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Abstract: This review provides a comprehensive overview of the structural 
transformation from amorphous carbon—particularly in graphitizable soft 
carbons—to ordered graphitic crystalline planes, emphasizing the underlying 
mechanisms, advanced characterization techniques, and diverse applications. 
Carbon materials exhibit a broad spectrum of structures, from disordered 
amorphous forms to highly crystalline allotropes like graphite and graphene, with 
controlled transitions enabling tailored properties for energy storage, electronics, 
sensors, and composites. Key graphitization methods, including thermal annealing, 
catalytic processes, pressure-assisted techniques, and irradiation, are discussed in 
relation to processing conditions and resulting nanostructures. Thermodynamic and 
kinetic considerations, structural reorganization pathways, and the influence of 
heteroatoms and impurities are explored in depth. State-of-the-art characterization 
tools such as XRD, Raman spectroscopy, and TEM offer insights into atomic-scale 
studies. The review also addresses current challenges, emerging trends like 
sustainable and energy-efficient approaches, and future prospects for innovative 
carbon-based technologies. 

 Keywords: amorphous carbon; energy barriers; hybridization; thermal annealing 

1. Introduction 

Carbon materials are also endowed with an exceptional range of structures that go all the way from 
amorphous carbon (a-C) at one extreme to macroscopically grown crystalline allotropes like graphite, diamond, 
and graphene at the other [1]. This arrangement of the atomic structure gives rise to a wide range of different 
individual physical, chemical and electronic properties and these give carbon-based materials their pivotal role in 
most current applications of technology including electronics, catalysis, energy storage, and nanotechnology [2,3]. 
One of these structural transformations that have generated significant interest due to their possible practical uses, 
as well as to their ability to provide information on phase transitions and atomic ordering in carbon systems, is the 
conversion of amorphous carbon into graphitic forms [4]. 

Amorphous carbon lacks long-range order, featuring a mix of hybridization states, while graphitic carbon 
consists of ordered sp2-hybridized layers. Thermal treatment is one of the most frequent ways to induce 
graphitisation. When heating amorphous carbon at high temperatures (above 2000 °C), it is possible to break down 
the regions of disorder, and the rearrangement of carbon atoms back into their sp2 carbon hexagonal networks. The 
main phases which generally constitute the transformation are initial carbonisation (dehydration and elimination 
of the volatile species), structural reordering (generation of graphitic domains), and crystalline regions 
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development. Not all a-C materials are able to graphitise. Structural defects, heteroatoms, and amount of sp3 
bonding may hinder or distort graphitization pathway [5]. 

Graphitization is more feasible in soft carbons, derived from precursors with minimal cross-linking (e.g., 
petroleum pitch or cokes), which allow atomic rearrangement into graphitic structures. In contrast, hard carbons 
from cross-linked sources (e.g., resins or biomass) exhibit kinetic barriers that limit transformation to turbostratic 
or partially ordered forms, even at temperatures > 2500 °C [6,7]. 

Catalytic graphitization is another alternative method that will allow working at lower temperatures using 
metal catalysts such as iron, nickel or cobalt. These metals promote the break-down of the carbon atoms thereafter, 
to allow the re-precipitation of ordered graphs. It is often applied to the production of graphene and carbon 
nanotubes through amorphous carbon materials, and the shape and structure of the end product graphitised form 
can rely heavily on the catalyst [8]. 

Recent advances in characterisation methodologies have enabled more precise monitoring of the graphitization 
process at the atomic and nanoscopic scale to be performed in recent years. The techniques such as electron energy 
loss spectroscopy (EELS), transmission electron microscopy (TEM), Raman spectroscopy, and X-ray diffraction 
(XRD) cover bonding arrangements, crystallinity, zone size, and lattice orientation within the process of 
transformation. As an example, ratios between intensities of D and G bands in the Raman spectroscopy are 
particularly useful in distinction between disordered and orderly phases of carbon. On the same note, high-resolution 
TEM is able to identify turbostratic forms, or stacking faults and to see graphitic layer formation develop [9]. 

Also, computational modelling has been instrumental in elucidating the kinetics and thermodynamics of 
graphitization. The effect of defects and dopants in the process of ordering and the energy barriers due to 
rearrangement of bonds have been illuminated by calculations of density functional theory (DFT) and molecular 
dynamics simulations. These approaches in theory help to rationally construct protocols of transformations and 
complement experiments [10]. 

While previous reviews have provided valuable insights into the graphitization of amorphous carbon, such as 
comparative studies of transformation pathways [11] and greener alternatives for carbon nanomaterial synthesis [12], 
they often focus on specific aspects like molecular dynamics simulations or high-pressure effects without fully 
integrating emerging sustainability considerations. Recent works, including those on efficient conversion strategies 
for low-value precursors [13], highlight practical methods but lack comprehensive coverage of in-situ 
characterization and broad applications. This review distinguishes itself by offering a holistic synthesis that 
emphasizes sustainable, energy-efficient approaches (e.g., biomass-derived and low-energy catalytic processes), in-
depth exploration of in-situ monitoring techniques for atomic-scale transformations, and a detailed comparison of 
graphitization methods, while addressing current challenges and future innovations in carbon-based technologies. 

A huge potential of many possible applications lies in the ability to control the structural switching between 
amorphous and graphitic carbon. Graphitised carbon has high electrical conductivity and structural stability 
meaning that it finds application in energy storage, most often in lithium-ion battery cells and supercapacitors. 
Electronic applications of it are as interconnects, transistors, and conductive films. Also, to strengthen their 
mechanical properties and thermal conductivity, polymer composites are reinforced with graphitised carbon. 
Moreover, due to their high surface area and surface chemistry that is adjustable, graphitised nanostructures serve 
as chemical and bio sensor platforms [5,8]. 

2. Structural Diversity of Carbon Materials 

Carbon is versatile due to the diversity of structures that it may create because of its flexibility in forming 
bonding configurations. All this is due to the ability of carbon to hybridise to sp, sp2 or sp3 states, adding to the 
large number of allotropes with different geometries and properties that it can form. This versatility gives rise to 
the rich structural diversity of carbon materials that can be roughly categorized into crystalline, amorphous and 
nanostructured. 

2.1. Carbon Allotropes and Hybridization States 

This is due to the ability of carbon to assume various hybridisation states which makes the formation of the 
various crystalline and nanostructured allotropes possible. The sp3 hybridisation contributes to the structure of a 
diamond so that each carbon atom in the diamond has four tetrahedrally arranged sigma bonds in three-dimensional 
lattice. It is this highly ordered and rigid structural arrangement that makes diamond much harder to break, higher 
in melting point and in thermal conductivity [14]. Contrarily, the graphite consists of carbon atoms in the sp2 state 
of hybridisation. In a 2-D hexagonal lattice, every atom has each carbon atom is covalently bonded with three 
other carbon, and has one valence electron. The weak van der Waals forces that align these graphene layers render 
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graphite anisotropic and soft, allowing the layers to glide over one another. The electrical conductivity occurs via 
covalent bonds and delocalised electrons, so that the layers can slide over each other [15]. Furthermore, carbon 
allotropes and the hybridisations that they represent are shown in a schematic way in Figure 1. 

 

Figure 1. Allotropes of carbon and associated hybridisations and derivatives. 

The bonding structure of the amorphous carbon is more intricate compared to these crystalline forms, where 
the carbon atoms get a mix of hybridisation states, i.e., sp2, sp3, and sometimes sp. These hybridisations have a 
considerable influence on the structure which results in properties of amorphous carbon [16]. Although more sp2-
containing have a higher electrical conductivity and are more graphite-like, materials with higher amounts of sp3 
are much more diamond like mechanically (as well as being referred to as diamond-like carbon, or al DLC [17]. 
Also, the numerous forms sp2 carbon atoms can assume, as well as their curvature lead to diverse classes of 
nanostructured carbon material being obtained, such as fullerenes, carbon nanotubes, graphene, and turbostratic 
carbon [18]. Due to structural control by hybridisation Carbon materials are highly anisotropic and strongly display 
structural control due to hybridisation since these materials can be exceptionally different even when consisting 
of identical fundamental building blocks. 

2.2. Amorphous Carbon Structures 

Structurally disordered members of a class of carbon materials that lack long-range periodic order are called 
amorphous carbon. The atomic structure of amorphous carbon may differ widely, according to the synthesis 
methods, precursor substances, and conditions during treatment [19]. Included in this category is the tetrahedral 
amorphous carbon (ta-C) with composition between the sp3-rich and more graphitic-like sp2-dominated structures. 
Compared to that of crystalline carbon materials, the bond lengths and angles in amorphous carbon are spontaneous 
and this results in non-homogeneous network [20]. 

Localized structural features in amorphous carbon are aromatic clusters, aliphatic chains and cross linked 
carbon atoms. Even though they never reach out into a crystalline lattice, such arrangements of the units greatly 
influence the properties of the material. As an example, amorphous carbon, which has more sp2 carbons, is better 
electrically conducting and absorbs light than in the higher-sp3 content [21]. The absence of long-range order does 
not require complete chaos, and the short- and medium-range order can be embodied as the nano-sized graphitic 
domains with the more disordered matrices [22]. 

