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1. Introduction  

In recent years, the development of renewable energy and electric vehicles sectors 

has promoted the efforts in improving currently available energy storage systems. 

Nowadays, the most widely utilized systems are based on Li-ion batteries, but their low 

specific energy creates limitations that constrain further progress of electrification of 

various industries. Thus, the development of more efficient type of battery is required.  

Lithium-oxygen batteries have been proposed as a potential solution to the growing 

demand for energy storage capacity mainly due to their extremely high theoretical 

specific energy, reaching around 11 430 Wh kg-1, which is the most out all metal-air 

type of batteries and almost on par with gasoline. Such high specific energy is attributed 

to the oxygen reduction reactions and oxygen evolution reactions occurring during 

discharge and charge, respectively. However, sluggish kinetic of electrode reactions, 

parasitic reactions, and the insulating and insoluble nature of discharge products are the 

main factors limiting the development of lithium-oxygen batteries. To overcome 

mentioned issues, wide range of solutions have been researched and majority of them 

are focusing around enhancing properties of cathode materials as an effective way of 

improving performance of the battery.  

Among various cathode materials, carbon nanomaterials have drawn attention due to 

their promising properties, including high electric conductivity, catalytic activity, and 

porosity, that can be tailored according to requirements. Additionally, wide range of 

available structures, synthesis routes, and relative cost-effectiveness are increasing their 

potential.  

In this work, synthesis of wide range of carbon materials, including carbon 

nanofiber, activated carbons, and carbon aerogels, is carried out. The influence of 

synthesis process parameters on the structure and properties of obtained materials is 

thoroughly examined and described. An extensive study comparing in-situ and ex-situ 

nitrogen doping is presented. Facile approaches to prepare and utilize nickel oxalate-

based catalysts in the synthesis of carbon nanofibers and carbon nanofibers/activated 

carbons composites are showed. Based on the synthesis and characterization of different 

activated carbons, the investigation on the influence of porosity on the performance of 

lithium-oxygen batteries is conducted. Moreover, in efforts to develop free-standing 

cathodes, a novel approach to the preparation of carbon aerogels is presented.  

In terms of electrochemical measurements, prepared samples have been examined in 

the lithium-oxygen cell in order to determine their potential as cathode materials. The 

operation across the first discharge charge cycle has been assessed, as well as the 

cyclability performance.  
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2. Literature review  

While lead-acid and lithium-ion batteries have been crucial in meeting energy 

storage demands, the ongoing scientific effort is focused on developing new generation 

of batteries that will facilitate the growing needs generated by renewable energy sources 

and electric vehicle (EV) sectors. To power the future in a sustainable and efficient way, 

the development of systems with higher energy densities and improved safety is 

required for electric vehicles. Simultaneously, the expanding integration of renewable 

energy sources should propel the advances in industrial scale energy storage 

solutions [1]. To better understand why the metal-air batteries (MAB) are viewed as 

potential solutions to the constantly growing energy storage market, the better 

understanding of conventional batteries (lead-acid and lithium-ion (Li-ion)) is needed.  

The concept of generation of energy via electrochemical reactions is known for over 

two hundred years, when Volt proposed first electrochemical cell in 1800 [2]. Since 

then, numerous technologies, aiming at production and storage of electricity, have been 

developed and applied, to larger or smaller extend, in every aspect of our everyday 

lives. However, the first system to achieve worldwide application for several decades is 

the lead-acid battery. Lead based batteries are able to reach that level of success due to 

their reliability and cost-effectiveness, which are primarily achieved by the selection of 

materials. The lead battery is most commonly composed of lead dioxide (PbO2) as 

a cathode, lead sponge as an anode, and sulfuric acid solution in the role of electrolyte. 

Materials have been precisely chosen based on their functionality, with PbO2 facilitating 

the reduction-oxidation reactions during the discharge/charge cycles, lead sponge 

allowing the efficient conversion between lead and lead oxide during the work of the 

battery, and the sulfuric acid enabling the flow of ions between cathode and anode [3]. 

While this choice of materials is reasonable and cogent from the application point of 

view, it creates the main concern related to lead-acid batteries – the environmental 

impact of production and disposal of these batteries [4]. Despite, the environmental 

concerns regarding the lead toxicity, lead-acid batteries still remain as the primary 

energy source for starting the internal combustion engine.  

The revolutionization of energy storage landscape came with the development of 

lithium-ion batteries. In comparison with the lead-acid batteries, the Li-ion systems are 

characterized by higher energy density, longer life-cycle, and lighter weight [5]. These 

properties have enabled Li-ion batteries becoming the backbone of various applications, 

where compact, efficient, and rechargeable energy storage is vital, including portable 

electronics and EV. In this type of battery, the cathode is most often composed of 

various lithium oxides, such as lithium cobalt oxide (LiCoO2) [6], lithium manganese 

oxide (LiMnO2) [7], or lithium iron phosphate (LiFePO4) [8]. To increase the energy 

density and efficiency of Li-ion batteries, the combination of different lithium oxides is 

commonly used, e.g., lithium nickel cobalt aluminum oxide (NCA) [9], lithium nickel 

manganese cobalt oxide (NMC) [10], or lithium nickel cobalt oxide (LCO) [11]. In the 

case of anode, the most frequently used material is graphite, due to its ability to 

efficiently intercalate lithium ions during the work of the battery. Lithium salt dissolved 

in a mixture of organic solvent is often used as an electrolyte, with ethylene carbonate 
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and diethyl carbonate typically being used as a solvent [12]. Despite the widespread use 

of Li-ion batteries, they face several limitations that restrain their further development. 

Potential fire hazard and safety concerns are created due to the flammable nature of 

organic electrolytes and chemical instability of lithium oxides based cathode. The 

extraction and processing of lithium, manganese, cobalt, and nickel, combined with the 

difficult recycling of Li-ion batteries pose environmental challenges [13]. Additionally, 

the gradual degradation of capacity of lithium-ion batteries still remains an unsolved 

issue, as it heavily limits the overall lifespan of this batteries.  

2.1. Metal-air batteries 

In the search for alternative energy storage systems (ESS), that could replace 

currently used lead-acid and lithium-ion batteries, metal-air batteries are recognized as 

one of the most promising solutions. The wide variety of researched MAB technologies 

rises an optimistic outlook, that one of these systems could put a significant mark on the 

energy storage sector and that it will increase the efficiency and sustainability of 

systems that we will use in the future [14]. The list of the leading-edge systems includes 

the lithium-air (Li-air), aluminum-air (Al-air), zinc-air (Zn-air), and sodium-air (Na-air) 

batteries. The operating principle of all MAB is very similar and it is based on the 

oxygen reduction reaction (ORR) taking place during discharging, and the oxygen 

evolution reaction (OER) during charging. The utilization of oxygen in electrode 

reactions is enabled by employing the semi-open systems with three common 

components present in each type of metal-air battery. Similar to many battery systems, 

the negative electrode is composed of bulk metal serving as a fuel in the occurring 

reactions (e.g., lithium, sodium, aluminum, and zinc). The positive electrode is made 

from porous material, that facilitate the supply of oxygen from outside of the battery. 

Between the two electrodes, there is an electrolyte, the type of which varies 

significantly depending on the battery. However, its purpose remains the same: to 

enable the transportation of ions between the anode and cathode [1].  

 Incorporation of the air in the work of the battery, by shifting the architecture of the 

cell to include porous air cathode, is key to achieving exceptionally high theoretical 

energy densities in MAB. The comparison of theoretical specific energy of main metal-

air batteries and gasoline is presented in the Fig. 1. Furthermore, eliminating the need to 

include all components necessary for carrying out electrode reactions in a closed system 

reduces the weight of MAB. Due to the improved energy density and lightweight of air-

based batteries, their potential applications include the expanding EV and industrial 

energy storage sectors. Moreover, incorporating air into electrode reactions can lead to 

the limited usage of scarce resources, which are essential for battery preparation (mainly 

transition metal oxides) [15].  
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Fig. 1. Comparison of theoretical specific energy of key metal air batteries and 

a gasoline. All values for MAB are calculated with the exclusion of oxygen mass. 

Although the term “metal-air” battery is widely used in the literature, this should be 

considered more as an operational label and not as a precise description. To be strict, the 

term metal-air batteries, assume that the oxygen required for electrode reactions 

originate from ambient air. Indeed such approach would be highly beneficial, as air is 

free and always available, but it would also generate operational issues varying between 

different types of systems, depending on the nature of employed electrolyte and metal 

anode. However, some degree of pre-treatment of supplied air is almost always required 

for all metal-air batteries. The removal of impurities, like carbon dioxide (CO2) and 

moisture, is crucial for improving the durability of battery’s components by limiting the 

side reactions that can degrade electrodes or electrolyte [16]. The negative influence of 

CO2 on the alkaline electrolytes has been reported multiple times – carbon dioxide 

interacts with alkaline electrolyte and precipitate as solid carbonates in the porous 

electrode blocking the oxygen supply pathways [17]. On the other hand, moisture is 

predominantly problematic for batteries operating with anode metal reactive to even 

slight water content, like lithium or sodium. This put additional requirement on utilizing 

non-aqueous and aprotic electrolyte in these batteries [17]. Also, other air components 

can have negative influence on the work of the MAB, e.g., sulfur dioxide (SO2) or 

nitrogen (N2) [1]. To reduce the contamination of oxygen transferred to the battery, the 

semipermeable, polymeric membranes can be employed [18]. Another approach to 

completely cease the flow of impurities to the interior of battery is the utilization of pure 

oxygen. Regardless of the chosen method of air purification, this step increases the 

complexity of the metal-air based energy storage system and reduces it efficiency and 

energy density by adding weight to the battery.  

In this work the term “metal-air battery” will be used, while describing different 

types of systems utilizing metals other that lithium (Na-air, Al-air, and Zn-air). In the 

part dedicated to the lithium based batteries, the discussion will be narrowed down to 

systems operating with the use of pure oxygen.  

The MAB can be separated into two groups based on their rechargeability – primary 

and secondary. The primary metal-air batteries are non-rechargeable, which is the result 
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of the depletion of chemical components during discharging. Once the primary batteries 

are discharged, they could not be recharged, meaning they need to be replaced. On the 

other side, there are secondary batteries, that are rechargeable, which is attributed to the 

reversibility of chemical reactions occurring during the work of the battery. Due to the 

rechargeability, they can be used multiple times. The contrast in the reversibility of 

operation of both types of MAB, implies the further differences in other areas, such as 

application, construction, and cost [19].  

In the case of possible application, primary batteries, due to their single-use nature, 

tend to be used where long shelf life and high energy density are important. At the same 

time, frequent replacements are acceptable or the device is not often used, e.g., 

emergency equipment, certain medical devices, and military application [20]. The 

potential use of secondary metal-air batteries is more widespread, and it includes all 

sectors, where frequent charging is feasible, like portable electronics, electric vehicles, 

and industrial energy storage systems. The different applications of primary and 

secondary batteries impose specific requirements in terms of materials used and the 

construction of each type of a battery. The secondary MAB must utilize more robust 

materials and have more complex construction to be able to withstand the repeating 

discharging/charging cycles, and the stress coming from longer use (mainly thermal and 

mechanical stress). The chemistry behind secondary MAB involves balancing energy 

density with the ability to efficiently reverse the electrochemical reactions. While 

primary batteries can have a simpler construction not designed to endure the same 

tensions as secondary batteries, the main goal of their chemistry optimization is to 

achieve high energy density and a long shelf life, rather than an extended cycle life [20]. 

From the cost-effectiveness point of view, the primary batteries can be more economical 

due to the lower cost of the used materials, but their single-use nature creates concerns 

regarding waste and environmental impact. In contrast, the secondary batteries can be 

potentially more expensive upfront based on their complex design, but over long-term 

they can turn out to be more environmentally friendly and cost-effective.  

Another approach to the classification of the MAB is based on the type of applied 

metal, which impacts the crucial factors, such as chosen materials, energy density, and 

the mechanism of reactions taking place during discharging/charging. Even though that 

all metal-air batteries share a lot of common advantages, arising from the oxygen 

utilization, there are some unique characteristics creating additional opportunities and 

challenges for each of the mentioned metal-air technologies. The lithium based systems 

will be described in details in section 2.2, and the next segments will provide overview 

of other promising oxygen utilizing technologies.  

2.1.1. Na-air 

Perhaps, the closest element to lithium in terms of chemical properties is sodium. 

Both metals share similar electronegativity, sensitivity towards water, and lightweight, 

with sodium being the second lightest metal after lithium [21]. The abundance (Na is 

the sixth most abundant element in Earth’s crust [22]) and the uniform geographical 

distribution of sodium are one of the main advantages of this metal, leading to its lower 

and less volatile price, compared to lithium. Despite, the theoretical specific energy of 
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Li-air cell being significantly superior than that of Na-air cell (around 

1 600 Wh kg-1 [23, 24]) , the potential of Na-air batteries is investigated due to 

advantages in the field of sustainability and cost-effectiveness.  

In the case of the design of Na-air batteries, two types can be distinguished: 

non-aqueous and hybrid batteries. Both of these systems utilize sodium metal as an 

anode and air-electrode, composed of porous materials. The requirements toward 

cathode materials include appropriate porosity (with dominant mesoporosity), catalytic 

activity in ORR/OER, and high electric conductivity. Few groups of materials meet 

those criteria and are applied in Na-air batteries. Carbon materials, such as 

graphene [25, 26] and carbon nanotubes [21, 27], have been investigated both in 

non-aqueous and hybrid systems. Additionally, the most commonly used electrocatalyst 

in ORR/OER, including noble metals (Pt, Au, Pd) [26, 28, 29] and transition metal 

oxides [30, 31], have been applied to improve the performance of sodium based air 

batteries.  

Apart from similarities in anode and cathode materials, significant differences can 

be observed between non-aqueous and hybrid Na-air batteries, including the type of 

electrolyte, reactions taking place during discharge/charge, deposited products, and the 

overall architecture of the cell. The design of the non-aqueous Na-air cell is more 

straightforward, and usually include metal anode, porous air-electrode, and the polymer 

separator soaked in organic electrolyte between them. The non-aqueous electrolyte is 

made of aprotic, organic solvent, usually ether or carbonate, and the sodium 

salt [24, 32]. The primary discharge product is still investigated by the researchers and 

the final agreement on the ORR product has not yet been achieved, with two 

compounds being frequently reported as a main discharge product: sodium peroxide 

(Na2O2) [24] and sodium superoxide (NaO2) [33].  

On the other hand, the design of the hybrid Na-air battery is more complicated, 

because it includes two separate areas with two different electrolytes. The anode design 

is similar to the non-aqueous battery, with sodium as an anode and anolyte based on the 

organic solvent. However, the cathode space is composed of the air-electrode and 

aqueous catholyte. In most studies, aqueous solution of KOH or NaOH is used [34]. 

Due to the application of two different electrolytes, the incorporation of solid membrane 

that will separate both solutions and only enable the transportation of Na+ is required. 

For this purpose, typically the ceramic membranes utilized in fuel cells are investigated 

(e.g., NASICON) [21]. The separation of anode and cathode spaces leads to the 

different mechanism of the discharge/charge reactions occurring during the work of the 

cell. This change is observable in different nature of the product of discharge reactions: 

in non-aqueous Na-air battery insoluble Na2O2 or NaO2 can be deposited, whereas in 

hybrid cell the known discharge product is soluble NaOH. Due to the incorporation of 

the solid membrane, the growth of the dendrites is largely restricted preventing the 

possibility of the short circuit.  

The further development of Na-air batteries is still facing major challenges. For both 

non-aqueous and hybrid systems, the development of efficient and cost effective 
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cathode materials is needed to enhance the stability of the battery. In the case of 

non-aqueous batteries, the determination of the mechanism of reactions taking place 

during discharge/charge will be crucial to better understanding the system. In the case 

of the hybrid Na-air battery, complex design impose specific requirements towards 

materials, especially the separation membrane. The further advances in this area might 

be vital for the development of safe and efficient hybrid batteries.  

2.1.2. Zn-air 

One of the few types of air batteries that have found application in the modern world 

is the primary Zn-air battery, which is extensively used in medical (e.g., hearing aids), 

military, and telecommunication applications [35]. Moreover, Zn-air batteries have 

gained popularity across researchers due to the abundance of zinc in the earth crust and 

its relative low-cost in comparison to other metals used in batteries, e.g., lithium, cobalt. 

Additionally, the relatively high resistance to corrosion of zinc in aqueous and alkaline 

solutions, enables utilization of simple electrolytes (e.g., KOH and NaOH 

solutions) [36]. All of the mentioned factors, combined with relatively high theoretical 

specific energy of Zn-air systems, reaching around 1 086 Wh kg-1 [37, 38], present this 

type of battery a promising and relatively cheap solution to growing needs in the energy 

storage sector.  

The design of Zn-air cell, typically include the Zn powder connected by the addition 

of binders and other additives, to form coherent electrode. However, micro- and 

nanostructures of zinc have also been developed and used as an anode, including 

nanospheres, flakes, nanofibers, and sheets, resulting in an increased electrode surface 

area and improved cell performance [19]. Generally, the alkaline electrolytes in the 

form of KOH or NaOH aqueous solutions are employed, despite their susceptibility to 

CO2 contamination from air. The KOH based electrolytes (typically 7 M or 30 wt.% 

solutions) present higher ionic conductivity, lower viscosity, and higher oxygen 

diffusion coefficient, but are more prone to the degradation due to higher solubility of 

CO2 [1]. Arguably, the air electrode is the crucial factor in the development of Zn-air 

batteries. Cathode is usually composed of porous carbon mixed with a gas diffusion 

layer, to provide good activity in ORR/OER and sufficient access to oxygen. Most 

often, a catalyst can be added to enhance catalytical activity of cathode material, leading 

to the increased capacity and reversibility of the battery.  

The main challenges in the development of secondary Zn-air batteries include the 

parasitic reactions, low cyclability, dendrites growth, and large overpotential of 

electrode reactions [39]. Different approaches have been proposed to solve these issues: 

in the anode, the attempts to slow down the degradation via alloying Zn with other 

metals (e.g., Bi, Sn, Pb, Mg) have been made [40, 41]; in electrolyte, the addition of 

organic corrosion inhibitors or the shift towards aprotic and nonaqueous electrolytes 

have been tried [42, 43]; in cathode, mainly the incorporation of various electrocatalyst 

(e.g., MnO2, Pt, Pd, Ru) has been proposed as a possible solution [44–46]. The primary 

Zn-air batteries have been successfully applied in medical devices (like hearing aids), 

but the development of stable and rechargeable system is still ongoing challenge for 

researchers.  



Literature review 

18 

 

2.1.3. Al-air 

The second highest theoretical specific energy across metal-air systems is showed 

by Al-air batteries, with the value of approximately 4 500 Wh kg-1 [23]. The 

combination of such large specific energy and favorable intrinsic properties of 

aluminum as the anode metal, including the abundance, non-toxicity, relatively 

low-cost, and ease of recycling, have placed Al-air batteries high on the list of potential 

replacements of Li-ion batteries [47]. Efforts towards reducing the corrosion of anode, 

improving the kinetics of ORR/OER, and increasing the stability of Al-air batteries have 

led to significant developments in all elements of the cell.  

Most commonly, the aluminum metal is used as an anode in the Alair batteries, 

however the impurities present in the Al anode might lead to the disturbance in the work 

of the cell and hamper its performance. Moreover, the passivation of the aluminum, 

after the exposure to humidity and air, slows down the oxidation resulting in increased 

corrosion resistance, but limited availability for of Al for electrode reactions [48]. To 

reduce the limitations of the pure aluminum, alloys have been studied as a potential 

anode substitute in Al-air cells. In the composition of Al alloys, different elements have 

been considered, including Zn, Ga, Ti, In, and Sn [49, 50]. The main advantages of 

alloys application is the improvement of anode corrosion resistance combined with the 

reduction of the occurrence of parasitic reactions by increasing the hydrogen evolution 

potential.  

In the case of the cathode in Al-air batteries, the main challenges are focused around 

finding the efficient catalyst for ORR/OER to improve the kinetics of electrode 

reactions. Noble metals (mainly Pt and Ag) and transition metal oxides have been 

proposed, due to their high activity, but the limiting factors are high cost and scarcity of 

resources [47]. The economically beneficial alternatives includes carbon 

materials [51, 52]. However, the most promising results have been reported for the 

combined application of carbon materials decorated with noble metals and transition 

metal oxides [53–55].  

The electrolytes utilized in Al-air batteries are usually aqueous, with KOH and 

NaOH solution being the main choices, due to their high ionic conductivity and 

non-toxicity. However, the major issue with the alkaline solutions is the rapid corrosion 

rate of aluminum occurring in this type of electrolytes. Additionally, this class of 

electrolytes is sensitive to the CO2 contamination causing the precipitation of 

carbonates, leading to the decline of battery’s performance [56]. Some researches 

indicate that the corrosion of anode materials can be limited by the utilization of acidic 

electrolytes, such as H2SO4 and HCl [57, 58]. Another approach to improve the stability 

of aqueous electrolytes includes incorporation of additives. The aim of addition of  

these organic (e.g., dicarboxylic acids, 1-allyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide) [59, 60] or inorganic (e.g., ZnO, Ce(NO3)3) [61, 62] 

compounds is to reduce the corrosion rate of Al anode and suppressing the side 

reactions, like hydrogen evolution. On the other hand, the application of non-aqueous 

electrolytes, including aprotic electrolytes, ionic liquids, or polymer electrolytes, have 



Literature review 

19 

 

been investigated, but regardless of their great potential, those designs still require 

further development [47].  

Despite the considerable efforts from the researchers to overcome the obstacles in 

the development of Al-air batteries, still major challenges remain unresolved. To 

achieve the viability and industrial scalability the steps towards the reduction of anode 

corrosion and stability of electrolyte are required. Additionally, the improvement in the 

ORR/OER kinetics is critical to attain the desired level of stability and cyclability of 

Al-air batteries.  

2.2. Lithium-oxygen cells 

Perhaps, the system drawing the most attention from researchers and one of the 

most promising solution to address the increasing demand for the energy storage 

capacity is lithium-oxygen (Li-O2) cell. The main reason behind that popularity of Li-O2 

batteries is their extremely large theoretical energy density of around 11 430 Wh kg-1, 

which is the highest out of all MAB and almost comparable to the energy density of 

fossil fuels (13 000 Wh kg-1) [63, 64]. Although, this tremendous specific energy is the 

crucial factor propelling the development of the Li-O2 batteries, it is worth to bring back 

the difference between “metal-air” and “metal-oxygen” terms. In the metal-air batteries, 

the oxygen required for the electrode reactions is sourced from the air, thus its mass is 

excluded from the calculation of specific energy of each system. On the other hand, 

when the metal-oxygen systems are discussed, the pure oxygen, needed for the 

operation of the cell, is supplied directly to the cell’s interior. As a consequence, the 

oxygen mass is included in the calculation of specific energy, which leads to its 

decrease, for example the theoretical specific energy of lithium-air cell can reach the 

value of nearly 12 kWh kg-1, but when the mass of oxygen is taken into consideration 

the theoretical specific energy of lithium-oxygen cell reduces to 3 500 Wh kg-1 [65, 66]. 

This drop might be considered as a significant, but such high specific energy is still 

almost 10-times higher than the theoretical specific energy of Li-ion batteries [1].  

The potential of employing lithium as anode in the electrochemical energy storage 

system has been noticed in the 1970s, when the first concept of aqueous lithium-oxygen 

cell is dated. However, the research activity in this field gained momentum in the 1990s 

and the early twenty-first century, when the need for more efficient ESS became 

evident [64] and number of publications and patents regarding rechargeable Li-O2 

batteries has increased significantly. After the initial interest only from the academia, 

the Li-O2 batteries also attracted the attention from the industry with IBM launching the 

IBM’s Battery 500 Project, aiming to develop a battery system enabling the 500-miles 

range for the EV [64]. Nowadays, the research is focusing on solving the key issues 

hampering the development of Li-O2 batteries: sluggish kinetics of ORR/OER, poor 

cyclability, low stability, large charge overpotential, and the detrimental influence of 

parasitic reactions on the performance of Li-O2 batteries.  

High theoretical energy density of Li-O2 batteries is attributed to the energy released 

from the oxidation of lithium. Even though, the amount of available energy to be 

released remain the same, the process of oxidation can be carried out in different ways. 
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Depending on the type of electrolyte utilized in a battery, three main systems can be 

distinguished: aprotic (non-aqueous), aqueous, and solid-state lithium-oxygen batteries 

– the advantages, disadvantages, material requirements, and the mechanism of electrode 

reactions taking place will be discussed in details in the following subsections.  

2.2.1. Non-aqueous lithium-oxygen cells 

Arguably, the highest attention among the mentioned three types of the Li-O2 

cells has been observed for cells utilizing the non-aqueous/aprotic electrolyte. The 

typical configuration of such cell is presented in the Fig. 2. The main components of 

aprotic Li-air cell include the lithium metal anode, electrolyte, porous cathode, and 

a semipermeable membrane, which allows the inflow of oxygen, but blocks the access 

of contaminations (mainly moisture and carbon dioxide). When the design of the cell do 

not include the semipermeable membrane, pure oxygen needs to be supplied to the 

interior of the cell, hence the term Li-O2 cell. The employment of non-aqueous 

electrolyte affects the overall design of the cell along with the electrode reactions taking 

place during discharge/charge. The variety of available electrolytes combined with their 

unique properties generate opportunities to increase safety and efficiency of the Li-O2 

battery, but it also creates additional operational challenges.  

   

Fig. 2. The schematic configuration of the non-aqueous (aprotic) Li-air cell. 

The discussion regarding the influence of the non-aqueous electrolyte on the 

operation of the Li-O2 battery, should be preceded by the short explanation of the term 

“non-aqueous”. Non-aqueous electrolytes are composed of a lithium salt dissolved in an 

aprotic solvents. While there is a wide range of a lithium salts that can be used (e.g., 

LiPF6, LiCF3SO3, LiTFSI, LiAsF6) [67, 68], the definition of the term “aprotic” restricts 

the number of available solvents. The aprotic solvents are a class of solvents lacking an 

acidic proton in their composition, which means that such compounds do not contain 

hydroxyl nor amine groups. As a result these solvents can not serve as hydrogen donors 

in hydrogen bonding, and can only act as proton acceptors. Many inorganic (e.g., sulfur 

dioxide, sulfuryl chloride fluoride, dinitrogen tetroxide) and organic (acetone, 

acetonitryl, dichloromethane, tetrahydrofuran) compounds are classified as aprotic 

solvents, but particular interest is focused on the polar aprotic solvents, as they possess 

the ability to dissolve salts, which is the key property when preparing the electrolyte 
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solution. The terms “non-aqueous” and “aprotic” will be used interchangeably in this 

work.  

Requirements towards non-aqueous electrolytes include good stability during 

discharge/charge processes, high oxygen diffusivity, and low vapor pressure. Among 

the most frequently applied solvents in the aprotic electrolytes, two groups of organic 

compounds stands out – organic carbonates and ethers. Initially, carbonates, such as 

propylene carbonate and ethylene carbonate, have been investigated as potential 

solvents for aprotic electrolytes, due to their good electrical conductivity and oxygen 

solubility [69]. However, carbonates undergo decomposition in parasitic reactions, 

mainly at higher voltages (above 4.0 V). The alternative solvents for non-aqueous 

electrolytes are ethers. This group of organic solvents is characterized by larger stability 

and lower vapor pressure than carbonates. The examples of most commonly used ethers 

include tetraethylene glycol dimethyl ether (TEGDME), 1,2-dimethoxyethene (DME), 

and triethylene glycol dimethyl ether (triglyme) [70–72].  

 As has been previously mentioned, the operation principle of aprotic Li-O2 cells 

is based on the two main reactions: ORR during discharging, and OER during charging. 

Initially during the development of these cells, the mechanism and final products of 

those reactions have been discussed and heavily researched. Different paths and 

mechanism have been proposed, but nowadays the common agreement is set, that ORR 

occurs via the path presented by the equations (1), (2), and (3). The lithium peroxide 

(Li2O2) is considered as the final product obtained via superoxide (LiO2) 

intermediate [72, 73]. At the same time, the reaction yielding in the creation of lithium 

oxide (Li2O) takes place (3).  

𝐿𝑖+ +  𝑂2 +  𝑒−  → 𝐿𝑖𝑂2   (1) 

𝐿𝑖𝑂2+ 𝐿𝑖+ +  𝑒−  → 𝐿𝑖2𝑂2   (2) 

𝐿𝑖2𝑂2 + 2𝐿𝑖+ + 2𝑒−  → 2 𝐿𝑖2𝑂  (3) 

The OER occurring during discharging and yielding the evolution of gaseous oxygen 

can be described by equation (4) and (5).  

𝐿𝑖2𝑂2 → 𝐿𝑖𝑂2  + 𝐿𝑖+ + 𝑒−   (4) 

𝐿𝑖𝑂2 →  𝐿𝑖+ + 𝑂2 +  𝑒−  (5) 

The overall reactions taking place during the work of the aprotic Li-O2 cell can be 

shortly presented by the equation (6). The theoretical standard potential of that reaction 

is 2.96 V, but due to the solid electrolyte interface (SEI) formation, side reactions, and 

other practical limitations (e.g., limited diffusion of oxygen in organic electrolyte), the 

actually measured potential is often much higher, which is defined as a cell’s 

overpotential.  

2𝐿𝑖+ + 2𝑒− +  𝑂2  ↔ 𝐿𝑖2𝑂2   (6) 

 The crucial issue to overcome for the non-aqueous Li-O2 cells is the reduction of 

the parasitic reactions occurring during the cell’s work. Due to the nature of used 
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materials – carbon containing electrolytes (e.g., carbonates) and the application of 

carbon materials in the cathode – the main challenge is to limit the interaction of those 

components with discharge products leading to the formation of by-products. Those 

by-products later decompose during charging, which result in the evolution of CO2, 

instead or jointly with the evolution of O2. The main by-products of those parasitic 

reactions are Li2CO3 and LiRCO3 (R=alkyl group). While the precise mechanism of the 

formation and decomposition of those compound is still under consideration, many 

researches have proposed similar explanation that revolves around the interaction of 

carbon-containing components of the cell with discharge products, leading to the 

degradation of the prior [73–75]. The proposed approach indicates that reactions on the 

carbon-Li2O2 interface, leading to the formation of Li2CO3, are based on the equations 

(7) and (8). Similarly, the LiRCO3 can be produced as a result of side reactions during 

discharging. However, the alkyl group (presented as R) derives from the decomposition 

of electrolyte.  

𝐿𝑖2𝑂2 + 𝐶 +
1

2
𝑂2  →  𝐿𝑖2𝐶𝑂3  (7) 

2𝐿𝑖2𝑂2 + 𝐶 →  𝐿𝑖2𝑂 + 𝐿𝑖2𝐶𝑂3  (8) 

 The described mechanism indicate that the nature of parasitic reactions can be 

either chemical or electrochemical. In the assessment of which process is dominant, 

multiple techniques, such as XPS, FTIR, and DEMS, have been implemented [75, 76]. 

From these measurements methods, the quantitative differential electrochemical mass 

spectrometry (DEMS), seems to provide the most valuable information – number of 

electrons per O2 consumed during discharging or produced during charging 

(e-/O2 ratio). From the equation (6), the stoichiometric value for the e-/O2 ratio can be 

established at 2.000 – in the production/consumption of every molecule of O2 two 

electrons are utilized. The analysis of DEMS measurements, enables the evaluation, 

whether the nature of parasitic reactions is rather electrochemical (e-/O2 ratio larger than 

2.000) or chemical (e-/O2 close to 2.000). The determination of e-/O2 ratio is one of 

more precise method to verify the nature of parasitic reactions.  

 Multiple research works propose similar path for the creation of lithium 

carbonates, depending on cell’s voltage and phase of the operation 

(discharge/charge) [75–77]. During discharge, the Li2O2 is formed as the main product, 

but the degradation of carbon cathode leads to the deposition of Li2CO3 at the C-Li2O2 

interface. At the same time, the LiRCO3 species, created from the decomposition of 

electrolyte, can be dispersed in the deposited layer of Li2O2. The value of e-/O2 ratio for 

this route is close to 2.000, suggesting the chemical nature. During charging the 

potential range has significant role on the occurring reactions. In the range of around 3 –

 4 V vs Li, mostly lithium peroxide is decomposed and small amount of CO2 is 

produced from the decay of electrolyte. Simultaneously, the lithium carbonates are 

accumulating on the Li2O2-electrolyte interface. After this phase, when the charging 

continues above 4 V vs Li, the full decomposition of the Li2O2 layer happens, which 

significantly increases the OER overpotential. The oxidation of carbonates, formed due 

to cathode degradation and electrolyte decomposition, takes place with higher intensity. 
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As a result, the majority of CO2 evolved during charging is created at this phase. The 

considerable rise in the charge overpotential suggest the electrochemical character of 

these processes. The deposition of carbonates layer on the Li2O2 interface is so 

detrimental, that it is stated that even formation of one monolayer of the carbonates 

limits the charge transport and can lead to the 10-100-folds reduction of the exchanged 

current density [77].  

 The origin of parasitic reactions still remain the subject of research, with the 

superoxide activity being mentioned as the key factor promoting the formation of 

by-products during discharging [75, 76]. This theory is supported by the strong 

nucleophilic and base character of superoxide, and the fact that according to the 

equations (1) and (2), the LiO2 serve as the intermediate in the Li2O2 formation. 

Moreover, the deviation of only couple of percent from the stoichiometric value of 

2.000 in the DEMS measurements supports the thesis of superoxide’s origin of parasitic 

reactions. While superoxide and peroxide activity in the side reactions is notable, it 

could not provide an explanation on why, during charging, additional solid side 

products are formed. The significant variations of DEMS measurements, by more than 

10%, for charging, suggest the involvement of additional processes in the parasitic 

reactions occurring during charging [77]. The hypothesis regarding the creation of the 

singleton oxygen (1O2) has been proposed as a plausible explanation for the mentioned 

phenomenon and has later been proven by the experimental measurements [78]. 

