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A B S T R A C T   

Natural graphite, commonly used in energy storage applications such as the battery industry, is marked as a 
supply-risk material due to the elevated demand and limited resources. The synthetic graphite process is inef
ficient, so there is a highly required for alternative methods of making graphite as anode material. In this study, 
we report two efficient methods for catalytic graphitization of coal using high-temperature heating and flash 
Joule heating (FJH). Using both methods, the structure and morphology characterizations have demonstrated the 
successful structural conversion of coal from an amorphous structure into a crystalline structure. When the 
obtained graphitized coal samples via the high-temperature heating method (HTC) and via the FJH method 
(FHC) were used as anodes for lithium-ion batteries (LIBs) and potassium-ion batteries (PIBs), the HTC and FHC 
presented outstanding rate capability and remarkable stable cycling performance. The HTC and FHC anodes 
delivered initial charge capacities of 322.5 and 321.3 mAh⋅g− 1, respectively, at a current density of 0.1C. for 
LIBs. When used as anodes in PIBs, the HTC and FHC delivered initial charge capacities of 265.4 and 262.2 
mAh⋅g− 1 at 0.1C current density. These results make the HTC and FHC promising materials for developing 
energy storage applications. Therefore, this work exploited the low price of coal and its abundant reserves, 
combined with the FJH technique, which is an effective method for saving energy and time, to produce high- 
quality graphitized coal materials, which can make this process green and economically attractive.   

1. Introduction 

To address the threat of depletion of fossil fuel resources, increasing 
crude oil prices, an explosive population together with economic 
growth, global warming, and a shortage of energy resources [1,2]. It is 
necessary to develop storage devices like fuel cells, supercapacitors, and 
batteries [3]. This could ensure the best utilization of renewable energy 
sources like wind and solar [4], which leads to the fulfillment of the 
needs of modern society. Among several energy storage technologies, 
rechargeable lithium-ion batteries (LIBs) are thought to address the 
above issues [5]. Due to their advantages, such as high energy density, 
longer cycling stability, and no memory effect, LIBs have been 

dominating the small-format battery market [6,7]. LIBs have been used 
in various electronic devices since their market introduction 30 years 
ago, including mobile phones, laptop computers, digital cameras, and 
even hybrid and electric vehicles [8–10]. However, because of the un
even global distribution and limited resources of lithium, with its rising 
prices, the industry of LIBs is becoming more expensive, which further 
limits its application in future large-scale energy storage systems [11]. 

Therefore, it is more critical to decrease the usage of rare elements in 
storage batteries and search for alternative battery systems based on 
earth-abundant elements. Hence, it has encouraged the field of alter
native ion batteries using abundant earth metals, such as calcium-ion, 
magnesium-ion, aluminum-ion, sodium-ion, and potassium-ion 
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[12–15]. Recently, sodium-ion batteries (SIBs) and potassium-ion bat
teries (PIBs) have attracted considerable attention. They are regarded as 
alternative storage technologies for LIBs due to their low cost and 
abundant resources of Na and K compared with Li. Additionally, the 
electrochemical properties of Na and K are similar to Li [16]. Thus, SIBs 
and PIBs are expected to be promising energy storage systems. Sodium 
has a higher negative redox potential with a specification (− 2.71 V vs 
standard hydrogen electrode (SHE)) and a larger ionic radius compared 
to Li+, which causes a significant volume expansion and large polari
zation [17]. Furthermore, by the density functional theory, sodium and 
graphite can hardly form a stable intercalation compound (they only 
form NaC64) [18], resulting in lower reversible capacities and poor cycle 
life, which inhibits the SIBs’ commercial application [19]. In contrast, 
potassium has a lower negative redox potential (− 2.93 V vs SHE) than 
sodium and higher ionic conductivity in electrolytes than in Li+ and Na+

[20]. This is due to the smaller solvated potassium ions that lead to a 
weak interaction with the solvent molecules during the solvation pro
cess [21]. This contributes to the high ionic conductivity of PIBs so that 
ions can be quickly diffused. Furthermore, potassium may form KC8 with 
graphite and undergo reversible insertion and extraction; thus, PIBs are 
more promising options for LIBs than SIBs [22]. However, the com
mercial applicability of PIBs is severely limited due to their poor cycling 
stability and inferior rate performance as a result of the larger radius of 
the K+ (1.38 Å) than that of Na+ (1.02 Å) and Li+ (0.76 Å) [23]. As a 
result, its insertion/ deinsertion in electrode materials will cause sub
stantial volumetric deformation, making them prone to performance 
decay and structural degradation [24]. Consequently, exploring more 
suitable PIBs anodes for high capacity and cyclability is urgently needed. 

