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Abstract 

In recent years, research studies on e-fuels such as e-methane, e-kerosene, e-

methane, e-ammonia, e-diesel and e-methanol have engrossed the interest of 

scientists because of their unique features. These fuels are in vapour or molten 

phase that are formed from renewable energy sources (such as solar, wind and 

water) or decarbonised electricity. Recent research studies on the fabrication 

and applications of e-fuels have advanced significantly owing to the integration 

of graphene and its derivatives with special chemical and physical 

characteristics in their various working principles and applications. The most 

recent developments in the fabrication and applications of materials that are 

graphene-based e-fuels include the integration of graphene in electrodes and 

electrolytes of the e-fuel devices. E-fuels are also used in the decarbonisation of 

our environment since anthropogenic carbon (IV) oxide (CO2) and carbon (II) 

oxide (CO) emitted from various sources will be reduced; consequently 

reducing greenhouse effects. This review aims at exploring techniques of using 

graphene and its derivatives in enhancing the performance and elongating the 

lifespan of e-fuel devices. 

Keywords: Application, efficiency, e-fuels, graphene, lifespan, performance, 

prospects. 

1 Introduction 

Providing sufficient and adequate energy for the ever-growing human population, which 

will meet both industrial and household needs, has been a major concern to scientists 

[1], [2], [3]. The natural resources such as coal, oil and natural gas that provide energy 

have almost been depleted, and the extraction of energy from them has a detrimental 

impact on the environment [4], [5], [6]. Although the production of energy from 

renewable sources has a significantly smaller impact on the environment, several 

disadvantages, such as greater costs and worse efficiency, exist [7], [8]. This 

shortcoming prompted research into extremely efficient energy sources, such as e-fuels. 

The consensus is that e-fuels will eventually replace fuels used in some human activities, 

especially transportation [9], [10]. 

The explosive growth in e-fuel applications over the last ten years provides insight into 

the significance of e-fuels. An electrochemical process takes place in an e-fuel device 

to produce electricity. Through redox processes, it transforms the chemical energy of an 

oxidising agent and a fuel into electrical energy [10], [11]. E-fuels have a far better 

efficiency than combustion cells since their chemical energy is converted into electricity 

through a chemical reaction; the only by-product that remains is water [12]. E-fuels do 

not require charging because they can generate power as long as fuel is available. E-

fuels can operate at up to 85% efficiency if the waste heat is managed well [13], [14]. 

The components of an e-fuel device includes bipolar plates (BPs), a cathode, an anode 

and an electrolyte. The oxidation of the fuel takes place at the anode while oxygen 
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reduction reactions (ORRs) occur at the cathode. These are the two primary processes 

involved in the working principle of an e-fuel device [15]. The electrochemical 

performance, efficiency, economic viability and stability are some of the issues when 

choosing material for the components of e-fuel devices [16], [17]. Conducting polymers 

and non-porous graphitic carbon are the most recent two main components used in BPs. 

Two electrodes encircle an electrolyte layer in a conventional e-fuel device. To lower 

oxygen (O2) at the cathode, fuels are normally oxidised at the anode surfaces and the 

liberated electrons travel through outside circuits. To complete the circuit, the mobile 

charge transporters (H+, OH-, CO3
2- or O2-) pass through the electrolytes concurrently 

[18] [19]. 

The selection of materials for the components of e-fuel systems has issues related to the 

electrochemical performance, stability and productivity [20]. Graphene and its 

derivatives are attractive materials for e-fuel applications owing to their superior 

mechanical, electrical and chemical properties. Recently, much research has been done 

to maximise the probable applications of graphene and its derivatives in e-fuel devices. 

Materials based on graphene are excellent electrocatalysts because they enhance the 

quantity of active sites and make it easier for electrons to move during the ORR and 

fuel oxidation [21], [22]. It has been shown that metal-free graphene materials are 

desirable ORR candidates because of their inexpensive cost, strong electrocatalytic 

activity and high poisoning tolerance [23]. Extensive studies have been conducted on 

the ways in which the efficiency of e-fuel devices is affected by graphene defects, 

doping configurations, electronic structure modification and functional groups [24], 

[25], [26]. 

Graphene-based components added to polymer membranes enhance ionic conductivity 

and reduce fuel crossover [6]. Materials based on graphene show promise as high-proton 

conductivity and exchange membranes that are impervious to methanol, water and H2 

[27], [28]. Graphene-based materials can enhance the BP stability, fuel/air distribution 

and current collection in electrodes and electrolytes [29], [30]. Several aspects of 

graphene-based materials such as catalytic and electrochemical characteristics have 

been thoroughly examined [31], [32]. Most of the recent evaluations concentrated on a 

particular application area linked to the working principles of e-fuels such as ORR [21], 

fuel oxidation [33], [34], membranes [35] and BPs [36]. Typical examples of e-fuel 

fabrication paths are shown in Fig. 1. 

E-fuels serve as a bridge between the power and other areas such as industries, 

transportation, energy and pollution management. Renewable electricity have prompted 

e-fuels made from non-fossil CO2 which have the potential to complement other 

alternative fuels with significant climate benefits worldwide. The purpose of this review 

was to assess the benefits of adding graphene oxide to e-fuels towards making them 

more efficient in energy delivery compared to other fuel sources by improving their 

overall performance. 
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2 Fabrication of E-Fuels 

To create various energy carriers, such as e-fuels, hydrogen and carbon dioxide are fed 

into a synthesis reactor [38]. The most prevalent energy carriers include methanol, 

diesel, ammonia and methane [39]. Methane and methanol are examples of small 

molecules that appear to be desirable since they do not require as many stages in the 

processing as ethanol, which result in efficiency losses [40]. As fuel is created, high 

quality oxygen and heat are also formed in the course of fabrication using electricity. 

Heat is produced at both high and low temperatures in the fuel creation vessel and 

electrolysis individually [41]. For instance, the heat can be produced in a cooking 

appliance and the oxygen can be used in hospitals or in industrial processes. Currently, 

using natural gas for steam reformation is the most popular method of producing 

hydrogen. Using a more energy-intensive technique of producing hydrogen, such as 

water electrolysis, is a less popular approach [42]. A significant amount of energy is 

required to manufacture large amounts of hydrogen, and as hydrogen is a renewable 

fuel, it is preferred that the energy originate from renewable sources [43]. 

Fig. 1. E-fuel fabrication paths (derived with permission from [37]). 
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Electrolysis can be classified into three primary types: solid oxide, alkaline and proton 

exchange membrane (PEM) [43]. Most current electrolyses are made to operate at 

steady state under a constant load. However, a flexible manufacturing process such as 

quick ramp times and low electrolyser start-up costs is required to control harmonising 

electrofuels, or to be able to follow non-dispatchable renewable power foundations [44]. 

Fig. 2 presents various e-fuel fabrication paths. 

The excess CO2 can originate from various processes such as those from biofuel, natural 

gas, flue, fossil fuels, biomass, industries or companies, oil refineries, geothermal 

energy and air (Fig. 3). Significant volumes of CO2 are produced as a by-product in the 

manufacture of biofuels, such as through the fermentation of sugar to ethanol, the 

anaerobic digestion of domestic wastes to biogas or the gasification of biomass to 

methane [46]. Gases from ammonia and biofuel facilities have extremely high CO2 

concentrations. According to Mohseni [40], if a synthesis reactor is used, the amount of 

methane produced from the digestion or gasification of biomass can rise by 44–136%, 

allowing the emitted CO2 to react with additional hydrogen. Reiter and Lindorfer [47] 

reported that the major sources of CO2 radiations in Austria comes from iron, steel and 

cement industries. To create a fuel that is climatic neutral, the CO2 must come from a 

Fig. 2. Various production routes of e-fuels (copied with permission from [45]). 
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non-fossil source. In Austria, the generation of bioethanol and upgrading of biogas 

accounted for a minor portion of CO2 emissions. 

