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ABSTRACT 

The growing demand for sustainable energy storage technologies has intensified the search into 

environmentally friendly and cost-effective materials for lithium-ion batteries (LIBs).). Graphite, the 

conventional anode material, faces challenges related to resource limitations and the environmental impact 

of synthetic production methods. As a promising alternative, lignocellulosic biomass-derived bio graphite 

offers a renewable, abundant and low-costs carbon source for anode applications. this review provides a 

comprehensive overview of current synthesis methods for converting lignocellulosic biomass into bio-

graphite, with a focus on the structural, morphological and electrochemical characteristics of the resulting 

materials. Key synthesis routes discussed include pyrolysis, chemical activation, catalytic graphitisation, 

plasma-assisted and hydrothermal carbonisation highlighting the role of processing conditions and 

precursor composition in influencing graphite quality and performance. Special emphasis has been given 

to catalytic graphitization and hydrothermal carbonisation, which enable the formation of graphitic carbon 

at relatively low temperatures through the use of transition metal catalysts. Finally, the review identifies 

critical knowledge gaps and future directions needed to advance the use of lignocellulosic bio-waste in 

the scalable and sustainable production of high-performance LIB anodes.  
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1. Introduction 

The world’s population is constantly growing, putting pressure on the already depleting fossil fuel-based 

energy systems (Usmani et al., 2020); (Gollakota, Kishore and Gu, 2018). This, together with the high 

levels of carbon emissions into the environment, has led to the increased exploitation of alternative 

renewable and greener sources of energy, such as wind and solar (Malyan et al., 2021); (Chen et al., 2020); 

(Liu, 2023).  However, their intermittency, coupled with the requirement for stored energy in various 

applications, has necessitated the development of affordable, effective, and sustainable energy storage 

technologies. 
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1.1 Background on Li-ion batteries and the role of anode materials 

The development of large-scale and nano-electronic devices, as well as electric cars, has made energy 

storage especially crucial (Sun et al., 2021); (Review, 2024); (Chen et al., 2020); (Chang et al., 2021). A 

wide range of energy storage technologies have been developed, including Li-polymer, Li-ion, and nickel 

metal hydride batteries. However, Li-ion batteries have dominated energy storage systems because of their 

long life cycle, high energy density, and stable operation (Goodenough and Park, 2013); (Xu et al., 2023); 

(Ahmed and Maraz, 2023). Despite the wide applicability of Li-ion batteries, more needs to be done to 

increase their efficiency. The advancement of anode materials is more critical than that of cathode 

materials in the creation of advanced lithium-ion battery electrodes (Review et al., 2023); (Ahmed and 

Maraz, 2023); (Chen et al., 2020). Natural graphite as an anode material, has a number of drawbacks, such 

as a low theoretical capacity and environmental issues related to its extraction and processing (Yap et al., 

2023). Synthetic graphite production processes as well face problems such as extremely high energy 

intensity, unsustainability, and scaling up challenges. This has made the research into more sustainable 

and high-performance carbonaceous material derived from bio-waste as alternative for Li-ion batteries 

even more relevant. Graphite from agricultural bio-waste materials is a promising alternative to natural 

and synthetic graphite, yet more work is needed to address the challenges associated with its synthesis 

(Yap et al., 2023) 

1.2 Limitations of conventional graphite 

Graphite is a crystalline form of carbon consisting of a layered planar structure composed of carbon atoms 

that have undergone sp2 hybridization. Each carbon atom is covalently bonded to three other carbon atoms 

in a hexagonal pattern to generate large two-dimensional graphene sheets. Slippage between layers is 

made possible by the weak van der Waals forces holding these sheets parallel to one another (Banek et al., 

2018); (Li, Yamashita and Kita, 2021); (Jara et al., 2019). Owing to its excellent electrical conductivity, 

mechanical stability, and chemical inertness, graphite is widely used in energy storage, lubricants, 

refractories, and especially in the fabrication of lithium-ion battery anodes (Wu et al., 2019). Graphite 

exists in both natural and synthetic forms. However, the production of both natural and synthetic graphite 

faces serious challenges. Natural graphite is typically extracted through open-pit or underground mining, 

leading to substantial land degradation, deforestation, and loss of biodiversity. The flotation and 

purification stages of natural graphite often employ harsh chemicals such as hydrofluoric acid, which can 

result in water and soil contamination if not properly managed  (Yap et al., 2023); (Liang et al., 2021); 