Typically, the commercial success of graphite in LIBs has stimulated 
researchers to use it as a PIBs anode. The first investigation exhibited a 
high reversible capacity of 273 mAh⋅g− 1 at a minimal current density of 
C/40 through the formation of the KC8 intercalation compound [25]. 
Nevertheless, its capacity decreased dramatically when the current 
density increased, with just 80 mAh⋅g− 1 retained at 1C. Meanwhile, after 
50 cycles, the graphite showed a lower cycling performance with 
retention of around 50 %. The lower cycling stability and poor rate 
performance can be associated with graphite’s dramatic volume 
expansion due to the large ionic radius of K+ [23]. So, manufacturing 
low-cost and high-performance carbon anodes for PIBs is urgently 
needed to solve this problem. Apart from graphite, amorphous carbon, 
specifically hard carbon (known as non-graphitic carbon), could be a 
promising candidate for PIBs anode materials because of its relatively 
low surface area, larger interlayer spacing, hierarchical porous struc
tures, and rich defects [26]. As a high-quality carbon source, coal has 
many advantages compared with other carbon sources. This includes a 
high-quality carbon skeleton structure, an abundant energy source, a 
low cost, widespread distribution, high carbon content, ease of acqui
sition, and a stable environment [27]. Thus, coal has attracted consid
erable attention as a vital raw resource for preparing functional carbon 
materials on a large scale [28], enabling fossil fuel usage at a high value- 
added level and significantly reducing production costs [27]. Recently, 
the electrochemical performance of coal-based carbon anodes for LIBs 
and SIBs has been promising [28]. However, the use of coal-based car
bon anodes in PIBs has received little attention in the literature to the 
best of our knowledge. 

The process of increasing the crystallinity of carbon is known as 
catalytic graphitization [29]. During this process, ungraphitized carbon 
becomes more ordered and crystallized by a chemical reaction between 
non-graphitic carbon and the metal or inorganic compound that con
stitutes the graphitization catalyst [30]. The catalyst is the most critical 
factor influencing the graphitization process of carbon; it can be divided 
into three types. Firstly, transition metals catalysts such as nickel (Ni), 
cobalt (Co), and iron (Fe); secondly, metallic compound catalysts such as 
Fe2O3, Cr2O3, and MnO2 and thirdly, alloy catalysts such as P-Ni and Fe- 
Si alloys [31,32]. Ni is particularly effective among catalysts named 
above and has been generally used to obtain a graphitic structure with 

relatively high crystallinity. For example, Chen et al. [33] successfully 
obtained porous graphitized carbon from coal by adopting a low- 
temperature metal catalysis process by adding a NiCl2⋅6H2O catalyst. 
Destyorini et al. [34] generated graphitic carbon from amorphous car
bon of coconut coir at 1300 ◦C using NiCl2⋅6H2O-based catalytic 
graphitization. This method involves impregnating the amorphous car
bon with a catalyst followed by a heat treatment in the furnace at 
temperatures between 700 and 1800 ◦C under an inert atmosphere for 
1–6 h [35]. However, this method is very energy-intensive due to the 
utilization of such high temperatures, which severely limits its ability to 
scale up. In light of these considerations, a novel technique that can 
function at a lower cost of energy and time and with greater simplicity of 
preparation is needed. Regarding this, the flash Joule heating (FJH) 
method is considered a time and energy-saving and strong candidate for 
a traditional graphitization method. In the FJH technique, amorphous 
carbon powder is softly compressed between two electrodes inside a 
ceramic or quartz tube [36]. For outgassing to be more efficient, the 
system might be at atmospheric pressure or under a light vacuum (10 
mm Hg) [37]. The electrodes may be made of graphite, copper, or any 
other conductive refractory material and are loosely fitted within the 
quartz tube to allow outgassing upon FJH [38]. The carbon source is 
heated to almost 3000 K in less than 100 ms by a high-voltage electric 
discharge from a capacitor bank, transforming the amorphous carbon 
into turbostratic flash graphene [35,36]. 

Based on the above considerations, the present work aims to use 
cleaned coal as an alternative to natural graphite and prepare it by 
catalytic graphitization using two methods; traditional high- 
temperature heating and the FJH. The electrochemical behavior of the 
obtained samples was evaluated as anode materials for LIBs and PIBs. 
HTC and FHC electrodes delivered initial reversible capacities of 322.5 
and 321.3 mAh⋅g− 1, respectively, at a current density of 0.1C for LIBs. 
For PIBs, the initial reversible capacities of HTC and FHC were 265.4 and 
262.2 mAh⋅g− 1, respectively, at a current density of 0.1C. In addition, 
both samples provide excellent rate capability and stable cycling per
formance as anode materials for LIBs and PIBs. The present study has the 
following benefits: (i) with the advantages of low cost and abundance, 
coal could be a promising alternative for natural graphite; (ii) due to the 
rising prices and limited resources of lithium, PIBs could be promising 
energy storage systems because of the abundance and cheap cost of 
potassium resources; and (iii) the obtained samples showed very similar 
electrochemical performance results for LIBs and PIBs, indicating that 
the FJH method is less expensive and environmentally friendly 
compared with the conventional heating method. 

2. Experimental section: 

2.1. Material synthesis: 

The graphitized coal was prepared using two steps; carbonization 
followed by a catalytic activation and graphitization by high- 
temperature and the flash Joule heating (FJH) methods. 

2.1.1. Carbonization at 600 ◦C 
Due to its high carbon content, raw coal powder (RC), which has an 

amorphous structure, was used as a carbon source to prepare coal-based 
activated carbon. Before use, coal powder was sieved by using stainless 
steel (400 mesh) to obtain a smaller particle size instead of grinding to 
minimize the damage that can be caused to the primary structure of raw 
coal. Then, it was washed with deionized water and vacuum-dried for 
24 h at 60 ◦C. The cleaned coal powder was carbonized in the tube 
furnace at 600 ◦C with a 5 ◦C min− 1 heating rate and detained for 6 h 
under purity argon (99.99 %) flow, then collected after natural cooling. 
After that, in ethanol, nickel chloride was mixed with the carbonized 
coal powder with a ratio of 100 ml, 5 mmol, and 1 g, respectively, to 
dissolve the nickel catalyst and stirred for 1 h at 600 rpm. The Ni- 
impregnated carbon coal powder was obtained after drying for 24 h at 
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80 ◦C. 