2.1 CO2 for E-Fuel Production 

Carbon (II) oxide (CO2) can be captured from various sources by re-combustion, post-

combustion or oxy-combustion [48]. The exhaust stream of a bioethanol plant has a high 

concentration of CO2, therefore no additional energy or purification step is required 

during the capture process. Methane, CO2 (40%) and a few trace elements are contained 

in biogas generated, for instance, from the fermentation of household trash. However, a 

cleaning procedure to remove the CO2 is required to improve the biogas to fuel quality. 

Numerous industries and energy technologies, such as those that produce steel and iron, 

ammonia, cement, refineries, fossil fuels and biomass combustion, need CO2 refinement 

after capturing [49], [50]. Fig. 4 is a representation of a CO2 electrolyser illustrating 

devices that display semi-reactions at various electrodes. 

Fig. 3. Distinct energy sources, energy conversion technologies and energy carriers 

of e-fuels. 
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The amount of CO2 in the air is about 400 parts per million, and extracting it from the 

atmosphere would take two to four times as much energy as extracting it from flue 

gasses. Strong bases that may efficiently remove CO2 from the environment include 

NaOH, KOH and Ca(OH)2 [51], however, the process of regenerating the bases uses a 

lot of energy, and efforts are being made to create alternate materials that may use less 

energy. Many designs are technically possible, and various methods and materials have 

been suggested but are in a premature phase of growth. Additional studies and pilot 

plants are required to maximise the technology. Fig. 5 displays the CO2 capturing 

techniques. 

Fig. 4. CO2 electrolyser illustrating devices that show semi-reactions (adapted with 

permission from [50]). 
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2.2 Hydrogen for E-Fuel Production 

By employing an electric current to separate hydrogen from water, a process known as 

electrolysis generates green hydrogen. This procedure is environmentally friendly 

because the electricity it uses comes from renewable sources such as solar and wind 

power. About 30% of the energy used in the process of creating green hydrogen is lost 

during energy conversion, which means that 70% of the energy used is locked up in 

hydrogen. The current most popular method for producing hydrogen is using natural gas 

to create steam through restructuring. Using a more energy-intensive technique of 

producing hydrogen, such as water electrolysis, is a less popular approach. A significant 

amount of energy is required to manufacture large amounts of hydrogen, and as 

hydrogen is a renewable fuel, it is preferred that the energy originate from renewable 

sources. Electrolysis can be classified as three primary types: solid oxide, alkaline and 

PEM. Most current electrolysers are made to operate at fixed state under a continuous 

load. Nevertheless, the production process must be flexible for e-fuels to be power 

corresponding, or capable of following a non-dispatchable renewable power source. 

Fig. 5. CO2 capturing methods (copied with permission from [48]). 
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2.3 Fischer-Tropsch Synthesis of E-Fuels 

E-fuels, referred to as artificial (synthetic) fuels or electrofuels, are hydrocarbon fuels 

(such as diesel, methanol and methane) made primarily from water and CO2 streams, 

with electricity serving as the energy source. The Fischer-Tropsch synthesis (FTS) is 

typically employed in the invention of various fuels, including e-fuels. The two 

scientists, Franz Fischer and Hans Tropsch, created the synthesis method known as the 

FTS technique. Researchers have been interested in this approach in recent decades 

since it was argued that producing liquid hydrocarbons using this promising clean 

technology could be a viable alternative to address the lack of liquid transport fuels. 

Syn-gas (H2 and CO) is converted into synthetic liquid fuels and valuable compounds 

using the FTS technology. This synthesis is a surface polymerisation reaction, which 

means that the hydrogen and carbon monoxide reagents react on the catalyst’s surface 

as it happens. Fig. 6 provides a visual representation of how it operates. 

Fig. 6. Working mechanism of Fischer-Tropsch synthesis of e-fuels (copied with 

permission from [52]). 
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2.4 Graphene 

In recent years, owing to its exceptional qualities including its zero energy band gap, 

exceptional electrons flexibility in room temperature, higher thermal conductivities, 

stability, massive superficial areas and impenetrability to gases, graphene is currently 

the topic of all-encompassing enquiry globally [53]. The graphene charge carrier travels 

little micrometres at room temperature still maintaining its configuration (shape or 

structure) and exhibiting core mobility. In the domains of energy storage, electronics, 

chemical sensors, optoelectronics, nanocomposites and health (for example, osteogenic 

materials), more scientists are becoming aware of graphene-based materials. Graphene, 

which consists of a solitary sheet of carbon atoms, is one of the isotopes of carbon. The 

arrangement of these carbon atoms forms a two-dimensional honeycomb lattice 

structure. The carbon–carbon bond distance in a single graphene sheet is approximately 

0.142 nm [54]. The minimal mass of the particles in graphene, which results in the 

inconsistent quantum Hall effect and the absence of localization, is one of its 

distinguishing and essential characteristics that attracted attention from researchers. 

[55]. Graphene-based materials enjoy numerous applications in energy storage devices 

such as supercapacitors and lithium-ion batteries [56], gas detection [57] and conducting 

electrodes [58]. The remarkable pace of growth in recent times for graphene 

consciousness suggests that graphene is a promising new material that scientists are 

searching for to advance the fields of science, engineering, health and composites 

formation. When graphene is added to a composite, active material is created at the 

nanoscale, which improves non-faradaic capacitive behaviour, and conducts and 

prevents disintegration [59]. 

Graphene generates a bodily obstacle amid the active material and the electrolyte, 

refining rate capability, specific capacitance and cycling stability [2]. The theoretical 

surface area of graphene is 2 630 m2/g, almost two orders of magnitude greater than 

graphite powder, which has a surface area of 10 m2/g [60]. Graphene’s strong 

interactions with π electrons prompts great adsorption capacity to the reactants, which 

allow them to be used as catalysts or catalytic supports. Graphene valence and 

conductance bands overlap, which result in zero band gap semiconductor with great 

carrier mobility (~10 000 cm2/Vs at relativistic speed ~106 m/s) [61]. Since graphene’s 

nobilities are less affected by temperature, ambient temperature can be used to obtain 

an ultrahigh mobility rate. The transfer of electronic density among the graphene 

systems and nanostructures are more favourable owing to its distinct electrical 

characteristics [59]. A unique electrical structure is displayed by the perverted bilayer 

graphene in conjunction of magic angles, where the Fermi velocity vanishes at the Dirac 

point [62]. The applications requiring rigorous heat management and the reactions 

displaying great endothermicity or exothermicity benefit from graphene’s decent 

thermal conductivity (~5 000 W/mK for a mechanically exfoliated monolayer 

graphene) [63]. The higher density of electroactive locations at graphene’s edges 

contributes to the material’s quick heterogeneous electrons transfer (HET) rates, which 

is higher at graphene’s edge planes than it is at basal or defect-free planes [64], [65]. 