The selection of a precursor material has a potent impact on the type of produced amorphous carbon. The 
amorphous carbons with varied sp2/sp3 ratios can be made through the thermal decomposition of organic polymers 
such as polyacrylonitrile, carbohydrates of biomass and hydrocarbon gas such as acetylene and methane. Thermal 
treatment, as well as pyrolysis temperature and deposition methods such as chemical vapour deposition (CVD) or 
pulsed laser deposition (PLD), control further the structure and characteristics. Modern characterisation methods 
and calculational models have elucidated these complex systems that exhibit disorder-to-localisation order 
interactions in amorphous carbon systems [23]. 
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2.3. Graphitic Crystalline Structures 

At the highly ordered end of the structural continuum is found graphitic carbon. This crystal structure is 
composed of planar sheets of sp2 hybridised carbon atoms in a regular hexagonal pattern [24]. In ideal graphite, 
these are packed in the arrangement of A-B-A-B etc with an interlayer distance of approximately 3.35 Å. The 16 
coordinated 1s-electron interlayer system provides excellent electrical and thermal conductivity in-plane and the 
lubricating properties and ease of cleavage in some planes are explained by the lack of strong interlayer forces 
[25]. Most graphitic materials are in fact, not truly graphitic in this structure because of the imperfections such as 
stacking faults, rotational disorder, in-plane defects and finite crystallite sizes. These structural flaws can have a 
significant effect on all important physical properties such as mechanical strength, electrical conductivity and heat 
behaviour. As such, there arises the need to determine the degree of graphitisation, particularly when it comes to 
applications in high-performance carbon materials [26]. 

Structural ordering in graphitic materials is often characterized by metrics such as the in-plane size of the 
crystallites (La), stacking height (Lc) and interlayer distance of d(002). In most cases, these parameters are 
determined using the Raman spectroscopy and X-ray diffraction (XRD), etc. [27]. Moreover, it uses a g-factor also 
referred to as graphitisation index, to provide a keen assessment of the ordering level [19]. These structural 
characteristics are directly connected with function characteristics; e.g., electrical and thermal conductivity are 
improved with greater crystallites and reduced spacing of the interlayers. Such parameters are also needed to 
control the conversion of the amorphous or partially ordered forms of carbon to highly graphitised forms by heat 
treatment or by catalytic graphitisation [28]. 

3. Mechanisms of Transformation from Amorphous to Graphitic Carbon 

The conversion of amorphous to graphitic carbon can be seen as a fundamental structural reorganisation in 
which disordered carbon networks are driven to very highly ordered crystalline structures. It takes place through 
a series of intermediate states with numerous reorganisation channels and takes place in a great influence of 
heteroatoms and impurities. It is governed by the thermodynamic favorability as well as kinetic restraints. To be 
able to manipulate the level of graphitisation in engineered carbon materials, in order to be able to selectively 
develop engineered carbon material towards mechanical, thermal, and electronic uses, it is necessary to understand 
these mechanisms. 

3.1. Thermodynamic and Kinetic Considerations 

The transition from amorphous to graphitic carbon is energetically advantageous for graphitizable (soft) 
carbons because graphite is the most thermodynamically stable form of carbon under normal circumstances. 
However, for non-graphitizable (hard) carbons, kinetic barriers arising from structural features like high sp3 
hybridization or cross-linking prevent this transformation despite the thermodynamic preference. Soft carbons, 
typically from precursors with low oxygen content and minimal cross-linking (e.g., petroleum coke or pitch), 
exhibit sufficient atomic mobility during heating to overcome energy barriers and form graphite. In contrast, hard 
carbons from oxygen-rich or cross-linked sources (e.g., phenolic resins or certain biomasses) develop rigid, 
disordered networks that resist reorganization, leading to turbostratic or glassy structures even at extreme 
temperatures. This distinction is critical for applications like battery anodes, where hard carbons provide higher 
lithium storage capacity due to their porosity but lack the conductivity of graphitized soft carbons [29,30]. These 
energy-intensive rearrangements transform irregular, non-planar carbon networks into graphite’s long, hexagonal 
structures. Significant activation energy is needed for such structural transitions, and this energy is usually 
provided by high-temperature treatments, which frequently reach temperatures of over 1000 °C. However, the 
change is neither uniform nor instantaneous (Presser et al., 2011. [31]). Rather, it moves through a convoluted 
sequence of metastable intermediates that capture the original amorphous structure as well as local energetic 
constraints. 

The rate and pathway of transformation are greatly influenced by kinetic factors, including the degree of 
initial disorder, the mobility of carbon atoms, and the presence of structural defects. Sp2-bonded regions cluster as 
a result of localised thermal fluctuations and atomic rearrangements, gradually growing and aligning over time 
[32]. These domains eventually start to stack like graphite in soft (graphitizable) carbons, which undergo a 
mesophase (liquid crystalline) intermediate phase during carbonization, enabling molecular alignment and 
mobility for ordered stacking. However, full graphitic order might only be attained with the help of catalysis or 
extended heat exposure. In hard (non-graphitizable) carbons, this mesophase does not form due to cross-linked 
structures, preventing significant stacking; even with catalysts or prolonged annealing, only minimal graphitic 
order is achieved, often resulting in turbostratic domains [33]. 
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3.2. Structural Reorganization Pathways 

Pathways from amorphous to graphitic carbon vary by precursor hybridization and conditions, with sp2-rich 
materials favoring cluster enlargement and sp3-dominated ones requiring bond reconfiguration (cross-ref to 
Section 2.1). Critically, the nucleation and growth model excels for uniform precursors but overlooks local 
heterogeneity, as evidenced in high-temperature annealing where graphitic nuclei expand unevenly [11]. In 
contrast, aromatic cluster coalescence is more applicable to biomass-derived carbons, enabling lower-energy 
transitions but risking incomplete ordering without catalysts [13]. Table 1 presents a comparison of four structural 
reorganization pathways Nucleation and Growth, Aromatic Cluster Coalescence, Layer-by-Layer Ordering, and 
Defect Healing highlighting their key mechanisms, advantages, limitations, precursor suitability, and energy 
requirements. 

In contrast, for sp3-dominated materials like tetrahedral amorphous carbon (ta-C), the transformation requires 
energy-intensive bond reconfiguration. Li et al. demonstrated Ni-catalyzed annealing of ta-C films, inducing 
crystalline transformation to graphene at 600–900 °C via metal-induced layer exchange, with graphene quality 
improving at higher temperatures but limited by Ni agglomeration and carbon oversaturation [34]. This highlights 
heterogeneous pathways in DLC transitions, where thin ta-C layers (e.g., 2 nm) yield 3–4 graphene layers, differing 
from bulk nucleation models and emphasizing catalyst thickness effects on defect healing (activation energies 
~70–90 kJ/mol reduced by metal mediation). 

In contrast, aromatic cluster coalescence is more applicable to biomass-derived carbons, enabling lower-
energy transitions but risking incomplete ordering without catalysts [13]. 

Layer-by-layer models provide insights into stacking faults via in-situ TEM but undervalue kinetic barriers 
in defect healing. Overall, hybrid mechanisms—combining these under catalytic or pressure-assisted conditions—
offer optimal control, though sustainability challenges persist, such as high energy use in thermal paths versus 
greener catalytic alternatives [e.g., electrochemical methods for low-value resources]. This comparison highlights 
the need for tailored approaches: thermal for high-purity graphite, catalytic for scalable nanostructures. 

To delve deeper into the sp3 to sp2 transformation, energy barriers play a pivotal role in dictating pathway 
feasibility. For sp3-dominated amorphous carbon (e.g., tetrahedral a-C), the initial step involves breaking sp3 
bonds, with activation energies typically ranging from 0.5–2.0 eV per atom, as calculated via DFT for thermal-
induced rehybridization [35]. These barriers arise from the need to overcome tetrahedral stability, often lowered 
under pressure (<10 GPa) where sp3 sites convert more readily to sp2 without full graphitization [36]. In contrast, 
sp2-rich precursors exhibit lower barriers (~0.3–1.0 eV) for cluster fusion, facilitating spontaneous ordering at 
temperatures >1000 °C, though impurities can elevate them by introducing steric hindrance [37]. 

Defect evolution further modulates these pathways, starting with vacancies and interstitials in amorphous 
matrices that coalesce into larger voids or heal into graphitic rings. During annealing, point defects (e.g., Stone-
Wales) migrate and annihilate, reducing disorder as monitored by Raman D-band intensity decreases [38]. In 
catalytic graphitization, metal-induced defects (e.g., via Fe or Ni dissolution) accelerate evolution, transforming 
amorphous regions into ordered domains through carbide intermediates, with in-situ XRD showing defect density 
drops from ~1012 cm−2 to <1010 cm−2 [39]. Swift heavy ion irradiation simulations reveal defect cascades leading 
to localized graphitization, where initial amorphization gives way to sp2 clustering [40]. 

