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Abstract: The study explored the graphitization of wood through two distinct methods: a high-
temperature approach at 2400 °C and a low-temperature technique at 1400 °C using a catalyst.
The graphitization properties were assessed by conducting thermal experiments at various tem-
peratures (1100 °C, 1400 °C, 1800 °C, 2000 °C, and 2400 °C), both with and without a catalyst.
The development of graphite lattices was quantitatively analyzed using an array of techniques:
X-ray diffractometer (XRD), Raman spectroscopy, high-resolution transmission electron microscopy
(HR-TEM), and Fourier transform infrared spectroscopy (FTIR). The XRD analysis highlighted
temperature-dependent changes in lattice parameters (dgo2, Ls, and L), while Raman spectroscopy
tracked alterations in the D to G peak ratio (D/G) with temperature. An increase in temperature is
correlated with a rise in the number of graphene layers and the degree of graphitization. Notably,
the process of graphite lattice formation varied across the experimental temperature spectrum. The
use of a catalyst resulted in a reduced dyy, spacing, signifying an enhanced degree of graphitiza-
tion. Moreover, the catalyst promoted a consistent and smooth graphitization process throughout
the heating stages. In contrast, graphitization without a catalyst occurred at higher temperatures,
specifically between 1800 °C and 2000 °C, with the dyp, value stabilizing around 0.338 nm. The
catalyst proved instrumental in transforming the initial structure into well-ordered graphite at lower
temperatures. This investigation underscores the potential and benefits of employing a catalyst to
generate high-quality graphite from wood at reduced temperatures, paving the way for sustainable
and economically viable applications of this material.
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1. Introduction

Non-renewable fossil fuels like coal and oil, have a number of drawbacks when it
comes to creating a sustainable energy system. These drawbacks include exerting pressure
on natural resources and contributing to global warming [1]. However, in contrast to coal,
wood serves as a renewable energy source [2]. In addition, wood, plant, crop, fruit, and
animal waste are examples of the various naturally occurring forms of biomass, which is a
carbon-rich material. A carbon-rich residue is created when biomass is thermally processed
in an inert atmosphere, breaking down the labile oxygen-rich structure. Since ancient times,
biomass has been utilized as a source of carbon materials because of its abundance and ease
of conversion. It is widely acknowledged that the highest treatment temperature and the
structure of the precursor biomass determine the structure of the carbon material generated
from biomass.

Charcoal, derived from wood, is another renewable energy form produced through
thermal decomposition in the absence or controlled presence of oxygen. As a result,
charcoal aligns with global efforts to promote renewable energy and reduce carbon dioxide
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(COy) emissions. Interestingly, charcoal maintains a delicate balance: it emits CO, during
combustion due to its wood composition; however, it also immobilizes CO, from the
atmosphere [3]. Charcoal is a porous carbon material with numerous pores developed on
its surface and inside. If the pores are developed, air can easily enter the inside, it is easy to
burn, and it has good thermal power, so it is an excellent fuel; however, above all, the large
surface area greatly increases the ability to absorb organic gases [4].

Several researchers have reported studies on producing graphite by heating charcoal
made from wood to high temperatures. Graphite is largely divided into two types: natural
graphite and artificial graphite. Natural graphite is obtained from minerals that exist in
the form of graphite in nature. The carbon component of natural graphite is in a plate-like
form, piled up layer by layer under high temperature and pressure for a long time [5].
Natural graphite is expensive, requires a difficult purifying procedure, and has inconsistent
purity. Artificial graphite has several advantages over natural graphite, including stronger
controllability over the synthesis process, a larger carbon source, and a greater level of
purity [6]. Artificial graphite is made by heating raw materials to over 2500 °C [7]. There is
growing interest in using high-density, low-volatile charcoal to manufacture graphite. This
is due to the potential to reduce net greenhouse gas emissions from producing graphite from
coal or coke. “White’ charcoal is expected to be a potential candidate for this application.
Research by Park Yong-Nam and others also conducted research on producing graphite
using white charcoal, which can replace coal or coke.