(Sanz et al., 2022); (Pusarapu et al., 2024).. Moreover, with China providing 66% of the world’s natural 

graphite powders, the graphite supply chain has also become geopolitically concentrated, raising concerns 

about resource sustainability, market volatility, and ethical sourcing practices (European Carbon and 

Graphite Association, 2020). On the other hand, synthetic graphite, despite offering more uniform 

properties, is derived from non-renewable petroleum-based feed-stocks such as petroleum coke and coal 

tar pitch. Its production involves high-temperature graphitization processes often exceeding 2500 °C, 

which makes it extremely energy intensive and contributes significantly to greenhouse gas emissions. The 

synthesis methods may also produce hazardous by-products and rely on fossil fuel inputs, thereby 

intensifying their environmental footprint (Surovtseva et al., 2022); (Kulkarni et al., 2022). These 

challenges highlight the urgent need for more environmentally friendly and sustainable sources of graphite 

for energy storage applications. 

1.3 The case for sustainable alternatives: bio-graphite from lignocellulosic waste 

Lignocellulosic bio-waste has emerged as a promising sustainable and ideal cellulose based natural fiber  
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which can be used as an alternative to conventional graphite sources (Dungani et al,. 2018). 

Lignocellulosic bio-waste comprises agricultural residues such as nut shells, corn stalks, rice husks, 

sawdust, and bagasse, which are abundant and remain underutilized in many parts of the world (Kumar et 

al., 2021). Owing to the rapid depletion of non-renewable resources and increasing environmental 

pollution, there is a growing imperative to focus on utilizing these biological resources, leading to ongoing 

advancements and improvements in various utilization technologies (Singh et al, 2023). Utilizing such 

biomass for the production of bio-graphite not only offers a route to value addition but also contributes to 

waste management and circular economy objectives (Yuan et al., 2022). Lignocellulosic biomass is 

naturally porous with a hierarchical structure and large surface area (Tang et al., 2017). The porous 

structure is beneficial since it provides an ion transport path way and it can be easily combined with other 

materials to form a hybrid material that exhibits enhanced material electrochemical properties (Xiao et al., 

2017) . Lignocellulosic bio waste is also a carbon rich material with heteroatom-doping characteristics, 

making it attractive for use as a substitute of conventional carbon material (Tang et al., 2017). Unlike 

synthetic graphite, bio-derived carbon materials can be produced at relatively lower temperatures and with 

minimal chemical additives, resulting in reduced energy consumption and a lower environmental impact 

(Sharma et al., 2020). Biomass is also considered carbon neutral because the carbon dioxide released 

during thermal decomposition is generally offset by that absorbed during plant growth (Sun & Liu, 2021). 

The diverse structure of lignocellulosic biomass allows for tunable carbon properties, such as porosity, 

surface area, and electrical conductivity, which are essential for effective lithium-ion battery anode 

performance (Ahmed et al. 2023). Additionally, the decentralized nature of biomass availability enables 

localized processing, which can reduce transportation-related emissions and stimulate rural economic 

growth (Gao et al., 2022). These advantages position lignocellulosic bio-waste as a viable and green 

precursor for sustainable anode materials, aligning with global efforts toward cleaner energy technologies 

and reduced dependence on fossil-based resources (UNEP, 2020). 

1.4 Scope, Objectives and structure of the review 

This review is centred on exploring the synthesis methods and the potential of lignocellulosic bio-waste 

as a sustainable precursor for producing bio-graphite, specifically for use as an anode material in Lithium 

ion batteries. With the growing global demand for Lithium ion batteries and rising concerns over the 

environmental and economic costs associated with natural and synthetic graphite, there is an urgent need 

to investigate renewable and low-environmental impact alternatives. This review aims to provide a 

comprehensive overview of the current techniques used to convert lignocellulosic biomass into high 

performance bio graphite, including thermal, chemical, catalytic and emerging synthesis routes. They key 

objectives are to: (i) examine the physicochemical properties of different lignocellusic feedstocks relevant 