2.1.2. Graphitization at 1400 ◦C 
A high-temperature furnace under an argon atmosphere (purity of 

99.99 %) was used to conduct the catalytic graphitization treatment. In 
brief, carbon coal powder, obtained in the first step, was filled into the 
crucible of corundum and heated in a high-temperature furnace at 
1400 ◦C using a 5 ◦C min− 1 heating rate under Ar flow and held for 10 h. 
After the furnace was cooled down by the same heating rate to room 
temperature, the graphitized coal carbon was collected and washed 
using HCL acid to remove the Ni catalyst. Then, it was repeatedly 
washed with deionized water to ensure the total removal of the catalyst 
ions and HCL. Finally, graphitized coal material was obtained after 
desiccating at 60 ◦C for 24 h under vacuum pressure and was denoted as 
HTC. 

2.1.3. FJH system and synthesis process: 
In the flash-heated process, conducting additive of carbon black and 

carbon coal powder with a (10:90) weight ratio was mixed by grinding 
using a mortar and pestle. Then 100 mg of mixed powder was accurately 
weighed and loaded into a quartz tube (inner diameter: 4 mm, tube 
thickness: 2 mm, and length: 50 mm). The graphite rods were used as 
electrodes on both sides of the quartz tube, and the graphite rods were 
attached to conductive copper foil to prevent the heated powder from 
escaping through the space between the graphite block and the quartz 
tube. Then, the quartz tube was loaded into the reaction stage and 
connected to the FJH apparatus. A capacitor bank (capacitance of 60 
mF) was used to provide a direct discharge current with maximum 
voltages up to 400 V, which can heat the sample to temperatures up to 
3000 ◦C in a few seconds and effectively convert an amorphous carbon 
to graphitic carbon [36]. Then a pulse of 300 V was applied to the mixed 
powder sample under a mild vacuum (~10 mmHg) for ~5 s. After the 
FJH reaction, the apparatus was cooled naturally after 5 min to room 
temperature. The sample was removed from the quartz tube, ground 
with a mortar and pestle, and then washed repeatedly with HCL acid and 
deionized water. Finally, after drying for 24 h under a vacuum at 60 ◦C, 
the resultant graphitized coal material was denoted as FHC. 

2.2. Materials characterization 

An X-ray diffractometer (XRD) with a CuKα radiation source (λ =
1.5418 Å) was used to analyze the phase and crystalline structures of 
coal samples. The interlayer distance d002 was calculated using Bragg’s 
equation [39]. Raman spectra were recorded using Raman spectroscopy 
(Horiba Jobin Yvon, LabRAM HR800) to study the disordered and 
graphite structure in the samples. Transmission electron microscopy and 
high-resolution translation electron microscopy (TEM, HR-TEM JEOL, 
JEM-2100 with Bruker super-X EDX model) were used to characterize 
the nanostructures of the samples, and analytical scanning electron 
microscopy (SEM, JEOL, JSM-6480A) was used to examine the surface 
morphology of coal samples. The Brunauer–Emmett–Teller surface area 
was performed using Micro TriStar II Plus 2.02. 

2.3. Electrochemical measurements 

The electrode slurries were made by mixing graphitized coal mate
rials (HTC or FHC as active materials) (80 wt%) with the binder of 
polyvinylidene fluoride (PVDF) (10 wt%) and a conducting additive of 
carbon black (Super P) (10 wt%) under magnetic stirring using the 
solvent of N-methyl-2-pyrrolidone (NMP) in order to make a homoge
neous slurry. After being stirred for 4 h, the obtained slurries were 
coated on a clean copper foil with a 75 μm thickness and vacuum-dried 
at 65 ◦C for 24 h. The obtained foils were roll-pressed and punched into 
circular discs of 12 mm in diameter. Every disc was weighed with a 
deduction of copper foil weight, and the specific capacity of the elec
trode was calculated according to the active material’s total weight. The 
electrochemical performance of the samples was measured by coin cells 
of type CR2023, which were fabricated in the glove box filled with argon 
gas, and maintained with oxygen and moisture levels below 0.1 ppm. 
For LIBs, the counter electrode was made out of pure lithium foil, a 
Celgard 2400 polypropylene membrane was used as a separator, and 1.0 
M LiPF6 in ethylene carbonate/dimethyl carbonate (EC/DEC) (1: 1 by 
volume) as the electrolyte solution. For PIBs, the counter electrode was 
made out of pure potassium foil, with the separator of (Whatman) GF/C 
glassy fiber, and using 0.8 M KPF6 in the mixture of ethylene carbonate/ 
diethyl carbonate (EC/DEC) (1: 1 by volume) as the electrolyte solution. 

Fig. 1. (a) XRD patterns and (b) Raman spectra of raw coal and the prepared samples.  
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To ensure the electrolyte was sufficiently permeated into the electrodes, 
all manufactured cells were aged for 16 h before being measured. The 
NEWARE battery test system (CT-4008 model) was used to perform the 
galvanostatic charge and discharge analyses over the voltage ranging 
from 0.01 to 3.00 V at room temperature. The electrochemical imped
ance spectroscopy (EIS) and cyclic voltammetry (CV) investigations 
were carried out using the IVIUMnSTAT multichannel electrochemical 
analyzer, with the (EIS) at a frequency ranging from 100 kHz to 10 mkHz 
and (CV) scan rate at 0.1 mV s− 1. 