Graphite’s exceptional qualities, including its high thermal and chemical stability
and great electrical conductivity, are a result of its well-organized structure [8]. Due to
its outstanding qualities, graphite is widely used in a variety of applications, including
refractories [9], the manufacturing of graphene [10], supercapacitors [11], solar cells [12],
fuel cells [13], cars [14], and batteries [15]. The researchers are still trying to find an easy,
cost-effective technology to produce high-quality, well-ordered graphite. The traditional
method of producing synthetic graphite involves heating raw materials like pitch and
petroleum coke to high temperatures in order to transform amorphous carbon into a
regular graphite structure [16,17]. This synthetic approach does, however, have a number
of drawbacks, such as expensive expenses and stringent equipment needs. As a result,
adding the catalyst during the graphitization process has been discovered and is proven
to be a successful method of creating artificial graphite. The best method for turning
biomass, a renewable carbon precursor, into graphitic carbon compounds at comparatively
lower temperatures (900-1500 °C) is catalytic graphitization. Typically, this process turns
amorphous carbon into ordered carbon structures, requiring a process involving a transition
metal catalyst including chromium (Cr) or manganese (Mn) [18], cobalt (Co) [19], nickel
(Ni) [20], etc. Because of the catalytic properties of the metal particles that develop during
the procedure, some metals can lower the graphitization temperature [21].

Recently, iron-based materials are supposed to be the most widely used metal catalysts
in the manner of catalytic graphitization, which produces graphitic carbon [22]. Because
iron sources exist in diverse phases, the iron loading process has grown to be essential in
catalytic graphitization. However, it reduces mechanical characteristics and contaminants
in a furnace throughout the carbonization process. Also, this procedure employing an
organic solution is mostly employed to enhance the interfacial contacts for the implantation
method [23]. Thus, it is desirable to prepare for nanoparticle agglomeration and to develop
a new graphitic surface modification that does not require an organic solution. Conversely,
mechanically mixed approaches, such as ball milling methods, demonstrate a straightfor-
ward, quick, affordable, and environmentally friendly technology with great promise [24].
However, ineffective management of the milling process can lead to viscosity accumulation,
which elongates the entire procedure and lowers milling effectiveness. Gomez-Martin et al.
prepared iron-catalyzed graphitic carbon materials from biomass resources using dispersed
DMEF carbon sources into FeCl; solution and a furnace heated to 2000 °C [25].

In this study, we compared and analyzed high-temperature graphitization and cat-
alytic graphitization to produce high-quality artificial graphite from wood, followed by
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the carbonization of white charcoal at comparatively low temperatures, in an inexpensive,
easy method, and in a sustainable way. The catalytic graphitization of wood-derived
charcoal can be a more efficient and cost-effective method for producing high-quality
graphite compared to traditional high-temperature methods using fossil fuels. Graphite
samples can be synthesized with a controllable graphitization degree and stacking sequence
depending on the presence or absence of a catalyst. Here, the iron precursor was used
as a catalyst to synthesize high-quality graphite at low temperatures. The structure and
chemical composition of the as-prepared graphite are investigated through XRD, Raman
spectroscopy, FTIR, HR-TEM, field emission scanning electron microscopy (FESEM), and
energy-dispersive X-ray spectroscopy (EDS) to trace the structural evolution during the
graphitization process. We overcame the shortcomings of the synthesis of highly ordered
graphite with a cost-effective catalytic method instead of a high-temperature synthesis
method. Our as-synthesized graphite product can be applied in various sectors, including
aerospace, energy storage, batteries, etc., mainly as an anode material.

2. Materials and Methods
2.1. Materials

The experimental material, wood-based white charcoal, was obtained from a tradi-
tional kiln in Sangdong-eup, Taebaek-gun, Gangwon-do, Republic of Korea. Initially, it
was broken down into smaller pieces, and then the charcoal was finely ground into a
powder. This powder was subsequently sifted through a 325 mesh (<45 pum) sieve, meeting
ASTM-E-11-01 standards [26]. Iron(III) nitrate nonahydrate (Fe(NO3); - 9H,0, 98.5%) and
hydrochloric acid (HCl, 35.0~37.0%) were purchased from Samchon Chemical Co., Ltd.,
Seoul, Republic of Korea. Natural graphite (commercial graphite, CG) was obtained from
BTR New Material Group Co., Ltd., Guangming, China.