to graphite production, (ii) analyse and compare the effectiveness and sustainability of various 

carbonization and graphitization processes, (iii) evaluate the structural and electro chemical characteristics 

of the resulting bio-graphite, and (iv) identify challenges, research gaps, and opportunities for scaling up 

production for practical energy storage applications.  The structure of the review follows a logical 

progression, beginning with the fundamentals of lignocellulosic biomass and the role of graphite in lithium 

ion batteries, followed by a detailed analysis of the synthesis routes, characterisation techniques and 

comparative performance assessments. The review concludes with a discussion of environmental 

implications, current limitations, and future directions to guide further research and industrial applications. 
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2.0 Fundamentals of Lignocellulosic biomass and graphite 

2.1. Chemical compositions of biomass and potential for graphite synthesis 

Lignocellulosic biomass has a complex hierarchical structure which comprise of complex polymers and 

they include 35 – 50% cellulose (C6H10O5)n, 20-35 % hemicellulose (C5H8O4)m and 10-30 % lignin 

[C9H10O3(OCH3)(0.9-1.7)]n depending with specie (George et al., 2024). Cellulose is a liner polymer of 

glucose units which provides biomass with its fibrous strength. The hemicellulose is a branched polymer 

which is more thermally labile than cellulose. Lignin is a complex aromatic polymer, with a high carbon 

content and gives biomass its thermal stability (Demirbas, 2007). It is the high carbon content in lignin 

which is very crucial for bio char production. This is because lignin decomposes over a broader range of 

temperature, contributing to bio char yield. After thermal treatment, lignin yields more aromatic carbon, 

favouring graphitic structures, has low ash content thereby reducing impurities that hinder conductivity as 

well as naturally having a porous structure which enhance ion transport in electrochemical 

applications(Igalavithana et al., 2017); (Frohs and Jäger, 2021). The conversion of lignocellusic biomass 

materials to carbon materials can begin with carbonizing under inert conditions, followed by graphitising 

at temperature >2000 ℃ or at lower temperatures when the process is catalysed. Though lignocellulosic 

materials have a high potential, they face challenges such as high oxygen content and ash content, which 

both lead to poor electrical conductivity, low initial graphitic order and thus require high temperatures for 

graphitization, resulting in high costs. Additionally, the chemical composition of lignocellulosic may vary 

with species, growth conditions and their place (Kamal, Othman and Jabarullah, 2020). 

The proximate, ultimate and lignin composition analysis of selected biomass waste shown in Table 1 

show that lignocellulosic bio waste material generally have high carbon content. 

 

Table 1: Proximate and ultimate analysis(Yap et al., 2023) 

Bio mass 

waste 

Moisture 

Content 

Ash 

Content 

Volatile 

matter 

C H N O S Lignin 

(%) 

Rice husks 9.40 13.20 62.00 37.80 4.73 0.45 43.50 0.17 20-25 

Cotton 

stalk 

NA 3.14 80.54 47.12 6.25 0.57 42.79 NA 20-25 

Saw dust NA 0.42 85.14 50.64 6.00 0.07 43.29 NA  

Macadamia 

nut shells 

10.00 0.40 71.0 57.50 5.95 0.33 36.20 0.60 35-40 

Chestnut 

shell 

NA 0.00 73.23 46.68 5.94 0.62 46.76 NA  

Coconut 

shell 

12.55 0.42 N/A 51.60 5.60 0.10 42.70 0.0 35-40 

 

Thermochemical conversion processes such as pyrolysis can therefore be successfully done on this bio 

waste, producing bio char, which can be modified into carbon materials for use in energy storage 

applications (Xiao et al., 2017). Various lignocellulosic bio waste such as nut shells, rice husks, coconut 

shells have been studied for this purpose, demonstrating good porosity, surface area, and electrical 

performance when processed appropriately. Rice straw-derived bio chars were synthesized at various 

temperatures, that is 400, 550, 700, and 900 °C all exhibited reversible capacities though below 200 mAhg-
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1. Li et al. 2020 reviewed biomass-derived carbon material for Li-ion batteries, reporting capacities ranging 

from 250-500 mAhg-1 depending on the feedstock and the processing conditions (Li, Yamashita and Kita, 

2021). This shows that biomass based carbon materials have the potential to be utilised for Li-ion battery 

anodes. 