Computational simulations, such as DFT and MD, validate these mechanisms while challenging 
oversimplified experimental models. ReaxFF MD simulations of amorphous carbon annealing replicate 
experimental graphitization rates, predicting sp3 → sp2 conversions with barriers of ~1.2 eV, aligning with TEM-
observed domain growth but highlighting overlooked heterogeneous kinetics [41]. Hybrid DFT-MD models for 
carbon film deposition confirm sp2/sp3 ratios from XPS data, yet challenge uniform nucleation by showing defect-
driven pathways dominate under non-equilibrium conditions [42]. Ab initio MD of coal carbonization simulates 
heteroatom effects, validating XRD patterns but revealing experimental underestimation of vacancy roles in early 
stages [10]. These tools thus bridge gaps, e.g., by quantifying barrier reductions (up to 50%) in doped systems, 
urging refined models integrating spatial variability. 

Table 2 outlines the key energy barriers and defect evolution metrics involved in sp³ to sp² transformations, 
emphasizing both computational and experimental insights. 
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Table 1. Comparison of of Structural Reorganization Pathways. 

Pathway Model Key Mechanism Advantages Limitations Suitable Precursors Energy Requirement Reference 

Nucleation and Growth Graphitic nuclei form and 
consume disordered carbon 

Uniform crystallinity; 
scalable for bulk materials 

Ignores spatial heterogeneity; high 
temperatures needed 

sp2-rich amorphous 
carbons High (>2000 °C) [43,44] 

Aromatic Cluster 
Coalescence 

Fusion of sp2 clusters into 
domains 

Lower energy; promotes 
aromatic ring stability 

Incomplete stacking without aids; 
sensitive to impurities 

Biomass or polymer-
derived 

Moderate (1000–1500 °C 
with catalysts) [44,45] 

Layer-by-Layer 
Ordering 

Sequential in-plane then 
interlayer order 

Captures stacking evolution; 
aligns with TEM 

observations 

Overlooks initial bond breaks in 
sp3-heavy materials 

Nanostructured 
carbons (e.g., CNTs) Variable; often catalytic [44] 

Defect Healing Thermal rearrangement 
corrects irregularities 

Applicable to imperfect 
graphites; defect-specific 

Slow kinetics; not predictive for 
large-scale 

All types, post-initial 
ordering 

Low to moderate (add-on 
to other paths) [44] 

Table 2. Key Energy Barriers and Defect Evolution Metrics in sp3 to sp2 Transformations. 

Aspect Metric/Example Value/Range Method/Source Validation/Challenge 
Energy Barrier (sp3 Bond 

Breaking) Thermal rehybridization in ta-C 0.5–2.0 eV/atom DFT [35] Aligns with annealing experiments; challenges low-T 
assumptions 

Energy Barrier (Cluster 
Fusion) sp2-rich a-C annealing 0.3–1.0 eV MD [37] Validates Raman data; highlights impurity effects 

overlooked in models 
Defect Density Reduction Vacancy healing in catalytic process 1012 to 1010 cm−2 In-situ XRD [39] MD confirms; challenges homogeneous nucleation 

Defect Type Evolution Point defects to graphitic rings Migration energy ~0.8 eV ReaxFF MD [41] Validates TEM; reveals heterogeneous kinetics 

Pressure Effect on Barrier <10 GPa on sp3 → sp2 Reduced by 20–50% Ab initio MD [36] Aligns with HP experiments; urges defect-inclusive 
models 
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3.3. Role of Heteroatoms and Impurities 

Heterogroups and metal impurities are the most important factor in the process of graphitization, usually 
facilitating or inhibiting processes depending on the chemical identity, the bonding structure, and the spatial 
distribution of the heterogroup in the carbon structure. The known graphitization catalysts are transition metals 
e.g., iron, nickel, cobalt, and manganese [46]. These components can reduce the activation energy necessary to 
disorganize atoms in the material by facilitating the mobility of atoms of carbon and serving as nucleation sites. 
Catalytic graphitization can occur in a number of ways such as deposition and decomposition of metal carbide, 
precipitation and dissolution of carbon, and the straight templating of carbon films to metallic surfaces. Such 
mechanisms are especially useful in industrial processes since they reduce the temperature required to achieve 
graphitisation and support the enhancement of the development of the long-range order [28]. Conversely, non-
metallic heteroatoms, such as nitrogen, oxygen and sulphur, known to disrupt graphitisation are effective when 
substituted into the carbon network. These constituents lead to structural stress and asymmetry of the bonds that 
make graphene layers not to match and overlap on top of each other [47]. Oxygen-hydrogen bonds are strong 
covalent bonds in particular, which favor the cross-links structurally in the amorphous framework and prohibit the 
ease of the mobility of the carbon atom to facilitate restructuring [48]. But in certain situations heteroatoms may 
also positively affect the process of graphitisation. As an example, nitrogen can enhance the ordering within 
specific structural domains by stabilising edge sites and promoting the development of aromatic rings. These 
heteroatoms have a strong influence on the effect that can be strongly altered by the concentration and bonding 
scheme [49]. 

Non-metallic heteroatoms like boron can enhance ordering by stabilizing edges. McLean et al. [50] used 
ReaxFF MD simulations for boron nitride nucleation in CVD, showing oxygen impedes hexagonal ring formation 
via strong B–O bonds, while H2O promotes BN bonds and H2 aids catalytic nanoparticle formation. Analogously 
in carbon systems, boron doping lowers barriers for sp2 clustering (0.3–1.0 eV), promoting graphitic domains but 
risking defects if oxygen coexists, as seen in biomass precursors. This underscores heteroatom dual roles: 
facilitating (e.g., B-stabilized edges) or inhibiting (e.g., O-crosslinks) transformations, with simulations 
challenging uniform models by revealing gas-phase vs. surface pathways. 

In first stage of carbonization starting with the elimination of volatile species of hetero atoms such as 
deoxygenation, dehydrogenation, denitrogenation, significant structural ordering often commences in the course 
of thermal treatment. By releasing these impurities the carbon network turns to be more flexible and thus they can 
reorganise and hybridise into more staid graphitic structures. To maximise the transformation between the 
amorphous and graphitic phases of carbon creation and solidify the carbon materials with particular properties 
useful in energy storage, catalysis, electronics and reinforcing struts, it is crucial to understand and command the 
part of heteroatoms and impurities [51]. 

4. Techniques for Inducing Graphitization 

It can be accomplished using a variety of physical and chemical methods. The energy input, environmental 
requirements, spatial control, and scalability of these methods vary. Although thermal annealing is still the most 
conventional and popular method, developments in catalyst technology, pressure-assisted processing, and irradiation 
techniques have increased the range of tools available for customising carbon structures. In order to enable graphitic 
ordering across various precursor types and application contexts, each technique is essential [52]. 

4.1. Thermal Annealing Processes 

These methods are more or less scalable, have different energy input, environmental needs and control over 
space. Despite the fact that thermal annealing remains the most traditional and widespread technique, improvements 
in catalyst technologies, pressure-assisted processing, and irradiation techniques have broadened the arsenal of 
instruments that can be utilised in the modification of carbon structures. To facilitate the process of graphitic ordering 
in diverse precursor systems and operating environments, both processes are required [53]. 

Several thermal processing strategies have evolved to optimize the graphitization process. Conventional 
furnace-based graphitization allows for uniform heating of bulk materials; making it suitable for industrial-scale 
applications; although it is time- and energy-intensive [54]. Rapid thermal processing offers a faster alternative by 
exposing carbon samples to short; high-temperature pulses; often used in thin film applications. Laser annealing 
and Joule heating provide highly localized heating; allowing for selective graphitization with precise spatial 
resolution [55]. These methods are particularly advantageous in micro- and nano-fabrication; as they permit the 
patterning of graphitic domains within otherwise amorphous matrices. The final graphitic structure is determined 
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not only by the maximum temperature achieved but also by the rate of heating and cooling; dwell time at peak 
temperature; and the overall thermal history of the material [56]. 

4.2. Catalytic Graphitization 

Catalytic graphitization reduces the high energy demands of conventional thermal processing by introducing 
metal catalysts that promote carbon atom rearrangement at significantly lower temperatures, typically between 
700 °C and 1500 °C. Transition metals such as iron, nickel, cobalt, and copper are commonly employed due to 
their strong interaction with carbon. These metals can be introduced in various forms, including elemental 
powders, oxides, or metal-organic precursors that decompose into active catalysts during thermal treatment [57]. 

The underlying mechanisms of catalytic graphitization vary with the catalyst type and process conditions but 
generally involve three major pathways. In the dissolution-precipitation mechanism, carbon atoms dissolve into 
the metal at elevated temperatures and later precipitate as graphitic layers upon cooling. Alternatively, metal 
carbides may form transiently and decompose, releasing graphitic carbon in the process. In surface-mediated 
reactions, the metal surfaces act as templates, facilitating the alignment of carbon atoms into ordered structures. 
These catalytic pathways lower the activation energy for graphitization, enabling the formation of graphitic 
domains under milder conditions [58]. 