Some of the properties of graphene-based materials are shown in Fig. 7. 
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2.5 Synthesis of Graphene 

Any technique of generating or producing graphene from graphite is known as graphene 

production or synthesis. The required mass and pureness decides which approach should 

be used during the synthesis [66]. The properties and performance of the generated 

graphene are determined by the production procedure. By employing Scotch tape and a 

method known as micro-mechanical cleavage, the first graphene was created by 

removing monolayer sheets from three-dimensional graphite [11]. The bottom-up 

approach and the top-down method are the two main categories for classifying a large 

range of synthesis methods. The primary techniques used in the bottom-up approach 

include arc discharge, chemical vapour depositions (CVD) on catalytically energetic 

metal and epitaxial development within distinct crystal [11], [67]. The top-down 

technique comprises liquid-phase exfoliation, chemical exfoliation, ball milling, 

ultrasonic treatment, electrochemical exfoliation, and high-shear mixing [24], [67]. 

Graphene sheets emanate from a single stratum, and double and multiple strata, and they 

are employed in a ranges of science and technology domains, including energy storage 

devices, biology, memory, electronics and sensors [68]. 

Fig. 7. Properties of graphene materials. 
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3 Graphene-Based Materials for E-Fuel Applications 

Graphene materials have been shown to offer many benefits when used as active 

ingredients in e-fuels. The prospective usage of graphene derivatives as electrocatalysts 

for ORR and fuel oxidation seems promising because they possess major surface area 

and highly conductive qualities [69]. The graphene-coated polymer membranes have 

minimal fuel permeability, good tensile strength, and high ionic conductivity. The 

conductivity and resistance to corrosion of BPs can both be improved with graphene. 

3.1 Graphene in Oxygen Reduction Reactions and Electrocatalysts 

Typically, metal nanoparticles are supported by conductive graphene-based material to 

help transmit electrons to the electrode surfaces. For instance, it was discovered that N-

doped graphene support increased nucleation and development kinetics of nanoparticles 

and backing/catalysts in chemical interaction, consequently enhancing the distribution 

and permanency of Pt-Co alloy nanoparticles [70]. The proton-exchange membrane fuel 

cells (PEMFC) using a Pt-Co/N-doped graphene cathode validated a supreme power 

density of 805 mW/cm2 at 60 °C, which was four times greater than the PEMFC using 

a commercial Pt/C cathode. Catalysts free of platinum groups in metals (PGM) are 

showing more promise for widespread commercialisation [70]. 

According to Liang et al. [71], the Co3O4/rGO composite has better stability (less 

decrease in ORR activity over 25 000 seconds) compared to the Pt alkaline bath, but it 

also exhibits comparable catalytic activities with an ORR onset potential (Eonset) of 

approximately 0.83 V compared to reversible hydrogen electrodes (RHE). Its 

exceptional activity was ascribed to the metal oxide and graphene’s synergistic chemical 

coupling effects. Big superficial area and penetrability, superior electrical conductivities 

and connected pores architectures of 3D graphene not only increase the number of 

anchor sites for immobilising metal oxides nanoparticles, which enhances reactants 

mass transit [72], [73]. 

It was discovered that, in Pt-Fe/HSG electrode using improved surface fluids approach 

and 3D honeycomb-designed graphene (HDG) for ORR, Pt40Fe60/HSG demonstrated 

extraordinary mass activities of 1.70 A/mgPt, 14.2 times greater compared to 

marketable Pt/C’s 0.12 A/mgPt. In addition, melamine formaldehyde resin was used as 

a lenient prototype and source of nitrogen to prepare Fe/N/S integrated Fe3O4 

nanoparticles on 3D HSG (Fe3O4/FeNSG-3) as PGM-free ORR catalyst [74], [75], [76]. 

Defective and heteroatom-doped graphene can serve as perfect supports for securing 

lone metal atoms [77]. This solitary atom catalyst (SAC) supported by graphene 

demonstrated strong ORR activities and selectivity for the four electrons reactions 

pathway, along with long-term stability in either acidic or alkaline environments. The 

durable connections among various atoms and graphene derivatives provides the large 

density of active sites and higher charges redistributions, hence better performances 

[78]. 
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3.2 Graphene-Free Metal ORR Electrocatalysts 

Metallic leaching and metal ions pollution problems brought on by metal-based 

catalysts can be resolved by graphene-based free metal catalysts [79]. N-doped 

graphene was investigated by Qu et al. [80] as a non-metallic electrocatalyst for ORR. 

Using the CVD method, they produced N-doped graphene with a ratio of about 4% N/C, 

which demonstrated a threefold increase in constant catalytic current density compared 

to marketable Pt/C electrode in 0.1 mol/L KOH. Ultrathin N-doped perforated carbon 

layers on GNS were described by Sun et al. [81], and in 0.5 mol/L H2SO4 it 

demonstrated good ORR performances (Eonset = 0.80 V compared. RHE; 

E1/2 = 0.65 V vs. RHE). 

Extensive attempts were undertaken to comprehend the ORR activity-related catalytic 

processes and active regions of N-doped graphene [82]. Founded on a matched 

relationship between activity and graphitic N contents, the increased ORR activity of 

N-doped graphene was credited by Geng et al. [83] to graphitic N. Both graphitic and 

pyridinic nitrogen were shown to be active sites for ORR, according to Lai et al. [84]. 

To be more precise, the pyridinic N raised the ORR onset potential whereas the graphitic 

N defined the restraining current density. It was shown that in alkaline conditions, 

pyridinic-N-rich graphene exhibited selectivity towards the ORR four-electron pathway 

[85]. Guo et al. [86] recently discovered that the electron scarce carbon combines with 

pyridinic nitrogen in N-doped graphene and performs well in the ORR activity.  

The oxygen/hydroxyl (O-OH) bond is broken by two protons in the four-electron route, 

which results in adsorbed OH and a proton-OH species reaction that form H2O. It is also 

feasible to use the two-step, two-electron pathway, in which one proton and adsorbed 

OOH species react to produce H2O2 before it is reduced to H2O [87]. To boost 

graphene’s ORR activity, additional often-employed dopants include phosphorus, boron 

and sulfur. In graphene-free metal ORR, the graphitic planes’ electro neutrality broken, 

S-doped graphene outperformed commercial Pt/C in alkaline conditions with regard to 

ORR catalytic activity [88]. Multi-doped graphene materials, as N, P co-doped graphene 

[89], can achieve excellent ORR activity. Quaternary graphene can be doped with B, N, 

P and S [90]; tri-doped graphene with B, N and P [91]; and tri-doped graphene with F, 

N and P [52]. When the correct two elements are co-doped, the energy gap can be closed 

and chemical reactivity and conductivity can be increased [92]. The redistribution of 

spin and charges concentrations caused by the double dopants amplified the number of 

energetic spots for ORR [92] and electrochemical reactions [93]. 

3.3 Graphene Metal-Based ORR Electrocatalysts 

The noble metal’s dispersion can be enhanced and charge mobility in fuel oxidation 

facilitated by graphene-based materials’ vast superficial area, higher electrical 

conductivities and customisable fastening positions. The rate of oxygen evolution 

reactions (OER), ORRs and hydrogen evolution reactions (HER) within the electrode 

control the efficiency e-fuels [94]. The overall e-fuel efficiency is reduced because of 
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these processes, which happen much more slowly. The most often used electrocatalysts 

to speed up processes are metals and metal oxides including Pt, RuO2 and IrO2 [16], 

[76]. Despite the encouraging outcomes, the widespread use of these electrocatalysts is 

constrained by a number of factors, such as their exorbitant cost, RuO2 oxidation, Pt CO 

poisoning, and scarcity [95]. The development of effective graphene-supported 

electrocatalysts for the formic acid oxidation reaction (FAOR), ethanol oxidation 

reaction (EOR), and methanol oxidation reaction (MOR) has attracted numerous 

interests triggered by their fast charge transference rates and biocompatibilities; 

graphene-based materials show great promise as anodes for microbial fuel cells (MFCs) 

[71]. 