 

2.2. Graphite and its suitable properties for anode use 

Graphite is a crystalline form of carbon which consists of a layered planar structure composed of carbon 

atoms that have undergone sp2 hybridization (Frohs and Jäger, 2021). Each carbon atom is covalently 

bonded to three other carbon atoms in a hexagonal pattern to generate large two-dimensional graphene 

sheets The weak van der Waals forces holding these sheets parallel to one another enable slippage between 

layers (Banek et al., 2018); (Li, Yamashita and Kita, 2021); (Jara et al., 2019); (Gimåker and Granberg, 

2021). 

The performance of any electrode material depends to a greater extent on its structural organisation, degree 

of graphitisation and post treatment methods such as chemical activation or catalyst-assisted graphitization 

during its synthesis(Kane, Warnat and Ryan, 2021). This will determine the specific physical, chemical 

and electrochemical properties it must possess for anode application, which include high electrical 

conductivity, low porosity, and suitable lithium storage capacity(Qin et al., 2020); (Liu, 2023) These 

properties are obtained through characterisation to optimise their use (Igalavithana et al., 2017). 

2.2.1 Surface area and pore structure 

The surface area of bio graphite refers to the total available surface area of the material. In porous materials 

such as bio graphite, this includes both external and the internal surfaces within pores. The pore structure 

of the bio graphite refers to the size, distribution, shape and volume of pores in the material(Shi et al., 

2023). The pores are named according to the size range, that is micro pores are less than 2 nm, mesoporous 

in the range of 2 – 50 nm and macro pores in the range greater than 50 nm. 

Surface area and pore structure are very important features for anode material since they determine how 

well the bio graphite can interact with and store Li-ions during battery cycles. High surface area increase 

the number of active sites for Li-ion intercalation into the graphite. This enhances reaction kinetics, 

thereby contributing to higher power capability for the battery and also faster ion transport when contact 

with the electrolyte is improved. An optimized pore structure in the mesoporous region ensures provision 

of channel for ion transport, enhancing ion reversibility. 

2.2.2 Crystallinity and degree of graphitization 

In carbon materials, crystallinity refers to how well the carbon atoms are arranged in graphitic layers 

whereas degree of graphitization is a measure of how much the carbon materials resemble pure graphite 

in terms of structure (Kamal, Othman and Jabarullah, 2020). Crystallinity reflects the transformation of 

amorphous or disordered carbon into crystalline graphite during thermal treatment. The degree of 

graphitization is an important parameter for anode material since it determines how well Li-ions intercalate 

during the charging and de-intercalate during discharging, determining reversibility and efficiency(Li, 

Yamashita and Kita, 2021). crystalline graphite has a higher electrical conductivity and thus the electrode 

conductivity is improved, reducing internal resistance. Well-ordered graphite also has a high storage 

capacity, storing lithium ions with a theoretical capacity of up to 372 mAh/g as compared to amorphous 

carbon. More graphitised structure is chemically and mechanically stable and thus, Li-ion batteries have 

an excellent battery performance and a longer life cycle. 
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The crystallographic parameters for graphite, provided by an XRD include the (002) peak, which is 

approximately 26 o (2θ), which represents the stacking of graphene layers along the c-axis. Sharper and 

stronger peaks represent higher crystallinity and better graphitization. The interlayer spacing (d002) for 

graphite, is approximately 0.335 nm and 0.340-0.360 nm for disordered carbon (Zhang et al., 2022); 

(Gimåker and Granberg, 2021); (Shi et al., 2023) 

2.2.3 Electrical Conductivity 

The ease with which electrons can move through a substance in bio graphite is often influenced by the 

degree of graphitization. The more graphitic the structure, the better the conductivity. Electrical 

conductivity is also a critical property for bio graphite because the higher the conductivity, the easier it is 

for electrons to move through the anode to the external circuit, thus minimising resistance and energy loss.  