2.2. Synthesis of Graphite

In the comparative study, two graphitization methods were evaluated: a non-catalytic
method and a catalytic method. The non-catalytic approach involved heating white charcoal
to 1000 °C and 1400 °C for 60 min under a nitrogen atmosphere, designated as H1000 and
H1400, respectively. This was followed by degassing at 1400 °C under a high vacuum and
switching to an argon atmosphere. Higher-temperature graphitization was then conducted
at 1800 °C for 60 min (H1800), 2000 °C for 30 min (H2000), and 2400 °C for 10 min (H2400).
For comprehensive experimental details, see the previously published paper [27].

In the catalytic method, an aqueous Fe(NOs3)3 - 9H,O solution was mixed to achieve a
4:10 mass ratio of iron ions to white charcoal, creating catalyst particles. In order to ensure
uniform dispersion, the white charcoal powder was stirred for 24 h at ambient temperature.
This was followed by 4 h of continuous stirring hydrothermal synthesis at 160 °C. The
resulting product undergoes filtration, distilled water washing, and drying after synthesis.
The graphitization process involved sequential heating in a carbonization furnace at 1000 °C
(C1000), 1200 °C (C1200), and 1400 °C (C1400) for 2 h each. The graphitized white carbon
powder was acid-washed using a 2 M HCI solution to remove unwanted materials. After
that, it was washed several times with distilled water and finally dried at room temperature
for two days.

2.3. Characterization

The X-ray diffractometer (XRD, D8 ADVANCE, A Bruker, Karlsruhe, Germany)
was employed to investigate the graphite samples’ crystalline structure and phase pu-
rity. Fourier transform infrared spectroscopy (FTIR, Nicolet iS5, Thermo Fisher Scientific,
Waltham, MA, USA) was used to identify the functional groups present in the as-prepared
materials. The crystallinity and presence of defects in the graphite layers were assessed
using the Raman spectrometer (Raman, HR-800, Horiba LabRAM, Kyoto, Japan). Raman
spectra were recorded with a 10% neutral density filter, a 514 nm laser, a grating resolution
of 1800 lines/mm, an acquisition time of 5 s, an accumulation count of 5, and a spectral
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range of 1004000 cm~!. The powder’s surface structural morphology was inspected
with field emission scanning electron microscopy (FE-SEM) and energy-dispersive X-ray
spectroscopy (EDS) using a Hitachi SU8600 (Tokyo, Japan). The internal structure was
analyzed with in-situ high-resolution transmission electron microscopy (HR-TEM, JEOL
JEM-3011 HR, Tokyo, Japan).

3. Results and Discussion
3.1. Structural Properties

The XRD spectra of the H1000, C1000, H1400, and C1400 samples are shown in
Figure 1. The samples without catalyst, Figure 1a,c exhibited similar characteristic peaks
of graphite, along with the broad diffraction peaks at 20 angles of 20°~26°, and 40°~45°.
These broad peaks can be attributed to the disorder graphite structure of crystal planes
(002) and (100), respectively. Lee et al. [17] showed that when petroleum coke raw material
was manufactured by heat treatment at 1200 °C, it was disordered graphite. In addition,
when Polyvinylidene chloride (PVDC) was quickly heated (1 pulse) from 1000 degrees to
3000 °C for 1 h without a catalyst by Fogg et al. [28], the turbostratic graphite was 0.5%,
i.e.,, mostly disordered graphite was observed, which is a similar result. The samples with
Fe-impregnated as a catalyst showed in graphite contained a strong peak centered 20 angles
at approximately ~26.6° (002), ~42.5° (100), ~44.4° (101), ~50.4° (102), and ~54.0° (004)
with the XRD phases of hexagonal (H) phase (Figure 1b,d). In addition, the (100) peak of
the rhombohedral® phase appears at ~43.4°. In the cases of producing graphite with Fe
catalyst using sawdust as a raw material by Thompson et al. [22] and Nakayasu et al. [29],
the results are different from those in which (002) and (100) peaks appeared prominently
without thombohedr® (R). The hexagonal phases of the (002), (100), (101), (102), and (004)
planes caused the diffraction peaks at 26 angles of 26.23°, 42.41°, 44.36°, 50.38°, and 53.97°,
respectively, as shown in Figure 1le with PDF Card No. 1011060 of hexagonal graphite
structure. However, the rhombohedral phases of the (002), (100), and (222) planes caused
the diffraction peaks at 26 angles of 26.61°, 43.45°, and, 54.81°, respectively, as shown in
Figure 1e with PDF Card No. 1101021 of thombohedral. This diffraction peak corresponded
to the hexagonal (H) phase and (100) peak of the rhombohedral (R) phase, of graphite, and it
was also observed in the XRD pattern of commercial graphite (CG), shown in Figure 1f. The
presence of a catalyst (Fe) during sample preparation leads to the formation of additional
crystal phases (hexagonal and rhombohedral) alongside the typical graphite structure.