Recent advancements in catalytic graphitization include the development of bimetallic catalysts, which 
exploit synergistic interactions between different metals to enhance catalytic performance. The use of 
nanostructured catalysts with high surface area has further improved efficiency and control over graphitic growth. 
However, challenges remain, particularly regarding the complete removal of residual metal catalysts after 
processing, as they may affect the purity and performance of the final material. Additionally, heterogeneous 
distribution of the catalyst can lead to non-uniform graphitization across the carbon matrix [59]. 

4.3. Pressure-Induced Ordering 

Application of pressure during thermal processing has emerged as a powerful strategy to influence the 
structural evolution of carbon materials. High-pressure treatments can enhance graphitization by promoting 
densification, reducing interatomic distances, and consequently facilitating the formation of sp2-bonded networks. 
Furthermore, pressure can lower the activation energy required for carbon-carbon bond rearrangement, thus 
accelerating the transformation process. Under directional pressure, graphitic domains may also exhibit 
preferential alignment, improving anisotropy and enhancing performance in targeted applications [60]. 

Techniques such as hot isostatic pressing (HIP) combine high temperatures with uniform pressure applied 
via inert gas media, allowing for isotropic compaction and ordering. Spark plasma sintering (SPS) represents a 
more advanced approach, applying pulsed electric current alongside pressure to promote rapid heating and 
graphitization, even in highly refractory carbon systems [61]. Dynamic compression methods, involving the 
application of extremely high pressures over microsecond timescales (often via impact or explosive forces), have 
been employed to generate unique graphitic structures with distinctive morphologies and defect patterns [62]. 

The combination of thermal and pressure treatments offers enhanced flexibility in tuning the microstructure 
of graphitic carbon. Pressure-assisted graphitization can produce highly ordered structures with improved 
mechanical and thermal properties, especially useful in composite fabrication, energy storage systems, and 
thermally conductive components. 

4.4. Irradiation Methods 

Irradiation-based techniques offer a non-conventional route for inducing graphitization, often enabling 
precise spatial and temporal control of the process. These methods rely on delivering concentrated energy to the 
carbon material through electron, ion, laser, or microwave irradiation, leading to localized structural 
rearrangements and defect generation that can act as nucleation sites for graphitic domains [63,64]. Figure 2 Shows 
a schematic representation of the microwave irradiation technique for synthesizing decorated activated carbon and 
scanning electron micrograph of carbon materials. 

Electron beam irradiation is particularly effective at the nanoscale, providing energy sufficient to displace 
carbon atoms and promote rehybridization toward sp2 bonding. In like manner, ion beam processing also causes 
localized heating and defects via the impact of the high energy ions thus creating the conditions suitable for 
graphitic transformation [65]. Laser irradiation utilizes concentrated light of high power to initiate the rapid 
thermal cycles which in most cases results in the formation of graphitic patterns while the amorphous films or 
composites are operated with high precision. While microwave irradiation provides a volumetric heating method that 
can be easily coupled with carbon materials, it further facilitates rapid and energy-efficient graphitization [64,66]. 
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Figure 2. Schematic illustration of the microwave irradiation technique for synthesizing decorated activated carbon 
(left) and scanning electron micrograph of carbon materials (right). Reprinted/adapted with permission from Ref. [64]. 
2012 Elsevier. 

The potential of irradiation methods to target specific parts of a substance to change them into graphite is a 
major advantage of these methods, which consequently makes them very suitable for microelectronic applications 
and device manufacturing. Moreover, there is even greater control possible of structural outcome with multiple 
sequential treatments or with particular mixtures of various forms of irradiation. Recent progressions in in-situ 
monitoring techniques including electron microscopy and Raman spectroscopy have provided inaccessible insights 
into the mechanism of transformation and meaningful insight into the mechanisms of the real-time evolution of 
graphitic domains to irradiation [67]. 

4.5. Quantitative Comparison of Graphitization Methods 

To provide a clearer integration of quantitative data from the literature, we summarize key parameters across 
the discussed methods. Table 3 outlines typical graphitization temperatures and activation energies, highlighting 
how catalytic and pressure-assisted approaches reduce energy barriers compared to conventional thermal annealing 
[11]. For instance, catalytic methods can lower temperatures by 1000–2000 °C through metal-mediated bond 
reorganization, while pressure-assisted techniques accelerate kinetics at moderate temperatures via activation 
volume effects [68]. Irradiation methods, such as laser-induced, offer rapid, localized graphitization with variable 
energies depending on fluence [69]. 

Table 3. Comparison of Graphitization Temperatures and Activation Energies Across Methods. 

Method Typical Temperature 
Range (°C) Activation Energy (kJ/mol) Notes/Key Influences 

Thermal Annealing 2000–3000 120–130 (e.g., 129.2 for boron-free 
carbons) 

High energy; depends on precursor 
purity and duration; full ordering 
requires extended annealing [13]. 

Catalytic Processes 1000–1600 70–90 (e.g., 80.1 with boron or Ni 
catalysts) 

Lowers barriers via metal dissolution-
precipitation; effective for biomass 

precursors [70,71]. 

Pressure-Assisted 
Techniques 

1000–1500  
(with 0.5–8 GPa) 

Variable; effective energy reduced 
by negative activation volumes  

(−0.7 to −45.7 cm3/mol) 

Accelerates at high P; suitable for 
rapid recrystallization in subduction-

like conditions [68].  

Irradiation (e.g., Laser or 
Electron) 

500–1200 (or room 
temp with high 

fluence) 

30–50 (e.g., ~38.6 from defect 
annealing) 

Photothermal or radiation-induced; 
fast but localized; lower for powders 

vs. bulk [69,72].  

Table 4 quantifies improvements in electrical/thermal conductivity and mechanical properties, demonstrating 
enhancements post-graphitization. For example, conductivity can increase 2–5-fold with higher graphitization 
degrees, while mechanical strength improves due to reduced defects [73,74]. 
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Table 4. Conductivity Improvements and Mechanical Property Changes Post-Graphitization. 

Metric 
Pre-

Graphitization 
Value 

Post-Graphitization 
Value 

Improvement 
Factor Method/Notes Reference 

Electrical 
Conductivity (S/cm) 

10–30  
(amorphous 

carbons) 

50–100+ (e.g., 27–54 
for Ni-catalyzed) 2–5× Catalytic; increases with 

crystallinity [71,75] 

Thermal 
Conductivity 

(W/m·K) 

5–10  
(low-graphitized) 

15–20+ (e.g., 19.38 for 
cryptocrystalline) 2–4× Thermal/Pressure;  

2–3× higher in fibers [73,76] 

Young’s Modulus 
(GPa) 

10–50  
(hard carbons) 50–200+ 2–4× All methods;  

defect healing enhances [13,74] 

Tensile Strength 
(MPa) 100–500 500–2000+ 1.5–3× Catalytic/Thermal;  

increases with carbonization temp [77] 

4.6. Critical Trade-offs in Graphitization Techniques 

While the methods discussed offer versatile pathways to induce graphitization, practical implementation 
requires balancing trade-offs in energy consumption, structural control, process efficiency, and risks like 
contamination or scalability. Thermal annealing, the benchmark approach, excels in achieving high-purity, well-
ordered graphite with excellent structural control (e.g., tunable La/Lc via extended annealing) but demands 
extreme energy inputs (>2000 °C, often 120–130 kJ/mol activation), leading to high CO2 emissions and costs 
[78,79]. Catalytic processes mitigate this by lowering temperatures (1000–1600 °C) and barriers (70–90 kJ/mol 
with Fe/Ni), enhancing efficiency for biomass precursors, but introduce contamination risks from metal residues, 
necessitating acid washing that adds environmental burdens (e.g., Fe removal efficiency ~97% but wastewater 
generation) [80]. Pressure-assisted techniques provide rapid kinetics at moderate conditions (1000–1500 °C with 
0.5–8 GPa), improving structural uniformity in subduction-like scenarios, yet require specialized equipment, 
limiting scalability and raising safety concerns [81]. Irradiation methods (e.g., laser or electron) enable low-energy, 
localized graphitization (500–1200 °C, 30–50 kJ/mol), ideal for nanostructures, but suffer from non-uniformity 
and high initial setup costs, with efficiency tied to fluence control [82,83]. 

Sustainability trends favor catalytic and irradiation for reduced energy (e.g., 50% savings vs. thermal) and 
greener precursors like biomass, though trade-offs persist: catalytic efficiency (e.g., 2–3× faster ordering) vs. 
impurity removal (e.g., Fe/Co residues impacting purity <99.95% for batteries) [84]. Overall, hybrid approaches 
(e.g., catalytic-pressure) may optimize these, but require case-specific evaluation—thermal for high-purity bulk 
graphite, catalytic for scalable, low-cost nanostructures. Table 5 summarizes key trade-offs, emphasizing the need 
for integrated metrics like energy per kg graphite produced (~10–20 MJ/kg thermal vs. 5–10 MJ/kg catalytic) to 
advance high-impact applications [79]. 

