256 They studied the effects of 

urea on the specific surface area, nitrogen content and configuration, and ORR electrocatalytic 

activity. The specific surface area and the pore volume enhanced, nitrogen content increased, 

different nitrogen species performed (pyridinic-N, Pyrrolic-N, graphitic-N, and oxidized-N), and 

excellent ORR performance achieved (Eonset= 46 mV and E@100mA/cm2=-100 mV vs. Hg/HgO). Three-

dimensional honeycomb-like nitrogen doped carbon/graphene was synthesized by low cost and 

effective process as shown in Figure 2.12.257 They found that the three-dimensional structure may 

substantially speed up the electrochemical reaction by preventing excessive restacking of graphene 

sheets as well as by providing a large accessible surface area, a multi-electron transport channel, 

and a short diffusion distance. Thus, the resultant nitrogen doped carbon has excellent ORR 

performance (Eonset= -70 mV vs. Ag/AgCl and current density = 4.64 mA/cm2 at -0.7 V)  close to 

the commercial Pt/C. Kong et al. achieved high pyridinic-N content by treating graphene oxide, 

oxidized carbon nanotubes and urea via hydrothermal reaction and annealing treatment.258 The 

prepared nitrogen doped carbon exhibited effective ORR catalytic activity in alkaline electrolyte, 



 

 35 

and performed as ZAB cathode a  high power density (149 mW/cm2) and specific capacity (873 

mAh/gZn). Urea and melamine, which are nitrogen precursors, were grinded by ball milling 

apparatus with carbon nanotubes, then  thermally treated under inert gas to produce nitrogen doped 

carbon wit high pyridinic-N, pyrrolic-N, and graphic-N species.259 They found that the as pyridinic-

N to graphic-N ratio increased, the ORR electrocatalytic activity increased (less negative Eonset). In 

summary, using urea as a nitrogen source is a common and effective approach to prepare nitrogen-

doped carbon materials for the ORR. It offers several advantages such as low cost, easy handling, 

and good performance, which makes it a promising method for the large-scale production of 

electrocatalysts for energy conversion systems. 

 

Figure 2-12. Schematic  of the fabrication of nitrogen doped carbon/graphene (N-DC/G) that resemble honeycombs. 

Chitosan 

Chitosan, which is a low-cost biomass material, has a great capability to chelate metal ions, due 

to its abundance of amino and carboxyl groups. It is a linear polysaccharide with nitrogen content 

of about 7% (Figure 2.11).178,260  It is the second most abundant and renewable biopolymer after 

cellulose, which is derived from the chitin in crustacean cells, insect exoskeletons, and fungus cell 

walls.29  Primo et al. reported that the pyrolysis of chitosan under inert atmosphere at 800 °C produce 

high quality single layer of N-doped graphene.261  Hoa et al. presented a fabrication method to 

produce porous graphene-based nitrogen using chitosan as raw material.  This method controlled 

the ratio of the amorphous and graphene framework by the activation temperature.262 Moreover, 

mesoporous structural biomass carbon material with high content of nitrogen (11.58%, where the 
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pyridine N and pyridinium N are the major configurations) and ultrahigh surface area (1190 m2/g) 

has been fabricated by mixing chitosan and ferric nitrate as a pore forming agent and pyrolysis the 

mixture at 800 °C under nitrogen atmosphere.263 While Liu et al. developed a simple synthesis 

method, by mixing chitosan and urea, without involving any pore forming agent to produce highly 

porous N-doped carbon nanosheet with a high surface area reach to 1510 m2/g that exhibited an 

excellent electrocatalytic activity toward ORR in alkaline electrolyte compared to commercial 

20% Pt/C.264 The prepared nitrogen doped carbon exhibited ratio of graphitic/pyridinic nitrogen 

structure (2.69 at. % graphitic N and 1.20 at. % pyridinic N). Guo et al. reported an excellent 

electrocatalytic activity of N-doped carbon nanoflowers toward ORR with half-wave potential of 

0.84 V vs. RHE lower than by 20 mV than Pt/C.265 They used silicon template method and chitosan 

as nitrogen and carbon precursor to produce thin carbon nanosheets doped with nitrogen with 

interconnected meso-porous channels, where graphitic-N and pyridinic-N contributed 75% of 7.8 

wt.% N composition for the sample. Wittmar et al. developed a procedure to convert two 

biopolymers cellulose and chitosan (0.75:0.25) to electrocatalytic ORR nitrogen-doped carbon 

materials.266 They demonstrated that the electrocatalytic activity could be modulated by the ratio 

between the two biopolymers as well as by the pyrolysis conditions, even though the electrocatalytic 

activity of the cellulose:chitosan blend does not rise to the ORR activity of similar materials 

reported. Moreover, nitrogen doped carbon nanosheet were fabricated thermal composition of 

chitosan and melamine under nitrogen atmosphere.267 They demonstrated that the ORR activity is 

substantially influenced by the number of carbon "kinks" and/or surface roughness in addition to 

the total nitrogen content and the kind of nitrogen group (pyridinic or graphitic). The development 

of a method to anchor 30 wt.% platinum nanoparticles (PtNPs) onto a new hybrid chitosan 

derivative–carbon black support was reported.268 The resulting catalyst's ORR performance was 

superior to that of commercial Pt/C as shown in Figure 2.14. 

Overall, chitosan-based nitrogen-doped carbon materials have great potential as a cost-effective 

and environmentally friendly alternative to traditional platinum-based catalysts for ORR in energy 

conversion applications. Chapter 5 focuses on the preparation of biomass derivative (chitosan-

based) N-doped LIG materials to demonstrate the potential of using chitosan in ORR performance. 

We developed a facile simple method for synthesis of porous N-doped LIG that good ORR activity. 

This study provides a feasible synthesis approach for the scalable production of biomass derived 

high-performance carbon-based ORR catalysts. 
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Figure 2-13 Schematic for the N-doped carbon from annealed chitosan and various possible configurations of doped 

nitrogen 147 

 

Figure 2-14. (A) linear sweep voltammetry curves on a glassy carbon rotating ring-disk electrode in 0.5 M H2SO4 at 

2mV/s and (B) H2O2 yield of (1) 40 wt.% Pt/C,  (2) 5 wt.% chitosan, (3)10 wt.% chitosan, and (4) 13 wt.% chitosan. 

 

2.3 Manufacturing methods for patterning air cathode for ZABs 

It is crucial and advantageous to include carbon with catalysts as catalyst support in the air 

cathodes of zinc-air batteries. The carbon support provides a large surface area and helps catalyst 

nanoparticles disperse, which increases the number of active sites for the oxygen reduction reaction 
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(ORR). Also, carbon or graphene may be added to materials to increase catalytic activity, possess 

excellent electrical conductivity, supports allows for easy access and diffusion of oxygen through 

the electrode structure due to the porous nature of carbon or graphene, could protect the catalyst 

nanoparticles from degradation, and improve the overall durability of the battery, and boost an air 

cathode's overall performance. Graphene is simply one atomic layer of graphite - a layer of sp2 

bonded carbon atoms arranged in a hexagonal or honeycomb lattice. Graphite consists of multi-

stacked layers of graphene ( as shown in Figure 2.15). The catalysts developed in this thesis are 

supported by and distributed in graphene matrix. 

 

Figure 2-15 Structure of graphite and graphene 

In order to incorporate PtCo nanoparticles, MnO2, and nitrogen-doped carbon into air cathodes 

for ZABs, the manufacturing methods for patterning air cathodes are essential. Different approaches 

are to used deposit or fabricate a layer of carbon/catalysts onto the air cathode. The patterned layer 

can be optimized to maximize the electrocatalytic activity of the cathode, and the thickness of the 

layer can be controlled to ensure proper diffusion of oxygen to the active sites. In this section 

different air cathode patterning methods will be discussed. 

While traditional electrodes are made by slurry casting electrochemically active materials, 

modern manufacturing techniques allow for the patterning of novel electrode architectures and the 

control of device geometries in real-time. The patterning of air electrode architectures and real-time 

design modifications are made possible by a number of manufacturing techniques, including inkjet 

printing, direct ink writing and laser-induced graphene. These techniques lead to electrodes with 

greater loading, enhanced electrochemical performance, and new functionality, such as flexibility 

and wearability.56 Moreover, it allows to precisely regulate the structure of the electrodes and 

electrolytes in printed cathodes as well as their geometry (such as porosity, dimensioning, and 
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morphology).269 Nevertheless, not all these technologies and  materials utilized in air cathodes are 

suitable for producing printed cathodes due to compatibility issues between preparation conditions, 

materials, and operational procedures.270 The production of air cathodes via these techniques face 

several challenges that must be solved. In this section, we list the commonly adopted techniques 

used to fabricate air cathodes. 

2.3.1 Inkjet Printing 

The principle of inkjet printing involves a nozzle releasing droplets of ink that are loaded with 

active material, which are subsequently deposited onto a substrate to create a high-resolution pattern 

as shown in Figure 2.16. Inks with clearly specified viscosity, surface tension, and particle size 

must be used for inkjet printing.271 This process is scalable for production over a broad area and 

enables additive manufacturing methods with changeable thickness and designs with high resolution 

deposition, at the same time it also decreases the material waste and costs.272 Bassetto et al. 

combined the inkjet printing technique and photonic curing platform to fabricate ORR catalysts 

consisting of nitrogen doped graphene oxide and cobalt oxides.273 A cobalt oxides/nitrogen doped 

graphene oxide ink prepared with stabilizers including ethyl cellulose and polyvinyl pyrrolidone 

(PVP) was completely described in order to achieve printability. The ink was treated by over curing 

to evaporate the solvents, eliminate the stabilizers, and produce good adhesive and catalytic active 

material. In another work, an air cathode was prepared via inkjet printing of a pattern of iron(III)p-

toluenesulfonate as a solution in butanol onto paper.274 The printed air cathode performed in ZAB 

1.2 V open-circuit voltage and a discharge capacity of 0.5 mAh/cm2.  

While there are several advantages of inkjet printing, some of their main disadvantages are its 

slow printing speed and demanding ink formulation needs. The printing head is also less reliable 

and vulnerable to clogging and breakage. Moreover, inkjet printing  produces electrodes that are 

less than 10 µm thick and loadings that are below 1 mg/cm2, and frequently necessitates the printing 

of tens of layers to attain these thicknesses.56,269 
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Figure 2-16. The fabrication of a multi-layer material via drop-on-demand printing is shown schematically. The tiny drops 

of ink combine to form wet layers. Dry layers are created when the solvent from the wet layer evaporates. The next material 

may be deposited on top of these dry layers called substrates. Once all layers have been deposited, post printing treatment 

may be employed to cross-link polymers or remove any remaining solvent or additives.271 

2.3.2 Direct Ink Writing Technique 

Direct ink writing is a form of 3D printing that uses the extrusion of liquid, gel, or paste-based 

inks with more active material loadings than inkjet printing. Due to its benefits of being inexpensive, 

simple to use, wide range of material, and solid modelling process, this has been the most popular 

3D printing technique for producing battery electrodes. This technique could print individual layers 

that are thicker  (between 1 and 100 µm) than produced from inkjet technique.56 Gou and his co-

workers designed and synthesized all the components of the ZAB by direct ink writing method as 

shown in Figure 2.17.275 The air cathode was consisted of poly(vinylidene fluoride-co-

hexafluoropropylene, PVDF), graphene, N,N-dimethylformamide, cobalt oxide and carbon black. 

The ZAB exhibited a high open-circuit voltage of 1.37 V, a large areal capacity of 71.1 mAh/cm2 , 

and a good cycling stability of over 150 cycles at 4 mA/cm2 for 50 h.  Also, Ma et al synthesized 

fully printed ZAB; printed current collector on polyimide film, zinc electode, catalytic cathode, and 

gel electrolyte.276 The obtained ZAB performed a high volumetric capacity 140 mAh/cm3 and high 

areal capacity 2 mAh/cm2.  Zang et al. used direct ink writing technology to fabricate anode and 

cathode for ZAB.277 The ink of the anode ink was zinc powder, carbon black, carbon nanofiber, and 

PVDF solution, while the cathode was reduced graphene oxide, carbon nanotubes and manganese 

oxide. The resulting ZAB performed high discharge capacity 670 mAh/g at 5mA/cm2 and excellent 

stability.   
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Figure 2-17. Solid-state ZAB creation and construction. (a) Diagram illustrating the printed manufacturing of  ZAB using 

interdigital electrodes encapsulated in gel electrolyte. (b) Schematic showing the setup of the ZAB device. (c) Schematic 

illustration demonstrating how ZAB functions. 

In terms of yield stress and storage modulus, the direct ink writing technique has strict standards 

for the gel-based viscoelastic inks. A significant issue that has to be resolved is the poor mechanical 

strength between the layers. Thus, further efforts must be made to enhance the direct ink writing 

technique's use in battery manufacture. 

2.3.3  Laser Induced Graphene (LIG) Technique 

For the bulk synthesis of electrochemical active materials, laser-based synthesis techniques, such 

as laser-based carbonization, have been widely used. Laser based patterning techniques, also known 

as direct laser writing, can also enable the simultaneous synthesis of active materials from a suitable 

precursor and the rapid patterning of electrodes.56 Tour’s group developed a one-step and facile 

technique to fabricate porous graphene from a polyimide (PI) sheet by thermal irradiation method 

using CO2 infrared laser at ambient conditions.278 This inexpensive CO2 infrared laser system is 

commonly used in industry for engraving or cutting. The pulsed laser irradiation converted the sp3 

carbon atoms to sp2 carbon atoms.  This technique produces three-dimensional graphene called 

laser-induced graphene with excellent properties and has several advantages such as: 

1.  Produce high porosity LIG (as shown in Figure 2.18). 

2.  LIG has good electrical conductivity and high chemical stability.279,280 

3. Cost effective and easy to produce 

4. LIG can be patterned into various shapes and sizes and can be integrated into a wide range of 

applications. 
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5. Environmentally friendly 

6. LIG produced has lightweight and flexible  

7. Recently, this technique has been used to carbonize the carbonaceous precursors at ambient 

conditions for short time instead of using furnace at high temperature for long time and under 

inert gas atmosphere.    

 

 

Figure 2-18. LIG schematic from PI. (b), a cross-sectional SEM picture of the LIG film on the PI substrate; (c), a SEM 

image of the LIG film circled in (b); and (d), a SEM image of a patterned LIG film. The SEM picture depicting the porous 

morphology of LIG is inset. 

This technique has been widely applied to the fabrication of flexible and miniaturized devices for a 

variety of applications, such as: 

1. Energy storage: LIG has been demonstrated as an effective electrode material for 

supercapacitors and batteries.281,282 

2. Sensing: LIG has been used for the development of gas sensors, pressure sensors, and strain 

sensors. LIG can be formed in a variety of 3D shapes with a high surface-to-volume ratio, 

excellent thermal and electric conductivity of the LIG results in rapid response times for all 

studied gases.283 There are various types of LIG sensors based on different sensing mechanisms 

such as electrochemical,284 thermoacoustic,285  chemiresistive,286 photoelectric.287 

3. Water purification: as LIG composite membrane because LIG’s antifouling and antibacterial 

capabilities may be aa feasible option for water treatment technology.288,289 
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The properties and applications of LIG are strongly influenced by the choice of precursor material. 

By selecting the appropriate precursor, LIG can be tailored to meet specific requirements for various 

applications. The different LIG precursors mixed with ORR catalysts to prepare an air cathode are 

discussed below. 

2.3.3.1 LIG precursors: 

LIG preparation is currently restricted to a few polymeric precursors, most notably the polyimide 

(PI) known, whose precursors, 4,4′-oxydianiline and pyromellitic dianhydride. Other polymers that 

have been reported to be appropriate for LIG synthesis include sulfonated poly(ether ether ketone), 

polysulfone, and polyethersulfone, which have structures comparable to polyimide or 

polyetherimide.290,291 These materials are expensive, poisonous, and generated from petroleum or 

coal. Recent efforts have also been made to produce LIG from other carbon-based including 

thermoplastic polymers, phenolic resins, biopolymers such as lignin, and even textiles, cellulose, 

wood, cork, or even food (e.g., potato skins, bread, and coconut shells).292–295 

While most of the polymeric precursors used are toxic, poly (furfural alcohol) (PFA) is a 

sustainable and green polymer which is usually used as adhesives, binders, and carbon precursors. 

Furfural alcohol, which is the monomer of PFA, is manufactured by hydrogenation of furfural that 

is produced from biomass waste by-products, such as corncobs, oat, wheat bran, or sugar cane 

bagasse.296 PFA is synthesized by the cationic condensation of furfural alcohol (FA) leading to a 

highly cross-linked structure with aromatic rings.297 This chemical structure is similar to several 

laser induced graphene (LIG) precursors such as phenol-formaldehyde resins that formed LIG based 

supercapacitors.298,299 Since the polymerization process of furfural alcohol can be implemented at 

different temperatures and using various catalysts, carbon yield when pyrolyzing can be controlled 

and organic and inorganic materials can be combined.300,301 In addition, the different preparation 

methods of PFA can change the morphology, thermal, and mechanical properties of the carbon 

resulted from pyrolyzing PFA.302–307 Furthermore, because PFA is appropriate with a wide range of 

materials, it can be used to create polymer nanocomposites for a variety of applications such as 

adsorbents, separation membranes, catalysts, and electrodes of fuel cells, and electric double-layer 

capacitors, etc.304  Hawes et al. achieved for the first time the laser-induced carbonization of PFA by 

doping PFA films with graphene oxide (GO) as a carbonization aid at loading (1 wt.% GO).308  This 

allowed for the formation of a highly porous LIG with low resistance and a relatively higher carbon 
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yield. The  supercapacitor achieved a high specific areal capacity that yielded capacitances of 16.0 

mF/cm2 at 0.05 mA/cm2
 when compared to the undoped material. For the first time, we developed 

CoOx-Pt core shell and spherical nanoalloy structures, MnO2 and metal-free catalysts loaded in laser 

induced graphene. Theses catalysts fabricated using a simple synthesis method, a small quantity of 

catalyst precursors, and laser induced pattering under ambient conditions, without using GO as a 

pseudocatalyst or furnace for the PFA carbonization process ( as will described in chapter 2, 3 and 

4). 

2.3.3.2  Catalysts doped LIG as air cathode for ZAB:  

Introducing catalysts on to the air cathode is very critical for the performance of ZAB. There are 

several approaches to incorporate catalysts on to the cathode matrix. For example, Tour's team 

developed LIG that was decorated with catalysts as air cathode for ZAB by drop-casting the 

catalysts' precursor solution onto the LIG that had been treated by O2 plasma and laser it again. 309,310 

Ni/Fe/Mn/LIG as air cathode for ZAB performed high durability through charge and discharge 

cycles >200 h and high-power density reach to 98.9 mW/cm2. They reported the reason of the good 

performance could be the interconnection between LIG and the anchor nanoparticles that provide 

high active area and the optimum ratio of the catalyst.311 While, the Co3O4/LIG air cathode exhibited 

a good durability reach to more than 66 h.309 

Electrodeposition of metal nanoparticles (Pt, Pd, Cu, Au) is widely used to decorate LIG with 

metal nanoparticles. But the applications mostly were sensors.312–315 On the other hand, MnO2 

decorated LIG by different methods to fabricate supercapacitors; hydrothermal method (immersing 

LIG in MnO2 precursor solution then laser it or apply high temperature),316,317 and electrochemical 

deposition.318,319  Han et al. demonstrated a simple synthesis method to produce LIG embedded with 

different metal nanocrystals (Cu, Co, Ni, Fe, NiFe) from biodegradable cedar wood. By using CO2 

laser, the cedar wood was converted to graphene and the metal salts were reduced to metals (as 

shown in Figure 2.19).320 The cedar LIG/NiFE electrode was tested toward OER, and it performed 

a superior activity with low overpotential 296 mV at current density 10 mA/cm2 and a 50 mV/dec 

Tafel slope.  

In all these catalysts incorporation strategies, the metal or metal oxide gets simply deposited on 

the LIG surface and embedded within the pore-space surrounding it, but not well-anchored to the 

carbon. Casting the catalysts on the graphene, on the other hand, involves depositing the catalyst 
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particles onto the surface of the graphene material. This method can result in a heterogeneous 

distribution of catalyst particles on the graphene surface, which can lead to lower catalytic activity 

and stability due to particle aggregation or deactivation. While encapsulating or anchoring the 

catalysts in a graphene matrix involves embedding the catalyst particles within the graphene 

structure, forming a composite material. This approach provides a high degree of control over the 

catalyst's dispersion and size distribution. The catalysts are protected from aggregation and 

deactivation, leading to improved catalytic performance and stability. This method also provides a 

large surface area for catalytic reactions to occur, enhancing the reaction rate. Fewer studies have 

focused on incorporating the metal or metal oxide catalyst directly into the carbon precursor itself. 

To our knowledge, Zhang et al. was the first to incorporate a Pt precursor into the monomer solution 

prior to the polycondensation reaction used to form the polyimide (PI) film.321 Laser-scribing under 

H2/Ar atmosphere with a CO2 laser led to uniformly dispersed Pt nanoparticles with a size of about 

5 nm embedded within the carbon at a loading of 5 wt.%. The system was not tested for ORR but 

the overpotentials needed to reach 10 and 100 mA/cm2 for the hydrogen evolution reaction (HER) 

were 107 and 256 mV, respectively. Instead of using a PI precursor, Zou et al. laser converted a 

cobalt containing metal organic framework (MOF, ZIF-67) into a nitrogen-doped carbon with Co 

embedded in the carbon structure.322 However, the size of these particles was fairly large, ranging 

from 70 to 250 nm. Despite this, the OER performance was good and when the electrode acted as 

anode used as the cathode for a ZAB, the stability was significantly enhanced. These electrodes  

with the embedded Co enabled cycling for over 220 h compared to conventional Pt/C electrodes 

which failed after only 20 h. 
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Figure 2-19. Cedar-LIG-M in situ formation is depicted schematically. In an ethylene glycol (EG) solution containing metal 

nitrate salts, cedar wood was immersed and then sonicated in the bath. The modified cedar monolith was scribed by a 10.6 m 

CO2 laser in Ar atmosphere after the solvent had been vaporized in a vacuum oven. Next, a device was made for OER, and 

paraffin nanocomposite preparation was done for EMI shielding. 

As mentioned above, entrapped the catalysts nanoparticles in biomass derived LIG as air-cathode 

for ZAB was rarely investigated. Therefore, this research focuses on combining novel ideas; LIG 

technique, biomass carbon precursor, biomass nitrogen precursor, simple synthesis method, and low 

quantity of catalysts precursors to achieved ultra-small nanoparticles (< 2 nm) distributed in LIG 

matrix, good ORR performance and high stable air cathode for ZAB. 

