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Abstract: A few-layer graphene (FLG) composite material was synthesized using a rich reservoir
and low-cost coal under the microwave-assisted catalytic graphitization process. X-ray diffraction,
Raman spectroscopy, transmission electron microscopy, and X-ray photoelectron spectroscopy were
used to evaluate the properties of the FLG sample. A well-developed microstructure and higher
graphitization degree were achieved under microwave heating at 1300 °C using the S5% dual (Fe-Ni)
catalyst for 20 min. In addition, the synthesized FLG sample encompassed the Raman spectrum
2D band at 2700 cm ™!, which showed the existence of a few-layer graphene structure. The high-
resolution TEM (transmission electron microscopy) image investigation of the S5% Fe-Ni sample
confirmed that the fabricated FLG material consisted of two to seven graphitic layers, promoting
the fast lithium-ion diffusion into the inner surface. The S5% Fe-Ni composite material delivered a
high reversible capacity of 287.91 mAhg~! at 0.1 C with a higher Coulombic efficiency of 99.9%. In
contrast, the single catalyst of S10% Fe contained a reversible capacity of 260.13 mAhg~! at 0.1 C
with 97.96% Coulombic efficiency. Furthermore, the dual catalyst-loaded FLG sample demonstrated
a high capacity—up to 95% of the initial reversible capacity retention—after 100 cycles. This study
revealed the potential feasibility of producing FLG materials from bituminous coal used in a broad
range as anode materials for lithium-ion batteries (LIBs).
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1. Introduction

Lithium-ion batteries (LIBs) are remarkable in many aspects owing to their high
energy density, long cycling life, and low pollution levels [1-3]. The fast-growing global
demand for portable electronic devices and electric and hybrid automobiles has led to much-
advanced research on electrode materials [4]. Recent research has focused on improving
the electrochemical performances of LIBs in such areas as stability, cycling capacity, and
cost-effectiveness by looking at employing different kinds of carbon materials as anode
materials. Carbon composite materials such as graphene, boron-doped carbon foam,
artificial graphite scrap, and anthracite-based graphite have been used as anode materials
to enhance electrochemical performance. In addition, graphene has an outstanding rate
capability for battery performance due to its higher conductivity, long chemical stability,
and ample storage capacity [5,6]. Furthermore, it has been found that synthetic graphite
has excellent cycling and rate capacities for use as an anode material in LIBs [7]. In addition,
the biomass reed flowers-derived bimodal porous carbon (BPC) was synthesized through
sulfur mixing, providing a high Li-S battery performance and increasing the higher surface
area [8]. According to the researcher, the FLG adhesion strength between the current
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collector and the active materials contributes to making a high-density electrical path and a
high mechanical electrode strength within the electrode. These facilities are highly effective
in functional materials volume change during the charge/discharge process and smooth
the electron transfer. As a result, the FLG composite materials deliver a high power density
and long-term energy storage capacity [9]. In general, a range of coals and petroleum cokes
have been used as precursors to make the composite materials for anodes, and they require
a high temperature (3000 °C) for graphitization [10,11]. However, the high production
costs and complex procedures have affected their large-scale industrial applications.

Coal is a naturally rich carbon source that has been used as a precursor in the develop-
ment of a range of carbon material products, including nanotubes [12], fullerene [13], and
graphene nanosheets [14]. Several hydroaromatic and aromatic domains link short-chain
aliphatic and ether groups in coal [15]. These linking groups detach at high pyrolysis
temperatures, which changes the amorphous order into a graphitic structure [15]. Car-
bon materials such as bituminous coal have been pyrolyzed at a high temperature of
2800 °C [16]. In addition, anthracite coal has been graphitized at a range of high tempera-
tures to measure its performance as an anode material in LIBs applications [17]. However,
the cost of using carbonaceous materials for synthetic graphite production is higher due to
the amount of time and energy consumed and the high processing temperatures required.