Additionally, it has been observed that even trace amount of water can increase the 

creation of singleton oxygen, furtherly worsening the stability of the Li-O2 cell. 

However, once the influence of 1O2 production on the formation of the solid state 

by-products has been proven, new approached to improve the performance of the Li-O2 

cells has been proposed – 1O2 traps and quenchers have been presented as a way to limit 

the creation of singleton oxygen, leading to the reduction of carbonates formation [78]. 

2.2.2. Aqueous lithium-oxygen cells  

 As a contrast to aprotic systems, the aqueous Li-O2 cells utilize lithium salts 

solutions in water as the electrolyte (e.g., 1 M LiCl aqueous solution [79]), which 

proposes advantages not achievable for non-aqueous cells, but it also poses significant 

challenges for applied materials and the overall design of the cell. The schematic 

configuration of the aqueous Li-O2 cell is presented in the Fig. 3. The utilization of 

aqueous electrolytes enables the limitation of used semipermeable membranes – only 

membrane blocking the inflow of CO2 is required, as the carbon dioxide can take part in 

the parasitic reactions leading to the formation of carbonates. Additional advantage of 

aqueous electrolyte is their better cost-effectiveness, larger oxygen diffusivity, and 

higher ionic conductivity in comparison to aprotic electrolytes [80].  



Literature review 

24 

 

 

Fig. 3. The schematic configuration of the aqueous Li-air cell. 

 However, the main challenge in the application of water-based electrolytes is 

observed at the lithium metal anode-electrolyte interface – lithium vigorously reacts 

with water, creating a lot of heat, which can lead to the ignition. Potential high 

flammability is a significant risk, heavily impacting safety of aqueous lithium-oxygen 

batteries. To protect the lithium anode from reacting with water additional 

semipermeable membrane needs to be implemented between anode and electrolyte. 

Such membrane needs to act as an artificial SEI to prevent any contact between lithium 

and water, but, at the same time, it needs to allow the transportation of Li+, so the 

electrode reaction could take place [81]. The development of effective, semipermeable 

membrane to protect Li-anode is still limiting further progress of the aqueous 

Li-O2 cells. In most cases, polymer-based or ceramic-based interfaces are applied, with 

materials like lithium phosphorous nitride (LiPON) or PEO18LiTFSI -1.44PP13TFSI 

being tested [79, 81, 82]. 

 The mechanism of electrode reactions is another crucial difference between 

aprotic and aqueous Li-O2 cells, but there is a general agreement that work of the 

aqueous system is based on the reversible reaction presented by the equation (9). On the 

cathode, oxygen reduction/evolution reactions take place, while on the anode Li/Li+ 

redox reaction occurs.  

2𝐿𝑖 + 
1

2
𝑂2 + 2𝐻2𝑂 ↔ 2𝐿𝑖𝑂𝐻  (9) 

The additional advantage of described electrode reactions, is the nature of the main 

discharge product – lithium hydroxide (LiOH) – as it is soluble in aqueous electrolyte. 

Due to that property of LiOH, the limitation of aprotic cells, like blockage of cathode’s 

porosity, electrical conductivity issues, and volume expansion, are largely 

eliminated [64]. 

2.2.3. Solid state lithium-oxygen cells  

One of the most interesting type of design for Li-O2 cells are offered by the 

application of the solid state electrolyte. The architecture of such cell is presented in the 

Fig. 4. and it is similar to the design of aprotic Li-O2 cell (Fig. 2.), with the main 

difference laying in the physical state of an electrolyte. The key advantages of 
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utilization of solid electrolyte are improved safety during the cell’s operation, due to the 

lack of flammable and volatile solvents, and higher durability (solid electrolyte can not 

dry out). Additionally, the solid state Li-O2 cells can operate in the elevated 

temperatures, as opposed to the aprotic or aqueous cells. However, the solid state 

electrolytes suffer from issues that substantially hamper their development and wide 

use, mainly low lithium ion and electrical conductivity, combined with providing 

insufficient contact surface area between electrodes and gaseous oxygen [81].  

 

Fig. 4. The schematic configuration of the Li-air cell with solid state electrolyte.  

To effectively take advantage of opportunities presented by the solid 

electrolytes, materials proposed as such electrolytes needs to meet specific requirements 

in terms of their properties, sustainability, and fabrication methods. The solid state 

electrolytes should be available in the form of thin and mechanically robust membranes, 

that can guarantee a high lithium ions conductivity and an efficient oxygen diffusivity. 

Moreover, materials for solid state electrolytes should be chemically and 

electrochemically stable in contact with lithium metal anode, air electrode, and 

discharge products. In order to attract attention from the industrial development 

perspective, proposed materials should also offer the ease of fabrication, non-toxicity, 

and low-cost [83]. Based on the utilized materials, solid state electrolytes can be divide 

into two main groups: organic (mainly polymer-based) and inorganic (e.g., ceramic 

based electrolytes, perovskites, and garnet-type lithium ions conducting oxides) [81].  

Due to their chemical and thermal stability, good mechanical strength, and 

relative ease of manufacturing, the glass-ceramics compounds are arguably the most 

promising solutions for inorganic solid state electrolytes. Two main groups of the 

ceramic-based solid electrolytes include the NASICON-type and LISICON-type 

materials. NASICON stand for the Sodium Super Ionic Conductor and were firstly 

obtained by Hong and Goodenough et al. in 1976 [84]. The firstly obtained and 

characterized NASICON-type materials could be described by the general formula of 

Na1+xZr2(SixP3-x)O12 (0≤x≤3). Since then, this class of inorganic compound have been 

intensively studied and used in energy storage applications, including Li-O2 

cells [85, 86]. Similar family of materials are LISICONs (Lithium Super Ionic 

Conductors), with the general formula of Li2+2xZn1-xGeO4. Both of these groups are 
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characterized by relatively good ionic conductivity at a room temperature, which, in 

some cases, can be increased after the temperature elevation [81]. Even though, the 

ceramic-based electrolytes are noted as chemically and mechanically resistant, they are 

prone to react with lithium metal. The contact of NASICON or LISICON type solid 

electrolyte with Li anode, combined with the pressure usually applied to the cell, 

required to maintain the connection between components of the cell, can cause cracks in 

the ceramic membranes [87]. Another challenge in the utilization of ceramic-based 

electrolyte is poor surface area of connection on the interface of Li anode-ceramic 

electrolyte-cathode.  

Another class of inorganic solid state electrolytes are perovskites. The extensive 

investigation of their applications in Li-O2 is attributed to their high lithium ion 

conductivity at the room temperatures. The crystal structure of perovskite utilized as 

solid state electrolytes can be presented with a general formula of ABO3, with A = Ca, 

Sr, La, and B = Al, Ti [88, 89]. The example of perovskite that has been widely utilized 

in Li-O2 cells is lithium lanthanum titanate (LTO or LLTO) [90]. High Li+-ion 

conductivity of perovskites is related to the concentration of A type site vacancies, 

which enable the transportation of lithium ions between the A-sites. Moreover, due to 

the stability of perovskites in aqueous solutions, they have been proposed as the 

artificial protective SEI interfaces for aqueous and hybrid Li-O2 cells, leading to the 

improvement in their performance [91, 92]. The development of perovskite as solid 

state electrolytes, or protective layers, is severely limited by their tendency to interact 

with lithium metal anode and high grain boundary resistance. The instability of 

perovskites in contact with Li metal is caused by the reduction of Ti4+ to Ti, as observed 

in LLTO, which lower ionic conductivity of the material [88]. The efforts to reduce the 

effect of the high grain-boundary resistance by the modification of perovskites structure 

have been proposed, with nitrogen doping increasing the boundary conductivity [93].  

High lithium ions conductivity, good thermal stability, combined with the 

stability in contact with lithium metal, led to the world-wide interest in garnet-type 

materials as solid state electrolytes and artificial SEI layer in the aqueous 

Li-O2 cells [81, 94, 95]. Since the synthesis by Murugan et al. in 2007 of highly 

conductive at room temperature Li7La3Zr3O12 the interest in garnet-based materials has 

grown significantly [95, 96]. However, the garnet-type electrolytes are sensitive for 

even a trace amounts of moisture or CO2, which block they potential application as an 

artificial SEI for aqueous Li-O2 cells. Also, the high cost of mass production of 

garnet-based materials limits their possible utilization at industrial scale [90].  

In organic solid state electrolytes, polymers-based solutions have been the most 

frequently researched, due to their less complex synthesis routes and wide range of 

available compounds. Additionally, it has been proven that the Li-O2 cell with the solid 

state polymer electrolyte can operate at elevated temperature (80°C) and still present 

low overpotential and satisfactory discharge capacity [97]. Although, the temperature 

range of operation of polymer-based electrolytes is significantly lower than the range 

for ceramic, but it is still higher than for aprotic or aqueous electrolytes. The polymer-

based solid electrolytes are usually composed of polyethylene oxide (PEO), as it 
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provides excellent interface between cell’s components and can be easily formed. 

However, other polymers have also been proposed as a potential solid state electrolytes, 

including polyacrylonitrile (PAN), polypropylene oxide (PPO) or copolymer of 

polyvinylidene fluoride and hexafluoropropylene (PVDF-HFP) [90, 98, 99]. Although, 

the polymers are perceived as promising solid state electrolytes the insufficient ionic 

conductivity and potential decomposition of polymer matrixes under the operating 

conditions in the Li-O2 cells are still hindering the development of this type of 

electrolytes.  

Despite significant differences between electrolytes in aprotic and solid state 

Li-O2 cells, it is commonly accepted that electrode reactions taking place during 

discharging and charging in solid state cells follow the same mechanism as the ones 

described for aprotic Li-O2 cells [90]. The same routes for the ORR/OER are proposed 

for cells operating with the organic or inorganic solid state electrolytes, which can be 

presented by equations (1-5) and summarized by the equation (6).  

The advantages of solid state Li-O2 cells are a promising perspective for the 

development of lithium-oxygen batteries that could be applied at a larger scale. The 

increased safety and longer cycle life, resulting from the application of inflammable and 

non-volatile electrolyte, are crucial for future development of Li-O2 batteries. However, 

the still unsatisfactory ionic conductivity, the proneness to react with lithium, and 

insufficient contact area between cell’s components are the main challenges to 

overcome for the advancement of solid state electrolytes.  

2.3. Cathode materials of lithium-oxygen cells  

The cathode is a key component of a Li-O2 cell as it catalyzes ORR/OER, stores 

discharge products, facilitates oxygen diffusion and ions transportation. The typical 

cathode for lithium-oxygen cell consists of three main parts – current collector, binder, 

and cathode material. The current collector is usually made of nickel foam, stainless 

steel mesh, or carbon paper [100–102], and is used to create a connection between the 

active cathode material and the external electrical circuit to transmit electrons between 

them. In addition, current collectors improve the mechanical stability of cathode. Binder 

is mixed with a cathode material and as obtained slurry is placed onto current 

collector‘s surface. The main role of binder is to help adhere the active cathode 

materials to current collector and maintain the structural integrity of the electrode. 

Typically polymers, such as polyvinylidene fluoride (PVDF) and 

polytetrafluoroethylene (PTFE), are applied as binders and their content in the slurry 

composition usually is around a couple of mass percentage (~10% wt. %) [103]. 

A cathode material is the main active component, which influences the cell 

performance. Because of the functionality of this component, cathode materials are 

required to meet a vast list of requirements.  

The appropriate porous structure of cathode materials is one of the crucial 

characteristic of cathode materials. In order to enable sufficient level of oxygen 

diffusivity and to offer large storage capacity for discharge products, cathode materials 

should have dominant mesoporosity and relatively large specific surface area 
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(SSA) [104]. Furthermore, materials that are considered to work as cathodes in 

Li-O2 cells must present good electrical conductivity and catalytic activity in 

ORR/OER. The good electrical conductivity of the material improves electron transfer, 

which, combined with high catalytic activity, lead to a decrease in charge overpotential, 

improving the cell’s performance [105]. Additionally, the cathode material must have 

good mechanical and chemical stability, which will enable good and consistent 

performance of Li-O2 battery without the risk of the decomposition of materials. The 

chemical resistance during the operation of the cell, combined with the selectivity of 

catalytic activity toward the ORR/OER lead to the limitation of parasitic reactions 

occurring during the work of the cell.  

Apart from the intrinsic properties of cathode materials, other aspects are also 

included in the assessment process. Examples of such factors include material 

sustainability, ease of manufacturing, scalability of production, and cost. The material 

suitable for the large-scale application as the cathode in lithium-oxygen cells needs to 

be environmentally friendly and cost-effective [105]. Additionally, its production 

should be scalable and relatively straightforward.  

Among the cathode materials, three main groups can be distinguished: carbon 

materials, non-carbon materials, and catalyst. Each of the mentioned groups will be 

discussed in a separate section.  

2.3.1. Carbon materials 

Carbon materials are a broad class of solids composed primarily of carbon at 

different hybridizations – sp, sp2, sp3, or mixed hybridizations that create the C-C 

bonding. This class includes a wide range of structures that vary in properties, from 

materials such as diamonds, graphite, activated carbons, or carbon blacks to 

nanomaterials, including graphene, fullerenes, graphene oxides (GO), carbon nanotubes 

(CNT), and carbon nanofibers (CNF). This variety of carbon materials results in their 

application in many industries, for example, activated carbons are used as a support 

material for catalysts and as an absorbent in medicine and in industrial gasses 

purification. The additional advantage of this group is the diversity of synthesis methods 

and raw materials that can be utilized in their production. Depending on the 

requirements, bottom-up or top-down techniques can be employed in the preparation of 

various carbon materials.  

As has been previously emphasized, high porosity, large specific surface area, 

catalytic activity in ORR/OER, and good electrical conductivity are necessary qualities 

of cathode material for the application in Li-O2 batteries. Many carbon materials have 

been proposed and investigated in this role, including carbon blacks, activated carbons, 

GO, CNT, and CNF, because of their ability to meet the mentioned requirements. The 

overview of the synthesis routes, characteristics, and performance as cathode materials 

of selected carbon materials is presented in the following subsections (2.3.1.1 – 2.3.1.5).  

2.3.1.1. Carbon black 

 Carbon black (CB) is one of the most abundantly produced carbon materials. It 

is manufactured by the thermal decomposition of carbon rich substrate at high 
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temperature under precisely controlled oxygen-depleted (partial combustion) or inert 

(pyrolysis) atmosphere. The majority of CBs produced worldwide is utilized as 

pigments or as fillers in rubber and plastics. In recent years, carbon black has reclaimed 

the interest due to research regarding its potential applications in the carbon capture 

technologies, energy storage (batteries) and production (fuel cells) sectors. The great 

interest in CBs is closely related to their economical attractiveness, wide range of 

production methods, and the tunability of properties according to the 

requirements [106].  

 Based on the production method, three main groups of carbon blacks can be 

distinguished – furnace blacks, thermal blacks, and acetylene blacks. The other groups 

of CBs, such as impingement, gas, channel, or lamp blacks, have been gradually phased 

out of the large scale production due to the lower environmental friendliness and 

economic viability of their manufacturing processes [107]. 

 Depending on the used raw materials and manufacturing process, the 

composition and structure of carbon black can vary significantly. Carbon blacks are 

mainly composed of carbon, with thermal and acetylene blacks consisting of more than 

99% carbon. Other CBs grades can consist of considerable amounts of hydrogen, 

oxygen, nitrogen, and sulfur. Nitrogen and sulfur are usually integrated with the 

aromatic structures, while hydrogen is mostly present in C-H bonds at the edges of the 

carbon layers. Different oxygen groups, such as -OH, -COOH, and C=O, can be found 

on the surface of carbon black depending on the amount of oxygen used during the 

manufacturing process [106].  

 In terms of structure, carbon blacks are aggregates of spheroidal nanoparticles, 

with the diameters of around 10-100 nm. Each nanoparticle is composed of graphene-

like domains, made of 3-4 turbostratically stacked polyaromatic sheets, surrounding an 

amorphous core, the described structure is schematically presented in the Fig. 5. The 

graphene-like domains typically arrange themselves in a concentric pattern around the 

amorphous core, forming disordered onion-like structures, and are commonly referred 

to as the basic structural unit (BSU) [108]. The structure of an aggregate is determined 

by the size and number of BSU. Low structure carbon blacks have aggregates made of 

less but larger BSU, which results in coarse structure. On the contrary, high structure 

carbon blacks consist larger number of smaller aggregates creating fine structure.  
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Fig. 5. Schematic representation of structure of carbon blacks.  

 One of the most relevant properties of carbon blacks for application as cathode 

materials in batteries is their electric conductivity. Due to the described structure of 

CBs, their mechanism of electrical conductivity is a combination of intra- and 

inter-particle charge transport. The intraparticle mechanism of electrical conduction 

within graphene-like domains is based on holes as primary charge carriers [109]. For 

the interparticle conduction, the mechanism is primarily governed by electron tunneling, 

which facilitates the transfer of electrons across the aggregates. As a result, electrical 

properties of CBs are dependent on the contact between BSUs, which relies on the size 

and separation distance of aggregates. Additionally, the number of impurities and 

heteroatoms also affects the electric conductivity of CBs. Thus, thermal treatment is 

proposed as one of the solutions to increase the graphitization level and to remove 

heteroatoms from carbon black, consequently leading to the improvement of electrical 

properties of the material. In addition, mechanical compression has been proven to be 

an effective way to increase contact between aggregates and increase electrical 

conductivity [110].  

 Apart from the good electrical conductivity, the possibility of obtaining carbon 

blacks with relatively large specific surface area is advantageous for their application as 

cathode materials. Typically, CBs have a specific surface area of around 20 to 

150 m2g-1, but, depending on raw materials and production methods, the SSA can be 

increased even to 1500 m2g-1 [111]. In addition, carbon blacks can be easily modified or 

functionalized, enabling further tailoring of their properties to enhance their potential as 

cathodes [106]. The main factor hampering utilization of CBs as cathode materials in 

Li-O2 batteries is their insufficient catalytic activity in ORR/OER.  

2.3.1.2. Activated carbon 

 The application of activated carbons (ACs) as cathode materials in Li-O2 

batteries is mainly attributed to their extremely well-developed porosity and high 

specific surface area. Moreover, porosity and SSA can be designed precisely according 

to the requirements by adjusting the production method, process parameters, and type of 

carbon precursors. The production of activated carbon is economically attractive and 

can easily be expanded to the industrial scale. Additionally, the mechanical and 

chemical resistivity, combined with good electrical conductivity promoted application 
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of activated carbons in various energy storage systems – not only as cathode materials 

in lithium-oxygen cells, but also as an electrode materials in electric double-layer 

capacitors (EDLCs) or as an adsorbent in hydrogen and methane storage [112, 113].  

Even though activated carbons are widely considered in the energy storage 

sector, they are predominantly utilized as an adsorptive materials in different end-use – 

from the medical and waste management sectors to the purification of industrial 

gasses [114]. Apart from the application as adsorbents, activated carbons are also 

considered as support materials for catalyst or in drug delivery systems [115].  

In order to obtain material with high specific surface area and porosity, 

a material needs to undergo a process to develop existing porous structures or generate 

a new porosity. This treatment is called 'activation' and can be divided into two groups, 

physical activation and chemical activation. The goal of both of these processes is the 

same, but there are significant differences in the mechanism, utilized resources, and 

properties of the final product. The physical activation is usually a two-step process that 

is often used at the industrial scale. During the first phase, precarbonization of the raw 

material occurs as a result of a thermal treatment in an inert conditions (around 

600-900°C). In the second stage, activation, or gasification, occurs (around 

800-1000°C) and the porosity of final product is increased. Among activation agents, 

carbon dioxide, steam, and air are the most widely used. On the other hand, the 

chemical activation is based on a one-step process that consist of cocarbonization of 

a raw material with an activation agent, in this case solid or liquid chemical. The wide 

range of potential agents can be applied in chemical activation, but the most commonly 

used are potassium hydroxide, phosphoric acid, and zinc chloride. The activated 

carbons obtained via chemical activation are usually characterized by higher specific 

surface area, which can exceed 3000 m2g-1 in the case of processes utilizing KOH as 

activation agent. The structure and porosity of activated carbons depend not only on the 

preparation method and process parameters, but also on the nature of the raw materials 

used for their production. One of the many advantages of ACs is the broad range of 

precursors that can be utilized in their synthesis – almost any carbon containing material 

can be used for this purpose. However, the source material selected for the production 

process will have fundamental impact on properties of the final product, thus, the 

precursor must meet the specific requirements, changing according to the application of 

the obtained material. In most cases, high carbon content and low inorganic matter 

content are beneficial, because they lead to high carbonization yield [112]. The low 

mineral content is especially important for the production of activated carbons that will 

be applied as electrode materials. Mechanical properties also strongly depend on the 

nature of carbon precursors, e.g., the utilization of some types of waste biomass, such as 

coconut shells, yields in ACs with high mechanical durability [116]. Additionally, 

carbon source should be low cost, that is why many waste materials are utilized in the 

manufacturing of activated carbons. Among raw materials used for the production of 

activated carbons, three main groups can be distinguished: 1) wood and waste biomass 

(including lignocellulosic materials) [112]; 2) polymeric wastes (e.g., polystyrene, 

poly(ethylene terephthalate), phenol-formaldehyde resins) [117–119]; 3) coals. 
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Depending on the availability of raw materials and the desired properties of the final 

product, different types or mixtures of a few groups of precursors can be utilized in the 

production of activated carbons.  

The structure of activated carbons is composed of graphene crystallites oriented 

randomly, cross-linked by disordered carbon, which creates open pore spaces – the 

schematic structure of activated carbons is presented in the Fig. 6.1. ACs are classified 

as a non-graphitizable carbons, which indicates that this group of materials can not form 

a three-dimensional graphitic structure under high-temperature treatment (up to 3000°C) 

in an inert atmosphere [112] – as presented in the Fig. 6.2. The well-developed porosity 

of activated carbons is attributed to their specific structure, resembling wood shavings. 

Micropores are open spaces, usually slit-shaped, present in the ACs structure, while 

mesopores and macropores are a consequence of hollow voids between aggregates.  

 

Fig. 6. Schematic presentation of the carbon structure of: 1) activated carbons; 

2) non-graphitizable carbons.  

The main composition element of activated carbons is carbon, but its content can 

vary significantly from 70 to 95 wt.%. Similar fluctuations are observed for the oxygen 

content, which can be in the range of 5-25 wt.%. In the case of heteroatoms, mainly 

nitrogen, sulfur, and phosphor are found in ACs, and their content can change. The final 

composition of activated carbon is closely related to the activation method and the type 

of carbon precursor chosen for the production process. Moreover, in some cases, a raw 

material with high nitrogen content can be selected as a method of functionalization of 

the produced material to enhance its electrochemical activity [114].  

2.3.1.3. Carbon nanofibers  

 Carbon nanofibers are cylindrical nanostructures classified as one-dimensional 

(1D) nanomaterials with sp2 carbon atoms as a main building element. The stacked 

graphene layers, building the nanofibers, can be arranged in the form of cones, plates, or 

cups. The orientation of the graphene layers has a dominant impact on the properties of 

the CNF, especially the mechanical properties. Three types of CNF can be distinguished 

depending on the position of the graphene layers – platelet, tubular, and fishbone, as it 

is presented in the Fig. 7. 

Generally, carbon nanofibers display good thermal and electrical conductivity, 

low weight, high surface-to-volume ratio, relatively well-developed SSA and porosity. 

Due to their unique characteristics, CNF have been proposed in the broad range of 

applications – from utilization in the medical sector, e.g., as carriers in drug delivery 

systems (predominantly CNT are proposed for this application, but CNF are also 

investigated), biosensors or tissue engineering, to the huge interest in the energy storage 
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systems [120]. In the field of ESS, carbon nanofibers are considered in the utilization in 

batteries, supercapacitors, and hydrogen storage.  

 The final characteristics of produced carbon nanofibers and as a result their 

potential end-use is to a large extend dependent on the synthesis method, raw materials, 

and conditions of the manufacturing process. Among many available processes, the 

most commonly utilized are chemical vapor deposition (CVD) and electrospinning, with 

other methods such as arc-discharge and templating being less frequently applied [121].  

 

Fig. 7. Schematic presentation of the three types of carbon nanofibers structure: 

1) tubular type; 2) fishbone type; 3) platelet type.  

The electrospinning method includes two steps – fabrication of polymer 

nanofiber and subsequent thermal treatment. In the first phase, nanofiber is electrospun 

from a polymer solution by applying a strong electrostatic field to a capillary attached to 

a container with the solution. In the second step, the obtained nanofibers are thermally 

treated in an inert atmosphere, leading to the synthesis of carbon nanofibers that can 

have various dimensions, from a couple of nanometers to micrometers in length [121]. 

This method is characterized by its relatively low cost, simplicity, and the opportunity 

to tailor the morphology of the produced CNF by controlling the process parameters. In 

the case of the electrospinning phase, the main parameters include the spinning voltage, 

concentration of the polymer solution, feeding rate, and working distance. Among the 

variety of polymer precursors that can be potentially applied, the three most commonly 

used are polyacrylonitrile, pitch, or cellulose, with PAN being the most widespread due 

to its flexibility and high carbon yield [122]. Other polymers, such as poly(vinyl 

alcohol), phenolic resin, and poly(vinyl fluoride), have also been investigated as 

precursors in electrospinning for the production of CNF, but they did not receive similar 

attention within researchers. In terms of solvent, a wide range of compounds are 

applied, for example, acetone, toluene, dimethylformamide, toluene or even 

water [123]. The main parameter related to the second phase of the CNF synthesis is the 

temperature of thermal treatment. Once more, the selection of the process temperature 

has a definitive impact on the morphology of the product, and that influence changes 

depending on the composition of the feeding solution. The range of applied temperature 

is vast, from around 600°C to 1200°C, but in general with higher temperatures of the 

thermal treatment, thinner CNF are obtained [121].  

 Chemical vapor deposition, either thermally or plasma assisted, is the dominant 

method of production of carbon nanofibers. This process is based on the decomposition 

of the gaseous carbon precursor at high temperatures. The presence of catalyst particles 
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is required for the decomposition of a carbon source and the subsequent growth of CNF. 

The CVD process can be relatively easily scaled-up, which favors its utilization in the 

commercial production of carbon nanofibers. Furthermore, by optimizing process 

parameters, such as type of carbon precursor, type of catalyst, and temperature of the 

process, the morphology of produced nanofibers can be tailored according to the 

requirements [120]. Usually, simple gaseous hydrocarbons, such as methane, ethane, 

propane, or ethylene, are used as a carbon precursor because of their availability and 

low cost. Among the utilized catalysts, transition-metal particles are commonly 

employed, with nickel, iron, and cobalt being the most frequently used. However, other 

transition metals, such as chromium, molybdenum, and vanadium, are also being 

investigated [124]. Alternatively, noble metals, including platinum and palladium, can 

be used, but due to scarcity and high cost, they are less commonly used as a 

catalyst [125]. Various combinations of the three mentioned parameters (catalyst, 

carbon source, and temperature) can lead to the synthesis of different morphologies of 

CNF, from platelet through fishbone to tubular, with the combination of different 

morphologies obtained during one process also being possible. Arguably the most 

prevalent catalyst in the CNF synthesis is nickel, its utilization at lower temperatures 

(around 450°C-550°C) generally favors the growth of the platelet CNF, while the 

moderate range of temperatures (around 550°C to 700°C) yields in the production of 

fishbone CNF, and above this range usually the tubular CNF are produced [126–128]. 

This versatility of design opportunities in the CVD process is particularly important for 

the synthesis of CNF for specific applications, like cathode materials for lithium-oxygen 

batteries.  

2.3.1.4. Carbon nanotubes 

 Carbon nanotubes can be depicted as 1D nanomaterials composed of 

a two-dimensional graphene sheet rolled up to create a hollow cylinder. Generally, 

carbon nanotubes exhibit exceptional properties, especially in terms of exceptional 

tensile strength and excellent electrical and thermal conductivity [129, 130]. However, 

the specific characteristics of CNT are heavily dependent on their structure. Based on 

the number of sheets forming a CNT structure, two main types can be distinguished – 

single walled CNT (SWCNT) and multiwalled CNT (MWCNT). Moreover, carbon 

nanotubes can be separated into three groups based on the configuration of the carbon 

rings, zigzag, chiral and armchair CNT, as schematically presented in the Fig. 8. 

Described parameters of the carbon structure have fundamental influence mainly on the 

electrical properties. Depending on electrical conductivity, CNT can be divided into two 

categories: metallic nanotubes (with conductivity pathway similar to those observed in 

metals, such as gold or aluminum) and semiconducting nanotubes (way of conduct 

similar to silicon) [131]. Even a slight difference in the diameter of the nanotubes can 

shift the conductivity from the semiconducting to the metallic state.  
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Fig. 8. Schematic representation of types of CNT based on the possible configurations 

of carbon rings: 1) armchair; 2) zigzag; 3) chiral.  

 Most of potential applications of carbon nanotubes are attributed to their unique 

electrical properties, due to which they are considered in various end-uses – as electrode 

materials in fuel cells and in energy storage systems (supercapacitors and 

batteries) [132–134]. In addition, because of the hollow space inside the CNT, they 

have been investigated as potential carriers in drug delivery systems. However, one of 

the most widespread commercial applications include their use in composite materials. 

CNT are added to various polymers to improve their thermal, electrical, and mechanical 

properties – such solution is used in the automotive, aerospace, or sport equipment 

industries [135]. 

 Carbon nanotubes can be considered as an unique subtype of carbon nanofibers, 

thus their synthesis methods are very similar, and can be divided into two groups – 

a high temperature treatment of a carbon precursor (mostly graphite) and a chemical 

vapor deposition. The first group is characterized by extremally high temperatures 

(around 4000°C) required to obtain CNT and short times of the actual formation of 

nanostructures (from microseconds to milliseconds). The thermal requirements for these 

methods require the use of arc or plasma, so the main techniques utilized are arc 

discharge and laser ablation [135]. For both methods, parameters that can be controlled, 

which directly impact the characteristics of obtained CNT. Composition of the carbon 

precursor (usually the metal-impregnated graphite target), atmosphere (inert or 

vacuum), and the process temperature can be tailored according to the required 

properties of the final product. In terms of mechanism and principles, arc discharge and 

laser ablation are similar, but the main difference is the source of energy – electric 

discharge and laser, respectively. Both techniques yield in the mix of carbon 

nanostructures (e.g., fullerenes), which requires the purification step after synthesis, but 

product of laser ablation consist of around 70-90% of CNT, which is significantly 

higher than for the product of arc discharge [136]. However, from the financial 

standpoint the laser ablation is more expensive than the arc discharge technique, 

limiting its commercial application.  

 The most commonly used method for producing CNT is chemical vapor 

deposition, because of its relative simplicity, wide range of available carbon precursors, 

and lower cost of production. Another advantage in favor of CVD over arc discharge or 

laser ablation techniques is the range of temperatures used in CVD technique (500-

1100°C), but the specific process temperature will rely on the applied raw material, 
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catalyst, and the required characteristics of produced CNT. As already described in the 

CNF section (2.3.1.3), all parameters of the CVD process can be tailored according to 

the desired properties of the obtained nanomaterial. In the case of CNT, another 

morphology parameter that can be designed is the number of walls in prepared CNT. 

Generally, carbon nanotubes are obtained on the iron-based catalyst, but, depending on 

the size of the catalyst particles size SWCNT or MWCNT can be synthesized – on 

smaller particles of catalyst will yield in the fabrication of SWCNT, and larger will lead 

to the preparation of MWCNT. CNT can also be produced on a nickel or cobalt-based 

catalyst, but this requires optimization in terms of other process parameters [135].  

2.3.1.5. Carbon aerogels 

 All of the previously described carbon materials are usually used as cathode 

materials in the form of a slurry that is deposited on the surface of current collector. 

Such processing can severely reduce the porous structure and catalytic activity of 

carbon materials. The opportunity to limit the detrimental effect of material processing 

is presented by the preparation of a freestanding cathode. Although they do not 

represent an independent group of carbon materials, carbon aerogels are considered as 

a potential standalone cathode for lithium-oxygen batteries, due to their unique 

characteristics, including their lightweight nature, three-dimensional porous structure, 

and good mechanical and electrochemical stability [137]. Three main categories of 

carbon aerogels can be distinguished based on the type of carbon precursor utilized – 

phenolic resin derived aerogels, biomass derived carbon aerogels, and carbon 

nanomaterials derived aerogels (mostly CNT and graphene oxide based). Each of the 

aforementioned groups is produced by slightly different synthesis routes.  

 In the fabrication of phenolic resin-based aerogels, five basic steps can be 

distinguished: 1) sol formation at ambient temperature; 2) gelation at slightly increased 

temperature (25-90°C); 3) solvent exchange; 4) drying via various available methods 

(supercritical, room-temperature, or freeze-drying); 5) carbonization [138]. In the case 

of biomass-derived aerogels, their preparation is based on the condensation and 

cross-linking of organic polymers, such as chitin, cellulose, or lignin [138–140]. The 

gelation of biomass derived aerogels is governed by the intra- and intermolecular 

interactions of hydrogen bonds from the hydroxyl groups in polymer’s chains, which 

limits the need to use additional cross-linking agents [141], but usually, strongly basic 

or acidic conditions are required to enable the dissolution of organic polymers. The 

formation of aerogels is preceded by freeze-drying combined with carbonization. 

Carbon aerogels that are derived from carbon nanomaterials are fabricated via initial 

preparation of a hydrogel, combined with subsequent drying or freeze-drying to form an 

aerogel. The preparation of hydrogel is a crucial step in the fabrication of carbon 

nanomaterials based aerogels, and it consists of a creation of an aqueous dispersion of 

nanomaterials, followed by a hydrothermal or chemical reduction. In the case of 

graphene oxides based aerogels, the aqueous dispersion is relatively straightforward to 

obtain (due to high content of oxygen groups in GO), but for CNT this step usually 

requires the addition of surfactant (like sodium dodecylbenzene sulfonate) or prior 

functionalization of CNT, due to their rather hydrophobic nature [142, 143].  
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 The aforementioned properties of carbon aerogels have drawn the attention of 

researchers and resulted in the investigation of this class of materials in various 

applications in energy storage. The potential use of carbon aerogels as cathode in 

secondary batteries, including lithium-ion and lithium-sulfur batteries, has been 

extensively researched [144, 145]. However, utilization in lithium-oxygen batteries is 

still relatively new, with few papers examining this field [146, 147]. Mostly, graphene 

oxides aerogels have been implemented as a cathode in Li-O2 batteries, but also CNT 

based aerogels are reported [137]. The combination of the easily accessible porosity of 

the aerogel with the catalytic activity and electrical conductivity of the carbon precursor 

allows good performance of a Li-O2 battery equipped with such cathode. 