2.4 Summary of Challenges and Thesis Layout 

 As it was briefly mentioned in Section 1, ZABs are a promising electrochemical energy storage 

technology. However, to promote widespread adoption of this technology, improvements to their 

air-breathing cathodes are needed that address challenges as the high cost of platinum (Pt) catalyst 

used to boost the kinetics of the oxygen reduction reaction (ORR) as well as the stability of Pt/C 

interfaces over long-term cycling. Therefore, the main challenge in research associated with air 

cathode is to improve the ORR activity and stability during charging and discharging process. 

Improving the ORR activity requires an increase in electrode’s catalysts, optimize the catalyst such 

as tuning the particle size and shape of the catalyst, or/and add functional atoms. As mentioned 

above, entrapping the catalysts nanoparticles in LIG matrix as air-cathode for ZAB by carbonizing 

carbon forming resins containing various precious and non-precious metal catalyst precursors could 

enhance the insufficient stability and improve the ORR activity. Therefore, this research focuses on 
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combining novel ideas; using LIG technique instead of furnace, nano-alloying platinum/cobalt 

oxides, using biomass carbon precursor and biomass nitrogen precursor, designing facile simple 

synthesis method, and using low quantity of catalysts precursors to achieve ultra-small nanoparticles 

(< 2 nm) distributed in LIG matrix with good ORR performance and high stable air cathode for 

ZAB. 

Chapter 2 of the thesis contains a brief description of zinc-air batteries. A brief review of the 

mechanism of the oxygen reduction reaction in alkaline conditions. The catalysts used as air cathode 

such as platinum, platinum and transition metal, manganese oxides and nitrogen doped carbon. 

Moreover, the role of using  the laser induced graphene technique to carbonized graphene precursors 

is elaborated along with the advantages of  using the biomass polymer (poly furfural alcohol) as a 

carbon precursor. Chapter 3 of the thesis introduces and investigates the designing of  the 

platinum/cobalt oxide/laser induced graphene catalyst synthesis method and discusses the catalyst’s 

performance toward oxygen reduction reaction. Chapter 4 of the thesis explores the manganese 

oxides incorporation with LIG as air cathode and evaluates the ORR performance in different tests. 

Chapter 5 of this thesis discusses the nitrogen doped graphene fabrication and the determines the 

ORR performance. Finally, Chapter 6 of this thesis discusses the lessons from the work completed, 

summarizes and proposes future directions that can be taken. 
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Chapter 3 

Embedded Platinum-Cobalt Nanoalloys in Biomass-Derived, Laser 

Induced Graphene as Stable, Air-Breathing Cathodes for Zinc-Air 

Batteries 

Fuel cells and metal–air batteries hold significant promise to help decarbonize transportation and the 

electricity grid. To encourage widespread adoption of these technologies, improvements to their air-

breathing cathodes are required, which address problems such as the high cost of platinum (Pt) catalysts 

used to boost the kinetics of the oxygen reduction reaction (ORR) as well as the stability of Pt/C 

interfaces over long-term cycling. In this paper, we demonstrate a facile approach to reduce Pt content 

to less than 2 wt % by interfacing Pt with CoOx as well-dispersed nanoparticles entrapped within a 

highly conductive laser-induced graphene (LIG) matrix. Laser-induced carbonization of polymerized 

furfural alcohol preloaded with Co and Pt precursors resulted in the formation of a mixture of spherical 

nanoalloys PtCoOx and core (CoOx)–shell (Pt) structures. This LIG-PtCoOx electrode exhibited a low 

onset and half-wave potential in alkaline media, which closely approached a benchmark Pt/C. The 

effectiveness of LIG-PtCoOx was demonstrated by its performance in rotating disk and rotating ring 

disk electrode studies versus commercial Pt/C with the same concentration of the catalyst, which 

resulted in 4-fold greater mass activity and more than 6-fold higher specific activity, which are reflected 

in a high turnover frequency (TOF). The resulting material was tested as an air–cathode for zinc (Zn)–

air batteries leading to improved stability (118 h of operation) and rechargeability (0.75 V voltage gap), 

exhibiting a higher peak power density compared to batteries assembled with the commercial 

benchmark Pt/C cathodes with similar composition. 

Contributions 

The result of this chapter has been accepted in ACS Applied Nanomaterials Journal as: Embedded 

Platinum-Cobalt Nanoalloys in Biomass-Derived Laser Induced Graphene as Stable, Air-Breathing 

Cathodes for Zinc-Air Batteries,323 and the authors in order are Tahani Aldhafeeri, Marianna Uceda, 

Angad Singh, Manila Ozhukil Valappil, Prof. Michael W. Fowler, and Prof. Michael Pope  

I designed the experiments in consultation with Dr. Michael Pope. The experiments were 

performed entirely by myself with the assistance of an undergraduate co-op student Angad Singh . 
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3.1  Introduction  

Improving the efficiency, stability and cost of electrocatalysts for the oxygen reduction reaction 

(ORR) and oxygen evolution reaction (OER) are essential for enabling the wide-spread use energy 

storage and conversion devices such as fuel cells and metal-air batteries.324 A major efficiency 

bottleneck in these devices is the sluggish ORR kinetics at the cathode which causes high cathodic 

overpotentials and low overall battery efficiency. Platinum (Pt), supported on a high surface area 

conductive carbon scaffold, is extensively used as the electrocatalyst for ORR, but poses a barrier 

to commercialization due to its high cost, poisoning sensitivity, poor long-term stability, and low 

efficiency due to high overvoltage between ORR and OER.325 Strategies to improve the activity and 

stability of ORR while potentially decreasing costs include lowering Pt content,326 use of non-

precious metal catalysts,327–331  including heteroatom doped carbon,332 and combinations of these 

strategies.333–335 To reduce Pt content, significant progress has been made in terms of reducing the 

size of Pt nanoparticles and to improve their distribution on and within the carbon supports.326 The 

Pt content within these nanoparticles can also be reduced by mixing Pt with less expensive transition 

metals (M), such as cobalt (M = Co) or nickel (M = Ni), via the fabrication of PtMx alloys or metal 

oxide Pt-(MOx) core-shell structures.328–331,333,336 One of the most investigated Pt-based catalyst used 

in ORR applications is based on PtCo system. The synergistic effect of Pt and Co in PtCo catalysts 

is believed to arise from the electronic interactions between the two elements. Specifically, the 

electronic structure of Pt is perturbed by Co, which can enhance the Pt activity.337,338 In addition, Co 

can induce structural changes in the Pt lattice, leading to the formation of more active sites. An 

effective four-electron ORR process is produced by the PtCo double site, which encourages the 

fixing of OOH* intermediates and the dissociation of OH* intermediates.339 Huang et al. and  

Salgado et al. summarized the factors that cause an improvement in the ORR electrocatalysis on 
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PtCo alloys; the shortening of Pt-Pt interatomic distance, surface roughening due the dissolution of 

the more oxidizable alloying component, and electronic considerations due to an increase in Pt d-

band vacancy.340,341 

However, even with these designs, significant challenges remain in terms of stability. 

Nanoparticles are typically only physiosorbed to a surface and can easily agglomerate.342,343 Metal 

catalyst dissolution and particle coalescence cause coarsening over time which reduces the number 

of active sites available for catalysis.344 Carbon corrosion and oxide formation at high potentials can 

also enhance coarsening or cause catalyst detachment from the support.345–347 Thus, recent work has 

focused on the development of strategies to more strongly anchor M-Pt or MOx-Pt nanoparticles to 

the support. For example, Co-Pt alloys have been attached to carbon surfaces using weaker surface 

interactions such as metal-Pi interactions or chelating effects.338,348  

Furthermore, Jung et al. developed an approach to create a PtCo intermetallic within a N-doped 

carbon shell on top of a graphitized carbon support.336 When tested as the cathode for a 

polyelectrolyte membrane (PEM) fuel cell, this catalyst showed minimal loss in voltage and power 

over 30,000 cycles. While promising, further improvements to stability and reducing the number 

and time of the various processing steps are required to make such methods commercially attractive.  

Laser-based methods have recently demonstrated promise to form both the conductive carbon 

support and electrocatalysts used to decorate these supports. By avoiding the typically slow heat 

treatment step, the oven-free method of using a laser spot or line to convert carbon and catalyst 

precursors photothermally or photochemically has the potential to be higher throughput and more 

energy efficient.349 For example, Tour’s group first demonstrated that porous, high surface area, 

graphene-like traces could be scribed onto commercial polymers like Kapton using an inexpensive 

CO2 laser often used in industry for cutting and marking.350 Later, it was demonstrated that a catalyst 

precursor salt could be cast onto this so-called laser-induced graphene (LIG) and lasing repeated to 

decompose the salt into a metal oxide.351 Various oxide-based electrocatalysts such as Co3O4 and 

MnOx were deposited on the LIG surface in this way.352,353 These, and more recently, mixed metal 

oxides containing Ni, Co and Fe have demonstrated high ORR and OER activity and stability when 

used as air cathodes in zinc-air and lithium (Li)-air batteries.354 The same strategy has been used to 

deposit Cu-Sn alloys for CO2 conversion.355 In these strategies, the metal or metal oxide sits on the 

LIG surface and are embedded within the pore-space surrounding the LIG but not within the carbon 
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itself. Similarly, in other works, Pt, Co, Ni or Fe have been electrodeposited onto the pre-formed 

LIG and used either as electrocatalysts for sensors or for water splitting.312,313,356 The use of more 

rapid laser treatment compared to slow thermal annealing is also thought to prevent coarsening – 

leading to smaller nanoparticle sizes.357 

Fewer studies have focused on incorporating the metal or metal oxide catalyst directly into the 

carbon precursor itself. Zhang et al. were the first and, as far as we know, only to incorporate a Pt 

precursor into the monomer solution prior to the polycondensation reaction used to form the 

polyimide (PI) film. Laser-scribing under H2/Ar atmosphere with a CO2 laser led to uniformly 

dispersed Pt nanoparticles with a size of about 5 nm embedded within the carbon at a loading of 

5 wt.%.356 The system was not tested for ORR but the overpotentials needed to reach 10 and 

100 mA/cm2 for the hydrogen evolution reaction (HER) were 107 and 256 mV, respectively. Instead 

of using a PI precursor, Zou et al. used laser to convert a cobalt containing metal organic framework 

(MOF, ZIF-67) into a nitrogen-doped carbon with Co embedded in the carbon structure.358 However, 

the size of these particles was fairly large, ranging from 70 to 250 nm. Despite this, the electrode 

exhibited impressive performance as a Zn-air battery, with significantly enhanced stability. These 

electrodes with the embedded Co enabled cycling for over 220 h compared to a conventional Pt/C 

electrode which failed after only 20 h.  

In this work, we aim to further explore the idea of incorporating catalyst directly within the carbon 

support by in situ laser conversion to develop air-cathode for Zn-air batteries. To reduce the Pt 

content, we explore the use of a dual Pt/Co precursor to generate a Pt-Co or Pt-CoOx alloy upon 

photothermal conversion. Instead of PI (e.g., Kapton™), we use the biomass-derived poly furfuryl 

alcohol (PFA) resin, which is a commodity chemical often used in adhesives, binders, and as a 

carbon precursor.359 PFA is synthesized by a simple, acid catalyzed, self-condensation 

polymerization of liquid furfural alcohol (FA).359 This simple and versatile chemistry leads to a 

mechanically robust, cross-linked resin which has been well-studied over the last few decades as a 

precursor to hard carbons. For example, we were inspired by early work carried out by Foley’s group 

who embedded platinum nanoparticles into PFA and pyrolyzed this Pt-filled resin in a furnace to 

achieve a composite with 6.4 wt.% Pt0.303,360 The material exhibited remarkable thermal stability 

upon high temperature (800 C) treatment and kinetic stability during hydrogenation of long chain 

and bulkier alkenes in liquid phase. Our group has recently demonstrated the use of PFA as a 

promising precursor to LIG which can often outcompete LIG derived from PI in terms of 
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conductivity and electrode capacitance.308 However, the incorporation of catalyst within the PFA 

and how it impacts the resulting LIG, has yet to be explored. 

Herein, we investigate the laser-induced conversion of PFA with embedded CoOx-Pt catalysts for 

Zn-air battery applications. Our approach, described in Scheme 1, involves a simple one-pot 

synthesis method under ambient conditions using a CO2 laser for carbonization. To improve the 

stability of the noble metal and reduce the amount of the platinum precursor used, cobalt precursor 

was appended.  The nanoparticle size was effectively controlled via optimization of Triton X-100 

(TX) as a surfactant. The material produced was < 2 nm nanoparticles with a unique structure 

consisting of core-shell and nanoalloy PtCoOx entrapped within a 3D-LIG conductive matrix. The 

electrocatalytic performance of the resulting materials are investigated as ORR catalysts. Finally, 

the performance within a Zn-air battery cell was tested which yielded an excellent peak power 

density of 67.1 mW/cm2 and a high specific capacity based on consumed zinc electrode at 

discharging current density 20 mA/cm2 . This was comparable to the commercially available Pt/C 

material at the similar composition (52.3 mW/cm2).  

 

Figure 3-1. Material and synthesis procedure to prepare LIG-PtCoOx samples: (1) Step1; the reduction reaction of the 

catalysts salts in the reflux process, (2) Polymerization step by mixing the monomer FA with the acidic catalyst (oxalic 

acid), (3) Casting the viscous material on a foil by doctor blade and curing it in the oven, and (4) Step 4 which is the 

photothermal carbonization of the sample by the CO2 laser machine at specific conditions.  
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3.2 Experimental Methods 

3.2.1  Synthesis of loaded LIG (CoOx/Pt/graphene) 

To form the polymer precursor with embedded electrocatalyst, 48 mg of platinum (II) 

acetylacetonate (Pt(acac)2, 48.0 wt.% Pt, Alfa Aesar) and 98 mg of anhydrous cobalt (II) acetate 

(Co(OAc)2·4 H2O, Alfa Aesar, 98%), were added to 2 g of the liquid monomer, furfuryl alcohol 

(FA, Thermo ScientificTM, Acros Organics, 98%).  In this step, FA acts as a reducing agent. FA 

and similar alcohols are known to act as reducing agents for metal ions. Varying amounts of the 

non-ionic surfactant, Triton X-100 (TX, Millipore Sigma), were used to aid in the dispersion of the 

Pt and Co salts in the FA. The TX:FA ratio (wt./wt.) was varied to determine the impact on catalyst 

dispersion and the ability to carbonize the catalyst loaded polymer with the laser. These precursors 

were mixed in the FA by tip ultrasonication with a 10 s pulse and at 60% power (BioLogics, Inc. 

Model 150 V/T ultrasonic homogenizer, 150 W) for 15 min. The resulting dispersion was then 

heated to 120 C and stirred at 650 rpm under reflux conditions for 24 h in a single neck round 

bottom flask. An additional 4 g of FA was then added along with 68 mg of oxalic acid dihydrate 

(EMD, 99.5%) as the initiator to catalyze FA polymerization. The polymerization of FA was carried 

out at 70 C for an additional 24 h under reflux. A further 68 mg of oxalic acid was added, and the 

condenser was removed. Once the FA polymerized sufficiently to produce a dispersion with suitable 

viscosity for doctor blading, the dispersion was cast onto an aluminum foil substrate using a wet gap 

of 1 mm. The coating was then cured in an oven at 80 C for 24 h. As a benchmark, PFA-based 

formulations were compared to diluted commercial cathode mixtures (3.39 wt.% Pt/C) prepared by 

mixing carbon black (Super C45, MTI Corp.) with commercial 20 wt.% Pt/C (Sigma-Aldrich). 

3.2.2 Laser-Induced Carbonization and Electrode Assembly 

Once the loaded PFA had finished curing, the aluminum foil was peeled off. The free-standing 

PFA film was then irradiated with a CO2 laser engraver (Boss Laser 1416L, 50W) in order to convert 

the surface of the dense, electrically insulating PFA to a porous, high surface area, conductive 

scaffold for the embedded electrocatalysts. Electrodes of 1×1 cm2 were patterned in the films using 

approximately 10.2% power (5.1 W) for the carbonization and the scan speed was 10 mm/s.  The 

sheet resistance at various powers was measured before each sample and the power yielding the 

maximum conductivity was chosen to account for variations in laser alignment/focus with time. 
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Four samples with varying TX weight ratios were prepared and referred as: LIG-PtCoOx-0, LIG-

PtCoOx-1, LIG-PtCoOx-2, and LIG-PtCoOx-3, with TX to FA weight ratios of 0:1, 0.5:1, 1:1, and 

1.5:1, respectively. Also, the “Commercial Pt/C” that mentioned in the figures is the commercial 

3.39 wt.% of Pt/C. 

3.2.3  Material Characterization 

The morphology, size, and distribution of the catalysts were imaged by scanning electron 

microscopy (SEM, Zeiss Leo 1530) with energy dispersive X-ray spectroscopy (EDS, Oxford) 

operating at 20 kV acceleration voltage. The count number was 3000 counts per second (cps). The 

scanning transmission electron microscopy (STEM) and EDS experiments were performed using a 

Thermo Fisher Scientific Talos 200X operated at 200 kV. High-angle annular dark-field (HAADF) 

was performed with a spot size less than 1 nm and a convergence semi-angle of 10.5 mrad. The EDS 

data were analysed using Velox program from Thermo Fisher Scientific.  The high-resolution 

transmission electron microscopy (HRTEM) experiments were performed using a Titan 80-300 

equipped with an imaging lens aberration corrector FEI microscope operated at 300 kV. For 

imaging, powders scraped off the laser-irradiated areas were dispersed in water, sonicated and the 

solution spread on a holey carbon, Cu supported TEM grid.  

 X-ray diffraction (XRD, Rigaku Miniflex II) was carried out using a scan rate of 2°/minute, from 

2θ values of 10-100 operated at 15 kV at 10 mA. X-ray photoelectron spectroscopy (XPS, Thermal 

Scientific KAlpha XPS spectrometer, 150 eV) was used to analyze the surface functional groups. 

The XPS spectra were fitted using CasaXPS software.  

To investigate the effect of the surfactant on the polymerization of the PFA, attenuated total 

reflectance Fourier transform infrared (ATR-FTIR) spectroscopy of the samples was done prior to 

scribing using a Bruker Tensor FTIR equipped with a Pike attenuated total reflectance (ATR) 

adapter and a ZnSe crystal. The samples PFA-PtCoOx-0, PFA-PtCoOx-1 and PFA-PtCoOx-2 are 

cured PFA samples (before lasering) that contained 0:1, 0.5:1, 0:2 of TX to FA weight ratio, 

respectively. In this study, TGA was used to obtain the total platinum and cobalt contents of the 

synthesized catalysts. A temperature ramp of 5 C/min was used, and the maximum temperature was 

100 C. The experiment was conducted under flowing air to burn the carbon support and determine 

the weight of the remaining compound which was platinum and cobalt. TGA profiles were collected 

on a TA instrument Q50 TGA Thermogravimetric Analyzer. 
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Finally, ultraviolet-visible (UV-vis) absorption spectra were recorded by a Thermo Scientific 

Evolution 300UV-VIS spectrophotometer using 1 nm resolution, and 240 nm/min scan speed with 

samples placed in quartz cuvettes with a 1 cm path length. UV-vis spectroscopy was used to follow 

the reduction reaction of the metal salt using distilled water as solvent.  

3.2.4  Electrochemical measurements 

To test the electrocatalytic response towards the oxygen reduction reaction (ORR), 

electrochemical tests were conducted using a Biologic SP-300 potentiostat, under ambient 

conditions, using a three-electrode cell with a rotating ring disk electrode (RRDE) system (Pine 

Research Instrumentation, USA). The cell consisted of a glassy-carbon-based working electrode 

(GC, 0.196 cm2), a Pt-wire counter electrode, and a Hg/HgO (1 M KOH solution) reference electrode 

(RE-61AP, ALS). An LIG ink prepared by scraping off some of the LIG sample and dispersing with 

40 vol% isopropanol (≥ 99%) in deionized water (< 8 µS/cm) at 5 g/L LIG composite and 0.002 mL 

of 5 wt.% Nafion (Sigma-Aldrich) as a binder was used to modify a glass carbon electrode. Prior to 

casting, the ink was bath ultrasonicated for 1 h in an ice bath by 4-gal Digital Sonic Cavitation 

Machine, 360W. A 5 µL volume of ink was drop cast every 15 minutes until a total of 20 µL ink 

was loaded onto a 5 mm diameter glassy carbon disk (Pine Research). The ink and glassy carbon 

solids loading were kept the same for all samples. After the ink dried, the tip was installed onto the 

rotating shaft of a WaveVortex Rotator (Pine Research). The tip was then carefully lowered into 

60 mL of 0.1 M potassium hydroxide (KOH) within a 5-neck glass cell (Pine Research). The rotation 

rate was set at 1600 rpm. Prior to any experiments, the current was stabilized by performing 50 

cycles of cyclic voltammetry at 20 mV/s between 0.1 V and -0.8 V vs. Hg/HgO reference electrode 

under oxygen (Linde, 99.999% O2) or nitrogen purging. After stabilization, CVs and ohmic drop 

compensation (80% at 1kHz) were followed by linear sweep voltammetry at 5 mV/s between 0.1 V 

to -0.8 V vs. Hg/HgO under oxygen or nitrogen purging. The final LSVs under oxygen were 

normalized with respect to the LSV acquired under nitrogen purging. The number of electrons (n) 

transferred via the ORR half-cell reaction under different electrode potentials was estimated by the 

Koutecky-Levich (K-L) equations 2 and 3: 
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where j is the measured current density, jK is the kinetic limiting current density (A/cm2), jL is the 

diffusion-limited current density (A/cm2), B is the corresponding K-L slope value, ω is the electrode 

rotation rate (rad/s), F is the Faraday constant (96485.31 C/mol), C0 is the bulk concentration of O2 in 

0.1 M KOH solution (1.26 × 10–6 mol/cm3), D0 is the diffusion coefficient of O2 in 0.1 M KOH solution 

(1.93 × 10–5 cm2/s), and v is the kinematic viscosity of the electrolyte (v = 0.01 cm2/s in 0.1 M KOH 

solution). The Koutecký–Levich analysis was conducted by performing the LSV test at varying rotation 

rates (200, 600, 900, 1600, and 2200 rpm). Peroxide formation was analyzed by setting the RRDE at 

0.333 V vs. Hg/HgO on a separate channel during the LSV at 1600 rpm in 0.1 M KOH electrolyte 

saturated with O2 conducted to the RRDE. The H2O2 yield and the n were calculated by equations 4 

and 5: 

𝐻2𝑂2 % = 200(
𝐽r
𝑁

𝐽d+(
𝐽r
𝑁

)
),                                                              (3) 

𝑛 = 4𝐽d/(𝐽d + (𝐽r/𝑁) ),                                                              (4) 

where Jd is the disk current (A/cm2) , Jr is the ring current (A/cm2), and N is the collection efficiency 

(0.27) reported by the manufacturer. 