Table 5. Trade-offs in Graphitization Techniques. 

Method Energy 
Consumption Structural Control Efficiency Contamination Risks Pros Cons 

Thermal 
Annealing 

High (2000–3000 
°C; 120–130 

kJ/mol) [73,85] 

Excellent  
(high purity, tunable 

domains) [86] 

Moderate  
(slow kinetics) 

[87] 

Low (no additives) 
[73] 

Reliable for bulk; 
high ordering [88] 

Energy-intensive; 
high emissions; 

costly [89] 

Catalytic 
Processes 

Moderate (1000–
1600 °C; 70–90 

kJ/mol) [90] 

Good (catalyst-
dependent; e.g., Fe for 

nanotubes) [71] 

High (2–3x 
faster; lowers 
barriers) [91] 

High (metal residues; 
need removal ~97% 

efficient) [80,92] 

Energy savings  
30–50%; scalable 
for biomass [92] 

Post-processing 
wastewater; purity 
issues for batteries 

[84] 

Pressure-Assisted 

Moderate (1000–
1500 °C + 
pressure) 

Chen et al., 2018 
[93] 

Very good (uniform 
recrystallization) [13] 

High 
(accelerated by 
volume effects) 
Gentile et al., 

2024 [94] 

Low-moderate  
(if no catalysts) 

Zhao et al., 2009 [95] 

Rapid; suits high-
density 

Equipment costs; 
safety risks; limited 

scale 
Oluwole et al., 

2025 [96] 

Irradiation 
(Laser/Electron) 

Low  
(500–1200 °C;  

30–50 kJ/mol) [83] 

Variable  
(localized; fluence-

dependent) [97] 

Very high (fast, 
seconds-

minutes) [98] 
Low (non-contact) [99] 

Precise, low-
energy; 

nanostructures 
[100] 

Non-uniform; high 
setup; not for bulk 

[101–103] 

4.7. Advanced Characterization Techniques for Probing Graphitization Dynamics 

While graphitization methods are well-established, advanced characterization tools like in-situ TEM, Raman 
spectroscopy, and XRD uniquely enable real-time, multi-scale insights into the process, advancing our understanding 
of kinetics (e.g., transformation rates), heterogeneity (e.g., spatial variations in ordering), and intermediate states (e.g., 
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metastable phases). In-situ TEM provides atomic-resolution visualization of dynamic transformations, capturing 
heterogeneity in domain growth and defect evolution during heating or catalysis. For instance, it reveals nickel-
catalyzed graphitization kinetics in amorphous carbon films, showing carbide intermediates forming at ~500–700 °C 
with domain expansion rates of ~1–5 nm/s, highlighting localized heterogeneity overlooked in bulk methods [104]. 
Similarly, in-situ TEM tracks free-standing graphene growth from nanocrystalline precursors, identifying 
intermediate turbostratic states and stress-induced alignment, with kinetic barriers reduced under electron beam 
effects [105]. Its sub-second temporal resolution (~ms) excels for operando studies in heterogeneous catalysis, 
exposing phase transitions in real-time [106]. 

Raman spectroscopy offers non-destructive, vibrational insights into chemical bonding and disorder, ideal 
for quantifying kinetics and heterogeneity via band parameters (e.g., D/G ratio for defects). It models kerogen-to-
graphite transitions, deriving activation energies (~200–300 kJ/mol) from spectral evolution, revealing 
heterogeneous maturation paths in natural carbons [107]. In coal-derived chars, Raman mapping uncovers 
structural heterogeneity, with peak fitting showing varied graphitization degrees (sp2 clusters vs. amorphous 
regions) and kinetic rates influenced by pyrolysis temperatures [108]. It also probes laser-heated carbon blacks’ 
graphitization kinetics, tracking intermediate states like partial ordering with D-band narrowing over seconds 
[109]. Raman’s micron-scale resolution complements bulk techniques, highlighting thermal history effects on 
heterogeneity. 

XRD quantifies crystalline order through diffraction patterns, excels in tracking intermediate states via lattice 
parameters (e.g., d002 spacing decreasing from ~0.35 nm amorphous to 0.335 nm graphite). It assesses 
graphitization degrees in heterogeneous materials, correlating with kinetics under pressure (e.g., rapid 
recrystallization at 0.5–8 GPa, reducing times from hours to seconds [68]. In iron-catalyzed hard carbons, XRD 
reveals evolutionary intermediates like metal carbides, with graphitization indices increasing heterogeneously 
across samples [39]. It also evaluates structural heterogeneity in nuclear graphites, linking microcrystalline 
variations to performance (e.g., IG-110 vs. NBG-18 differing by ~10% crystallization) [110]. XRD’s ensemble 
averaging provides statistical kinetics, complementing TEM’s local views. 

These tools synergize for comprehensive analysis: e.g., in-situ TEM-Raman hybrids capture atomic 
heterogeneity and bonding changes simultaneously. Table 6 outlines their unique advancements, underscoring 
their role in resolving long-standing debates on uniform vs. heterogeneous pathways. 

Table 6. Unique Contributions of Characterization Tools to Graphitization Understanding. 

Tool Key Insights into 
Kinetics 

Key Insights into 
Heterogeneity 

Key Insights into 
Intermediate States 

Resolution/ 
Advantages Limitations Reference 

Examples 

In-situ TEM 

Real-time domain 
growth rates (~1–5 
nm/s); activation 
under catalysis 

Localized variations 
in ordering and 

defects 

Carbide/turbostratic 
phases during 
transformation 

Atomic (~Å), 
temporal (~ms) 

Beam-induced 
artifacts; small 

sample 
[104,105]  

Raman 
Spectroscopy 

Activation energies 
(~200–300 kJ/mol); 
spectral evolution 

rates 

Micron-scale 
mapping of disorder 

(D/G ratios) 

Partial ordering 
transitions (band 

narrowing) 

Molecular (~cm−1), 
non-destructive 

Surface-
sensitive; peak 

overlap 
[107–109]   

XRD 
Pressure-accelerated 
rates (s vs. h); index 

evolution 

Ensemble 
heterogeneity in 

crystallization (~10% 
variations) 

Lattice spacing shifts 
identifying carbides 

Crystalline (~nm), 
bulk statistics 

Averaged data; 
less dynamic [39,68,110] 

4.8. Sustainability Challenges and Strategies in Graphitization 

Traditional graphitization techniques, particularly thermal annealing at >2000 °C, pose significant 
sustainability challenges due to high energy demands (10–20 MJ/kg graphite) and associated CO2 emissions (5–
10 kg/kg from fossil fuel heating), exacerbating climate impacts and limiting scalability for mass production 
[13,54]. These processes often rely on non-renewable precursors like petroleum coke, contributing to resource 
depletion and environmental pollution from volatile emissions. Catalytic methods, while lowering temperatures, 
introduce scalability issues (e.g., catalyst recovery) and potential contamination from metals like Ni or Fe, which 
require energy-intensive purification [111]. Pressure-assisted and irradiation approaches offer partial relief but 
face barriers in equipment costs and energy inefficiency for large-scale deployment. 

To mitigate these, emerging strategies emphasize low-energy, green alternatives. Microwave-assisted 
graphitization enables rapid heating (seconds to minutes) at 500–1000 °C via selective dielectric absorption, 
reducing energy by 50–80% and emissions through targeted heating, as demonstrated in coal-derived graphene 
synthesis [112,113]. Green catalysts, such as boron or natural iron oxides from biomass, lower activation barriers 
without toxic residues, facilitating graphitization at <1500 °C and promoting circularity (e.g., using waste biomass 
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as both precursor and catalyst source) [114,115]. Biomass-derived precursors (e.g., coconut shell or sugarcane 
bagasse) enable sustainable feedstocks, converting low-value waste into high-graphitization carbons with yields 
>50% and reduced emissions (e.g., CO2-neutral via bio-carbon) [116,117]. Hybrid approaches, like microwave-
catalytic with green additives, further enhance scalability for applications in batteries and composites, potentially 
cutting costs by 30–50 [89]. Future prospects include electrochemical graphitization for room-temperature 
processes, urging integrated life-cycle assessments to balance performance and eco-impact. Table 7 compares 
conventional and sustainable graphitization methods, highlighting differences in temperature, energy use, CO₂ 
emissions, scalability and key strategies. Sustainable approaches, such as green catalytic and biomass-derived 
hybrid methods, offer lower emissions, energy efficiency, and better circular economy compatibility. 

Table 7. Comparison of Conventional vs. Sustainable Graphitization Methods. 

