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Full graphitization of amorphous carbon by microwave heating 
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Natural graphite is labeled as a supply risk material due to rapidly increasing demand and limited reserve. Conventional 
method for the production of synthetic graphite has relied on thermal heating of extremely high temperature, 3000 �, 
and long processing time, typically 2 weeks. Here, we report a novel and efficient method of graphitization using 
microwave heating with metal catalysts. The amorphous carbon powders turned into crystalline graphite in 5 minutes. 
Ideas for the scale-up of this work were proposed. In addition, numerical analysis revealed that the Maxwell-Wagner-
Sillars polarization is inadequate as the mechanism underlying microwave heating of solid carbon materials. 

Introduction 

Although academic interests have been moved to novel nano-

carbons, graphite still dominates the commercial market with an 

incomparable scale 2, 3. The world production of graphite in 2012 is 

over a million metric tons 3. Metallic properties (high electric and 

thermal conductivities) and non-metallic properties (high thermal 

resistance, inertness, and lubricity) of graphite 3, 10 make it as an 

essential material for refractories 14, automobiles 15, lithium-ion 

batteries 17, fuel cells 18, solar cells 19, nuclear reactors 20, and 

graphene production 21. Owing to the limited reserve of natural 

graphite and the ever-increasing demand in energy applications, 

graphite has been designated as a “supply risk material” by the 

British Geological Survey 22. (Graphite is ranked 9th in terms of 

supply risk, higher than the platinum group elements).  

Synthetic graphite can fill the gap between supply and demand, 

but there has been not much research on the process of making 

synthetic graphite. The common manufacturing process used to 

synthesize graphite, known as Acheson process 23, relies on thermal 

heating of amorphous carbon to 3000°C. Although the energy 

requirements are enormous, (Typical processing time is 2 weeks) 

the Acheson process remains the major industrial process since its 

invention in the 1960s 3. Several researches about different way of 

graphitization like current-induced annealing 24 or low-temperature 

graphitization25 were tried, but full-graphitization of bulk carbon in 

energy and time efficient method has not been reported. 

Therefore, a novel and energy-efficient graphitization process is 

highly desirable.  

Electromagnetic waves deliver energy as radiation without 

being dissipated through heat transfer medium 26. A representative 

example is the kitchen microwave oven, which can heat food 

products much faster than thermal heating. Microwave heating has 

been considered as a candidate for an energy-efficient 

graphitization method. Several reports have described the heating 

of carbon materials using microwaves, for example, to regenerate 

activated carbon 27-32, weld carbon nanotube/polymer composites 
33-37, and exfoliate graphite 38-45. Full  graphitization by microwave 

heating, however, has yet to be achieved 7.  

Besides, the mechanism of microwave heating of solid carbons 

has not been fully understood. The mechanism underlying 

microwave heating can vary, depending upon the properties of the 

energy-absorbing material. Although dielectric relaxation is 

responsible for heating polar molecules, such as water, a very 

different heating mechanism functions in electron-rich solids, such 

as metals (free electrons) or solid carbon materials (π-electrons). It 

has long been proposed that interfacial polarization, that is, 

Maxwell–Wagner–Sillars (MWS) polarization, is the main 

mechanism in operation during the microwave heating of solid 

carbon materials; however, no in-depth studies have tested the 

validity of this supposition 46, 47.  

Here, we report a novel method of graphitization using 

microwave heating with catalyst. Although microwave heating has 

been reported previously, full graphitization of amorphous carbon 

powders is achieved for the first time by adding catalyst precursors 

to the amorphous carbon powders. In addition, the mechanism of 

microwave heating of solid carbons was investigated. We show that 

MWS polarization is inappropriate for explaining the heating 

phenomena observed in solid carbon upon microwave irradiation. 

Experimental 

Materials 

Activated carbon powders (product name: G60, KB) and Nickel (II) 

chloride (98%) were obtained from Sigma-Aldrich, USA. Graphite 

powder was obtained from Samchun Chemical, Korea. The 

characteristics of activated carbons used in this work are listed in 

Table S1 in supporting information. Elemental analysis was 

performed using varioMICRO CHNS, and other characteristics were 

obtained from the technical information supplied by Sigma-Aldrich. 