The values of the structural parameters, including the interlayer distance (dgp, and
d100) and the physical dimensions of the micro-crystallite (L., or stack height) and L,, or
width), can be determined based on these sharp and broad peaks using the following Bragg
and Scherrer equations [30,31] [Equations (1)—(4)]:

d = A/(2sin ) 1)

L=KA/(Bcosb) 2)
L. =0.89 A/(B cos 0) 3)
L, =184 A/(B cos 0) 4)

where d refers to the interlayer distance, 6 indicates the Bragg angle, A represents the
wavelength of the X-rays, B denotes the full width of half maximum, and K describes the
dimensionless constant (1.84 for L,, 0.89 for L.). Table 1 displays the computed values for
the parameters associated with the structure. The crystallite size values for synthesized
graphite with a catalyst are higher than those for synthesized graphite without a catalyst.
The interlayer spacing (doo2) of graphite produced through the heating process ranges from
approximately 0.384 to 0.393 nm, whereas graphite produced using a catalytic process
exhibits a dgpp value between 0.337 and 0.339 nm. This indicates that the lattice spacing
is larger for the heat-treated graphite compared to the catalytically synthesized graphite.
Consequently, it is evident that the use of a catalyst at the same temperature results in a
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more densely packed lattice structure. Furthermore, graphite produced with a catalyst
closely resembles the dyg, lattice spacing of commercially available graphite, which is
approximately 0.338 nm. However, the ratio of L./dyg, is more than double, signifying
a higher degree of graphitization when a catalyst is employed at the same temperature.
Li et al. produced graphite by pyrolyzing five different coal types. In samples from the
Xinjing Coalfield in Shanxi Province, the dyp, was (0.348 nm), dgg was (0.205 nm), L. was
(2.090 nm), L, was (1.233 nm), and the L./dy, ratio was 6.0 [32]. Furthermore, Deraman
etal. heat-treated food-grade wheat starch powder at 1000 °C and found a dg; of (0.394 nm),
dioo of (0.210 nm), L. of (2.548 nm), L, of (5.328 nm), and an L./dyy, ratio of 6.5. When
compared to C1000 and C1400, the L, was about 4~5 times, and the number of stacked
carbon planes (n) was also about a third [33]. In Destyorini et al.’s study using a Ni catalyst,
at 1300 °C, dggp was (0.337 nm), L. was (46.36 nm), and the L./dy, ratio was (137.44). This
indicated that L. was approximately 4.5 times smaller compared to C1400, which used Fe
as a catalyst [34].
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Figure 1. XRD spectra of graphite for (a) H1000, (b) C1000, (c) H1400, (d) C1400, (e) graphite of
hexagonal (H), rhombohedral (R) phases, and (f) CG.

Table 1. Interlayer spacing, crystallite dimension of L., Ls, and L /dyy, for H1000, H1400, C1000,
C1400, and commercial graphite (CG).

Samples dgo2 (nm)  dqgp (nm) L, (nm) L, (nm) Lc/dyg2

H1000 0.393 0.208 0.763 2.001 1.943

H1400 0.384 0.207 0.894 2.365 2.330

C1000 0.337 0.207 8.397 3.065 24.949

C1400 0.339 0.207 9.907 3.477 29.239

Commercial graphite (CG) 0.338 0.214 22.849 25.241 64.478
[32] 0.348 0.205 2.090 1.233 6.0
[33] 0.394 0.210 2.548 5.328 6.5