The bio-graphite produced from biomass-derived source exhibits exceptional electrical conductivity, 

reaching up to 3.58 x 104 S/m (Banek et al., 2018). This high conductivity is attributed to the sp2 bonding 

in the graphite structure which facilitates efficient electron transfer and is crucial for battery applications 

(Kim et al., 2024). In bio-graphite, conductivity also helps indicate how successful the synthesis route has 

been in converting biomass to bio-graphite 

 

3 Biomass-to-graphite synthesis routes 

The preparation of bio graphite from biomass involves converting carbon-rich biomass into a graphitic 

form of carbon often, often intended for use in energy storage such as Li-ion batteries, catalysis or as 

adsorbents. Several routes exist and these include the traditional ones such as direct pyrolysis followed by 

graphitisation and chemical activation followed by thermal treatment. The novel and hybridized methods 

include catalytic graphitisation. Microwave-assisted graphitisation hydrothermal carbonization plus 

catalytic treatment and also template assisted synthesis. each synthesis route has its own distinct 

advantages and disadvantages depending on the biomass type, desired graphite quality and end-use. A 

detailed account of some of the synthesis routes has been given. 

 

3.1.  Direct Pyrolysis + graphitization 

This traditional synthesis method of graphite from biomass generally involves two steps of heat treatment, 

carbonization(pyrolysis) and graphitization. Biomass is first carbonized via the pyrolysis process to 

produce bio char. Pyrolysis is the commonest carbonisation method because of its simplicity and the 

ability to produce high quality carbon material. 

3.1.1.  Pyrolysis 

Pyrolysis is a thermochemical process where organic materials is decomposed at high temperatures in the 

absence of oxygen typically between 300 and 600 oC. (Sharma, Pareek and Zhang, 2015) ; (Khuenkaeo 

and Tippayawong 2020) . The thermal decomposition of biomass in a pyrolysis reactor is affected by 

several conditions which include temperature, heating rate, residence time, feed particle size, reaction 

time, feed composition and also feed rate (Hasan, Rasul and Khan, 2022). For the production of char, slow 

pyrolysis is normally employed. Different types of materials are used as feedstock for the process and they 

range from agricultural residues, forestry residues, municipal solid waste, algae and manure (Adelawon et 

al., 2021).  Lignocellusic are known to have high carbon yield and they produce high quality bio char. The 

pyrolysis process mainly take place in a pyrolysis reactor and it can have different configurations 

depending on the applications, the feedstock, the temperatures to be reached. 
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3.1.2 Graphitization 

After the pyrolysis stage, the process is followed by graphitization, which is the process by which carbon 

materials are transformed into graphite, which is the crystalline form of carbon where atoms are arranged 

in a hexagonal lattice structure (Panda et al., 2018). This process involves both structural and chemical 

changes, converting amorphous carbon into ordered and stacked graphene layers. The layers of the carbon 

atoms will align parallel and interlayer spacing decreases to the value of characteristic graphite. As the 

graphitisation process progresses, the stacking height and the in-plane size increases. The defects in the 

structure decrease, improving electrical conductivity, thermal stability and mechanical strength. The 

process occurs at very high temperatures, typically in the range of 2000 – 3000 oC or even more. When 

exposed to such temperatures, carbonaceous materials such bio char is converted into graphite. 

The direct pyrolysis and graphitization method for converting lignocellulosic biomass into bio-graphite 

offers relatively simple and sustainable pathway. However, the method is heat intensive, making it costly. 

If complete graphitization is to be achieved, char is treated to a temperature of about 2500 oC or more for 

a period of over 24 hours (Shi and Ziyi, 2021), (He, Shang and Tan, 2024). This comes after the pyrolysis 

process, which requires its own fair share of energy, requiring temperatures in the ranges of up to 900 oC 

(Wang et al., 2020). Additionally, there are challenges of incomplete graphitization at moderate 

temperatures and difficulties in maintaining consistency due to biomass heterogeneity (Chen et al., 2020). 

Environmentally, volatile organic compounds are released into the environment especially when fossil 

fuels are used for heating (Singh & Sharma, 2022). This calls for the integration of renewable heat energy 

sources as well as entailing the use of catalysts to lower the energy requirements of the process. 