Because of its special qualities and relatively cheaper cost, graphene or its derivatives 

are a great substitute for these traditional electrocatalysts. Since graphene has a zero 

band gap, it has little catalytic activity [96]. However, doping graphene with different 

heteroatoms changes its electronic characteristics, creates more vigorous spots and 

greatly boosts its electrocatalytic activities. The various electrocatalytic reactions in e-

fuels can be strongly influenced by the shape of an electrocatalyst based on graphene. 

3.4 Graphene-Based Polymer Membranes 

To improve the ionic conductivities and gas impermeabilities of polymer membranes, 

graphene and its derivatives are frequently employed as decorations. In comparison to 

conventional polymer membranes, the composites membranes have stronger ionic 

conductivities, lesser fuel gas permeability, greater mechanical and chemical stability, 

all of which enhance fuel cell longevity and performance. An essential component of 

the e-fuel system is polymer electrolyte membranes (PEMs) [9]. Nafion, Flemion and 

Aciplex are examples of PEMs that are used commercially and are mostly centred on 

perflurosulfonic acid (PFSA). However, they exhibit encouraging outcomes, their broad 

use is limited by various circumstances [97]. The most frequent PEMs-related 

challenges are high operating temperatures and high rates of performance in extremely 

humid environments, fuel crossover problems, high costs, essential synthesis methods 

and water balancing problems [5], [97], [98]. A key goal of e-fuels technology is now 

to build a PEM with sufficient conductivity that can operate in high temperatures and 

low humidity environments [20]. 

By increasing the reaction rate, graphene impregnation in PEMs improves e-fuel 

devices durability and efficiency [9], [76]. Because of its enormous electrical 

conductivity, higher charge carrier degrees, wide superficial area, and cheaper 

fabrication cost, graphene and its 2D variants are lucrative to use [34]. Higher proton 

permeability, increased thermal and electrochemical stability, high rates of water 

absorption, low permeability to reactant species, higher mechanical stability and 

reduced cost are all requirements for a PEM [5]. 
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3.5 Bipolar Plates of Graphene-Based E-Fuels 

A BP is a crucial component of e-fuel devices. Its duties include supporting the cell, 

distributing oxidant and fuel to the electrode surfaces and gathering current for the cells. 

It should therefore have low gas permeability, strong mechanical properties and high 

electrical conductivity [15], [99]. BPs in e-fuel devices are made of both metals and 

non-metals. Graphene-based materials are highly significant resources attracting 

interest from researchers who study BPs because of their high electrical conductivity 

(106 S/cm), low specific gravity, and high resistance to corrosion [22], [76]. 

Graphene-based BPs, however, are weak mechanically. By using them to create a BP 

out of a composite of metals, this can be avoided. Although metallic plates are strong 

and have good electrical conductivity, they are susceptible to corrosion [36]. However, 

as regards metal and non-metal BPs, scientists discovered a notable increase in the 

outcomes by adding graphene as an auxiliary resource in BPs [15]. 

In e-fuel devices, BPs are used for mechanical support, gas and heat distribution, and 

current collection. BPs are designed to provide high mechanical strength, low 

permeability to gases, low interfacial contact resistance, high electrical and thermal 

conductivities, higher corrosion resistance and are lightweight. [36]. Because of its 

strong conductivity (103 S/cm) and good corrosion resistance, graphite is the most 

popular resource for BPs used in e-fuel devices. However, the expense of production 

and its low mechanical strength make graphite less practical for use in these applications 

[29], [36]. 

To create highly conductive polymeric BPs, graphene derivatives can also be used as 

fillers [25]. The electrical conductivity of fillers was increased to 114 S/cm by adding 

20 weight per cent carbon black [25]. The highly filled graphene/polybenzoxazine 

composites prepared by Plengudomkit et al. [100] had a 60 weight per cent graphene 

content and demonstrated high flexural modulus (18 GPa), flexural strength (42 MPa), 

electrical conductivity (357 S/cm), thermal conductivity (8.0 W/mK), and little water 

immersion (0.06% at 24 hours absorption). A GO/polypyrrole composite was created 

by Jiang et al. [101] and then coated on stainless steel using an in-situ electrodeposition 

technique. The interfacial union among metallic and polymers was improved and the 

penetration of corrosive classes was inhibited by the existence of GO inside composites 

BP. However, difficulties in using materials based on graphene in BPs still exist. In 

galvanic corrosion mechanisms or the interaction amid ion or defect/grains margins in 

graphene, it was discovered that graphene did not increase corrosion resistance for 

stainless steel plate in absence of metal coatings or at high temperatures (> 60 °C) [102] 

[103]. It is possible that interfacial contact resistance will rise owing to the 

comparatively low electrical conductivity of GO or rGO coatings. In addition, 

hydrophobic graphene is difficult to adhere to metal plate in the absence of the need for 

a binder [36]. It would be inevitable for the cost and interfacial contact resistance to 

increase with the addition of a binder. 
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Another challenge is to designate channels for gas flow within the graphene lattice 

without sacrificing its electrical and corrosion resistance [36]. The review compiled 

several studies on applications of based materials in e-fuel applications to enhance 

performances. Table I presents the summary of the performance and applications of 

graphene-based materials in e-fuels. 

TABLE I 

SUMMARY OF THE PERFORMANCE AND APPLICATIONS OF GRAPHENE-

BASED MATERIALS IN E-FUELS 

S/N Graphene-Based Material Application Mechanisms Performance Ref. 

1 Graphene doped Ni foam Bipolar plates Graphene’s 

excellent 

conductivity 

makes it an 

effective 

corrosion 

barrier in e-

fuel devices. 

Corrosion is 

reduced by 

half with an 

optimum 

power density 

of 967 

mW/cm2 

[104] 

2 Graphene-doped Nafion 

membranes 

for DMFC 

Bipolar plates Methanol is 

given 

twistiness by 

graphene, 

which does not 

change the 

proton 

conductivity. 

E-methanol 

permeability 

of 2.19 × 10−6 

cm2/s with 

supreme 

power density 

of 75 mW/cm2 

at 70 °C 

[75] 

3 GO peels for H2/O2 e-fuels Electrolytes Great proton 

transference 

and H2 and O2 

gas 

impenetrability 

High proton 

conductivity 

up to 10−6 to 

10−4 S/cm at 

an ultimate 

power density 

of 13 mW/cm2 

at 25 °C 

[105] 

4 Composites of 

rGO@Polyacrylamide@Graphite 

brush 

Anode in 

MFCs 

Huge surface 

areas, great 

electrons 

conductance 

and high 

affinity for 

microbial 

biofilms 

Activation 

polarisation 

resistance of 

4.4 Ω/cm2 

within the 

device and a 

supreme 

power density 

of 

782 mW m− 

[106] 

5 PtPd-doped rGO EOR Synergistic 

effects among 

Pt and Pd with 

enhanced 

ligands 

Greater 

catalytic 

activities 

compared to 

metallic Pt or 

Pd catalyst 

[107] 
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S/N Graphene-Based Material Application Mechanisms Performance Ref. 