[34] 0.337 - 46.36 - 137.44




Crystals 2024, 14, 309

6 of 14

Furthermore, the XRD spectra of H1800, H2000, and H2400 samples are shown in
Figure 2. The samples without catalyst, exhibited similar characteristic peaks of graphite,
along with the two sharp diffraction peaks at 26 angles of ~26°, and a broad peak of 42°~45°
(Figure 2a—c). The two sharp peaks of ~26° can be attributed to the turbostratic structure
of crystal planes (002) graphite. From Gaussian curve fitting at ~26° using the OriginPro
grogram, in H1800 and H2000, turbostratic and graphite constituents were presented.
Kasahara et al. and Fogg et al. reported the formation of heterogeneous graphite in thin
carbon fibers derived from phenol-formaldehyde resin at high temperature, and three
constituents of G-constituent (graphitic), T-constituent (turbostratic) and A-constituent
(amorphous) have peaks at ~26.5 and ~26° [28,34]. This implies that the carbon samples
are composed of graphite micro-crystallites dispersed and orientated at random across the
samples. However, the samples with peaks of carbon allotrope such as carbon tetrahedron
(T-carbon), orthorhombic polymorphs (rh6, cR6), a metallic carbon (M-Carbon), (a) H1800
and (b) H2000, showed in graphite contained a week peak centered approximately at 260
angles of 17.95°, 26.45°, 33.51°, 35.72°, 37.95°, and 38.94° (inset of Figure 2a—c) which
perfectly matched with the Figure 2d [35]. In the case of high-temperature carbonization of
1800~2400 without the catalyst, the different XRD phases are visible in graphite: hexagonal
(H) and carbon allotrope (CA).

24 26 28 30 32 34 36 38

24 26 28 30 32 34 36 38

Intensity (a.u.)

100(H)
CA_ CA
CcA 01(H
CA H) 004(H)

LTl

1 1
30 40 50 10 20 40 50 60

30
206 (degree) 206 (degree)

Figure 2. XRD Spectra of graphite for (a) H1800, (b) H2000, (c) H2400, (d) graphite of hexagonal (H,
e), and carbon allotrope (CA, ¢) phases such as T, M-carbon, rh6, cR6, and turbostratic constituent.

The diffraction pattern analysis identified the sharp peak at 26 angles around 26°,
enabling the determination of the dyy, interlayer spacing structural parameter through
Gaussian fitting with OriginLab software (version 2023b). Likewise, the broad peaks
between 42° and 45° facilitated the calculation of the djgg interlayer spacing structural
parameter, employing the same approach as for dygp. The derived structural parameter
values are presented in Table 2. When graphite is heated to 2400 °C, the dy, value ap-
proximates 0.338 nm, aligning with the lattice spacing of catalyst-synthesized graphite.
However, the L. /dy, ratio stands at about 70, which is nearly triple that obtained with a
catalyst. Additionally, graphitization degree enhancement is noted up to 2000 °C, beyond
which no further increase is observed.
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Table 2. Interlayer spacing, crystallite dimension of L., Ls, and L. /dgg, for H1800, H2000, and H2400.

Samples dooz (nm) d100 (nm) LC (nm) Lu (nm) LC/dOOZ
H1800 0.336 0.207 23.931 5.866 71.130
H2000 0.338 0.212 24.555 7.554 72.667
H2400 0.339 0.211 22.997 6.126 67.882

3.2. Functional Group Investigation

FTIR was applied to explore the bonding characteristics and functional groups of
C1200, C1000, and commercial graphite, and the representative spectra in a wavenumber
range of 4000-800 cm ! are shown in Figure 3. These groups are formed by the oxidation
of the carbon atoms on the edges of the graphite layers. The peak at 1740 cm ™! is because
of the C=0 stretching of the carbonyl groups on the surface of graphite. These groups are
also formed by the oxidation of the carbon atoms on the edges of the graphite layers [36].
The peak at 1360 cm ! is due to the C-O stretching of the ether groups on the surface
of graphite. These groups are formed by the reaction of hydroxyl groups with carbonyl
groups. The peak at 1200 cm ! is attributed to the C-H bending of the aromatic rings in the
graphite structure. From Figure 4 in C1000, it can also be stated that FTIR spectra display a
broad peak around 3350 cm ™!, which is due to the stretching mode of the O-H group. The
peak at 3350 cm ™! corresponds to the O-H stretching of the hydroxyl groups on the surface
of graphite [37]. These groups are formed by the reaction of water with the carbon atoms
on the edges of the graphite layers when washing with hydrochloric acid.

Intensity (a.u.)

C=0
C-0 C-H

4000 3200 2400 1600 800
Wavenumber (cm™)

Figure 3. FTIR spectra of C1200, C1000, and CG.
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Figure 4. Raman spectra of graphite for (a) H1000, (b) C1000, (c) H1400, and (d) C1400.