Microwaves (MW) have been used as a substitute energy source in several sectors,
such as catalytic graphitization [18] and environmental remediation [19], due to several
benefits: for instance, its volumetric heating capacity, shorter processing time, and lower
energy consumption [20,21]. It has also been used to prepare graphene composite materials
by transferring the MW energy into heat energy, where graphite oxide has been used as a
carbon source [22]. In addition, the microwave has assisted in preparing the less oxygen-
containing graphene from graphite oxide and exfoliating the high surface graphene due to
its fast heating mode. Moreover, a solvent-free, biomass-derived FLG was synthesized at
1000 °C for 3 h under a catalytic (FeClz-6H,0O) carbothermal graphitization reaction. This
few-layer graphene provided relatively high Hall mobility and electrical conductivity [23].
Furthermore, the chemical vapor deposition (CVD) method is commonly used as one of
the most active procedures for synthesizing high-quality graphene [24]. Moreover, our
previous study found that the microwave set temperature and optimum catalyst percentage
played a crucial role in making the FLG composite material. At fixed microwave temperate
(1300 °C for 20 min), graphitic layer formation through the dissolution and precipitation
on the amorphous carbon matrix at the eutectic point of the catalyst and carbon made a
good synchronization. The metal-supported FLG composite materials were synthesized
at 1300 °C for 20 min using a single catalyst (S10% Fe) under microwave graphitization,
making a unique morphology and a well-developed mesopore structure with three to
six layers of graphene nanosheets [25].

Transition metals such as Fe, Ni, and Co are frequently used as catalysts to reduce the
treatment temperatures and time required to produce composite materials with nanostruc-
tures [26,27]. Moreover, porous carbons have been prepared at low temperatures using
a Ni catalyst, and Fe has also assisted in preparing composite materials with nanostruc-
tures [28,29]. As aresult, the carbon order has changed from Fe3* to Fe304, Fe5C, or metallic
Fe due to the reduction and carbonization reaction during the graphitization period. Fe>*
has been used as a catalyst to produce the honeycomb carbon order reorganization on the
surfaces of carbons during pyrolysis [30,31]. According to Arrigo et al., at 573 K below
temperature, the Fe atoms are fast diffused at the edges of the graphene layers. However,
at higher 873 K temperature, the Fe atoms formed highly stable three or four-coordinated
atomic species together with dinuclear complex Fe species closer to the graphene layer
edge. This diffusion has occurred from one site to the other very fast. As a result, the Fe ag-
glomerated. In addition, the C-C bonds are included at the edges of the site of the graphene
layer at a higher temperature by the metal Fe atoms [32]. Wang et al. used anthracite
coal as a precursor to prepare synthetic graphite using several catalysts, including boric
acid (H3BO3), lanthanum oxide (LayO3), cerium oxide (CeO;), and praseodymium oxide
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(PrgO11), for LIB applications [33]. These catalysts also assisted in increasing the regular
graphitic nanostructures. According to the Fe-C and Ni-C phase diagrams, the catalysts
acted as nuclei to make the graphitic carbon layer through dissolution and precipitation on
the amorphous carbon matrix at the supersaturation point of the catalyst and carbon [34,35].
Nevertheless, a stable and well-controlled graphitic structure with a cost-effective and
straightforward process for the large-scale production of FLG for anode materials in LIBs
is still required in the commercial arena.

This study prepared the FLG composite material from bituminous coal using iron (III)
nitrate nonahydrate and nickel (II) nitrate hexahydrate as catalysts under microwave heat-
ing temperature. This work significantly decreased the processing time and the fabrication
costs of making the FLG. Furthermore, the morphology and performances of the FLG were
measured using several analytical techniques.

2. Materials and Methods
2.1. Materials and Sample Preparation

Australian bituminous coal was used to produce FLG composite materials. The coal
was processed (particle size of <63 pm) and then steam gasified to raise the surface areas
of the carbon materials, which was described in detail in our previous study [25]. Then,
the Fe(NO3)3-9H,0 and Ni(NO3),-6H,O, with several catalyst loading weight percentages,
were loaded as catalysts to impregnate the coal particles. The coal and double catalyst
samples were mixed overnight (for 12 h) by a magnetic stirrer; then, 0.1 M of NH;OH
solution was added for 30 min, which was followed by washing with de-ionized water.
Lastly, the solid residue was collected using filtration and dried using an oven at 110 °C.
The steam-activated Fe and Ni catalyst-loaded samples were denoted as 52% Fe-Ni, S5%
Fe-Ni, 510% Fe-Ni, and S20% Fe-Ni.