2.3.2. Non-carbon materials 

Although carbon materials have been widely used as cathode materials, due to 

their excellent properties, their application faces significant drawbacks. In the highly 

oxidizing environment of the lithium-oxygen cell, carbon based materials show 

a tendency to decompose during electrode reactions. The occurring parasitic reactions 

lead to the formation of side products, which can result in the increase of overpotential 

and cathode passivation, significantly limiting the battery life. Moreover, binders, 

commonly used in the preparation of carbon cathode slurry, generally have 

a nonconductive nature, furtherly reducing charge transfer, which hampers performance 

of the cell [148].  

One of the strategy to overcome issues, related to the use of carbon materials, is 

the utilization of non-carbon cathode materials, like noble metals, transition metal 

oxides, metal-organic frameworks (MOFs), or perovskites. Most often these materials 

are added as catalysts to a carbon material-based slurry, to improve its properties, but 

their application as a standalone cathode material has also been investigated [149].  

Among the reported solutions, porous gold has been proposed as a cathode 

material and tested in the Li-O2 cell, which resulted in the decrease in charge 

overpotential in comparison to the carbon-based cathode [150]. Another approach 

presented the synthesis Co3O4 nanorods directly on the nickel foam carried out by 

chemical deposition reaction and utilization of as prepared free-standing cathode in 

lithium-oxygen cell [151]. The application of cobalt oxide nanorods, as the only 

material in cathode composition, resulted in achieving discharge and charge voltages 

close to the theoretical values. The main factors limiting the use of noble metals and 

transition metal oxides as sole cathode materials are their high price and scarcity. The 

utilization of MOFs and perovskites as standalone cathode materials is still relatively 

rarely investigated due to the more complex synthesis methods of those materials [152]. 

Even though, the utilization of non-carbon based cathode materials could lead to 

the improvement in the performance of the Li-O2 batteries, the main research effort is 

still focused on the application of carbon containing materials. The outstanding 

characteristics and wide range of available carbon materials, combined with their low 

cost and tunability of performance, still tip the balance in favor of carbon. However, the 

potential of non-carbon materials is utilized by their use as catalysts.  
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2.3.3. Catalyst  

The main goal of the application of catalyst is to enhance the properties of 

cathode materials, leading to the improvement in the performance of the Li-O2 cell. To 

achieve enhanced electric conductivity and catalytic activity, precious metals, transition 

metal oxides, or heteroatoms can be incorporated into the structure of carbon materials. 

All of the mentioned types of structure functionalization offer specific advantages, face 

different drawbacks, and can be conducted via various methods.  

2.3.3.1. Precious metals  

Among the investigated precious metals, Au, Pt, Pd, and Ru have been the most 

frequently investigated, due to their extraordinary catalytic activity in the oxygen 

evolution reaction combined with good electric conductivity. Precious metals are most 

commonly incorporated in the carbon material in the form of nanoparticles deposited on 

their surface. Additionally, for CNT, endohedral encapsulation of noble metal 

nanoparticles is also achievable. Characteristic of the material is dependent on the 

preparation method, size of nanoparticles, and type of utilized approach [153].  

Wet impregnation is one of the most frequently used techniques to conduct 

precious metal decoration of carbon materials. Impregnation is usually followed by 

thermal annealing that leads to the reduction and creation of precious metal’s 

nanoparticles. The size of deposited nanoparticles can be controlled by manipulating the 

process parameters, e.g., type of chemical compounds, their concentration, temperature 

or the environment of thermal annealing. This relatively simple procedure can be used 

to deposit Ru, Pt, Pd, or Au nanoparticles on the carbon surface [154–156].  

Another approach available for material modification is endohedral 

encapsulation of precious metal nanoparticles, and because of their structure this type of 

functionalization is accessible only for carbon nanotubes. To achieve encapsulation, the 

closed structure of CNT needs to be open via, for example, ball milling, and subsequent 

wet impregnation and thermal annealing can be performed [157]. Such change in the 

localization of precious metal nanoparticles significantly alternate the catalysis and 

conductivity mechanisms.  

The noticeable growth in capacity and decrease in charge overpotential for the 

lithium-oxygen cells utilizing precious metal decorated carbon cathode can be attributed 

to the modified electronic state of cathode material’s surface. Due to the high catalytic 

activity of precious metal nanoparticles in the oxygen evolution reaction, they promote 

the decomposition of Li2O2 during charging. However, the deposited nanoparticles can 

also participate in the ORR and formation of lithium peroxide during discharging. The 

inclusion of precious metal nanoparticles in the deposited Li2O2 can slightly increase its 

conductive properties, enabling easier decomposition during charging [153]. Moreover, 

some types of noble metal nanoparticles, e.g., gold, can even facilitate the 

decomposition of side reaction products, which can furtherly improve the performance 

of the Li-O2 cell [154]. 

The coating conducted by the conventional wet impregnation leads to the 

formation of localized agglomerations of precious metal nanoparticles on the surface of 
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carbon material – active seeds, that display significantly higher catalytic activity than 

a pristine carbon material. The creation of active seeds leads to the formation of local 

enrichments of deposited Li2O2 on nanoparticle agglomerates, which results in an 

uneven coverage of cathode material. Agglomerates of non-conductive lithium peroxide 

formed on active seeds do not have a direct contact with the conductive surface of 

cathode material, which significantly worsen the decomposition of discharge products 

and eventually leads to electrode polarization. However, the creation of localized 

agglomerates of highly active seeds can be omitted by the encapsulation of precious 

metal nanoparticles inside CNT. These encapsulated nanoparticles affect the formation 

of discharge products on the surface of cathode materials by providing uniform electron 

distribution on the surface, resulting in a more evenly distributed layer of Li2O2 that 

decomposes more easily during charging.  

However, the enhanced reactivity of precious metal containing cathode material 

can have undesirable impact on the performance of the Li-O2 cell. Promotion of 

parasitic reactions can be caused by lowering the oxidation potentials for the evolution 

of carbon dioxide or increasing the oxygen reactivity toward the decomposition of an 

electrolyte. Such deteriorating activity of electrocatalyst has been reported for Pt, Ru, 

Au, and MnO2 [158]. 

The final impact of precious metal doping on the performance of lithium-oxygen 

battery will vary, depending on the type of metal, chosen synthesis route, and the 

parameters of testing, such as current density or cathode support material. However, in 

the case of all precious metals, usually substantial improvement of performance can be 

observed. The utilization of Ru nanoparticles can lead to the increase of the first 

discharge capacity by 77% with the simultaneous decrease in charge and discharge 

overpotential, by 0.07 V and 0.55 V, respectively [156]. Similarly high increases in the 

first cycle discharge capacities by 42% and 67% have been observed, when Pd and Au 

nanoparticles, respectively, have been incorporated in the structure of carbon 

materials [154, 155].  

In general, the use of precious metals is considered as an effective way of 

enhancing the properties of carbon-based cathode materials. The level of achievable 

improvement is substantial in comparison to that of unmodified carbon materials, but 

the broader application of this type of catalyst is constrained by its high price and 

scarcity. The large-scale production of lithium-oxygen batteries utilizing the precious 

metal containing cathode materials could be seen as not financially favorable, thus their 

application is limited to the laboratory scale.  

2.3.3.2. Transition metal oxides  

Apart from precious metals, transition metal oxides have been one of the first 

compounds investigated in the role of catalyst for cathode materials in lithium-oxygen 

cells. The variety of available transition metal oxides and functionalization methods, 

combined with thoroughly researched electrochemical properties have brought the 

attention of researchers to this class of catalysts. Moreover, the application of transition 

metal oxides is more economically viable than the use of precious metals. Transition 
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metal oxides improve the performance of Li-O2 cells by increasing cyclability and 

lowering overpotential due to their high catalytic activity in ORR and OER, acceptable 

electric conductivity, and in most cases good corrosion resistance [153]. 

Among many transition metal oxides tested in the role of catalyst, manganese 

dioxide (MnO2) is one of the most extensively investigated. Incorporation of MnO2 into 

the structure of the carbon material can be carried out by various techniques, including 

wet impregnation followed by thermal annealing, hydrothermal method, or 

electrochemical deposition [159–161]. The appropriate adaptation of the 

functionalization process parameters allows to control the characteristic of the created 

MnO2 layer, such as the mass loading of catalysts on the carbon material, the uniformity 

of the deposited layer, and the type of crystal structure (depending on the pH and 

temperature, α, β, or mixture of polymorphic crystal structures can be deposited from 

the KMnO4 solution).  

Another frequently explored catalyst of this class is cobalt and its oxides. 

Similarly to manganese dioxide, the feasibility of tailoring of synthesis techniques and 

significant improvements of Li-O2 cell’s performance are the main factors favoring the 

application of cobalt oxides. The majority of functionalization methods are based on 

wet impregnation of cobalt salts solution with subsequent thermal annealing [162, 163]. 

However, other techniques, including electrochemical deposition and the hydrothermal 

method, are also used for the incorporation of cobalt oxides into the carbon 

structure [163, 164].  

Other transition metal oxides have been proposed as catalysts for cathode 

materials, but much less emphasis has been placed on them compared to manganese or 

cobalt oxides – iron and titanium oxides have been often researched. In the case of the 

functionalization of carbon materials with titanium oxide (TiO2), predominantly the 

corrosion resistance of cathode material is enhanced, which directly improve the 

stability of cathode and cyclability of the cell. The coating of carbon material can be 

performed employing the atomic laser deposition technique (ALD), which allows 

relatively uniform coverage of carbon material with TiO2 and precise control of 

thickness of the deposited layer [165]. On the other hand, the utilization of iron oxides 

as catalyst is a more cost-effective alternative to the previously described transition 

metal oxides. At the same time, high catalytic activity of iron oxides provides 

a sufficient improvement of Li-O2 cell performance. The synthesis routes for the 

functionalization with iron oxides vary from straightforward wet impregnation and 

subsequent thermal treatment to electrospinning combined with calcination [166, 167]. 

The incorporation of transition metal oxides into the structure of carbon 

materials leads to the significant improvements in both discharge capacity and 

cyclability in comparison to unmodified cathode materials. The rise of discharge 

capacity varies, depending on the type of transition metal oxides included – from 13% 

increase observed for the CNT coated with CoO/Co [162], up to 77% growth in the first 

cycle discharge capacity, when the CNT/TiO(2-x) composite is applied as cathode 

material [165]. Even for the same transition metal oxides, the improvement of 
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performance of Li-O2 cell can vary, as can be observed in the case of the application of 

MnO2 as catalyst. Typically, an increase of couple of dozens percents in the first cycle 

discharge capacity is achievable, as presented in the work of Kavaki et al. (when the 

growth of 53% has been reported) [168]. However, substantial enhancements in the 

performance of the battery are also achievable, as reported by Li et al., when the 

increase of 339% in the first cycle discharge capacity has been observed [159]. 

Additionally, the cyclability of the lithium-oxygen battery is also improved, as observed 

in the work of Yang et al. – when with the restricted discharge capacity at 500 mAh g-1, 

the number of cycles have grown from 50 to 90 cycles after the functionalization of 

CNT with TiO(2-x) [165]. 

Different factors limit the application of transition metal oxides as a widespread 

catalyst for cathode materials for lithium-oxygen cells. Although the cost of transition 

metal oxides based catalyst is lower than precious metals based, they suffer from lower 

catalytic activity and poorer conductivity. Additionally, the environmental risks and 

geopolitical tensions related to the mining of some of those metals (e.g., cobalt) would 

need to be solved before the large-scale utilization in lithium-oxygen 

batteries [169, 170].  

2.3.3.3. Heteroatoms 

Despite the offered improvement in the Li-O2 cell’s performance , the utilization 

of precious metals and transition metals oxides as catalyst leads to a sustainability 

concern and increases the cost of cathode materials. The opportunity to eliminate these 

issues, while still enhancing the properties of cathode materials, is presented by the 

heteroatom doping. This method of functionalization is one of the most promising 

approaches for improving the characteristics of carbon materials, because of the 

extremely wide range of modification techniques available, great economic 

effectiveness, and tunability of the carbon structure. Moreover, the incorporation of 

different heteroatoms has been proven to impact the properties of carbon materials in 

a beneficial way, which only increases the attractiveness of this type of structure 

modification.  

Oxygen  

Apart from carbon and hydrogen, one of the main element in the composition of 

carbon materials is oxygen. The incorporation of oxygen into the carbon structure can 

occur unintentionally during synthesis or processing of carbon materials, or can be 

carried out deliberately to shift the properties of material. Chemical oxidation in acids 

(e.g., H2SO4 or HNO3) or in hydrogen peroxide are one of the most frequently used 

methods to incorporate additional oxygen atoms into carbon structure. Oxygen is 

present in carbon structure in the form of various functional groups, the main oxygen 

groups appearing in the carbon materials are presented in the Fig. 9.  
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Fig. 9. Schematic presentation of main types of oxygen functional groups: a) carboxyl, 

b) lactone, c) hydroxyl, d) ether, e) carbonyl, f) quinone, g) acid anhydride, h) pyrone. 

 Generally, the oxidation of carbon materials changes their nature from 

hydrophobic to hydrophilic, which improves the wetting process of the cathode (in the 

case of polar electrolytes) and the diffusion of the electrolyte. Furthermore, the 

incorporation of oxygen functional groups in the cathode material changes the structure 

of discharge products by decreasing the size of the deposited Li2O2 crystallites (from 

around 2 µm to approximately 700 nm for unmodified and oxidized electrode, 

respectively), thus facilitating their easier decomposition during charging [171]. 

However, the increased content of oxygen groups can also have a detrimental influence 

on the working of lithium-oxygen cell. The interaction between oxygen groups and 

electrolyte can promote the decomposition of carbon cathode and electrolyte, resulting 

in a decrease in cyclability [172]. 

Nitrogen  

Incorporation of nitrogen atoms as a catalyst has been investigated in various 

applications, including fuel cells, lithium-ion batteries, or EDLC [173]. The abundance 

of nitrogen-containing compounds, variety of functionalization methods, and different 

ways in which N atoms can influence the work of an electrochemical system are main 

reasons for the intense research on that element.  

Methods of nitrogen doping can be separated into two groups – in-situ and 

ex-situ approach. The fundamental difference between these two groups is the phase of 

synthesis during which nitrogen atoms are built into the carbon structure. For the in-situ 

methods, N atoms are incorporated directly into carbon structure during the synthesis, 

which provide the opportunity to obtain N-doped carbon materials via relatively 

straightforward routes. Additional compounds, which act as nitrogen donors, can be 

introduced to the feed of raw materials. Alternatively, a carbon source can be replaced 

with a different chemical compound containing nitrogen and carbon, which will act as 

a carbon and nitrogen donor simultaneously. Due to the ease of modifying raw 

materials’ feed, simplicity of technique, and its low cost, chemical vapor deposition is 
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frequently used for conducting the in-situ N-doping. Wide range of compounds can be 

utilized as nitrogen or nitrogen and carbon donors, including ammonia, melamine, or 

acetonitrile, which enables relatively simple design of N-doped materials. On the other 

hand, ex-situ approach require two-steps route – firstly, the carbon materials are 

synthesized via conventional techniques, and the subsequent treatment is conducted to 

incorporate nitrogen atoms into material’s structure. In this case, the N-doping is 

usually conducted via wet treatment or hydrothermal method, where the carbon material 

reacts with nitrogen donor. This is a facile approach, due to the abundance of chemical 

compounds consisting of N atoms that can serve as a donor – from inorganic acids to 

organic solvents [153].  

The broad range of available functionalization methods and the reactivity of 

carbon and nitrogen atoms leads to the multitude of nitrogen containing functional 

groups, which are presented in the Fig. 10. Although, there is vast number of 

configurations in which nitrogen can create bonds with other atoms to form various 

functional groups, the two key groups in terms of improving the properties of cathode 

materials in Li-O2 cells are pyridinic and pyrrolic groups [100, 174–176]. Pyridinic 

nitrogen is bonded to sp2 carbon atoms and is depicted as N atom located at the edge of 

carbon layers or as defect formed inside the carbon planes. Pyrrolic nitrogen is 

incorporated into the carbon framework by substituting carbon atoms. It is bonded to 

sp3 hybridized carbon within a five-membered ring. Additionally, the graphitic 

(quaternary) nitrogen, which substitutes the carbon atom in a six-membered ring in the 

graphene basal plane, can improve the electrical conductivity of carbon material (by 

contributing two electrons to the π-π system), thus improving the performance of 

cathode material in lithium-oxygen battery. Nitrogen can influence the performance of 

the lithium-oxygen cell via different mechanisms.  

 

Fig. 10. Schematic presentation of types of nitrogen functional groups: a) primary 

amine, b) secondary amine, c) tertiary amine, d) amide, e) lactam, f) pyridone, g) 

pyridinic, h) pyrrolic, i) graphitic (quaternary), j) nitrile, k) nitroso, l) nitro. 

 Comparable amount of nitrogen atoms can be incorporated into the structure of 

carbon materials via in-situ and ex-situ functionalization methods. However, the final 
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composition and structure of N-doped carbon material will depend on process 

parameters, type of nitrogen donor, and reactivity of the carbon material itself, which is 

especially important for the ex-situ functionalization. Typically, around few percent 

(either wt. % or at. %) of nitrogen can be built into the structure of carbon materials in 

relatively mild conditions [174, 177–180]. However, the final influence of incorporated 

nitrogen on the performance of lithium-oxygen battery is heavily reliant on the settings 

and aperture used during the electrochemical measurements, e.g. type of cell, type of 

electrolyte, applied current density, and composition of cathode. For instance, in works 

from Ionescu et al. [177] and Mi et al. [178], similar amounts of nitrogen at 4.0 at. % 

and 3.92 at. %, respectively, have been built into the structure of cathode materials via 

in-situ functionalization, but the observed changes in the performance of Li-O2 battery 

have been different. For the prior research by Ionescu et al., increase by 18% of the first 

cycle discharge capacity have been observed, as compared to the unmodified material, 

while in the research by Mi et al. growth by 44% has been reported. Similar incoherent 

findings have been reported for cathode materials, that have undergone N-doping via 

ex-situ techniques. In the research by Zhang et al. [180] and Li et al. [174], comparable 

amount of N atoms have been introduced to the structure of cathode materials, 

respectively 2.98 at. % and 2.8 at. %. Comparable increases, to the ones mentioned 

above, of the first cycle discharge capacity by 22% and 40%, respectively, have been 

reported.  

 In general, nitrogen can be described as an n-type carbon dopant, which donates 

electrons into the graphene domain and assists in the formation of defected carbon 

nanostructures, which can facilitate the ORR. During the oxygen reduction reaction, 

additional electrons from nitrogen’s lone pair can increase the binding energy between 

the carbon, nitrogen, and oxygen, leading to the enhanced oxygen molecule adsorption 

on the functionalized material’s surface. Moreover, the N-doping can improve the 

electrochemical properties of carbon materials by the interaction of the nitrogen’s 

electrons lone pair and graphene’s π-electrons. The introduction of nitrogen into the 

carbon structure leads to the formation of a large number of active sites and a more 

irregular morphology. An increased number of nucleation sites results in the formation 

of more uniformly distributed layer of discharge products, which favors lower 

polarization and leads to the superior performance of the cell. The increased 

conductivity of modified surface and more evenly distributed layer of discharge 

products, promote the decomposition of Li2O2 during charging, improving the catalytic 

activity of N-doped materials in OER [153].  

Other heteroatoms  

Apart from the already described catalyst, other heteroatoms are also used in this 

role for cathode materials in lithium-oxygen cells. However, in comparison to nitrogen, 

oxygen, precious metals, or transition metal oxides, their application is much less 

frequently investigated. Amongst other heteroatoms applied as catalyst, boron, silicon, 

and phosphorus are one of the mostly tested. 
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In the case of functionalization of carbon materials with boron, such 

functionalization can be conducted by the wet impregnation in boron alcoholic 

suspension followed by thermal annealing [181]. The implementation of boron into the 

carbon structure yielded in exceptionally high capacity combined with good stability, 

which has been attributed to formation of the large number of nucleation sites, 

promoting the deposition of uniform layer of discharge products and their easier 

decomposition during charging.  

The improvement of a Li-O2 cell performance is also observed for the Si-

enriched CNT, prepared via magnetic sputtering [182]. The as prepared Si-coated 

cathode material promoted the formation of smaller Li2O2 particles, leading to their 

more facile decomposition during charging, which significantly decreased the charge 

overpotential and increased discharge capacity.  

Phosphorus doping has been reported as an effective way to improve the 

electrocatalytic properties of carbon materials, mainly by improving their activity in 

ORR [183]. However, the application of P-doped carbon materials as cathodes in 

lithium-oxygen cells is rarely investigated field. Although, the use of phosphorus doped 

Co3O4 particles, as cathode material, has been proven to improve the performance of the 

LiO2 cell in comparison to unmodified material [184].  

 The preparation of efficient cathode material is still a crucial challenge for the 

development of Li-O2 cells, but the availability of various catalysts and different 

functionalization methods is promising. Significant improvements in the work of the 

cells are observed after the modification with precious metal, transition metal oxides, or 

heteroatoms doping. Achieving suitable performance in a cost-efficient way is the key 

for the future of lithium-oxygen cells.  

3. Goals 

The main goal of the presented research is to develop or improve a synthesis method 

of new cathode materials and optimize their properties to achieve the best performance 

of lithium-oxygen batteries. However, each section is targeted to investigate slightly 

different parameters of synthesis that influence the structure of obtained materials and, 

as a result, the operation of the Li-O2 battery.  

Based on the conducted research, the correlation between synthesis temperature of 

carbon nanofibers via CVD method and their performance as cathode materials for 

lithium-oxygen battery will be investigated and the optimal temperature will be 

determined. In the case of surface modifications, multiple functionalization techniques, 

both in-situ and ex-situ, are explored in order to determine the influence of nitrogen and 

oxygen contents on the electrochemical performance of tested materials. Based on 

obtained results, the functionalization method that leads to the most significant 

improvement of performance of Li-O2 battery will be selected.  

Furthermore, the research regarding the influence of porosity of cathode material on 

the performance of lithium-oxygen battery is carried out to test the beneficial impact of 

dominant mesoporosity in activated carbons. The activated carbon enabling the best 
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performance of the Li-O2 battery will be selected as a support material for the 

development of cathode materials composed of carbon nanofibers synthesized on the 

AC and nickel oxalate based catalyst. The influence of composition of the catalyst on 

the electrochemical properties of obtained materials will be investigated.  

Lastly, new method of preparation of carbon aerogels is proposed and the potential 

application of obtained aerogels as free-standing cathodes is researched.  

4. Scope of research 

Firstly, the research regarding the synthesis of carbon nanofibers on the catalyst 

composed of nickel deposited on alumina oxide is presented. It is aimed to investigate 

the influence of the temperature of CVD synthesis on the properties of obtained CNF 

and how the observed changes impact the work of the battery. Based on the findings in 

this part, the temperature for the in-situ nitrogen doping is chosen. Additionally, 

achieved results serve as a reference point in the further development of nickel oxalate-

based catalyst.  

In the section regarding the nitrogen functionalization, the main goal is to 

compare the in-situ and ex-situ doping and decide, which method is more effective in 

terms of incorporation of nitrogen atoms into the carbon structure of CNF, resulting in 

the most significant impact on the battery performance. Moreover, extensive research 

regarding the type of nitrogen source on the amount of nitrogen build-into the CNF 

structure via in-situ method has been conducted – during CVD process different dopants 

(ammonia, acetonitrile, melamine) and their combinations have been added to the 

feeding stream. In the case of ex-situ modifications, two techniques have been chosen – 

hydrothermal treatment and subsequent ammonization in the tube furnace. The 

influence of wide range of parameters, including temperature, mass ratios of reactants, 

and pH, have been investigated for hydrothermal treatment. For subsequent 

ammonization, type of starting material and thermal procedure of the process have been 

selected as researched variables. For all samples, the amounts of incorporated nitrogen 

and oxygen atoms have been measured and for selected samples, types of incorporated 

nitrogen functional groups have also been analyzed.  

Next section is aimed at the preparation of standalone nickel oxalate-based 

catalyst, that will enable synthesis of CNF via CVD process. Due to the precipitation of 

nickel oxalate from aqueous solutions, the need for support materials is eliminated. The 

goal of preparing standalone catalyst is to simplify the process of catalyst’s formulation 

and to eliminate the need for its removal after synthesis. The influence of the process 

temperature is also investigated and the obtained results are compared with the standard 

catalyst.  

Different activated carbons have been prepared via chemical activation 

techniques, which enables the comparison of two activation agents (H3PO4 and KOH) 

on the porosity of prepared materials. Analysis on the influence of process parameters 

(type of raw materials and the mass ratios between reactants) on the properties of AC 

obtained via KOH activation is also carried out. Moreover, the investigation on the post-
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treatment of AC obtained via activation with H3PO4 is conducted. The impact of all the 

abovementioned factors on the operation of lithium-oxygen battery is also presented. 

The study regarding properties of activated carbons has been conducted in order to 

determine optimal raw materials and conditions of synthesis of material for the 

application as a support material in CNF/AC composite preparations. In order to 

maximize the performance of the Li-O2 battery, carbon nanofibers and activated carbon 

based composite materials have been prepared. To achieve that, the relatively facile 

method of catalyst preparation has been developed and as obtained catalysts have been 

utilized in the conventional CVD synthesis. The influence of catalyst composition on 

the properties of CNF/AC composites has been tested. 

Lastly, the facile method of preparation of CNT carbon aerogels has been 

developed. Due to the properties of obtained aerogels, their application as free-standing 

cathodes in the Li-O2 batteries has been proposed. The influence of CNT concentration 

of initial mixture used in the preparation of aerogels on the porosity and structure of 

aerogels is comprehensively analyzed. The goal of proposing free-standing cathode is to 

simplify the construction of cathode and to limit the impact of side reactions by 

eliminating the number of components.  

The influence of parameters of synthesis, chosen method, and/or type of raw 

materials on the porosity, morphology, composition, and structure of prepared materials 

is investigated via various techniques, including SEM, N2 adsorption/desorption 

isotherm at 77 K, Raman spectroscopy, and for selected samples additional techniques 

have been utilized, such as XRD spectroscopy, elemental analysis, and XPS 

spectroscopy. In terms of electrochemical measurements, for all of the samples the 

GCPL measurements have been conducted, aimed to research the performance of the 

Li-O2 battery across the first discharge-charge cycle, but also the cyclability across the 

50 discharge cycles (for all samples, apart from carbon aerogels). Moreover, for 

CNF/AC composites the investigation regarding the influence of the current density on 

the first cycle performance has been carried out, as well as the influence of the 

restricting of discharge capacity on the cyclability.  

5. Methodology 

5.1. Preparation of cathode materials 

5.1.1. Synthesis of carbon nanofibers  

Two types of catalysts have been utilized in order to synthesize CNF by catalytic 

chemical vapor deposition. Firstly alumina based catalyst, which will be later noted as 

“standard”, has been prepared by the wet impregnation technique using 1.0 M aqueous 

solution of Ni(NO3)2•6H2O (POCH, 99%). In order to obtain final catalyst with the Ni 

content of 14 wt. %, the appropriate amounts of alumina powder (Sigma Aldrich, 

particles size <50 nm) and Ni precursor have been mixed. The as prepared sample has 

been left to dry overnight in 110ºC and has been later calcinated in 350ºC in air for 4 h. 

Synthesis of carbon nanofibers has been carried out in a quartz tube of diameter of 

32 mm in a horizontal furnace (Czylok). For each synthesis, 0.2 g of the catalyst has 

been spread in the bottom of the quartz boat, which has been later placed in the middle 
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of the quartz tube. Before the growth of CNF, the catalyst has been heated to 700ºC 

with heating rate of 5ºC/min in a nitrogen flow of 9 dm3h-1 and subsequently reduced in 

a flow of hydrogen (9 dm3h-1) for 2 h. After the reduction, furnace has been cooled 

down in the flow of nitrogen and hydrogen (1:1, v/v, 9 dm3h-1 each) to the actual 

temperature of synthesis, see Tab. 1. The growth of CNF has been carried out in a flow 

of C3H8 and H2 (1:1, v/v, 9 dm3h-1) for 1 h. After that step, the furnace has been cooled 

down to the room temperature in the flow of N2 (9 dm3h-1). To collect sufficient amount 

of samples, each synthesis has been performed multiple times. As collected CNF have 

been purified by leaching via sonification in Teflon-made container in concentrated 

hydrofluoric acid for 1 h. After removing the alumina support, CNF have been washed 

and filtered with distilled water until the pH of filtrate reached neutral level. The final 

product has been dried overnight at 100ºC and has been stored in desiccator.  

The second catalyst for CVD synthesis is based on the free-standing nickel 

oxalate. The nickel oxalate has been prepared by precipitation of the salt from the 1.0 M 

aqueous solutions of Ni(NO3)2 (POCH, 99%) and 1.0 M aqueous solutions of (COOH)2 

((COOH)2•5H2O, POCH, 99%). The oxalic acid solution has been slowly added to the 

nickel nitrate solution. The drop-wise titration has been conducted with simultaneous 

intense mixing (450 rpm) of the nickel nitrate solution, to enable formation of small 

crystallites of nickel oxalate. After the precipitation, the obtained catalyst has been 

washed and filtered with distilled water until the pH of filtrate has reached neutral level. 

As collected material has been dried overnight at 100ºC and has been stored in 

desiccator. The process of CNF growth has been conducted similarly to the process 

carried out on the standard catalyst, however, due to the properties of nickel oxalate, the 

step of catalyst reduction could be omitted. Therefore, after nickel oxalate has been 

spread in the bottom of the quartz boat and placed in the middle of the quartz tube. The 

furnace has been heated at a rate of 5ºC in the flow of nitrogen (9 dm3h-1) to the 

synthesis temperature, see Tab. 1. Then, CNF growth has been carried out in the flow of 

C3H8 and hydrogen (1:1, v/v, 9 dm3h-1 each) for 1 h. After that step, the furnace has 

been cooled down to the room temperature in the flow of N2 (9 dm3h-1). To collect 

sufficient amount of samples, each synthesis has been performed multiple times.  

Tab. 1. List of the CNF samples obtained via CVD. 

Sample name Type of catalyst Temperature of 

synthesis  

Reduction 

details 

CNF450 Ni deposited on 

alumina support 

450ºC For 2 h at 700ºC 

in hydrogen 

atmosphere 
CNF500 500 ºC 

CNF550 550 ºC 

CNF600 600 ºC 

CNF450-NiOx Nickel oxalate 450 ºC None 

CNF500-NiOx 500 ºC 

CNF550-NiOx 550 ºC 

CNF600-NiOx 600 ºC 
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5.1.2. Nitrogen functionalization  

5.1.2.1. In-situ methods  

The synthesis of nitrogen-doped CNF via in-situ techniques has been conducted 

similarly to the procedure described in the section 5.1.1. – dedicated for the CVD 

synthesis on the standard catalyst. The alumina-supported catalyst has been firstly 

reduced at 700ºC in H2 atmosphere and after the furnace has been cooled down to 500ºC 

the growth of N-doped CNF has been carried out. However, nitrogen precursors have 

been added to propane in the stream of raw materials. Various nitrogen precursors have 

been investigated, including ammonia, acetonitrile, melamine, and their combination, 

see full list of samples in the Tab. 2. Gaseous ammonia has been added to the flow of 

C3H8 and H2 as the third stream, with the proportion between the three gasses in the 

ratio of 1:1:1, v/v (9 dm3h-1 each). Acetonitrile has been introduced to the stream of raw 

materials by carrying out the bubbling of the liquid acetonitrile by the flow of C3H8 

(9 dm3h-1), which transported fumes of acetonitrile to the quartz tube to the zone of 

CNF growth. The mass of introduced acetonitrile has been estimated to be around 3.0 g. 

Melamine (1.0 g), in the form of powder, has been placed in a smaller quartz boat and 

has been held in the quartz tube outside of the heating zone. Once the furnace has 

reached target temperature of 500ºC, boat with melamine has been transported to the 

area of the tube with the temperature of around 350ºC, which has enabled the 

sublimation of the powder. The created melamine in the gas form has been transferred 

to the growth zone of CNF by the flow of propane and hydrogen (1:1, v/v, 9 dm3h-1 

each). In the cases, where two or more nitrogen precursors have been utilized, the 

procedure is based on the combination of abovementioned methods.  

Tab. 2. List of samples obtained during the in-situ functionalization of CNF grown on 

the standard catalyst at 500ºC. 

Sample name  Nitrogen precursor 

CNF500-Am Ammonia 

CNF500-Ac Acetonitrile 

CNF500-Me Melamine 

CNF500-Am-Ac Ammonia + Acetonitrile 

CNF500-Am-Me Ammonia + Melamine 

CNF500-Ac-Me Acetonitrile + Melamine  

CNF500-Am-Ac-Me Ammonia + Acetonitrile + Melamine  

  

The yield of each synthesis conducted via CVD process has been calculated 

based on the catalyst weight increase after the process using the equation (10):  

𝑌 =
𝑚𝑡−𝑚𝑐𝑎𝑡

𝑚𝑐𝑎𝑡
   (10) 

Where Y is the yield of CNF synthesis expressed in the mass of CNF produced during 

the CVD per mass of catalyst [gCNFgcat
−1 ], mt is the combined mass of deposited carbon 

material after the reaction and the mass of catalyst, and mcat is the initial mass of 

catalyst. Additionally, the yield of synthesis conducted on the standard catalyst 
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expressed in the mass of CNF per mass of nickel contained in the catalyst 

(YNi [gCNFgNi
−1]) is also calculated using the equation (11): 

𝑌𝑁𝑖 =
𝑚𝑡−𝑚𝑐𝑎𝑡

0.14 ∙ 𝑚𝑐𝑎𝑡
   (11) 

Where the fraction of 0.14 is related to the nickel content in the standard catalyst 

(14 wt. %). The yield of CVD synthesis conducted on the nickel oxalate based catalyst 

expressed in mass of CNF per mass of nickel (YNi) has been calculated according to the 

equation (12) for synthesis of carbon nanofibers on the nickel oxalate based catalyst. 