3. Results and discussion: 

XRD and Raman spectroscopy measurements were carried out to 
investigate the structural changes and crystallinity of the coal samples. 
The XRD analysis results of the HTC and FHC samples before and after 
acid treatment, as well as the RC sample, are shown in Fig. 1a. After 
catalytic graphitization with the Ni catalyst, XRD patterns showed 
obvious differences between the RC pattern and other patterns, which 
indicate structural changes in the raw coal as a result of catalytic 
graphitization with the Ni catalyst. For the samples before acid treat
ment, the HTC-Ni pattern observed peaks at 44.3◦, 51.6◦, and 76.1◦ were 
indexed as the (111), (200), and (220) planes of the cubic nickel (PDF 
no. 65–0380), respectively, as well as a diffraction peak, which appears 
at 26.2◦ corresponding to the graphite plane (002) (PDF no. 89–8487). 
In contrast, the FHC-Ni pattern displayed peaks at 26.3◦ corresponding 
to the (006) hexagonal carbon (PDF no. 26–1076) and at 45◦, repre
senting the (101) plane of the cubic nickel (PDF no. 89–7129). 

In addition, after removing Ni by the subsequent acid washing pro
cess, no Ni reflection peaks were observed in the patterns of HTC and 
FHC. For both samples, XRD patterns exhibit sharp and strong diffrac
tion peaks around 26.2◦ and weak diffraction peaks appearing at 44.3◦, 
which corresponded to the (002) and (101) reflections of graphitic 
carbon (PDF no. 41–1487). Compared with the RC pattern, these results 
showed that the raw coal structure had been transformed from amor
phous to crystalline after applying catalytic graphitization using the FJH 
and traditional heating methods, which can contribute to their electro
chemical behavior and provide Li+ and K+ additional storage sites. The 
calculated d-spacing (d002) values were about 0.34 nm for HTC and FHC, 
which is close to the graphite d-spacing (0.335 nm), indicating both 
samples have good crystallinity. 

The Raman spectra further supported the XRD results. Fig. 1b com
pares the spectrum of RC samples with the spectrums of HTC and FHC 
samples before and after acid treatment. It can be seen that all samples 
except RC have three distinctive peaks of D, G, and 2D bands, located at 

roughly 1350, 1585, and 2900 cm− 1. Generally, the D-band represents 
disordered and defective carbon. In contrast, the G-band corresponds to 
the in-place vibration motion of the sp2-bond of carbon atoms, indi
cating the information of graphitic carbon [40]. Moreover, the 2D-band 
represents the presence of highly ordered graphitic layers in the carbon 
matrix [28]. Additionally, the peak intensity ratio (ID/IG) also charac
terizes the carbon material’s defect, disorder, and graphitization degrees 
[41]. Narrower G-band widths and lower ID/IG values usually indicate a 
higher degree of graphitization with a more ordered and perfect 
graphite structure [42,43]. There is a slight decrease in the values of 
(ID/IG) for the HTC and FHC samples after acid treatment, demon
strating an increase in the graphitization degree after the removal of Ni. 
Furthermore, the ID/IG values of HTC and FHC are about 0.73 and 0.75, 
respectively. These lower values demonstrate that the obtained samples 
contain a high degree of graphitization. These results are in agreement 
with those obtained from the XRD analysis. 

The BET measurements were used to study the prepared samples’ 
specific surface area and pore size distribution. The N2 adsorption/ 
desorption isotherm curves and pore size distribution of the samples are 
shown in Fig. 2, and the porous structure parameters are listed in 
Table 1. Obviously, all samples in Fig. 2a display the IV isotherm 
adsorption/desorption curves according to the IUPAC classification, 
presenting the existence of micropores and mesopores. Fig. 2b shows the 
pore size distribution of the samples; it is clear that all samples mainly 
contained micropores (distributed between 0.4 and 2.0 nm) and a 
certain amount of mesopores (ranged from 2.0 to 6.3 nm). Furthermore, 
as shown in Table 1, the prepared samples’ acid treatment increased the 
surface area from 281 to 372 m2/g for HTC and from 268 to 357 m2/g 
for FHC. Similarly, the total pore volume of HTC increased from 0.42 to 
0.52 m3/g and from 0.41 to 0.47 m3/g for FHC. These results indicate 
that the removal of the catalyst produces more porous carbon, which is 
beneficial to improving the electrochemical performance of the 

Fig. 2. (a) N2 adsorption/desorption isotherms and (b) pore size distributions curves of the prepared samples.  

Table 1 
The porous structure parameters of the prepared samples.  

Parameters HTC-Ni HTC FHC-Ni FHC 

Specific surface area (m2/g) 281 372 268 357 
Total pore volume (m3/g) 0.42 0.52 0.41 0.47 
Micropore volume (m3/g) 0.31 0.36 0.32 0.33 
Mesopore volume (m3/g) 0.11 0.16 0.09 0.14 
Average pore diameter* (nm) 2.01 2.24 1.94 2.13 

* IUPAC classifications: micropore (<2 nm), mesopore (2 to 50 nm), macropore 
(>50 nm). 
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Fig. 3. SEM images of RC (a–c), HTC-Ni (d–f), and HTC (g–i).  

Fig. 4. SEM images of FHC-Ni (a–c), FHC (d–f).  
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material. Since the micropores provide the surface area for charge 
storage, while the mesopores provide the channel for ions transport 
[27]. 