Method Type Temperature 
(°C) 

Energy 
(MJ/kg) 

CO2 
Emissions 

(kg/kg) 
Scalability Key Strategies/Notes Reference 

Conventional Thermal 2000–3000 10–20 5–10 Moderate (bulk, 
energy-intensive) 

High purity but 
unsustainable [13]  

Catalytic (Traditional) 1000–1600 5–10 2–5 High (with recovery) Metal residues; green 
alternatives needed [111] 

Microwave-Assisted 500–1000 2–5 1–2 High (rapid, 
localized) 

Low-energy; biomass 
compatible [112,113] 

Green Catalytic 
(Boron/Biomass) 800–1500 3–7 <2 (renewable) Moderate-High Low-toxicity; circular 

economy [114,115] 

Biomass-Derived 
Hybrid 900–1200 4–8 0–1 (CO2-

neutral) 
High (waste 
utilization) 

Scalable for green 
graphite industry [116,117] 

5. Characterization of Graphitization Processes 

This review provides a comprehensive overview of the structural transformation from amorphous carbon—
particularly in graphitizable soft carbons—to ordered graphitic crystalline planes, emphasizing the underlying 
mechanisms, advanced characterization techniques, and diverse applications. The complexity of this 
transformation and the huge number of possible structural states require the employment of a variety of advanced 
analytical tools in order to study microstructural, chemical and functional changes taking place during and after 
graphitisation. Besides giving an insight into the processes during the transformation, the practices provide 
essential assistance in optimising synthesis and tailoring the particle properties to specific applications. 

5.1. Structural Characterization Techniques 

Structural transformations that occur in connection with the process of graphitisation are commonly traced 
and studied by a combination of diffraction, spectroscopic, and microscopic methods. The X-ray diffraction (XRD) 
is critical because it provides quantitative data regarding crystalline in nature of carbon materials. This amorphous-
ordered graphitic phase transformation is evident in the shift of the XRD pattern in response to a shift of poorly 
resolved and angular maximum to sharp well-formed reflections. Application of derived parameters in order to 
determine the level of graphitisation is based on stacking height (Lc), in-plane crystallite size (La) and inter-layer 
d spacing (0 0 2) [118]. 

Due to its extreme sensitivity to structural arrangement as well as carbon bonding, other important tool is 
Raman spectroscopy (see Figure 3). The presence and progression of G band (~1580 cm−1), D band (~1350 cm−1) 
and 2D (G) bond (~2700 cm−1) elaborate on defect density, layer stacking, and sp2 bonding environment. One of 
the typically used measures of disorder and progression of graphitisation is D to G band intensity ratio (ID/IG). 
Figure 3 show Raman spectra of the synthesized green carbon with ID/IG [19,119]. 

Transmission electron microscopy (TEM) (high-resolution TEM and selected area electron diffraction 
(SAED)) can also be directly used to provide information about local crystallinity, domain orientation and stacking 
of graphene layers [120]. Electron energy loss spectroscopy (EELS) can also be used to quantitatively measure the 
ratio of sp2 to sp3 hybridisation, and thus is useful in mapping the electronic and bonding chemistry within the 
carbon network [121]. X-ray photoelectron spectroscopy (XPS) complements knowledge of surface chemistry and 
bond state by measuring the distribution and types of carbon, heteroatom, etc. in the material [122]. 

Recent advances in in-situ characterisation make it possible to monitor the graphitisation process under near 
real-world conditions. These methods are providing a more thorough understanding of graphitisation mechanisms 
by illuminating spatial heterogeneities within samples, transformation kinetics, and transient intermediate phases. 
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Figure 3. Raman spectra of the synthesized green carbon with ID/IG. Reprinted/adapted with permission from Ref. [19]. 
2015 Elsevier. 

5.2. Property Evolution during Graphitization 

As structural ordering progresses during graphitization, the physical and chemical properties of carbon 
materials undergo significant changes. One of the most noticeable transformations is in electrical conductivity. 
The formation of extended π-conjugated networks in graphitic structures allows for band-like electron transport, 
leading to conductivity increases by several orders of magnitude compared to the disordered, hopping-dominated 
conduction typical of amorphous carbon [123]. 

Thermal properties also improve significantly during graphitization. Enhanced structural order reduces 
phonon scattering, thereby increasing thermal conductivity, particularly in the plane of the graphitic layers. 
Specific heat capacity also gradually approaches the theoretical values for graphite as the material becomes more 
crystalline [73]. 

Mechanical properties evolve in more complex ways. While in-plane stiffness and Young’s modulus 
generally increase due to the formation of strong sp2 carbon networks, the weak van der Waals forces between 
graphitic layers can limit the material’s resistance to shear and delamination. These effects create a balance 
between enhanced rigidity and increased brittleness [124]. 

Surface and chemical properties change as well, with graphitized surfaces typically exhibiting lower 
reactivity, reduced surface energy, and altered wettability compared to their amorphous counterparts. These 
changes are particularly important for applications such as catalysis, sensing, and composite reinforcement, where 
surface characteristics dictate interfacial behavior. Monitoring these property changes not only serves to evaluate 
the quality of graphitization but also helps establish correlations between processing parameters, structural 
evolution, and end-use performance [125]. 

5.3. In-Situ Monitoring of Transformation Processes 

Real-time analysis of structural, chemical, and functional changes during transformation is now possible 
thanks to the development of in-situ monitoring tools, which has completely changed the study of graphitisation. 
With an in situ TEM equipped with heating stages or environmental cells, researchers get to see with combinations 
of atomic resolution rearrangement of carbon atoms, and the formation of graphitic domains. This method throws 
more light on resolving dynamics of domain growth, defect migration, and nucleation sites [126]. 

Such observations are endorsed by in-situ Raman spectroscopy that tracks alterations in disorder and graphitic 
order as evaluated by spectral evolution through heating cycles. The passage between the transition thresholds as 
well as intermediate states may be observed in graphitisation due to the continuous observation of the peak 
positions, intensities and full-width at half-maximum (FWHM) [127]. In-situ X-ray diffraction represents a 
powerful method of monitoring interlayer spacing and crystallite size and preferred orientation variations in 
response to atmospheric and temperature variations. The technique can be helpful in charting the dynamic structure 
rearrangement and crystalline growth kinetics. Besides, in-situ electrical measurements provide the dynamic 
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analysis of conductivity and percolation behaviour as the conductive graphitic networks emerge. Such 
measurements have found useful application in having an understanding of the development of electronic pathways 
of the porous and composite systems [128]. 

The combination of several in-situ techniques provides a comprehensive picture of the process of graphitisation 
because, as it turns out, transformation often takes place in a heterogeneous fashion with different spatial regions 
undergoing different structural transformations. These advanced monitoring functions are vital in the development of 
predictive graphs and individualised processing strategies of the next-generation graphitic materials. 

5.4. Applications of Graphitized Carbon Materials 

Controlled graphitization transforms amorphous carbon into materials with tailored properties, critically 
impacting performance in energy storage, electronics, composites, and sensing. Here, we compare how graphitization 
degree (DoG) affects key metrics, drawing on recent quantitative data to highlight optimizations and limitations. 

In lithium-ion batteries (LIBs), higher DoG improves electrical conductivity and lithium intercalation, 
boosting specific capacity and rate performance, but excessive graphitization can reduce active sites due to fewer 
defects. For coal-derived anodes, DoG of ~80–90% yields specific capacities of 300–350 mAh/g, compared to 
<200 mAh/g for low-DoG (~50%) materials, with conductivity rising from ~10 S/cm to >50 S/cm [73]. Bio-
graphite with 89.28% DoG achieves ~320 mAh/g, outperforming commercial graphite in stability but requiring 
optimization to mitigate volume expansion [129]. Critically, DoG >90% enhances fast-charging (e.g., 80% 
capacity retention at 5C) but increases costs via high-temperature processing. 

For supercapacitors, elevated DoG enhances conductivity and capacitance via better electron transport and 
surface area retention, though over-graphitization may collapse pores, limiting ion accessibility. Boron-catalyzed 
graphitized biochar (DoG ~85%) delivers 144 F/g at 1 A/g, versus 87 F/g for lower-DoG (~60%) counterparts, 
with conductivity improved by ~2–3× [116]. Laser-induced graphene achieves ~200 F/g with high DoG, but 
heterogeneity reduces cycle life (<90% retention after 10,000 cycles) compared to moderate-DoG materials [130]. 
Optimal DoG (~70–80%) balances capacitance and durability for high-power applications. 

In composites, higher DoG strengthens thermal/electrical conductivity but can degrade mechanical properties 
via crystallite growth-induced defects. Carbon fiber composites at 1600 °C (high DoG) show flexural strength of 
364 MPa (vs. 300 MPa untreated), but tensile strength drops to 2.98 GPa at 1200 °C due to stress concentration 
[131]. Graphene-reinforced composites with DoG ~90% exhibit Young’s modulus up to 200 GPa, 2–4× untreated, 
yet brittleness limits impact resistance [132]. Moderate DoG (~70%) optimizes toughness for aerospace uses. 