3.3. Raman Spectra

The Raman spectroscopy results for samples H1000, C1000, H1400, and C1400, as
depicted in Figure 4a—d. The presence of the D band peaks around 1345 cm !, the G band
peaks at 1585 cm !, and the 2D band at 2690 cm ™! suggests the transformation of carbon
atoms in white charcoal into graphite crystals [38]. The data indicates the formation of
disordered graphitic carbon interspersed with graphite crystals. Specifically, the 2D band
in H1000, which signifies the presence of graphite crystals, is subdued compared to the
other peaks. In contrast, the G band peak in C1400 is more pronounced than its D band
peak relative to H1400, indicating a more graphitic layer structure.

The G peak corresponds to the graphitic, or sp?>-bonded carbon atoms, which are
arranged in a hexagonal lattice, while the D peak is associated with defects or disorders in
the carbon structure, such as sp3-bonded carbon atoms. A higher intensity (Ig/Ip) ratio
indicates a higher degree of graphitization or lower levels of disorder. The integrated
intensity ratio of the G peak to the D peak, (Ig/Ip) is useful for measuring the degree of
irregularity in carbon materials or the particle size of disordered carbon materials because
the D band at 1345 cm ™! is related to irregular structure. On the other hand, the equation
Ig/(Ig + Ip), as reported by Ramirez-Rico et al. [39] is used to calculate the crystallinity (3)
of carbon materials. This ratio normalizes the intensity of the G peak to the total intensity
of both G and D peaks, providing a direct measure of the crystalline content relative to
the total carbon material. It essentially gives the fraction of the graphitic component in
the carbon material. Ramirez-Rico et al. [39] reported that the crystallinity (8) of carbon
materials can be obtained using the following Equation (5).

B=1c/(g +1Ip) (5)

In Equation (5), Ig and Ip are calculated as the areas under the G (1585 cm ') and D
(1345 cm 1) bands, respectively.
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The degree of graphitization, g (%), was calculated using Equation (6) [34].
g = (0.3440 — dg(2)/(0.3440 — 0.3354) (6)

where 0.3440 is the interlayer spacing in non-graphitized carbon (nm); 0.3354 is the inter-
layer spacing in an ideal graphite crystallite (nm); and d002 is the interlayer spacing in the
sample determined from its XRD pattern (nm).

Table 3 presents the calculated values for the degree of crystallinity () and graphitiza-
tion. C1000 and C1400 exhibited a higher degree of crystallinity than H1000 and H1400,
whereas H1000 showed greater crystallinity than H1400; however, the disparity between
H1000 and C1000 was marginal. In other words, a comparison between the samples without
a catalyst (H1000, H1400) and those with a catalyst (C1000, C1400) at identical temperatures
revealed that the catalyst-incorporated samples exhibited elevated values. In the case of
degree of graphitization (%), C1000 demonstrated a higher degree of graphitization (%)
than C1400. C1000 and H1800 are around 80%, C1400 and H2400 are around 60% of the
degree of graphitization. These findings, derived from the dgg; value, will be discussed
further subsequently.

Table 3. Degree of crystallinity (8) and graphitization (%) for all graphite.

Samples Degree of Crystallinity () Degree of Graphitization (%)
H1000 0.462 -

H1400 0.351 -

C1000 0.498 86.4

C1400 0.678 60.3

H1800 [27] 0.496 87.9

H2400 [27] 0.552 63.0

3.4. Morphological Analysis (FE-SEM and HR-TEM)

Figure 5 shows the surface morphology of the specimens as observed by FE-SEM of
C1000 and C1200. In Figure 5a, the particle shape of graphite appears to be a cluster of
round particles with small holes. In Figure 5b, the aggregated particles appeared larger. It
was verified that, despite differences in cluster size, the round particle sizes were nearly
identical in Figure 5¢,d, which originated from an enlarged view of the designated region
in Figure 5a,b.

The EDS and elemental mapping analysis were employed to ascertain the conforma-
tion of elements and the distribution of elements within the C1000 and C1200 samples, as
displayed in Figure 6. Figure 6a,b shows that both samples are comprised solely of carbon
and oxygen. Specifically, carbon constituted approximately 98.5% of C1000 and 97.7%
of C1200, indicating a negligible variance in carbon content of less than 1%. In addition,
Figure 6¢,d confirms the presentative elements (C and O) distributed homogeneously on
the as-synthesized graphite samples. This composition, characterized by the exclusive
presence of carbon and oxygen, confirms the absence of extraneous elements in the samples.
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Figure 5. Low and high-resolution FE-SEM images of (a,c) C1000, and (b,d) C1200.