Scanning electron microscopy (SEM) tests were performed to study 
further the microstructure changes of the HTC and FHC samples pre
pared by the catalytic graphitization process. The images at various 
magnifications are displayed in Figs. 3 and 4. The RC sample structure in 
Fig. 3a is relatively dense, and the material is distributed in irregular 
blocks. The surface in Fig. 3b is smooth and relatively flat, and there are 
no pores or holes as shown at low magnification in Fig. 3c. In Fig. 3d and 
Fig. 4a, the SEM images of the HTC and FHC samples before acid 
treatment are shown; both samples have irregular shapes, attached by 
small particles, as seen in Fig. 3e and Fig. 4b. There is a homogeneous 
distribution of spherical Ni-catalyst particles (particles noticeable in red 
circles) throughout the surface, as seen in Fig. 3f and Fig. 4c. In contrast, 

after two-step acid treatment of HCL and deionized water of the HTC and 
FHC samples, the SEM images in Fig. 3g and Fig. 4d show that both 
samples have an uneven granular morphology. As shown in Fig. 3h and 
Fig. 4e, their surfaces were no longer smooth and not flat as in the RC 
sample. At low magnification, as shown in Fig. 3i and Fig. 4f, these 
samples have a relatively rough surface, and there are rich pores of 
different sizes (surrounded by red circles), which facilitate the transport 
of electrolyte ions [27]. These results demonstrate that the catalytic 
graphitization process can enhance pore development using both 
methods. 

To further investigate the structural change of coal samples and also 
describe the formation of graphitic nanostructures in the obtained 
samples, transmission electron microscopy (TEM) and high-resolution 
translation electron microscopy (HR-TEM) coupled with fast Fourier 
transform (FFT) were performed. Figs. 5 and 6 show the TEM results, 

Fig. 5. TEM and HR-TEM images of RC (a–c), HTC-Ni (d–f), and HTC (g–i).  
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which are agreeable with XRD, Raman, and SEM analysis. Before cata
lytic graphitization, the RC sample was amorphous, as shown in Fig. 5a, 
and there are no graphitic domains in the HR-TEM image in Fig. 5b. The 
FFT image shows a hollow circle (upper inset), as shown in Fig. 5c, 
which further confirms the amorphous structure of the RC. TEM and HR- 
TEM were also performed to study the structure of the HTC sample after 
catalytic graphitization and before acid treatment. As shown in Fig. 5d, 
HTC-Ni consists of graphitic carbon, which is mainly produced by 
chemical interaction between the amorphous carbon and the Ni catalyst 
nanoparticles at high temperatures. With the diffusion of Ni particles 
throughout the amorphous carbon matrix and an increase in the tem
perature, only the carbon in contact with the Ni nanoparticles was 
converted into a precipitate graphitic nanostructure. The rest of the 
material remains as amorphous carbon. In addition, the diffusion of 
nickel particles ended when they met the stiff graphitic layers. As a 
result, the HTC-Ni sample contains amorphous carbon mixed with 
multilayered graphitic carbon around the catalyst. This is seen in the 
FFT (lower inset) and HR-TEM images in Fig. 5e. Fig. 5f clearly shows 
highly crystallized carbon layers separated by an interlayer distance of 
0.34 nm (from the XRD result). After acid washing and subsequent 
deionized water washing of the HTC-Ni sample, the catalyst was 
removed. The TEM image of the HTC sample in Fig. 5g shows the 
retention and high crystallinity of graphitic nanostructures mixed with a 
small amount of amorphous carbon. As in the HR-TEM and FFT (in the 
inset) images in Fig. 5h, which also show high crystallinity nano
structures. Moreover, as shown in Fig. 5i, the low-magnification HR- 
TEM image indicates the highly ordered graphite crystalline structure 
mixed with a small amount of amorphous carbon. 

After catalytic graphitization using flash Joule heating (FJH), the 
amorphous structure of raw coal was transformed into a crystalline 
structure. TEM images of the FHC-Ni and FHC samples in Fig. 6 and by 

comparison with the images of RC samples in Fig. 5a − c confirmed this 
transformation. As illustrated in Fig. 6a, the TEM image of the FHC-Ni 
sample shows the graphitized carbons of a typical circle-like nano
structure. This nanostructure consists of a dark area (Ni particles-rich 
side) embedded in a large (carbon-rich side) area. The graphitic car
bon is produced during Joule heating by moving catalyst nanoparticles 
through the amorphous carbon areas, precipitating as graphitic ordered 
layers. Consequently, the graphitic shell’s form shows a ring-like 
structure of highly crystallized carbon with different curvatures. The 
HR-TEM image in Fig. 6b shows the formation of a ribbon-like graphitic 
nanostructure of the FHC-Ni sample. The FFT image (right lower inset) 
confirmed that graphitic nanostructures or crystalline ordering were 
formed in this sample. Fig. 6c shows clearly highly crystallized carbon 
layers, separated by an interlayer distance of 0.338 nm (from the XRD 
result). After acid washing and subsequent deionized water washing, Ni 
particles were almost completely dissolved and removed from the 
sample. So, no metal nanoparticles were observed in the TEM image of 
the FHC sample in Fig. 6d − f. As shown in Fig. 6d, the TEM image 
clearly shows that the FHC sample contains widespread-layered graphite 
sheets mixed with a small amount of amorphous carbon. The HR-TEM in 
Fig. 6e also showed a highly ordered graphite crystalline structure. The 
FFT image (right–bottom inset) showed multiple sets of dots with sixfold 
symmetry, indicating the more clearly crystalline ordering of the FHC 
sample. The interlayer distance of graphitic material has changed 
slightly, as shown in Fig. 6f; after acid washing, it was about 0.34 nm 
(based on the XRD result). These observations provide another proof to 
confirm the transformation of the raw coal structure from amorphous 
into crystalline when the raw coal was prepared with the metal catalyst 
and heated by both heating methods. 