Slightly different formula results from different content of nickel in the initial catalyst – 

nickel oxalate contains 39.5 wt. % of Ni.  

𝑌𝑁𝑖 =
𝑚𝑡−𝑚𝑐𝑎𝑡

0.395 ∙ 𝑚𝑐𝑎𝑡
   (12) 

5.1.2.2. Ex-situ methods 

The investigation on the influence of the functionalization via ex-situ methods 

on the amount and type of incorporated nitrogen atoms has been carried out for the 

CNF500 sample.  

Hydrothermal treatment  

 Functionalization of CNF sample via hydrothermal technique has been 

conducted in the pressur reactor equipped with the stainless steel vessel (4590 Micro 

Stirred Reactor, Parr Instrument Company), mechanical stirrer and thermocouple, the 

utilized setup is presented in the Fig. 11. The CNF500 and ammonia solution have been 

mixed together in appropriate proportions to achieve the desired mass ratio of CNF to 

nitrogen donor. For processes requiring the pH adjustments, the appropriate volume of 

concentrated acetic acid (99.5 wt. % solution) has been added. The distilled water has 

been added in each case to achieve total volume of the reaction mixture of 100 cm3. 

After the setup has been assembled, the stirring speed set at 200 rpm and the heating 

have been switched on. Wide range of parameters have been tested, including different 

ratios of CNF to dopant and temperature, detail list is presented in the Tab. 3.  
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Fig. 11. Image of utilized Parr reactor for the hydrothermal functionalization of 

CNF [185]. 

Tab. 3. List of nitrogen doped samples prepared via hydrothermal treatment. 

Sample name Mass ratio of 

CNF500 to ammonia 

Temperature pH  

CNF500/HT-N25/160 1:25 160°C Not adjusted 
CNF500/HT-N25/180 180°C  Not adjusted 
CNF500/HT-N25/180/pH7 7 
CNF500/HT-N25/180/pH5 5 
CNF500/HT-N25/200 200°C  Not adjusted 
CNF500/HT-N25/220 220°C  Not adjusted 
CNF500/HT-N50/180 1:50 180°C  Not adjusted 
CNF500/HT-N100/180 1:100  Not adjusted 
CNF500/HT-N200/180 1:200  Not adjusted 

 

Subsequent ammonization 

Functionalization via subsequent ammonization has been carried out in the same 

horizontal furnace as CVD processes. For each process, 0.2 g of CNF sample has been 

spread in the bottom of the quartz boat, which has been later placed in the middle of the 

quartz tube. The furnace has been heated to 500ºC with a heating rate of 10ºC/min in a 

nitrogen flow of 9 dm3h-1. The ammonization has been conducted in the flow of 

nitrogen and ammonia (1:1, v/v, 9 dm3h-1 each) for 4 h. After that step, the furnace has 

been cooled down to the room temperature in the flow of N2 (9 dm3h-1). 

 Three variations of this doping procedure have been carried out: 1) sample of 

CNF500 has been subjected to the aforementioned procedure and the obtained sample is 

later noted as CNF500-Am-ex; 2) CNF500 has been oxidized before ammonization. 

The oxidation step has been conducted in a flask, where 0.6 g of CNF500 has been 

mixed with 100 cm3 of concentrated nitric acid. The mixture has been stirred (200 rpm) 

and heated (100ºC) under reflux condenser for 24 h. Next, as-collected CNF have been 

washed and filtered with distilled water until the pH of filtrate reached neutral level. 

The final product has been dried overnight at 100ºC and later noted as CNF500-OX. 

The subsequent ammonization has been conducted according to the procedure described 
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earlier and the obtained sample is later noted as CNF500-OX-Am-ex1; 3) Additionally, 

the ammonization of CNF500-OX, where the whole process (heating and the actual 

ammonization) is carried out in the flow of nitrogen and ammonia (1:1, v/v, 9 dm3h-1 

each). The as obtained sample is later noted as CNF500-OX-Am-ex2. The list of 

samples obtained via subsequent ammonization is presented in the Tab. 4.  

Tab. 4. List of samples prepared via subsequent ammonization. 

Sample name Raw material Procedure 

CNF500-Am-ex CNF500 Heating in the flow of N2 at rate 

10ºC/min. Ammonization in the flow of 

N2 and NH3 at 500ºC for 4 h. Cooling 

down in the flow of N2. 

CNF500-OX-Am-ex1 CNF500-OX 

CNF500-OX-Am-ex2 CNF500-OX Heating (10ºC/min) and ammonization 

(at 500ºC for 4 h) in the flow of N2 and 

NH3. Cooling down in the flow of N2. 
 

5.1.3. Preparation of activated carbons  

Wide range of activated carbons has been prepared by carbonization and 

chemical activation of organic precursors. Activation with potassium hydroxide and 

phosphoric acid have been employed to obtain ACs with different porosity.  

The process of preparation of activated carbons from coal-tar pitch (CP) begins 

from the synthesis of two semi-cokes by the pyrolysis of CP at 520°C and 600°C. The 

pyrolysis of coal pitch has been carried out in a vertical glass retort, where a 50-60 g of 

raw material has been heated at a rate of 5ºC/min to 520ºC and has been held for 

2 hours in an inert atmosphere of nitrogen. The grains of as collected material have been 

grinded to the size from 0.1 to 0.63 mm, and as prepared sample is noted as CP520. 

Furtherly, thermal treatment of the semicoke obtained from coal pitch has been 

conducted in a horizontal tube furnace, where 12 g of CP520 have been spread in the 

bottom of the quartz boat and placed in the middle of the quartz tube. Later, the furnace 

has been heated at the rate of 10ºC/min to 600ºC in the flow of nitrogen (9 dm3h-1) and 

held for 1 h. The as prepared material is noted as CP600.  

The preparation of activated carbons via chemical activation with KOH has been 

conducted in a quartz tubular reactor with a diameter of 36 mm. The reaction mixture, 

weighing approximately 30 g consisting flakes potassium hydroxide and carbonized 

coal pitch in a mass ratio of 3:1 and 4:1, has been placed in a nickel boat. Heating has 

been carried out to a final temperature of 800ºC at a rate of 10ºC/min. Activation has 

been conducted for 1 h in the atmosphere of nitrogen flowing through the reactor at 

a rate of 30 dm3h-1. After heating, the furnace is cooled down to the room temperature. 

The obtained sinter of activated carbon and potassium hydroxide decomposition 

products is washed from the nickel boat with a stream of distilled water. After filtering 

off the excess of alkaline solution, the activated carbon suspension is poured with 5% 

HCl and placed in an ultrasonic bath at 50°C for approximately 15 minutes, then filtered 

under vacuum using a Büchner funnel. The carbonaceous material remaining on the 

filter is washed with hot distilled water until the filtrate contains no chloride ions. The 
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activated carbon is dried in air at 110°C until the constant weight is achieved and then it 

is stored in a desiccator. Three activated carbons have been prepared via described 

process, and details regarding the obtained materials are presented in the Tab. 5.  

Tab. 5. List of activated carbons prepared via chemical activation with potassium 

hydroxide. 

Sample name Carbonaceous raw 

material 

Mass ratio of KOH to 

carbonaceous raw material 

AC/CP520/3KOH CP520 3:1 

AC/CP600/3KOH CP600 3:1 

AC/CP600/4KOH CP600 4:1 
 

The process of chemical activation with concentrated phosphoric acid has been 

conducted via two-step procedure, that includes wet impregnation of pine wood 

followed by pyrolysis. Wood shavings are initially impregnated with concentrated 

H3PO4 at 1:3 biomass/acid mass ratio. This mixture is then heated in an oven at 120ºC 

for 24 hours. After the impregnation, the pyrolysis of carbonaceous material is 

conducted in a horizontal tube furnace. The sample has been spread in the bottom of 

quartz boat and placed in the middle of the quartz tube. Heating has been carried out to 

a final temperature of 800ºC at a rate of 10ºC/min. The activation process has been 

conducted for 1 h in an atmosphere of nitrogen flowing through the reactor at a rate of 

30 dm3h-1. The prepared carbonaceous material is washed with hot distilled water in 

a Soxhlet extractor for 24 h to remove any residuals of phosphoric acid. The activated 

carbon is dried in air at the temperature of 110°C until the constant weight is achieved 

and then it is stored in a desiccator. The as prepared material is noted as AC/H3PO4. 

Additionally, the as obtained activated carbon has been reduced at 500°C with a heating 

rate of 10°C/min for 1h in a flow of hydrogen and nitrogen (1:1, v/v, 9 dm3h-1 each). 

The as prepared material is noted as AC/H3PO4/RED. 

The yield of each activation process, defined as a loss of mass after the process, 

has been calculated based on the decrease of weight of material after the process using 

the equation (13):  

𝑌𝐴𝐶 =
𝑚𝑟𝑎𝑤−𝑚𝐴𝐶

𝑚𝑟𝑎𝑤
 ∙ 100%   (13) 

Where YAC is the yield of activation expressed in loss of the mass of raw 

material after activation, mraw is the mass of raw material before the process, and mAC is 

the mass of obtained activated carbon after washing and drying to constant mass.  

5.1.4. Synthesis of carbon nanofibers and activated carbon composites  

Firstly, catalysts have been prepared by physical mixing of appropriate amounts 

of nickel oxalate powder (prepared according to the procedure described in the section 

5.1.1.) and AC/H3PO4 in an agate mortar. Components of the catalyst have been ground 

together until the homogenous powder has been obtained. The amount of nickel oxalate 

has been adjusted, so that the nickel content in a catalyst has reached the value of 10, 

20, and 50 wt. %, and catalysts are noted as AC/H3PO4/10, AC/H3PO4/20, and 

AC/H3PO4/50, respectively. Carbon nanofibers and activated carbon based composites 
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have been synthesized via CVD technique and the procedure previously described in 

section 5.1.1. (subsection dedicated to the synthesis of CNF on the nickel oxalate) is 

used. In the bottom of the quartz boat, the 0.2 g of each of the prepared catalysts has 

been spread and then the furnace has been heated to the temperature of 500ºC at a rate 

of 5ºC in the flow of nitrogen (9 dm3h-1). The CNF growth has been carried out in the 

flow of C3H8 and hydrogen (1:1, v/v, 9 dm3h1 each) for 1 h. After that step, the furnace 

has been cooled down to the room temperature in the flow of N2 (9 dm3h-1). To collect 

sufficient amount of sample, each synthesis has been performed multiple times. The 

composites synthesized on the appropriate catalyst are noted as CNF500/AC/H3PO4/10, 

CNF500/AC/H3PO4/20, and CNF500/AC/H3PO4/50. 

The yield of each synthesis of CNF (Y) has been calculated according to the 

equation (10). However, in order to calculated yield of reaction expressed in the mass of 

CNF per mass of nickel (YNi) for synthesis of CNF500/AC/H3PO4/10, 

CNF500/AC/H3PO4/20, and CNF500/AC/H3PO4/50 equation (12) required 

readjustment to include the actual content of nickel oxalate in each of utilized catalysts 

– equation (14):  

𝑌𝑁𝑖 =
𝑚𝑡−𝑚𝑐𝑎𝑡

𝑋 ∙ 0.395 ∙ 𝑚𝑐𝑎𝑡
   (14) 

Where X expresses the content of nickel oxalate in the initial catalyst, other symbols 

represent the same values as for the equation (10).  

5.1.5. Preparation of carbon aerogels  

Carbon aerogels have been prepared from commercially available CNT purchased 

from Sigma-Aldrich (Cat. number of 724 769). CNT are dispersed in 4 ml of deionized 

water using an ultrasonic stirrer for 1 h, followed by the addition of 60 μl of 

concentrated aqueous ammonia and further mixing using an ultrasonication bath for 1 h. 

TETA (0.1 mmol) is added after the dispersing process and then the mixture is heated in 

a sealed bottle in an oil bath at 95°C for 24 h. The obtained hydrogels have been 

subsequently flash-frozen in liquid nitrogen and freeze-dried for 24 h. The aerogels with 

the concentration of CNT in the initial dispersion set at 3.0, 4.5, 6.0 and 7.5 mgCNT ml-1 

are prepared, and the samples are noted as Aero_3.0, Aero_4.5, Aero_6.0 and Aero_7.5, 

respectively. 

5.2. Materials characterization  

5.2.1. Specific surface area and porosity  

The characterization of the porous structure of all samples has been carried out 

by nitrogen gas adsorption at 77K (ASAP 2020, Micrometrics). This technique allows 

to characterize pores of sizes in the range of 0.7 and 50 nm (generally micro- and 

mesopores). Before measurements, all samples have been degassed to remove absorbed 

species. The temperatures of degassing have been adjusted appropriately to the 

properties of each sample. After the initial degassing, materials with expected high 

specific surface area and large share of microporosity (activated carbons and CNF/AC 

composites), have been subsequently dried to remove any residual of adsorbed 

contaminations (300°C, 12 h, <0.01 µmHg). Total pore volume (VT), specific surface 
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area (SQSDFT), and pores size distribution (PSD) have been calculated according to the 

QSDFT equilibrium model for slit pores for the data for adsorption and desorption of 

nitrogen at 77 K. 

5.2.2. SEM  

The surface morphology of materials has been investigated by scanning electron 

microscopy. Two different microscopes have been employed to conduct observations:  

- FE SEM, Zeis Merlin, for the characterization of CNF, activated carbons, 

and CNF/AC composites 

- FEI Company, Quanta 250 FEG for the characterization of CNT and carbon 

aerogels  

For both of microscopes and for each measurement, the observation parameters (such as 

lens type and accelerating voltage) have been individually adjusted to enable obtaining 

the best achievable quality of SEM images. 

5.2.3. Raman spectroscopy  

Raman spectroscopy has been performed using an Xplora Nano (HORIBA) 

spectrometer with a 100x objective (numerical aperture 0.9, Olympus) with a 532 nm 

green laser at a laser power of ~2 mW to analyze the surface of the prepared materials 

(CNF, AC, CNF/AC composites). The measurements have been conducted with static 

mode centered at 1500 cm−1 (which corresponds to acquisition window from 0 to 

3500 cm−1) with 100 accumulations and integration time of 2 s. Two main bands can be 

distinguished during the analysis of Raman spectra of carbon nanomaterials:  

- G-band – positioned at around ~1600 cm-1 and related to the in-plane 

vibrations of sp2 carbon atoms in a graphitic structure 

- D-band – positioned at around ~1300 cm-1 and associated with disorders, 

defects, or edges of carbon layers 

For both of the above bands the intensity and position have been analyzed in order to 

provide valuable information regarding the structural characteristics of synthesized 

materials. Additionally, the intensity ratio of D and G bands (ID/IG) is also calculated, as 

it informs us about the degree of structural imperfection of the material.  

5.2.4. Elemental analysis  

The elemental analysis of the bulk content of nitrogen and oxygen in selected 

samples has been conducted at the Centre of Molecular and Macromolecular Studies at 

Polish Academy of Science in Łódź, Poland with the use of EuroVector model 3018 

analyzer.  

5.2.5. XPS  

XPS measurements have been carried out at the AGH University of Cracow 

according to the following methodology. XPS analysis have been performed with a PHI 

VersaProbeII (ULVAC-PHI, Chigasaki, Japan) using focused, monochromatic X-ray 

radiation of the Al Kα line (1486.6 eV). The beam has been focused to a 100 µm spot 

and scanned a 400 µm x 400 µm area on the sample surface. For each measurement 

location, one wide-range spectrum (0-1200 eV) with low resolution (0.5 eV) and high-
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resolution spectra (0.1 eV) have been measured in the regions of the C 1s, O 1s, N 1s 

and Ni 2p lines. During the measurements, surface charge neutralization has been used 

by irradiating the surface with a beam of low-energy electrons (1 eV) and ions (7 eV 

Ar+) to ensure a constant surface potential despite the emitted photoelectrons. The 

vacuum value in the analytical chamber has been set at around 2 x 10-9 mbar. The 

spectral line fitting has been performed using the PHI Multipak program (v.9.9.3) by 

subtracting the background using the Shirley method [186].  

The spectra in the C 1s region have been fitted with eight lines, of which line 1 

with an energy of 284.4 eV represents a C=C (sp2) bond, line 2 with an energy of 

285.0 eV is responsible for the presence of a C-C (sp3) bond, line 3 with an energy of 

286.1 eV corresponds to the presence of C-O-C and/or C-OH and/or C=N bonds in the 

aromatic structure, line 4 with an energy of 287.1 eV corresponds to C=O and/or O-C-O 

and/or N-C-O bonds, line 5 with an energy of 288.4 eV corresponds to O-C=O and/or 

N-C=O bonds, line 6 with an energy of 289.5 eV corresponding to O-(C=O)-O bonds, 

and lines 7 and 8 located at the binding energy of 290.9 eV and 293.3 eV, respectively, 

associated with the shake-up excitation [187, 188]. The shake-up excitation originates 

from sp2 carbon and its aromatic forms and is an additional parameter confirming the 

presence of this type of groups.  

Spectra in the oxygen O 1s region have been fitted with two lines, where the first 

line located at the binding energy of 531.5 eV indicates the presence of both O=C bonds 

and organic species of the -NO2 (nitro) type and metal oxides such as Ni-O [189]. The 

second line at the energy of 533.1 eV indicates the presence of O-C and/or –OH 

bonds [190]. The N 1s spectra were fitted with two lines (for samples CNF500-Am-Me, 

CNF500-Am-Ac-Me, CNF500/HT-N25/180, and CNF500-OX-Am-ex2), the first line 

at the binding energy of 398.8 eV, which indicates the presence of amides and/or C=N 

bonds in aromatic systems, that can correspond to either graphitic, pyrrolic or pyridinic 

nitrogen. The second line at the energy of 400.6 eV, indicating the presence of O-C-N 

and/or NC=O bonds and/or ammonium groups [188, 189]. For CNF500-OX, the N 1s 

spectrum has been fitted with a single line at the energy of 405.6 eV, which indicates 

the presence of nitro groups –NO2 [188].  

5.2.6. XRD  

XRD measurements have been conducted at the Faculty of Mechanical Engineering 

at Wrocław University of Science and Technology according to the following 

description. XRD measurements have been carried out using the Rigaku Ultima IV 

diffractometer with Kα1 monochromatic beam from Cu anode. All measurements have 

been performed in air with 0.02° step size in the 10-100° scanning range and the time of 

measurement of 3 minutes per degree. 

5.3. Electrochemical measurements  

5.3.1. Materials and cell’s component  

All of electrochemical measurements have been conducted in the ECC-Air test 

cell purchased from EL-Cell Company, Germany. The utilized electrolyte for each test 

was the 1.0 M solution of LiCF3SO4 dissolved in TEGDME, both purchased from 
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Sigma Aldrich. Prior to the preparation of electrolyte solution, the lithium 

trifluoromethanesulfonate (LiCF3SO4) (99 wt.%) and tetraethylene glycol dimethyl ether 

(TEGDME) (99 wt.%) have been dried. The salt has been dried at 100°C for 24 h under 

vacuum and TEGDME has been dried using molecular sieves 5A for 24 h. For the 

electrochemical measurements glass fibre separators have been purchased from 

Whatman (GF/F). A Li metal disk (MTI Corp., thickness of 0.38 mm, diameter was cut 

to 10 mm) is used as the anode.  

If not stated otherwise, all cathodes have been prepared in a similar manner. 

Cathodes have been prepared by pressing the appropriate amount of cathode material 

slurry, which contains 10 wt. % of the PTFE binder, into Ni foam pieces with 

a diameter of 10 mm and a thickness of ~1.6 mm. Only exceptions from the above 

described procedure are aerogels, which have been utilized as a free-standing cathodes.  

All of the cell components have been dried under vacuum at 90°C for 24 h 

before placing them into the glove box, where they have been stored in an Ar 

atmosphere.  

5.3.2. Measurements setup and conditions 

The assembly of all of the Li-O2 cells have taken place in the glove box in an Ar 

atmosphere. The anode, in the form of lithium disc, is pressed on the stainless steel 

surface of ECC-Air test cell. On the anode, glass fibre separator is placed and 

appropriate amount of electrolyte is added dropwise. The cathode, either in the form of 

Ni foam supported disc or free-standing, is placed on the GF separator. After that the 

rest of the cell test is being assembled, and as prepared setup is removed from the glove 

box.  

Wide range of electrochemical assessments is carried out using the BioLogic VSP 

potentiostat:  

- Galvanostatic cycling with potential limitation (GCPL) – the maximum 

discharge and charge capacity is measured by performing the tests between 

2.0 V and 4.5 V vs. Li at a constant current density of 0.4 mA cm-2. 

Simultaneously, the cyclability of battery is assessed across 50 discharge and 

charge cycles – for each of the electrochemically analyzed samples, except 

aerogels. 

- The investigation of the influence of the current density on the performance 

of the Li-O2 cell – for the selected sample. 

- The investigation of the influence of the discharge and charge capacities on 

the cyclability of the Li-O2 cell – for the selected sample. 

- The EIS analysis of new, discharged, and recharged Li-O2 cell – for the 

selected sample.  

In this work, all of the presented gravimetric values (e.g., discharge capacity) are 

calculated based on the active cathode mass. In the case of Ni foam supported cathodes, 

active mass is defined as mass of carbon material and the PTFE binder on an individual 

cathode. In the case of aerogels, active mass is defined as the mass of carbon material 
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and TETA binder. Additionally, if not stated otherwise, the overpotential is defined as 

difference between plateau of discharge or charge curve, for discharge or charge 

overpotential respectively, and the theoretical potential of OER/ORR (2.96 V). The first 

cycle reversibility is defined as the ratio of the capacity retained during the first 

charging to the capacity measured during the first discharge. Moreover, any variations 

from the above described tests (e.g., different current density or different range of 

potential) are precisely highlighted during the analysis of results.  

6. Results and discussion  

6.1. Influence of process temperature on the properties of CNF synthesized on the 

reference catalyst  

6.1.1. Synthesis  

At all of the tested temperatures of CVD process, proposed combination of 

synthesis technique and applied catalyst have led to the synthesis of CNF. In the Tab. 6 

yields of synthesis conducted on the standard catalyst at the temperature ranging from 

450°C to 600°C are presented.  

The synthesis yields of CVD process conducted on the standard catalyst have 

increased with the growing process temperature in the range from 450°C to 550°C. The 

lowest synthesis yield of 1.2 gCNFgcat
−1  has been reported at the 450°C and it has 

increased significantly to 7.1 gCNFgcat
−1

 with the rise in the process temperature up to 

500°C. Additionally, almost two-fold increase of synthesis yield up to 13.5 gCNFgcat
−1  

has been observed after another rise in the temperature to 550°C. However, further 

increase in process temperature to 600°C did not resulted in an increase in synthesis 

yield, on contrary the yield has decreased to 11.6 gCNFgcat
−1 .  

The expected increase in synthesis yield in the temperature range of 450-550°C 

can be explained by the more efficient decomposition of propane at higher temperatures 

and the improved diffusion of nickel nanoparticles onto the surface of the catalyst’s 

support. However, excessive temperatures may lead to the aggregation of catalyst 

particles resulting in the formation of large nanoparticles that promotes the growth of 

CNF less efficiently. The described change of kinetics of the CNF growth could explain 

the decrease of synthesis yield at 600°C [191]. 

Achieved values of synthesis yields can be considered as relatively high, 

especially after the consideration that the active component of the standard catalyst, 

which are nickel nanoparticles, represents only around 14 wt. % of the total mass of the 

catalyst. Taking that into account and utilizing formula described in equation (11), 

synthesis yields of all CVD processes have grown significantly to 8.3, 50.8, 96.5, and 

82.5 gCNFgNi
−1 for CNF450, CNF500, CNF550, and CNF600 samples, respectively. In 

literature, comparable values of Y and YNi have been reported by Miniach et al. by the 

utilization of similar CVD technique and temperature range yields ranging from 3.9 to 

5.9 gCNFgcat
−1 , which corresponds to 27.6 to 42.5 gCNFgNi

−1 have been achieved [191]. 

In another research study, Śliwak et al. reported the yield of 5 gCNFgcat
−1

 for CNF 

synthesis via CVD method using the Ni/Al2O3 based catalyst [192]. In both of the 



Results and discussion 

59 

 

mentioned works, methane is used as carbon source and due to its higher stability, the 

slightly lower yields of synthesis are reported, as compared to yields achieved in this 

study.  

The reported high synthesis yields, especially for temperatures of 500°C and 

above, can also be attributed to the presence of hydrogen in the feeding stream. The 

presence of hydrogen in the raw materials stream can either accelerate or hamper the 

formation of carbon nanostructures [193]. Although, not applicable in the case of this 

research, the suppressing effect of hydrogen on CNF formation is linked to surface 

hydrogenation reactions and hydrogasification of deposited carbon leading to the 

formation of methane. On the other hand, the accelerating influence of hydrogen on the 

CNF formation can be attributed to one of the two possible interpretations. One of them 

suggests, that during the CVD process hydrogen reacts with inactive metal carbides 

resulting in their decomposition and maintaining the catalytically active surface of 

metals. According to the second possible explanation, hydrogen supports the removal of 

graphite overlayer, which suppress the catalytic activity of metals [193]. In this 

research, hydrogen definitely enables maintaining the high catalytic activity of nickel 

nanoparticles and helps achieving high synthesis yield. 

Tab. 6. Yields of synthesis of CNF on standard catalyst via CVD process at different 

temperatures.  

Sample Synthesis yield, Y (𝐠𝐂𝐍𝐅𝐠𝐜𝐚𝐭
−𝟏 ) Synthesis yield, YNi (𝐠𝐂𝐍𝐅𝐠𝐍𝐢

−𝟏)  
CNF450 1.2 8.3 

CNF500 7.1 50.8 

CNF550 13.5 96.5 

CNF600 11.6 82.5 

 

6.1.2. Materials characterization  

As can be observed on the SEM images in the Fig. 12.1, 12.4, 12.7, and 12.10, 

the macroscopic structure of all of the compared samples is relatively similar and 

consists relatively large agglomerates of very entangled carbon nanofibers. Furtherly, 

the SEM images obtained with higher magnification (Fig. 12.2, 12.5, 12.8, and 12.11) 

depict a dense and entangled network of carbon nanofibers. The presented curled and 

interconnected morphology of CNF is typical for carbon nanofibers grown by the CVD 

technique. Moreover, the high degree of entanglement, suggesting morphological 

uniformity in micrometers scale of produced CNF, is characteristic for nanofibers 

obtained on nickel-based catalyst [194]. That type of morphology is often desired for 

applications in energy storage, as it indicates good development of specific surface area, 

which is desired in cathode materials for Li-O2 batteries.  

Parameters of porous structure presented in the Tab. 7 along with the N2 

adsorption/desorption isotherms and PSD shown in the Fig. 13 are utilized for the 

characterization of porosity of CNF prepared on the standard catalyst. Total pore 

volume, mesopores volume, and specific surface area are key parameters of materials 

that are considered for application in lithium-oxygen batteries.  
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Fig. 12. SEM images of CNF synthesized on the standard catalyst via CVD process at 

different temperatures: 1, 2, 3 - CNF450; 4, 5, 6 - CNF500; 7, 8, 9 - CNF550; 10, 11, 12 

- CNF600. 

Based on the presented data, continuous growth of specific surface area with the 

increase of synthesis temperature can be noticed. The lowest SSA of at 96 m2g-1 has 

been observed for CNF450. The specific surface area rises to 123 m2g-1 for CNF500 and 

to 143 m2g-1 for CNF550, but the highest value at 151 m2g-1 is reported for CNF600. 

The lowest VT and Vmeso of 0.176 cm3g-1 and 0.144 cm3g-1 are observed for CNF450. 

Initially, total pore volume and mesopores volume follow similar pattern in terms of 

growth with the increasing temperature of synthesis, which result in the rise of VT and 

Vmeso to 0.294 cm3g-1 and 0.258 cm3g-1 for CNF500, and to 0.343 cm3g-1 and 

0.306 cm3g-1 for CNF550. However, further increase of CVD temperature to 600°C has 

led to the decrease of both total pore and mesopores volumes to 0.308 cm3g-1 and 

0.270 cm3g-1, respectively. Another, useful parameter to assess the potential of material 

to its application as cathode materials in Li-O2 battery is the ratio of Vmeso/VT that 

indicates what share of total pore volume is represented by mesopores. In the case of 

CNF obtained on the standard catalyst, the lowest Vmeso/VT ratio of 0.82 is observed for 

CNF450 and for other materials the ratio is at similar value – 0.88 for CNF500 and 

CNF600, and slightly higher at 0.89 for CNF550.  
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Tab. 7. Parameters of the porous structure of CNF synthesized on the standard catalyst 

via CVD process. 

Sample Specific 

surface area, 

SQSDFT (m2g-1) 

Total pore 

volume, VT 

(cm3g-1) 

Mesopores 

volume, Vmeso 

(cm3g-1) 

Vmeso/VT 

CNF450 96  0.176   0.144   0.82  

CNF500 123  0.294   0.258   0.88  

CNF550 143  0.343   0.306   0.89  

CNF600 151  0.308   0.270   0.88  

 

The above described characteristics of porosity indicates, that obtained carbon 

nanofibers present dominant mesoporous nature. The dominant mesoporosity of all 

samples is related to the shape of N2 adsorption/desorption isotherms (Fig. 13.1, 13.3, 

13.5, and 13.7), which all can be assigned to the type IV of adsorption/desorption 

isotherm according to the IUPAC methodology [195]. Small hysteresis loop is visible in 

the graph for the CNF450 (Fig. 13.1) and it continuously increase its size for samples 

obtained at higher temperatures. Another confirmation of mesoporous character of 

discussed CNF is shown in PSD graphs, presented in Fig. 13.2, 13.4, 13.6 and 13.8. On 

all graphs, minimal share of micropores volume and the dominant share of mesoporous 

volume is observed. Pores with the highest volume can be distinguished for CNF550 

and CNF600, at the range of 11-13 nm and 8-10 nm, respectively. However, for 

CNF450 and CNF500 the selection of pores with specific diameter that have distinctly 

larger share than others is less obvious, as no evident peak is PSD graph is visible for 

either of samples.  
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Fig. 13. The N2 adsorption/desorption isotherms and PSD of the CNF synthesized on 

the standard catalyst via CVD process: 1, 2 - CNF450; 3, 4 - CNF500; 5, 6 - CNF550; 

7, 8 - CNF600. 

 The similarity of carbon structure of compared CNF is additionally confirmed by 

their Raman spectra presented in the Fig. 14. The ID/IG ratio for all of analyzed samples 

is higher than 1, which is typical for materials with high disorder level. However, 

fluctuations of the mentioned factor are observed with CNF450 and CNF500 having 

similar ID/IG ratios of 1.38 and 1.34, respectively, and CNF550 and CNF600 having 

higher, but even closer ratios of 1.67 and 1.66. Substantially higher values of ID/IG ratio 
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for CNF550 and CNF600 indicate that their structure contains more defects and display 

lower graphitization level than CNF450 and CNF500.  

Tab. 8. Comparison of key parameters of Raman spectra of carbon nanofibers 

synthesized on the standard catalyst via CVD at different temperatures. 

Sample D-band peak 

position, cm-1 

G-band peak 

position, cm-1 

ID/IG ratio 

CNF450 1 351 1 586 1.38 

CNF500 1 348 1 586 1.34 

CNF550 1 339 1 579 1.67 

CNF600 1 347 1 583 1.66 

 

In terms of position and shape of D-band and G-band peaks, high level of 

similarity is observed for all samples with relatively narrow and separated peaks being 

presented in Raman spectra, which implies rather high crystallinity and low share of 

amorphous carbon in these materials. Moreover, position of peaks of D-band and 

G-band shift by marginal values between each samples – peaks of D-band are 

positioned at the range between 1 339 to 1 351 cm-1 and G-band peaks are located at the 

range between 1 579 to 1 586 cm-1, detailed positions of peaks for each material are 

presented in the Tab. 8. 

 

Fig. 14. Comparison of Raman spectra of CNF synthesized on the standard catalyst via 

CVD process.  

6.1.3. Performance of Li-O2 cells 

The summary of the electrochemical performance of the Li-O2 batteries utilizing 

carbon nanofiber synthesized on the standard catalyst as a cathode materials is 

presented in the Tab. 9. The highest first cycle discharge capacity of 815 mAh g-1 has 

been noted for the battery employing CNF500 as the cathode material. A significant 

decrease in capacity for the first cycle has been registered for the rest of the CNF 

samples, with batteries utilizing CNF450 and CNF550 reaching the capacity of 

521 mAh g-1 and 548 mAh g-1, respectively. Further drop to 299 mAh g-1 in the first 

cycle discharge capacity is observed when CNF600 is used as cathode material.  
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Tab. 9. Summary of electrochemical performance of Li-O2 batteries with CNF 

synthesized on the standard catalyst as cathode materials during the first discharge-

charge cycle. 

Sample 1st cycle discharge 

capacity, mAh g-1  

1st cycle charge 

capacity, mAh g-1 

1st cycle 

reversibility 

CNF450 521 212 41% 

CNF500 815 456 56% 

CNF550 548 84 15% 

CNF600 299 232 78% 

 

On the other hand, the largest reversibility of the first cycle at 78% is observed 

for CNF600. While for other samples reversibility reaches 56%, 41%, and 15% for 

CNF500, CNF450, and CNF550, respectively. The charging plateau at around 4.4 V can 

be observed for CNF500 (Fig. 15.2), which corresponds to OER overpotential around 

1.4 V. In contrast, no distinct charging plateaus can be distinguished for the rest of CNF 

prepared on the standard catalyst (Fig. 15.1, 15.3, and 15.4).  