 

3.2. Chemical activation + thermal treatment 

The chemical activation method involves mixing an activator and biomass materials evenly in a certain 

biomass constituent ratio, followed by slow pyrolysis under inert gas environment (Illingworth, Rand and 

Williams, 2022). The process involves impregnation of the raw biomass material with a chemical 

activating agent such as zinc chloride, phosphoric acid, potassium hydroxide, potassium carbonate or 

sodium hydroxide followed by carbonisation at temperatures typically between 400 and 800 oC 

(Illingworth, Rand and Williams, 2022). Alternatively, a two-step process is used for chemical activation. 

This is where the biomass material is firstly pyrolysed to produce bio char followed by impregnation of 

the char with the chemical activation agent.  The impregnated char is activated at high temperature to 

produce the activated carbon (Anto et al., 2021). The chemical activation method based on the potassium 

hydroxide activator is the most commonly used method to prepare bio graphite(Illingworth, Rand and 

Williams, 2022). The activation mechanism of KOH on carbon involves three main steps: 

a. The chemical activation procedure employed to etch the carbon framework occurs through an 

oxidation-reduction reaction between carbon and potassium oxide, as shown in reactions (1)-(3). 

Potassium intercalates into the carbon matrix, resulting in structural expansion and thereby yielding a 

well-developed porous structure. 

b. The physical activation process: The H2O produced by reaction 4 and the CO2 generated from reactions 

(5) and (6) within the activation system all contribute to the etching of carbon, which positively 

influences the enhanced development of the porosity of the carbon framework. 

c. As illustrated in reactions (1), (7), and (2), the metallic potassium generated in the reaction can be 

efficiently incorporated into the carbon lattice, thereby inducing lattice expansion. Upon the removal 

of the inserted metallic potassium and potassium-based compounds through washing, the porous 
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structure of the carbon will experience further enlargement. The carbon activation process utilizing 

KOH encompasses chemical interactions, physical actions, and the lattice expansion of carbon induced 

by the insertion of metallic potassium into the carbon lattice. 

𝐾2𝑂 + 𝐶 → 2𝐾 + 𝐶𝑂         1 

6𝐾𝑂𝐻 + 2𝐶 → 2𝐾 + 3𝐻2 + 2𝐾2𝐶𝑂3       2 

𝐾2𝐶𝑂3 + 2𝐶 → 2𝐾 + 3𝐶𝑂        3 

2𝐾𝑂𝐻 → 𝐾2𝑂 + 𝐻2𝑂         4 

𝐶𝑂 + 𝐻2𝑂 → 𝐶𝑂2 + 𝐻2         5 

𝐾2𝐶𝑂3 → 𝐾2𝑂 + 𝐶𝑂2         6 

𝐾2 + 𝐻2 → 2𝐾 + 𝐻2𝑂         7 

Chemical activation has the advantages of producing high surface area and porous carbon, which enhance 

electrochemical performance as well as lowering temperature below that of conventional graphite, thereby 

reducing energy demand. However, the major drawbacks of chemical activation are that it produces more 

of amorphous carbon rather than crystalline graphite and also its impact onto the environment because of 

its alkali nature. Thus there is need careful handling and for post treatment washing to reduce potential 

harm to life and equipment degradation. Large scale operations should consider effective wastewater 

treatment to reduce impact onto the environment. Research is also exploring greener activating agents to 

improve sustainability and environmental harm. Catalysis of the process using metal catalyst ensures the 

production of crystalline carbon. as well 

 

3.3.Plasma-assisted graphitization 

Plasma assisted graphitisation is a transformative process that enhances the conversion of carbon based 

materials into high quality graphitic structures. The process begins with plasma generation where an inert 

or reactive gas such as argon or nitrogen is ionised using a power source such microwave or direct current. 

This is followed by exposing the prepared biomass into the plasma field where it undergoes rapid heating 

at temperatures in the excess of 4000 oC.  thereby facilitating the breakdown of non-carbon elements and 

promoting the rearrangement of carbon atoms into graphitic structures (Purawiardi et al., 2024). The 

resultant graphitized material is then cooled under controlled conditions to prevent oxidation. In a typical 

plasma-assisted graphitization set-up, the heat was applied to pyrolysis the wood biomass sample in a 

pyrolysis chamber. The measured heat temperature was 4000 oC (Purawiardi et al., 2024). The produced 

graphite was of high quality. 