Microwave graphitization 
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Table 1 Proper value/range of variables and the range of calculation  

Variable Proper value/range 
The range of 
calculation �′� 1~10 5, 6 0~30 �′� 12~15 5 0~30 �� 103~106 S/cm 8, 9 103~106 S/cm q 0~1 0~1 n 3~10* 3~30 

f 915 MHz, 2.45 GHz 105~1020 Hz 

*Crystallite height (Lc) and the crystallite diameter (La) generally have similar 

values 11 (meaning that n may be varied over a moderate range from 3 to 10 13). 

Microwave graphitization was achieved using the experimental 

system described in our previous works 48. The system consisted of 

a magnetron, an isolator, a directional coupler, an auto tuner, a 

quartz reactor, and gas feeders. Impregnated carbon powders were 

loaded onto the quartz boat, then placed in the quartz reactor. The 

temperature was measured using an infrared (IR) thermometer, 

MR1SC, manufactured by Raytek.  

Nickel chloride (NiCl2) was impregnated with G60 and KB in 

ethanol. During the impregnation step, 6 mmol NiCl2 (/g carbon 

powder) were stirred for 5 or more hours at room temperature 

until all solvents were evaporated. The sample was subsequently 

dried at 75°C for 24 hours.  

Next, 1000 W and 1400 W microwave radiation was directed 

onto the G60 and KB samples, respectively. The reactor was filled 

with argon gas under normal pressure prior to turning on the 

microwave generator. The flow rate of the argon gas during 

microwave irradiation was 100 sccm.  

The carbon powder underwent structural changes before and 

after microwave irradiation, as observed using X-ray diffraction 

(XRD) methods with a 	
�� radiation source, Raman spectroscopy 

(Horiba Jobin Yvon, LabRam HR) using the 514.5 nm line of an argon 

ion laser, and by transmission electron microscopy (HR-TEM, JEOL 

JEM-2200FS with image Cs-corrector).  

Thermal graphitization 

Thermal graphitization was achieved using lab-scale thermal 

furnace, Lindberg blue M. The experiment was proceeded at 1000 � with NiCl2-impregnated KB for varying time. Since the heat up 

time for reaching 1000 � is 30 min, total processing time of 5, 10, 

and 30 min heat treated sample was 35, 40, and 60 min 

respectively. The carbon powder underwent structural changes 

before and after microwave irradiation, as observed using X-ray 

diffraction (XRD) methods with a 	
�� radiation source. 

Dielectric loss factor calculation 

The validity of MWS polarization (also known as interfacial 

polarization) as a heating mechanism of solid carbons under 

microwave irradiation was investigated by comparing dielectric loss 

factor (ε′′).  
The average power absorbed by the material (Pav) is directly 

proportional to the effective dielectric loss factor (����), as shown 

in Equation (1), and the effective dielectric loss factor can be 

separated into the various polarization and conduction components 

using Equation (2). 

��� = 2��������������� + 2���������������               (1) 

������ = ��� !"#$�� + ����$�%&�#'!% + ����&#�!% + ���()* 

+���%#' +%&!#'                                    (2) 

Therefore, the calculated dielectric loss factor based on the 

MWS polarization theory (�′′()*) should have similar value with 

those of good microwave absorbers if the theory has meaningful 

impact on the heating of solid carbon under microwave irradiation.  �′′()*  of solid carbon was calculated using equation (3) from 

the original Sillars’ paper 13.  

ε�� = �,-./0�1�23�0�4515                                                (3) 

Here, τ and N are described by equations (4) and (5), 

τ = ,-.3'8�42,-590:5                                               (4) 

N = q '5,-.,-.3'8�42,-5                                           (5) 

where �′� refers to the dielectric constant of the insulating medium, �′� refers to the dielectric constant of the conducting medium, �� 

refers to the conductivity of the conducting medium, q refers to the 

volume fraction of the conducting medium, n  refers to the 

eccentricity of the spheroid, and f refers to the frequency of the 

electric field.  