 

Fig. 15. Comparison of GCPL measurements for the first discharge-charge cycle 

conducted at current density of 0.4 mA cm-2 with CNF synthesized on the standard 

catalyst via CVD process as a cathode materials: 1 - CNF450; 2- CNF500; 3 - CNF550; 

4 - CNF600. 

 Another important aspect in the assessment of performance of cathode materials 

for lithium-oxygen batteries is the achievable cyclability. In the Fig. 16, discharge 

capacities across 50 discharge-charge cycles for CNF prepared on the standard catalyst 
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are shown. The biggest differences between all four samples can be noticed up to 

around 10th cycle – up to this point the substantially higher capacities are observed for 

CNF500 with values over 50 mAh g-1 being reported for couple of the first cycles. For 

the rest of CNF samples the capacity reported since 2nd cycle does not exceed 

50 mAh g-1. Moreover, CNF500 displays higher capacities than CNF450 and CNF550 

for the approximately 15 cycles, but after around 20th cycle the capacity observed for 

the mentioned three samples is very similar and is reaching around 20-25 mAh g-1. The 

most stable cyclability is displayed by the CNF600 sample, which presents the capacity 

of around 35-45 mAh g-1 for the initial 10 cycles. Later, the discharge capacity remains 

at the same level of around 30 mAh g-1, which is almost two-times higher than the 

capacity observed for other samples after the 40th cycle.  

 

Fig. 16. Comparison of cyclability performance of CNF synthesized on the standard 

catalyst via CVD process as cathode materials during the GCPL measurements at 

0.4 mA cm-2, the first discharge cycle is excluded. 

 Unfortunately, based on the presented results no straightforward correlation 

between measured properties of CNF and their electrochemical performance can be 

drawn. Even though, the influence of the temperature of synthesis on specific surface 

area, porosity and disorder level have been described above, there is no direct 

connection between these properties and the observed electrochemical performance. 

The material that has enabled reaching the highest discharge capacity, combined with 

satisfactory reversibility and cyclability, CNF500, is not characterized by the highest 

share of mesoporosity or SSA. These findings do not align with multiple studies that 
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highlighted the advantage of mesoporous materials with large specific surface area in 

the application as cathodes in the Li-O2 batteries [104, 137, 196]. The only parameter 

that CNF500 excelled in is the lowest disorder level, which surprisingly is not the 

quality necessarily desired for cathode materials, which will be detailly described in 

later sections.  

The explanation of such contradicting observation is challenging and presented 

hypothesis is highly speculatory, but based on the finding in literature. Widely 

perceived as important factor in the assessment of cathode material’s suitability is 

electric conductivity. In the case of carbon nanofibers, electric conductivity heavily 

depends on the position of graphene layers – based on that three types of CNF can be 

distinguished platelet, tubular, and fishbone. Although, the influence of temperature on 

the type of produced CNF have not been investigated in this research, it has been 

proven in previous studies that for nickel-based catalyst and propane as carbon source, 

in 450°C platelet CNF can be created, in 500°C and 550°C combination of fishbone and 

platelet CNF can be obtained, and in 600°C the growth of fishbone CNF is 

dominant [197, 198]. However, best to my knowledge, no specific work discussing the 

explicit influence of the type of carbon nanofibers on the performance of lithium-

oxygen battery has been published.  

6.2. Influence of the nitrogen doping on the properties of CNF500  

As have been mentioned earlier in this work, the research on impact of different 

methods of nitrogen functionalization on the content and type of nitrogen incorporated 

into the structure of carbon nanofibers has been carried out. For the in-situ method, 

various nitrogen sources have been added to the raw materials stream to investigate the 

influence of type of dopant on the final content of nitrogen in CNF. However, in the 

case of ex-situ techniques, ammonia has been selected as the nitrogen source and the 

emphasis of the research has been placed on parameters of the process.  

The temperature of 500°C has been chosen for synthesis with in-situ 

functionalization due to the superior performance of lithium-oxygen cell utilizing 

CNF500 as cathode material in comparison to other carbon nanofibers prepared on the 

standard catalyst. Accordingly, CNF500 has been chosen for the ex-situ 

functionalization due to the same reasoning.  

6.2.1. Synthesis 

Synthesis yields of CNF obtained on the standard catalyst with the in-situ 

nitrogen doping at 500°C are presented in the Tab. 10. It is worth reminding that for the 

same process, but without any source of nitrogen in the feeding stream, the synthesis 

yield is 7.1 gCNFgcat
−1  (as stated in Tab. 6). The yields of almost all processes, that 

included in-situ nitrogen doping, have been lower than for the unmodified synthesis. 

The most significant decreases in synthesis yields are observed, when gaseous ammonia 

is added to the feeding stream, either as the individual nitrogen source (CNF500-Am) or 

in combination with acetonitrile (CNF500-Am-Ac), melamine (CNF500-Am-Me), or 

both (CNF500-Am-Ac-Me). The lowest yields of 2.8 and 2.5 gCNFgcat
−1  are noted for 

CNF500-Am and CNF500-Am-Me, respectively. Slightly higher yields are observed for 



Results and discussion 

67 

 

CNF500-Am-Ac-Me and CNF500-Am-Ac, with 3.2 and 3.6 gCNFgcat
−1 , respectively. The 

drop of yields of synthesis utilizing melamine as a nitrogen source (CNF500-Me), and 

the combination of melamine and acetonitrile (CNF500-Ac-Me) is less notable, with 

yields reaching similar values of 6.4 and 6.1 gCNFgcat
−1 , correspondingly. The only 

increase of yield of synthesis for in-situ functionalization, in comparison to the 

unmodified process, is observed for the preparation of CNF500-Ac sample, when the 

acetonitrile has been added to the feeding stream, and the yield has risen up to 

8.1 gCNFgcat
−1 . The same dependencies are observed, when the yields of synthesis are 

recalculated to be expressed in gCNFgNi
−1.  

The decrease in yield of processes utilizing ammonia has been expected, as it 

supports the creation of highly dense nucleation sites on the catalyst for CNF synthesis 

and prevents the passivation of catalyst by removing amorphous carbon, especially in 

the initial stages of synthesis [199]. Similar decrease of synthesis yields has been 

observed in previous studies, due to the beneficial effects of ammonia as the dopant that 

can potentially increase the organization of obtained carbon nanofibers and reduce the 

amount of amorphous carbon deposited during the synthesis [200]. As a result the 

overall synthesis yields decreases, but the structure ordering of obtained CNF should be 

improved. At high temperature melamine decomposes to the wide range of compounds, 

including ammonia and as a result of above described mechanism of synthesis yield 

reduction by ammonia is also accurate for melamine [201]. On the other hand, high 

temperature treatment of acetonitrile leads to the formation of reactive cyano (-CN) and 

hydrocarbons radicals, thus the formation of carbon nanofibers is less impacted [202].  

Tab. 10. Influence of nitrogen doping via in-situ technique on the yield of synthesis of 

CNF on standard catalyst via CVD process at 500°C. 

Sample Synthesis yield, Y 

(𝐠𝐂𝐍𝐅𝐠𝐜𝐚𝐭
−𝟏 ) 

Synthesis yield, YNi 

(𝐠𝐂𝐍𝐅𝐠𝐍𝐢
−𝟏)  

CNF500-Am 2.8 19.8 

CNF500-Ac 8.1 57.6 

CNF500-Me 6.4 45.6 

CNF500-Am-Ac 3.6 25.8 

CNF500-Am-Me 2.5 17.9 

CNF500-Ac-Me 6.1 43.8 

CNF500-Am-Ac-Me 3.2 22.6 

 

In the case of the nitrogen doping conducted via ex-situ methods, the synthesis 

yield could not be straightforwardly measured. Change of mass due to doping via ex-

situ methods, either by hydrothermal method or subsequent ammonization technique, is 

hardly detectable with the use of the analytical balance, thus the yields of ex-situ 

processes can not be estimated in the same way as have been done for the in-situ 

methods – only the amount of nitrogen incorporated to the structure of CNF is measured 

by elemental analysis and XPS measurements. 
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6.2.2. Materials characterization  

The key parameter for materials analyzed in this chapter is the content of 

nitrogen that has been incorporated to the structure of carbon nanofibers via various 

methods. Two main measures of the amount of incorporated nitrogen can be used in 

such comparison – bulk and surface nitrogen. The bulk form of nitrogen includes all 

types of nitrogen atoms contained in the material, both internal and surface atoms, and it 

is measured by elemental analysis. More relevant for the analysis of the impact of 

nitrogen on the electrochemical performance of cathode materials, is the amount of 

nitrogen on the surface of material assessed by the XPS measurements. XPS technique 

provides the data regarding the N content in the top 5-10 nm layer of material. Firstly, 

the bulk content of nitrogen is compared for all samples and later more in-depth 

analysis of the surface nitrogen has been carried out for selected samples. Additionally, 

the bulk oxygen contents for all of the analyzed samples are included, as it also provides 

insights regarding changes in the material’s structure occurring during functionalization.  

Utilization of in-situ methods via the addition of different nitrogen sources to the 

stream of raw materials has enabled the incorporation of different amounts of bulk 

nitrogen in the structure of carbon nanofibers, as presented in the Tab. 11. However, 

even the pristine CNF500 contains trace amounts of nitrogen and oxygen, 

0.65 and 1.02 wt. % respectively. The origin of trace amounts of bulk nitrogen and 

oxygen is ambiguous, as it may arise from either contaminations during synthesis or 

purification, or impurities introduced during the measurement.  

For processes utilizing only one source of nitrogen, the largest content of 

incorporated nitrogen of 2.42 wt. % is achieved when ammonia is used. Slightly lower 

amounts of nitrogen have been built-in with the use of melamine (2.27 wt. %) and 

acetonitrile (1.35 wt. %) as dopants. When a combination of two or more dopants is 

used, in most cases the resulting bulk nitrogen content in CNF is higher in comparison 

to using a single nitrogen source. The only exception is observed for CNF500-Ac-Me, 

for which the achieved N content of 1.82 wt. % is lower than when only melamine has 

been used, but it is still slightly higher than for acetonitrile. The amount of nitrogen 

incorporated into CNF by two or more dopants is not a simple sum of amounts of 

nitrogen incorporated by these compounds, when used as single dopants. Interestingly, 

the highest bulk nitrogen content has been achieved not for the combination of all of the 

tested dopants, but when the combination of ammonia and melamine has been used as 

nitrogen sources. However, the difference between the bulk nitrogen content in both 

samples is slight, with 3.90 wt. % and 3.69 wt. % noted respectively for 

CNF500-Am-Me and CNF500-Am-Ac-Me.  

Based on the presented results, the application of ammonia and melamine, as 

individual dopants, has led to the synthesis of N-doped carbon nanofibers with 

relatively high content of bulk nitrogen. The beneficial impact on functionalization is 

amplified, when both of these compounds are used as nitrogen sources at the same time. 

However, the addition of acetonitrile to melamine in the stream of raw materials leads 

to the partial reduction of building-in the N atoms to the carbon structure, which is 

indicated by lower N content in CNF500-Ac-Me and CNF500-Am-Ac-Me. On the other 
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hand, when the acetonitrile is used in the combination with ammonia, such effect is not 

observed.  

Tab. 11. The comparison of bulk nitrogen and oxygen content in CNF obtained via in-

situ functionalization. 

Sample name Nitrogen content, wt. % Oxygen content, wt. % 

CNF500 0.65 1.02 

CNF500-Am 2.42 1.84 

CNF500-Ac 1.35 1.33 

CNF500-Me 2.27 1.21 

CNF500-Am-Ac 3.28 2.52 

CNF500-Am-Me 3.90 1.95 

CNF500-Ac-Me 1.82 1.72 

CNF500-Am-Ac-Me 3.69 3.02 

 

During the analysis of the of the data in the Tab. 12, the correlation between the 

bulk nitrogen content and three main parameters of hydrothermal synthesis can be 

observed. Firstly, with increasing mass ratio of CNF500 to ammonia, the amount of 

nitrogen incorporated into the carbon structure decreases. When the process is 

conducted with the smallest excess of ammonia in the mass ratio of 1:25 

(CNF500/HT-N25/180), the largest amount of nitrogen of 2.12 wt. % is built into the 

CNF structure. Conducting hydrothermal processes with increasing excess of ammonia 

in the initial mixture, in mass ratios of 1:50, 1:100, and 1:200, has led to the gradual 

decrease in the nitrogen content to 1.39, 1.15, and 0.95 wt. %, respectively. Similar 

results have been reported in the literature, when with the increasing content of nitrogen 

source in the initial mixture the content of nitrogen in the final material has decreased. 

In the work by Zhang et al. [203], the amount of nitrogen incorporated into the GO 

structure has stabilized after exceeding certain mass ratio of GO to urea. Moreover, in 

the work by Sun et al. [204], exceeding certain excess of urea in the initial mixture has 

led to the decrease in the amount of nitrogen content in the obtained materials.  

 Secondly, with decreasing pH of the initial mixture the N content in the obtained 

CNF decreases. The initial alkaline pH of the mixture enables achieving the highest 

content of nitrogen in the modified carbon nanofibers – 2.12 wt. % for 

CNF500/HT-N25/180. When the pH is adjusted to 7 and 5, the content of bulk nitrogen 

in the prepared CNF has dropped to 1.78 and 1.68 wt. %, respectively. The pH of 

solution influences the chemical state of ammonia, as well as the oxygen functional 

groups. In an acidic conditions, oxygen functional groups are protonated, and ammonia 

can act as a nucleophile attacking carbonyls. However, full protonation of oxygen 

groups reduces their electrophilicity, which makes them less reactive. Moreover, the 

stability of dispersion of CNF in water is lowered due to aggregation occurring at low 

pH. In the neutral condition, partial deprotonation of oxygen groups occurs, which 

slightly increases their reactivity and the stability of water dispersion is also improved. 

Fully deprotonated oxygen functional groups in the high range of pH are more prone to 

interact with ammonia, which may lead to nucleophilic substitution or condensation.  
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 In the case of the influence of the temperature of the process on the amount of 

nitrogen incorporated into the structure of CNF, the correlation is not as straightforward 

as for pH or the mass ratio between reactants. Initial increase in the process temperature 

from 160°C to 180°C has resulted in the increase in N content from 1.20 wt. % to 

2.12 wt. %. However, the additional increases in the temperature up to 200°C and 

220°C have led to the decrease in bulk nitrogen content to 0.92 and 0.86 wt. %.  

Tab. 12. The comparison of bulk nitrogen and oxygen content in CNF obtained via ex-

situ functionalization by hydrothermal method. 

Sample name Nitrogen content, wt. % Oxygen content, wt. % 

CNF500/HT-N25/180 2.12 2.64 

CNF500/HT-N25/160 1.20 1.56 

CNF500/HT-N25/200 0.92 1.30 

CNF500/HT-N25/220 0.86 1.33 

CNF500/HT-N25/180/pH7 1.78 1.20 

CNF500/HT-N25/180/pH5 1.68 1.23 

CNF500/HT-N200/180 0.95 1.67 

CNF500/HT-N100/180 1.15 1.53 

CNF500/HT-N50/180 1.39 1.89 

 

The subsequent ammonization in the stream of gaseous ammonia in the CVD 

tube reactor has been selected as the additional ex-situ functionalization technique. 

After the ammonization of pristine CNF500, only marginal increase of bulk nitrogen 

content up to 1.05 wt. % has been observed, see Tab. 13. The stable structure of carbon 

nanofibers with moderate susceptibility to modification could be the reason for such 

insignificant growth of bulk nitrogen content. To investigate this hypothesis, the 

CNF500 has been oxidized to increase the number of defects in the carbon structure to 

create additional active sites in carbon nanofibers structure. The as obtained 

CNF500-OX have significantly higher oxygen content – 7.38 wt. % vs 1.02 wt. % for 

CNF500 – indicating the rise in number of active sites in the form of oxygen functional 

groups present on the surface of material. The ammonization of the oxidized material 

has led to obtaining the material with more than twice the nitrogen content compared to 

the process carried out on previously unmodified material – 2.43 wt. % for 

CNF500-OX-Am-ex1. At the same time, the oxygen content in the obtained CNF has 

dropped to 2.08 wt. %, indicating that oxygen functional groups in the CNF500-OX 

have reacted with the ammonia and oxygen atoms have been replaced by nitrogen, at 

least to some extent.  

Although, the oxidation of carbon nanofibers seems to be an effective way of 

making material more prone to the ammonization, the nature of oxygen functional 

groups suggests that more optimization in the process parameters could be done to 

maximize the nitrogen content in the final material. Oxygen functional groups in carbon 

nanomaterials display tendency to decompose during heating in the inert atmosphere. 

The first signs of the degradation of oxygen functional groups can be noticed already at 

around 300°C [205]. In the already described process, such degradation of oxygen 



Results and discussion 

71 

 

functional groups would suggest that when the ammonia is added to the atmosphere of 

CVD process, majority of the functional groups is already decomposed, which reduces 

the number of active sites for potential incorporation of nitrogen atoms. Thus, for the 

preparation of CNF500-OX-Am-ex2 ammonia has been added to the stream of gases 

from the beginning of the process enabling the reaction of ammonia with oxygen 

functional groups before they could decompose in higher temperatures. As a result, the 

obtained material contains higher amount of bulk nitrogen (2.89 wt. %) than the 

previously prepared CNF. At the same time, lower content of oxygen in 

CNF500-OX1N-ex2 suggests that the additional nitrogen atoms have replaced oxygen 

atoms in the structure of the final material.  

Tab. 13. The comparison of bulk nitrogen and oxygen content in CNF obtained via ex-

situ functionalization by subsequent ammonization. 

Sample name Nitrogen content, wt. % Oxygen content, wt. % 

CNF500-Am-ex 1.05 0.59 

CNF500-OX 1.85 7.38 

CNF500-OX-Am-ex1 2.43 2.08 

CNF500-OX-Am-ex2 2.89 1.89 

 

To furtherly investigate the influence of N-doping on the structure of carbon 

nanofibers, several CNF have been chosen for the XPS measurements. The 

deconvolution of C 1s peaks has been conducted for CNF500 and CNF500-OX samples 

to assess the impact of oxidation on carbon structure of CNF. Additionally, the 

deconvolution of O 1s and N 1s peaks has been conducted for selected samples to 

analyze the types and amounts of oxygen and nitrogen functional groups that have been 

introduced to the surface of CNF. The calculated atomic composition and high-

resolution XPS spectra of CNF500 and CNF500-OX are presented in the Tab. 14 and 

Fig. 17.  

Tab. 14. Types and amounts (at. %) of carbon atoms according to the deconvolution of 

C 1s peak from XPS spectra. 

 C 1s peak deconvolution 

C=C 

sp2 

C–C 

sp3 

C–O  

C=N 

C–O–C  

C–NH  

N–C–O 

C=O  

O–C–O  

N–C=O 

O–C=O Shake-

up 

Shake-

up 

Binding 

energy, eV 
284.4 285.0 286.1 287.1 288.4 289.5 290.9 293.3 

CNF500 59.6 13.1 6.5 4.6 3.3 2.2 6.0 2.2 

CNF500-OX 51.8 12.4 7.0 4.5 4.3 2.2 5.8 2.4 

 

The summarized data regarding types and amounts of nitrogen and oxygen 

functional groups, combined with the high-resolution spectra is presented in the Tab. 15 

and Fig. 17. Additional trace amounts of Ni have been detected in the XPS spectra for 
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CNF500-Am-Me and CNF500-Am-Ac-Me. However, due to the marginal atomic 

concentrations of nickel in these materials, which are actually at the detection limit of 

the XPS method, and the resulting low signal/noise ratio, their influence on the structure 

and properties of the mentioned samples is negligible.  

Tab. 15. Types and amounts (at. %) of nitrogen and oxygen functional groups based on 

the deconvolution of N 1s and O 1s peaks from XPS spectra. 

 N 1s peak deconvolution O 1s peak deconvolution 

 C=N(Ar)  

C-NH 

O–C–N  

O=C–N  

NH4
+ 

-NO2 O=C  

O-Ni  

N–O 

O–C  

–OH 

Binding energy, eV 398.8 400.6 405.6 531.5 533.1 

CNF500 - - -  0.4 2.2 

CNF500-OX - - 0.5 3.5 5.7 

CNF500-Am-Me 1.8 1.5 - 2.2 0.9 

CNF500-Am-Ac-Me 1.3 1.1 - 1.2 1.5 

CNF500/HT-N25/180 2.9 2 - 0.9 4.8 

CNF500-OX-Am-ex2 1.1 1.1 - 0.7 1.7 

  

From the presented XPS data for CNF500 and CNF500-OX, the dominant share 

of C=C sp2 carbon bonds related to the graphitic carbon is visible. However, the share 

of graphitic carbon in composition is reduced from 59.6 at. % for CNF500 to 51.8 at. % 

for CNF500-OX, suggesting that the introduction of oxygen functional groups occurs at 

the expense of sp2 carbons. The disruption of graphitic structure is also noticeable in the 

slight changes in the shake-up signals. The effectiveness of the proposed oxidation 

method is visible in the notable increase in the overall surface oxygen content from 

2.6 at. % for CNF500 to 9.2 at. % for CNF500-OX. The introduction of oxygen in the 

form of carbonyl (C=O), hydroxyl (-OH), and carboxyl (-COOH) groups is visible in 

the increasing proportion of peaks corresponding to these groups, especially at 531.5 eV 

and 533.1 eV in O 1s spectra and at 288.4 eV in C 1s. Moreover, the treatment with 

nitric acid has introduced minimal amount (0.5 at. %) of nitrogen in the form of nitro 

groups (-NO2), but the absence of other nitrogen-related peaks in the spectra of 

CNF500-OX indicate, that the significant N-doping did not occur in this process.  

The in-situ nitrogen doping via CVD process has led to the incorporation of 

moderate amounts of nitrogen atoms on the surface of carbon nanofibers, but in 

comparison to the CNF500 (0.0 at. % of N according to the Tab. 15) the observed 

increase to 3.3 and 2.4 at. % for CNF500-Am-Me and CNF500-Am-Ac-Me, 

respectively, is substantial. Moreover, the balance between the types of incorporated 

functional groups is visible for both in-situ modified samples, as presented in the 

Fig. 18. 1 and 18.3. 
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Fig. 17. High-resolution XPS spectra results for: 1, 2 - CNF500; 3, 4, 5 - CNF500-OX.  

 The reduction in amount of N atoms, that have been built-into the CNF structure 

after the addition of acetonitrile to the stream of raw materials, can originate from the 

properties of acetonitrile itself and potential competition with other nitrogen sources 

(ammonia and melamine). Acetonitrile role, as a both nitrogen and carbon source, can 

limit its potential in incorporating N atoms to the carbon structure. The thermal 

decomposition of acetonitrile leads to the formation of reactive cyano (-CN) and 

hydrocarbons radicals. While hydrocarbons radicals may effectively contribute to the 

formation of carbon nanofibers, the -CN radicals can form highly volatile HCN, which 

could potentially leave the reactor, leading to the loss of nitrogen as gaseous side 

product [206]. Such explanation is furtherly supported by lower content of bulk nitrogen 

incorporated in carbon nanofibers during the process, when acetonitrile has been used as 

an only dopant (1.35% for CNF500-Ac), in comparison to nanofibers obtained via 

synthesis utilizing ammonia or melamine as individual dopants (2.42% for CNF500-Am 

and 2.27% for CNF500-Am-Me). Additionally, for the synthesis of 

CNF500-Am-Ac-Me, acetonitrile competes as N-donor with ammonia and melamine, 

which are more effective dopants as their decomposition leads to the generation of 
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amine, pyridinic, and pyrrolic species, that can be more easily built into the CNF [207–

209].  

 In terms of ex-situ techniques, subsequent ammonization of CNF500-OX in the 

stream of gaseous ammonia has led to the introduction of lower amount of nitrogen 

atoms as compared to the in-situ. The -NO2 groups that have been introduced during the 

oxidation have been reduced and additional nitrogen atoms have been incorporated in 

the form of amides and/or C=N bonds in aromatic systems (1.1 at. %) and O-C-N and/or 

N-C=O bonds and/or ammonium groups (1.1 at. %). Moreover, the overall reduction of 

carbon nanofibers has occurred during this process, which is visible in the substantial 

decrease of oxygen functional groups content in material before and after ammonization 

– from 9.2 at. % for CNF500-OX to 2.4 at. % for CNF500-OX-Am-ex2. The observed 

reduction could be expected as ammonia in the gaseous form can interact with oxygen 

functional groups replacing them in the carbon structure – such reaction can occur at 

temperatures as low as 300°C [205]. Thus, the addition of the gaseous ammonia to the 

stream of raw materials at the beginning of ammonization has a beneficial effect on the 

amount of incorporated nitrogen, as demonstrated by the data in the Tab. 13 (2.43% 

of N for CNF500-OX-Am-ex1 vs 2.89% of N for CNF500-OX-Am-ex2). 

 On the other hand, the second technique of ex-situ functionalization – 

hydrothermal method – has resulted in the highest content of surface nitrogen amongst 

compared samples – 4.9 at. % for CNF500-HT-N25/180. However, high oxygen content 

of 5.7 at. % seems slightly counterintuitive given the presence of ammonia (reducing 

agent) and overall reducing environment of the process. The observed retention of 

oxygen content can originate from the combination of stabilizing influence of aqueous 

environment on the oxygen functional groups, incomplete reduction of existing oxygen 

functional groups and the formation of mixed nitrogen-oxygen functional groups. The 

aqueous environment in hydrothermal synthesis can stabilize oxygen functional groups, 

making them less susceptible to reduction or removal [210]. Additionally, the relatively 

low temperature might not be sufficient to fully reduce oxygen-containing groups [211]. 

Lastly, rather than fully removing oxygen groups from the material’s surface, ammonia 

in hydrothermal conditions can react with some oxygen-containing functional groups 

leading to the formation of mixed nitrogen-oxygen groups [212].  
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Fig. 18. High-resolution XPS spectra of N 1s and O 1s of selected N-doped samples: 1, 

2 - CNF500-Am-Me; 3, 4 - CNF500-Am-Ac-Me; 5, 6 - CNF500/HT-N25/180; 7, 8 – 

CNF500-OX-Am-ex2.  

In terms of comparing the amounts of surface nitrogen and bulk nitrogen 

introduced into the carbon structure by each of the analyzed processes, higher bulk 

nitrogen content is visible in most materials. For the functionalization via in-situ method 

and subsequent ammonization, higher content of bulk nitrogen could be expected due to 

the higher temperature of these processes. During high-temperature processes, like the 

discussed CVD-based ammonization, nitrogen atoms incorporate into the carbon 

structure may migrate into the bulk regions of material, rather than remaining at the 

surface. Additionally, in the case of in-situ functionalization, nitrogen is build-into the 

carbon matrix directly during the growth of carbon nanofibers. Thus, nitrogen atoms 

that are introduced to the bulk regions of CNF are not detectable during the surface 

analysis via XPS measurements. The only exception is the sample obtained as a result 

of the hydrothermal process, for which a higher surface nitrogen content is noticeable – 

such result could be related with the previously discussed effects of surface 

modifications (due to the formation of mixed nitrogen-oxygen functional groups) and 

stabilization of functional groups at the surface of material in the aqueous environment.  

In the case of susceptibility of carbon nanofibers to the ammonization via 

compared ex-situ techniques, interesting observations can be made. For the 

hydrothermal process, pre-treatment is not required to achieve relatively high content of 

incorporated nitrogen atoms. On the other hand, when raw material for the subsequent 

ammonization has not been oxidated before the process, the amount of incorporated 
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nitrogen atoms have been over two times lower than for the oxidized raw materials (see 

Tab. 13). The observed results, indicate that prepared carbon nanofibers (CNF500) are 

relatively stable at high temperatures and resistant to the ammonization by gaseous 

ammonia. However, in the aqueous environment and high pressure, but significantly 

lower temperature utilized in the hydrothermal process, the same carbon nanofibers 

display tendency to react with ammonia, which leads to the introduction of N atoms to 

their surface.  

In general, all of the proposed functionalization methods have resulted in the 

preparation of carbon nanofibers with comparable content of nitrogen, but optimization 

of process parameters plays a key role. Also, the type of incorporated nitrogen varies 

between each techniques, with in-situ functionalization introducing higher content of 

bulk nitrogen than surface nitrogen, whereas hydrothermal treatment is leading to 

higher content of surface nitrogen. In the case of subsequent ammonization, oxidation 

of material is required to achieve similar amounts of nitrogen atoms as in in-situ or 

hydrothermal modification. In the case of types of incorporated nitrogen functional 

groups, for the in-situ doping and subsequent ammonization, the obtained materials 

display balanced share between C=N(Ar), C-NH, and O-C-N, O=C-N, NH4
+ groups. 

For sample prepared via hydrothermal treatment, slight excess of C=N(Ar), CNH 

groups is observed. 

 Apart from the composition, nitrogen doping has influence on other parameters 

of the structure of carbon nanofibers, including morphology, porosity, and level of 

structural organization. However, when the SEM images of unmodified CNF500, 

shown in the Fig. 12, are compared with the SEM images of selected carbon nanofibers 

after functionalization, shown in the Fig. 19, no evident differences in the morphology 

of the presented materials are visible. Morphology of all of the presented materials is 

rather similar, with individual nanofibers having comparable dimensions (diameters and 

length) and materials displaying heavily entangled macroscopic structure. The bright 

elements visible in the Fig. 19.1 should be identified as residuals of nickel nanoparticles 

that have not been fully removed from the material after synthesis. The presence of Ni 

residuals is in agreement with the XPS measurements, that have indicated such 

observations.  



Results and discussion 

77 

 

 

Fig. 19. Comparison of SEM images of N-doped carbon nanofibers: 1, 2, 3 - 

CNF500-Am-Me; 4, 5, 6 - CNF500-OX; 7, 8, 9 - CNF500-OX-Am-ex2; 10, 11, 12 - 

CNF500/HT-N25/180. 

According to the parameters of porosity of nitrogen doped CNF presented in 

Tab. 16, specific surface area of all of the functionalized samples have increased in 

comparison to the unmodified CNF500. When only one nitrogen source is utilized as 

a dopant, the smallest change in the SSA is observed for CNF obtained with ammonia 

in the raw materials stream (CNF500-Am), for which the specific surface area has 

grown only to 135 m2g-1. More significant changes of SSA are noticed for CNF500-Ac 

and CNF500-Me, so for the addition of acetonitrile and melamine into the raw materials 

stream, for which the surface area has increased up to 183 and 211 m2g-1, respectively. 

If the combination of two nitrogen sources has been used in the preparation of CNF, the 

observed growth has been more significant. In these cases, the specific surface area has 

risen to 211, 223, and 191 m2g-1 for CNF500-Am-Ac, CNF500-Am-Me, and 

CNF500-Ac-Me, correspondingly. However, the most substantial increase in specific 

surface area to 284 m2g-1, which is over 2-times higher than for unmodified sample, has 

been noticed for the CNF500-Am-Ac-Me sample.  
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Tab. 16. Influence of nitrogen doping via in-situ technique on the parameters of porous 

structure of CNF on standard catalyst via CVD process at 500°C. 

Sample Specific 

surface area, 

SQSDFT (m2g-1) 

Total pore 

volume, VT 

(cm3g-1) 

Mesopores 

volume, Vmeso 

(cm3g-1) 

Vmeso/VT 

CNF500 123 0.294 0.258 0.88 

CNF500-Am 135 0.242 0.201 0.83 

CNF500-Ac 183 0.402 0.352 0.88 

CNF500-Me 211 0.479 0.419 0.88 

CNF500-Am-Ac 223 0.310 0.247 0.80 

CNF500-Am-Me 225 0.438 0.379 0.86 

CNF500-Ac-Me 191 0.339 0.285 0.84 

CNF500-Am-Ac-Me 284 0.372 0.291 0.78 
 

In the case of total pore and mesopores volume, the straightforward correlation 

between the utilization of different nitrogen sources in in-situ doping processes can not 

be drawn. In general, the VT of nitrogen doped CNF has risen as compared to CNF500, 

with the exception of CNF500-Am for which the total pore volume decreased to 

0.242 cm3g-1. Similarly, the Vmeso of almost all nitrogen functionalized samples has 

risen with the exception of CNF500-Am and CNF500-Am-Ac samples, for which 

mesopores volumes have dropped to 0.201 cm3g-1 and 0.247 cm3g-1, respectively. 

However, all of carbon nanofibers synthesized with the utilization of in-situ 

functionalization techniques have maintained their dominant mesoporous 

characteristics, which is proven by high Vmeso/VT ratio, between 0.78-0.90 (see Tab. 16), 

and type IV of adsorption/desorption isotherm with typical hysteresis loop visible in 

each of N2 adsorption/desorption graphs (Fig. 20.1, 20.3, 20.5, 20.7, 20.9, 20.11, and 

20.13). Moreover, the PSD graphs (Fig. 20.2, 20.4, 20.6, 20.8, 20.10, 20.12, and 20.14) 

clearly show that pores with diameter above 2 nm majorly contribute to the total pore 

volume of each material, which furtherly indicate the dominant mesoporous character of 

CNF synthesized during in-situ functionalization.  

 As can be observed in the Tab. 17, the influence of ex-situ modifications on the 

porosity of carbon nanofibers is less significant than the in-situ functionalization. The 

oxidation of pristine carbon nanofibers in concentrated nitric acid has led to the slight 

increase of SSA and VT to 135 m2g-1 and 0.375 cm3g-1 in comparison to the CNF500. 