Fig. 6. TEM and HR-TEM images of FHC-Ni (a–c), and FHC (d–f).  
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4. Electrochemical performance measurements 

4.1. Electrochemical performance as anodes of LIBs. 

To evaluate the lithium storage property of graphitized coal mate
rials and compare the performance of HTC and FHC samples as anode 
materials in LIBs, half-cell batteries were assembled. Galvanostatic 
charge and discharge profiles of HTC and FHC electrodes were obtained 
from 0.01 to 3 V versus Li/Li+ at a 0.1C current density rate, as displayed 
in Fig. 7a and b. The initial charge (lithiation) and discharge (delithia
tion) capacities of the HTC are 322.5 and 463 mAh⋅g− 1, as shown in 
Fig. 7a, and 321.3 and 450.6 mAh⋅g− 1 for the FHC, as indicated in 
Fig. 7b. The initial coulombic efficiency (ICE) was about 69.6 % and 
71.3 % for HTC and FHC, respectively. These poor coulombic efficiency 
values can be mainly attributed to forming the solid electrolyte interface 
(SEI) on the surface of electrodes and the irreversible part of lithium 
storage [11]. Such a loss of capacity in the first cycle is common amongst 
carbon materials. In the subsequent cycles, this phenomenon dis
appeared, and the coulombic efficiencies increased gradually for both 
electrodes. In the second and third cycles, the coulombic efficiency 
reached 90.9 % and 92.3 % for the HTC and 92.6 % and 93.4 % for the 
FHC, respectively, demonstrating stable electrochemical performance. 

Comparing the initial charge capacities of the carbon materials 

prepared in this work with different carbon materials reported in the 
literature is shown in Table 2. Carbons included in the comparison are 
TNO nanoparticles [44], tetrakis coumarin [45], anthracite-based 
graphite [46], Mg-doped LZT/C [47], regenerated graphite [48], 
graphitized stacked-cup carbon nanofibers [49], graphitized boron- 

Fig. 7. Electrochemical performance of HTC and FHC tested against Lithium: charge/discharge curves (a) and (b); cyclic voltammetry (c) and (d).  

Table 2 
The electrochemical performance comparison of HTC and FHC with a variety of 
carbonaceous materials as anodes for the materials of LIBs.  

Material name Charge capacity (mAh⋅g− 1) Ref 

TNO 201 at (0.1C) [44] 
TKC 238 at (0.05C) [45] 
AF/2800 250 at (0.1C) [46] 
LZMT/C 260 at (0.2C) [47] 
R-Gr 280 at (0.05C) [48] 
PR19–2800 295 at (0.1C) [49] 
9.0PB24 310 at (0.1C) [50] 
B/CIQ5/2600 310 at (0.1C) [51] 
BCNF 310.3 at (0.1C) [24] 
PET Coke 320 at (0.1C) [8] 
HTC 322.5 at (0.1C) This work 
FHC 321.3 at (0.1C) This work 
BCG-2800 324.6 at (0.1C) [52] 
BCG-2600 325 at (0.1C) [52]  
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doped carbon foams [50], graphite materials prepared from coal com
bustion fly ashes [51], graphitized biogas-derived carbon nanofibers 
[24], carbons from petroleum coke [8] and synthetic graphite from 
bituminous coal [52]. Compared to most other carbon materials, it can 
be estimated that the overall performance of both HTC and FHC samples 
is better in terms of initial charge capacity and slightly lower than that of 
BCG-2800 and BCG-2600. 

The cyclic voltammetry (CV) measurements for HTC and FHC were 
carried out at a scan rate of 0.1 mV s− 1 in the voltage range from 0.01 V 
to 3.0 versus Li/Li+. The first four CV profiles are shown in Fig. 7c and d. 
Similar CV profiles can be noted between HTC and FHC. The broad 
reduction peak (peak 1) in the initial cycle is located between 0.5 and 
0.6 V. This is because of the forming of dense (SEI) layers on the elec
trode surface due to the electrolyte decomposition reaction [53]. It is 
worth noting that this peak disappeared in the subsequent cycles, which 
confirms that the carbon structure and SEI film formation have stabi
lized. The distinctive reduction peak can be shown at approximately 
0.015 V at peak 2; this peak is attributed to the intercalation of lithium 
ions into the graphitic carbon structure of anode materials. In addition, 
during charging, a sharp and strong oxidation peak is observed between 
0.2 V and 0.25 V at peak 3, which is related to the deintercalation of 
lithium ions from the graphitic carbon structure. Above all, after the 
initial cycle, the CV curves almost overlapped each other, indicating 
excellent electrochemical reversibility of the HTC and FHC anode 