 In the calculation, a composite material that consists of carbons 

with low electrical conductivity (e.g. diamond and polymer) and 

carbons with high electrical conductivity (e.g. graphite and 

graphene) was assumed. Proper value or range of the variables for 

the material are summarized in Table 1. The calculation was 

proceeded for much wider range. 

Results and discussion 

Microwave graphitization of activated carbon powders 

Full graphitization using microwave heating has not been achieved 

since the temperature increase reaches saturation below 2000 � 7, 

49, far below the graphitization temperature of 3000 �. In our 

experiments, amorphous carbon powders were first impregnated 

with metal catalysts, then they were graphitized using microwave 

heating (Fig. 1a), being inspired by the fact that precipitation of the 

graphitic carbon on the metal catalysts occurred at around 1000 � 

during thermal heating 50-52.  

The process of catalytic graphitization is shown in Fig. 1b. First, 

the energy of irradiated microwave is absorbed by amorphous 

carbon and the temperature of sample reached over 1000 � (Fig. 

S1 and Table S2, Supporting Information). At such high 

temperature, NiCl2 and NiCl2⋅6H2O (Fig. S2, Supporting Information) 

undergoes dehydration and decomposition 53, generating nickel 

particles (Fig. S3 and S4, Supporting Information). The phase 

diagram of Ni and C (Fig. 4c) displays that a certain amount of 

carbon can be dissolved in nickel at high temperature (maximum 

solubility of carbon in Ni is about 2.7 at.% at 1326.5 ºC). When the 
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Fig. 1 Illustration of microwave graphitization. (a) Experimental procedure. 

Microwave was irradiated to the activated carbon powders after impregnating 

nickel chloride. (b) Detail description of microwave graphitization with metal 

catalyst. Nickel chloride was first decomposed to form nickel catalyst particles, 

and then amorphous carbon was transformed to graphite with the help of metal 

catalyst. (c) Nickel-Carbon phase diagram 4. Carbide phase in the system is not 

indicated. 

Ni-C solution is supersaturated, the dissolved carbon can be 

precipitated as a form of graphite spontaneously because the Gibbs 

free energy change of disordered carbon to graphite is negative 54. 

The Ni-C solution can reach supersaturation either by (i) additional 

carbon diffusion into the catalyst or (ii) decrease of solubility by 

lowered temperature 55. The catalyst particles migrate throughout 

the carbon matrix and transform relatively disordered carbon into 

crystalline graphite until they are deactivated. Besides the catalytic 

graphitization mechanism, it was also suggested that the meta-

stable carbide, Ni3C contributes to the precipitation of graphite 4, 51, 

56
.  

The changes in the crystalline structure were confirmed by 

measuring the XRD patterns (Fig. 2a). The position of the (002) peak 

in the XRD pattern was directly related to the d-spacing (d002) of the 

carbon sample 10, 57. The changes in the (002) peak were quantified 

by analyzing a magnified view of the XRD data collected around the 

(002) peak. (Full XRD patterns in Fig. S3, Supporting Information) 

The value of 2θ obtained at the (002) G60 peak was shifted from 

23.45° to 26.50°, and the value of KB was shifted from 24.57° to 

26.46° under microwave heating in the presence of the catalysts. 

The d-spacings of G60 and the value of KB calculated according to 

Bragg’s law were 3.3610 Å and 3.3662 Å, respectively, similar to the 

d-spacing of the reference graphite powder (3.3612 Å). (Detailed 

information about the d-spacing calculations is provided in Table 

S3, Supporting Information) The shapes of the (002) peaks collected 

from both samples changed dramatically after microwave heating 

and became nearly identical to the shape obtained from the 

reference graphite powder. These results indicated that amorphous 
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Fig. 3 Comparison between microwave graphitization and thermal graphitization. (a) d-spacing in various carbons as a function of the processing temperature. (G60 

and KB: Activated carbon powders, PFO: Pyrolyzed isotropic pitch from fuel oil 7, NMP: Naphthalene-derived mesophase pitch 7. Pitch coke I: carbonized coal-tar pitch 
12, OIL: Cyclohexane soluble fraction of benzene soluble part of coal liquid pitch. 11, PREAS: Vacuum dried pre-asphaltenes of the benzene-insoluble part of the coal 

liquid pitch 11, PVC: Polyvinyl chloride 16, Pitch coke II: carbonized pitch 16.) Conventional graphitization using resistive heating requires high temperatures exceeding 