The presence of graphene layers and the measured interlayer spacing are important
indicators of the degree of graphitization achieved. This provides insight into the mate-
rial’s thermal and electrical conductivity properties as well as its mechanical strength and
stability at elevated temperatures. Therefore, HR-TEM images serve as a powerful tool for
characterizing microstructural changes and assessing the quality of graphitized materials.
Figure 7 shows HR-TEM images detailing the internal structure of the specimens after the
graphitization process of white charcoal powder in samples using catalysts of C1000 and
C1200. It was confirmed in Figure 7a,b that a graphite layer was formed in all areas within
the graphitized sample promoted by the catalyst. These graphite layers are characteristic of
the structural transformation that occurs during heat treatment with the catalyst, indicating
that the carbon atoms are aligned in a graphite-like structure. A detailed analysis of the
HR-TEM images in Figure 7c,d displays the clearly visible graphite layers, signifying the
successful conversion of amorphous carbon in white charcoal into a more ordered graphitic
form. The average interlayer spacing, the distance between these graphite layers is approxi-
mately 0.338 to 0.339 nm. This spacing aligns with the expected measurements for graphitic
materials and corroborates with the XRD results, affirming the crystalline nature of the
graphite produced. Upon comparison with the results obtained by Park et al. and Fogg
et al., it was observed that the lattice spacing of 0.34 nm [26,28] achieved when subjected
to high-temperature treatment at 2400 °C and 3000 °C respectively, matched the results
obtained using a catalyst at 1200 °C. The interlayer distance of the (002) crystal plane in
commercial graphite, as listed in Table 1, was found to be comparable to 0.338 nm. The
XRD and TEM analyses confirmed the successful transformation into graphitic material
via catalytic (Fe) graphitization at temperatures significantly lower than those required for
producing graphite through high-temperature treatment.
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Element Wt%  Atomic % Element Wt%  Atomic %

(o 97.99 98.49 Cc 96.97 97.70

o} 2.01 1.51 o 3.03 2.30

100.00 100.00 Total  100.00 100.00

Figure 6. EDS spectra of (a) C1000, and (b) C1200 and elemental mapping images of (c) C1000, and
(d) C1200 samples.

Figure 7. Low and high-resolution HR-TEM images of (a,c) C1000, and (b,d) C1200.
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4. Conclusions

In this study, we explored the synthesis of graphite from biomass both with and
without the use of a catalyst. The catalyst employed was iron nitrate, which allowed for
the production of graphite at a significantly lower temperature (reduction by 58.33%) of
1400 °C compared to 2400 °C in the non-catalyzed process. The use of a catalyst resulted in a
graphite structure with a d-spacing (dgg) of 0.338 nm and a crystallite size (L) to d-spacing
ratio (Lc/dggp) of 29.239 at 1400 °C. In contrast, the absence of a catalyst yielded a larger
d-spacing of 0.384 nm and a smaller L./dy, ratio of 2.330 at the same temperature. At an
elevated temperature of 2000 °C, the catalyzed graphite maintained a d-spacing of 0.338 nm
and exhibited an increased L. /dgp ratio of 72.667, indicating a higher degree of crystallinity.
The X-ray diffraction analysis confirmed that the catalytic process not only lowers the
required temperature for graphite formation but also enhances the crystalline quality of
the resulting graphite. The investigation into the Degree of Crystallinity (3) and Degree of
Graphitization (%) revealed that samples with added catalysts (C1000, C1400) exhibited an
increase in these values when compared to their non-catalyst counterparts (H1000, H1400)
at equivalent temperatures. The use of a catalyst was further validated by FESEM and EDX
analyses, which showed the samples to be composed of over 97 atomic% carbon, free from
other impurities. TEM analysis corroborated the successful transformation into graphitic
material via catalytic (Fe) graphitization, achieved at significantly lower temperatures
than the conventional high-temperature graphite production methods. Therefore, the
incorporation of a catalyst is a crucial factor in achieving lower-temperature synthesis of
high-quality graphite from wood biomass.
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