6 Composites of PtRh nanowires 

and graphene nanosheets 

EOR  Higher mass 

fold activities 

equated to 

Pt/C 

[108] 

7 Pt-doped graphene nanosheet MOR Variation in 

the electronic 

structures of Pt 

constellations 

E-fuels 

advanced 

activities and 

more CO 

acceptance 

[109] 

8 Edge-sulphurised graphene ORR Doped sulphur 

atoms and 

sulphur oxides 

at graphene 

edges 

proliferate 

spins and 

charges 

density 

Higher ORR 

electrocatalytic 

activities, 

improved e-

fuel fussiness 

and lengthier 

stability 

[110] 

9 Co3O4@N-doped graphene ORR Enhanced 

synergetic 

chemical 

combinational 

properties 

among Co3O4 

and in 

graphene 

Enhanced 

catalytic 

activities and 

bigger stability 

[71] 

10 Co3O4/N-rGO Electrocatalyst It possesses 

high ORR 

activities 

Little cost 

catalyst higher 

durability 

[71] 

11 Ru@N/G@750 Electrocatalyst The ORR 

activities are 

7.5 times 

higher 

Excellent 

durability and 

onset potential 

between 0.89 

and 0.75 V 

[111] 

 

4 Review of the Types of E-Fuel 

Carbon-derived fuels such as methanol or methane, which are created with electricity 

serving as the main energy source, are collectively referred to as “e-fuels” or 

“electrofuels”. CO2 is the fuel’s source of carbon and can be recovered from a variety 

of industrial operations, such as waste, exhaust gases, the sea and the air. E-fuel 

fabrication remains in its early stages, and numerous obstacles must be removed before 

e-fuels are widely distributed, accepted and used. E-fuels can also be classified with 

respect to their state and carbon content as presented in table II [112]. 
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TABLE II 

STATE AND CARBON CONTENT CLASSIFICATION OF E-FUELS 

(ELECTROFUELS) 

S/N Liquid Gas Low Carbon 

1 E-hydrogen E-methanol E-methane 

2 E-methane E-diesel E-methanol 

3 E-ammonia  E-diesel 

4 E-DME   

5 E-kerosene   

 

4.1 E-Hydrogen 

The electrolysis of H2O is an electrochemical practice that uses electricity to break down 

H2O into oxygen and hydrogen, which produces e-hydrogen. Power-to-hydrogen (PtH2) 

presents a procedure for producing hydrogen by employing electrolysis using a 

renewable energy source. In the case of power produced by a renewable energy source, 

electrolysis is a crucial step in the production of sustainable hydrogen. Although this 

method is well known and devoid of greenhouse gases, it only produces only 4% of the 

hydrogen produced overall. Applying electrical energy to split water into hydrogen and 

oxygen (equation 1) is recognis0ed as water electrolysis. The following lists the 

electrochemical reactions that take place at the electrodes of an alkaline electrolyser 

(AEC) [113]: 

• the positively charged anode is the site of the oxidation reaction (equation 2); and 

• the negatively charged electrode (cathode) is the site of the reduction reaction 

(equation 3). 

Overall: H2O (l) → H2(g) +  
1

2
O2(g) ∆Hr = 285.83 kJ/mol (1) 

Cathode: 2H2O(l) + 2e− → 2OH− +  H2(g) (2) 

Anode: 2OH− →  H2O (l) + 2e− +  
1

2
O2(g) (3) 

AECs, proton exchange membrane electrolysers (PEMEL) and increased temperature 

solid oxide electrolysers (SOE) are the three different types of water electrolyser. The 

primary features of the three electrolysers are shown in Table III, with additional 

parameters listed in [114], [115], [116], [117]. The most developed commercially 

accessible technology, known as AEC, has been applied extensively in the chemical 

industry and in the large-scale synthesis of hydrogen. It typically functions between 60 

and 80 °C and consists of two electrodes submerged in an aqueous electrolytes [112]. 

AECs can operate at atmospheric pressure (atmospheric AEC) or high pressure 

(pressurised AEC) [114]. Pressurised AEC has the benefit of producing compressed 
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hydrogen, which can be used straight into grids or in other applications without first 

having to be compressed. This means that less energy is consumed because no additional 

energy is needed [40]. 

TABLE III 

FEATURES OF THE THREE TYPES OF ELECTROLYSER 

S/N Type of 

Electrolyser/Property 

Alkaline PEMEL SOE 

1 Technology development Profitable [114] Marketable [114] R & D/Laboratory 

[114], [115] 

2 Working temperature (ºC) 60–80 [115] 50–80 [115], [117] 600–1 000 [112], 

[118] 

3 Pressure (bar) < 30 [114] < 30 [114] < 30 [114] 

4 Energy consumption 

(kWh/m3H2) 

4.5–7.0 [114] 4.5–7.5 [114] 2.5–3.5 [114] 

5 Cell voltage (V) 1.8–2.4 [114], [116] 1.8–2.2 [114], 

[116] 

0.95–1.3 [114], 

[116] 

0.7–1.5 [115] 

6 Voltage efficiency (%) Low efficiency [43] 

62–82 [114], [116] 

Moderate 

efficiency [115] 

67–82 [114], [116] 

Higher efficiency 

[115] 

81–86 [114], [116] 

7 Lifespan (year) 15–30 [119] 

20–30 [114], [116] 

10–20 [114], 

[116], [119] 

Nil 

8 H2 fabrication rate (m3/hr) < 760 [114], [116] Approximately 

~ 450 [117] < 30 

[116] 

Nil 

9 Hydrogen purity (%) > 99.8 [115] 99.999 [115] Nil 

 

4.2 E-Methanol 

Nowadays, fossil fuels account for nearly all of the production of methanol. Fig. 8 

shows the e-fuel fabrication processes. Methanol (CH3OH) is among the prominent 

fuels produced from power-to-liquid (PtL) technology. Methyl tertbutyl ether (MTBE), 

formaldehyde, dimethyl ether (DME), acetic acid and numerous goods including paint, 

plastic, house supplies and auto components are among the valuable feedstock that are 

produced using methanol [120]. In addition, it is regarded as a clean synthetic fuel and 

a great solvent that can be used in power generation, wastewater treatment, industrial 

boilers, transportation and cooking. It may also be used as a hydrogen carrier for fuel 

cells and as an alternative source of chemical energy [121], [122]. Methanol is easily 

handled, transported and distributed in a liquid state under typical ambient 

circumstances [122]. Currently, 98 million tons (Mt) of methanol are produced 

worldwide each year from fossil fuels (coal or natural gas). Methanol produced 0.3 

gigatons (Gt) of CO2 yearly, approximately 10% of all discharges from chemical 

industries. If businesses continue to depend on only fossil fuels, the demand for 

methanol is predicted to rise to 500 Mt by 2050, which would result in the annual release 

of 1.5 Gt of CO2 [121]. It is therefore critical to address methanol production emissions 
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and develop alternate processes for renewable methanol production to decarbonise the 

chemical industry. The following reaction equation 4 [1] is the catalytic hydrogenative 

transformation of CO2 to methanol, which produces methanol: 

Overall: CO2 (g) + 3H2 (g) → CH3OH(l) + H2O (l) ∆Hr = −49:2 kJ/mol (4) 

The catalyst based on copper/zinc oxide facilitates an exothermic catalytic reaction with 

a 3:1 ratio for H2:CO2 that can occur in a range of temperatures and pressures between 

200 and 300 °C and 50 to 100 bar, respectively [124]. A variability of carbonaceous 

sources such as natural gas, coal, biomass byproducts and CO2 extracted from 

industrialised chimney smokes or directly from the air can be used to produce methanol 

[125]. It is obvious that most of the methanol fabrication processes still rely on fossil 

fuels, with coal accounting for the remaining 65% and natural gas for approximately 

65%. Renewably produced methanol makes up a minor portion of the total, at 0.2% 

[125]. Methanol can be characterised by lower or higher carbon contents centred on the 

type of feedstock used, the conversion process, and the emissions that are produced. 