3000 � and extremely long processing times (1–25 h, see the Supplementary Information, Table S2). In the absence of a catalyst, microwave heating changed the 

crystallinity of the carbon powders over a short period of time; however, full graphitization was not achieved (orange shade). In this work, effective and efficient 

graphitization was achieved using microwave heating and catalyst precursor. The d-spacing in the activated carbon samples changed to 3.36 Å within 5 minutes of 

processing time (red symbols). (b) Comparison with thermal catalytic graphitization using lab-scale thermal furnace. Thermal graphitization proceeded for 5, 10, and 

30 min at 1000 �, and microwave graphitization proceeded for 5 min at a 1400 W microwave power. The d-spacing of the raw material (KB) and graphite are 

presented for reference purposes. 

carbon atoms were effectively graphitized under microwave 

heating in the presence of the metal catalyst. In the absence of the 

metal catalyst, however, distinctive changes were not observed in 

either sample under microwave heating (Fig. S5, Supporting 

Information).  

The Raman spectra (Fig. 2b) further supported the conclusions 

obtained from the XRD study. Perfect graphite was characterized by 

a single high-frequency band at 1582 cm–1, which corresponded to 

the E2g2 mode, or G-band. Disordered carbon was characterized by 

another broad band at approximately 1350 cm–1, which 

corresponded to the D-band 58. The ratio of the integrated or 

maximum intensity of the G-band to the D-band is commonly used 

to characterize the different types of carbon-based materials 59, 60. 

Higher fractions of the graphitic region produced larger IG/ID ratios. 

The IG/ID ratios of the pristine samples were 0.92 (G60) and 1.54 

(KB), and these values increased to 3.29 (G60) and 3.26 (KB) after 

microwave heating in the presence of the catalysts. These values 

were similar to the value obtained from the reference graphite 

powder (3.34), further supporting the conclusion that the 

amorphous carbon powders were indeed transformed into graphitic 

carbon under microwave heating in the presence of the catalysts.  

Transmission electron microscopy (TEM) images reconfirmed 

the transformation from an amorphous structure to a graphitic 

structure (Fig2. c-h). Prior to microwave heating, G60 and KB only 

exhibited disordered microstructures typical of amorphous carbon. 

The fast Fourier transform (FFT) images showed hollow circles. On 

the other hand, completely different TEM and FFT images were 

obtained after microwave heating in the presence of the catalysts. 

The crystalline ordering was apparent throughout the entire 

sample, and hexagonal patterns appeared. Multiple sets of dots 

with six-fold symmetry were observed in the FFT images. These 

results indicated that multi-layer graphene sheets developed during 

microwave heating in the presence of the catalysts.  

Comparison with thermal graphitization 

Interlayer spacing of various carbon materials as a function of the 

processing temperature is summarized in Fig. 3a. The interlayer 

spacing, or d-spacing, refer to the distance between adjacent 

graphene layers. This parameter corresponds to the degree of 

graphitization 11. In general, the d-spacing of a carbon material 

tends to decrease as the processing temperature increases during 

thermal heating (blue symbols). Microwave heating can decrease 

the d-spacing more efficiently than thermal heating at the same 

processing temperature, although the lowest achievable value is 

only 3.42 Å without the help of a catalyst (orange shade). This d-

spacing is equivalent to that obtained under thermal heating at 

2000 � (Table S4, Supporting Information). In the presence of the 

metal catalyst, however, full graphitization of the carbon powders 

was achieved with a d-spacing of 3.3610 Å (red symbols, this work).  

The merits of the microwave graphitization in terms of time 

required to reach completion were examined by comparing the 

microwave process conditions to the thermal heating conditions, 

applied to a NiCl2-impregnated KB sample for different heat 

treatment periods (Fig. 3b). Microwave graphitization displayed 

tremendous advantages in terms of the time required to complete 

the process. Only 5 min of microwave irradiation provided similar 

structural changes as 60 min of the conventional process (thermal 
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Fig. 4 Scale-up of microwave reactor. (a) The effect of penetration depth on 

microwave heating. (b) Illustration of conveyor belt type reactor with microwave 

irradiator. 

graphitization). Thermal graphitization requires 30 min for heat up 

to 1000 �, so additional 30 min is required for the graphitization, 

whereas heat up over 1000 � and graphitization was achieved in 

230 s and 70 s respectively (Fig S1 and Table S5, Supporting 

information).  