materials. 
For more comparison between the differences in the electrochemical 

behavior of HTC and FHC, Fig. 8a displays the rate performance of six 
current rates from 0.1C to 5C for 10 cycles each and their corresponding 
charge/discharge profiles. At a low current rate of 0.1C, the HTC elec
trode’s initial charging capacity was 322.2 mAh⋅g− 1 and maintained 
about 314.3 mAh⋅g− 1 during the subsequent cycles. Following the 
gradual increase in current rates, the average charging capacities of 285, 
258.2, 242, 215, and 189.2 mAh⋅g− 1 were obtained at current densities 
of 0.2C, 0.5C, 1C, 2C, and 5C, respectively. In contrast, the FHC presents 
an initial charging capacity of 321.1 mAh⋅g− 1 (maintains about 306.4 
mAh⋅g− 1 during the subsequent cycles) at a current rate of 0.1C. The 
average charging capacities of 293.8, 263.7, 233.8, 178.8, and 104.3 
mAh⋅g− 1 were obtained at current densities of 0.2C, 0.5C, 1C, 2C, and 
5C, respectively. The higher rate capability and better reversibility at a 
current rate of 0.1C can be seen from the HTC electrode when compared 
to FHC. This indicates that it has a more favorable rate capability. 
Moreover, after 60 cycles of charging and discharging with various 
current densities, once the current rate suddenly reverted to 1C and 
0.1C, the HTC electrode recovered the average charge capacities of 
258.3 and 325.2 mAh⋅g− 1, respectively. Similarly, the FHC electrode 
recovered charge capacities of 245.5 and 315 mAh⋅g− 1. These results 
indicate that both samples have outstanding cycling stability and rate 
performance as anode materials for LIBs. 

Fig. 8. (a) Rate performance of HTC and FHC. (b) and (c) cycling performance of HTC and FHC at a current rate of 2C. (d) EIS curves of HTC and FHC before and 
after 30 cycles. 
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Additionally, Fig. 8b and c display the cycling behavior and 
coulombic efficiency of HTC and FHC electrodes after 100 cycles at a 2C 
current rate. As we can see, during the initial charge cycle, the HTC 
exhibited a capacity of 215.8 mAh⋅g− 1, and it still had a capacity of 
199.2 mAh⋅g− 1 after 100 cycles with a roughly 99 % capacity retention 
rate. Besides, FHC exhibits an initial charge capacity of 179.6 mAh⋅g− 1 

and after 100 cycles 166.1 mAh⋅g− 1, with coulombic efficiency of nearly 
99 %. These results indicate the excellent cycling performance and 
electrochemical stability of the obtained samples as anode materials for 
LIBs. The electrochemical impedance spectroscopy (EIS) experiment 
was carried out to investigate the kinetics of electrodes and to explain 
the reasons for the excellent performance of the prepared samples as 
anode materials for LIBs. The tests were performed before and after 30 
charge/discharge cycles and recorded at a frequency ranging between 
100 kHz and 10 mkHz. The Nyquist plots of HTC and FHC electrodes 
shown in Fig. 8d are similar in shape. The Nyquist plots consist of a high- 
frequency semicircle range corresponding to charge transfer resistance 
(Rct) at the interface between electrode and electrolyte and a low- 
frequency inclined line corresponding to the Warburg impedance of 
the Li-ions diffusion process through the electrode [53]. These results 
are consistent with the galvanostatic charge and discharge and C.V tests. 
Moreover, the HTC electrode has a slightly smaller semicircle diameter 
than that of FHC, indicating a lower (Rct) and higher electrical con
ductivity. Furthermore, after 30 charge/discharge cycles, the Nyquist 

plots of HTC and FHC show very little difference between before and 
after cycling, indicating that the prepared samples have good electro
chemical stability as LIBs anode materials. 

4.2. Electrochemical performance as anodes of PIBs. 

The K-ion storage properties of HTC and FHC samples were tested 

Fig. 9. Electrochemical performance of HTC and FHC tested against Potassium: charge/discharge curves (a,b) and cyclic voltammetry (c,d).  

Table 3 
Comparison of electrochemical performance between HTC and FHC with 
different carbon materials as anodes of materials of PIBs.  

Material name Charge capacity (mAh⋅g− 1) Ref 

TC1100 195 at (0.1C) [54] 
TC1600 200 at (0.1C) [54] 
SnS@C 205 at (0.1C) [55] 
NSO-HCN 238 at (0.05C) [56] 
SC 246 at (0.1C) [16] 
Nano-CaCO3 259 at (0.05C) [57] 
HCS-SC 261 at (0.1C) [16] 
S-3DHPC-4 ~ 248 at (0.05C) [58] 
EG ~ 220 at (0.05C) [59] 
HTC 265.4 at (0.1C) This work 
FHC 262.2 at (0.1C) This work 
B1-A-900 ~ 270 at (0.05C) [23] 
PGC ~ 285 at (0.05C) [33]  
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using potassium metal as a reference electrode/counter. Fig. 9a and b 
display the charge (potassiation) /discharge (depotassiation) profiles of 
HTC and FHC as the anodes materials for PIBs under a current density 
rate of 0.1C and voltage range between 0.01 and 3.0 V versus K/K+. The 
electrodes delivered initial charging and discharging capacities of 265.4 
and 365.2 mAh⋅g− 1 for the HTC and 262.2 and 498.1 mAh⋅g− 1 for the 
FHC, with an ICE of 72.6 % for HTC and 52.6 % for FHC. The low ICE of 
both electrodes is certainly associated with forming the layer of (SEI) on 
the electrode surface, which is expected as in LIBs. The K-ion storage 
performance (initial charge capacities) of the HTC and FHC samples was 
also compared with different carbon materials, shown in Table 3. Car
bons included for comparison are hard-carbon derived Waste-Tire 
Rubber [54], carbon-supported SnS [55], N/S/O-tridoped hard carbon 
[56], hard-soft composite carbon [16], hierarchically porous carbon 
prepared from the nano-CaCO3 template and sucrose [57], coal-derived 
S heteroatoms [58], expanded graphite [59], coal-based carbon [23] 
and nanoporous coal [33]. From Table 3, it can be evaluated that the 
HTC and FHC electrodes have better initial charge capacities than most 
of the other materials. 