For sensors, increased DoG boosts conductivity and sensitivity through efficient charge transfer, but 
excessive ordering reduces active sites for analyte binding. Graphene-based pressure sensors with optimized DoG 
(~80–90%) achieve sensitivity of 232.5 kPa⁻¹ (0–0.2 kPa range) and conductivity ~103 S/cm, far surpassing low-
DoG (~50%) at <50 kPa⁻¹ [133]. Ozonated expanded graphite (modulating effective DoG) shows CO sensitivity 
up to 31.07% with resistance drops to 0.157 kΩ, but over-processing lowers it to 8.90% [134]. High DoG favors 
fast response (<50 ms) but trades off selectivity in gas sensors. Table 8 shows that a higher degree of graphitization 
(DoG) enhances performance metrics such as capacity, conductivity, strength, and sensor sensitivity across 
batteries, supercapacitors, composites, and sensors, but often at the expense of cost, brittleness, or selectivity. 

Table 8. Impact of Graphitization Degree on Performance Metrics. 

Application Low DoG (~50–60%) High DoG (~80–
90%) Key Trade-off Reference 

Batteries (Specific Capacity, 
mAh/g) 

<200; Conductivity 
~10 S/cm 

300–350; ~50 
S/cm 

Higher capacity vs. 
cost/expansion [73,129] 

Supercapacitors  
(Capacitance, F/g) 87; Lower conductivity 144; 2–3× higher Capacitance vs. pore 

collapse [116,130] 

Composites (Strength/Modulus, 
MPa/GPa) 

Flexural 300;  
Modulus ~50 

Flexural 364; 
Modulus 200 Strength vs. brittleness [131,132] 

Sensors (Sensitivity) <50 kPa−1/ 
9.66% (CO) 

232.5 kPa−1/ 
31.07% (CO) Sensitivity vs. selectivity [133,134] 

6. Applications of Controlled Graphitization 

The controlled graphitisation of amorphous carbon has led to a large number of high-tech applications; this 
conversion changes the amorphous carbon into the graphitic forms. It is also possible to adjust the characteristics 
of carbon based materials to meet specific functional criteria through manipulating the extent of ordering, spatial 
arrangement of graphitic domains, and structural parameters. This part focuses on the benefits of these 
transformations at various areas, including energy storage and the next generation quantum technologies. 
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6.1. Energy Applications 

Due to its outstanding conductivity, stability, and open porosity that can be replicaed, graphitised carbon 
materials have become fundamental in the energy storage sector. An example is the graphitised carbon, which is 
a typical anode material in the lithium ion battery (LIBs), and its high degree of ordering gives rise to the potential 
efficiency of transferring electrons and structural stability during thousands of repetitive charge-discharge cycles 
[3,135,136]. The partially graphitized carbons come out to be the best of both the worlds i.e., they contain the 
properties of ordered domains due to which they can transport the ions in less time and the disordered regions as 
well which enhances the storage capacity of lithium [137]. Similarly, in supercapacitors, the controlled 
graphitization of carbon helps optimize surface area, pore size distribution, and conductivity, all of which are 
critical for achieving high capacitance and rapid charge-discharge performance [138]. Graphitized structures also 
hold promise for hydrogen storage, where precisely tailored pores and surface chemistries can facilitate effective 
adsorption, although achieving practical storage capacities remains a challenge [139]. In sodium- and potassium-
ion batteries, partial graphitization proves even more beneficial than complete ordering, as the larger ionic radii of 
these elements favor structures that maintain both flexibility and accessibility [140]. Recent research trends 
emphasize the fabrication of hierarchical carbon materials that integrate multiple levels of graphitization to 
maximize ion storage, conductivity, and mechanical stability simultaneously. 

Carbon-based composite materials are increasingly utilized in microbial fuel cells (MFCs) as membranes and 
in proton exchange membrane (PEM) fuel cells as catalyst supports, advancing sustainable energy technologies. 
In MFCs, composites blending natural clays with activated carbons such as bone char, coconut shell, or bituminous 
types, often modified with sulfuric acid serve as cost-effective proton exchange membranes, enhancing proton 
diffusion coefficients (up to 0.21 × 10−5 cm2/s), oxygen mass transfer, and overall power density while 
demonstrating practical applications like powering LEDs and clocks [3]. Meanwhile, in PEM fuel cells, bio-
derived carbons like those from camote (sweet potato) act as efficient catalyst supports for platinum nanoparticles, 
providing high surface area and conductivity comparable to commercial Vulcan carbon, thereby improving oxygen 
reduction reaction kinetics and reducing reliance on expensive materials for cleaner energy production [19]. Figure 
4 shows schematic of preparation of mesoporous soft carbon from bone char, coconut shell activated carbon and 
bituminous activated carbon and natural clay and particle size of the Pt catalysts supported on various carbon 
materials determined from the particle count of the HR-TEM micrographs; in addition Proton Exchange Membrane 
Fuel Cells (PEMFC) directly produce electrical energy by converting the chemical energy stored in fuels, such as 
hydrogen and methanol with a low environmental impact on the other hand are show well-defined nano-separated 
hydrophilic and hydrophobic phases and percolated nanodomains for Nafion [141]. 

 

Figure 4. (1) Schematic illustration of preparation of mesoporous soft carbon; (2) SEM micrographs for Vulcan 
Carbon and Camphor carbon (CC); (3) HRTEM micrograph with size distribution for Pt/C catalyst; 
Reprinted/adapted with permission from Ref. [3,19]. 2023, 2015 Elsevier. (4) Schematic representation of a Proton 
Exchange Membrane Fuel Cells and e.g., Nafion and its chemical structure and morphology. Reprinted/adapted 
with permission from Ref. [141], 2025. 
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6.2. Electronic and Sensor Applications 

Graphitized carbon plays a critical role in electronic and sensor technologies due to its highly tunable 
electrical characteristics. For transparent conductive films used in flexible displays and electronics, partially 
graphitized carbon layers offer an ideal balance between optical transparency and electrical conductivity [142]. 
Chemical sensors benefit from the introduction of graphitic domains within amorphous matrices, which enhances 
analyte sensitivity by improving both adsorption efficiency and electron [136,143]. This principle is also applied 
in electrochemical sensors, where the interplay between reactive graphitic edge sites and conductive basal planes 
contributes to superior detection capabilities. In applications such as electromagnetic interference (EMI) shielding, 
the electrical properties resulting from graphitization can be engineered to absorb or reflect unwanted radiation, 
making carbon-based composites useful in aerospace and consumer electronics [144]. Figure 5 shows a 
summarized schematic of various surface modifications carbon based for a catecholamine detection in biomedical 
applications to diagnose several brain diseases by rapidly detecting neurotransmitters and biomolecules related to 
the nervous system [145]. Field emission devices also exploit the sharp, conductive tips formed during localized 
graphitization, which serve as efficient electron sources. The development of spatially selective graphitization 
techniques such as laser writing and electron beam exposure has enabled precise patterning of carbon-based devices 
with region-specific functionalities, advancing the integration of graphitized carbon in modern electronics [146]. 

 

Figure 5. Simplified diagram showing electrochemical sensors/biosensors [145]. 

6.3. Structural and Composite Materials 

The mechanical properties of carbon materials undergo significant changes with graphitization, enabling their 
use in high-performance structural and composite applications [136]. In carbon fiber production, controlled 
graphitization enhances tensile strength, stiffness, and thermal stability, qualities that are highly valued in 
aerospace, automotive, and defense industries [147]. Partially graphitized carbon materials also function as self-
lubricating components, particularly under extreme mechanical or thermal conditions, where they offer an optimal 
combination of wear resistance and lubricity [148]. Their high thermal conductivity makes them effective materials 
for heat dissipation in electronic systems, where managing thermal loads is essential for performance and 
longevity. Additionally, biomedical applications benefit from graphitized carbon structures that combine 
mechanical robustness with biocompatibility, making them suitable for orthopedic implants and dental prosthetics 
[149]. Emerging innovations in this domain involve the creation of gradient-graphitized materials, in which spatial 
variations in graphitic ordering are introduced to meet complex mechanical or thermal performance requirements 
within a single component or device [150]. 
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6.4. Emerging Applications 

Beyond conventional uses, controlled graphitization is enabling a new generation of cutting-edge 
technologies. In catalysis, partially graphitized carbon materials serve as ideal supports for metal nanoparticles in 
fuel cells and electrochemical reactors, offering high conductivity, tunable surface functionality, and structural 
stability [3,136,151]. Environmental remediation is another promising field, where the adsorption capacity and 
chemical selectivity of carbon materials can be precisely tuned through graphitization to target specific pollutants 
in air or water [152]. In thermal energy harvesting, the creation of spatially varied graphitic structures allows for 
thermoelectric effects, where temperature gradients are converted into electrical energy. Neuromorphic computing 
also benefits from the mixed amorphous-graphitic architecture, which mimics synaptic behavior through 
memristive properties, offering low-power, brain-like computing capabilities [153]. 

Various techniques have been developed to achieve this transformation, each characterized by distinct 
reaction conditions, temperatures, and applications. This discussion synthesizes key parameters from comparative 
analyses, highlighting thermal annealing processes, catalytic graphitization, pressure-induced ordering, and 
irradiation methods (Table 9). 