The subsequent ammonization of as obtained material has led to further increase of SSA 

to 155 m2g-1 and marginal rise in VT to 0.377 cm3g-1. The observed development of 

porous structure in the mentioned samples is related to the introduction of nitrogen and 

oxygen containing functional groups, which increases number of defect sites enhancing 

the porosity.  
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Fig. 20. The N2 adsorption/desorption isotherms and PSD of nitrogen doped via in-situ 

technique CNF synthesized on the standard catalyst via CVD process at 500°C: 1, 2 - 

CNF500-Am; 3, 4 - CNF500-Ac; 5, 6 - CNF500-Me; 7, 8 - CNF500-Am-Ac; 9,10 - 

CNF500-Am-Me; 11, 12 - CNF500-Ac-Me; 13, 14 - CNF500-Am-Ac-Me.  
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Although, the hydrothermal treatment also introduces nitrogen and oxygen 

containing functional groups, it has led to the decrease of specific surface area to 

99 m2g-1 and total pore volume to 0.265 cm3g-1 in comparison to the CNF500. The 

observed reduction of porosity can occur due to restructuring of the carbon framework, 

which may lead to the collapse or blockage of pores. Similar degradation of porosity of 

carbon materials, due to the hydrothermal treatment with ammonia, has been previously 

reported by Moyseowicz et al. [213]. 

Tab. 17. Influence of ex-situ modifications on the parameters of porous structure of 

CNF. 

Sample Specific 

surface area, 

SQSDFT (m2g-1) 

Total pore 

volume, VT 

(cm3g-1) 

Mesopores 

volume, Vmeso 

(cm3g-1) 

Vmeso/VT 

CNF500-OX 135  0.375   0.342   0.91  

CNF500-OX-Am-ex2 155 0.377 0.336  0.89  

CNF500/HT-N25/180 99 0.265   0.244  0.92 

  

The share of mesoporosity in all of the analyzed samples has slightly increased 

after the ex-situ treatment, which is visible in the rise in the values of Vmeso/VT ratio in 

the Tab. 17, as compared to 0.88 noted for CNF500. The dominant mesoporosity is also 

noticeable in the type IV of N2 adsorption/desorption isotherms at 77 K according to the 

IUPAC methodology as presented in the Fig. 21 [195]. Additionally, for CNF500-OX, 

CNF500-OX-Am-ex2, and CNF500/HT-N25/180 pores with the largest volumes have 

the diameters of 10 nm and above, according to the PSD graphs in the Fig. 21, which 

furtherly proves the dominant mesoporous nature of materials after ex-situ 

modifications.  
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Fig. 21. The N2 adsorption/desorption isotherms and PSD graphs of CNF after ex-situ 

modifications: 1, 2 - CNF500-OX; 3, 4 - CNF500-OX-Am-ex2; 5, 6 - CNF500/Hydro-

N25/180. 

 Key parameters of carbon structure of selected CNF after in-situ and ex-situ 

modification are summarized in the Tab. 18. For all of the analyzed CNF, the growth in 

the level of disorder, defined by the value ID/IG ratio, of carbon structure is observed. 

The lowest increase in the level of disorder is observed for the carbon nanofibers after 

in-situ functionalization, from 1.34 for CNF500 to 1.35 for CNF500-Am-Me. The 

observed small increase of level of disorder for CNF500-Am-Me can be attributed to 

the beneficial effects of the addition of ammonia to the feeding stream on the 

organization of created carbon nanofibers [200]. In the case of carbon nanofibers that 

have undergone the ex-situ treatment, the disruption of the graphitic lattice is more 

evident, leading to higher values of ID/IG ratio of 1.55, 1.59, and 1.50 for CNF500-OX, 

CNF500-OX-Am-ex2, and CNF500/HT-N25/180, respectively. The described increased 

level of disorder for CNF after surface functionalization is related to the introduction of 

nitrogen and oxygen functional groups into the sp2 carbon structure. The incorporation 
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of functional groups introduces defects and distortions in the graphitic domains of 

carbon nanofibers, effectively increasing their disorder level.  

Tab. 18. Comparison of key parameters of Raman spectra of selected carbon nanofibers 

after functionalization. 

Sample D-band peak 

position, cm-1 

G-band peak 

position, cm-1 

ID/IG ratio 

CNF500-Am-Me  1 339   1 583   1.35  

CNF500-OX   1 336   1 579   1.55  

CNF500-OX-Am-ex2  1 343   1 583   1.59  

CNF500/HT-N25/180  1 336   1 579   1.50  
  

Apart from the increase in the level of disorder, slight changes in the position of 

peaks for D-band and G-band are noticeable for carbon nanofibers after surface 

functionalization. The discussed shifts in peaks position are not as significant to be 

visible in the spectra in the Fig. 22, but are visible in the results presented in the Tab. 18 

and their nature can be attributed to the introduction of nitrogen and oxygen functional 

groups. The observed slight shift of peaks position towards lower wavenumber (red 

shift) for both D-band and G-band peaks is related to the increased number of structural 

defects and increased electron density, suggesting the charge transfer from dopants to 

the CNF (n-doping) [177, 214].  

 

Fig. 22. Raman spectra of selected carbon nanofibers after functionalization. 

6.2.3. Performance of Li-O2 cells 

For the selected carbon nanofibers, electrochemical measurements have been 

carried out to investigate the influence of the surface modifications of cathode materials, 

by in-situ and ex-situ methods, on the performance of lithium-oxygen batteries. The 

summary of the performance together with the galvanostatic curves for the first 

discharge-charge cycle are presented in the Tab. 19 and Fig. 23.  

In comparison to the CNF500, serving as a reference point for the modified 

carbon nanofibers, all of the samples after surface functionalization enabled achieving 

higher first discharge capacities in the first cycle. The lowest increase by 2% amongst 

modified samples has been observed for CNF500-Am-Me and CNF500-Am-Ac-Me. 
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The mild increase by 10% has been reported for CNF500-OX. While the ex-situ 

N-doping has led to the largest increase of the first cycle discharge capacity by 14% and 

20% for CNF500-OX-Am-ex2 and CNF500/HT-N25/180, respectively. The most 

significant changes are observed in terms of the increase of the first cycle reversibility. 

For materials after in-situ functionalization the reversibility has improved from 56% 

reported for CNF500, up to 92% and 95% noted for CNF500-Am-Ac-Me and 

CNF500-Am-Me, respectively. In the case of N-doping via ex-situ techniques, the 

observed increase in reversibility, to 95% and 96% for CNF500-OX-Am-ex2 and 

CNF500/HT-N25/180, is even higher than for materials after in-situ modifications. The 

only decline in the first cycle reversibility to 14% is observed for CNF500-OX.  

Tab. 19. Summary of electrochemical performance of Li-O2 batteries with CNF after 

surface functionalization as cathode materials during the first discharge-charge cycle 

Sample 1st cycle discharge 

capacity, mAh g-1  

1st cycle charge 

capacity, mAh g-1 

1st cycle 

reversibility 

CNF500-Am-Me 832 795 95% 

CNF500-Am-Ac-Me 834 769 92% 

CNF500-OX  899 130 14% 

CNF500-OX-Am-ex2 927 885 95% 

CNF500/HT-N25/180 976 932 96% 

  

Apart from the significant increase in the reversibility of the first cycle, the 

slight decrease in the charge overpotential for the in-situ functionalized materials can be 

noticed. As compared to CNF500, for which the charging plateau is located at around 

4.4 V, the beginning of charging plateaus for CNF500-Am-Me and 

CNF500-Am-Ac-Me can be assigned at around 3.75 V and 4.25 V, respectively – in 

these cases the plateau is defined as a moment, when the increase of potential during 

charging significantly slows down, due to the fact that a “conventional plateau” (region 

where the potential remains relatively stable for an extended period) can not be clearly 

defined. As a result, the charge overpotential for the discussed samples decreases to 

0.75 V and 1.25 V, correspondingly. For the carbon nanofibers after ex-situ doping, 

charging plateaus at similar potentials are observed – at 3.80 V for 

CNF500-OX-Am-ex2 and 4.00 V for CNF500/HT-N25/180, which corresponds to 

charging overpotential of 0.80 V and 1.00 V, respectively. In the case of CNF500-OX, 

charging plateau, as described above, could not be determined.  
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Fig. 23. Comparison of GCPL measurements for the first discharge-charge cycle 

conducted at current density of 0.4 mA cm-2 with CNF after surface functionalization as 

a cathode materials: 1 - CNF500-Am-Me; 2 - CNF500-Am-Ac-Me; 3 – CNF500-OX; 4 

- CNF500-OX-Am-ex2; 5 - CNF500/HT-N25/180.  

 One of the most notable improvements in the performance after the N-doping of 

cathode materials have been observed for the cyclability performance, as presented in 

the Fig. 24. While for CNF500 the discharge capacity drops below 50 mAh g-1 after the 

initial 4 cycles, for the N-doped CNF the discharge capacities remain above this 

threshold for at least 12 cycles. Amongst compared materials after surface 

functionalization, the best performance across all 50 cycles is displayed by 

CNF500-Am-Ac-Me, with high capacities above 100 mAh g-1 retained for 11 cycles 

and subsequent gradual decline from around 50 mAh g-1 at 16th cycle to around 

30 mAh g-1 at 50th cycle. For the other sample after in-situ doping (CNF500-Am-Me), 
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the discharge capacities gradually decline from around 120 mAh g-1 at the 2nd cycle to 

around 15 mAh g-1 at the 50th cycle. In the case of CNF500/HT-N25/180, high 

discharge capacities around 250 mAh g-1 are retained for the initial 6 cycles, but the 

steep drop to almost 0 mAh g-1 at 20th cycle is observed. Somewhat similar behavior to 

CNF500/HT-N25/180 is observed for the CNF500-OX-Am-ex2 sample, but high 

discharge capacity of around 250 mAh g-1 is remained only for 3 cycles, after which the 

gradual decline to only few mAh g-1 at 30th cycle occurs. Out of all of the compared 

CNF after surface modifications, arguably the worst cyclability performance is 

displayed by CNF500-OX. For the CNF after surface oxidation, discharge capacity 

drops below 50 mAh g-1 threshold after the 3rd cycle and is retained at relatively stable 

level for the next 6 cycles. Subsequent gradual decline occurs and the discharge 

capacity drops below 5 mAh g-1 after 30th cycle.  

 

Fig. 24. Comparison of cyclability performance of CNF after surface functionalization 

as cathode materials during the GCPL measurements at 0.4 mA cm-2, the first discharge 

cycle is excluded. 

 The growth of specific surface area and total pore volume of CNF after nitrogen 

doping contribute to the increase of discharge capacities of the first cycle as compared 

to the pristine CNF500. Additionally, presented functionalization techniques increase 

the number of structural defects, as can be observed in the increase of ID/IG ratio, which 

furtherly contributes to the enhancement of discharge capacity. The presented 

electrochemical performance of CNF after nitrogen doping is consistent with the 

previous reports [153, 173]. Similarly, the improvements of reversibility and cyclability 
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of N-doped carbon nanofibers is attributed to the surface functionalization. The 

incorporation of nitrogen atoms into the carbon structure is a proven strategy to increase 

electric conductivity and catalytic activity of cathode materials in the ORR/OER, which 

leads to the decrease of charge overpotential and increase of reversibility.  

 However, the influence of incorporation of oxygen functional groups into the 

structure of carbon nanofibers on the electrochemical performance requires more 

attention. As have been stated in previous reports, introduction of oxygen atoms can 

lead to the increase of the first discharge capacity, but it may result in the decrease of 

reversibility and overall cyclability [171, 172]. The increase of the first cycle discharge 

capacity for CNF500-OX originates from similar factors as in nitrogen doping – 

increase of SSA, VT, and level of disorder. However, the incorporation of oxygen 

functional groups can also promote side reactions occurring during discharge and 

charge, resulting in electrolyte decomposition, creation of side products, and 

degradation of other cell components, like separators or current collectors. Hence the 

overall electrochemical properties of material are heavily impacted, which is visible in 

lower reversibility of the first discharge/charge cycle and poorer cyclability for 

CNF500-OX in comparison to the CNF500 [153].  

Additionally, rapid fade of discharge capacity during cyclability measurements 

for ex-situ modified materials, as compared to the materials after in-situ 

functionalization, can also be related to higher oxygen content in these samples. This 

effect is especially noticeable in the case of CNF500/HT-N25/180 sample, for which the 

surface nitrogen content is the highest among N-doped materials, but so is the oxygen 

content. Thus, the discharge capacity rapidly declines after just few cycles. Even 

though, CNF500-OX-Am-ex2 has lower surface oxygen content than CNF500-Am-Me 

and CNF500-Am-Ac-Me, its surface nitrogen content is also lower leading to the 

decline of electrochemical performance. Moreover, CNF with the lowest surface 

oxygen content (2.70 at. % for CNF500-Am-Ac-Me) show the highest discharge 

capacity across larger number of cycles – this further proves that higher oxygen content 

leads to poorer cyclability performance.  

 The observed influence of nitrogen doping on the electrochemical performance 

of lithium-oxygen batteries is quite consistent with the literature reports, especially for 

samples after ex-situ functionalization, for which the reported improvements have been 

the most significant. The incorporation of nitrogen atoms into the structure of cathode 

materials, at the similar levels as the N content reported in this research, in the works by 

Ionescu et al. and Zhang et al. has led to the comparable increase in the first cycle 

discharge capacities [177, 180]. The introduction of 4.0 at. % and 2.98 at. % of 

nitrogen, in the mentioned works, has led to the increase of the first cycle discharge 

capacity by 18% and 22%, respectively, which is similar to the 20% improvement 

observed for CNF500/HT-N25/180. Small growth of the first cycle discharge capacity 

for the samples after in-situ functionalization is concerning, but the overall 

improvement of cyclability performance is achieved and can be assessed as satisfactory.  
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6.3. Influence of process temperature on the properties of CNF synthesized on the 

nickel oxalate-based catalyst 

6.3.1. Synthesis  

In order to confirm the composition of the prepared catalyst, XRD spectroscopy 

measurements have been carried out. Although the data regarding the crystallographic 

structure of nickel oxalate is limited, comprehensive analysis has been conducted by 

Koleżyński et al., which will be used as the reference [215]. In the mentioned study, 

peaks located at 18.7°, 22.7°, 30.3°, 35.6°, and 40.9° have been highlighted as 

characteristic for nickel oxalate. In the XRD spectrum of prepared the catalyst in the 

Fig. 25, peaks located at similar positions can be observed. The consistency between the 

XRD spectra reported in the literature and those obtained for this sample, confirms the 

successful synthesis of nickel oxalate using method proposed in this work.  

 

Fig. 25. XRD spectrum of prepared catalyst. 

Yields of synthesis of CNF on pristine nickel oxalate are presented in the 

Tab. 20. When pristine Ni(COOH)2 has been utilized as the catalyst, yields of all 

processes have reached around 1 gCNFgcat
−1  with small variations between each 

temperature. The lowest synthesis yield of 0.9 gCNFgcat
−1

 has been achieved for the 

process conducted at 450°C. After increasing synthesis temperature to 500°C, yield has 

risen up to 1.5 gCNFgcat
−1 . However, further growth of temperature has resulted in 

decrease of yields of processes carried out at 550°C and 600°C to 1.0 and 1.1 gCNFgcat
−1 , 

respectively.  

As have been already explained in the section 6.1.1, the growth of synthesis 

yield with the increase of temperature from 450°C to 500°C can be attributed to more 

efficient decomposition of propane. Aggregation processes of catalyst’s grains are more 

noticeable at higher temperatures leading to the formation of larger agglomerates that 

promote the growth of CNF less efficiently. Moreover, achieved yields for synthesis 

conducted on pristine nickel oxalate-based catalyst are notably lower in comparison to 

synthesis carried out on the reference catalyst, see Tab. 6. This could indicate that 
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without appropriate catalyst support, during the thermal decomposition of nickel 

oxalate, grains are agglomerating into larger aggregates that are less active in the 

formation of CNF.  

Tab. 20. Yields of synthesis of CNF on pristine nickel oxalate-based catalyst via CVD 

process at different temperatures. 

Sample Synthesis yield, Y (𝐠𝐂𝐍𝐅𝐠𝐜𝐚𝐭
−𝟏 ) Synthesis yield, YNi (𝐠𝐂𝐍𝐅𝐠𝐍𝐢

−𝟏)  
CNF450-NiOx 0.9 2.2 

CNF500-NiOx 1.5 3.9 

CNF550-NiOx 1.0 2.6 

CNF600-NiOx 1.1 2.9 

 

 As illustrated in Fig. 26.1, 26.2, and 26.3, nickel oxalate forms agglomerates 

composed of cubic-shaped crystallites. While the size of agglomerates varies, the edges 

of the cubic crystallites typically measure less than 200 nm. Following the reduction in 

hydrogen and nitrogen atmosphere (1:1 v/v), individual agglomerates remain visible, 

but the edges appear significantly smoother, and the cubic shape of crystallites is no 

longer observable. Although the thermal decomposition of nickel oxalate in an inert 

atmosphere is known to yield Ni and CO2, it cannot be definitively concluded that the 

images in Fig. 26.4-6 show pure nickel [216]. This uncertainty arises due to oxidation 

processes (caused by exposure to air) occurring during the removal of the reduced 

nickel oxalate sample from the furnace and storage of sample. 

 

Fig. 26. SEM images of: 1, 2, 3 – pristine nickel oxalate; 4, 5, 6 - nickel oxalate after 

reduction in nitrogen and hydrogen atmosphere (1:1 v/v) for 1 h at 500°C. 

6.3.2. Materials characterization  

The morphology of carbon nanofibers synthesized on the pristine nickel oxalate 

is presented in SEM images in the Fig. 27. CNF450-NiOx display compact structure 

with the individual nanofibers being short and visibly agglomerated. Low yield of 

process conducted at 450°C is reflected in relatively thin coverage of catalyst 

nanoparticles. Increase of temperature of synthesis leads to the gradual change of 

morphology of obtained materials. At 500°C, created nanofibers are longer and thinner. 
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Moreover, their distribution is more uniform with fewer agglomerates visible. For 

CNF550-NiOx, the increase in length of carbon nanofibers is continued and additional 

fibers with significantly thinner diameters are noted. The appearance of those thinner 

fibers is even more evident in CNF600-NiOx, where they interlace the thick carbon 

nanofibers creating entangled and dense structure. Additionally, carbon nanofibers 

obtained at 600°C are longer and their surface is less rough in comparison to the CNF 

synthesized at lower temperatures.  

The origin or the mechanism of growth of these thinner (diameters of a dozen 

nanometers) and longer fibers observed in CNF550-NiOx and CNF600-NiOx is unclear. 

Their diameters are notably smaller than sizes of crystallites of nickel oxalate or 

reduced nickel oxalate, as compared with SEM images in the Fig. 26, which would 

exclude their potential growth on the catalyst seeds. Perhaps, the thermal decomposition 

of nickel oxalate at higher temperatures leads to the creation of small nickel 

nanoparticles, due to breaking of the larger grains. Later, during the synthesis the 

smaller Ni nanoparticles remain their catalytic activity and promote the growth of these 

thin carbon nanofibers.  

 

Fig. 27. SEM images of CNF synthesized on the nickel oxalate based catalyst via CVD 

process at different temperatures: 1, 2, 3 - CNF450-NiOx; 4, 5, 6 - CNF500-NiOx; 7, 8, 

9 - CNF550-NiOx; 10, 11, 12 - CNF600-NiOx. 
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Specific surface area and total pore volume of all of carbon nanofibers prepared 

on the pristine oxalate catalyst are relatively low, see Tab. 21. With the growth of 

temperature of synthesis the porosity of obtained materials is developing, which is 

noticeable in the rise of SSA and VT, from 58 m2g-1 to 64 m2g-1 and from 0.049 cm3g-1 

to 0.058 cm3g-1, when the temperature has been increased from 450°C to 500°C. The 

highest values of 77 m2g-1 for SSA and 0.117 cm3g-1 for VT are observed for 

CNF600-NiOx. The only exception from the described trend are CNF obtained at 

550°C, for which values of both parameters have dropped to 50 m2g-1 and 0.031 cm3g-1.  

Tab. 21. Parameters of the porous structure of CNF synthesized on the nickel oxalate 

based catalyst via CVD process. 

Sample Specific 

surface area, 

SQSDFT (m2g-1) 

Total pore 

volume, VT 

(cm3g-1) 

Mesopores 

volume, Vmeso 

(cm3g-1) 

Vmeso/VT 

CNF450-NiOx  58  0.049   0.026   0.54  

CNF500-NiOx 64  0.058   0.032   0.56  

CNF550-NiOx 54  0.050   0.031   0.61  

CNF600-NiOx 77  0.117   0.091   0.78  

  

The trend observed across all samples is the increasing share of mesoporosity 

with the increasing temperature of synthesis. The Vmeso/VT ratio has grown from 0.54 to 

0.78 for CNF450-NiOx and CNF600-NiOx, respectively, with moderate values of 0.56 

and 0.61 noted for CNF500-NiOx and CNF550-NiOx, accordingly. The progressing 

development of mesoporosity in samples is also noticeable in the N2 

adsorption/desorption isotherms at 77 K presented in the Fig. 28. All of the displayed 

isotherms can be classified as the type IV of isotherms according to the IUPAC 

terminology, with slight hysteresis loop for CNF450-NiOx and more evident hysteresis 

loops observed in the rest of shown isotherms, see Fig. 28. 3, 28. 5, and 28. 7. The PSD 

graphs also indicate the dominant share of mesoporosity in the analyzed CNF, which is 

reflected in the increasing volume of pores with width larger than 2 nm for materials 

prepared at higher temperatures.  
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Fig. 28. The N2 adsorption/desorption isotherms and PSD of the CNF synthesized on 

the nickel oxalate based catalyst via CVD process: 1, 2 - CNF450; 3, 4 - CNF500-NiOx; 

5, 6 - CNF550-NiOx; 7, 8 - CNF600-NiOx. 

 Further investigation via Raman spectroscopy has provided valuable insight into 

the structure of obtained carbon nanofibers. Apart from the characteristic for carbon 

nanomaterials peaks located at ~1 300 cm-1 for the D-band and at ~1 600 cm-1 for the 

G-band, in the Raman spectra in the Fig. 29 additional peaks localized at ~1 100 cm-1 is 

observed for CNF450-NiOx, CNF550-NiOx, and CNF600-NiOx. The signal of this 

peak is related to the NiO created by the laser induced oxidation of nickel nanoparticles 

occurring during the measurement [217, 218]. For CNF450-NiOx, the intensity of 
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NiO-related peak in the Raman spectrum is even higher than for D-band and G-band 

peaks, which implies that due to the low synthesis yield, the nickel nanoparticles have 

not been entirely covered by the CNF. Thus, the exposed nickel nanoparticles are easily 

prone to the oxidation via laser during the Raman spectroscopy measurements. In the 

case of carbon nanofibers obtained at higher temperatures of 550°C and 600°C, 

synthesis yields are sufficiently high, so that the nickel nanoparticles should be 

completely covered. However, as have been previously stated, it is expected that the 

decomposition of nickel oxalates at these higher temperatures occurs more rapidly, 

which leads to the creation of small seeds of nickel nanoparticles – that later serve as 

catalysts for the formation of thin nanofibers. These smaller grains of nickel 

nanoparticles are more exposed and could be potentially oxidized during measurements. 

On the other hand, for the Raman spectrum of CNF500-NiOx no NiO-related peaks are 

observed, which would indicate, that the temperature of 500°C provides the optimal 

conditions for the uniform coverage of nickel nanoparticles.  

 

Fig. 29. Raman spectra of the CNF synthesized on the nickel oxalate based catalyst via 

CVD process. 

 The detail parameters of carbon structure from Raman spectra of CNF obtained 

on the nickel oxalate-based catalyst are presented in the Tab. 22. Small shifts of 

positions of D-band and G-band peaks are observed in the ranges from 1 336 to 

1 346 cm-1 and from 1 579 to 1 586 cm-1, respectively. Carbon nanofibers obtained on 

the nickel oxalate-based catalyst are characterized by relatively high levels of structural 

disorder visible in high values ID/IG ratio, from 1.46 to 1.57. However, this stands in the 

contrast to high crystallinity indicated by narrow peaks. Such discrepancy can be 

attributed to the presence of nickel and NiO nanoparticles – this phase can locally 

influence the electronic density increasing the ID/IG ratio [219].  
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Tab. 22. Comparison of key parameters of Raman spectra of carbon nanofibers 

synthesized on the nickel oxalate-based catalyst via CVD at different temperatures.  

Sample D-band peak 

position, cm-1 

G-band peak 

position, cm-1 

ID/IG ratio 

CNF450-NiOx  1 339   1 583   1.46  

CNF500-NiOx  1 346   1 586   1.57  

CNF550-NiOx  1 346   1 580   1.49  

CNF600-NiOx  1 336   1 579   1.51  

 

6.3.3. Performance of Li-O2 cells 

Summary of the electrochemical performance of CNF synthesized on 

Ni(COOH)2-based catalyst as cathode materials in lithium-oxygen batteries is presented 

in the Tab. 23. The initial rise in the synthesis temperature from 450°C to 500°C has led 

to the improvement of electrochemical performance. The first discharge capacity has 

grown from 331 mAh g-1 to 339 mAh g-1 and reversibility has increased from 47% to 

80% for CNF450-NiOx and CNF500-NiOx, respectively. However, subsequent rise in 

temperature of synthesis leads to the decrease in the first discharge capacity for 

CNF550-NiOx and CNF600-NiOx to 246 mAh g-1 and 207 mAh g-1, accordingly. In 

terms of reversibility, the decline is also observed, but it is not as linear. The 

reversibility has fallen to 17% for CNF550-NiOx, but small rebound is observed for 

CNF600-NiOx with reversibility reaching 37%.  

Tab. 23. Summary of electrochemical performance of Li-O2 batteries with CNF 

synthesized on the nickel oxalate-based catalyst as cathode materials during the first 

discharge-charge cycle. 

Sample 1st cycle discharge 

capacity, mAh g-1  

1st cycle charge 

capacity, mAh g-1 

1st cycle 

reversibility 

CNF450-NiOx 331 155 47% 

CNF500-NiOx 339 271 80% 

CNF550-NiOx 246 43 17% 

CNF600-NiOx 207 77 37% 

 

In terms of GCPL graphs for the first discharge-charge cycle presented in the 

Fig. 30, all of the compared carbon nanofibers display similar discharge plateau at 

around 2.6 V. However, for the phase of charging only CNF450-NiOx and 

CNF500-NiOx show short, but distinct, charging plateaus, as can be seen in the 

Fig. 30.1 and 30.2. For CNF450-NiOx, the charge plateau is localized at higher 

potential in comparison to the position of the charge plateau for CNF500-NiOx, 4.6 V 

vs 3.7 V respectively. This variation directly corresponds to the difference in the 

measured charge overpotentials. The significantly higher OER-overpotential of 1.6 V is 

attributed to CNF450-NiOx. On the other hand, the relatively low charge overpotential 

of 0.7 V is in line with the highest reversibility of this sample, suggesting the superiority 

of electrochemical properties of CNF500-NiOx among other carbon nanofibers 

prepared on the standalone Ni(COOH)2. 
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Fig. 30. Comparison of GCPL measurements for the first discharge-charge cycle 

conducted at current density of 0.4 mA cm-2 with CNF synthesized on the nickel 

oxalate-based catalyst via CVD process as a cathode materials: 1 - CNF450-NiOx; 2 -

 CNF500-NiOx; 3 - CNF550-NiOx; 4 - CNF600-NiOx.  

 The superiority of CNF500-NiOx in comparison to other CNF synthesized on 

the nickel oxalate-based catalyst is also noticeable across large number of discharge-

charge cycles, as presented in the Fig. 31. After the first cycle, CNF500-NiOx show the 

highest retention of capacity and it gradually decreases from almost 80 mAh g-1 at the 

second cycle to around 20 mAh g-1 at the 6th cycle. Later, the capacity of around 

20 mAh g-1 is remained up to 50th cycle. Similar behavior is displayed by 

CNF450-NiOx, but the observed capacity is lower and it ranges from around 

45 mAh g-1 at the 2nd cycle to around 20 mAh g-1 at the 6th cycle. In the case of 

CNF550-NiOx and CNF600-NiOx, the behavior of both samples across larger number 

of cycle is almost identical – the discharge capacity steadily decreases to reach 

10 mAh g-1 at approximately 10th cycle and it continues to decline to reach 5 mAh g-1 at 

around 50th cycle.  
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Fig. 31. Comparison of cyclability performance of CNF synthesized on the nickel 

oxalate-based catalyst via CVD process as cathode materials during the GCPL 

measurements at 0.4 mA cm-2, the first discharge cycle is excluded. 

Presented electrochemical performance of CNF synthesized on the standalone 

nickel oxalate catalyst closely resemble results obtained for CNF prepared on the 

standard catalyst – not necessarily value-wise, but the trend-wise. For both groups of 

materials, no direct correlation between structure or porosity and electrochemical 

performance can be drawn, at least based on the conducted measurements. Such 

repeating observation would indicate that there is an additional characteristic of 

materials, not investigated in this work, that could have the crucial influence on the 

performance of lithium-oxygen battery and, at the same time, it would be dependent on 

the temperature of synthesis.  

Due to the fact that for both groups of carbon nanofibers, the same stream of raw 

materials and the same catalytic nanoparticles (Ni nanoparticles) have been employed, 

the type of CNF (fishbone, platelet, or tubular) could be the missing variable. As have 

been stated before, the type of CNF strongly depend on the temperature of synthesis and 

it impacts electric conductivity, which is also important property of cathode materials.  
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6.4. Comparison of activated carbons with different porosity as a cathode materials 

in Li-O2 cells  

6.4.1. Synthesis  

Yields of all of the activation processes have been calculated according to the 

formula expressed in the equation (13) and are summarized in the Tab. 24. The loss of 

mass during the activation with KOH of CP520 in mass ratio of 3:1 has reached 30%, 

which is higher than 18%, that has been achieved during analogical procedure, but with 

CP600 as the raw material. After increasing the excess of potassium hydroxide and 

reaching the mass ratio of 4:1, the loss of mass during the preparation of 

AC/CP600/4KOH has increased to 31%. During the activation with mass ratio of 3:1, 

CP520 is more susceptible to higher degradation of structure, as compared to more 

stable CP600. To reach similar level of structure degradation for CP600, harsher 

environment is required and after rising the content of potassium hydroxide in the 

starting mixture to 80 wt. %, almost identical loss of mass is achieved.  

Tab. 24. Summary of loss mass during the preparation of coke pitches and activated 

carbons. 

Sample Loss of mass, YAC  

AC/CP520/3KOH 30% 

AC/CP600/3KOH 18% 

AC/CP600/4KOH 31% 

AC/H3PO4 56% 

 

The relatively high loss of mass of 56% observed during the activation with 

phosphoric acid results from the nature of raw materials mixture used in the process. 

Wood shavings contain large amounts of volatile compounds, moisture, and organic 

matter that are decomposed during the activation and exit the reactor. Moreover, during 

the heating of biomass and H3PO4 mixture, carbonization and activation processes are 

taking place simultaneously, which furtherly increases the overall loss of mass. 

However, the 18% loss of mass observed during the reduction of AC/H3PO4 is not 

related to the additional activation of surface, but to the decomposition of oxygen 

containing functional groups leading to the decrease of mass of product.  

6.4.2. Materials characterization  

Comparison of SEM images of CP520 and AC/CP520/3KOH, see Fig. 32, 

allows to observe and analyze key changes in morphology taking place during chemical 

activation of highly carbonaceous material with potassium hydroxide. Changes in 

texture of surface can be observed with CP520 having relatively smooth and more 

compact structure, as opposed to more degraded and irregular structure of 

AC/CP520/3KOH, which would indicate the activation of raw material’s surface and its 

structural breakdown. However, similarities between both materials can be noticed, 

which imply partial structural retention after activation – including structural 

consistency indicating their primarily carbonaceous composition and fragmentation 

suggesting the brittle nature of presented structures.  
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Fig. 32. SEM images of pitch coke prepared at 520°C and activated carbon obtained via 

chemical activation with potassium hydroxide: 1, 2, 3 - CP520; 4, 5, 6 - 

AC/CP520/3KOH.  

 The morphology of CP600 displayed in the SEM images, see Fig. 33, is similar 

to the morphology of CP520 with both materials having fragmented and irregular 

structure. However, the surface of CP600 shows rougher edges, combined with slightly 

higher number of cracks, which is especially visible while comparing images in the 

Fig. 32.6 and Fig. 33.1. These minor differences in morphology are caused by higher 

temperature of carbonization of CP600, which leads to the release of compounds during 

heating and subsequent cracking of material.  

More notable difference in morphology can be observed between CP600 and 

products of its chemical activation with potassium hydroxide, AC/CP600/3KOH and 

AC/CP600/4KOH. Both of the mentioned activated carbons present more irregular 

structure with sharper edges and larger number of cracks in comparison to CP600. 

Moreover, process conducted with higher content of KOH leads to more exhaustive 

activation of initial material, which is especially noticeable during the comparison of 

images in the Fig. 33.6 and Fig. 33.9. Higher fragmentation and deeper cracks resulting 

in finer particles are observed for AC/CP600/4KOH, while the sample 

AC/CP600/3KOH seems to more closely resemble initial material. 
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Fig. 33. SEM images of coke pitch prepared 600°C and activated carbons obtained via 

chemical activation with potassium hydroxide: 1, 2, 3 - CP600; 4, 5, 6 - 

AC/CP600/3KOH; 7, 8, 9 - AC/CP600/4KOH.  

 As opposed to highly carbonaceous raw materials used in the activation with 

KOH, considerably different morphology is presented by wood shavings utilized in the 

chemical activation with phosphoric acid, see Fig. 34. The fibrous and layered structure, 

observed in SEM images in the Fig. 34.1-34.3, is characteristic for natural wood 

structures. Additionally, some longitudinal cracks indicate the prone-to-breaking nature 

of biomass, which is reflected in the obtained activated carbon. In the images of 

AC/H3PO4, grains ranging in size from couple of µm to over 100 µm are observed. The 

variety of morphology of grains of AC/H3PO4 results from the breakage of wood 

shavings, caused by effective activation with phosphoric acid. AC/H3PO4 grains display 

rather sharp edges, which is changed after the reduction process. The morphology of 

grains of AC/H3PO4/RED is more compact, with less cracks than in the initial AC.  
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Fig. 34. SEM images of raw material and activated carbons obtained via chemical 

activation with phosphoric acid: 1, 2, 3 - wood shavings; 4, 5, 6 - AC/H3PO4; 7, 8, 9 - 

AC/H3PO4/RED. 