Fig. 9c and d exhibit the CV profiles of HTC and FHC electrodes 
which were measured over a voltage range between 0.01 and 3.0 V 
versus K/K+, with a 0.1 mVs− 1 scan rate for the first four cycles. Irre
versible peaks were observed in the first cycle for both electrodes; for the 
HTC at 0.26 V, 0.59 V, and 2.1 V; for the FHC, they have observed at 

1.25 V and 1.7 V. These peaks correspond to forming of SEI films due to 
the reaction of electrolyte decomposition as in the LIBs. Remarkably, in 
the subsequent cycles, these peaks almost disappeared for both elec
trodes, confirming that the SEI layer was formed only in the initial 
discharge cycle. The strong sharp cathodic peak at around 0.01 V was 
observed in the first four cycles for both electrodes because of the 
intercalation of the K-ions into the carbon pores. Besides, anodic peaks 
were located at ~ 0.25 V for HTC and ~ 0.22 V for FHC, which were 
associated with the K-ion extraction. Furthermore, the subsequent CV 
profiles overlapped well, indicating good cycling stability for both 
electrodes. 

In addition, the rate performance was also measured at different 
current rates from 0.1C to 5C for HTC and FHC electrodes. As shown in 
Fig. 10a, significantly, the HTC electrode exhibits excellent rate per
formance compared to the FHC electrode. The HTC electrode presents 
average charge capacities of 258.1, 222.2, 198.4, 182.1, 169.3, and 138 
mAh⋅g− 1 at current rates of 0.1, 0.2C, 0.5C, 1C, 2C, and 5C, respectively. 
In contrast, when the current rate was increased gradually from 0.1 to 
0.2C, 0.5C, 1C, 2C, and 5C, the corresponding average charge capacities 
of the FHC electrode were 254.1, 183.3, 151.4, 123.5, 100.1, and 51.8 
mAh⋅g− 1 respectively. Besides, once the current rates were switched 
back to 1C and 0.1C after 60 cycles, the initial charge capacity of both 
electrodes was increased, indicating excellent cycling stability and rate 
performance of the prepared samples as PIBs anode materials. The 

Fig. 10. (a) Rate performance of HTC and FHC.(b,c) cycling performance of HTC and FHC at a current rate of 2C. (d) EIS curves of HTC and FHC before and after 
30 cycles. 
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cycling performance and coulombic efficiency of the HTC and FHC 
electrodes over 100 cycles at a current density of 2C are shown in 
Fig. 10b and c. The HTC exhibits an initial charge capacity of 170.5 
mAh⋅g− 1; after 100 cycles, the HTC has a capacity of 138.1 mAh⋅g− 1, 
with a retention ratio of nearly 98 %. In contrast, the FHC shows an 
initial charge capacity of 100.2 mAh⋅g− 1 and maintains a capacity of 
73.88 mAh⋅g− 1 with a capacity retention of 97 % after 100 cycles. 
Overall, such high cycling performance and coulombic efficiency indi
cate the great potential of the obtained samples for energy storage ap
plications again. 

Moreover, the EIS technique for the HTC and FHC electrodes was 
performed before and after 30 cycles. As shown in Fig. 10 d, all the 
Nyquist plots are composed of one sloping line in the low-frequencies 
range and one depressed semi-circle in the high-medium frequencies 
range. The former is related to the solid diffusion impedance of the K- 
ions in the electrode and represents the Warburg impedance. The latter 
is associated with the charge transfer resistance (Rct) in the electrolyte/ 
electrode interfaces [60]. In addition, after 30 cycles, the Nyquist plots 
of HTC and FHC show a slight difference between before and after 
cycling, demonstrating the good electrochemical performance of both 
electrodes. 

5. Conclusion 

In conclusion, the raw coal, an abundant and cheap source, was 
successfully converted from an amorphous structure into a crystalline 
structure by preliminary carbonization with catalytic activation fol
lowed by two different methods of graphitization; high-temperature 
treatment and flash Joule heating (FJH). The characterization results 
of XRD, Raman spectroscopy, BET, SEM, and TEM/HR-TEM showed 
structural changes and the formation of a crystalline structure. HTC and 
FHC anodes for LIBs delivered reversible capacities of 322.5 and 321.3 
mAh⋅g− 1, respectively, at a 0.1C current density, with excellent rate 
capability and outstanding stable cycling performance. For PIBs, HTC 
and FHC anodes exhibit reversible capacities of 265.4 and 262.2 
mAh⋅g− 1, respectively, at a 0.1C current density, with outstanding rate 
capability and stable cycling. The HTC anode demonstrated slightly 
better electrochemical performance than the FHC anode in both LIBs 
and PIBs. Despite these results, the conventional heating method of 
using a high-temperature furnace consumed a huge amount of energy 
and time. In contrast, the FJH heating process was easy, direct, and 
provided high temperatures within a very short time, as well as ultrafast 
cooling. This indicates that the FJH is much more efficient in terms of 
time and energy requirements than the current traditional heating 
method. Therefore, the catalytic synthesis method following FJH might 
become an economical and environmentally friendly alternative to 
producing anode materials for LIBs and PIBs, and the coal-based carbons 
might become a promising alternative to natural graphite. 
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