We demonstrated the efficiency of microwave heating over 

conventional heating in graphitization at the lab-scale experiments. 

The scale-up of our experiment can be done based on the 

understanding of penetration depth. The definition of penetration 

depth (;") is the distance from the surface to a certain point where 

magnitude of field strength decreases to 1/e of original magnitude 

at the surface 61. The penetration depth of electric field is expressed 

as the following equation. 

;" = 1/ >2�� ?���′���′2 @�/� A31 + 3BCDE4�4�/� F 1G�/�H 
Here, �� refers to the absolute permittivity, ε′ refers to the relative 

permittivity, �� refers to the absolute permeability, μ′ refers to the 

relative permeability and tanδ refers to the loss tangent 62.  

The importance of penetration depth in scale-up of microwave 

reactor is represented in Fig. 4a. Heat is generated from the whole 

volume of target material when the microwave penetration depth is 

bigger than the scale of target material (M&��N�&). When the scale of 

target material is much bigger than the microwave penetration 

depth, however, heat is hardly generated from the inside of the 

material. Only surface region is heated by microwave radiation and 

the rest of the material is heated by conduction from the surface. 

Crystalline carbon materials have very short penetration depth, 

typically several microns 47, so most benefits of microwave heating 

vanish with bulky target material. Nevertheless, if we have an 

accurate understanding of the penetration depth, scale-up of 

microwave reactor which still has the advantages of microwave 

heating is possible. A hint for the scale-up of microwave reactor can 

be obtained from the plate-type reactor which is commercially 

available (Fig. S7, supporting information). This reactor was 

introduced to maximize the heat delivery from the heating fluid to 

the reactants. A similar approach can be applied to the scale-up of a 

microwave reactor.  

An easy solution to the problem of short penetration depth is 

the use of conveyer belt type reactor with small size carbon 

powders (Fig. 4b). A tumbling-bed reactor or a fluidized-bed reactor 

can also be used because each carbon powder is separated from 

others. This kind of reactor design enables high productivity, and 

prevents the problem of short penetration depth at the same time.   

Verification of heating mechanism 

In spite of the effectiveness and efficiency of microwave heating of 

solid carbons shown in this work, the study about the heating 

mechanism is still much to be required. Until now, the mechanisms 

underlying microwave heating of solid carbons are understood as 

Maxwell-Wagner-Sillars (MWS) polarization 46, 63, 64 or joule heating 
ref. However, there has been no in-depth study about the validity of 

the MWS mechanism. Therefore, we investigated the influence of 

MWS polarization over microwave heating of solid carbons by 

dielectric loss factor ( ε′′ ) calculation. As explained in the 

experimental part, the average power absorbed by the material 

under electromagnetic wave is directly proportional to the effective 

dielectric loss factor (�′′���) of the material, and �′′��� consists of 

various polarizations and conduction components. Therefore, if 

MWS polarization is responsible for the microwave heating of solid 

carbons, the calculated dielectric loss factor based on MWS 

polarization theory should have similar or larger value than the 

dielectric loss factor of good microwave absorbers, because solid 

carbons show extreme heating phenomena under microwave 

irradiation.  

Among the six variables in the equation (3) which was used in 

the dielectric loss factor calculation, n and q only change the 

numerical value, and do not change the tendency. The dielectric 

loss factor increases as either n or q increases (Fig. S8, S9 and S10). 

Thus, in the result part, the influence of the other four variables on 

the dielectric loss factor was examined. Then, the maximum value 

in the range of the properties of solid carbons was obtained and 

compared with the values of other materials for judging whether 

the MWS polarization is proper or not for the microwave heating 

mechanism of solid carbons.  