Methanol generated using syngas by coal gasification or natural gas remodelling (brown 

and grey methanol), which is regarded as having a high carbon intensity. It has been 

Fig. 8. The e-fuel production processes (copied with permission from [123]). 
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noted that, because natural gas has high hydrogen/carbon ratios and few impurities, it 

produces less emissions when used to create methanol than when coal is gasified [125]. 

However, methanol (blue and green methanol) derived from renewable resources is 

regarded as having a low carbon intensity. For a system to be deemed entirely 

renewable, all of its feedstocks must come from solar, wind, hydro or geothermal 

energy. Either the bio-methanol or the e-methanol method can be used to manufacture 

renewable methanol, also known as green methanol. Bio-methanol is produced through 

gasification of biomass feedstocks, including paper, sewage, wood, agricultural waste, 

and biogas from landfills. Green hydrogen, which is generated from renewable 

electricity, and collected CO2 are combined to form e-methanol. The CO2 that has been 

caught can also be categorised as renewable CO2 and comes from biomass and direct 

air capture (DAC), though non-renewable CO2 is reprocessed from power plants and 

companies that rely on fossil fuels [14]. Blue methanol is created by adding blue 

hydrogen to the methanol synthesis, which is another method of lowering CO2 

emissions. By combining grey hydrogen with carbon capture and storage (CCS) 

assistance, blue hydrogen is created from natural gas through the processes of auto 

thermal reforming (ATR) and steam methane reforming (SMR) [126]. This 

combination, along with other combinations of various methanol “colours”, makes it 

easier to produce sustainable green methanol while reducing process-related greenhouse 

gas emissions. 

4.3 E-Diesel 

In the past, as an alternative to conventional fossil fuels, syngas (CO/H2) was converted 

to liquid hydrocarbons using the Fischer-Tropsch (FT) process. The FT could be linked 

to biomass and also coal gasification and natural gas (NG) restructuring [50]. Equation 5 

shows the reactions equations, where n is usually 10–20. The procedure involved in 

producing e-diesel is presented in Fig. 9. 

(2n + 1)H2 + nCO → CnH2n+2 + H2O ∆Hr = n(−146) kJ/mol (5) 

Direct hydrogenation of CO2 to alkanes allows for the direct use of CO2 and H2 (from 

electrolysis) [48], however, research on this topic is still in its early stages [76]. To 

mimic the syngas configuration of conventional coal/NG FT plants, the real plants that 

are now in operation rely on the conversion of CO2 to CO [57]. As shown in little 

planned/current pilot plants, a CO2 transference might be achieved in an electrolysis or 

reverse water gas shift (RWGS) reactor [15], [122]. The generation of e-diesel via FT 

synthesis, which begins with electrolytic H2, has an efficiency factor ranging from 0.82 

to 0.83 [51]. This is less than other e-fuel methods because of the intricate advancement 

procedure. However, with regard to its refuelling network, onboard use and logistics, e-

diesel is the most “transparent” e-fuel. Simply said, e-diesel could be used in place of 

present fossil fuel in ICE cars and gas stations [95]. 
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4.4 E-Ammonia 

NH3 has attracted a lot of attention lately since it is thought to be an efficient energy 

carrier and alternative fuel [127]. Fig. 10 displays the e-ammonia fabrication route. 

Although ammonia is used for a variety of purposes, agricultural fertilisers account for 

about 80% of its yearly output [128]. In addition, ammonia is a crucial feedstock for the 

production of other compounds, including polymers, explosives, synthetic fibres and 

resins, and refrigerants [128]. It shares many of the same uses as methanol, including as 

a synthetic fuel for gas turbines, ICE and diesel engines [128]. It can also be used as a 

chemical storing medium for renewable energy [129]. Nowadays, catalytic steam 

restructuring of natural gas produces the majority of ammonia (approximately 98%) by 

conventional methods. Approximately 1.8% of the world’s CO2 emissions come from 

this [129]. Industrial hydrogen production involves steam reformation of methane, 

which is subsequently introduced into the Haber-Bosch process for ammonia synthesis, 

which causes the reaction as shown in equation 6. The Haber-Bosch process is employed 

for the synthesis of ammonia (NH3), wherein hydrogen, often generated through the 

Fig. 9. The e-diesel production processes. 
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improving of natural gas, has a reaction with nitrogen under conditions of 400–450 °C 

and 150–200 bar of pressure, facilitated by an iron catalyst. 

Overall: 3H2(g) + N2(g) → 2NH3(l) ∆Hr = −91.8 kJ/mol (6) 

Much like methanol, most of the fossil fuels used to produce ammonia nowadays 

include coal, heavy fuel oil, natural gas and naphtha [130]. This kind of ammonia is 

called brown ammonia, whereas blue ammonia is ammonia made from fossil fuels with 

the use of CCS. Specifically, nitrogen and blue hydrogen from natural gas feedstocks 

and the CO2 by-products from steam revolutionising are composed and kept, and used 

to make blue ammonia. In comparison to grey ammonia, this results in a decrease in 

climatic impact. Green ammonia is created using biomass-based hydrogen or water 

electrolysis, both of which have net zero emissions. 

NH3 could be used as a chemical feedstocks, pure burning fuel for vehicles, a power 

source (direct combustion, such as a gas turbine or fuel cell) and manufacturing 

processes such as the manufacturing of steel, cement and fertiliser. Ammonia is a great 

substitute fuel that is free of carbon and has the ability to store hydrogen. This is because 

ammonia has advantageous properties, such as a high hydrogen content and a tendency 

to liquefy in moderate temperatures [131]. In addition, with an established distribution 

infrastructure, ammonia storage is not too difficult [131]. The ability to store energy 

helps maintain a periodic equilibrium between supply and demand, which benefits 

structural investments and eliminates the necessity to use fossil fuels to generate 

electricity [132]. 

Fig. 10. Fabrication route of e-ammonia (adapted with permission from [133]). 
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4.5 E-Dimethyl Ether 

A synthetic substitute for diesel that can be used in specifically made compression 

ignition diesel engines (CIDEs) is called dimethyl ether (DME). DME is a colourless 

gas in an ambient atmosphere. It is widely used as an aerosol propellant and in the 

chemical sector. DME might be produced straight using syngas as e-diesel in FT 

methods, employing two feasible reactions ways namely equations 7 and 8 respectively 

[134]. 