 In terms of specific surface area and porosity, significant development is 

observable for all products of activation processes, see Tab. 25. The activation of 

CP520 with potassium hydroxide in the mass ratio of 3:1 (KOH:CP520) has led to the 

preparation of highly porous materials with SSA of 1 799 m2g-1 and the total pore 

volume of 0.871 cm3g-1. In the case of activation with CP600 as the raw material, both 

processes have led to the development of active surface, but the mass ratio of 4:1 has 

resulted in higher growth of SSA and porosity than the mass ratio of 3:1 – the specific 

surface area and total pore volume for AC/CP600/3KOH and AC/CP600/4KOH have 

increased to 1 106 and 1 782 m2g-1 and to 0.601 and 0.971 cm3g-1, respectively. The 

noticeably larger development of porosity of CP520 compared with CP600, after the 

activation with KOH in mass ratio of 3:1 indicates, that pitch coke carbonized at 520°C 

is more prone-to-activation than CP600. To achieve similar level of porosity 

development for CP600, larger excess of KOH needs to be applied and the mass ratio of 

4:1 has led to the preparation of activated carbon with well-developed active surface.  

 During the activation of wood shavings with phosphoric acid, activated carbon 

with well-developed SSA and VT of 1 293 m2g-1 and to 1.170 cm3g-1 is obtained. The 

total pore volume of AC/H3PO4 is the largest amongst all of compared activated 

carbons. After the reduction of AC/H3PO4 the degradation of porosity occurs and the 

SSA drops to 537 m2g-1 and VT decreases to 0.552 cm3g-1. These results strongly 

indicate that the chosen biomass is susceptible to the activation with phosphoric acid 

resulting in the preparation of highly porous activated carbon.  
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Tab. 25. Comparison of parameters of porosity of raw materials and obtained activated 

carbons. 

Sample Specific 

surface area, 

SQSDFT (m2g-1) 

Total pore 

volume, VT 

(cm3g-1) 

Mesopores 

volume, Vmeso 

(cm3g-1) 

Vmeso/VT 

AC/CP520/3KOH 1799  0.871   0.026   0.03  

AC/CP600/3KOH 1106  0.601   0.082   0.14  

AC/CP600/4KOH 1782  0.971   0.118   0.12  

AC/H3PO4 1293  1.170   0.714   0.61  

AC/H3PO4/RED 537  0.552   0.395   0.72  

  

Although the effectiveness of KOH and H3PO4 as activation agents has been 

proven, the nature of obtained activated carbons is fundamentally different. Activation 

with potassium hydroxide leads to the synthesis of highly microporous activated carbon, 

which is visible in the minimal share of mesoporosity, ranging from 0.03 to 0.14. 

Additionally, all of the KOH-activated materials display type I of N2 

adsorption/desorption isotherms at 77 K according to IUPAC classification 

characteristic to microporous materials, see Fig. 35 [195]. Moreover, adsorption and 

desorption isotherms of AC/CP520/3KOH, AC/CP600/3KOH, and AC/CP600/4KOH 

do not converge together at low range of p p0
-1, which suggests that the dominant share 

of narrow micropores prevents full nitrogen desorption. QSDFT calculation of pore size 

distribution shows that indeed majority of pores in these ACs have width below 2 nm, 

and furtherly that high share of micropores have diameters below 0.5 nm. 



Results and discussion 

101 

 

 

Fig. 35. The N2 adsorption/desorption isotherms and PSD of activated carbons prepared 

via chemical activation with potassium hydroxide: 1, 2 - AC/CP520/3KOH; 3, 4 - 

AC/CP600/3KOH; 5, 6 - AC/CP600/4KOH.  

 On the contrary to the microporosity created by KOH, phosphoric acid used as 

the activation agent has led to the formation of dominant mesoporous characteristics, 

which is visible in the large share of Vmeso in total pore volume of 0.61 for AC/H3PO4. 

The characteristic for mesoporous materials isotherm of N2 adsorption/desorption at 

77 K with distinct hysteresis loop corresponding to type IV, according to the IUPAC 

terminology [195], confirms the mesoporous nature of AC/H3PO4, see Fig. 36. Even 

though, the decrease in total pore volume and specific surface area has been observed, 

the mesoporous nature of AC/H3PO4/RED is maintained after the reduction. Relatively 

high value of Vmeso/VT ratio of 0.72, combined with the type IV isotherm with even 

more evident hysteresis loop than in unreduced AC, imply that the mesoporosity of 

initial activated carbon has been increased. In PSD graphs for AC/H3PO4 and 

AC/H3PO4/RED, rather proportional drop of volumes across all widths of pores is 

shown, but the highest degradation is observed for micropores. The removal of oxygen 

functional groups has disrupted the carbon structure of material, which results in 

micropores collapsing.  
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Fig. 36. The N2 adsorption/desorption isotherms and PSD of activated carbons prepared 

via chemical activation with phosphoric acid: 1, 2 - AC/H3PO4; 3, 4 - AC/H3PO4/RED. 

Further investigation on the influence of the type of raw material, mass ratio of 

KOH, and type of activation agent on the carbon structure of obtained activated carbon 

have been conducted using the Raman spectroscopy, key parameters of each spectra are 

summarized in the Tab. 26. The decrease of disorder level after the increase of 

carbonization temperature of coke pitch is noticeable in the Raman spectra of CP520 

and CP600 presented in the Fig. 37 and Fig. 38, respectively. The ID/IG ratio declines 

from 1.01 for CP520 to 0.86 for CP600, which, in combination with narrower peaks of 

D-band and G-band, indicate the decrease of disorder and the increase of crystallinity 

levels, together with fewer defects for the material prepared in 600°C. The rise of order 

level in CP600 is caused by the additional removal of impurities and subsequent 

solidification and crosslinking processes occurring at higher temperature.  

Tab. 26. Comparison of key parameters of Raman spectra of raw materials for 

activation and prepared activated carbons. 

Sample D-band peak 

position, cm-1 

G-band peak 

position, cm-1 

ID/IG ratio 

CP520  1 354   1 565   1.01  

CP600  1 343   1 590   0.86  

AC/CP520/3KOH  1 347   1 568   1.04  

AC/CP600/3KOH  1 343   1 583   0.93  

AC/CP600/4KOH  1 366   1 561   1.01  

AC/H3PO4  1 332   1 590   0.97  

AC/H3PO4/RED  1 332   1 579   1.05  
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The disorder level and number of defects is increased after the activation with 

potassium hydroxide. For the AC/CP520/3KOH rise in disorder is relatively minor with 

the rise of ID/IG ratio to 1.04, as compared to 1.01 for CP520, but the slight broadening 

of D-band and G-band peaks can be observed. Additionally, the shift of peaks’ position 

from 1 354 cm-1 to 1 347 cm-1 for D-band and from 1 565 cm-1 to 1 568 cm-1 for G-band 

is observed for CP520 and AC/CP520/3KOH, respectively.  

 

Fig. 37. Comparison of Raman spectra of CP520 before and after activation process 

with potassium hydroxide.  

 However, more evident changes in carbon structure after chemical activation are 

observed for CP600 than for CP520. After the activation, the disorder level gradually 

increases from 0.86 for CP600 to 0.93 and 1.01 for AC/CP600/3KOH and 

AC/CP600/4KOH, respectively. Moreover, the shape of D-band and G-band peaks 

become broader for AC/CP600/3KOH and both peaks are less separated than for the 

raw material. Widening and merging of peaks in Raman spectra is even more distinct 

AC/CP600/4KOH. The described changes in Raman spectra between CP600 and 

prepared ACs are aligned with the observation from the analysis of porosity and specific 

surface area – KOH effectively activate the structure of carbonaceous material leading 

to the development of porosity. Moreover, exhausting activation of coke pitch with 

mass ratio of 4:1 leads to higher deterioration of carbon structure, which corresponds to 

better development of active surface of AC/CP600/4KOH as compared to 

AC/CP600/3KOH.  

 

Fig. 38. Comparison of Raman spectra of CP600 before and after activation process 

with potassium hydroxide at different mass ratio.  
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For the activated carbons derived from wood shavings, similarities between their 

Raman spectra can be observed. Both of the spectra presented in the Fig. 39 display 

similar shape with relatively narrow G-band peak and broader peak for D-band. In 

terms of position, the D-band peaks are at 1 332 cm-1 for both samples, and small shift 

of position from 1 590 cm-1 to 1 579 cm-1 is noticed for AC/H3PO4 and 

AC/H3PO4/RED, respectively. The slight increase of disorder level after the reduction is 

noticed, based on the rise of ID/IG from 0.97 to 1.05. The increase of disorder level 

combined with the shift of the G-band peak position would suggest that during the 

reduction mainly the graphitic structure of AC/H3PO4 has been altered during the 

reduction process. The degradation of oxygen containing functional groups occurring 

during the reduction has led to the collapse of micropores, which has resulted in the 

growth of mainly edge-related defects in carbon structure, but has not risen the SSA and 

VT as described before.  

 

Fig. 39. Comparison of Raman spectra of activated carbon prepared via chemical 

activation with phosphoric acid with and without subsequent reduction. 

6.4.3. Performance of Li-O2 cells 

Key parameters of electrochemical measurements for the first discharge-charge 

cycle of lithium-oxygen batteries utilizing activated carbons as cathode materials are 

listed in the Tab. 27. The highest first cycle discharge capacity of 446 mA g-1, with 

satisfactory reversibility of 57%, has been recorded for AC/H3PO4. However, the 

performance of reduced AC/H3PO4 are notably worse with the first discharge cycle 

capacity and reversibility dropping to 249 mAh g-1 and 42%, respectively. In the case of 

materials derived from coke pitches, AC/CP600/4KOH displays the highest first 

discharge capacity of 377 mAh g-1 and exceptionally high reversibility of 99%. 

Comparably high reversibility of 98% is observed for AC/CP600/3KOH, but the 

discharge capacity is noticeably lower at 175 mAh g-1. On the other hand, the lowest 

reversibility out of all AC of only 36% and relatively low discharge capacity for the first 

cycle of 250 mAh g-1 are presented by AC/CP520/3KOH.  
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Tab. 27. Summary of electrochemical performance of Li-O2 batteries with activated 

carbons as cathode materials during the first discharge-charge cycle. 

Sample 1st cycle discharge 

capacity, mAh g-1  

1st cycle charge 

capacity, mAh g-1 

1st cycle 

reversibility 

AC/CP520/3KOH  250   91  36% 

AC/CP600/3KOH  175   172  98% 

AC/CP600/4KOH  377   373  99% 

AC/H3PO4 446 256 57% 

AC/H3PO4/RED 249 105 42% 
  

In the case of galvanostatic curves for the first discharge-charge cycle presented 

in the Fig. 40, significant differences between tested activated carbons can be noticed. 

For two samples, AC/CP520/3KOH and AC/H3PO4/RED, no charge plateaus can be 

distinct suggesting poor energy efficiency, which is also reflected in the mentioned low 

reversibility of the first cycle for these two samples. For AC/H3PO4, the charge curve in 

the Fig. 40.4 is less steep and small plateau can be noticed at around 3.9-4.0 V, which 

would equal to charge overpotential at around 0.9-1.0 V.  

The most interesting behavior is recorded for the first cycle GCPL graphs for 

AC/CP600/3KOH and AC/CP600/4KOH, see Fig. 40.2 and Fig. 40.3, respectively. For 

these samples, two charge plateaus can be distinguished. In the case of 

AC/CP600/3KOH, first and larger charge plateau is located at around 3.3 V and the 

second, considerably shorter, is located at around 4.45 V. For AC/CP600/4KOH, the 

first discharge plateau is located at 3.5 V, resulting in a slightly higher overpotential of 

0.5 V vs 0.3 V for AC/CP600/3KOH, and the second plateau is at around 4.4 V and it is 

larger than the one observed for AC/CP600/3KOH. Origins of this unusual occurrence 

of two plateaus during charging is not well understood as it is not observed for any 

other samples in this study. Based on the previous reports, such behavior could be 

attributed to the high share of side reactions in the processes occurring during the 

operation of the cell, combined with pore blockage leading to the limitation of charge 

and oxygen transport, forcing the transitions in reactions pathways [220–222].  
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Fig. 40. Comparison of GCPL measurements for the first discharge-charge cycle 

conducted at current density of 0.4 mA cm-2 with activated carbons as a cathode 

materials: 1 - AC/CP520/3KOH; 2 - AC/CP600/3KOH; 3 - AC/CP600/4KOH; 4 - 

AC/H3PO4; 5 - AC/H3PO4/RED.  

The cyclability performance of all of the activated carbons is presented in the 

Fig. 41. The best performance is displayed by AC/CP600/4KOH sample, for which the 

discharge capacity gradually decreases across 50 cycles, but for the first 6 cycles it is 

retained at relatively high value of over 100 mAh g-1. After the 6th cycle, the decrease in 

discharge capacity is more steep and after 30th cycle it stabilizes at around 20 mAh g-1. 

Similar behavior is presented by the lithium-oxygen battery with AC/CP600/3KOH as 

cathode material, but the absolute values of discharge capacities are lower in 

comparison to AC/CP600/4KOH – for the first 9 cycles the discharge capacities have 

been retained above 50 mAh g-1 and the relatively stable capacity of around 20 mAh g-1 
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has been achieved for 22nd cycle and onwards. In the case of AC/CP520/3KOH, after 

the first cycle significant drop of discharge capacity below 50 mAh g-1 is observed, but 

later increase of capacity above 50 mAh g-1 is recorded for 5 cycles. However, after that 

rise, the gradual decline in discharge capacity occurs and values close to 0 mAh g-1 are 

reached at around 45th cycle. For AC/H3PO4, the discharge capacities rapidly fall below 

50 mAh g-1 within the first three cycles, followed by a continuous decline, ultimately 

reaching nearly 0 mAh g-1 after approximately 30 cycles. The cyclability is slightly 

improved for the Li-O2 battery utilizing AC/H3PO4/RED and the discharge capacities 

are retained above 20 mAh g-1 up to 30th cycle and after that gradual decrease to 

5 mAh g-1 for the 50th cycle occurs.  

 

Fig. 41. Comparison of cyclability performance of activated carbons as cathode 

materials during the GCPL measurements at 0.4 mA cm-2, the first discharge cycle is 

excluded. 

Based on the obtained research results, several correlations can be identified 

regarding the influence of the porous structure on the electrochemical performance of 

lithium-oxygen batteries. Given that the differences in carbon structure, as indicated by 

Raman spectra, are considerably less pronounced than the variations in porosity, it can 

be implied that the porosity plays a dominant role in determining electrochemical 

performance.  

Firstly, among activated carbons with comparable mesopore content (Vmeso/VT 

of 0.14 and 0.12 for AC/CP600/3KOH and AC/CP600/4KOH), the material with 
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a larger SSA enables a higher discharge capacity for the first cycle. Furthermore, this 

trend extends to cyclability across 50 cycles – AC/CP600/4KOH maintains a higher 

discharge capacity than AC/CP600/3KOH, particularly up to approximately 35th cycle. 

Secondly, for materials with comparable specific surface areas (1799 m2g-1 for 

AC/CP520/3KOH and 1782 m2g-1 for AC/CP600/4KOH), a larger mesopore volume 

and a higher share of mesoporosity contribute to achieving a higher initial discharge 

capacity. Higher share of mesoporosity also improves cycling stability, which is 

displayed in higher discharge capacities for AC/CP600/4KOH than AC/CP520/3KOH 

over larger number of cycles.  

Furtherly, electrochemical performance of AC/H3PO4 indicates that SSA is not 

the primary factor influencing battery capacity, but rather VT and share of mesoporosity. 

Despite having a specific surface area approximately 30% lower than AC/CP520/3KOH 

and AC/CP600/4KOH, AC/H3PO4 exhibits a higher first-cycle discharge capacity. This 

can be attributed to its greater total pore volume and significantly higher share of 

mesopore as compared to activated carbons derived from pitch coke. However, the poor 

cyclability of AC/H3PO4 is likely due to its relatively high content of oxygen functional 

groups, as supported by a comparison between unmodified and reduced carbon derived 

from wood shavings. Although the reduction in SSA and VT leads to a lower initial 

discharge capacity, the removal of oxygen functional groups improves cycling stability, 

demonstrating the complex interplay between porosity and surface chemistry in 

determining electrochemical performance. 

6.5. The development of CNF/AC composite material for the application as 

a cathode material in the Li-O2 cells  

As have been presented above, to maximize the performance of lithium-oxygen 

battery, cathode material with sufficient catalytic activity and optimal porosity is 

required. Based on the already presented results, the combination of carbon nanofibers 

and activated carbons has been proposed to achieve these requirements towards cathode 

material. The composites based on the carbon nanofibers synthesized directly on the 

activated carbon-based catalyst have been proposed.  

Due to the facile, one step approach to the synthesis of CNF, nickel oxalate has been 

chosen as the catalyst. However, to improve the synthesis of CNF, additional phase of 

catalyst support in the form of activated carbon has also been incorporated in the 

catalyst composition. Due to its properties, such as dominant mesoporosity, relatively 

high SSA, and satisfactory electrochemical performance for the first discharge-charge 

cycle, AC/H3PO4 has been chosen from all of the tested ACs. In terms of selecting the 

temperature for the preparation of composites, 500°C has been chosen, as the CNF 

obtained at this temperature displayed superior electrochemical performance – 

nevertheless if the synthesis process has been conducted on the nickel oxalate or the 

standard catalyst.  

6.5.1. Synthesis  

Before analyzing results of synthesis conducted on the catalysts composed of 

AC/H3PO4 and different content of Ni(COOH)2, it is worth to recall the synthesis yield 
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of process conducted on the pristine nickel oxalate at 500°C, which equals to 

1.55 gCNFgcat
−1 , as it will serve as a reference point in further discussion in this section.  

For catalysts composed of nickel oxalate mixed with activated carbon, yields of 

synthesis have increased with increasing nickel content. However, when catalysts with 

low nickel content (10 and 20 wt. %) have been utilized in the synthesis, the yields have 

reached only 0.72 and 1.22 gCNFgcat
−1 , respectively. This decrease in yield for AC-based 

catalysts is likely due to the lower surface concentration of nickel nanoparticles formed 

during the thermal decomposition of Ni(COOH)2. In contrast, the preparation of 

CNF500/AC/H3PO4/50 has led to a substantial increase in synthesis yield, reaching 

2.34 gCNFgcat
−1 . The ratio of AC to Ni(COOH)2 in AC/H3PO4/50 catalyst ensures both 

a high concentration and uniform distribution of nickel nanoparticles under synthesis 

conditions, enhancing their exposure to propane and improving catalytic efficiency, 

which is reflected in high yield.  

Interesting correlation emerges when synthesis yield is recalculated and 

normalized to express the mass of obtained CNF per nickel mass (YNi), rather than total 

catalyst mass, see Tab. 28. The AC/H₃PO₄/10 catalyst, containing the lowest nickel 

content, achieves the highest YNi of 18.28 gCNFgNi
−1, while for catalysts with higher 

nickel content YNi decreases to 15.47 gCNFgNi
−1 (AC/H₃PO₄/20) and 11.87 gCNFgNi

−1 

(AC/H₃PO₄/50). This reverse trend, where YNi increases as nickel content decreases, 

suggests that the non-nickel phase remains inactive during CNF formation.  

The achieved synthesis yields are slightly lower than those typically reported for 

CNF synthesis using nickel-based catalysts, where yields of few gCNFgcat
−1  are often 

observed [191]. However, the presented approach offers two essential advantages over 

conventional methods. Firstly, unlike traditional methods that require multi-step 

impregnation, calcination, and reduction, this approach involves a straightforward, one-

step physical mixing of nickel oxalate with activated carbon, significantly simplifying 

catalyst preparation. Secondly, in contrast to commonly used inorganic supports such as 

hydroxyapatite or aluminum oxides, activated carbon serves not only as a catalyst 

support, promoting uniform nickel nanoparticle distribution, but also as an active 

component in the cathode material. Such approach eliminates the need for post-

synthesis leaching with corrosive chemicals, such as concentrated hydrofluoric acid, 

reducing environmental impact and simplifying processing. 

Tab. 28. Yields of synthesis of CNF on catalysts composed of AC/H3PO4 and different 

content of Ni(COOH)2 via CVD process at 500°C. 

Sample Synthesis yield, Y 

(𝐠𝐂𝐍𝐅𝐠𝐜𝐚𝐭
−𝟏 ) 

Synthesis yield, YNi 

(𝐠𝐂𝐍𝐅𝐠𝐍𝐢
−𝟏)  

CNF500/AC/H3PO4/10 0.72 18.28 

CNF500/AC/H3PO4/20 1.22 15.47 

CNF500/AC/H3PO4/50 2.34 11.87 
 

SEM images of catalysts composed of biomass-derived activated carbon with 

varying nickel oxalate content are presented in the Fig. 42. In the lower-magnification 
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images (Fig. 42.1, 42.4, and 42.7), the distinct structural features of AC/H3PO4 and 

Ni(COOH)2 are visible – the activated carbon particles display irregular sizes and sharp 

edges, while nickel oxalate appears as crystalline aggregates dispersed throughout the 

material. 

 

Fig. 42. SEM images of catalysts composed of AC/H3PO4 and different content of 

NI(COOH)2: 1, 2, 3 - AC/H3PO4/10; 4, 5, 6 - AC/H3PO4/20; 7, 8, 9 - AC/H3PO4/50.  

During catalyst preparation, the grinding process enables the distribution of 

nickel oxalate aggregates across the external surface of activated carbon. As could be 

expected, the number of visible nickel oxalate aggregates increases with higher nickel 

concentration in the catalyst. The fewest crystallite agglomerates are observed in the 

AC/H3PO4/10 sample, while the highest density of aggregated nickel oxalate is present 

in AC/H3PO4/50, reflecting the increasing nickel content in the formulation. 

6.5.2. Materials characterization  

Comparison of SEM images of CNF/AC composite is presented in the Fig. 43. 

The most dense morphology of synthesized carbon nanofibers is observed for 

CNF500/AC/H3PO4/50, for which nanofibers form clusters that wrap around grains of 

activated carbon. Moreover, carbon nanofibers shown in the Fig. 43.7 and 43.8 are 

relatively long with average length over 1 µm. On the other hand, CNF synthesized on 

catalysts containing 10 and 20 wt. % Ni display notably different morphologies – for 

both samples, the density of created nanofibers is significantly lower, and the activated 

carbon grains remain partially exposed. The SEM images of CNF500/AC/H3PO4/10 and 

CNF500/AC/H3PO4/20 do not reveal a distinct nanofiber structure, but instead, only 

small aggregates of carbon nanostructures are visible.  
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Fig. 43. SEM images of CNF synthesized on Ni(COOH)2 and AC/H3PO4 based 

catalysts at 500C: 1, 2, 3 - CNF500/AC/H3PO4/10; 4, 5, 6 - CNF500/AC/H3PO4/20; 7, 

8, 9 - CNF500/AC/H3PO4/50. 

 The summary of key parameters of porous structure of obtained CNF/AC 

composites and the reference sample is presented in the Tab. 29, alongside N2 

adsorption/desorption isotherms at 77 K and PSD graphs being presented in the Fig. 44. 

All of composites have displayed significantly higher VT and SSA than CNF prepared 

on the pristine nickel oxalate. Moreover, values of both parameters have increased with 

the increasing content of nickel in the initial catalyst, with CNF500/AC/H3PO4/10 and 

CNF500/AC/H3PO4/20 having the SSA of 722 and 1 111 m2g-1 and VT of 0.627 and 

1.116 cm3g-1, respectively. In the case of the both of the mentioned samples, the 

porosity have deteriorated in comparison to the AC/H3PO4. However, for 

CNF500/AC/H3PO4/50 the highest values of specific surface area and total pore volume 

of 1 783 m2g-1 and 1.839 cm3g-1 have been reported. The largest reduction of porosity 

has been observed for the reference sample, CNF500/AC/H3PO4/MIX, for which the 

SSA of only 601 m2g-1 and VT of 0.572 cm3g-1 is noted.  

Tab. 29. Parameters of the porous structure of CNF synthesized on Ni(COOH)2 and 

AC/H3PO4 based catalyst via CVD process and the reference sample. 

Sample Specific 

surface area, 

SQSDFT (m2g-1) 

Total pore 

volume, 

VT (cm3g-1) 

Mesopores 

volume, Vmeso 

(cm3g-1) 

Vmeso/VT 

CNF500/AC/H3PO4/10 722 0.627 0.356 0.57 

CNF500/AC/H3PO4/20 1 111 1.116 0.722 0.65 

CNF500/AC/H3PO4/50 1 783 1.839 1.211 0.66 

CNF500/AC/H3PO4/MIX 601 0.572 0.358 0.63 
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The dominant mesoporous character originating from carbon nanofibers 

prepared on the pristine nickel oxalate and the activated carbon obtained from biomass 

via activation with phosphoric acid is retained in the CNF/AC composites and the 

reference sample. The dominant share of mesoporosity is observed in the type IV of N2 

adsorption/desorption isotherms at 77 K according to the IUPAC terminology, with 

slight hysteresis loops visible in the Fig. 44 [195]. Additionally, for most of the 

compared CNF and AC-containing samples have displayed similar share of 

mesoporosity with the ratio of Vmeso/VT in the range from 0.63 to 0.66, with only 

CNF500/AC/H3PO4/10 having displayed slightly lower Vmeso/VT ratio of 

0.57. Moreover, similarly to CNF500-NiOx and AC/H3PO4, based on the PSD graphs 

presented in the Fig. 44 pores with the largest share of volume have diameters between 

3 and 4 nm.  

For composites synthesized on catalysts with lower nickel oxalate concentrations 

(CNF500/AC/H3PO4/10 and CNF500/AC/H3PO4/20), as well as the reference sample 

(CNF500/AC/H3PO4/MIX), a partial loss of porosity is observed. In these samples, the 

lower specific surface area and total pore volume compared to the original activated 

carbon suggest that during catalyst preparation, the porous structure of AC/H3PO4 may 

have been damaged or blocked by nickel oxalate crystallites and have not been fully 

restored during CNF synthesis. In contrast, CNF500/AC/H3PO4/50 exhibits a significant 

improvement in porosity and it demonstrates the highest SSA and VT among CNF and 

AC-containing materials, indicating that a higher concentration of nickel oxalate in the 

activated carbon-based catalyst promotes better dispersion of Ni crystallites. This 

enhanced distribution facilitates porosity recovery through CNF formation during CVD 

synthesis. The observed porosity characteristics, particularly the dominant 

mesoporosity, suggest that these materials are well-suited for application as cathode 

materials in lithium-oxygen batteries. 
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Fig. 44. The N2 adsorption/desorption isotherms and PSD of CNF/AC composites: 1, 2 - 

CNF500/AC/H3PO4/10; 3, 4 - CNF500/AC/H3PO4/20; 5, 6 - CNF500/AC/H3PO4/50; 

7, 8 - CNF500/AC/H3PO4/MIX.  

 The summary of key parameters of Raman spectra for CNF/AC composites is 

presented in the Tab. 30. There are no major shifts in the position of peaks for the 

D-band and G-band, with the maximum of D-band peaks localized at the range from 

1 321 to 1 336 cm-1 and G-band peaks being even more closely positioned at the range 

of 1 579 – 1 583 cm-1. However, values of ID/IG ratio increase with the increasing Ni 

content in the initial catalyst with values of 0.98, 1.12, and 1.18 noted for 
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CNF500/AC/H3PO4/10, CNF500/AC/H3PO4/20, and CNF500/AC/H3PO4/50 being 

reported accordingly.  

Tab. 30. Comparison of key parameters of Raman spectra of CNF/AC-based 

composites. 

Sample D-band peak 

position, cm-1 

G-band peak 

position, cm-1 

ID/IG ratio 

CNF500/AC/H3PO4/10  1 321   1 579   0.98  

CNF500/AC/H3PO4/20  1 336   1 583   1.12  

CNF500/AC/H3PO4/50  1 336   1 579   1.18  

  

In terms of shape of D-band and G-band peaks in Raman spectra in the Fig. 45, 

with the increasing content of nickel in the initial catalyst peaks start to more closely 

resemble Raman spectrum of CNF500-NiOx – narrower and more separated peaks. The 

changes observed in peak shape, along with the increasing ID/IG, support the SEM 

observations, indicating that a higher nickel content in the initial catalyst leads to an 

increased CNF content in the resulting composite. 

 

Fig. 45. Raman spectra of CNF/AC composites.  

To furtherly analyze and compare the structure of obtained composites with the 

structure of CNF500-NiOx and AC/H3PO4 the XRD and Raman spectra measurements 

have been conducted. According to the XRD spectra of CNF500/AC/H3PO4/50, 

CNF500-NiOx, and AC/H3PO4 presented in the Fig. 46, two main similarities 

associated to the carbon nature of samples are visible. Firstly, at the range of 24-26° the 

peak related to the (002) plane, which is related with the interlayer spacing of graphitic 

carbon planes, is clearly noticeable. For CNF500/AC/H3PO4/50 and CNF500-NiOx, the 

mentioned peak is located almost precisely at 26° indicating high degree of 

carbonization and higher crystallinity level as compared to the AC/H3PO4, for which the 

shift in peak position towards 24° is visible. Moreover, the (002)-related peak for 

CNF500-NiOx is narrower in comparison to CNF500/AC/H3PO4/50 and AC/H3PO4, 

furtherly implying higher degree of graphitization for this sample [196]. Secondly, the 

small peak located at around 43° and associated with (001) plane is noticeable in each 

XRD spectra in the Fig. 46. Although, the intensity of this peak is significantly lower 

than (002)-related peak, it is related with the in-plane atomic arrangements within 
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individual layers in carbon materials [223]. Additional two peaks located at around 45° 

and 52° in XRD spectra of CNF500/AC/H3PO4/50 and CNF500-NiOx correspond to the 

signals from NiO, as has been described in section 6.4.2 [215]. Moreover, the 

considerable amount of amorphous carbon in CNF500/AC/H3PO4/50 and AC/H3PO4 

can be noticed due to similar increase of baseline noise observed at lower range of 2ϴ.  

 

Fig. 46. XRD spectra of AC/H3PO4, CNF500-NiOx, and CNF500/AC/H3PO4/50. 

 The seemingly contradicting results of XRD and Raman spectra measurements 

can be explained with the more in-depth analysis and understanding of both techniques. 

The significantly higher ID/IG ratio for CNF500-NiOx compared to AC/H3PO4 and 

CNF500/AC/H3PO4/50 suggests that pristine carbon nanofibers exhibit a lower degree 

of graphitization. However, this observation contradicts the findings from XRD 

analysis. This discrepancy arises from the different structural insights provided by each 

analytical technique—XRD spectra reflect the bulk average structure, whereas Raman 

spectroscopy primarily captures surface characteristics, probing to a depth of 

approximately 10 nm [224]. 

6.5.3. Performance of Li-O2 cells 

The summary of electrochemical performance across the first discharge-charge 

cycle for CNF/AC composites is presented in the Tab. 31. Based on the obtained results, 

clear correlation is observed, that with the increasing Ni content in initial catalyst, and 

as a result higher share of CNF in the composition of synthesized composite, the 

electrochemical performance of the Li-O2 battery improves. It is noticeable in the 

growth of the discharge capacity from 639 mAh g-1 for CNF500/AC/H3PO4/10 to 

1 271 mAh g-1 for CNF500/AC/H3PO4/50, with moderate value of 723 mAh g-1 for 

CNF500/AC/H3PO4/20. In the case of reversibility of the first cycle, two composites 

obtained on the catalyst with lower Ni content of 10 and 20 wt. %, have reached similar 

reversibility of 69% and 67%, respectively. The highest reversibility of the first 

discharge-charge cycle at 87% has been achieved for CNF500/AC/H3PO4/50.  
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Tab. 31. Summary of electrochemical performance of Li-O2 batteries with CNF/AC 

composites as cathode materials during the first discharge-charge cycle. 

Sample 1st cycle 

discharge 

capacity, mAh g-1  

1st cycle charge 

capacity, mAh g-1 

1st cycle 

reversibility 

CNF500/AC/H3PO4/10 639 439 69% 

CNF500/AC/H3PO4/20 723 482 67% 

CNF500/AC/H3PO4/50 1271 1108 87% 

CNF500/AC/H3PO4/MIX 395 153 39% 
  

All of the CNF/AC composites and the reference sample display discharge 

plateau at comparable potential of around 2.5 V, as presented in galvanostatic curves in 

the Fig. 47. However, only CNF500/AC/H3PO4/50 shows distinct and stable charge 

plateau at 3.75 V, which corresponds to relatively low charging overpotential of 

around 0.75 V.  

 

Fig. 47. Comparison of GCPL measurements for the first discharge-charge cycle 

conducted at current density of 0.4 mA cm-2 with CNF/AC composites as a cathode 

materials: 1 - CNF500/AC/H3PO4/10; 2 - CNF500/AC/H3PO4/20; 3 - 

CNF500/AC/H3PO4/50; 4 - CNF500/AC/H3PO4/MIX. 

 The cyclability performance of CNF and AC based materials is presented in the 

Fig. 48. For CNF500/AC/H3PO4/10 a gradual decline in discharge capacity from around 

80 mAh g-1 in the 2nd cycle to approximately 30 mAh g-1 by the 30th cycle is observed, 

followed by a sharp drop to nearly 0 mAh g-1 after 40 cycles. CNF500/AC/H3PO4/20 

maintains discharge capacity over 75 mAh g-1 for the first 5 cycles and later it gradually 
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decreases to around 50 mAh g-1 at the 15th cycle with a steady decline until the 50th 

cycle. CNF500/AC/H3PO4/50 demonstrates the highest stability, maintaining around 

50 mAh g-1 across all 50 cycles. The enhanced performance of CNF/AC composites 

originate from the synergistic combination of high surface area and porosity from 

activated carbon with the strong catalytic activity of carbon nanofibers.  

 

Fig. 48. Comparison of cyclability performance of CNF/AC composites as cathode 

materials during the GCPL measurements at 0.4 mA cm-2, the first discharge cycle is 

excluded.  