2.2. Synthesis of the FLG Composite Materials

The FLG samples were synthesized using a microwave oven and a custom-designed
quartz reactor. A high-temperature B-type thermocouple and N, gas were used in this
synthesis process, as explained in our earlier paper [25]. All of the experiments used a4 g
sample heated at a temperature of 1300 °C for 20 min in microwave radiation with an N2
gas flow rate of 250 mL/min. The microwave oven had an automated system for controlling
the heating and cooling rate and power systems. The samples were collected from the
microwave oven after the display showed that the experiment finished. Furthermore, the
single S10% Fe catalyst samples were synthesized using the same method. The produced
composite materials were used to compare their electrochemical performances with the
dual catalyst-loaded FLG materials reported in the literature [25].

2.3. Characterization of the FLG Composite Materials

X-ray diffraction (Bruker, Germany) analysis was performed to examine the crystalline
structures of the samples in a scanning range from 10° to 80°. The interlayer spacings
(doop), crystal sizes (La), and crystal heights (Lc) of the samples were calculated using
the Debye—-Scherer equation, and the g factor values were measured using the Marie and
Meiring equation [36]. Raman spectroscopy (Horiba XploRA PLUS) evaluated the crystal
structural order in the wavenumber range of 500-3000 cm~! using a He-Ne laser at an
exciting wavelength of 532 nm. Furthermore, the morphologies of the FLG samples were
analyzed using TEM (JEOL TEM 2100) at 200 kV. HRTEM was employed to determine
the microstructure characteristics of the FLG samples. The porous properties of the FLG
samples were investigated using a Micromeritics TriStar II 3020 at a temperature of —273 °C.
The pore size distributions of the samples were derived from the N; adsorption—desorption
isotherm, which was assessed using the Barrett-Joyner—-Halenda (BJH) model. The specific
surface areas (SSA) were evaluated using the Brunauer-Emmett-Teller (BET) method with
a relative pressure (P/P,) of 0.001-1. Moreover, X-ray photoelectron spectroscopy (XPS)
was employed to determine the primary compositions of the FLG samples.



Materials 2021, 14, 6468

40f15

2.4. Electrochemical Measurements

To measure the electrochemical performances of the FLG composites, the electrodes
were assembled into a coin cell using a weight ratio (8:1:1) of active material, super P and
polyvinylidene difluoride (PVDF) in N-methyl pyrrolidinone (NMP), respectively. This
slurry was stirred vigorously overnight at room temperature and then homogenously
applied onto a copper foil and dried overnight in a vacuum oven at a temperature of
110 °C. The cell was assembled in an Ar-filled glovebox with lithium foil as a cathode
and a glass filter as separators. The electrolyte of LiPF6 (1.0 M) solution dissolved a
volume ratio (1:1) of ethylene carbonate (EC) and dimethyl carbonate (DMC), which was
used as an electrolyte. The galvanostatic charge—discharge (GCD) and specific capacity
of the cell were determined using charging/discharging in a voltage range of 0.02-2.5V
(versus Li/Li*) at the ambient temperature under several current densities (Perkin Elmer
VMP potentiostat/galvanostat). Furthermore, the cyclic voltammetry (CV) values were
measured at a scan rate of 0.1 mVs~! from 0.01 to 2.5 V.

3. Results and Discussion
3.1. Physicochemical Properties of the Composite FLG Materials

The typical XRD diffraction peaks of the porous carbon materials were catalytically
graphitized at 1300 °C with different catalyst percentages (Figure 1). After graphitization
for 20 min, the XRD patterns demonstrated two distinct peaks at 26° and 42.5°, which are
related to the aromatic layers reflection plane of (002) and (100), respectively, and matched
with the natural graphite [37]. XRD profiles also specify the microcrystalline structure of
bituminous coal. The broad diffraction peak at 26° in the XRD profiles was observed in
all Fe-Ni samples, from S2% to S20%, and the S5% sample had the highest intensify peak
(see Figure 1a). Moreover, the synthetic graphite material had a lower intense peak at 45.2°
for the Fe catalyst and 44.6° for the Ni catalyst. These results confirm that the Fe and Ni
catalysts have existed in coal-based activated carbons, which is supported by the literature
review [38]. The metallic Fe and Ni formed by reducing the iron oxides and nickel oxides
during the graphitization period. Furthermore, the oxides and carbides of iron and nickel
and the metallic Fe and Ni in the graphitized samples are beneficial for LIB applications.
These oxides, such as Fe;O3 and NiO, are involved in the conversion reaction and delivered
the extra sites to store the Li* during the charging/discharging process. The metallic Fe
and Ni assisted in raising the electronic conductivity [39-41].