Plasma assisted graphite has several advantages compared to the traditional methods. The method 

produces superior graphene quality exhibiting high surface area and electrical conductivity due to better 

control over the graphitization process (Zhan et al., 2016). The process is ultrafast since plasma assisted 

electrochemical exfoliation allows for the quick generation of graphene sheets (Thanh et al., 2014). The 

challenges with synthesis route is that precise optimization of the plasma parameters such as gas type, 

power and exposure time are required (Zafar and Jacob, 2022); (Sun et al., 2021). Moreover, the setting 

up, the maintenance coupled with the energy intensive operation of the plasma systems are costly. The 

other big challenge is with the extreme temperatures involved, which require specialised materials such 

as ceramics and quartz for plasma containment. Large scale operation of plasma systems is also 

problematic because of the need to maintain uniform plasma treatment over large volumes (Samal, 2017). 

However, with ongoing research into hybrid plasma-catalytic systems, microwave-plasma coupling and 

integration with machine learning for process optimization, plasma assisted conversion could become a 
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clean and high performance route to synthesize bio graphite for the next generation of Li-ion batteries 

(Wang et al., 2022. 

3.4.Catalytic Graphitization 

Catalytic graphitization is a chemical reaction between a carbonaceous material and a catalyst to form 

graphite materials. This process utilises transition metal catalysts such as nickel, iron and cobalt to 

facilitate graphitization at lower temperatures compared to traditional methods, which typically require 

high energy inputs and non-renewable carbon sources. Research have shown that heat treatment of the 

carbon materials with a catalyst enhances the carbon crystallinity, further improving the efficiency of the 

overall graphitization process (Yap et al., 2023); .(Shi et al., 2023) 

The kinetic mechanism of the process shows that with the help of catalyst, graphitization can be achieved 

at a minimum temperature of 600 0C (He, Shang and Tan, 2024). Catalytic graphitization of saw dust 

mixed with Fe or Ni catalysts have been reported at a temperature of 1000 °C resulting in nano sized 

graphitic structures of high crystallinity (Sevilla, 2007). A straightforward one-step process comprising 

pyrolysis at 1200 °C was also employed to graphitize a range of biomass feed stocks, including softwood, 

hardwood, cellulose, glucose, organosolv lignin, and hydrolysis lignin, utilizing an inexpensive, earth-

abundant iron catalyst (Sagues et al., 2020); (Lower et al., 2023). The lowering of graphitization 

temperature requirements significantly reduces energy costs of the process (Nuriskasari, Zulfia Syahrial 

and Wahyuadi M Soedarsono, 2023); (Pusarapu et al., 2024). 

Catalytic graphitisation can be a single step where biomass is catalyst impregnated followed by heat 

treatment or a two-step process that involves carbonisation of biomass first, impregnation then 

graphitisation (Kamal, Othman and Jabarullah, 2020). The use of catalysts improves the graphitization 

degree of carbon materials (Yang et al., 2023). The physicochemical properties of the resulting graphite 

such as crystallite size and structural order are greatly improved, making it comparable to commercial 

graphite(Hunter, Ramírez-Rico and Schnepp, 2022) 

Catalytic graphitization is one of the most promising and energy efficient methods for converting 

lignocellulosic biomass into bio graphite, especially for electrochemical applications such as Li-ion 

batteries. It produces graphitic carbon with a good crystallinity, improved conductivity and suitable 

interlayer spacing for lithium interaction. The process is also scalable and can be adapted to various types 

of biomass, converting low-value lignocellulosic biomass into high performance and sustainable materials 

(Liu, 2023). However, it presence challenges such as the need for precise control of catalyst loading and 

distribution for uniform graphitization to avoid residual metal particles remaining in the final product, 

potentially affecting purity and stability. In addition, post-treatment steps such as acid washing are often 

required to remove metal residues, which may increase chemical usage and wastewater production. From 

an environmental perspective, while the method reduces energy input, improper disposal of spent catalysts 

or leachates can pose ecological risks if not managed properly. Looking ahead, the development of 

recyclable, low-toxicity catalysts, as well as single-step graphitization techniques, is a key research focus. 