Information related to the rate-determining process of the ORR mechanism is provided via the Tafel 

equation: 

ɳ = 𝑎 + 𝑏 log (𝑗k),                                                       (5) 

where ɳ is the overpotential, a and b are the intercept and the Tafel slope, respectively, and jk is the 

kinetic current density.  

Electrochemical active surface area (ECSA) was evaluated by integrating the hydrogen adsorption-

desorption regions in the CV curves using: 

𝐸𝐶𝑆𝐴 =
𝐴

𝑣𝐶

1

𝑚pt loaded
 ,                                                     (6) 

where A is the peak area (mA.V), v is the scan rate (V/s), C is the charge required to reduce the proton 

monolayer of the active platinum (0.21 mC/cm2), and mpt loaded is the platinum load in the catalysts (mg). 

The electrolyte is 0.1 M H2SO4 saturated with N2 for at least 1 h prior to the experiment. A Pt wire was 

used as CE, Ag/AgCl (1 M) reference electrode, a 3 mm diameter glassy carbon (GC) disk was used as 

the WE, and 2µL of ink was cast onto the GC. Mass and specific activities were established at -0.1 V 
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vs. Hg/HgO, at room temperature. The turnover frequency (TOF) value can be calculated using the 

following relation: 361 

𝑇𝑂𝐹 =
𝑗k𝐴

(  𝑛 𝑒 𝑁s)
                                                             (7) 

where jk is the kinetic current density,  A is the electrode surface area (cm2), n is the number of electrons 

transferred during ORR (n = 4),  e is the charge of an electron (1.6 × 1019 C), Ns is the number of active 

sites on the catalyst surface. In this case we assumed only Pt atoms are active. The electrode materials 

were tested in Zn-air batteries by air-spraying (ABEST, CA-TJ-186ACF4K) the ink onto a gas diffusion 

layer. The ink is prepared using the same process as the ink for RRDE. However, the concentration is 

lowered to 1 mg/cm2 to prevent blockage in the air-sprayer nozzle. Approximately 0.56 mL of ink was 

sprayed onto a 1.5 × 1.5 cm carbon paper -(Toray 120 with a microporous layer, 0.43 mm thick) to 

produce 1 mg(LIG/catalyst) /cm2 loading. The loaded carbon paper was allowed to dry on a hotplate at 60 

°C overnight. It was then assembled into a homemade cell composed of 5/16” acrylic sheets with 1/16” 

thick ethylene propylene diene monomer rubber (EPDM) rubber gaskets. Electrical contact with the 

carbon paper is made with a Monel mesh (200 × 200 mesh size). The anode is a zinc plate (0.02-" Zinc 

Sheet EN 988 Shiny, 99.99% min purity), and the electrolyte is 6 M KOH and 0.2 M zinc acetate 

(Zn(CH3COO)2·2H2O, Sigma). The assembled Zn-air battery was allowed to rest for 6 h prior to any 

measurements. All measurements were carried out on an Arbin battery tester (BT2000, Arbin 

Instruments, USA). Galvanostatic cycling was carried out at 10 mA/cm2 for 150 s in charge and 150 s 

of discharge and then by using galvanodynamic charge/discharging by applying a current density from 

0-100 mA/cm2 at 1 mA/s scan rate.  

Specific capacity was tested using chronopotentiometry. Discharge at 30 mA/cm2 was performed for a 

long time until the zinc plate that contacts the electrolyte fully react. After the reaction, the zinc plate 

was ultrasonicated with distilled water until the zinc oxide layer was completely removed. The specific 

capacity was calculated using the following equation 

𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = (𝑖discharge ×  𝑡reaction)/(𝑚Zn1 −  𝑚Zn2)                          (8) 

where idischarge = 20 mA/cm2 ,  treaction is  the  time  when  reaction  stops, mZn1 is the weight of the 

polished zinc plate before test, and mZn2 i the weight of the zinc plate after the reaction.362 
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3.3  Results and Discussion 

3.3.1 PFA polymerization and production of LIG-PtCoOx via CO2 laser. 

 As shown in Figure 3.2a, the simple, one-pot, and oxalic acid-catalyzed polymerization of FA 

monomer with dispersed metal catalysts, yields a free-standing 2000  310 m thick film after 

casting. The films appear black and are relatively flexible and mechanically robust. Polymerization 

of FA was slower with the added catalyst and surfactant, taking 12 h longer to cure/solidify 

compared to polymerization of FA alone (Figure 3.2b). Laser irradiating these films with an 

industrial CO2 laser at powers between 4.85-5.25 W converts the material into a shiny, gray/metallic 

film as shown in Figure 3.2c. The electrical sheet resistance (Table 3.1) of these films was the 

lowest when 10.2% power was used. In general, the addition of TX to the PFA increased the 

resistance of the film by a factor of four to five (from ~10 to ~ 40-50 /sq). There was no consistent 

difference in sheet resistance between TX:FA weight ratios of 0.5:1 (LIG-PtCoOx-1) and 1:1 (LIG-

PtCoOx-2). The increased resistance is likely due to residual, non-conductive TX in the sample after 

laser treatment. Note that LIG-PtCoOx-0 is referred to as the sample that does not contain TX and 

LIG-PtCoOx-3 is referred to 1.5:1 ratio of TX to FA. 

 

Figure 3-2. Images of PFA in different steps (a) PFA that cast onto foil after curing, (b) Free-standing PFA film after being 

peeled off the foil, and (c) Square 1 x 1 cm2 LIG with different scribing power at scan speed 10 mm/s. 
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Table 3-1. Sheet Resistance (Ω/Sq) as a function of laser power for samples prepared with different TX to FA ratios. 

 

 To determine the impact of metal salt reduction and loading on the extent of polymerization, 

ATR-FTIR was performed (Figure 3.3a). Full polymerization is evidenced by the elimination of 

the (OH-) stretching peak present in the FA monomer between 3750-3328 cm-1.363 The FTIR 

spectrum for the FA monomer exhibits the hydroxyl (OH) stretching peak at ~3325 cm- 1. This 

disappeared after polymerization of the neat FA resin and indicates full conversion to polymer. 

There is also a significant decrease in the intensity of the 1005 and 1150 cm-1 peaks in PFA attributed 

to C-O stretches in the FA monomer. Furthermore, there are weak peaks presented around 

1660−1670 cm−1 attributed to ring stretching of 2,3-bisubstituted furan rings, ∼1548 cm−1 resulting 

from the conjugated C=C stretching bonds or ring vibrations, 1350 cm−1 assigned as the C−H ring 

deformation, 1215−1180 and ∼1015 cm−1 arising from =C−O−C asymmetric and symmetric 

stretching, and 815 cm−1 from the vibration of C-O of furan rings.  When Pt(acac)2 and Co(OAc)2 

salts are first added to the FA, some of the FA itself oxidizes to furfural. This can be observed in the 

FTIR spectra shown for the dispersion immediately after the reduction reaction (step1) compared to 

the neat FA where peaks are associated with 1713 and 1735 cm-1 (Figure 3.3b).364 These peaks 

occur in conjugated unsaturated aldehydes and not ketone group. Moreover, the presence of a peak 

between 2845 and 2960 cm-1
 is attributed to the aldehyde group and aliphatic C-H stretches 

(Figure 3.3c).365 This is why additional FA was added in Step 2, to compensate for oxidized FA. As 

shown in Figure 3.3d, the strong OH and CH2 stretching vibrations are seen in the spectra of pure 

TX at 3480 cm-1, 2948 cm-1 (asymmetrical stretch), and 2869 cm-1 (symmetrical stretch), 

respectively. At 1642, 1610, 1581, and 1511 cm-1, four distinct aromatic absorption bands are seen: 
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C-H bending vibrations are responsible for bands at 1456 cm-1 and 1364 cm-1; C-O stretching 

vibrations produce bands between 1096 cm-1 and 1300 cm-1. It is observed from the FTIR spectrum 

of FA/TX-catalysts (after reduction reaction) that the intensity of peaks assigned to C-O bond of TX 

is decreased on interaction with catalyst salts. This suggests that the hydrophilic polyoxymethylene 

group effectively caps the Pt2+ and Co3+ ions while the oxygen of the C-O bond interacts with Pt2+ 

or Co2+ ions.366 Figure 3.3d, also shows the FTIR spectra for samples containing varying TX:FA 

ratios. The results suggest that all samples do not have the OH stretching vibration peak between 

3750- 3328 cm-1 except for the sample with LIG-PtCoOx-3; this is due to TX remaining in LIG, 

despite the sample being irradiated by the CO2 laser. This sample was also found to be non-

conducting after laser carbonization and the color of the irradiated area was not gray and shiny as 

the other samples. Therefore, only lower TX contents were considered in further characterization.  

 

Figure 3-3.Fourier transform infrared (FTIR) spectra of various samples: a) FA monomer, TX, mixture after the reduction 

reaction step1, and neat PFA after cured in oven, (b) FA monomer and mixture after reduction reaction in wavenumber 

range 1400-2200 cm-1, (c) FA monomer and mixture in the wavenumber range 2600-3200 cm-1, and (d) Cured PFA resins 

with different weight ratio of TX to FA (before scribing by laser) used for laser-scribing.  

 As shown in Figure 3.4a, UV-vis was carried out to follow the reduction of the Pt(acac)2 to Pt 

metal following step1 and step4. The Pt(acac)2 graph exhibited absorption at 227, 253, 285 and 

350 nm, which are the signatures of the Pt complexes.367 These peaks are diminished after the 

reduction reaction and accompanied by the appearance of the typical absorption bands of the 
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aldehydic and furan functional groups (at ~ 278 and 218 nm), respectively, and confirms the 

oxidation of FA to furfural during step1 (Figure 3.4b).368  A characteristic absorption peak of 

graphene in LIG (from neat PFA) has been observed at 266 nm. The incorporation of catalysts with 

LIG leads to a shift in the graphene absorbance peak to shorter wavelengths (Figure 3.4c). It has 

been observed that the absorption peak position of graphene for LIG-catalysts changes to 255 nm, 

a blue shift of 10 nm as compared to LIG without catalysts dispersion.369,370 The blue shift may be 

the result of a charge transfer interaction between graphene and catalyst nanoparticles. In addition, 

the absorption peak located at 225 nm in LIG-catalysts curve could be related to the Pt nanoparticles 

present in the sample.371 Note that, this peak could not be observed in the mixture after the reduction 

reaction due to the large peak of the furan functional group (200 to 239 nm).  

 

Figure 3-4.UV-vis spectrum for (a) cobalt, platinum precursors, LIG-catalysts, mixture after step 1 (reduction reaction), and 

LIG from neat PFA (without TX and without catalysts), (b) maximize the graph area from 200 to 500 nm of the sample after 

reduction reaction, and (c) maximize the area from 200 to 300 nm of the LIG-catalysts sample.   

 

3.3.2 Catalyst identification and oxidation state 

 The irradiated material was analyzed using XRD to probe the crystal structure of the prepared 

samples and to confirm the presence of platinum metal and cobalt oxides (Figure 3.5a). For all 
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samples, there is a broad reflection at 2θ=25.9o, associated with the (002) plane of graphite which 

is indicative of a disordered carbon structure. A broad (100) reflection at 2θ=42.9o is also observed 

and overlaps with reflections associated with Pt metal and cobalt oxides between 40o and 47o. The 

peaks indexed at 2θ=40.5o and 46.8o are attributed to (111) and (200) facets of FCC Pt (PDF# 1-

087-0647) and are apparent in all samples with various amounts of TX. The diffraction peaks at 

2θ = 43.1 and 36.5o are attributed to the (200) and (111) reflections of CoO (PDF# 00-002-1217). 

The diffraction peak at 2θ=36.8o corresponding to (311) reflections of Co3O4 (PDF# 00-042-1467). 

The position of the (222) reflection of the platinum oxide (PtO) is 2θ = 50.1o (PDF# 03-065-6984), 

while the position of (110) and (020) reflections of PtO2 are in 2θ= 35.0o and 39.9o (PDF#153-7412). 

The XRD results did not show any diffraction peaks for metallic Co and most of the diffraction 

peaks for cobalt oxides are weak as shown in Figure 3.5a and this may be attributed to the Pt-CoOx 

alloy formed when CoOx dissolved into the Pt lattice, or they are present as an amorphous phase.372 

 

Figure 3-5. Characterization of catalyst structure. (a) XRD patterns for PFA, and LIG-PtCoOx-1, (b) Thermogravimetric 

analysis (TGA) in air atmosphere for PFA,TX, Co(OAc)2, Pt(acac)2, and LIG-PtCoOx-1, and (c) High resolution XPS 

spectra of the Pt 4f region for samples prepared with various amounts of TX. 

 

 

 TGA was used to determine the content of catalyst present in the samples before and after laser 

irradiation. As shown in Figure 3.5b, after heating in air Co(OAc)2, Pt(acac)2, TX, PFA, PFA-

catalyst and LIG-catalysts all exhibited weight loss between 200 C and 710 C. For the Pt(acac)2 
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samples, 22.4 wt.% remains after heating which we attribute to Pt metal. After heating to 1000 C, 

the Co(OAc)2 sample retained 41.1 wt.% which is attributed to Co0 and CoO content in Co(OAc)2  

(the boiling points of Co,  CoO, and Co3O4 are 2927 C, 1933C, and 900 C). A decomposition 

study of TX alone showed thermal degradation started around 380 C and lost its entire mass around 

500 C. The neat PFA is completely oxidized at ~735 C. Burning off the carbon in the LIG-PtCoOx 

powder indicates that the sample contains 16.1 wt.% catalysts (Co, CoOx and Pt). Since this gives 

no information about the ratio of components and there are unknown mass loss/gains by reduction 

of platinum oxides and oxidation of cobalt species, we analyze the composition further by XPS and 

hydrogen underpotential deposition as discussed below. 

 The elemental chemical states and compositions of the catalyst were probed via XPS. The 

survey spectra are given in Figures 3.6a, which show the existence of Pt, O, and C in different 

samples. Cobalt was only apparent in the LIG-PtCoOx-1 sample. The oxygen content increased with 

the concentration of the TX, supporting the hypothesis that some residual TX remained in the sample 

after laser treatment. As shown in Figure 3.6b, the C 1s spectrum was deconvoluted into C=C (284.4 

± 0.35 eV) and C-C (284.9 ± 0.3 eV) components. The curve at the O1s core level in Figure 3.6c 

was fitted with three components, referring to O-C=O (534.1 eV), C-O (533 eV) and metal oxide 

(531.2). The highest area% (~at. %) of the metal oxide was for the LIG-PtCoOx-2. The high-

resolution spectrum for Pt 4f is shown in Figure 3.5c. The Pt 4f is distinguished by doublet peaks 

Pt 4f7/2 and Pt 4f5/2 for Pt0, Pt2+, and Pt4+, respectively. The presence of Pt2+ and Pt4+ indicates the 

incomplete reduction of the Pt salt during the synthesis process, leaving behind PtO, and PtO2. The 

Pt 4f spectrum was deconvoluted into three species with binding energies (71.4, 71.5 eV), (73.0, 

72.5 eV) and (75.6, 75.7 eV), which correspond to Pt0, Pt2+, and Pt4+ respectively for samples LIG-

PtCoOx-0, LIG-PtCoOx-2. While for sample LIG-PtCoOx-1, the Pt 4f binding energies for metallic 

Pt, Pt2+, and Pt4+ were at (71.8, 73.2, and 74.9 eV). The Pt 4f peaks are red shifted for the LIG-

PtCoOx-1 sample which indicates electron transfer from the 5d electron in Pt-based alloys to the 

CoOx. These observations are in overall agreement with literature report.373 

 Based on peak integration, the composition of Pt0, Pt2+, and Pt4+ was calculated to be (51.9%, 

34.9%, 13.2%), (62.2%, 27,2%, 10.5%), and (44.8%, 23.8%, 31.4%) for samples LIG-PtCoOx-0, 

LIG-PtCoOx-1, and LIG-PtCoOx-2, respectively. The total of Pt2+, and Pt4+ in sample LIG-PtCoOx-

2 samples was the highest and this result agrees with the result from the O 1s spectra analysis. 
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Moreover, we observed from the XPS Pt 4f results that as the TX weight ratio increases, the PtO 

atomic percentage decreases. Figure 3.6d displays the high-resolution Co 2p XPS spectra for all 

samples, signifying three chemical states of cobalt: Co at binding energy (778.4 eV), Co2+ (781.2 

eV), and Co3+ (779.3 eV) for the LIG-PtCoOx-1 sample. For the other samples, Co 2p was not able 

to be detected by XPS. As we will show later, this may be due to Co being buried in the core of a 

platinum shell. Integration of the deconvoluted peaks indicates that the LIG-PtCoOx-1sample is 

composed of 49.8% Co2+, 5.1% Co3+ and 13.5% metallic Co. Table 3.2 lists the atomic percentage, 

full width at half maximum (FWHM), and the position of each element in the spectra.  
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Figure 3-6. XPS results; (a) surveys for different samples with various amount of surfactant LIG-PtCoOx-0, LIG-PtCoOx-1, 

and LIG-PtCoOx-2, (b) cobalt region (Co 2p), (c) High resolution XPS spectra of the carbon region (C 1s), and (d) oxygen 

region O 1s for different samples.  
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Table 3-2.XPS analysis details for each sample (TX to FA weight ratio); position, FWMH, and the atomic concentration 

percentage (%area) using Casa software (a) LIG-PtCoOx-0, (b) LIG-PtCoOx-1, and (c) LIG-PtCoOx-2. 

 

 

 

(b) 

 

(b) 
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3.3.3 Catalyst microstructure and LIG composition 

 SEM images of LIG-PtCoOx produced with varying amounts of TX revealed that the size of 

the catalyst nanoparticles was impacted by the quantity of TX. The control sample LIG-PtCoOx-0 

contains larger (~2 µm) catalyst particles than other samples as shown in Figure 3.7a,d . In fact, 

without TX, the catalyst dispersion was observed to agglomerate and quickly settle in the FA during 

processing (Figure 3.84a,b). On the other hand, using TX as a dispersant led to a more 

homogeneous distribution of smaller sized particles as shown in Figure 3.7b,c,e,f. TX can act as 

dispersant in the FA where the hydrophobic part has affinity towards FA and the hydrophilic head 

groups of TX has high affinity towards catalysts surface.  

(c) 

 

(b) 
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Figure 3-7. SEM images of samples with varying amounts of TX: (a and d) LIG-PtCoOx-0 (b and e) LIG-Pt-CoOx-1, and (c 

and f) LIG-PtCoOx-2. All images were collected with the secondary electron (SE) detector. 

 

 

Figure 3-8. Images of LIG-PtCoOx-0; (a) the bottom flask that contains agglomerated catalyst, and (b) after cured the sample 

in the oven, large particles were presented in the sample.  
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EDS data (Figure 3.9) acquired on various samples indicate the presence of Co, Pt, O, and C with 

different weight percentages. The EDS results (taken from different spots on the sample) show that 

as the TX concentration increases in the sample, the oxygen weight percentage increases. This is 

likely due to the presence of some TX in LIG after carbonization by the CO2 laser. 

 

Figure 3-9. Weight percentage for C, O, Co and Pt from EDS analysis for different sample. 

 Figures 3.10 show the HRTEM images at different magnifications for the LIG-PtCoOx 

catalysts. The most remarkable observations from the investigation of the HRTEM images (Figure 

3.10a and Figure 3.11a) are the limited size of the spherical nanoparticles (~1.7 – 5.5 nm) and how 

well-dispersed the PtCoOx is throughout the carbon network. The histogram from the TEM image 

showed a homogeneous PtCoOx size distribution (~ 1.7- 6.0 nm), as shown in the top inset of Figure 

3.10a. The mean particle diameter is analyzed as 3.0  ±  0.90 nm (N=143). Note that the discrete 

count as a function of exact size conforms well with a Gaussian distribution. 

 Based on the HRTEM images (Figure 3.10b), a core-shell structure of PtCoOx is observed 

where the CoOx core diameter is ~2.3 nm. The corresponding HRTEM image (Figure 3.10c) clearly 

shows that there are 3-4 atomic layers of Pt shell on the surface and the lattice spacing of Pt shell is 

0.228 nm. Moreover, the PtCoOx nanoparticles are surrounded by carbon, which can be clearly seen 

at the edges (demarcated by a yellow dotted line on Figure 3.11b-d). The size of the nanoparticles 

of different TEM images was determined with ImageJ software as shown in Figure 3.11e,f. The 

typical results of HAADF-STEM imaging and energy dispersive X-ray spectroscopy (EDS) for 
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LIG-PtCoOx-1 sample are shown in Figures 3.10d-i, Figures 3.12a-f and Figures 3.13a-f. As 

illustrated by these images a spherical structure of mixed PtCoOx nanoalloys is observed. In 

addition, O appears to be enriched in areas where Co is present which suggests the existence of 

CoOx (the yellow arrows in Figure 3.10f,i, Figure 3.12e and Figure 3.13e). Core-shell and 

nanoalloy structures may form for the following reasons. Co(OAc)2 is a volatile organic compound 

while Pt(acac)2 is practically non-volatile.374 Volatile Co(Oac)2 could selectively vaporize and 

accumulated in the bubbles formed by the action of the mixing the reaction in the tip ultrasonicator 

and/or the reduction reaction in the reflux process and are decomposed to cobalt oxides atoms 

through the reaction with FA. Pt may then heterogeneously nucleate on and/or alloy with these 

cobalt oxide particles during the thermal irradiation by CO2 laser.375 Another possibility is that 

during the refluxing process (step 1 in Scheme1), Pt(acac)2 molecules could undergo a galvanic 

displacement reaction with cobalt oxide nanoparticles when they diffuse into the solution leading to 

a nanoalloy formation or a CoOx core covered with a Pt shell.376 However, as shown in the HRTEM 

images , the mixed spherical nanoalloy structure of PtCoOx is more numerous than the core-shell 

nanoparticles structure.   