- Graphitic carbon
-Iron oxide

- Nickel oxide

- Metallic Fe

- Metallic Ni

* e 40 *

S5% Fe-Ni

$10% Fe-Ni
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Figure 1. Results of: (a) XRD patterns and (b) Raman spectra for the different percentages of the
double catalyst (Fe-Ni).

The crystalline structures of the graphitic samples were further analyzed using several
valuable parameters: grain size (La), thickness (Lc), interlayer distance (dgp), degree of
graphitization (Ip/Ig), and g factor. These values were calculated from the XRD and
Raman data by employing the Scherrer and Bragg equation. In addition, the g factor was
calculated using the Marie and Meiring equation [36] (Table 1).
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Table 1. Structural properties for the different percentages of the double catalyst (Fe-Ni).
Fe-Ni Loading (%)/Parameters S2 S5 S10 S20
Interlayer spacing (dggz) (nm) 1 0.3368 0.3355 0.3361 0.3366
Crystallite size (Lc) (nm) 1 2.01 2.30 2.12 2.07
Crystallite thickness (La) (nm) 1 4.34 4.95 457 4.45
In/Ig 0.95 0.69 0.82 0.90
Lp/Ig 0.65 0.88 0.79 0.72
Lp/Ip 0.68 1.27 0.96 0.80
Surface area (m2g 1) 81.92 175.61 136.23 97.47
“g” factor (%) 2 83.4 97.9 92.3 86.4

1 Corresponds to the (002) graphitic plane from the XRD data. 2 Degree of graphitization according to the Marie
and Meiring equation, g = (0.344-d002)/(0.344-0.3354).

The microcrystalline structures of all samples were further analyzed using the pa-
rameters of La, Lc, and dggp, and the values are listed in Table 1. The crystal sizes and
thicknesses of the double catalyst-loaded graphitized samples increased from the S2% to
the S5% samples. The results of the S10% to S20% samples showed that their sizes and
thicknesses were reduced due to the amount of catalytic agglomeration of the ordered
structures. The particle size and thickness of the S5% sample were the highest of all of
the samples, i.e., 2.30 and 4.95 nm, respectively, which indicated that the graphitic crystal
stacking height and axial stacking increased. The composite materials’ graphitization
value (g factor) was enriched dramatically, from 83.4% to 97.9%, increasing the catalyst
percentages. However, after the S5% sample, the g factor values decreased due to the
agglomeration effect. Moreover, the degree of graphitization (Ip/Ig) values decreased from
the 52% to S5% samples, while the catalyst percentage increased, which occurred due to the
catalytic agglomeration effect. The S5% sample demonstrated a low graphitization value
of 0.69, indicating a high level of graphitic-ordered structures correlated with the XRD
data. In addition, the interlayer spacing (dg2) values declined as the catalyst percentage
increased (see Table 1). The results showed that the lowest dypp value was for the S5%
sample, which was 0.3355 nm, close to natural graphite (0.3354 nm), indicating that the
crystal structure changed from amorphous to a graphitic network.

Moreover, the degree of the graphitization value was linked with the interlayer dis-
tance of the crystals. It has been shown that the microwave-assisted catalytic graphitization
is more favorable than graphitization for making the shorter interlayer spacing in an electric
furnace [42]. The La, Lc, and Ip/Ig values demonstrated that the S5% sample exhibited a
perfect crystal microstructure with the highest graphitization (g) value, i.e., 97.9% (Table 1).

The Raman spectra results (see Figure 1b) showed three distinct, prominent D, G,
and 2D bands to confirm the graphitic microstructures further. The D band, at around
1350 cm ™!, corresponded to the disordered carbon structures. The peaks at about 1580
and 2700 cm~!, denoted as the G and 2D bands, were related to highly ordered and
regular graphitic microstructures [16,43]. Moreover, the distinct 2D band indicated that
the analyzed samples contained FLG structures [16]. The graphitic ratio was measured
from the intensity ratios of the D band and G band, which represented the degree of
graphitization. The Ip/Ig values decreased as the catalyst loading percentage increased
from S2% to S5%, signifying the development of graphitic structures (see Figure 1b). The
Ip/Ig value for the S20% sample was 0.90, which was the highest due to the formation of
more disordered carbon structures, and this correlated with the XRD data (see Table 1). In
addition, Rodriguez et al. found that highly ordered carbon structures are favorable for
high-performance anode materials in LIB applications, as they assisted in the intercalation
of the lithium-ions in the carbon matrix [44].