 In terms of the electrochemical performance across the first cycle, all of 

composites have enabled achieving higher discharge capacity than the AC/H3PO4, 

CNF500-NiOx, and the reference sample (CNF500/AC/H3PO4/MIX). In the first cycle, 

the Li-O2 battery with CNF500/AC/H3PO4/MIX as cathode achieves a discharge 

capacity of 395 mAh g-1, higher than CNF500-NiOx, but lower than all of CNF/AC 

composites. Additionally, its reversibility of the first cycle is the lowest among all of 

compared samples, reaching only 39%. Over 50 cycles, its capacity remains around 

50 mAh g-1 until the 15th cycle, after which it declines rapidly to around 0 mAh g-1 by 

the 35th cycle. These results suggest that in-situ synthesis of CNF/AC composites is 

more effective in preserving the beneficial characteristics of both activated carbon and 

CNF, compared to simply physically mixing two materials. The observed synergistic 

effect enhances the overall performance of lithium-oxygen batteries, whereas a simple 

physical mixture does not yield the same improvements. 

 Correlation between porosity and discharge capacity can be observed based on 

the obtained data – higher SSA, VT, and Vmeso generally lead to greater discharge 

capacities [137, 153]. However, electrochemical performance of lithium-oxygen 

batteries is not exclusively dependent on the porosity, which can be noticed during the 
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comparison of AC/H3PO4 and CNF500/AC/H3PO4/20. Both samples exhibit similar 

specific surface area, total pore volume, and mesopores volume, with differences 

between values of those parameters reaching couple of percents. Although, the porous 

structure is similar, significantly different electrochemical behavior is observed. The 

superior performance of the composite can be explained by its higher ID/IG ratio, 

indicating greater structural disorder. As have been reported previously in the literature, 

higher ID/IG ratio in cathode materials beneficially impact battery operation due to three 

main factors [225]. Firstly, increasing surface activity of defected structures can create 

better sites for nucleation and growth of lithium peroxide. Secondly, structural defects 

create more active sites for adsorption of oxygen, which can promote ORR and OER. 

Thirdly, the overpotential of ORR and OER can be reduced by enhanced charge 

transport facilitated by improved reaction pathways caused by defective sites and 

disorder structures. In contrast, reversibility and cycling stability are more dependent on 

the intrinsic catalytic properties of the cathode than on porosity. This explains the 

higher reversibility of CNF500-NiOx over AC/H3PO4 and the improved cyclability with 

increasing CNF content in composite samples. 

 The influence of current density on the first cycle discharge capacity is presented 

in the Fig. 49, and clear correlation can be observed, where increasing current density 

leads to decreasing discharge capacity. The highest capacity of 2 196 mAh g-1 is 

recorded at 0.1 mA cm-2, dropping to 1 890 mAh g-1 at 0.2 mA cm-2. Further increases 

of current densities to 0.4 and 0.6 mA cm-2 result in gradual declines of discharge 

capacity to 1 271 and 1 186 mAh g-1, followed by a sharp drop to 304 mAh g-1 at 

0.8 mA cm-2. In contrast, first cycle reversibility fluctuates for different current 

densities. The highest values of 90% and 87% are observed at 0.2 and 0.4 mA cm-2, 

while at 0.1, 0.6, and 0.8 mA cm-2, reversibility drops significantly to 28%, 21%, and 

6%, respectively.  

 The consumption rate of lithium ions and oxygen during ORR is proportional to 

current density, which corresponds to decreases in discharge capacities for higher 

current density, such trend is consistent with other reports [226]. Additionally, high 

discharge overpotential can furtherly constrain oxygen and lithium ions transportation 

and increasing current density leads to the rise in discharge overpotential, which is 

visible in the decline of discharge plateau potential. The position of discharge plateau 

have declined from around 2.66 V at 0.1 mA cm-2 by approximately 0.3 V to around 

2.36 V at 0.8 mA cm-2. Similarly, the reversibility of the first cycle is limited by 

increasing charge overpotential, which also increases with higher current density. The 

already sluggish kinetics of OER is furtherly impacted at higher current densities by 

insufficient oxygen transfer, which results in low charge capacities. However, low 

reversibility is also registered at the lowest of tested current density, which can results 

from inhibited charge transfer and high polarization of cathode surface owing to the 

formation of thick layer of insulating discharge products.  
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Fig. 49. Comparison of electrochemical performance of Li-O2 battery in the first 

discharge charge cycle of GCPL measurements conducted at different current densities 

with CNF500/AC/H3PO4/50 as cathode material. 

 Due to the significant decrease of discharge capacity after couple of cycles, 

electrochemical measurements with limited discharge capacity have been conducted to 

investigate full potential of lithium-oxygen batteries. The discharge capacities of 100 

and 250 mAh g-1 have been chosen as benchmarks and the number of cycles with 100% 

reversibility have been recorded. Additionally, wide range of current densities have 

been selected to carry out tests and results are presented in the Fig. 50.  

 When the discharge capacity is limited to 250 mAh g-1, higher current densities 

appear to slightly enhance cyclability. At 0.1 and 0.2 mA cm-2, the number of cycles 

with 100% reversibility reaches 3 and 4, respectively. Increasing the current density to 

0.4 mA cm-2 extends the cycle life to 6 cycles, but a further rise to 0.6 mA cm-2 reduces 

it to 5 cycles. However, a different trend is observed when the discharge capacity is 

limited to 100 mAh g-1. The lowest cycle life with 100% reversibility (5 cycles) occurs 

at 0.1 and 0.6 mA cm-2, while a slightly higher value of 7 cycles is recorded at 

0.4 mA cm-2. A notable increase in cyclability is observed at 0.2 mA cm⁻², where the 

battery achieves 12 fully reversible cycles.  

 The observed cyclability results highlight the delicate balance required for 

optimal lithium-oxygen battery operation, emphasizing the need for optimization of 

current density and discharge capacity for improved performance. At high current 

density (0.6 mA cm-2), increased contribution of side reactions leading to electrolyte 

and cathode degradation, rising overpotential and reducing battery efficiency is 

observed. On the other hand, at low current density (0.1 mA cm-2), the formation of 

dense and compact layers of discharge product is favored, which limits their 
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decomposition during the charge cycle, thus negatively impacting cyclability. This 

effect is also evident in measurements without discharge capacity limitations. While 

low current densities reduce overpotential and promote slower kinetics, prolonged 

reaction times may accelerate side reactions, further degrading cathode components. 

 

Fig. 50. Comparison of number of discharge-charge cycles with limited discharge 

capacity measured with 100% reversibility of Li-O2 battery with CNF500/AC/H3PO4/50 

as cathode materials at different current densities.  

In contrast, moderate current densities (0.2 and 0.4 mA cm-2) seem to enable 

achieving the balance between efficient ORR and OER kinetics, limiting the impact of 

side reactions while promoting a formation of a more easy-to-decompose layers of 

discharge products, which support prevention of excessive overpotential and cathode 

polarization. Additionally, discharge capacity limitation significantly influences battery 

cyclability. A lower discharge capacity (100 mAh g-1) minimizes cathode stress and 

reduces overpotential by limiting discharge product accumulation, whereas a higher 

capacity (250 mAh g-1) promotes more extensive discharge product growth, increasing 

the risk of cathode passivation and performance loss. 

6.6. Carbon aerogels as free-standing cathodes in Li-O2 cells  

6.6.1. Synthesis  

As shown in the Fig. 51, the proposed method enables the formation of CNT 

aerogels with a stable three-dimensional structure. All of synthesized aerogels exhibit 

a similar cylindrical shape, with heights ranging from around 1.50 to 2.00 cm and 

diameters of 1.00 cm. Based on the presented dimensions and the mass of CNT used in 
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the preparation, the density of the obtained aerogels falls within the range from 10.2 to 

25.5 mg cm-3.  

The preparation of CNT aerogels is achieved with the minimal addition of 

0.1 mmol of TETA as a cross-linking agent. In contrast, most CNT-based aerogel 

synthesis methods reported in the literature involve either significantly larger quantities 

of cross-linking agents (e.g., PVA, surfactants [227, 228]) or prior functionalization of 

CNT [229]. In this study, the proposed mechanism for gelation and aerogel formation is 

attributed to electrostatic interactions between CNT, combined with interactions 

between hydrogen atoms within the CNT structure and the amine groups of TETA.  

 

Fig. 51. Pictures of the obtained CNT based aerogels after freeze-drying. 

 The mechanical properties of aerogels are schematically illustrated in the 

Fig. 52. When a load exceeding 130 times the mass of the Aero_7.5 sample has been 

applied, the aerogel has compressed, and its height has been reduced from the initial 

7 mm to 4 mm. However, upon removal of the load, the aerogel immediately regained 

part of its original dimensions, reaching a post-compression height of 5 mm. The ability 

to withstand significant mechanical stress while maintaining structural integrity, along 

with the partial recovery of its height, demonstrates the favorable mechanical properties 

of CNT aerogels.  
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Fig. 52. Sample of Aero_7.5 aerogel during the compression test with the mass 

significantly larger than the mass of the sample.  

6.6.2. Materials characterization  

The structure of carbon nanotubes used in the preparation of carbon aerogels is 

presented in SEM images in the Fig. 53. The nanotubes aggregate into fiber-like 

structures with diameters of approximately 2-3 µm (see Fig. 53.2 and Fig. 53.3), which 

furtherly assemble into macroscopic seed-like clusters measuring around 30–50 µm in 

diameter (Fig. 53.1). Higher-magnification images (see Fig. 53.4-53.6) reveal a highly 

entangled CNT network, a characteristic commonly observed in commercially available 

nanotubes that have not undergone any untangling treatment [230]. Based on the 

presented images, the estimated diameter of individual nanotubes is below 10 nm, 

aligning with the supplier's specifications (declared diameter in the range of 6–9 nm).  

 

Fig. 53. SEM images of CNT used in the preparation of carbon aerogels. 

For all aerogel samples, a similar macroscopic structure is observed in the SEM 

images presented in the Fig. 54. At lower magnification (Fig. 54.1, 54.3, 54.5, and 

54.7), all samples display a sponge-like morphology composed of entangled fiber-like 

structures and hollow macropores formed during the aerogel synthesis process. 
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Fig. 54. SEM images of prepared CNT-based aerogels: 1, 2 - Aero_3.0; 3, 4 - Aero_4.5; 

5, 6 - Aero_6.0; 7, 8 - Aero_7.5. 

Higher-magnification images in the Fig. 55 reveal the presence of individual 

nanotubes with diameters below 10 nm, consistent with pristine CNT. These 

observations indicate that the nanostructure is not deteriorated during cross-linking and 

freeze-drying, and that only the macroscopic organization of CNT is changing during 

the formation of aerogels. Additionally, SEM images at the micrometer scale in the 

Fig. 54.2, 54.4, 54.6, and 54.8 show no significant differences in the overall 

morphology among obtained aerogels. 

 

Fig. 55. SEM images of Aero_7.5 with high magnification. 

 The N2 adsorption/desorption isotherms for CNT and all of analyzed cathodes 

are presented in the Fig. 56. Key parameters of the porous structure for CNT and 

aerogels are summarized in the Tab. 32. The so-called “standard cathode” is based on 

the CNT and PTFE slurry pressed onto the nickel foam and is referred to as 

CNT@Ni-foam – for the standard cathode, reported values are normalized to the mass 

of the non-metallic components (CNT + binder).  

All of the displayed isotherms correspond to type IV of isotherms according to 

IUPAC classification [195] – typical for mesoporous materials. A slight hysteresis loop 

is observed in all curves, furtherly indicating the mesoporous nature of samples. Pristine 

CNT exhibit a relatively high SSA of 213 m2g-1 and VT of 0.451 cm3g-1. However, after 

aerogel formation, the porous structure undergoes significant deterioration, leading to 

a reduction in specific surface area and pore volume. Among the aerogels, Aero_4.5 
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maintains the highest SSA of 88 m2g-1, followed by Aero_6.0 (70 m2g-1), Aero_3.0 

(66 m2g-1), and Aero_7.5 (56 m2g-1). The observed decline in porosity can be attributed 

to the increased entanglement of CNT during cross-linking and freeze-drying, where 

individual nanotubes intertwine and form denser, more compact structures, resulting in 

reduction of available SSA and VT. A similar trend is observed for total pore volume, 

where Aero_4.5 and Aero_6.0 exhibit the highest values of 0.261 and 0.182 cm3g-1, 

respectively, followed by Aero_3.0 (0.154 cm3g-1) and Aero_7.5 (0.163 cm3g-1). Similar 

decrease in surface area after aerogel formation from CNT has been reported by Shen 

et al. [228].  

Tab. 32. Comparison of parameters of porosity of CNT, standard cathode and prepared 

CNT-based aerogels. 

Sample Specific 

surface area, 

SQSDFT (m2g-1) 

Total pore 

volume, VT 

(cm3g-1) 

Mesopores 

volume, Vmeso 

(cm3g-1) 

Vmeso/VT 

CNT 213 0.451 0.404 0.90 

CNT@Ni-foam 50 0.118 0.099 0.84 

Aero_3.0 66 0.154 0.131 0.85 

Aero_4.5 88 0.261 0.238 0.91 

Aero_6.0 70 0.182 0.157 0.86 

Aero_7.5 56 0.163 0.150 0.92 
 

Another key parameters in evaluating the suitability of a material as a cathode 

for Li-O2 battery are the mesopore volume and the share of mesoporosity in total 

porosity, typically expressed as the ratio of Vmeso/VT. All of analyzed samples, including 

pristine CNT, exhibit a predominantly mesoporous structure, as indicated by high 

Vmeso/VT ratio and the shape of isotherms. The mesopore volume of pristine CNT 

(0.404 cm3g-1) decreases after aerogel formation, with values ranging from 0.238 cm3g-1 

for Aero_4.5 to 0.131 cm3/g for Aero_3.0. Comparable values are recorded for 

Aero_6.0 (0.157 cm3g-1) and Aero_7.5 (0.150 cm3g-1). However, the Vmeso/VT ratio 

remains relatively stable across all aerogels, ranging from 0.85 to 0.92, closely 

matching the value of 0.90 for CNT. 

For the CNT@Ni-foam cathode, the reduction in porosity is even more 

noticeable. The SSA decreases to 50 m2g-1, while the VT is reduced to 0.118 cm3g-1. 

Despite this substantial loss in porosity compared to pristine CNT, the sample retains 

a dominant mesoporous character, with a mesopore volume of 0.099 cm3g-1, which 

corresponds to Vmeso/VT ratio of 0.84.  
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Fig. 56. The N2 adsorption/desorption isotherms at 77 K of: 1 - CNT; 2 - CNT@Ni-

foam electrode; 3 - Aero_3.0; 4 - Aero_4.5; 5 - Aero_6.0; 6 - Aero_7.5. 

 In terms of pore size distribution presented in the Fig. 57, CNT show a wide 

range of PSD between 0.7 and 20 nm with a considerable share of large mesopores 

(above approximately 11-12 nm). On the other hand, the PSD graphs of all of aerogels 

are similar, with the reduced volumes of pore ranging in diameters from 0.7 to 9 nm as 

compared to the pristine CNT. The observed decline can be attributed to the blockage of 

smaller pores during the preparation of aerogels.  

 

Fig. 57. PSD graphs of CNT and CNT-based aerogels. 
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From the presented data, the non-linear correlation between the concentration of 

CNT dispersion in water and VT, Vmeso, and SSA can be noticed. Increasing the CNT 

concentration in water from 3.0 mg ml-1 to 4.5 mg ml-1 leads to the increase of all key 

porosity parameters. However, above this values, a further increase in concentration of 

CNT in water results in the collapse of the porous structure, as visible in the decline of 

VT, Vmeso, and SSA. Thus, a CNT dispersion concentration of 4.5 mg ml-1 appears to 

provide an optimal balance between agglomeration tendencies and dispersion stability, 

ensuring a more homogeneous distribution of CNT in water. However, exceeding the 

critical concentration of 4.5 mg ml-1 increase the probability of CNT agglomeration, 

which can disrupt uniform distribution and hinder the formation of interconnected 

porous network. 

A similar decline in aerogel porosity with increasing precursor concentration has 

been reported in the literature [231, 232]. Kondratowicz et al. [56] have observed 

a reduction in specific surface area and pore volume for graphene oxide-based aerogels 

as the graphene oxide concentration increased, regardless of variations in acidity, 

basicity, or gelation methods [231]. Similarly, Shen et al. reported a comparable trend 

in aerogels synthesized from graphene oxide and CNT mixtures, furtherly supporting 

the observed porosity degradation at higher CNT concentrations [232].  

6.6.3. Performance of Li-O2 cells 

Electrochemical performance of carbon aerogels and standard cathode across the 

first discharge-charge cycle is summarized in the Tab. 33. In comparison to carbon 

aerogels, the Li-O2 cell with CNT@Ni-foam cathode displays a relatively low discharge 

capacity of 470 mAh g-1 for the first cycle. Compared to the CNT@Ni-foam cathode, all 

aerogel samples show a substantial increase in the first cycle discharge capacity. The 

lowest, but still more than two-fold, growth of discharge capacity is observed for 

Aero_3.0, reaching 1 056 mAh g-1. On the other hand, Aero_4.5 demonstrates the 

highest capacity of 3 967 mAh g-1, which corresponds to over eightfold increase. 

Aero_6.0 and Aero_7.5 achieve similar discharge capacities of 2 470 mAh g-1 and 

2 203 mAh g-1, respectively.  

Tab. 33. Summary of electrochemical performance of Li-O2 battery with CNT@Ni-

foam and CNT-based aerogels as a cathodes during the first discharge-charge cycle. 

Sample 1st cycle 

discharge 

capacity, 

mAh g-1  

1st cycle 

charge 

capacity, 

mAh g-1 

1st cycle 

reversibility 

Volume of 

deposited Li2O2 

during 1st 

discharge, cm3 g-1 

CNT@Ni-foam 475 470 98.9%  0.175  

Aero_3.0 1 056 159 15.1%  0.389  

Aero_4.5 3 967 2 540 64.0%  1.461  

Aero_6.0 2 470 796 32.2%  0.910  
 

High discharge capacity observed in the first cycle is directly related to the 

substantial volume of lithium peroxide formed. The calculated Li2O2 volumes generated 

during discharge are included in the Tab. 33, with the corresponding calculations 
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detailed below. For all samples, the calculated volume of Li2O2 deposited during 

discharge exceeds the total pore volume measured by N2 adsorption – pores with 

diameters below 50 nm. Therefore, the available micropore and mesopore volumes 

become fully blocked, forcing the storage of excess Li2O2 within macropores. 

The superior discharge capacity of aerogels, compared to the nickel foam-based 

cathode, can be attributed to their unique sponge-like structure. As shown in the SEM 

images (Fig. 54), all aerogels contain network of macropores with diameters of several 

micrometers, which provide additional space for Li2O2 accumulation, leading to the 

growth of discharge capacities. In contrast, the nickel foam cathode lacks macropores 

within a comparable size range. As presented in the Fig. 58, Ni-foam structure is 

characterized by large, electrochemically inactive pores (>200 µm), which do not 

contribute effectively to Li2O2 storage. Additionally, the total pore volume of CNT in 

the nickel foam cathode is furtherly reduced by the presence of the PTFE binder, 

leading to inferior electrochemical performance compared to the aerogel-based 

cathodes.  

 

Fig. 58. SEM images of the nickel foam utilized as the support material in the 

CNT@Ni-foam cathode.  

 The step by step calculations of the mass and volume of deposited lithium 

peroxide during the first discharge cycle are presented below. All of the resultant values 

are related to 1 g of electrode active mass. In the presented case, the influence of side 

and parasitic reactions on created discharge products is neglected.  

 Firstly, by using the stoichiometric of the reaction of lithium peroxide creation, 

defined be equation (6), the theoretical capacity of Li2O2 is determined. The Li2O2 

formation reaction presents that two moles of Li+ are required in the formation of one 

mole of lithium peroxide. Considering that the charge of one mole of electrons is 

defined by Faraday’s constant (F), approximately 96 485.3 C mol-1, and that the molar 

mass of Li2O2 equals to 45.881 g mol-1, its theoretical formation capacity of lithium 

peroxide (CTheoretical) can be determined using the following equation:  

𝐶𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 =
2∙𝐹

𝑀𝐿𝑖2𝑂2

=
2∙96 485.3 𝐶 𝑚𝑜𝑙−1

45.881 𝑔 𝑚𝑜𝑙−1
 ≈  4 211.42 𝐶 𝑔−1   (15) 
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Accounting to the fact that 1 C ≈ 0.28 mAh g-1, the CTheoretical can be recalculated and 

expressed in mAh g-1:  

𝐶𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙  =  4 211.42 𝐶 𝑔−1  ∙ 0.28 𝑚𝐴ℎ 𝐶−1  ≈ 1 175.4 𝑚𝐴ℎ 𝑔−1  (16) 

Using the theoretical capacity of lithium peroxide, the mass of Li2O2 deposited during 

discharge (𝑚𝐿𝑖2𝑂2 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑) can be determined under the assumption that the entire 

capacity originates from reaction described by equation (6). Subsequently, based on the 

calculated mass and the density of Li2O2 (𝜌𝐿𝑖2𝑂2 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑 of 2.31 g cm-3), the volume of 

deposited Li2O2 per gram of electrode (active mass) can be estimated (𝑉𝐿𝑖2𝑂2 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑). 

A representative calculation for the Aero_4.5 sample is provided below. 

𝑚𝐿𝑖2𝑂2 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑
𝐴𝑒𝑟𝑜_4.5 =

1𝑠𝑡 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝐴𝑒𝑟𝑜4.5

𝐶𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
=

3 967 𝑚𝐴ℎ 𝑔−1

1 175.4 𝑚𝐴ℎ 𝑔−1
 ≈ 3.375 𝑔 𝑔−1 (17) 

𝑉𝐿𝑖2𝑂2 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑
𝐴𝑒𝑟𝑜_4.5 =

𝑚𝐿𝑖2𝑂2 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑
𝐴𝑒𝑟𝑜_4.5

𝐶𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
=

3.375 𝑔 𝑔−1

2.31 𝑔 𝑐𝑚−3  ≈ 1.461 𝑐𝑚3𝑔−1 (18) 

 The highest first-cycle reversibility is observed for the Li–O2 cell with the 

CNT@Ni-foam cathode, achieving 98.9% capacity recovery after the first discharge. 

None of the aerogel-based cathodes have reached such high reversibility. Among the 

aerogels, Aero_4.5 exhibits the highest reversibility at 64.0%, whereas Aero_3.0, 

Aero_6.0, and Aero_7.5 display significantly lower values of 15.1%, 32.2%, and 1.9%, 

respectively. 

Charging plateaus around 3.6 V are observed for CNT@Ni-foam (Fig. 59.1) and 

Aero_6.0 (Fig. 59.4), while Aero_4.5 exhibits a plateau at approximately 4.0 V. 

In contrast, Aero_3.0 and Aero_7.5 do not display distinct charging plateaus. These 

plateaus correspond to specific redox reactions occurring during the charge process. 

Given that the theoretical potential of ORR/OER is 2.96 V, the overpotential for OER 

equals approximately 0.7 V for CNT@Ni-foam and Aero_6.0, while for Aero_4.5, it is 

1.0 V.  

Differences in OER plateau positions and reversibility among the samples can be 

attributed to variations in porous structure and cathode morphology. Surprisingly, the 

high reversibility of CNT@Ni-foam can be attributed its lower discharge capacity, 

which results in the deposition of a thinner Li2O2 layer. This leads to less pore blockage 

and to a formation of a thinner insulating film on the cathode. In contrast, aerogels 

exhibit much higher discharge capacities, resulting in the formation of thicker Li2O2 

layers, which may contribute to lower reversibility and shifts in the OER plateau 

position. 

The low reversibility of aerogel-based cathodes is primarily attributed to the 

irreversible deposition of lithium peroxide within their porous network, leading to pore 

blockage and only partial decomposition of the surface layer of Li2O2. Differences in 

overpotential between the aerogels likely originate from differences in the thickness and 

resistivity of the Li2O2 layer – thicker insulating layer requires a higher potential for 

decomposition. In the case of Aero_7.5, nearly all of its discharge capacity is lost during 
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the first charge, suggesting that complete pore blockage occurs during Li2O2 formation, 

preventing efficient decomposition and hindering the catalytic activity of CNT. 

 

Fig. 59. Comparison of GCPL measurements for the first discharge-charge cycle 

conducted at current density of 0.4 mA cm-2 with CNT@Ni-foam and CNT-based 

aerogels as cathodes: 1 – CNT@Ni-foam; 2 – Aero_3.0; 3 -Aero_4.5; 4 -Aero_6.0; 5 – 

Aero_7.5.  

To investigate the cathode surface after discharge, ex-situ characterization has 

been performed using SEM. As observed in SEM images in the Fig. 60, after discharge 

cathode surface becomes densely covered with a compact layer of discharge products. 

This deposited layer closely follows the morphology of the aerogel, completely 

covering the original 3D structure of CNT network and resulting in a smoother, more 

rounded surface appearance. 
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Fig. 60. The SEM images of the discharged cathode composed of Aero_4.5 from Li-O2 

battery that has been discharged one time from the open circuit voltage to 2.0 V. 

To further examine the changes occurring during battery operation, 

Electrochemical Impedance Spectroscopy measurements have been conducted on the 

pristine, discharged, and recharged cells, with the corresponding Nyquist plots 

presented in the Fig. 61. The wide semicircles observed in the spectra, associated with 

charge transfer resistance (Rct) indicate sluggish redox processes at the 

electrode/electrolyte interface. Upon discharge, semicircle  significantly increases as 

compared to the pristine cell, reflecting the slower reaction kinetics. After recharging, 

Rct decreases from approximately 2 900 Ω to 1 800 Ω, yet remains higher than its initial 

value, suggesting that the thick layer of discharge products formed during the first 

discharge undergoes only partial decomposition upon charging.  

Additionally, fluctuations in the electric resistance (Re) furtherly support this 

interpretation. Initially, Re is around 109 Ω but rises to 149 Ω after the first discharge, 

before slightly decreasing to 136 Ω upon recharging. Since Re primarily accounts for the 

resistance of the electrolyte, wiring, and aerogel-to-current collector contact, this 

increase suggests that the accumulation of non-conductive discharge products 

progressively hinders electrical contact, effectively isolating the aerogel from the 

current collector. These combined effects contribute to the overall performance 

degradation of the cell. 

 

Fig. 61. The Nyquist plots obtained for the Li-O2 battery with Aero_4.5 cathode.  
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 Presented results align with previous literature reports regarding the relationship 

between discharge capacity and mesopore volume in cathode materials. As reported by 

Xiao et al. [233] and Kuboki et al. [234], dominant share of mesoporosity is essential 

for achieving high discharge capacities. Since micropores and small mesopores are 

quickly blocked by excess of electrolyte and products deposited at the early stage of 

discharge, their contribution to the Li-O2 battery operation remains limited. Instead, 

a large mesopore volume facilitates efficient discharge product storage, while the 

presence of larger pores enhances oxygen and lithium-ion transport, further improving 

cathode performance. 

7. Summary and conclusions 

In the presented study, extensive research regarding the influence of parameters 

of synthesis on structures and properties of materials has been conducted. Moreover, the 

correlation between properties of materials and their potential application as the cathode 

material in lithium-oxygen batteries has been investigated by carrying out 

electrochemical measurements. The obtained results have enabled determination of 

optimal synthesis parameters in order to achieve the most promising performance of 

Li-O2 batteries.  

In the synthesis of carbon nanofibers using a standard catalyst composed of 

nickel nanoparticles supported on Al2O3, a relationship between synthesis temperature 

and material properties has been established. The specific surface area of the CNF has 

increased with higher CVD temperatures. Meanwhile, the total pore volume and 

mesopore volume have risen between 450°C and 550°C, followed by a decline at higher 

temperature. Despite notable variations in SSA and VT, all samples present dominant 

mesoporosity (Vmeso/VT ranging from 0.82 to 0.88) and comparable morphology and 

structure, as confirmed by SEM and Raman spectroscopy. However, these differences 

in physical properties did not clearly translate into variations in electrochemical 

performance. No direct correlation has been found between the measured parameters 

and the Li-O2 battery performance, indicating that further structural investigation is 

needed to better understand how CNF characteristics influence battery performance. 

Among all samples, CNF500 has exhibited the highest first cycle discharge capacity, 

satisfactory reversibility, and relatively stable cycling behavior. Therefore, 500°C has 

been selected as the optimal synthesis temperature for studies on nitrogen doping of 

carbon nanofibers. 

All of the proposed nitrogen doping methods have resulted in the incorporation 

of nitrogen atoms into the carbon structure of CNF, as confirmed by elemental analysis 

and XPS measurements. The influence of various experimental parameters – including 

the type of nitrogen source, temperature, reaction time, and pH – has been thoroughly 

investigated in relation to the amount of nitrogen incorporated into the structure of 

carbon nanofiber. Nitrogen doping has substantially improved the performance of 

lithium-oxygen batteries, as reflected in increased first cycle discharge capacity, higher 

reversibility, and enhanced cyclability of the N-doped cathode materials. During in-situ 

functionalization, the utilization of two or three nitrogen sources has enabled 
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incorporation of higher amounts of bulk nitrogen compared to the use of a single donor. 

In particular, the combination of gaseous ammonia and melamine (CNF500-Am-Me) 

has led to the highest bulk nitrogen content among all tested samples. However, the 

ex-situ hydrothermal functionalization has introduced the highest concentration of 

surface nitrogen species (CNF500/HT-N25/180). 

As an alternative to the standard catalyst (Ni nanoparticles deposited on Al2O3), 

catalyst based on free-standing nickel oxalate has been developed and successfully 

applied in the CVD synthesis of carbon nanofibers. Although all CVD processes 

conducted at temperatures between 450°C and 600°C have yielded carbon nanofibers, 

the synthesis yields obtained using the nickel oxalate-based catalyst have been 

significantly lower than those achieved with the standard catalyst. Carbon nanofibers 

synthesized using both catalysts have exhibited a similar degree of structural disorder. 

However, samples produced on Ni(COOH)2 have shown inferior porosity – namely 

lower SSA, VT, and share of mesoporosity. As with carbon nanofibers synthesized 

using the standard catalyst, no clear correlation has been observed between the material 

properties and the electrochemical performance in lithium–oxygen batteries. Consistent 

with earlier findings, the CNF500-NiOx sample has demonstrated the most favorable 

battery performance, and therefore, a synthesis temperature of 500°C has been selected 

for the development of composite materials. 

To investigate the influence of porosity type on electrochemical performance, 

five activated carbons have been prepared. Highly microporous materials have been 

obtained via chemical activation with potassium hydroxide, while predominantly 

mesoporous activated carbon has been synthesized through activation with phosphoric 

acid. The positive effect of mesoporosity on lithium-oxygen battery performance has 

been demonstrated, with particular emphasis on its critical role in increasing the first 

discharge capacity. Although the cyclability of AC/H3PO4 has been found to be worse 

than that of the other activated carbons, this material has been selected for the 

development of CNF/AC-based composites, as it has enabled the highest first-cycle 

discharge capacity – identified as a key parameter in the search for suitable support 

material for composite cathodes. 

Physical mixing of nickel oxalate with activated carbon in different proportions 

has been proposed as a preparation method for catalysts enabling the synthesis of 

CNF/AC composites via the CVD process. All of the tested nickel contents in the initial 

catalysts have successfully enabled the formation of composite materials, in which 

carbon nanofibers grow on nickel nanoparticles distributed across the activated carbon 

surface. Increasing the nickel content from 10 wt. % to 50 wt. % has led to the 

formation of a denser layer of carbon nanofibers, which has translated into higher SSA, 

and VT in the resulting composites. The synergistic combination of properties from both 

components – activated carbon and carbon nanofibers – has been particularly visible in 

the enhanced performance of Li-O2 batteries using these composites as cathode 

materials. All of the prepared composites have demonstrated higher first cycle discharge 

capacity, improved reversibility, and superior cyclability compared to either CNF or AC 

alone. Moreover, their electrochemical performance has surpassed that of the reference 
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sample composed of a simple physical mixture of CNF and AC, further emphasizing the 

advantages of the proposed synthesis approach. The extensive electrochemical research 

regarding the operation of Li-O2 battery under various conditions, such as different 

current densities and limited discharge capacities, has highlighted the delicate balance 

in the operation of lithium-oxygen batteries and the requirement to optimize all 

measurement parameters in order to achieve the best performance of the battery.  

The proposed synthesis method, based on homogenization, freeze-drying, and 

lyophilization of aqueous dispersion of CNT, has enabled the synthesis of carbon 

aerogels in relatively straightforward approach, without the need of excessive amounts 

of cross-linkers or prior functionalization of carbon material. The influence of the 

concentration of CNT in the initial water dispersion on the properties of the final 

aerogel has been investigated. Concentration of CNT at 4.5 mg ml-1 has been 

determined as the optimal for the preparation of the free-standing carbon aerogel-based 

cathode and achieving the best performance of the Li-O2 battery across the first cycle. 

Moreover, the post-mortem study of the surface of cathode and EIS measurements have 

been carried out to enable more in-depth characterization of reaction occurring during 

the operation of the battery.  

To summarize, extensive research has been conducted on the preparation and 

characterization of various cathode material groups. Multiple strategies to enhance the 

performance of Li-O2 batteries have been proposed, including nitrogen doping, 

composite formation, and the development of free-standing cathodes. Among the tested 

materials, carbon aerogels have achieved the highest first-cycle discharge capacities, 

while the composites have demonstrated the most promising cyclability. Additionally, 

nitrogen doping has significantly improved the first-cycle discharge capacity, 

reversibility, and long-term cycling performance of carbon nanofibers, highlighting the 

potential of this functionalization technique to enhance cathode behavior. At the same 

time, this work has emphasized the need to optimize synthesis parameters across all 

material groups in parallel with advancing lithium-oxygen battery operation. Carbon 

nanomaterials have shown substantial potential in improving Li-O2 battery 

performance, yet further investigation into strategies for enhancing long-term 

cyclability remains necessary. 
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