 Since XPS is only able to provide compositional information 1 to 10 nm deep into the material, 

the cobalt in samples LIG-PtCoOx-0 and LIG-PtCoOx-1 were not detected. On the other hand, EDS 

probe microns into the samples and estimates larger percentages of Co as it can probe material within 

the core-shell structure and can identify Pt and Co buried in the LIG network.  
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Figure 3-10. Transmission electron microscopy and elemental mapping of LIG-PtCoOx-1 samples. (a) HRTEM image of 

LIG/ PtCoOx-1. The inset shows the particle size distribution histogram based on the TEM image in (a) with N = 143 

determined with ImageJ software, (b) HRTEM of core-shell particle, (c) Higher magnification HRTEM image of core-

shell nanostructures from (b) showing lattice spacing of shell corresponding to Pt, (d) and (g) HAADF images, (e, f) and 

(h, i) EDS elemental maps for Co, O, C, and Pt illustrating the mixing of Pt and Co in the more frequent nanoalloy 

structures. No examples could be found of solely Pt or solely Co-based nanoparticles. 
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Figure 3-11. HRTEM images (a) show catalysts are distributed uniformly in sample, (b-d) catalysts are surrounded by 

the carbon matrix (yellow dottes line and arrow) and (e)(f) show the size of the nanoparticles using ImageJ software. 

 

Figure 3-12. EDS elemental maps of LIG-PtCoOx-1 where (a) HAADF image, for (b) Pt, (c) Co, (d) mixed Pt and Co, 

(e), O, and (f) C elements.  
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Figure 3-13. EDS elemental maps of (a)HAADF image for (b) Pt, (c) Co, (d) mixed Pt and Co, (e), O, and (f) C 

elements.  

3.3.4 Catalyst performance towards oxygen reduction reaction 

 Figure 3.14a displays the LSV curves at 1600 rpm in 0.1 M KOH vs. Hg/HgO for different 

samples. The LIG-PtCoOx-1 sample exhibited an onset potential for ORR of ~ +0.02 V vs. Hg/HgO 

as shown in Figure 3.15a. This was significantly lower than the commercial Pt/C (3.39 wt.% Pt) (~-

0.03 V vs. Hg/HgO) benchmark. The fact that the onset potential of LIG-PtCoOx-1 was markedly 

more positive than that of commercial Pt/C (with the same catalyst concentration) signifies the 

important role of the TX concentration that affected the ECSA and the spherical nanoalloy PtCoOx 

structure in enhancing the ORR activity (Table 3.3). The LIG-PtCoOx-1 sample shows a large 

positive shift in half wave potential (E1/2) compared to the other samples and has a limiting current 

density of 3.29 mA/cm2 at -0.80 V vs. Hg/HgO, which is comparable to that of the commercial Pt/C 

with the similar composition (3.70 mA/cm2).  At a voltage of -0.1 V, the current density was 

- 1 mA/cm2 for the LIG-PtCoOx-1 which is comparable to the value (-0.85 mA/cm2) in literature377 

where the sample contained a higher concentration of catalyst (20 wt.% Pt and 20 wt.% Co) 

dispersed on carbon.  

 The ECSA was used to estimate the real active surface area of the electrocatalysts (Eq.6). As 

shown in Figure 3.14b, the area of the hydrogen desorption peak for commercial 3.39 wt.% Pt/C, 

and LIG-PtCoOx-1 decreases with decreasing Pt weight percentage and the corresponding ECSA 
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values are 22.57, and 13.60 m2/g, respectively. Due the low weight percentage of platinum in LIG-

PtCoOx-1 and the presence of CoOx in the sample that decreases the number of active Pt sites, the 

ECSA value of LIG-PtCoOx-1 is less than commercial 3.39 wt.% Pt/C samples.378 There were less 

defined peaks in the hydrogen underpotential (HUPD) region for LIG-PtCoOx-1 relative to other 

commercial Pt/C, likely due to the presence of CoOx in the LIG-PtCoOx sample which cannot be 

quantified by HUPD. 

 Furthermore, LIG-PtCoOx-1 and the commercial 3.39 wt.% Pt/C  were evaluated for their 

activity by dividing their mass activity by their mass loading and specific activity normalized to 

ECSA. We demonstrate that, compared with the commercial 3.39 wt.%  Pt/C catalyst, the PtCoOx 

catalyst in LIG-PtCoOx-1 achieves fourfold higher mass activity (119.33 mA/mg(PtCoOx) vs. 30.07 

mA/mgpt) and more than six times higher specific activity (0.86 mA/cm2 vs. 0.13 mA/cm2) at -0.1 V 

vs. Hg/HgO as shown in Figure 3.15b, showing the effectiveness of our LIG-PtCoOx-1. Further, 

this is reflected in a higher turnover frequency (TOF) at -0.1 V vs. Hg/HgO which was found to be 

0.356  s-1 and higher than the commercial benchmark (0.054 s-1).  The TOF is of similar magnitude 

to those reported for similar systems such as reported in literature.339. 

 The exchange current density estimated from the Tafel region for LIG-CoOx-1 was estimated 

to be 0.64 mA/cm2
pt and is higher than the exchange current density of the commercial 3.39 wt.% 

Pt/C (0.23 mA/cm2
pt

 ). Also, the Pt utilization of the samples was calculated by dividing the Pt mass 

from the ECSA by the Pt mass from the catalysts mass in the ink used while RRDE/RDE tests. The 

Pt utilization of the LIG-PtCoOx-1 is close to the value for commercial 3.39 wt.% Pt/C (29.0% vs. 

28.2%, respectively), despite the mass from ECSA and from ink used of the Pt in LIG-PtCoOx-1 

being lower than the commercial 3.39 wt.% Pt/C (0.58 µg, 1.99 µg) and (0.96 µg and 3.39 µg), 

respectively. All these results indicate that the LIG-CoOx-1 electrode with low platinum content 

achieves higher ORR performance compared to the commercial Pt/C with similar composition. 

These results are attributed to the platinum and cobalt oxides compositions and the core-shell and 

nanoalloys morphology which is crucial to promote ORR activity.   

 These results demonstrate that the optimized Pt content modified in the CoOx core and with 

CoOx as nanoalloys are more advantageous than the Pt distributed in carbon as in commercial Pt/C 

for promoting the ORR activity.  The most noticeable feature here is that even though the ECSA 

of the commercial 3.39 wt.% Pt/C is higher than LIG-PtCoOx-1,  the specific activity of the 
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catalysts in LIG-PtCoOx-1 is significantly higher than in the commercial 3.39 wt.% Pt/C (six 

times), increasing the overall mass activity.  

 

Figure 3-14. Oxygen reduction reaction (ORR) activity tests for various amount of TX samples and the commercial 3.39 

wt.% Pt/C;  a) LSV curves of LIG-PtCoOx and commercial 3.39 wt.% Pt/C samples in the ORR region in O2-saturated 0.1 M 

KOH, b) cycle voltammetry for hydrogen underpotential desorption test in 0.1 M H2SO4 saturated with N2 for 3.39 wt.% 

Pt/C, and LIG-PtCoOx-1 samples, c) K-L plot for LIG-PtCoOx-1 sample, d) Tafel plot for various samples and Pt/C, e) 

number of electron calculated for different samples calculated from eq.4, and f) H2O2 yields for the different LIG-PtCoOx  

and the commercial  3.39 wt.% Pt/C samples. 

Table 3-3. Onset potential, half wave potential, and current density values from LSV graphs for TX to FA weight ratio 

samples and the commercial 3.39 wt. % Pt/C toward ORR using RDE at 1600 rpm, 0.1M KOH as electrolyte, and vs. 

Hg/HgO. 
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 Figure 3.14c shows the Koutecky-Levich (K-L) plots at different potentials in the region of -

0.5 V to -0.9 V vs. Hg/HgO for the LIG-PtCoOx-1 sample (other TX ratios are shown in Figure 

3.16a,b). The LIG-PtCoOx-1 electrode catalyzes the ORR with n = 3.32-3.84, which suggests that 

the four-electron process is favored, similar to the commercial 3.39 wt.% Pt/C catalyst benchmark 

(n = 3.55-3.85) (see Figure 3.16c). 

 Figure 3.14d shows the Tafel plots for the electrocatalysts. The excellent activity towards ORR 

of the LIG-PtCoOx-1 is also confirmed by its low Tafel slope (97.3 mV/dec) in the kinetically 

controlled region (at 0 to 0.2 V vs. Hg/HgO). This was significantly lower than that of the LIG-

PtCoOx-0 (167 mV/dec) and the LIG-PtCoOx-2 (142 mV/dec) and comparable to that of the 

3.39 wt.% Pt/C (94 mV/dec), revealing much faster reaction kinetics than other samples, helping to 

achieve the limiting current density with a minimum potential. The high electrochemically active 

surface area of the LIG structure that is decorated with PtCoOx nanoalloys and core-shell 

nanoparticles in the sample LIG-PtCoOx-1 enhances the surface concentration and diffusion ability 

of oxygen and provides favorable ORR kinetics, and thus reduces the Tafel slope of the sample with 

a LIG-PtCoOx-1 close to that of the commercial Pt/C catalyst with the similar composition.  

 

Figure 3-15. ORR performance (a) Onset potential (dash lines) from LSV graph where the 0.1 M KOH is the electrolyte and 

1600 rpm used for testing different samples, and (b) mass and specific activity and TOF of the LIG-PtCoOx-1 and 

commercial 3.39  wt.% Pt/C samples at -0.1 V vs. Hg/HgO. 
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Figure 3-16. Koutecky-Levich (K-L) plot for (a) LIG-PtCoOx-0, and (b) LIG-PtCoOx-2 at different rotation speed and at 

different potential vs. Hg/HgO, and (c) Number of electrons calculated by K-L equation 2 from different samples with 

different weight ration of TX and the commercial 3.39 wt. % Pt/C. 

 RRDE was used to monitor the generation of peroxide species generated by the ORR process 

and to quantify the ORR catalytic pathway of the samples. The corresponding electron transfer 

number (n) was calculated by eq.4 for the different samples as shown in Figure 3.15e, indicating 

that all the samples exhibit a dominating four-electron oxygen reduction reaction pathway. This is 

consistent with the result gleaned from Koutecky–Levich plots based on RDE measurements 

(Figure 3.16c). The highest peroxide yield was for the LIG-PtCoOx-0 sample at potential region (-

0.3- -0.6 V vs. Hg/HgO), which was expected given that this sample had the largest carbon weight 

percentage compared to other samples, as shown in Figure 3.14f. 

 The electrochemical performance of LIG-PtCoOx nanoalloy catalyst is compared with that of 

Pt/Co nanoalloy catalysts previously reported (Table 3.4) and indicates that LIG-PtCoOx catalysts 

possess competitive performance without post-synthesis treatment, nitrogen doping, furnace usage, 

or gas (Ar, N2, or He) flashing.  The magnitude of the current density was lower for our study – 

likely due to some of our PtCoOx being buried in the carbon matrix. However, the LIG-PtCoOx-1 

onset potential has a comparative value to other papers although the concentration in our work has 

the lowest catalyst concentration (10.14 µgpt/cm2, 7.13 µgCoOx/cm2). While we attempted to increase 

the loading of catalyst precursors into the FA precursor, there was a clear precipitation post curing. 

This resulted in poor polymerization as shown in Figure 3.17a-d and inactive films upon laser 

scribing. This could be because the FA is too weak a reducing agent. For example, when others use 



 

 78 

alcohols as reducing agents for synthesizing noble metal nanoparticles, they produced less than 1 or 

2 wt.% of the metal.379,380 

Table 3-4. Comparison of compositions, and ORR activities for different PtCo alloy catalysts in 0.1M KOH at 1600 rpm and 

vs. RHE. 

Air catalysts Carbon precursor Wt% 

Catalysts 

Onset 

potential V 

(vs. RHE) 

Current 

density 

(mA/cm2)  at 

0.8 V vs RHE 

References 

Pt/Co 

@NMC 

Nitrogen-doped 

mesoporous carb 

15.6% Pt 

4.34% Co 

4.69% N 

 

1.04 V 5.0 mA/cm2 381 

PtPdCo NRS carbon (Vulcan 

XC-72 

12% Co 

%Pt and 

%Pd N/A 

1.04 V 5.7 mA/cm2 382 

Pt-

Co6Mo6C2/gC 

macroporous 

acrylic-type anion-

exchange resin 

(D314) 

40% Pt 1.06 V 4.8 mA/cm2 383 

Pt/FeCo 

OMPC 

mesoporous 

porphyrinic carbons 

5%Pt 0.95 V 5.5 mA/cm2 384 

Co-Pd-

Pt /CNT 

CNT powders 2.4 Pt 0.94 V 5.7 mA/cm2 385 

PtCoOx PFA 1.99% Pt 

1.40% CoO 

0.95 V 3.5 mA/cm2 In this 

work 
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Figure 3-17.Samples with high concentration of Pt and/or Co precursors after curing in oven. (a) Triple (2.52 wt. 

%Pt(acac)2, 4.98 wt. % Co(OAc)2) precursors, (b) triple and double Pt(acac)2, (c) double (1.68%Pt(acac)2 and 

3.32%Co(Ac)2), and (d) double Co(OAc)2. 

Mass loss calculation and explanation of LIG-PtCoOx-1 sample was studied. The total weight 

percentage of the reactants used in this study were 0.84 wt.% of Pt(acac)2, 1.66 wt.% Co(OAc)2 , 

82.76 wt.% FA, 0.74 wt.% oxalic acid and 14 wt.% TX  LIG-PtCoOx-1 sample. We measured the 

weight of the sample, and we found that total weight loss percentage before scribing was 44.8 ± 2.3 

wt.% which could be related to the evaporation of acetate (boiling point = 118 oC) and 

acetylacetonate (boiling point = 140 oC) groups during the reduction reaction and evaporation of 

water during the polycondensation reaction for FA to PFA. After thermal carbonization by laser, the 

calculated final mass loss was ~95 ± 3.1 wt.% due to the evaporation of TX (boiling point = 200 

oC), most of CoOx (boiling point of Co3O4 is 900 oC and boiling point of CoO is 1933oC, the CO2 

laser temperature is 2226.85oC to 2726.85oC),386i and the carbonization of the PFA. From XPS 

results, ~ 62.2 wt.% of the platinum in the Pt(acac)2 reduced to Pt0. From EDS ratio, we have 3.2 

wt.% Ptn+ and 1.4 wt.% Con+ in LIG and from XPS 62.2% of the Ptn+ presented on the surface is Pt0, 

therefore 1.99 wt.% Pt0 and 1.40 wt.% (CoOx + Co0) are presented on the surface of the LIG-

PtCoOx-1. 

3.3.5  Zinc–Air Battery Performance 

 To further test the performance of our laser-scribed electrodes, we evaluated their performance 

as Zn–air batteries. During charge-discharge cycling tests carried out at 10 mA cm-2 (Figure 3.18), 

the Zn-air battery with the LIG-PtCoOx-1 cathode shows the highest round-trip efficiency (54.3% 

at the first cycle, 48.8% at the 240th cycle) when compared with the commercial 3.39 wt.% Pt/C 

Double 

Triple 

Triple 
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cathode (round-trip efficiency = 47.9% at the first cycle and 43.1% at the 240th cycle) at the same 

loading, which can be accounted for by the high density of catalytically active sites in LIG-PtCoOx-

1 and the unhindered mass transfer through the abundance of pores in the LIG-PtCoOx-1. After ~-

20 h, the changes in the charge and discharge voltage plateaus are 1.17% and 2.48%, respectfully 

while using the LIG-PtCoOx-1 air cathode. The LIG-PtCoOx-1 shows improved cycle stability 

compared to the commercial 3.39 wt.% Pt/C sample where the potential change after 20 h was 

2.85% and 8.96% for ORR and OER voltage plateaus, respectively. The OER result was investigated 

by RDE at 1600 rpm at 0.1M KOH electrolyte that saturated with O2 as shown in Figure 3.19 and 

it showed that LIG-PtCoOx-1 catalyzed OER with lower potential (0.63 V) than the commercial 

3.39  wt.% Pt/C (0.80 V). Wange et al. reported that the overpotential of the commercial RuO2/C 

(14 µg/cm2) was 780 mV, which is comparable to our result (950 mV) with lower platinum content 

in LIG-PtCoOx-1 (10.14 µg/cm2) in 0.1 M KOH, 1600 rpm, and at scan rate 5 mV/s.387 Moreover, 

Selvakumar et al. mentioned that the EOER for the benchmark RuO2 (20.4  µg/cm2) at 10 mA/cm2 

was 1.0 V vs. Hg/HgO which is close to the result achieved with LIG-PtCoOx-1 (1.1 V vs. Hg/HgO) 

with a lower loading of Pt (10.14 µg/cm2) in 0.1 M KOH, 1600 rpm, and at scan rate 5 mV/s.388  

 Generally, the considerable deactivation of the Pt/C-based batteries was often due to the 

accumulation of precious-metal nanoparticles and/or their subsequent separation from the carbon 

substrate. Thus, it was proven that the core-shell nanoparticles and the mixed spherical nanoalloys 

structure of PtCoOx that entrapped within 3D-LIG not only decreased the aggregation of the catalyst 

particles or loss of contact to the carbon support, but also it maintains continuous electron/mass 

transport channels for the ORR and OER processes. The LIG-PtCoOx-1 air cathode resulted in a 

significant increase in the Zn-air battery’s performance compared to the commercial Pt/C with the 

same catalyst concentration and suggested a wide range of possible applications for rechargeable 

batteries. To further assess the stability of LIG-PtCoOx-1 air cathode, the cycling performance was 

recorded for a total time of about 120 h, as seen in Figure 3.20a. The LIG-PtCoOx-1 based Zn-air 

battery exhibited stable charge and discharge for 118 h at 10 mA/cm2. After 118 h, the discharge 

voltage and charge voltage were 0.54 and 2.26 V, respectively, with a difference of only 0.57 V and 

0.11 V, and the round-trip efficiency of charge and discharge decreased only to 24.90 %. Moreover, 

LIG-PtCoOx-1 -based Zn-air battery showed good charging and discharging stability compared to 

batteries cycled with the commercial catalyst with the similar composition.   
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 The specific capacity was normalized to the mass of the consumed zinc plate for LIG-PtCoOx-

1 and commercial 3.39 wt.% Pt/C (using eq. 8) . The specific capacity was 739 mA h/gZn at 

discharging current (20 mA/cm2), exceeding that of the commercial Pt/C battery ( specific capacity 

= 605 mA h/gzn) compared with the theoretical specific capacity (820 mA h/gZn),44 20 wt.% Pt/C 

and IrO2 based Zn-air battery (761 mAh/gZn),389 and  a majority of the published Pt based 

electrocatalysts.390,391 Further discharge stability tests show that LIG-PtCoOx-1 maintains a constant 

voltage output of 1.03 V at 20 mA/cm2, which only decrease 63.4  mV in 9 h (Figure 3.20b). These 

results demonstrate that optimization of both mass transfer and charge transfer through PtCoOx 

configuration in LIG-PtCoOx-1 as very essential for application in practical electrochemical energy 

storage devices. 

 

Figure 3-18.  Sample performance as an air-cathode using carbon cloth coated with catalysts and zinc sheet as anode in (6 M 

KOH + 0.2 M Zn acetate) electrolyte:  a) Charge−discharge cycling performance of rechargeable Zn−air batteries at a constant 

charge−discharge current density of 10 mA/cm2, b) Performance of Zn-air batter with LIG-PtCoOx-1  and commercial 3.39 

wt.% Pt/C air electrodes; charge−discharge curves and power density curves (a current density from 0-100 mA/cm2 at 1 mA/s 

scan rate) where the dash line are the power curves. 

 The open-circuit potential (OCP) of the Zn–air battery employing LIG-PtCoOx-1 was up to 

1.32 V for LIG-PtCoOx-1 which is close to OCP of the commercial Pt/C sample with the same 

concentration of catalyst  (1.23 V). For the galvanodynamic charge-discharge polarization profile 

(Figure 3.18b), the LIG-PtCoOx-1 catalyzed battery enables the voltage gap of 0.75 V at 10 mA/cm2 

which is better than for Pt/C formed battery 1.03 V implying and confirming the better 

(a) (b) 
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rechargeability of the LIG-PtCoOx-1 catalysts towards both ORR and OER. Moreover, LIG-

PtCoOx-1 cathode assembled Zn-air battery delivers a higher peak power density of 67.1 mW/cm2 

than that of the precious Pt/C electrode (52.3 mW/cm2). To ensure a fair comparison, we have to 

state that the power density of the Zn-air battery is greatly influenced by a number of parameters 

such as zinc electrode type, cell design parameters, membrane, distance between the anode and 

cathode, size of the anode and cathode, and the presence of channel flow on the air side.392–394 

Therefore, the most crucial step in analyzing the Zn-air battery performance of the various samples 

is to compare the power density of the LIG-PtCoOx-1  to the  commercial Pt/C (with the same 

catalyst concentration) based Zn-air batteries that are produced using the same Zn-air battery design 

and under the same operating circumstances. 

 

Figure 3-19. OER performances of the commercial 3.39 wt. % Pt/C and LIG-PtCoOx-1 (LSV curves measured at a rotation 

speed of 1600 rpm with a scan rate of 5 mV s-1 
  in 0.1 M KOH electrolyte) 

 

Figure 3-20. ZAB performance at different tests for LIG-PtCoOx-1. a) Galvanostatic charge–discharge profile of the ZAB 

equipped with LIG-PtCoOx-1 at a current density of 10 mA/cm2, b) The specific capacity normalized to the mass of 

consumed zinc plate at discharging current density 20 mA/cm2. 
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Finally, despite the low concentration of the catalysts loaded in LIG-PtCoOx-1, the excellent 

performance and stability of the Zn-air battery based on the LIG-PtCoOx-1 catalyst are comparable 

to, even better than, many reported LIG relevant works (Table 3.5). 

Table 3-5. A comparison of ZAB performance of this work with relevant literatures that used LIG/catalyst as air cathode and 

(6 M KOH+0.2M Zn acetate) as electrolyte. 

Air cathode Graphene precursor Wt% catalysts Voltage 

gap at 10 

mA/cm2 

Peak power 

density 

(mW/cm2) 

Cycling 

stability 

Ref. 