At first, the dielectric loss factor (�′′()*) was calculated by 

varying the dielectric constant of solid carbons (�′� and �′�). The 

dielectric constant of conducting region (�′�) has little effect on �′′()*, and �′′()*  increases with increasing dielectric loss factor of 

insulating region (�′�) as shown in Fig. 5a. The maximum value of �′′()*  was 1.1 when �′� = 30 , �� = 1000	R/ST , q = 1 , n = 30 

and f = 2.45	GHz. The maximum value of calculated dielectric loss 

factor is 1~2 orders smaller than those of the materials known as 

good microwave absorbers, even though the range of calculation 
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Fig. 5 The influence of dielectric constants (�′� and �′�) on the dielectric loss 

factor of solid carbon based on MWS polarization (�′′()*). (�� = 1000	R/ST, q = 1, n = 30 and f = 2.45	GHz) 

\] (S/cm) ^_`ab c′′def	ghi c′′].jf	khi 
103 2 l 10��	Hz (2 THz) 0.4117 1.1025 

106 2 l 10�m	Hz (2 PHz) 0.0004 0.0011 

 

 

Fig. 6 Dielectric loss factor comparison 1. Calculated dielectric loss factors of 

solid carbon based on MWS polarization (�′′()*) are located at poor absorber 

region, where microwave transparent materials are exist. 

was much wider. It means that the contribution of MWS 

polarization is very small for the microwave heating of solid 

carbons.  

Next, the influence of conductivity of conducting region (��) 

and the applied frequency (f) was investigated. A bell-shaped curve 

was obtained when �′′()*  was plotted as a function of log 

frequency (log �) (Fig. 5b). The peak frequency (�"��q) increased as 

the electrical conductivity of conducting region (��) increased. The 

key results are summarized in Table 2. When �� = 10r 	R/ST 

(around the electrical conductivity of graphite 58), �"��q was 2 THz, 

and the dielectric loss factor at 915 MHz and 2.45 GHz was 0.4117 

and 1.1025 respectively. When �� = 10s 	R/ST  (a much larger 

value than those of conducting solid carbons 8, 9), �"��q was 2 PHz, 

and the dielectric loss factor at 915 MHz and 2.45 GHz was 0.0004 

and 0.0011 respectively. In other words, �"��q  of solid carbon 

material is present at a much higher frequency than microwave 

frequencies. Moreover, �′′()*  is very small at 915 MHz and 2.45 

GHz, typical frequencies in microwave heating. The results indicate 

that the contribution of MWS polarization to the heating of solid 

carbons in the range of microwave frequencies is very small or 

almost negligible.  

Finally, the maximum value of calculated dielectric loss factor 

based on MWS polarization in the proper range for solid carbons 

was compared to the value of other materials. As discussed above, �′′()*  has larger value when �′�, q, and n become larger, and �� 

becomes smaller. The maximum values within the proper range 

shown in Table 1 are plotted in Fig. 6 with the dielectric loss factor 

of other materials. The maximum value of calculated dielectric loss 

factor for solid carbons based on MWS polarization was 0.0114 

under 915 MHz and 0.0306 under 2.45 GHz. These values are far 

below than the values of the materials known as good microwave 

absorbers (Water+0.5M NaCl: 269, Methyl alcohol: 15). Actually, 

they are similar to the values of poor microwave absorbers 

(Alumina: 0.009, Mullite: 0.0098). Therefore, it seems inadequate to 

explain the extreme heating phenomena of solid carbons under 

microwave irradiation relying only on MWS polarization.  

Conclusions 

In conclusion, we report the full graphitization of amorphous 

carbon powders by modified microwave heating with the help 

of a metal catalyst. Because microwave graphitization is much 

more efficient, in terms of energy and time requirements, than 

the industrial graphitization method currently in use, this 

method is expected to provide an alternative approach to 

producing graphite, which is considered to have a high supply 

risk. Because the economic gains of our method are 

considerable, this approach has the potential to revolutionize 

the graphite industry. We also examined the validity of the 

Maxwell–Wagner–Sillars polarization, which has long been 

accepted as a mechanism underlying microwave heating in 

solid carbons. The dielectric loss factor calculations over a 

wide range of parameter space revealed that the MWS 

polarization is certainly inadequate for describing the 

microwave heating mechanism in solid carbons.  
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