Furthermore, the 2D peak (2700 cm~!) was a double resonance second-order overtone
of the D peak and represented the number of graphene layers based on the location [45].
All of the catalyst loadings had the 2D band, which indicated a graphitic layer lattice in a
carbon matrix. The I,p /I intensity ratio represented the number of the graphene layers.
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The results showed that the S5% sample had the highest value (I;p/Ig = 0.88) among all
the samples, supporting the view that it had a multilayer structure. Moreover, the overall
crystallinity of all samples was calculated by the I,p /Ip ratio, which is presented in Table 1.
The results showed that the highest I,p /Ip value came from the S5% sample (1.27), which
indicated an extended network structure [46,47].

TEM and HRTEM were the most effective techniques further to confirm the crys-
tallinity and structures of the graphitized samples. The micrograph for the S5% sample
showed the transparent FLG nanosheets on a lacy carbon grid at several magnifications
(Figure 2a,b). The catalytic graphitization of disordered carbon was a continuous driv-
ing process, including the precipitation of the amorphous carbon on the surfaces of the
catalyst due to their ionization abilities and d-electron configuration. These properties
assisted in precipitating the disordered carbon structures over the catalysts at the super-
saturation point and growing the carbon layers through a dissolution and precipitation
mechanism [48,49]. The metastable ferric carbide also formed an intermediate product
from converting metallic oxides to Fe and Ni nanoparticles during the graphitization
process. These metals acted as nuclei to make the graphitic carbon layers [39,50]. The
phase diagram for the Fe and Ni demonstrated that the catalysts assisted in reducing the
melting temperatures. As a result, the amorphous carbon dissolved on the catalysts to
make the graphitic layers [34,35,49]. In addition, Fe played a role as a catalyst in reducing
the graphitization temperature and informing the onion-like graphitic layer during the
carbonization period [51]. Moreover, the well-developed Ni nanoparticles can produce
ultrathin graphitic structures through the developed carbon structures and the amorphous
carbon matrix. The carbon texture changed as the heating temperature increased, and
the metallic Ni acted as nuclei to grow the graphitic layers [52]. Furthermore, the results
showed that the fast heating rate during the graphitization period assisted in making the
few-layer graphitic structures; nevertheless, a thick layer of graphitic carbon formed at
lower heating temperatures [53].

Figure 2. (a,b) Different magnifications of the TEM images of the S5% Fe-Ni sample; and (c¢,d) HRTEM
images of the S5% Fe-Ni sample containing two to seven layers of graphene. The inset in (c) shows
the FFT image of the corresponding HRTEM.
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The HRTEM image of the S5% sample reveals nanosheets consisting of around two to
seven layers of graphene sheets, as shown in Figure 2¢,d. In addition, the HRTEM image
in Figure 2c shows a few layers of the sheets over a sheet distance of around 0.3355 nm,
which resembled the (002) plane of the FLG nanosheets. The HRTEM image of the S5%
sample clarifies that the graphene-based material had a highly crystalline structure. The
correlating fast Fourier transform (FFT) image (inset in Figure 2c) demonstrated the six-fold
symmetry of the graphene [54]. Furthermore, it also showed the crystalline nature of the
FLG composite material.

The N, adsorption-desorption isotherm determined the physical structures of the
FLG materials (see Figure 3a). The specific surface area of the S5% sample was calculated
to be 175.61 m?g~!, which was the highest among all of the samples (see Table 1). The
S2% sample contained the lowest surface area (81.92 ng’l), which was also higher than
natural graphite (5.5 ng’l) [36] and anthracite coal-based materials (4.7-6.8 ng’l) [17].
In addition, the FLG samples demonstrated a Type IV isotherm hysteresis loop, which
indicated a wide range of particle size distributions (2-50 nm) representing the mesopores
structure [55]. The density functional theory calculated the pore sizes of the FLG samples,
and the S5% sample showed the largest particle size at the peak of around 4.3 nm (see
Figure 3b).

0.005
(@) 1 ()
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= - ]
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Figure 3. (a) N, adsorption—desorption isotherms; and (b) Pore-size distribution curves for the
different percentages of the Fe-Ni catalyst.