MnNiFe/LIG Kapton PI film 2 x 2 cm2  LIG With 

1M(23%Fe+20%Ni+57%Mn) 

0.88 V 98.9 200 h 322 

Co3O4/LIG Kapton PI film 4.20 wt% Co3O4 0.96 V 84.2 ~ 67 h 309 

Ni/Fe/LIG polybenzimidazole (PBI) 

(5 wt. %) and DMAC (95 

wt. %) cast on carbon 

paper 

19.40% Ni 

6.02% Fe 

0.80 V 163.0 1800 h 395 

Co N-LIG 2-methylimidazole and 

triethylamine 

65.10% Co-Nx 0.80 V 80.0  220 h 311 

LIG-PtCoOx PFA 1.99% Pt 

1.40% CoOx 

~0.75 V 67.1  118 hr This 

work 

 

3.4 Conclusion: 

Spherical, mixed PtCoOx nanoalloys and core-shell nanoparticle catalysts entrapped within a LIG 

matrix have been introduced as efficient, bifunctional air catalysts for Zn-air batteries. Using 

biomass carbon precursor and low concentrations of catalyst precursors, and laser induced graphene 
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technology, a simple synthesis method was demonstrated to prepare nanoparticles which are 

significantly smaller (< 2 nm) than most other reports and that are enmeshed within the carbon 

matrix – the combination of which led to high catalyst activity and stability. The resulting LIG-

PtCoOx-1 not only contains a small amount of Pt (1.99 wt.%) and CoOx (1.40 wt.%), but also shows 

excellent activity for ORR that are comparable to commercial Pt/C with similar composition 

(3.39 wt. % Pt). Furthermore, in a home-made Zn-air battery, the LIG-PtCoOx-1 cathode delivers a 

high open circuit voltage of 1.23 V, high power density 67.1 mW/cm2, high specific capacity based 

on consumed Zn, and excellent long-term stability of up to 118 h with a low overvoltage between 

charging and discharging. Therefore, this hybrid catalyst not only has the potential to lower the price 

of commercial catalysts, but also demonstrates a generic design principle for second-generation high 

performance electrocatalysts. 
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Chapter 4 

Laser induced graphene supported mixed-phase MnO/Mn3O4 composite 

materials for Zinc-Air Batteries 

In this study, laser induced graphene supported manganese oxide with a composite of Mn3O4 and 

MnO (LIG-MnO/Mn3O4), as an air cathode, was successfully synthesized via a facile one-pot 

synthesis method under ambient conditions. Using low-cost CO2 infrared laser system, simultaneous 

carbonization of poly furfuryl alcohol (PFA), a waste biomass-derived polymer, and incorporation 

manganese oxides were achieved. Since the partially polymerized PFA that can hold the mixed 

manganese oxide particles in suspension as it cures and carbonizes, a homogenous dispersion of 

mixed manganese oxide catalyst was observed. Most significantly, we demonstrated how the 

oxygen reduction reaction (ORR) of the LIG-MnO/Mn3O4 cathode could be tuned based on the 

quantity of manganese oxide precursor that was employed, i.e.,less than 10 wt.% MnO2 precursor  

tends to follow a 2e- ORR pathway, while high concentration (≥10wt. % MnO2 precursor) tends to 

4e- ORR pathway. In comparison to the other concentrations, the LIG/MnO/Mn3O4 catalyst that 

included 10 wt.% manganese oxide precursor (LIG-10MnxOy) had the highest catalytic activity 

toward ORR. The LIG-10MnxOy catalyst had comparable performance when tested as an air cathode 

in a zinc-air battery (ZAB) to the conventional benchmark Pt/C (20 wt.%). 

Contributions 

The results of this chapter are ready for submission as: Laser induced graphene supported mixed-

phase MnO/Mn3O4 composite materials for Zinc-Air Batteries, and the authors in order are  Tahani 

Aldhafeeri and Marianna Uceda (as first authors), Manila Ozhukil Valappil,  Jessi Wan, Weixuan 

Li, Hao Yu Zhang , Angad Singh, and Prof. Michael Pope. 
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4.1 Introduction: 

The oxygen reduction reaction (ORR) serves as the essential and the vital cathodic reaction for 

both metal-air batteries and fuel cells. Depending on whether the 4e- or 2e- ORR pathways, 

molecular oxygen (O2) is electrochemically reduced to H2O or H2O2.396 The former is crucial for 

maximizing the efficiency of chemical energy conversion in fuel cells and metal-air batteries,397,398 

while the latter is an environmentally friendly way to produce hydrogen peroxide on-site.399,400 As a 

consequence, uncomplicated ORR reaction pathway tuning is significantly required for fundamental 

studies and various application scenarios.401  

Platinum, which is the preferred catalyst for metal-air battery, presents a challenge to 

commercialization due to its high cost, poisoning sensitivity, poor long-term stability, and low 

efficiency due to high overvoltage between ORR and OER.402,403 On the other hand, peroxide 

produced from the 2e− ORR pathway is formed by highly energy consuming process in many 

applications such as water treatment and paper production. Therefore, the 2e− ORR pathway is 

presently under investigation by researchers.404–406 

In spite of the fact that Pt-based electrocatalysts have historically been used to catalyze the ORR 

with great efficiency, manganese oxides have shown considerable ORR activity in the 

comprehensive investigations on non-platinum catalysts.407,408 Manganese oxides has high catalytic 

activity, high availability, high stability, low cost, and absence of environmental concerns.409,410 

However, there are still challenges in using manganese oxides as an effective ORR catalyst because 

manganese oxides have a low intrinsic electrical conductivity. Mixing manganese oxides with 

conducting carbon materials increase the electrical conductivity of the catalysts and potentially can 

have carbon-oxide interaction; though a portion of the oxide is left electrochemically inactive.411 

Feng et al. demonstrated that the growth of manganese oxide nanoparticles on graphene generated 

strong carbon-oxide interactions. 412 This feature enhanced the ORR activity and stability in alkaline 

solutions.  
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Wet chemistry and thermal pyrolysis are the main foundations of the current synthetic approaches 

to produce the catalysts, such as high-temperature carbonization of precursors, hydrothermal 

reactions, and wet chemistry combined with thermal treatment methods.413,414 To avoid the 

complexity and high cost of the catalyst’s precursors or/and the synthesis method, a simple and 

straightforward procedure would be beneficial. Direct laser writing over relevant materials (e.g. 

paper, wood, lignin, thermoplastic polymers) has attracted a significant attention since it can be used 

to simultaneously pattern electrodes, synthesize three-dimensional graphene in one step, and induce 

the nucleation of metal ions. 310,350  Tour’s group demonstrated a solid-phase synthesized 

bifunctional catalyst MnO2/LIG as cathode catalyst for Li-O2 battery. 415 They treated the LIG by 

oxygen plasma before dropping the MnSO4 solution, then the soaked LIG lasered again. Later in 

2015, they fabricated a flexible micro-supercapacitor by electrodeposited MnO2 on LIG as a 

pseudocapacitive material.279 Goa et al. prepared a microsupercapacitors with a specific area 

32.45 m2/g by drop casting a mixture of GO/MnSO4 onto PET substrate and laser it to get LIG that 

doped with manganese oxides and sulfur (S).416 The specific area of the catalysts was much lower 

than of the LIG from GO without manganese oxide (174.76 m2/g). It is important to mention that 

most of the laser induced graphene that doped with manganese oxides are used for 

supercapacitor.316,317,417–419 

Herein, we used poly furfuryl alcohol as carbon precursor for the same reasons as mentioned in 

Chapter 2 and 3. The utilization of PFA as a promising precursor to LIG, which can frequently 

outperform LIG generated from PI in terms of conductivity and electrode capacitance, has recently 

been proven by our group. 308 However, air cathodes based on laser-induced carbonization of 

biomass-derived polymers with non-platinum catalysts such as MnOx has not been investigated yet 

in any energy storage applications. Accordingly, we have developed a never-reported, single- step 

synthesis of mixed-phase MnO/Mn3O4/laser induced graphene hybrid materials by direct laser 

writing technique of PFA that mixed with MnO2 precursor to produce efficient air cathode catalysts 

(LIG-MnO/Mn3O4) for zinc-air batteries. Interesting electrochemical studies show that ORR 

pathways of these catalysts are dependent on MnOx content As the MnOx content increases up to 10 

wt.%, the catalyst has a high affinity towards the 2e- pathway forming H2O2, while 15% lean 

towards a direct 4e- pathway. Further investigation of the LIG-MnO/Mn3O4 catalyst in a zinc-air 

battery (ZAB) reveals that the maximum peak power density of the catalyst was comparable to the 

commercial Pt/C (20%). 
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4.2 Experimental Methods 

4.2.1 Preparation of catalyst loaded PFA 

The loaded polymer is prepared by mixing 4 mL of the monomer furfuryl alcohol (FA, Thermo 

ScientificTM, Acros Organics, 98%), 332 mg of anhydrous citric acid as acidic initiator (Fischer 

ChemicalTM), and 0-20 wt% of electrolytic manganese dioxide (EMD, MnO2, Tosoh). This mixture 

is then tip sonicated for 10 minutes with an amplitude of 40% (Sonics CV334, 750W) in an ice bath. 

The monomer suspension is then placed in an oil bath at 85°C under 350 rpm stirring. Depending 

on the quantity of MnO2 added, the suspension is allowed to polymerize for 4.5-6.5 h. This produces 

a partially polymerized and viscous suspension (see Figure 4.1a-c ) which is removed from the oil 

bath and doctor bladed onto aluminum foil (Fisherbrand, 18 µm thick) at a wet gap of 1500 µm 

using an adjustable film applicator (MTI corp.). The coating is placed in an oven at 85°C and 

allowed to cure for 24 hours.  

 

Figure 4-1. A mixture of the FA monomer with citric acid (a) before and (b) after tip sonication. (c) the change in color 

and viscosity during polymerization after 1, 4, and 5 h on the hot bath. 

4.2.2 Laser-induced carbonization 

After polymerization is completed, the aluminum foil is peeled off to reveal the smooth PFA 

surface. This polymer layer is then placed in a CO2  laser (BossLaser 1416L, 50W, and a laser spot 

diameter of 60 µm) to selectively irradiate the surface of the PFA. LIG powder samples for RRDE 

inks, TGA, XPS, and XRD are made by irradiating a 3 cm × 5 cm square with the laser unilateral 

mode along the x-axis, a laser interval of 0.1 mm, a scan rate of 10 mm/s, and varying laser power.  
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4.2.3 Material characterization  

Fourier-transform infrared spectroscopy (ATR-FTIR) of the materials is performed using a 

Bruker Tensor 27 Fourier-transform infrared spectrometer with Pike attenuated total reflectance 

(ATR) attachment possessing a ZnSe crystal. The liquid FA monomer is analyzed by placing a drop 

onto the ZnSe crystal, whereas the polymerized resins are pressed onto the crystal. Scanning electron 

microscopy and energy dispersive spectroscopy (SEM-EDS) is performed using a Zeiss Leo 1530. 

The resins were gold coated and the powders were pressed into a pellet for EDS analysis. The latter 

is performed at an accelerating voltage of 20 kV. Sheet resistance measurements were performed 

with a 4-point probe (Ossila). The thickness of the irradiated areas was then taken from cross-

sectional SEM imaging to calculate the conductivity when needed. Raman spectroscopy of the 

irradiated material was performed using a Horiba Jobin-Yvon HR800 Raman system equipped with 

an Olympus BX 41 microscope with a 50 mW, 532 nm laser operating at 25%  laser power. The D, 

G, and 2D peaks of the Raman spectra were determined using Lorentzian modeling on OriginPro. 

X-ray Diffraction (XRD) of the irradiated materials is performed using a Rigaku Miniflex II at a 

scan rate of 1 degrees/minute, from 2θ values of 10-90. Rietveld refinement is performed using 

GSAS-ii. Thermogravimetric analysis of the irradiated powder was performed using a TA 

Instruments Q500 at a 10 °C/min ramp rate from 30 °C to 900 °C, under nitrogen and air atmosphere. 

The Brunauer-Emmet-Teller (BET) surface area was estimated using a Micromeritics Gemini VII 

2390 with nitrogen as the gaseous adsorbate. The powders were degassed under nitrogen at 300 °C 

for 12 h beforehand. For the pristine LIG samples (made with unloaded PFA) and the pristine MnO2, 

the partial pressure of nitrogen (p) was varied in the range p/psat = 0.05-0.3. XPS was performed on 

the composite powders with a Thermal Scientific Kα XPS spectrometer, 150 eV, and spectra were 

fitted using CasaXPS software. 

4.2.4 Electrochemical characterization 

The conditions for ORR performance and ZAB testing are same as mentioned in section 3.3.4 of 

Chapter 3 

Conversion between Hg/HgO reference the RHE reference is given by Eq. 1:420 

𝐸RHE = 𝐸Hg/HgO + 0.0591𝑝𝐻 + 𝐸Hg/HgO
𝑜 , 

Eq. 1 
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where 𝐸Hg/HgO
𝑜 = 0.098𝑉 vs NHE at T=25 °C. For a solution of 0.1 M KOH, the equation is 

further simplified to give the formal potential as: 

𝐸RHE = 𝐸Hg/HgO + 0.866, 

 

Eq. 2 

The ring collection efficiency was acquired by adding 10 mM of ferricyanide to 0.1M KOH in an 

O2-free environment, the disk underwent a linear sweep from 0.5 to -0.5V vs Hg/HgO and the ring 

was set at 0.653V vs Hg/HgO as shown in Figure 4.2a. The collection efficiency, N, is then taken 

from the slope of the ring vs disk current graph.421,422 For this setup, the collection efficiency was 

found to be ~0.27 ( as shown in Figure 4.2b).  

 

Figure 4-2. The collection efficiency, N, is then taken from the slope of the ring vs disk current graph (a) ring and disk 

current for 10 mM ferricyanide in 0.1M KOH at different rotation rates. (b) Plot of ring current vs disk current. 

The kinetic current 𝑖𝐾 may also be approximated by a mass transport correction of the RRDE data 

using Eq. 3:423–425 

𝑖𝐾 =
𝑖 × 𝑖𝐿

𝑖𝐿 − 𝑖
 

Eq. 3 

where 𝑖 is the measured current density (mA/cm2) and 𝑖𝐿 is the diffusion-limiting current density.  
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4.2.5 Zinc-air battery tests 

The conditions for ZAB testing are same as mentioned in section 3.3.4 of Chapter 3 

The ZAB setup used is a homemade cell composed of 5/16” acrylic sheets with 1/16” thick EPDM 

rubber gaskets (see Figure 4.3). Electrical contact with the GDL is accomplished by using a monel 

sheet with 1.3 cm diameter hole exposing the coated GDL. A zinc plate is used as the anode and the 

electrolyte is composed of 6 M KOH and 0.2 M zinc acetate. The assembled cell is connected to an 

Arbin battery cycler (CYCLER MODEL), allowed to rest for 6 h to measure the OCV followed by 

galvanostatic charge/discharge (performed at 10 mA/cm2 for 2.5 min charge and 2.5 min discharge 

yielding a 5 min cycle) or galvanodynamic polarization tests (performed by applying a current 

density from 0-100 mA/cm2 at a rate of 1 mA/s). 

 

Figure 4-3. Homemade ZAB setup made from acrylic, EPDM rubber, and stainless steel 316 socket head screws, washers, 

and wingnuts 
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4.3 Results and Discussion 

4.3.1 PFA composite and irradiation conditions  

A schematic showing the synthesis of the composite PFA is shown in Scheme 4.1. This is a 3-

step process consisting of 1) mixing of the FA monomer, citric acid initiator, and MnO2 catalyst at 

high temperature to produce a viscous, partially polymerized suspension; 2) the viscous suspension 

is then cast onto aluminum foil using a film applicator and allowed to cure overnight, this produces 

a hardened resin; 3) Finally, the resin is carbonized via direct laser writing carbonization (DLWC) 

at 10 mm/s and a power of 5.3 W.  

 

Scheme 4.1: Schematic showing the 3-step process involving 1) mixing of MnO2 and polymer precursors followed by 

high temperature acid-catalyzed polymerization; 2) casting of the partially polymerized suspension followed by 

overnight curing; and 3) direct laser-writing carbonization  to produce catalyst loaded laser-induced graphene.  

FTIR, shown in Figure 4.4a and inset in (b), was used to confirm the polymerization of PFA with 

and without MnO2 loading. Pristine FA is a colourless liquid monomer which exhibits a wide band 

at ~3320 cm-1 attributed to the stretching band for hydroxyl groups characteristic to the 

monomer.300,308,426 This band is lacking in the polymerized resins without MnO2 (referred to as 

“0MnO2”) and with MnO2 (referred to as “10MnO2” and “20MnO2”) loading due to the 

intermolecular dehydration required to begin the linear polymerization. This indicates the addition 

of MnO2 does not interfere with the polymerization pathway. However, it should be noted that, 

whilst a hardened resin is produced, loading beyond 25% MnO2 with reference to FA leads to 

formation of cracks within the resins (see Figure 4.5). This indicates the MnO2 may be physically 

interfering with the cross-linking process. Thus, the system was tested with 5-20% MnO2 added. 

For PFA systems loaded with MnO2, characteristic peaks are located at 1716 cm-1 which is attributed 

to carbonyl groups suggesting the occurrence of ring opening processes;300,427 1505 and 1560 cm-1 

attributed to ring vibrations; peaks such as 787, 1420 cm-1 are assigned to 2,5-disubstittued furan 
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rings, 2,3-disubstituted furan rings; and a peak in 2920 cm-1 which is attributed to methyl groups. 

These occurrences support the formation of branched species resulting in a cross-linked resin.  

 

Figure 4-4. Successful production of loaded polymer resins. Cross-linking and resin formation can be seen by comparing (a) 

FTIR of the FA monomer, pristine PFA (“0MnO2”), and loaded PFA resins containing 10 and 20 wt% MnO2 relative to FA 

added (“10MnO2” and “20MnO2”). (b) Closeup of the 2600-3800 cm-1 band region in FTIR. Cross-section SE image and 

corresponding Mn Kα EDS map of (c) 10MnO2 and (d) 20MnO2. 

 

Figure 4-5. PFA resin with varying loadings of MnO2 (0, 10, 20, and 30 wt% with respect to FA added). 

The presence of MnO2 within the resin was not observed in FTIR due to the overlapping peaks of 

from the PFA and due to the inherent limitations (at lower wavenumber ranges) of the FTIR 

equipment used. Cross-sectional SEM images with corresponding EDS mapping (Figure 4.4c and 
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d) show the good dispersion of MnO2 along the thickness of the resin for both the 10 and 20% cases. 

This is attributed to the initial tip sonication followed by constant stirring during the initial 

polymerization step and the high viscosity of the PFA at the time of casting. The partially 

polymerized PFA is capable of successfully holding the MnO2 particles in suspension while it cures 

yielding a homogeneous dispersion of MnO2 in the cured resin as shown in the cross-section SEM 

images (see Figure 4.6a-e). Moreover, tip sonication successfully dissolves the citric acid into the 

FA – this is evidenced by the clear solution of FA after sonication when no MnO2 is added (Figure 

4.2a vs. b) – which improves the contact between monomer and initiator thereby ensuring the 

formation of branched species.    

 

Figure 4-6. cross-section SE images with corresponding Mn kα map for (a) 0MnO2, (b) 5MnO2, (c) 10MnO2, (d) 15MnO2, 

and (e) 20MnO2 in PFA. 

4.3.2 Laser-induced carbonization of PFA 

As shown in Figure 4.7a, the dark brown coloured and electrically insulating neat and MnO2 

loaded PFA films become black and electrically conductive upon irradiation with a CO2 laser 

( = 10.6 m) operated in a suitable power range (4.9 – 5.6 W) (Figure 4.7b). This is the result of 

laser-induced carbonization commonly attributed to the photothermal pyrolysis effect. In this 

process the light is absorbed by the precursor – in this case by the PFA – and leads to lattice 

vibrations. This results in localized temperatures up to 1000-2000°C which breaks down the 

covalent bonds, rearranges the aromatic structures, and releases gaseous by-products forming a more 
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or less graphitized carbon.278 This results in the formation of the highly conductive LIG. However, 

for fully cross-linked PFA, the quality of LIG formed depends on the laser irradiation parameters. 

The irradiated material is hereinafter referred to as “0MnxOy” for LIG produced without MnO2 

loaded in the PFA and “10MnxOy” and “20MnxOy” for LIG produced from the 10MnO2 and 20MnO2 

PFA samples, respectively. This is due to the MnO2 phase transformation discussed later in the text.  

 

Figure 4-7. Images of  PFA and LIG/MnxOy  (a) Wet casting of partially polymerized and viscous FA+MnO2 and (b) 

subsequent thick resin recovered showing the irradiated LIG/MnO/Mn3O4 (before and after scraping the powder off) 

Sheet resistance, using a 4-point probe, and Raman spectroscopy measurements were used to 

explore the effect of laser power (at a set scan rate of 10 mm/s) on the formation of the LIG. The 

sheet resistance measurements are graphed in Figure 4.8a for loaded and unloaded irradiated PFA. 

For a pristine LIG sample that was not loaded with MnO2 during polymerization catalyst 

(“0MnxOy”), the LIG sheet resistance gradually lowers with increasing laser power. This trend has 

been observed in polyimide films and attributed to the degree of graphitization being dictated by 

thermal power.278 The continuous decrease in sheet resistance indicates that the full carbonization 

range of the unloaded PFA is above the power range shown here. The loaded LIG samples 

(“10MnxOy” and “20MnxOy”) exhibit an initial decrease in sheet resistance with progressively higher 

powers. At 5.3W a pivotal point is reached for the loaded LIG samples where the sheet resistance 

measured is 3.3 Ω per square ± 12.4% and 7.1 Ω per square ± 5.3% for 10MnxOy and 20MnxOy, 

respectively. This translates to an electrical conductivity of 18.8 S/cm and 10.0 S/cm for 10MnxOy 

and 20MnxOy, respectively. Further increasing the power results in increasing sheet resistances 

which indicates an optimal power setting exists at around 5.3 W. For both loaded and unloaded PFA, 

the threshold power required for efficient formation of LIG is found to be a minimum of ~5 W. 

However, this power range results in poor carbonization and high sheet resistance. Conversely, a 
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power higher than 5.6 W results in complete ablation of the loaded PFA indicating a limited 

carbonization range when compared to unloaded PFA.  

 

Figure 4-8. Effect of irradiation parameters on LIG quality. (a) Calculated resistivity values for loaded (“10MnxOy” and 

“20MnxOy”) and unloaded (“0MnxOy”) LIG scribed at varying laser powers. (b) Raman analysis of loaded PFA 

irradiated at varying laser powers with (c) corresponding ID/IG and I2D/IG ratios.  