Thermal annealing processes represent foundational approaches to graphitization, relying on high-
temperature treatments to reorganize carbon atoms into sp2-bonded layers. Conventional furnace-based 
graphitization typically requires temperatures above 2000 °C, often exceeding 2500 °C, with prolonged heating 
durations to facilitate atomic diffusion and crystallization. This method is well-suited for industrial-scale 
production due to its scalability and reliability in yielding bulk graphitic materials [5,53,125]. In contrast, rapid 
thermal processing employs short, intense high-temperature pulses, offering a faster alternative ideal for thin-film 
applications where minimizing processing time is crucial [53]. Advanced variants like laser annealing and Joule 
heating provide highly localized heating, enabling selective graphitization with exceptional spatial resolution. 
These are particularly advantageous in micro- and nano-fabrication, allowing precise patterning of graphitic 
domains within amorphous carbon matrices for devices such as sensors and electronics [53,55]. 

Catalytic graphitization lowers the energy barrier by incorporating metal catalysts, operating at moderate 
temperatures between 700 °C and 1500 °C. Catalysts such as iron, nickel, cobalt, and copper facilitate the 
dissolution and precipitation of carbon, promoting ordered growth while reducing the high energy demands of 
purely thermal methods. This technique is widely applied in producing graphene and carbon nanotubes from 
amorphous precursors, enhancing long-range structural order and efficiency. Innovations like nanostructured or 
bimetallic catalysts further improve control over graphitic growth, making it suitable for scalable nanomaterial 
synthesis [9,28,57,58]. 

Pressure-induced ordering integrates mechanical forces with thermal processing to accelerate graphitization. 
Methods like hot isostatic pressing (HIP) apply uniform high pressure at elevated temperatures, while spark plasma 
sintering (SPS) uses pulsed electric currents for rapid heating under pressure. Dynamic compression techniques 
employ extreme pressures via impacts or explosives over microseconds. These approaches promote densification, 
reduce interatomic distances, and lower activation energy, fostering sp2 network formation and domain alignment. 
Resulting materials exhibit enhanced anisotropy, mechanical strength, and thermal conductivity, finding 
applications in composites, energy storage (e.g., batteries), and heat-dissipating components [60–62]. 

Irradiation methods deliver focused energy through electron, ion, laser, or microwave beams, enabling 
precise control over graphitization. Electron and ion beams induce nanoscale defects as nucleation sites, while 
laser and microwave irradiation cause rapid, volumetric heating. Operating under ambient or moderate conditions, 
these techniques offer spatial and temporal precision, making them ideal for microelectronics and device 
fabrication. Sequential or hybrid irradiations enhance structural outcomes, supporting energy-efficient processes 
with minimal thermal damage [63,65,66]. 

In summary, the choice of graphitization technique hinges on balancing temperature requirements, processing 
speed, and application needs. While thermal methods excel in bulk production, catalytic and pressure-based 
approaches reduce energy use, and irradiation offers precision for advanced nanotechnology. Future advancements 
may integrate these for hybrid systems, optimizing efficiency across diverse fields. 

Furthermore, graphitized carbon materials are being explored in quantum information science, where isolated 
structural defects within graphitic domains can serve as stable quantum bits (qubits) for sensing and data 
processing applications [154]. These frontier applications are driven by growing control over nanoscale 
graphitization processes, as well as a deeper understanding of how structural transformations influence the 
physical, chemical, and electronic behavior of carbon materials [155]. 
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Table 9. Comparative Summary of Different Graphitisation Processes, Their Reaction Conditions, and Corresponding Applications. 

Technique Reaction Conditions/Temperature Respective Applications References  

Thermal Annealing Processes Conventional furnace-based graphitization: High temperatures,
often above 2000 °C, even over 2500 °C, and long heating times. Suitable for industrial-scale applications. [5,53,125] 

 Rapid thermal processing: Short, high-temperature pulses. Faster alternative for thin film applications. [53] 

 Laser annealing and Joule heating: Highly localized heating. 
Enables selective graphitization with precise spatial resolution, advantageous
in micro- and nano-fabrication, allowing patterning of graphitic domains
within amorphous matrices. 

[53,55] 

Catalytic Graphitization Lower temperatures, typically between 700 °C and 1500 °C,
using metal catalysts like iron, nickel, cobalt, and copper. 

Reduces high energy demands of conventional thermal processing. Applied
to the production of graphene and carbon nanotubes from amorphous carbon
materials. Enhances long-range order development. Improved efficiency and
control over graphitic growth with nanostructured and bimetallic catalysts. 

[9,28,57,58] 

Pressure-Induced Ordering 

Application of pressure during thermal processing. Techniques
include hot isostatic pressing (HIP) (high temperatures with
uniform pressure) and spark plasma sintering (SPS) (pulsed
electric current alongside pressure for rapid heating). Dynamic
compression methods (extremely high pressures over
microsecond timescales via impact or explosive forces). 

Enhances graphitization by promoting densification, reducing interatomic
distances, and facilitating sp2-bonded network formation. Lowers activation
energy and accelerates transformation. Can induce preferential alignment of
graphitic domains, improving anisotropy. Produces highly ordered structures
with improved mechanical and thermal properties, useful in composite 
fabrication, energy storage systems, and thermally conductive components. 

[60–62] 

Irradiation Methods 

Delivery of concentrated energy through electron, ion, laser,
or microwave irradiation. Electron beam irradiation effective
at nanoscale. Ion beam processing causes localized heating and
defects. Laser irradiation initiates rapid thermal cycles.
Microwave irradiation provides volumetric heating. 

Enables precise spatial and temporal control of the process. Leads to localized
structural rearrangements and defect generation that act as nucleation sites
for graphitic domains. Very suitable for microelectronic applications and
device manufacturing. Allows rapid and energy-efficient graphitization.
Offers greater control over structural outcome with sequential or mixed
irradiation treatments. 

[63,65,66] 
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7. Challenges and Future Perspectives 

The science and technology of carbon graphitization have advanced impressively, enabling applications 
ranging from electronics to energy storage. Yet several critical challenges remain. Conventional graphitization 
demands extremely high temperatures (often over 2500 °C) and long heating times, resulting in high energy 
consumption and carbon emissions that limit sustainability and scalability [125]. Moreover, achieving precise 
spatial control over the degree of graphitization at micro- and nanoscales remains difficult, hindering the 
production of integrated devices with region-specific properties. Another key limitation lies in property trade-offs: 
while increased graphitization improves electrical conductivity, it often reduces surface area and chemical 
reactivity needed for catalysis or energy storage [156]. Addressing these competing demands requires sophisticated 
process control and optimization strategies. Environmental concerns further complicate the landscape, as many 
high-temperature and catalytic processes produce toxic byproducts or consume scarce resources [157]. 
Additionally, the atomic-scale mechanisms underlying graphitization, especially with bio-derived or complex 
precursors, remain poorly understood, limiting rational design of new processes [158]. To overcome these 
challenges, interdisciplinary research is focusing on low-temperature graphitization methods such as catalytic, 
electrochemical, and microwave-assisted approaches, which reduce energy use and enable new substrates [64,67]). 
Advanced techniques like laser-based graphitization offer spatial programmability, while machine learning aids in 
optimizing parameters and predicting outcomes [159]. In-situ characterization tools are revealing real-time 
transformation dynamics, deepening understanding. Sustainability strategies emphasize renewable carbon sources, 
green catalysis, energy-efficient furnaces, and life cycle assessments, ensuring environmental impacts are 
minimized [160]. Circular economy concepts, such as recycling and repurposing graphitized materials, are also 
gaining traction, reinforcing the push toward cleaner, more sustainable carbon technologies. 

8. Conclusions 

The transformation from amorphous carbon to ordered graphitic structures represents both a fascinating 
fundamental science challenge and an enabling technology for numerous applications. This review has examined 
the current understanding of transformation mechanisms, the diverse techniques for inducing and controlling 
graphitization, characterization approaches, and the expanding landscape of applications. Recent years have 
witnessed significant advances in our ability to control carbon crystallization processes at multiple length scales, 
enabling increasingly sophisticated carbon materials with tailored properties. The integration of in-situ 
characterization techniques with advanced processing methods has substantially deepened our understanding of 
the complex pathways through which disordered carbon structures transform into ordered graphitic arrangements. 
Looking forward, the field appears poised for continued innovation through the convergence of several trends: 
more energy-efficient processing approaches, spatially controlled graphitization, data-driven optimization, and 
sustainability-focused research directions. These developments promise to expand the application space for 
graphitized carbon materials while addressing existing limitations related to energy intensity, process control, and 
environmental impact. As our fundamental understanding and technological capabilities continue to advance, the 
controlled transformation from amorphous to graphitic carbon will likely remain an active and fruitful research 
area with substantial technological impact across diverse sectors including energy, electronics, structural materials, 
and emerging technologies. 
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