The surface chemical composition of the S5% sample was investigated using XPS
(Figure 4). The survey spectrum exposed the existence of the Fe, Ni, C, N, and O elements
at 710.0, 854.1, 283.99, and 530.4 eV (see Figure 4a). In addition, the elemental composition
details examined through a high-resolution spectrum and the sharp peak spectrum at 854.5
and 873.7 eV in the Ni 2p region corresponded to Ni 2p3,, and Ni 2p; /5, respectively (see
Figure 4b) [56]. The peaks of Fe 2p at around 710.8 eV and 724.9 eV suggested the peaks
of Fe 2p;,, and Fe 2p, /5, respectively (see Figure 4c), which indicated that the Fe 2p was
generally derived from the Fe?* [57]. Both of the metallic elements (Fe and Ni) confirmed
the deposition on the FLG surface, which was in line with the XRD data. Furthermore,
the highly intensive spectrum of C 1s is shown in Figure 4d and is convoluted into three
prominent peaks. The predominant peaks are centered at 284.5, 284.8, and 286.3 eV, which
are ascribed to the C=C (spz), C-C (sp3), and C-O bonds, respectively [58,59]. Moreover,
the O 1s spectrum showed the C=0 bond at 287.8 eV and the O-C=0 bond position at
289.3 eV. These properties (O;-containing functional groups and N-doping) have improved
the storage capacity and affinity between the surfaces and ions for LIB applications [60].
Furthermore, the catalysts were decomposed into oxides and consequently reduced to
metallic elements during the pyrolysis. The carbon and catalyst interactions, diffusion
effect, and external forces play crucial roles in transforming the disordered carbon into
graphitic nanostructures according to the dissolution—precipitation mechanism [61].
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Figure 4. XPS analysis of the S5% Fe-Ni sample: (a) Survey scan; (b) Ni 2p spectra; (c) Fe 2p spectra;
and (d) Deconvoluted XPS spectra of the C 1s region.

3.2. GCD and CV Analysis of the Composite FLG Materials

The galvanostatic charge-discharge (GCD) curves for the single and double catalyst-
loaded S5% Fe-Ni and S10% Fe samples at the current rates of between 0.1 and 1 C during
the first cycle are shown in Figure 5a,b respectively. The first discharge cycle curve displays
two voltage plateaus that correlate with a natural graphitic composite material [62]. The
discharge voltage plateau at around 0.72 V corresponded with the formation of a solid
electrolyte interphase film. However, the discharge voltage plateau at 0.2 V represents the
extraction of lithium-ions from the structure of the graphite [63].

The discharge capacities of the S5% Fe-Ni and 510% Fe samples at the first cycle
were 270.4 mAhg~! and 255.25 mAhg !, respectively, while the charge capacities were
251.6 mAhg~! and 248.68 mAhg ™!, respectively. In addition, at a high current rate (1 C),
the charge capacity of the S5% Fe-Ni sample was 180.38 mAhg~!. However, the result for
the S10% Fe sample was a lower charge capacity of 151.38 mAhg~!. The single and double
catalysts results showed that the charge capacities reduced as the current density increased.
Therefore, the dual catalyst demonstrated a more negligible polarization at a high current
rate [7].

The cyclic voltammetry (CV) curves for the S5% Fe-Ni and 510% Fe samples were
investigated at a scan rate of 0.1 mVs~! with a voltage range from 0.01 to 2.5 V (see
Figure 5¢,d). In the first cycle, the CV curves for the S5% Fe-Ni and S10% Fe samples
displayed the two well-defined and prominent reduction peaks (peak-1) at 0.5V and 0.8 V,
respectively. It corresponded to the formation of the solid electrolyte interphase (SEI) film
on the surfaces of the samples. It also indicated the decomposition of the metallic oxides (Fe
and Ni) into metallic (Fe and Ni) metal during the Li* intercalation process [64]. The broad
reduction peak is found at the first cycle, which proposes the solid electrolyte interface (SEI)
film formation on the composite electrode surface. In addition, a cathodic peak observed
between 0.5 and 0.8 V suggests reversible lithium insertion into the carbon layers and
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nanopores composite materials. Moreover, at the first cycle, the cathodic peak intensity is
much higher than for the other cycles, which may happen due to the SEI formation, the
decomposition of electrolyte, and the Li* irreversible insertion into the carbon material’s
particular locations [65-67]. Furthermore, it is noted that this peak disappeared in the
second and third cycles of the S5% Fe-Ni sample, which was designated when the stable SEI
films formed. However, peak-1 was also present in the S10% Fe sample results, indicating
the instability of the SEI film. In the subsequent reduction process, a weak peak (peak-2)
was observed at 0.21 V in the following cycle, suggesting the irreversible storage of Li* in
the composite material, which generated a stable SEI layer form [68,69]. In addition, peak-3
was at around 0 V for the S5% Fe-Ni sample, which demonstrated the intercalation of the
lithium-ions into the graphitic structures of the synthetic materials. However, the position
of the S10% Fe sample peak-3 was far from 0 V, and it did not show the intercalation
of lithium ions into the samples [68]. A sharp oxidation peak (peak-4) at around 0.25 V
connected with the Li* de-intercalation process during the charging process [68]. Finally,
the cyclic voltammetry curves of the S5% Fe-Ni sample overlapped in the second and
third cycles, which signposted the excellent electrochemical stability of the FLG for anode
materials [70]. Meanwhile, the curves for the single catalyst (510% Fe) sample did not
overlap on the second and third cycles, as shown in Figure 5d.
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Figure 5. Electrochemical performances of the FLG materials: (a,b) GCD curves of the S5% Fe-Ni
and S10% Fe samples at rates of 0.1 to 1 C; (¢,d) CV curves of the S5% Fe-Ni and S10% Fe samples at
a scan rate of 0.1 mVs~!.