Raman spectra for LIG loaded with MnO2 catalyst and irradiated at a range of powers are given 

in Figure 4.8b. For carbonaceous materials, the three readily visible bands are identified as the D, 

G, and 2D bands. The D band, seen in ~1347 cm-1, is attributed to sp3 out-of-plane vibrations or 

bent sp2 carbon bonds and referred to as the so-called “disorder band”. A shoulder D’ band at ~1650 

cm-1 is observed due to surface charges. The G band located in ~1580 cm-1 is characteristic of sp2 

in-plane stretching of carbon atoms in the hexagonal ring. The 2D band, also referred to as the G’ 

band, is located at ~2700 cm-1 and dependent on the stacking order of basal planes.428,429 The 

occurrence of the latter is characteristic of graphene materials. Lorentzian peak fitting of the spectra 

shows the 2D band can be modeled by a single peak with a FWHM value between 40-60 cm-1 which 

is within the range found in literature 278,308,429  for laser-induced graphene. Analyzing the ratio of the 
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integrated intensities for ID/IG and I2D/IG in Figure 4.8c reveals an initially decreasing ID/IG ratio. 

Lin et al documents this trend and attributes the behaviour to increased surface temperatures 

resulting in the degradation of LIG quality.278 A similar trend is observed for the sheet resistance 

measurements with loaded LIG but not for the pristine LIG. This could indicate the presence of 

MnO2 during irradiation negatively alters the thermal diffusion properties of LIG allowing for a high 

localized temperature resulting in more defects within the LIG. An I2D/IG<1 is characteristic of 

multilayer graphene, as the number of layers increases the 2D peak undergoes complex changes 

including a reduction in intensity relative to the G peak. The I2D/IG ratio reaches a peak at 0.71 when 

a laser power of 5.3W is used which implies the presence of few-layered graphene. These improved 

graphene features, combined with the lower sheet resistance experienced, show the optimal laser 

power for MnO2-loaded PFA is 5.3 W. Thus, all further irradiations will be performed with a laser 

power of 5.3 W and a scanning rate of 10 mm/s which translates to a fluence of 8.83 J/mm2 (for an 

assumed laser spot size of 60 µm). 

4.3.3 Laser-induced phase transformation 

X-ray diffraction (XRD) was used to investigate the microstructure of MnO2 with the 

diffractograms given in Figure 4.9a. The pristine MnO2 material is composed of γ-MnO2 and ε-

MnO2 with the former being a major component. The γ-MnO2 exhibits low intensity, broad peaks at 

22.7°, 37.5°, 43.0°, 56.6°, and 67.4°. This γ-MnO2 polymorph has been shown to contain a 

ramsdellite structure and pyrolusite intergrowth which results in a somewhat amorphous structure 

leading to the loss of long-range order.430 This is seen in the low intensity of the final high angle 

peak. Irradiation of the loaded PFA material leads to the appearance of manganosite, MnO, and 

hausmannite, Mn3O4. The oxidation state for Mn in manganosite is Mn2+ and in hausmannite it is a 

mixture of Mn2+ and Mn3+ compared to the initial oxidation state of Mn4+ of γ-MnO2. This indicates 

the irradiation process causes phase transformation and reduction of the initial γ-MnO2 into the 

lower oxidation state polymorphs with higher temperature stability due to the localized high 

temperatures.431 The thermal stability of an Mn-O system (in air) from least to most stable is 

MnO2<Mn2O3<Mn3O4<MnO.432–434  The mixed phase indicates there is uneven heat transfer within 

the PFA which prevents complete transformation to the thermally highest stable phase, MnO. This 

mixed phase is present regardless of the amount of MnO2 loaded as seen in the XRD data in Figure 

4.9a. Moreover, XRD shows the presence of only MnO and Mn3O4 in all compositions which 
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indicates the large agglomerates formed are also MnO/Mn3O4 as opposed to metallic Mn (Figure 

4.9b).  

Within the composite powder, the MnO/Mn3O4 is identified via elemental and contrast differences 

in backscattered electrons (BSE) images and EDS mapping shown in Figure 4.9c. The EDS maps 

for Mn kα and C kα showed an excellent dispersion of the MnO/Mn3O4 and LIG material within the 

pellet. The pristine MnO2 material has an initial particle size of 4.72 µm ± 36.9% (taken by 

measuring 100 particles from SEM images). After irradiation the particle size remains virtually 

unchanged at 5.52 µm ± 35.7%. However, large MnO/MnxOy agglomerates were sporadically 

observed (Figure 4.9d). The sizes of these large agglomerates vary greatly and there is no 

discernible pattern between the different compositions. These agglomerates are spherical which do 

not coincide with the initial particle shape of MnO2 (Figure 4.10a) and most surrounding particles. 

This could be a result of localized melting of MnO2 particles to form dense spherical aggregates. 

EDS analysis (Figure 4.10b) shows the large agglomerate yields Mn kα and O kα signals.  

 

Figure 4-9.Laser-induced structural changes of MnO2. (a) XRD spectra for the pristine MnO2 (“MnO2”), LIG produced 

with no MnO2 (“0MnxOy”), and LIG loaded with MnO2 (“10MnxOy” and “20MnxOy”). The data is matched with 

manganosite (MnO, PDF 01-075-6876), hausmannite (Mn3O4, PDF 01-080-0382), and manganese dioxide, (b) XRD for 
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all samples compared to LIG from neat PFA, (c) BSE SEM image of 10MnxOy with accompanying EDS Mn kα and C 

kα; (e) BSE SEM of large agglomerate observed. 

 

Figure 4-10. SEM images for Tosoh MnO2 (a) SE image of Tosoh MnO2, and (b) BSE and EDS Mn kα and O kα maps 

for the agglomerates observed. 

Rietveld refinement (model shown in Figure 4.11a) was performed on the 10MnxOy sample 

indicating the remaining material likely consisted of 85 wt% MnO with the remaining 15 wt% 

Mn3O4. Determining the actual composition of MnO/Mn3O4 within the composite material proved 

difficult using thermogravimetric analysis as both MnO/Mn3O4 and LIG have similar decomposition 

temperatures (Figure 4.11b).435–438 Using ICP-MS proved difficult as the composite material is not 

completely digested by hazardous concentrated matrices such as aqua regia – likely due to LIG 

stability. Therefore, EDS analysis was performed on the composite material (which was prepared 

via pressing into a thick pellet to avoid detection of the sample holder) to determine Mn wt%. The 

results showed the mixed-phase materials were composed of 19.1 wt% ±1.5%, 26.7 wt% ±1.5%, 

34.8 wt% ± 1.4%, and 40.9 wt% ± 1.4% for 5MnxOy, 10MnxOy, 15MnxOy, and 20MnxOy respectively 

(Figure 4.9c). This indicates increasing the amount of MnO2 added during polymerization results 

in an increase in catalyst content within the irradiated composite material. Thus, while the MnO2 

undergoes phase transformation due to the high temperature conditions, it is not significantly 

ablated. 
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Figure 4-11. LIG-10MnxOy  characterizations. (a) GSAS ii Rietveld Refinement fit of 10MnxOy with 

RW=4.757 and (b) TGA of Pristine MnO2, 0MnxOy, and 15MnxOy in air with a ramping rate of 5 

°C/min. 
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Figure 4-12. XPS analysis of different samples (a) XPS Mn 2p for 10MnxOy, (b,c) XPS C 1s for 0MnxOy and 10MnxOy, 

and (d,e) XPS O 1s for  0MnxOy and 10MnxOy 

XPS spectra for Mn 2p of the loaded powders (10MnxOy) are shown in Figure 4.12a. They show 

Mn 2p3/2 and 2p1/2 peaks at 641.4 eV and 653.0 eV (ΔE=11.6 eV) which, along with a satellite peak 

at 647.7 eV, correspond to the Mn2+ from manganosite. The hausmannite is characterized by Mn 

2p3/2 and 2p1/2 peaks at 643.1 eV and 654.6 eV (ΔE=10.8 eV) corresponding to Mn3+ and by Mn 

2p3/2 and 2p1/2 peaks at 645.0 eV and 656.2 eV (ΔE=10.6 eV) corresponding to Mn4+.439,440 The O 

1s for the loaded 10MnO2 shows a peak at 530.2 eV corresponding to Mn-O bonds which could 
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likely be deconvoluted into two closely related peaks for Mn-O in MnO and in Mn3O4 (as shown in 

Figure 4.12b,c). As XPS is a surface analysis technique with a penetration depth of ~10 nm, the 

presence of Mn oxidation states corresponding to MnO and Mn3O4 indicate the irradiation 

completely transforms MnO2 particles into MnO or Mn3O4 as opposed to a core-shell system.  

The C 1s spectrum for the unloaded (0MnxOy) sample (Figure 4.12d,e) shows a dominant C-C 

peak at 284.7 eV and additional C-O, C=O, and O-C=O peaks at 285.7, 286.5, and 288.96 eV. This 

supports the Raman data indicating that the LIG is predominantly sp2 carbon. The loaded LIG 

(“10MnxOy”) peaks are deconvoluted by setting the peak positions and FWHM determined via the 

unloaded LIG (The FWHM values and area ratios can be seen in Tables 4.1a,b. A similar LIG 

structure is observed for the loaded (10MnxOy) material which indicates the quality of the LIG is 

not damaged by the presence of MnO2 during irradiation. A new peak appears at 290 eV, this is 

attributed to the π-π* (HOMO-LUMO) transition as it is located ~5.3 eV from the main C-C peak. 

This peak is a characteristic of sp2 hybridization indicating a more conductive carbon has been 

formed – this is supported by the sheet resistance measurements where 10MnxOy has a lower 

resistance when 5.3 W is used as irradiation power.   

Table 4-1. XPS C 1s peak assignments, binding energy, FWHM, and area ratio of (a) 0MnxOy and 10MnxOy 

 

4.3.4 Catalytic performance using RRDE 

Rotating ring disk voltammetry was used to quantify the bifunctional capabilities towards oxygen 

reduction reaction (ORR) and the complimentary oxygen evolution reaction (OER) of the prepared 

composite materials. Linear sweep voltammograms (LSV) in the ORR direction (potential range of 

0.9 V to -0.6 V vs. RHE) with a rotation of 1600 rpm and 5 mV/s scan rate are plotted in Figure 

4.13a . The results show an increasing current density during the potential sweep for all materials 
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which is significantly larger than current densities observed under N2-purging (see Figure 4.13a) 

indicating the occurrence of O2-fueled reactions. The potential is swept until -0.6V vs. RHE after 

which a rapid increase in current signaled the likely occurrence of the hydrogen evolution reaction 

(HER) in the 0.1 M KOH. A relatively low catalytic current of -1.5 mA/cm2 at 0 V vs. RHE is 

observed for 0MnxOy. Initially loading a catalyst content of 5MnxOy improves the current to -2.1 

mA/cm2 showing an improvement in catalytic response with the presence of the mixed phase 

MnO/Mn3O4. This current response is further increased to -2.9 mA/cm2 when the 10MnxOy 

composition is used. However, the current response decreases to -2.5 and -2.6 mA/cm2 when the 

composition is increased to 15MnxOy and 20MnxOy, respectively.  

The onset potential, Eonset, is a useful metric which refers to the potential at which the reaction 

starts. The second order derivatives of the current with respect to voltage are plotted in Figure 

4.13b.The onset potential is taken from the minimum (indicated with dotted lines) as it corresponds 

to the point of highest curvature of the LSV curve (which is what the tangent method estimates). 

For the composite materials the onset potential was determined to be 628, 641, 658, 628, and 642 

mV for 0MnxOy, 5MnxOy, 10MnxOy, 15MnxOy, and 20MnxOy, respectively. The higher catalytic 

current, combined with a lower Eonset (relative to OCV which sits at around 920 mV vs. RHE) 

suggests 10MnxOy has an improved catalytic response towards ORR with respect to the other 

compositions. 

 The catalyst mediated ORR mechanism involves uptake of O2 followed by the production of 

OH- or HO2
- using a 4- or 2-electron exchange pathway, respectively. The production of peroxide 

leads to reduced energy density within zinc-air batteries and is damaging to the catalyst and carbon 

support which compromises the energy conversion rate and battery long-term stability.44,441,442 Thus, 

the determination of the n value and peroxide content is an important metric. The Koutecký-Levich 

(K-L) equation is used to calculate the number of transferred electrons, nK-L. This equation (given 

as Eq. 7 and 8) is applicable in the mixed kinetic-diffusion control region.443 The inverse of the 

limiting current is plotted with respect to the inverse square root of the rotation rate. The slope is 

then used to calculate the nK-L value. At a low overpotential of 0.466 vs. RHE, the calculated nK-L 

value for 0MnxOy is 1.40. This value increases to 1.64 at a higher overpotential of 0 V vs. RHE (see 

Figure 4.13c). This indicates 0MnxOy has a high affinity towards the 2-electron pathway. Increasing 

the mixed-phase MnO/Mn3O4 content results in an initially increasing nK-L value of 2.13 and 3.17 

for 5MnxOy and 10MnxOy, respectively at a high overpotential of 0 V vs. RHE. Further increasing 
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MnO/Mn3O4 content yields nK-L values of 3.24 and 3.01 for 15MnxOy and 20MnxOy, respectively. 

All materials containing MnO/Mn3O4 do not display a significant change in nK-L value at high or 

low overpotentials. This indicates the 10MnxOy and 15MnxOy compositions have the highest affinity 

towards the 4-electron exchange reaction. The 10MnxOy value is in line with previously reported n 

values which used the K-L method and analyzed manganese oxides mixed with carbon powders.444–

446 

 

Figure 4-13. ORR performance of the different samples by RDE/RRDE tests. (a) Rotating ring disk electrode (RRDE) 

linear sweep voltammograms (LSV) in the ORR direction at 5 mV/s under O2 flow at 1600 rpm and baseline corrected 

with respect to the electrochemical response under N2 purged conditions; (b) second order differential of LSV curves 
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with labeled Eonset values; (c) Koutecky-Levich plots at -0.134 V vs RHE with calculated n values; (d-e) nRRDE and 

hydrogen peroxide yield (HO2
- yield) values calculated using RRDE data at 1600 rpm and Eq. 5 and 6; (f) Tafel plots for 

ORR; (g) OER LSV at 5 mV/s at 1600 rpm in under O2 flow; (h) Cyclic voltammogram taken (CV) at 1600 rpm under 

O2 in non-faradaic region carried out at 50 mV/s; and (i) Δj (ja-jc) vs scan rate taken from CVs at varying scan rates as 

per Eq. 3.  (j) LSV ORR at 5 mV/s under O2- (solid lines) and under N2- (dotted lines) flow at 1600 rpm for different 

samples, (k) Closeup of the LSV showing the conventional tangent method used to find the onset potential, and  (l) A 

comparison for the 10MnxOy when a Pt counter or a graphite counter is used. 

It is important to note that K-L is only valid for a one-step process and is not applicable for multi-

step processes which often is the case in ORR. Therefore, the electron exchange value calculated 

using the collected ring current during RRDE, nRRDE, is also presented in Figure 4.13d. In this test 

the Pt ring is held at a constant potential of 1.2 V vs. RHE to detect the peroxide formed while the 

disk undergoes a potential sweep in the ORR direction. The nRRDE value can then be calculated from 

the current collected at the ring and disk using Eq. 5 . While the values differ, the trend remains the 

same. For 0MnxOy the nRRDE value changes from 2.88 to 2.97 at low and high overpotentials. For 

the loaded materials containing MnO/Mn3O4 the calculated nRRDE values are 3.37-3.45, 3.80, 3.73, 

and 3.58 for 0MnxOy, 5MnxOy, 10MnxOy, 15MnxOy, and 20MnxOy, respectively, at low and high 

overpotentials. The unchanged nRRDE values calculated for composite materials containing 

MnO/Mn3O4 (10MnxOy, 15MnxOy, and 20MnxOy) at a wide potential range suggest a more stable 

ORR performance.  

The amount of hydrogen peroxide yield (HO2
- % yield) was also calculated using the RRDE data 

and Eq. 6. The results are plotted in Figure 4.13e. The highest hydrogen peroxide yield is given by 

the 0MnxOy at 56.6% at low overpotentials (relative to OCV) with a decrease to 51.1% yield at high 

overpotentials indicating the pristine LIG has a high affinity towards hydrogen peroxide production. 

This is in line with the low electron exchange value calculated using the RRDE data (2.88-2.97 at 

low and high overpotentials) and the K-L analysis. Similarly, 5MnxOy exhibits a peroxide yield of 

30.9% which decreases to 26.5% for low and high overpotentials with a concomitant increase in 

nRRDE value. This indicates the ORR catalysis mediated via pristine LIG (0MnxOy) and 5MnxOy 

likely proceeds via a two-step process10 involving 1) production of peroxide intermediate 𝑂2 +

𝐻2𝑂 + 2𝑒 → 𝑂𝐻− + 𝐻𝑂2
− followed by 2) formation of hydroxyl 𝐻𝑂2

− + 𝐻2𝑂 + 2𝑒 → 3𝑂𝐻−. This 

high affinity towards peroxide formation is consistent with undoped carbon materials previously 

reported in literature.447,448 This hydrogen peroxide formation is greatly reduced by the presence of 

the mixed-phase MnO/Mn3O4. The lowest hydrogen peroxide yield at around 10.5% at low 
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overpotentials is given by the 10MnxOy meaning the increased current density shown in the LSV 

from the ORR does not also result in an increase the production of hydrogen peroxide. Similarly, 

this result is in line with the calculated nRRDE values (3.80 at low and high overpotentials) favouring 

the 4-electron pathway. This hydrogen peroxide yield does not significantly increase at higher 

overpotentials (10.7%) suggesting the reaction pathway occurs through a synchronous pathway 

involving both the 4- and 2- electron pathway.   

A Tafel plot (given in Figure 4.13f ) can be made by plotting the voltage vs the log of the kinetic 

current. The latter is determined by correcting the LSV data (at 1600 rpm) with respect to the 

diffusion effects as shown in Eq. 9 . The data is then fitted to a linear regression where the Tafel 

slope indicates the amount of overpotential required to increase the reaction rate. The calculated 

slopes are 91, 98, 118, 120, and 117 mV/dec for 0MnxOy, 5MnxOy, 10MnxOy, 15MnxOy, and 

20MnxOy, respectively. The 91 mV/dec indicates fast reaction kinetics. However, the low calculated 

n value coupled with the high peroxide levels indicate a kinetically fast reaction favouring the 2-

electron pathway. Increasing the MnO/Mn3O4 loading leads to a decrease in kinetics. However, the 

hydrogen peroxide and nRRDE value calculation shows the presence of the mixed phase material 

favours the 4-electron reaction. The relatively slower kinetics exhibited by the MnO/Mn3O4-

containing materials is characteristic of manganese oxides in 0.1 M KOH.449–452 

The comparatively high limiting current combined with a low onset potential (relative to the OCV 

of the system), high electron exchange value (nRRDE), and low peroxide yield indicates the optimal 

catalytic performance towards ORR is observed for the 10MnxOy composition. Further increasing 

the loading yields a similar electron transfer performance and peroxide yield but fails to increase the 

catalytic current. There are several reasons that can explain this behaviour:  1) increasing the content 

of manganese oxide decreases the electrical conductivity of the samples (18.8 S/cm and 10.0 S/cm 

for 10MnxOy and 20MnxOy, respectively), 2) MnxOy could agglomerate or cluster upon increasing 

content, leading to a decrease in surface area and hence the active sites for the ORR (Figure 4.13h,i), 

3) if the amount of MnxOy is too high, the graphene matrix might not able to effectively disperse the 

MnxOy particles and 4) the increase in MnxOy content can also lead to the formation of a large 

agglomerated particles of MnxOy in the graphene matrix, which can impede the diffusion of reactants 

and products to and from the active sites which can result in a lower ORR activity and slower 

reaction kinetics. 
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Electrochemical evaluation of the oxygen evolution reaction (OER) is given in Figure 4.13g  at 

1600 rpm, 5 mV/s, 0.1M KOH, and 1600 rpm. A similar trend to the ORR is observed with 0MnxOy 

and 5MnxOy displaying a poor catalytic current towards OER. A minimal requirement of 10 mA/cm2 

(a reference value used in evaluation OER catalysts) is only achieved by 10MnxOy at 1.8V vs RHE. 

This indicates that 10MnxOy is the optimal bifunctional combination capable of catalyzing both the 

ORR and OER.  

To understand if the performance increase and then drop of the mixed-phase composite materials 

are due to surface area attributes, cyclic voltammograms were performed in the non-faradaic range 

(just the double-layer capacitance) at varying scan rates of 5-200 mV/s. Plotting the difference in 

anodic and cathodic currents (ΔJ) vs the scan rate yields a slope which is directly proportional to the 

electrochemically active surface area (ECSA) as indicated in Figure 4.13i. Capacitive curves at 50 

mV/s are presented in Figure 4.13h with corresponding ΔJ vs scan rate Figure 4.13i. The slope 

measured follows the same pattern as the ORR and OER performance where the highest value is 

observed from the 10MnxOy indicating a larger ECSA when compared to the pristine 0MnxOy and 

composite materials containing higher amounts of MnO/Mn3O4. This suggests further increasing the 

amount of MnO/Mn3O4 beyond 10MnxOy does not introduce more accessible catalytic surface area. 

Instead, they likely transition from being isolated particles surrounded by conductive LIG to forming 

larger agglomerates of the insulating MnO/Mn3O4. The surface area of the materials was further 

probed using BET analysis. The pristine LIG and MnO2 powders have a surface area of 7.2 and 42.4 

m2/g, respectively. However, BET analysis was not possible for the composite materials at any 

partial pressure range attempted. The electrochemical performance of  LIG/10MnxOy catalyst is 

further compared with that of LIG/MnO,Mn3O4 catalysts previously reported in literature (Table 

4.2), and essentially shows that LIG/10MnxOy catalysts possess competitive performance despite 

without post-synthesis treatment, nitrogen doping, furnace usage, or gas (Ar, N2, or He) flashing. 

Moreover, Figure 4.13j showed the linear sweep voltammetry of  the different samples when the 

electrolyte saturated with O2 and N2. The onset potential was determined in another usual method 

which is the intersection of the tangents between the baseline and the signal current as shown in 

Figure 4.13k. Finally, using another counter electrode graphene instead of platinum was 

investigated and it performed the same results (Figure 4.13l). 
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Table 4-2. Comparison between the ORR performance of LIG -manganese oxides vs. RHE in 0.1 M KOH at 1600 rpm. 

Catalysts Carbon precursor MnOx 

loading 

Eonset V 

vs RHE 

I mA/cm2 at -

0.6 V 

E1/2 V vs 

RHE 

ORR 

pathway 

Ref. 