Furthermore, coupling catalytic graphitization with machine learning optimization, green solvents, or 

renewable heat sources can improve. 

3.5.Hydrothermal carbonisation + catalytic treatment (HTC) 

HTC is a two-step synthesis route for the conversion of biomass into bio graphite. Initially the biomass is 

subjected to hydrothermal carbonisation where it is treated with water at elevated temperatures, typically 

of 180-250 °C in an enclosed system. This process breaks down lignocellulosic structures, producing 

hydro char. Secondly, the hydro char undergoes catalytic graphitisation, where it is mixed with transitional 
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metal catalysts such as iron, cobalt or nickel and heated at moderate temperatures of about 800-1000 oC 

under an inert environment. The metal catalysts facilitate the re-arrangement of disordered carbon 

structure in hydro char into more ordered graphitic domains through a dissolution-precipitation 

mechanism, resulting in bio graphite with enhanced conductivity, structural order and desirable surface 

properties for anode applications (Gimåker and Granberg, 2021). 

HTC method provides a promising route for valorising biomass into high value carbon materials, offering 

several advantages than the conventional thermal processes. Being able to process wet biomass, the 

method eliminates the need for biomass drying. When metal catalysts are employed as well, the conversion 

of amorphous carbon into graphitic carbon takes place at lower temperature compared to traditional 

graphitization. Both features of the process lower the energy requirements for the process. The process 

however faces challenges such as high cost and potential environmental risk of metal catalysts, difficulties 

in recovery and scalability issues. Environmentally, the wastewater generated, volatile emissions during 

catalytic treatment are a cause for concern.  Despite these drawbacks, the method holds strong future 

potential: integrating it with renewable energy sources could improve sustainability, while advances in 

recyclable or bio-based catalysts may lower environmental impacts. 

 

Conclusion 

The transformation of lignocellulosic bio-waste into bio graphite presents a sustainable and 

environmentally friendly alternative to conventionally graphite for lithium-ion batteries anodes. This 

review has examined the major synthesis methods such as pyrolysis, hydrothermal chemical activation, 

catalytic graphitisation, plasma- and hydrothermal carbonisation.  In as much as the optimal approach for 

the transformation of lignocellulosic biomass waste into bio graphite is dependent upon specific 

applications, it is imperative to establish an equilibrium between the quality and the production costs. A 

route that concurrently yields high-quality bio graphite while ensuring high energy efficiency and reduced 

production costs would be exceedingly advantageous. In light of these considerations, catalytic 

graphitization and hydrothermal carbonization coupled with catalysis emerge as the most effective 

methodologies. Catalytic graphitization represents one of the techniques that can be employed to attain 

graphite characteristics utilizing minimal energy. Numerous scholars have successfully converted various 

forms of lignocellulosic biomass with the assistance of catalysts such as iron, cobalt, and nickel, thereby 

producing high-quality bio graphite particularly suited for electrochemical applications at moderate 

temperatures, resulting in superior energy efficiency in comparison to conventional thermal methods. 

Similarly, HTC coupled with metal catalysis has been reported to achieve high crystallinity and layered 

structures using low temperatures thereby consuming lower energy than methods like plasma and other 

high temperature routes. HTC is also ideal for wet biomass, making it very cost effective. Additionally, 

two methods, catalytic graphitisation and HTC have reasonable start-up costs and can be scaled-up more 

easily compared to other methods such as plasma.  The incorporation of metal catalysts additionally 

contributes to the enhancement of electrical conductivity, a characteristic that is critically important for 

bio graphite intended to be used as anode material in Li-ion batteries. The major challenge associated with 

the two methods is the need for precise control over the catalysts loading and its removal in the product 

bio graphite yet the methods present a good opportunity for utilisation in the conversion of biomass waste 

to bio graphite. 

Future perspectives across all biomass to bio graphite conversion routes therefore are centred on 

improving quality, sustainability and efficiency. The required thrust is the development of advanced 
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graphitisation technologies such as plasma enhanced method but with a much lower operating and start-

up costs. Interest should also be focused on the development of low cost and environmentally friendly 

catalysts, including bio-based, metal free and recyclable ones to replace the traditional transitional metals, 

thereby reducing the environmental impact and production costs. 
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