3.3. The Rate Capability, Cycling Stability, and Coulombic Efficiency of the Composite
FLG Materials

The rate performances of the single S10% Fe and double S5% Fe-Ni catalyst samples
at different current densities, from 0.1 to 5.0 C, over ten cycles for each sample are shown
in Figure 6. The results for the S5% Fe-Ni sample showed high average reversible capac-
ities for 10 cycles of 287.91 mAhg~!, 261.39 mAhg~!, 229.31 mAhg~!, 189.45 mAhg~!,
131.14 mAhg_l, and 80.37 mAhg_l, which were found at the current densities of 0.1 C,
02C,05C,1C,2C, and 5 C, respectively. However, the S10% Fe sample showed a
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reversible capacity of 260.13 mAhg ! at 0.1 C, 178.07 mAhg ! at 0.2 C, 130.29 mAhg ! at
0.5C, 7243 mAhg ! at1C, 41.25mAhg ! at2 C, and 18.29 mAhg ! at 5 C, respectively.
These results demonstrated that the dual S5% Fe-Ni catalyst contained a higher reversible
capacity than the single S10% Fe catalyst at the current rate of 0.1 C. Furthermore, the
S5% Fe-Ni sample returned the high capabilities of 168.89 mAhg~! and 280.15 mAhg !
after reverting to the current rates of 1 C and 0.1 C, respectively, which demonstrated
the excellent stable electrochemical properties of the S5% Fe-Ni catalyst. These results
are significantly higher than those reported for other 3D graphene materials (84 mAhg !
and 184 mAhg 1) [71,72]. However, the single S10% Fe catalyst results showed reversible
capacities of 105.23 mAhg~! and 229.85 mAhg~! at current densities of 1 C and 0.1 C,
respectively, which are lower than the results for the double S5% Fe-Ni catalyst. The
superior rate capability of the S5% Fe-Ni electrode material significantly contributed to the
connections with the micro-, meso-, and macroporous structures and the functional groups.
Porous structures such as micro-, meso-, and macropores act as functional groups activated
by ion accommodation to achieve a high storage capacity, facilitate ion transport through
nano-channels, and reduce distance Li-ion diffusion. Overall, the composite S5% Fe-Ni
sample has ion lodging functional groups, ion transportation, and shorter distance in an
inner surface and promoted more active sites with sufficient intercalation spaces.
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Figure 6. The rate capabilities and Coulombic efficiencies of the S5% Fe-Ni and S10% Fe samples.

The GCD test determines the Coulombic efficiencies of the S5% Fe-Ni and S10%
Fe samples at a current rate of 0.1 C for eighty cycles (Figure 6). The dual S5% Fe-Ni
catalyst sample results showed an average Coulombic efficiency of 99.9% during the
cycling performance test. However, the Coulombic efficiency of the single S10% Fe catalyst
sample was 97.96%. The Coulombic efficiency of the S5% Fe-Ni electrode material was
in a stable range between 98% and 100% during the cycling. Therefore, the S5% Fe-Ni
sample findings suggested that the catalyst’s efficiency improved with the graphitization
values during the pyrolysis period and decreased the graphitization heating temperature
while providing a highly ordered graphite structure, which was supported by the literature
on coal-based catalytic graphitization [33]. Furthermore, a highly ordered layer structure
could enable Li-ions and electron transfer migration and indicated a boost in the Li-ion
storage capacity with excellent electrochemical performances.