MnO/Mn3O4 PFA 10 wt.% 0.658 3.5 ~0.5 4 In this 

work 

Mn3O4 rGO N/A 0.891 4.0 ~0.692 4 453 

MnxOy/N-C-x Zeolitic imidazole 

framework 

N/A 0.987 5.0 0.871 4 454 

MnOx/C Carbon black Chezacarb 

SH 

13.82 1.081 2.6 1.031 4 455 

(KB/ MnOx) Ketjenblack carbon (KB) 10 wt.% 

MnOx 

loaded 

0.796 5.0 0.616 N/A 456 

MnO@FLC   Malic acid N/A 0.959 5.4 0.812 4 457 

carbon 

black/mangane

se oxide 

XC72 carbon black 

(Vulcan XC-72 

50%MnOx 0.910 2.7 0.720 4 458 

Mn-N-C-160  rice ~20% 0.961 5.48 0.861 4 459 

CCAC + 

MnO2 

HTC of corncobs 33.33% −0.23 2.85 −0.32 4 460. 

 

4.3.5 ZAB performance of optimal LIG and MnO/Mn3O4 composite 

The ORR and OER results indicate the 10MnxOy composite had optimal performance, thus it was 

tested as a cathode in a ZAB and compared to conventional Pt/C (20 wt.%) catalyst as a benchmark. 

The 10MnxOy was applied as a cathode catalyst onto a gas diffusion layer along with a zinc metal 

anode plate. The electrolyte was 6 M KOH and 0.2 M zinc acetate to ensure reversibility of the 

anode reaction for rechargeability. The homemade cell can be seen in Figure 4.14a with a more 

detailed schematic in Figure 4.3. The assembled ZAB gives an open-circuit voltage (OCV) of 1.49 

https://www.sciencedirect.com/topics/chemistry/imidazole
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and 1.33 V vs Zn for the Pt/C and 10MnxOy cells, respectively, which remains stable over a 6 h 

period (Figure 4.14b). The increasing OCV of the Pt/C is attributed to the time taken for the 

electrolyte to infiltrate the porous carbon black matrix (Pt/C mixture had a surface area of 90 m2/g).  

 Galvanostatic charge/discharge testing at 10 mA/cm2 for 900 cycles (75 h) is presented in 

Figure 4.14c with more detailed charge/discharge profiles shown for several cycles in Figure 4.14d. 

After 60 cycles, there is negligible difference between the discharge and charge voltages of the Pt/C 

benchmark vs. the 10MnxOy sample which were approximately 1.16 V vs. Zn on discharge and 2.07 

V vs. Zn on charge. This relatively low charge/discharge voltage gap demonstrates that 10MnxOy 

has, initially, good bifunctional performance comparable to the benchmark Pt/C. This yields a 

round-trip efficiency of ~56% (calculated from the ratio of Edischarge/Echarge) – this value of  ≤ 60% is 

typical of alkaline rechargeable ZAB due to high overpotentials at the air-cathode.461,462 While Pt/C 

is the benchmark material for ORR, mechanistic studies of the ORR on Pt in concentrated alkaline 

conditions show ORR is inhibited due to strong OH- adsorption onto the Pt surface.461,463 Hence, in 

concentrated alkaline conditions, non-precious metal-based catalysts can compete with Pt/C. After 

600 cycles the discharge voltages decrease to 0.92 and 1.04 for 10MnxOy
 and Pt/C, respectively. 

Likewise, the charging voltages increase to 2.23 (round-trip efficiency of 41%) and 2.18 V (round-

trip efficiency of 47%) for 10MnxOy
 and Pt/C, respectively. The decrease in performance of the 

10MnxOy
 is likely due to the corrosion of the material due to peroxide formation that was observed 

during the RRDE tests. XPS C1s and Mn 2p spectra of the GDL before and after cycling are given 

in Figure 4.15. For the pristine GDL (air-sprayed with 10MnxOy), the C 1s spectra can be 

deconvoluted to peaks attributed to C-C, C-O, C=O, and O-C=O at 284.5, 285.4, 286.8, and 288.4 

eV, respectively (peak assignment, binding energy, and FHWM are given in Table 3 and 4 ). The 

GDL is Teflon-treated and these peaks are observed at 290.5, 292.2, and 293.7 eV for C-F, -CF2, 

and CF3, respectively.464,465 After cycling, the C-C peak reduces and the C-O increases which could 

indicate loss of the carbon matrix into solution due to carbon oxidation – this is likely a result of 

peroxide formation. The Mn 2p spectra for the air sprayed GDL before cycling matches the spectrum 

for the 10MnxOy given in Figure 4.15b. After cycling, the raw data becomes significantly noisier 

for the same scan time indicating less Mn 2p signal which could be a result of the MnO/Mn3O4 

catalyst detaching during cycling along with the carbon. The deconvoluted peak area for Mn3+ and 

Mn4+ with respect to Mn2+ decreases which implies there is a disproportionate loss of Mn3O4 

material with respect to MnO (details of peak assignment and FHWM are given in Table 5 and 6. 
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 Galvanodynamic polarization curves are presented in Figure 4.14e. The initial drop during 

discharge and voltage jump during charge is due to the overpotential required to overcome the ORR 

and OER energy barriers, respectively. The potential gap between charge and discharge curves is 

thus a measure of resistance. The results show a slightly higher resistance experienced by the 

10MnxOy composite when compared to Pt/C. At 50 mA/cm2 the voltage gap is 1.72 and 1.47 for the 

10MnxOy composite and Pt/C, respectively. The calculated power density shows peak powers at 

48.3 and 69.0 mW/cm2 for 10MnxOy and Pt/C, respectively.  

 The results of galvanostatic rate performance testing is presented in Figure 4.14f, where the 

battery is discharged at varying current densities from 1-15 mA/cm2. The 10MnxOy has comparable 

rate capabilities to the commercial Pt/C with a fast dynamic response to increasing the discharge 

current density. At higher current densities the initial response is better for 10MnxOy compared to 

Pt/C. After progressively faster current densities are applied it is lowered back to 1 mA/cm2. The 

measured discharge potential recovers fast with no decline in the measured potential.  
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Figure 4-14. (a) Homemade ZAB setup; (b) OCV of Pt/C (20 wt%) and 10MnxOy; (c) Galvanostatic charge/discharge at 

10 mA/cm2 for 2.5 min charge/discharge and (d) closeup of red and blue squares; (e) galvanodynamic profiles and 

power density; and (f) rate discharge at varying current densities (1, 2, 5, 10, and 15 mA/cm2).  
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Figure 4-15. XPS analysis of GDL before (bottom) and after (top) galvanostatic cycling (j=10mA/cm2 for 5 min cycles) 

of (a) C 1s and (b) Mn 2p.  

Table 4-3. C1s peak assignments, binding energy, and FWHM for pristine GDL air-sprayed with 10MnxOy. 

Peak BE (eV) FWHM Area Ratio 

C-C  284.5 1 1.61 

C-O 285.4 1.3 0.55 

C=O 286.8 1.6 0.34 

O-C=O 288.4 2 0.25 

C-F 290.5 2.8 0.22 

CF2- 292.2 1.2 1.00 

CF3- 293.7 2.8 0.38 
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Table 4-4. C1s peak assignments, binding energy, and FWHM for cycled GDL air-sprayed with 10MnxOy 

Peak BE (eV) FWHM Area Ratio 

C-C 284.5 1 0.52 

C-O 285.4 1.4 0.73 

C=O 286.7 1.6 0.25 

O-C=O 288.5 2 0.30 

C-F 290.0 2.8 0.23 

CF2- 292.7 1.2 1.00 

CF3- 293.6 2.8 0.41 

K 2p 3/2 293.8 2.1 0.77 

K 2p 1/2 296.4 2.1 0.75 

 

Table 4-5. Mn 2p peak assignments, binding energy, and FWHM for pristine GDL air-sprayed with 10MnxOy 

Peak BE (eV) Peak 

distance 

Area 

Ratio 

FWHM 

2p 3/2 Mn2+ 641.5  

 

1.00 2.3 
 

Mn3+ 643.1 0.83 2.2 
 

Mn4+ 644.9 0.48 2.1 

Satellite 647.6 0.50 3.5 

2p 1/2 Mn2+ 653.0 11.5 0.35 1.9 
 

Mn3+ 654.6 11.4 0.33 1.9 
 

Mn4+ 656.2 11.3 0.13 1.8 
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Table 4-6. Mn 2p peak assignments, binding energy, and FWHM for cycled GDL air-sprayed with 10MnxOy 

 
BE (eV) Peak 

distance 

Area 

Ratio 

FWHM 

2p 3/2 Mn2+ 641.6 
 

1.00 2.3 
 

Mn3+ 643.1 0.46 2.1 
 

Mn4+ 644.9 0.35 2.2 

2p 1/2 Mn2+ 653.1 11.5 0.39 1.9 
 

Mn3+ 654.6 11.5 0.27 1.9 
 

Mn4+ 656.2 11.3 0.15 1.8 

 

4.4 Conclusion 

In this work, a simple one-pot synthesis technique for the production of laser induced graphene 

supported manganese oxide with a composite of Mn3O4 and MnO (LIG-MnO/Mn3O4) as an air 

cathode was successfully carried out under ambient circumstances. The carbonization of the waste 

polymer poly furfuryl alcohol (PFA) generated from biomass and loaded with a composite of 

manganese oxides was accomplished using a low-cost CO2 infrared laser system. In addition, a 

homogeneous dispersion of mixed manganese oxide catalyst was seen because the partly 

polymerized PFA can keep the mixed manganese oxide particles in suspension while it cures and 

carbonizes. The oxygen reduction reaction (ORR) of the LIG-MnO/Mn3O4 cathode could be tuned 

based on the amount of manganese oxide precursor used; low concentrations of manganese oxide 

tend to follow the 2e- ORR pathway, while high concentrations follow the 4e- ORR pathway. The 

LIG/MnO/Mn3O4 catalyst with 10 wt.% manganese oxide precursor (LIG-10MnxOy) demonstrated 

the greatest catalytic activity towards ORR in comparison to the other concentrations, as increasing 

MnOx content resulted in poor electrical conductivity and low surface area. When evaluated as an 

air cathode in a zinc-air battery (ZAB), the LIG-10MnxOy catalyst performed similarly to the 

industry standard benchmark Pt/C (20 wt.%). 
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Chapter 5 

Direct Synthesis of Nitrogen-Doped Laser Induced Graphene with 

High Surface Area and Excellent Oxygen Reduction Performance 

 

Biomass-derived carbon nanoparticles are regarded as significant sources of renewable energy. 

However, development of one-step processes combining porous architecture graphene with nitrogen 

doping has remained a challenging task. Herein, we design and present a facile, low-cost and general 

approach for synthesizing patternable, nitrogen-doped and porous graphene from chitosan/poly 

furfural alcohol (PFA) mixture using CO2 laser in ambient air.  Thermal irradiation-induced 

carbonization of a biomass film that consists of chitosan and PFA was achieved to produce nitrogen 

doped carbon with good oxygen reduction reaction (ORR) activity. Ball milling was found necessary 

to decrease the particle size of chitosan in order to improve its dispersion in furfuryl alcohol. This 

led to better ORR activity due to the positive impact of the milled chitosan on the electrochemical 

active sites. This study offers a workable synthesis method for the scalable manufacturing of high-

performance carbon-based ORR catalysts produced from biomass sources. 
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5.1 Introduction  

The invention of inexpensive, ecologically friendly, biomass-based metal-free electrocatalysts for 

oxygen reduction reaction (ORR) promotion has gained attention, particularly in the context of the 

circular economy.192 As mentioned in the previous chapters, there is extensive research on enhancing 

ORR and reducing Pt consumption and one of the most popular techniques involves alloying Pt with 

less expensive metals,466 while the performance of Pt-alloys has demonstrated great progress, 

commercial production would still nonetheless need complicated synthesis procedure. 467,468 Metal 

oxide and nitride catalysts have also shown promise, but currently they still fall short of the activity 

and stability of Pt catalysts. 467,469 Many other strategies for enhanced ORR catalysts are under 

development, and the recent works on metal-free ORR catalysts are especially promising. The 

highlight of metal-free catalysts is the dramatic reduction in costs, due to the absence of metallic 

materials, and there are ongoing efforts to improve the activity of the ORR. 

Metal-free ORR catalysts include carbon nanotubes, graphene and its derivatives or their hetero-

atom doped variants (e.g. N, S, P or B-doped). Among these heteroatom dopants, nitrogen doping 

is especially effective in enhancing ORR activity and it is the most widely used dopant.470 The exact 

mechanism in which nitrogen doping accelerates ORR kinetics is not well understood, however it 

is generally accepted that the slightly more electronegative nitrogen (3.04) induces a slight positive 

dipole on neighboring carbons (2.55).467,471 This facilitates oxygen adsorption (potentially inducing 

side-on adsorption) onto the catalyst surface which is linked with enhanced ORR activity. Within 

the carbon backbone, there can also be several confirmations for bonding of heteroatom nitrogen. 

While the specific differences between the impact of pyridinic, pyrrolic and graphitic nitrogen are 

unresolved, it is generally agreed that the pyridinic nitrogen is most effective at catalysing the 4 

electron ORR.472,473 

To introduce nitrogen into the carbon-matrix, several methods have been explored and described 

in literature. In-situ methods such as chemical vapour deposition (CVD) has been used with nitrogen 

precursors such as NH3,474 urea,475 MeCN,476 acetonitrile,477 to grow N-doped carbon nanotubes and 

graphene. Essentially, most of the precursors used in the CVD synthesis contain metals and careful 

washing is required to remove the residual metal atoms to avoid contamination 467,478. Another 

common approach is post-processing doping, where the carbonization is done prior to nitrogen 

doping. Examples include direct modification and functionalization of the carbon structure with 
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ammonia, (through a hydrothermal process)479 and vapour annealing.480 Pyrolysis, also known as 

thermal annealing, is another method to incorporate nitrogen into a carbon structure. Typically, this 

strategy involves combusting nitrogen containing precursors with the carbon framework under an 

inert atmosphere, resulting a fraction of the nitrogen atoms reorganizing and forming new bonds the 

carbon material.481,482 Nitrogen precursors such as uric acid,483 melamine,478,484,485 

hexamethylenetetramine,486 urea,487–490 dicyandiamide,490 polypyyrole,491 1,3 – diaminobenzene/2,6 

diaminopyridine,492 and poly(o-phenylenediamine)493 have been widely utilized for pyrolysis 

method to yield N-doped carbons. 

Among several choices for nitrogen precursors to synthesize N-doped carbons, biomass-based 

precursors have become a recent popular choice as mentioned in Chapter 2.494 Among them 

chitosan is a particularly interesting candidate as it is a low-cost, non-toxic biopolymer that can be 

easily derived from deacetylation of chitin, which is found in abundance in marine arthropods.495 It 

is also the second most common biopolymer found in nature, after cellulose.496 Its wide-spread 

availability, makes it a suitable candidate as a nitrogen precursor for application in metal-free ORR 

electrocatalysis. To exemplify a few, recently, Guo et al. fabricated hierarchical nitrogen-doped 

carbon nanoflowers using chitosan and urchin-like hierarchical silica spheres by emulsifying 

chitosan in 2% acetic acid (in water) with aminated urchin hierarchical silica particles followed by 

heating at 180 oC for 12 hours in a hydrothermal process. 497 After washing and drying, carbonization 

of the product was performed at various elevated temperature ranging from 600 oC to 1000 oC. The 

resulting nanoflower displayed an onset potential of 0.923 V (vs. RHE) in alkaline media with a 

specific surface area (SSA) of 873 m2/g when carbonized at 800 oC.  A similar work by Liu et al. 

also reported excellent ORR activity with an onset potential of 0.82 V (vs RHE) in alkaline media, 

which is only slightly lower than commercial Pt/C.498 In their work, phytic acid-chitosan-graphene 

oxide hydrogels were prepared and pyrolyzed at 800 - 1000 oC to create a nitrogen/phosphorous 

doped carbon. The nitrogen and phosphorus content in the material were determined to be 0.93% 

and 0.65% , respectively.  

Post-processing thermal carbonization of chitosan have also been explored. Chemical vapour 

deposition (CVD) of chitosan, specifically the nitrogen heterocyclics produced during thermal 

decomposition, and graphene oxide have also been utilized to prepare N-doped carbons. Kumar et 

al. used a one-pot thermal annealing process where graphene oxide reacted with volatile nitrogen 

heterocyclic compounds (derived from chitosan) at several hundred degrees celsius and under an 
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argon atmosphere to create an electrocatalyst.499 The ORR onset potential was found to be 0.78 V 

(vs RHE) and the number of electrons averaged at 2.15. A maximum of 4.3% nitrogen content was 

obtained. Another work utilized molten KCl held at 800 oC to pyrolyze pure chitosan.500 The pure 

carbonized chitosan displayed a SSA of 1654 m2/g which the authors attributed to the dispersive 

effect and of liquid molten salt and the isolation function of the solid salt during the cooling process. 

This material exhibited an onset potential similar to Pt/C in alkaline media and the number of 

electrons transferred was calculated to be 3.9. XPS measurements also reported a nitrogen content 

of 3.96% with 37%/54%/9% in pyridinic, graphitic and oxidized-nitrogen forms. 

Wet and dry ball milling is a facile technique for reducing particle size and mixing raw 

materials.501–505. Reducing the size of chitosan particles before mixing them with other materials can 

improve the dispersibility and homogeneity of the resulting mixture. Furthermore, small particle 

sizes can increase the surface area of the chitosan and improve its interactions with the other 

components of the mixture. This method has been extensively investigated recently and has the 

potential to produce several classes of nano-powder in a way that is environmentally friendly, 

repeatable, affordable, and scaled up.501 Zhang et al. investigated the physicochemical and structural 

characteristics of milled chitosan.506 They found that the crystalline structure of the milled chitosan 

exhibited amorphous morphology and decreased its thermal stability.  

In literature, there are few works dedicated to using biomass-derived chitosan as a nitrogen dopant 

for metal-free ORR electrocatalysts. Out of these works, majority of them include challenging and 

harsh preparation procedures such as high temperature carbonization, annealing or CVD. Some of 

the main advantages of metal-free electrocatalysts is its cheap price and environmental 

sustainability. However, their tedious/hazardous synthesis may negate these advantages. To realize 

the full commercial ability of chitosan-based metal-free electrocatalysts, it is therefore equally 

essential to develop a facile preparation procedure to maximize its potential. 

As mentioned in Chapter 2 and 3, Laser scribing is a method to induce pyrolyzation of 

carbonaceous materials through direct irradiation of the surface of the material507. Recently, there 

have been research demonstrating effective ORR performance from LIG containing other metal 

catalysts.508 But nitrogen, sulfur, or/and boron doped LIG were always used in supercapacitor 

applications.509–516 In the last chapters 4 and 5, we carbonized PFA that included catalysts and 

catalyst precursors by CO2 laser, and it is worthwhile to design and investigate the carbonization on 
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of PFA/nitrogen precursor to produce nitrogen doped LIG. Both chitosan and LIG have shown 

promising results as catalysts in for ORR, and research is ongoing to further understand and optimize 

their performance.  

Towards this direction, this chapter discusses the attempts to prepare N-doped LIG by 

carbonization of PFA/chitosan and its subsequent usage as a metal-free electrocatalyst for ORR in 

ZAB. Nitrogen doped LIG derived from biomass nitrogen and graphene sources as an ORR catalyst 

hasn't been looked at yet and we are the first to produce this effective metal free catalyst. A facile 

2-step synthesis strategy is developed involving a one-pot polymerization process followed by laser 

scribing to create N-LIG for ORR electrocatalysis. To have well-dispersed chitosan in the FA 

suspension, we used balls milling technique to reduce the size of the chitosan particles. Apparently, 

the fabrication method does not require expensive materials, toxic chemicals or harsh conditions 

and it is a relatively a fast process. These attributes are particularly attractive when considering the 

commercial potential of technologies requiring an air electrode. 

5.2 Experimental Methods 

5.2.1 Preparation of catalyst loaded PFA and Laser-induced carbonization 

Various amounts of chitosan (mole wt= 50,000-190,000 Da), 250 µl acetic acid (glacial, 

ReagentPlus®, ≥99%) from Sigma-Aldrich were mixed with 4 ml of furfuryl alcohol (FA, Thermo 

ScientificTM, Acros Organics, 98%) by tip ultrasonication at 40% power (BioLogics, Inc. Model 150 

V/T ultrasonic homogenizer, 150 W) for 10 min. The mixture was heated at 90 °C with stirring 600 

rpm for 15 min then a mixture of 4 ml FA and 68 mg of oxalic acid dihydrate (EMD, 99.5%) as the 

initiator that is partially polymerized (at 90 °C for 2 h) was added (as shown in Figure 5.1). After 

1.5 to 3 h, the viscous mixture was casted on a foil substrate and cured in oven for 24 h at 80 °C. 

After polymerization is completed, the aluminum foil is peeled off to reveal the smooth PFA surface. 

This polymer layer is then placed in a CO2  laser (BossLaser 1416L, 50W, and a laser spot diameter 

of 60 µm) to selectively irradiate the surface of the PFA. The resulting film was irradiated by CO2  

laser using 10 mm/s scan speed, 10.4% (5.2 W) power conditions.   

Also, we tried to grind the chitosan by the ball milling machine (planetary ball mill pulverisette 5 

machine), for 1h using 0.1mm- 30 mm 95% purity Zirconia beads grinding media at 3500 rpm. The 

samples labeled as mentioned in Table 5.1. 
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Figure 5-1. Nitrogen doped LIG synthesis method. 

Table 5-1.Composition of samples prepared 

Sample name Chitosan (mg) Milled by ball milling 

N-LIG1 100 - 

N-LIG2 500 - 

Milled N-LIG1 100 Yes 

Milled N-LIG2 500 Yes 

LIG from neat PFA 0 - 

 

5.2.2 Electrochemical characterization 

The conditions for ORR performance and ZAB testing are same as mentioned in section 3.3.4 of 

Chapter 3 

5.3 Results and Discussion 

5.3.1 PFA composite and irradiation conditions  

A schematic showing the synthesis of the composite PFA is shown in Scheme 4.1. This is a 4-

step process consisting of 1) mixing of the FA monomer and oxalic acid initiator at 90 °C for 2 h to 

produce a viscous, partially polymerized suspension; 2) a mixture of chitosan , FA and acetic acid 

was added to the previous suspension 3) the viscous suspension is then cast onto aluminum foil 

using a film applicator and allowed to cure overnight in the oven at 70 °C, this produces a hardened 
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resin; 4) Finally, the resin is carbonized via direct laser writing carbonization (DLWC) at 10 mm/s 

and a power of 5.2 W. We designed this synthesis method to  avoid shrinkage  caused by the chitosan 

while curing in the oven, if we dissolved the chitosan in 2% acetic acid solution as shown in Figure 

5.2a, mixed all the reactant together (Figure 5.2b), , or increase the chitosan concentration more 

than 5.5% (Figure 5.2c). Our hypothesis about the reason of the sample’s shrinkage after curing in 

oven could be due to the different moisture content in PFA and chitosan mixture. While 

polymerization of FA, water produced from the crosslinking FA reaction may be absorbed by 

chitosan causing more water content in chitosan than PFA. And  when the chitosan’s moisture is 

evaporated later in the oven, chitosan will shrink more than the dry polymer (PFA).517,518 Due to the 

fact that the chitosan was not fully dissolved in the procedure and small particles remained, the N-

LIG2 is observed to have a rougher surface than milled N-LIG-2, as illustrated in Figure 5.2e. 