Overall 1: 3CO + 3H2 → CH3OCH3 + CO2 ∆Hr = −246 kJ/mol (7) 

Overall 2: 2CO + 4H2 → CH3OCH3 + HO2 ∆Hr = −205 kJ/mol (8) 

Another technique is by first synthesising methanol by means of syngas, that is CO + H2 

(equation 9) [134]. Second, DME is produced by dehydrating the synthesised methanol 

as stipulated by equation 10 [134]. The two-step reactions are presented as follows: 

First stage (methanol synthesis) 

Overall 1: CO + 2H2 ⇋ CH3OH ∆Hr = −90.6 kJ/mol (9) 

Second stage (methanol dehydration) 

Overall 2: CH3OH ⇋ CH3OH + HO2 ∆Hr = −23.4 kJ/mol (10) 

DME’S near-zero particle emission during burning, which is affected by its 

CH3−O−CH3 chemical structure and approximately 35 weight per cent oxygen content, 

is a promising alternative fuel for internal combustion engines (ICEs). DME is quickly 

atomised and has a higher cetane number. For burning methods such as homogeneous 

compression charge ignition (HCCI) [135], this benefit is exceedingly helpful. DME 

has safe storage, Azizi et al. [136] therefore claim that it is regarded as an alternative 

and clean fuel. This is owing to the ether’s inability to produce explosive peroxide. DME 

only includes approximately 35% oxygen, and only has CH and CO bonds; CC bonds 

are absent. In addition, compared to natural gas, the emissions of combustion products 

including CO and unburned hydrocarbons are lower [137]. DME can be used in 

infrastructure for storage and transportation because it has a vapour pressure that is 

comparable to that of LPG. DME is seen as a viable alternative fuel because of its high 

cetane number, which prevents harmful gasses and particulate matter from being 

released during combustion [138]. 

The issues with constrained working environments and extremely subpar anti-knock 

efficacy are the drawbacks of DME. As a result, DME-fuelled engines encounter serious 

issues with novel combustion technologies such as the HCCI mode [135]. This fuel type 

also has poor liquid density and viscosity, small heating rate and necessitates engine 

amendment [139], among other significant issues. Since the reduced calorific value per 
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unit volume is nearly half that of diesel fuel, the DME injection quantity rate must be 

doubled. DME can be produced from a variety of raw materials, such as biomass (by 

means of the methanol dehydration reaction), coal and natural gas [140]. The third 

method for creating DME that was presented makes use of synthetic gases made from 

waste paper fluid (black liquor) from a paper industry and biomass derived from wood, 

such as leftover wood, including thinning wood [141]. 

As an alternative fuel, DME possesses qualities that meet the fuel’s requirements. Its 

cetane number is 55–60, which is greater than diesel fuels [142]. Since DME is a gas at 

room temperature and 1.0 atmospheric pressure, high-pressure fuel hoses were 

substituted for the standard fuel hoses in the engine fuel injection set-up [134]. DME is 

an intriguing replacement fuel with a small boiling value of 248 K at 100 kPa and a high 

vapour pressure of 510 kPa at 293 K when saturated [143]. Similar reasoning was 

provided in the other reference, which stated that DME has an excessively high vapour 

pressure of 510 kPa at 293.15 K at about 25 °C [134]. This can lead to a resilient flash 

boiling propensity in the injection spray at low neighbouring pressure, which can 

enhance the break-up of DME droplets and the evaporation process mechanism [143]. 

Pedersen et al. [144], clarifies that DME is a gas at normal temperature, with a vapour 

pressure of about 6 bar. Here, two latent heats associated with DME exist; the latent 

heat of evaporation when the phase transitions from liquid to gas and the latent heat of 

fusion when the phase transitions from solid to liquid [134]. Approximately 4.94 kJ/mol 

of latent heat of fusion and 21.5 kJ/mol of latent heat of evaporation exists per mole 

[134]. 

4.6 E-Methane 

Apart from non-negligible biologic output, which mostly comes from the anaerobic 

digestion of biomasses, methane is the primary constituent of fossil natural gas and 

comes from this source. However, methane can also be produced by hydrogenating CO2. 

Methane (CH4) is certainly available in nature because it makes up the bulk of ordinary 

gas [145]. Fig. 11 represents methane fabrication routes. Despite being one of the most 

significant greenhouse gases, it is used in many aspects of daily life, including ovens, 

water heaters, kilns, cars and other equipment, and also in industrial chemical processes 

and the production of power through its burning as fuel in gas turbine or steaming 

engines [145]. 

CH4 is regarded more as an uncontaminated fuel than other hydrocarbon fuels since it 

releases less carbon dioxide into the atmosphere [145]. Methane absorbs larger heating 

per molecules matched to CO2 because it possess a globally heating propensity (GHP) 

quantity of 28 on a 100 year timeline [146]. CO2 and 4H2 can combined to create 

methane via the Sabatier technique, a direct mixture of CO reactions and the water gas 

shifts (WGS) reactions, as shown in equation 11 [147]. 

Overall 1: 4H2 + CO2 → CH4 + 2HO2 ∆Hr = −165 kJ/mol (11) 
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Operating within the temperature and pressure ranges of 250 to 400 °C and 5 to 50 bars 

correspondingly, the catalytic procedure is extremely exothermic [148]. Despite being 

easy to understand, this process needs a lot of CO2 (5.5 kg for every kilogram of H2), 

seems hard to come by because CCS arrangements are typically positioned far with the 

renewable energy sources, which raises the expense of CO2 transportation [148]. The 

majority of methane is now formed cheaply using fossil fuel founded source (gray and 

brown methane), much like methanol and ammonia. Power to methane (PtCH4) 

demonstration programmes, which are currently underway in numerous nations, have 

prompted extensive research into the CO2 hydrogenation (methanation) pathway [149]. 

If H2 is created by water electrolysis employing renewable electricity, the power to e-

methane path is regarded as sustainable and renewable with decreased greenhouse gas 

radiations (green e-methane). 

4.7 E-Kerosene 

E-kerosene denotes a subgroup of e-fuels appropriate for aviation and is produced by 

merging hydrogen (H2) and carbon (IV) oxide (CO₂) [151]. There exist multiple 

Fig. 11. Methane fabrication paths (copied with permission from [150]). 
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approaches for transforming CO2 and H2 into liquid fuels, which consist primarily of 

hydrocarbons, by using biological, catalytic, electrochemical or a blend of these 

methods. Most experimental analyses are devoted to maximising the fabrication 

progression of small chain compounds such as CO, methane, methanol, acetic acid and 

C2–C4 (olefins), because of their thermodynamic constancy and chemical apathy of CO2 

[151]. These methods for the fabrication of synthetic kerosene are therefore based on 

multistage routes where CO2 is first transformed into an intermediate chemical in one 

or more processes, and then that intermediate product serves as the feedstock for the 

synthesis of liquid hydrocarbons [151]. These four distinct processes for turning 

collected CO2 into synthetic kerosene by employing hydrogen show how several 

technical factors, including hydrogen consumption, thermal energetic efficiency and the 

quality of the e-kerosene generated, are evaluated in a comparative manner. These two 

paths hinged on the FT fabrication technique while the remaining two are based on 

upgrading and valorising light alcohols (methanol and ethanol) obtained from CO2 

hydrogenation. This small temperature CO transfiguration via the RWGS reaction and 

the high-temperature direct CO2 conversion are based on these two pathways [151]. 

4.7.1 FT-Based Route 

This method is used in theoretical scheme and recreation analysis to minimise needless 

intricacy, capable of causing issues with merging because the formation of additional 

organic groups such as acid, alcohol and aldehyde have little effect on the procedure as 

a whole [152]. This method is divided into two major category, namely, high-

temperature FTS without RWGS (CO2FT) and low-temperature Fischer-Tropsch 

(LTFT) synthesis [152]. 