The electrochemical impedance spectroscopy (EIS) experiments were carried out to
understand further the electrochemical behavior and its potential application of the S5%
Fe-Ni and S10% Fe composite samples. The semicircle EIS curves of S5% Fe-Ni were
smaller than the S10% Fe, as shown in Figure 7. According to the literature survey, this
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type of equivalent circuit enlightened the anode impedance spectra [73]. At the high to
medium-frequency region, the two composites are partially overlapped by semicircles. In
addition, the charge transfer resistance of the S5% Fe-Ni and S10% Fe samples were 4 ohm
and 12 ohm, which are compliant with the CV result. The electronic conductivity of the
S5% Fe-Ni sample represented a crucial role in charge transfer for batteries. It increased to
make the short distance of lithium-ion move during the cycling period.
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Figure 7. The Nyquist plots of the S5% Fe-Ni and S10% Fe samples.

The cycling performance of anode material is one of the most vital parameters for LIBs
application. The cycling performance of the S5% Fe-Ni sample was conducted by the GCD
test repeating at a 1C current rate for 100 cycles, as shown in Figure 8. The initial capacity of
the S5% Fe-Ni sample was decayed by the solid electrolyte interphase (SEI) formation with
the lithium-ion reduction and increased the inner electrode. In contrast, the dual catalyst of
55% Fe-Ni retained a higher capacity than the single catalyst (510% Fe). The initial capacity
of the S5% Fe-Ni was 187 mAhg ! after 10 cycles. In contrast, a single catalyst (510% Fe)
capacity was 72.33 mAhg~! at the same cycles. After 100 cycles, the single catalyst (S10%
Fe) capacity was 67.5 mAhg ! and the dual catalyst was 177.78 mAhg !, respectively. In
addition, the corresponding capacity reached as high as 95% after 100 cycles of the dual
catalyst-loaded sample. The structural change of the sample significantly improves by the
dual catalyst the LIBs” performance.
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Figure 8. Cycling stability of the S5% Fe-Ni and S10% Fe samples at the current rate of 1 C.
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4. Conclusions

Coal-based FLG materials were successfully fabricated from bituminous coal through
dual catalytic graphitization (Fe and Ni) at 1300 °C under the microwave process. The
Raman spectra of the synthesized FLGs exhibited a 2D band feature at 2700 cm~!. A
well-developed graphitic structure with two to seven layers was achieved using the S5%
Fe-Ni catalyst and required only 20 min using a microwave. The analysis indicated that
uniform and constant graphene sheets were formed. The results showed that the growth
of the FLG using a dissolution—precipitation mechanism mainly depended on the catalyst-
loading percentage and the MW heating temperature. The prepared FLG possessed a
highly ordered graphitic layer, which was favorable for the rapid transportation of Li-ions.

Moreover, the S5% Fe-Ni catalyst exhibited a high reversible capacity of 287.91 mAhg !
at 0.1 C, which was still 280.15 mAhg ! after eighty cycling performances and had a high
Coulombic efficiency of 99.9%. However, the single S10% Fe catalyst had a reversible capacity
of 260.13 mAhg ! at 0.1 C, with a Coulombic efficiency of 97.96%. The dual S5% Fe-Ni
catalyst-loaded FLG sample results indicated that the composite material had excellent
cycling stability. After 100 cycling performances, the dual catalyst (S5% Fe-Ni) capacity was
187 mAhg~!, and the single catalyst capacity (S10% Fe) was 67.5 mAhg~!. Furthermore,
the dual catalyst-loaded sample retention capacity was 95% after 100 cycles. These unique
characteristics of the FLG significantly supported the findings that stable SEI formed, the
conductivity improved, and the ion diffusion path was efficiently shortened during the
cycling process.

The elemental composition analysis represented that the dual catalyst was successfully
obtained in the composite material. In addition, the EIS and cyclic voltammetry results for
the prepared dual catalyst (S5% Fe-Ni)-loaded FLG materials revealed excellent stable elec-
trochemical properties. Considering the plentiful reserves, cheap precursor, and superior
electrochemical performances of the prepared FLG materials suggests an effective strategy
for commercializing coal-based graphite for applications as an anode material in LIBs.
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