 

Figure 5-2. Images of samples with different synthesis methods. (a) chitosan dissolved in 2% acetic acid, added to FA, 

and after cured in oven , (b) when the reactants mixed together and cured in oven, (c) when increased the concentration 

of the chitosan more than 5.5%. and (d) samples milled N-LIG2(left) and N-LIG2(right). 
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5.3.2 Laser-induced carbonization of PFA 

When the samples were exposed to a CO2 laser operating in the appropriate power range (4.9–5.6 

W), the electrically insulating neat chitosan loaded PFA films became black and electrically 

conductive (Figure 5.3). As mentioned in the previous chapters, this is the outcome of laser-induced 

carbonization, which is frequently ascribed to the photothermal pyrolysis phenomenon.  

 

Figure 5-3. Milled N-LIG2 while exposed to CO2 laser (the dotted line is LIG). 

By using the multimeter,  using 10.4% laser power condition while scribing the samples by CO2 

laser gave the lowest resistance. It should be noted that sheet resistance, which is a better accurate 

method that using the multimeter, should be done in the future to explore the effect of laser power 

(at a set scan rate of 10 mm/s) on the formation of the LIG.  

As shown in the SEM analyses of N-LIG and milled N-LIG samples (Figures 5.4a-d), the milled 

chitosan improved the pore size of LIG. This is likely due to the small particles of the chitosan 

distributed in PFA better than non-milled chitosan. Figure 5.4e shows the EDS analysis of the 

element contents in milled N-LIG2 sample, which showed 3.79 at.% nitrogen content. This 

percentage could be considered high nitrogen content in the final product even though we used 5 

wt.% chitosan (chitosan has 6.6 to 7% nitrogen) 504 mixed with FA. This high percentage is due to 

the large reduction in PFA mass after canonization. Also, the high nitrogen content in milled N-

LIG2 may result due to the good distribution of the small chitosan in PFA that protect the amino 

groups from decomposing during the laser treatment.  

Further, XPS analysis of the milled N-LIG2 is presented in Figure 5.4f, confirming the successful 

doping of nitrogen into the LIG (1 at. %). The bonding states can be assigned to four dominant 

configurations: pyridinic-N (398.3 eV), pyrrolic-N (399.8 eV), quaternary-N (400.9 eV), and 
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nitrogen oxides (403.3.3 and 405.6 eV), respectively. The relative content of quaternary N (44.4 %) 

is the highest compared to other nitrogen configurations (15.6 % for pyridinic-N, 8.5 % for pyrrolic-

N) because both pyrrolic and pyridinic structures are unstable at high temperature and tend to 

transform into a more stable quaternary nitrogen configuration.520,521  

 

Figure 5-4. SEM images for various N-LIG samples, the images were collected with the secondary electron (SE) detector, 

EDS/SEM and XPS  N 1s spectrum analysis ; (a ) N-LIG-1,(b) milled N-LIG1, (c) N-LIG2, (d) milled N-LIG2, (e) EDS 

analysis for sample milled N-LIG2 (inset includes elements content table), and (f) XPS N1s spectrum for sample milled 

N-LIG2. 
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5.3.3 Catalytic performance using RRDE 

The functional abilities of the synthesized samples towards the oxygen reduction process (ORR) 

were measured via rotating disc voltammetry. Figure 5.5a shows the plot of linear sweep 

voltammograms (LSV) with a rotation of 1600 rpm in the potential range of 0.05 to -1 V vs. 

Hg/HgO. The results indicate that all samples undergo a rise in current density during the potential 

sweep that is much higher than current densities seen during N2-purging, confirming the ORR.  

A relatively low catalytic current of -0.39 mA/cm2 at -1 V vs Hg/HgO is observed for LIG from 

neat PFA. Initially loading 100 mg chitosan content (in samples N-LIG1) improves the current to -

2.25 mA/cm2 showing an improvement in catalytic response with the presence of nitrogen dopant. 

This current response is further increased to -2.63 mA/cm2 when the 500 mg chitosan is used (N-

LIG2). However, the current response increased to -2.85 and -3.01 mA/cm2 when chitosan grinded 

used in  samples milled N-LIG1 and milled N-LIG2, respectively.  

The onset potential is taken from the minimum as it corresponds to the point of highest curvature 

of the LSV curve. For the composite materials the onset potential was determined to be -168, -201, 

-211, -246, and -246 mV for milled N-LIG2, milled N-LIG1, N-LIG2, N-LIG1, and LIG from neat 

PFA, respectively. The higher catalytic current, combined with a lower Eonset suggests milled N-

LIG2 has an improved catalytic response towards ORR with respect to the other compositions. 
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Figure 5-5. ORR performance for the different samples in 0.1 M KOH and using Pt wire as CE and Hg/Hg/O as RE;(a) 

linear sweep voltammetry while the electrolyte saturated with O2 and N2 (dotted line) at 1600 rpm, (b) Tafel plot, (c) 

Koutechy Levich graph for milled N-LIG1 and milled N-LIG2 at -0.8 V vs. Hg/HgO(d) double layer capacitance 

mF/cm2 while using 20mV/s as scan rate, and (e) RRDE results; peroxide and number of electrons for sample milled N-

LIG2. 

A Tafel plot (given in Figure 5.5b) can be made by plotting the voltage vs the log of the kinetic 

current. The data is then fitted to a linear regression where the Tafel slope indicates the amount of 

overpotential required to increase the reaction rate. The calculated slopes are 66.5, 60.2, 57.1, 77.5, 

and 55.2 mV/dec for milled N-LIG2, milled N-LIG1, N-LIG2, N-LIG1, and LIG from neat PFA, 

respectively. The 55.2 mV/dec indicates fast reaction kinetics for the LIG from neat PFA. The 

reaction mechanism became faster and was improved  by 11.3 mV/dec when milled chitosan was 
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used in sample milled N-LIG1 compared to N-LIG1. However, when the concentration of the 

chitosan was increased in the samples to 500 mg instead of 100 mg, the reaction kinetics became 

slower by 9.7 mV/dec when milled chitosan used instead of non-milled chitosan. Increasing the 

chitosan loading results to a decrease in kinetics and using milled chitosan slower the mechanism 

of the ORR than the non-milled. 

To understand the performance increase by the pretreatment of the chitosan, cyclic 

voltammograms were performed in the non-faradaic range (0 - 0.1 V  vs. Hg/HgO) at scan rate 20 

mV/s. Double layer capacitance at scan rate 20 mV/s are presented in Figure 5.5d. The milled N-

LIG2 showed the largest Cdl when compared to other samples. Also, the Cdl of the milled N-LIG1 

and milled N-LIG2 were higher than non-milled N-LIG samples. This suggests decreasing the size 

of the chitosan before mixing it with the reactants introduce more accessible catalytic surface area. 

Moreover, LIG from neat PFA has higher Cdl than N-LIG1 and milled N-LIG1, however the ORR 

performance of LIG from neat PFA was poor. Nevertheless, the low calculated n value (~2.7) of the 

milled N-LIG2 sample coupled with the high peroxide levels (43.1% to 26.2% at -0.4 to -0.9 V vs. 

Hg/HgO) indicate a kinetically slow ORR favouring the 2-electron pathway as shown in 

Figure 5.5e.  

The results presented here demonstrate that the catalysis for the reduction of oxygen is not 

primarily driven by surface areas but rather by nitrogen concentration, nitrogen bonding 

configurations, and textural texture. Milled N-LIG2 performed excellent onset potential and good 

ORR performance compared to recent ORR catalysts with higher nitrogen contents as shown in 

Table 5.2. 
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Table 5-2. ORR performance comparison vs. RHE in 0.1 M KOH and at 1600 rpm. 

Catalyst Synthesis method Nitrogen 

source 

Eonset V (vs. 

RHE) 

J (mA/cm2) at 

0.1 V vs. RHE 

Nitrogen 

content 

Ref. 

NrGO thermal pyrolysis 

process 

Polyaniline 

and 

ammonium 

persulfate 

0.99 -6.2 3.8 ± 0.4 at.% 505 

N-rGO electrochemical 

method 

urea 0.78  -7.5 6.8 at. % 506 

N-doped 

graphen 

direct magnesium 

reduction of 

graphitic carbon 

nitride (g-C3N4) 

at high 

temperature 

melamine 0.79 −4.8 5.4 at.% 507 

NrGO thermal annealing  urea  0.88 -4.1 19.8 wt% 508 

porous N-

doped 

graphene 

layers 

high-temperature 

treatment  

chitosan 

and 

graphitic 

carbon 

nitride 

0.98 -5.5 4.12 at.% 509 

Milled N-LIG Irradiation 

carbonization by 

CO2 laser 

chitosan 0.76 -3.4 3.79 at.% this work 

 

Note that, to complete the electrochemical performance analysis of these nitrogen doped samples, 

there are several important tests should be done in the future: 

1) RRDE tests for all samples to investigate the effect of the milled step on the peroxide 

percentage and number of the electrons. 

2) To confirm the results of ECSA, different scan rates should be used to determine the Cdl as a 

slope of the scan rate vs. current density plot. 

3) OER performance could be interesting to study. 
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4) ZAB tests should be done to investigate the charging and discharging behavior of the nitrogen 

doped LIG and to evaluate the power density and discharge capacity. 

5.4 Conclusion  

We developed and proposed a simple, affordable, and all-purpose method for creating porous, 

nitrogen-doped, patternable graphene from a chitosan/poly furfural alcohol (PFA) combination 

utilizing a CO2 laser.  A biomass film made of chitosan and PFA was thermally irradiated to 

carbonize it, producing nitrogen-doped carbon with excellent oxygen reduction reaction (ORR) 

activity. Investigations have been done into ORR activities and it showed that reducing the size of 

the chitosan  by ball milling technique improved the ORR performance. And this result was due to 

the increase of the electrochemical active surface area leading to an increase of active sites. 

Moreover, SEM images showed that the pores size of the  nitrogen doped LIG from milled chitosan 

was bigger than the pores size of the non-milled chitosan. The nitrogen doped LIG followed the two 

electrons ORR pathway and produced up to 40% peroxide in the potential range (-0.4 to -0.8 V vs. 

Hg/HgO). This study could be continued to enhance the ORR performance and  reduce the peroxide 

performed. A practical synthesis technique for producing high-performance carbon-based ORR 

catalysts from biomass sources is presented in this paper. 
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Chapter 6 

Conclusions and Future Works 

 

This chapter includes a brief summary of the studies and the conclusions that were reached, 

projecting LIG-PtCoOx , LIG-MnxOy, and nitrogen doped LIG as potential materials for future 

energy storage applications. Furthermore, the chapter also covers these projects' limitations and 

potential workarounds. Although the use of LIG-PtCoOx , LIG-MnxOy, and nitrogen doped LIG for 

electrocatalytic applications has only been examined in this study, these materials have potential for 

usage in a wide range of applications, including energy storage, electrochemical sensors, and 

supercapacitors. 

6.1 Conclusion: 

The decarbonization of transportation and the electrical grid has a lot of potential with the aid of 

fuel cells and metal-air batteries. The air-breathing cathodes of these technologies must be improved 

in order to address issues like the expensive platinum (Pt) catalyst needed to speed up the kinetics 

of the oxygen reduction reaction (ORR) and the stability of Pt/C interfaces during prolonged cycling. 

These issues must be addressed in order to promote widespread adoption of these technologies. 

There are several methods to enhance the performance and stability of ORR catalysts while 

minimizing costs, including decreasing the amount of Pt used, employing non-precious metal 

catalysts, incorporating heteroatom doped carbon, and utilizing a combination of these approaches. 

Even so, there are still significant stability problems with these designs. When the catalysts 

nanoparticles are physiosorbed to a carbon surface, they may quickly aggregate. Furthermore, the 

number of active sites accessible for catalysis decreases as a result of metal catalyst dissolution and 

particle coalescence, which over time causes coarsening. Additionally, catalyst separation from the 

support or carbon corrosion and oxide production at high potentials might increase coarsening. Thus, 

current projects have concentrated on the creation of methods to more firmly anchor and embedded 

different catalysts nanoparticles to the graphene matrix.  

Accordingly, Chapter 2 begins with a brief literature overview of zinc-air batteries and the 

various electrocatalysts used for the air electrodes. Various synthesis approaches for the 
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electrocatalysts, advantages, and limitations for using each type of the ORR catalysts were also 

discussed along withmethods for patterning air cathodes. The laser induced graphene technique was 

explained including the materials used as LIG precursors and the technique used for doping various 

catalyst in LIG. Few attempts have been made to synthesize catalysts in laser induced graphene, 

while casting the catalysts on the surface of the LIG was the common method used to prepare 

LIG/catalysts. Mixing the catalyst’s precursor with the LIG precursor to embed the catalysts in the 

LIG matrix remains highly unexplored. 

Chapter 3 begins with a brief overview of various platinum/transition metal catalysts used for 

ORR and their limitations. Additionally, a brief discussion of the laser-induced graphene technology 

and the few studies that used it to prepare the air cathode catalysts are also included. In order to 

create effective, bifunctional air catalysts, spherical, mixed of platinum and cobalt oxides nanoalloys 

and core-shell nanoparticle catalysts were embedded  inside a laser induced graphene matrix. A 

straightforward synthesis method at ambient conditions was shown to prepare nanoparticles that are 

significantly smaller than 2 nm and smaller than most other reports. These features together led to 

high catalyst activity and stability towards oxygen reduction reaction. This method used biomass 

carbon precursor (poly furfuryl alcohol) and low concentrations of catalyst precursors, as well as 

laser induced graphene technology. The resultant LIG-PtCoOx-1 exhibits good ORR activity that is 

equivalent to commercial Pt/C with a similar composition, while only having an extremely small 

amount of Pt (1.99 wt %) and CoOx (1.40 wt%) in it. The LIG-PtCoOx-1 cathode also provides a 

high open circuit voltage of 1.23 V, a high-power density of 67.1 mW/cm2, a high specific capacity 

based on consumed Zn, and exceptional long-term stability of up to 118 h with a low overvoltage 

between charging and discharging in a homemade zinc-air battery. As a result, this hybrid catalyst 

shows a general design approach for second-generation high performance electrocatalysts in 

addition to having the potential to reduce the cost of commercial catalysts. 

A lot of efforts in Chapter 3 have been expended in the optimization of the catalyst’s 

concentration, however, increasing the concentration of the catalyst was a challenge. Therefore, 

looking for non-platinum catalysts was the goal for Chapter 4. Developing a method to prepare 

manganese oxide decorated LIG pattern with an excellent distribution and a good ORR performance 

was investigated. The fabrication of laser induced graphene supported manganese oxide using a 

composite of Mn3O4 and MnO (LIG-10MnxOy) as an air cathode was effectively accomplished in 

this study using a straightforward one-pot synthesis process. By using a low-cost CO2 infrared laser 
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system (used in all projects), poly furfuryl alcohol (PFA) made from biomass and loaded with a 

mixture of manganese oxides was carbonized. Catalyst optimization was investigated and compared 

to the other concentrations, the LIG-10MnxOy catalyst with a 10 wt.% manganese oxide precursor 

(LIG-10MnxOy) showed the highest catalytic activity towards ORR. The performance of the LIG-

10MnxOy catalyst as an air cathode in a zinc-air battery (ZAB) was comparable to that of the 

benchmark Pt/C (20 wt.%) used as the industry standard. 

Chapter 5 explores the potential of laser scribing to obtain nitrogen doped LIG as a catalyst 

support material. Accordingly. The chapter discusses the approach to synthesize nitrogen doped LIG 

from biomass nitrogen source (chitosan). Decreasing the size of chitosan particles before mixing it 

with the furfuryl alcohol showed a significant improvement in the electrochemically accessible 

surface area, which enhances the ORR performance. Additional experiments were recommended to 

investigate the effect of the nitrogen doped on the graphite crystal quality, specific surface area 

analysis, pore size distribution, nitrogen content, and the nitrogen configurations. 

The major accomplishments of this thesis could be therefore summarized as follows: 

1. Simultaneous carbonization of a biomass polymer mixed and reduction of low concentration 

metal catalysts precursors using CO2 laser to produce catalyst embedded LIG. 

2. Synthesis of spherical PtCoOx nanoalloys and core-shell nanoparticles embedded in a three-

dimensional LIG matrix as air cathode by a facile synthesis route. 

3. Beneficial effect of the ultra-small LIG-PtCoOx nanoalloy and core-shell nanoparticles for ORR 

in air cathode of zinc-air batteries (ZABs). 

4. Synthesis of LIG embedded with optimum content of manganese oxides for effective air cathode 

for ZABs. 

5.  Simultaneous nitrogen doping and carbonization of biomass nitrogen source (chitosan) by laser 

scribing to produce nitrogen doped LIG using , as a potential air cathode support for ZABs. 

Even though these techniques offered for the preparation of  PtCoOx nanoalloy embedded LIG , 

MnxOy and nitrogen doped LIG propose various novel possibilities of commercial relevance for 

different energy storage applications, there are several limitations. The main drawback of using 

furfuryl alcohol as a reducing agent and a graphene precursor is that FA is considered as poor 

reducing agent, which decreases the presence of the platinum metal in the samples. A higher content 

of catalysts could result in more efficient ORR performance which can be eventually used to explore 
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many new applications in various domains. Further, various lasering conditions could severely 

affect the the phases of the metal catalysts, as evidenced in Chapter 4 for manganese oxide, yielding 

undesired phase transformations. As for nitrogen doped LIG, any limitations in achieving optimum 

nitrogen content with chitosan as nitrogen source for optimal ZAB electrode performance also needs 

to be addressed.  

6.2 Future work 

This thesis described efforts to create  and develop laser induced graphene composite 

electrocatalysts as stable air cathode for alkaline zinc air batteries and brings several prospects to be 

considered as future work to address the limitations as mentioned above. 

 LIG-PtCoOx 

 Future research that builds on this concept is to increase the activity and longevity of platinum-

transition metal-based bifunctional catalysts by nano-structuring. The following steps must be taken 

in order to successfully design and develop the bifunctionally active and durable electrocatalysts. A 

strong reducing agent could be used with furfuryl alcohol to increase the platinum metal presented 

in the samples. Moreover, due to the decrease in PFA weight after irradiation carbonization by CO2 

laser, graphite or graphene oxide may improve the surface area and affect the ORR performance. 

Changing the conditions in the CO2 laser; such as the laser power, speed of the lasering, and the 

distance between the sample and the laser pen (focus), can influence on the concentration of the 

catalysts presented in the LIG and the morphology of the LIG. Alternate transition metal precursors 

could be used such nickel acetylacetonate and iron acetylacetone with platinum acetylacetonate or 

cobalt acetate using the same synthesis method. In addition, instead of pristine LIG, N-LIG could 

be used as a support for LIG-PtCoOx which could further improve the ORR performance.  

Investigating wetting properties of the air cathodes are also essential to control flooding issues 

during ZAB operation, and any strategies to manipulate the   hydrophobicity using various carbon 

precursors and/or lasering conditions are potential future investigations. 

 LIG-MnxOy 

 The LIG-MnxOy has a good ORR activity as decribed in chapter 4. However, their nucleation 

and growth mechanisms and phase changes according to the laser conditions are still unknown. It 

may be beneficial to sort out the mechanism(s) and then control the process to achieve higher ORR 



 

 133 

activity and stability. The sample morphology would need to be investigated and a hydrophobic 

surface is required to prevent flooding. Nitrogen atoms could be doped using the same synthesis 

method in chapter 6 to improve the overall ORR performance by developing N-LIG-MnxOy catalyst. 

N-LIG 

As mentioned in chapter 6, many characterizations analysis should be determined using different 

tests such as : 

1. FTIR to explore the effect of the chitosan on the polymerization of PFA 

2. Sheet resistance at different laser powers. 

3. The molecular vibration and rotation of LIG and N-LIG should be characterized by the Raman 

spectra.  

4.  XRD patterns of LIG and N-LIG should be investigated to study the effect of the nitrogen 

doped on the graphite crystal quality.  

5. The specific surface area analysis and pore size distribution of N-LIG and LIG by Brunauer, 

Emmett and Teller (BET) test. 

6. XPS measurement should be used as an evaluation method to investigate the nitrogen content, 

nitrogen configurations, and C,N, and O spectrums.  

 Moreover, oxygen evolution reaction  performance could be tested. ZAB tests should be investigated. 

Melamine and urea, which have higher nitrogen contents than chitosan could be incorporated with 

chitosan in PFA to produce higher nitrogen concentration in LIG.  

ZAB design 

To have higher cycle life and higher power density, the battery design needs to be optimized. 

Flooding, precipitation of K2CO3, and electrolyte evaporation are the three main issues for aqueous 

cell systems. These problems could be solved by using a solid-state electrolyte. Furthermore, the 

optimal configurations and other characteristics, including temperature, humidity, and air/oxygen 

flow rate, may be investigated using battery modelling. The distance between the electrodes should 

be optimized and the channels for flowing air or oxygen should be introduced to the ZAB cell. 

Other potential applications of LIG-metal oxide electrocatalysts 

The utilization of ORR (Oxygen Reduction Reaction) is mostly associated with the conversion 

and storage of energy. The ORR is an important reaction in fuel cells because it transforms oxygen 
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into water while also releasing electrical energy. There are many applications that our air cathode 

could be used in such as: 

• Fuel Cells: polymer electrolyte membrane (PEM), direct methanol (DMFCs), alkaline fuel 

cells (AFCs), and phosphoric acid fuel cells (PAFCs). 

• Metal-Air Batteries: aluminum-air batteries and lithium-air batteries. 

• Water Electrolysis 

• Carbon Capture: the reduction of oxygen to generate water in a confined environment using 

ORR may also be employed in carbon capture systems to stop the release of carbon dioxide 

into the atmosphere. 
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