4.7.1.1 CO2FT 

The few investigations that are currently available on high-temperature FT synthesis 

without a separate reverse water–gas shift (RWGS) reactor are restricted to 

experimental experiments conducted in laboratories. Fe catalysts are used in this 

process, which combines FT and RWGS processes in a single reactor and is known as 

non-methanol mediated CO2 hydrogenation [153]. The responses taken into account 

include equations 12 to 14 [154], [155]. 

Overall 1: H2 + CO2 ⇋ CO + HO2 (12) 

Overall 2: nCO + (2n + 1)H2 ⇋ CnH2n+2 + nHO2 (13) 

Overall 3: nCO + 2nH2 ⇋ CnH2n + nHO2 (14) 

A catalyst that inhibits the generation of CH4 must be used in conjunction with high 

temperatures, high pressures, and excess H2 to achieve acceptable CO2 conversions and 

C5–C15 yields [153]. The current study used experimental data from an Fe-based catalyst 

with K acting as a promoter [153]. After being recompressed, the light gases are directed 

to an oligomerisation reactor, which dimerises the light olefins (C2–C9). The gasses and 
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olefins are separated from the products in a flash drum. After passing through a flash 

drum to extract the last of the olefins, an auto thermal reactor (ATR) receives the gases. 

Syngas is produced when light gases, mostly CH4, are reformatted, which raises total 

conversion. 

4.7.1.2 LTFT 

In the investigated mechanism, the RWGS reactor first converts CO2 to CO. The 

reversible, endothermic, pressure-independent conversion of CO2 to CO is 

thermodynamically favoured by higher temperature. The RWGS is invariably 

accompanied by the exothermic, lower-temperature-high-pressure unwanted CO2 

methanation, also known as the Sabatier reaction [153]. 

Overall 1: H2 + CO2 ⇋ CO + HO2 (15) 

Overall 2: 4H2 + CO2 → CH4 + 2HO2 (16) 

High temperatures and low pressures are therefore needed to maximise CO generation. 

The products of the RWGS reactor are delivered to a flash to separate the water and 

then adsorbed to remove CO2 [151]. After the syngas is compressed, LTFT synthesis 

converts it into hydrocarbons (LTFT). It is widely believed that only paraffins are 

formed when Co is used as a catalyst in LTFT, and that the water–gas shift reaction 

(WGSR) occurs concurrently with the primary reaction [156], [157]. 

Overall 1: nCO + (2n + 1)H2 ⇋ CnH2n+2 + nHO2 (17) 

Overall 2: CO + H2O ⇋ CO2 + H2 (18) 

To separate the hydrocarbons, light gases and water from the reactor product, the FT 

reactor is cooled and decanted. After being recompressed, the light gases are routed to 

an ATR and an H2 adsorption unit. In a flash drum, the extra H2O is extracted, and the 

syngas is combined with new CO2 and H2. The larger molecules in the hydrocarbons 

are broken down into lighter ones in a hydrocracker [156]. 

Overall 1: CnH2n+2 + H2 ⇋ CnH2n+2 (C24 and C28) (19) 

4.7.2 Light Alcohol-Based Routes 

Similar to previous technique discussed, this method is also divided into two subgroups, 

namely methanol-based routes and the methanol-to-kerosene process. 

4.7.2.1 Methanol-Based Routes 

The methanol path is eminent into two sections, namely, (a) methanol fabrication and 

(b) methanol-to-kerosene. Consequently, beginning from clean H2 and CO2, syngas is 

formed using equation 20 [156]. 
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Overall 1: CO2 + 3H2 ⇋ CH3OH + H2O ∆Hr = −49.2 kJ/mol (20) 

The process involves feeding CO2 and H2 in a multistage syngas compressor together 

with light gases (mostly CO2) from the first purification column. Before being fed into 

the methanol reactor, the compressed gas stream is combined with recycled syngas and 

heated. After cooling, the reaction product partially condenses [151]. To prevent an 

accretion of inert gases or light synthesis by-products, a portion of the unconverted 

syngas is purged out of the process. To overcome the synthesis reactor’s pressure 

decrease, the residual gas phase is compressed once more. The so-called topping column 

receives the liquid raw methanol, which is a mixture mostly of methanol, water and 

solved gases [153]. Here, the mixture’s light byproducts and solved gases are extracted. 

The primary product is pure methanol, which is produced by feeding the methanol–

water mixture into the methanol column, which creates the bottom product [151]. 

4.7.2.2 Methanol-to-Kerosene Procedure 

The methanol-to-kerosene (MtK) process comprises dehydration, oligomerisation and 

hydrogenation. It is comparable to typical alcohol-to-hydrocarbon procedures [151]. 

Fig. 12 shows the FT and methanol-based kerosene fabrication paths. The combination 

of oligomerisation and dehydration determines the final product. To produce light 

olefins, the compressed methanol is fed into the methanol-to-oxygen (MtO) reactor. 

After feeding the raw olefin stream into a water separation column, the CO2 is separated 

by washing it with caustic soda. The olefin stream reaches the oligomerisation unit after 

being further dried through a molecular sieve [153]. 

However, MtO wastes, mostly light alkanes, are separated by cooling the reactor 

product of the oligomerisation process to 40 °C [152]. A distillation column receives 

the liquid stream and further separates naphtha and light gases from the higher olefins 

to maximise the output of kerosene. To avoid an amassing of higher alkanes, a purge 

stream is collected and the light fraction is primarily recycled to the oligomerisation 

reactor [152]. Although multistage oligomerisation is also possible, it is not taken into 

consideration here because of the generic modelling method. After that, the column’s 

bottom stream is fractionated and hydrogenated [151]. 
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5 Conclusion 

The impacts of using materials based on graphene in the synthesis of e-fuels from 

renewable energy sources are the focus of this review. In addition, it covers a few studies 

and initiatives that centre on the primary technologies for water electrolysis, carbon 

capture and transformation pathways. The three main processes of most power-to-fuel 

(PtF) operations are the production of power using renewable energy, the separation and 

hydrogenation of CO2 into synthetic fuels using water electrolysis and CO2 separation. 

To obtain appropriate activity for e-fuel applications, defective heteroatoms and 

functional groups are inserted into graphene basal planes. This naturally increases the 

chemical and mechanical stability of the material because free graphene is stable and 

mechanically resilient. To achieve optimal performance, it is imperative to precisely 

manage the degree of graphitisation and active sites in graphene-based materials. 

Temperature polymer membrane-based e-fuels have been developed using graphene-

based materials. The remarkable thermal resilience of graphene leads to encouraging 

developments in high-temperature membranes for the use of e-fuels. 

Fig. 12. Fischer-Tropsch and methanol-based kerosene production paths (copied 

with permission from [151]). 
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Lastly, the fabrication of e-fuels, such as ammonia, methane and methanol, is 

encouraging especially now because e-fuels serve as exceptional energy transporters, 

energy storage media, fuels for various areas of application and feedstocks for chemical 

industries. This is in addition to the expected cost reductions of societal electricity 

needs, electrolysers and carbon (IV) oxide air capture. To adopt PtF technologies 

successfully, all obstacles and constraints must be addressed through additional 

research. This will be the road map in solving the task of decarbonising the environment 

for humankind. 
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