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ABSTRACT

Biomass has become of recent interest as a raw material for ‘green’ graphenic carbon (GC) since it promotes an
environmentally friendly approach. Here, we investigate a single pyrolysis route to synthesize GC from coconut
shells which provides a simple method and can produce a high yield, thus being convenient for large-scale pro-
duction. The pyrolysis involves a stepped holding process at 350°C for 1 h and at 650°C or 900°C for 3 h. The GC
sample resulted at the 900°C pyrolysis has a thinner sheet, a less porous structure, a higher C/O ratio, and an
enhanced electrical conductivity than those pyrolyzed at 650°C. The addition of Na;PO, catalyst has no signifi-
cant effects on the GC structures obtained by this route. The single pyrolysis route generates thinner GC sheets
compared to the two-step heat treatment followed by the liquid phase exfoliation (LPE) procedure. Nevertheless,
the latter method offers a formation of clean samples with a porous or holey feature which has potential for
advanced energy-storage applications.
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1 Introduction

Since the discovery of graphene in 2004, research on graphene and its derivatives has grown rapidly.
Graphene is widely applied, for example, for energy materials [1], photocatalyst materials [2],
biomaterials [3], due to its excellent properties, including mechanical properties [4], thermal properties
[5], electronic properties [6], optical properties [7], and large active surface area of about 2418 m?/g [8].
However, the production of large-scale graphene is still challenging. Since graphene is a single layer of
carbon atoms, a general method for producing graphene is using a chemical vapor deposition process
with just a few percent yield [9]. Therefore, researchers have started to develop and utilize graphene-
derivative materials that are easier to synthesize even in large quantities, such as reduced graphene oxide
(rGO) [10].
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rGO results from the reduction of oxygen-containing functional groups presented in graphene oxide
(GO) structure. GO is obtained through the oxidation of graphite, resulting in a material with a significant
number of oxygen-containing groups such as epoxides, hydroxyls, and carboxyl on its sheets and edges
[11]. The reduction process involves the removal or reduction of these oxygen functionalities, gaining a
material whose composition is closer to pure graphene. The reduction of graphene oxide can be achieved
through various methods, including chemical [12], thermal [13], or electrochemical processes [14]. These
reduction processes lead to the restoration of the sp® carbon network in graphene, resembling the
hexagonal lattice structure of pure graphene to some extent [15]. The reduction of GO not only removes
some oxygen groups but also improves the electrical conductivity, magnetism, and mechanical properties
of the material [16]. The resulting rGO retains some of the unique properties of graphene, making it a
valuable material for a variety of applications, including electronics, energy storage as supercapacitors
and batteries, sensors, and composite materials [17]. Unfortunately, the synthesis of rGO primarily uses
graphite material as a precursor, which has the disadvantages of having to exploit graphite mines that
endanger the environment [18] and the limited availability of graphite itself [19].

Graphenic carbon (GC) is a more general term to describe materials that are primarily composed of
carbon and exhibit graphene-/ike characteristics to some extent. GC has a morphology that partially
resembles a few-to-multilayer graphene sheet [20], and it can be synthesized from carbon-rich natural
resources such as biomass, including coconut shells, palm oil waste, and agricultural waste [20,21].
Among other wastes, coconut shell has high carbon content, low ash content, and high surface area after
carbonization and activation [22,23]. Activated carbon made from coconut shell ingrained granular
structure, well-developed porosity, and high mechanical strength, and is relatively inexpensive [24].
Therefore, coconut shell-derived GC has the potential for various applications, such as supercapacitors
[25], batteries [26], and catalysts [27].

In this study, GC is synthesized using a one-step pyrolysis method. This method refers to a simplified
pyrolysis process in which biomass, such as coconut shell, undergoes one-step thermal treatment without the
need for multiple stages or complicated processes [28]. This route enables us to convert biomass into carbon
or biochar in a simple way. The sample is put into a sealed holder in a furnace, then the temperature is raised
gradually to start the pyrolysis reaction. The temperature range for pyrolysis is usually between 300°C to
900°C, depending on the specific conditions and desired properties of the resulting carbon material [29].
As the temperature rises, volatile components such as water, gases, and organic compounds in the
coconut shell begin to vaporize. This single pyrolysis method is relatively straightforward and is often
used for large-scale synthesis. Additional steps such as activation or post-treatment can be applied to
achieve a certain property [30]. Here we investigate the influences of the applied temperature and the
addition of catalyst to GC structure obtained by a single pyrolysis method from coconut shells, then
compare the results with those prepared by a two-step heat treatment approach.

2 Method

2.1 Samples Preparation

The raw material used to produce GC is old coconut shells (OCS), which contain a higher concentration
of carbon elements than those of the young ones [31]. The carbon (C) content of coconut shells reaches 74%
followed by oxygen (O) with 22% content and the remaining 4% of other elements including K, Si, P, and S
[32]. The amount of non-carbon elements decreases as coconut shells get older.

The OCS is firstly dried under sunlight, and husks adhered to the surface of the OCS are removed to get
clean shells before processing them into GC. Here, we highlight a single-step pyrolysis method to prepare
GC from OCS. For a comparison, we briefly review our previous results of GC structures produced by a
two-step heat treatment.



JRM, 2024 3

In a single-step pyrolysis route, the clean OCS is firstly ground and sieved to obtain powders. The
refined OCS powder is then mixed with the phosphate salt of Na;PO, as a catalyst with a mass ratio of
5:1. Samples without the addition of Na3PO, catalyst are also prepared for comparison. The mixed
powders are then pyrolyzed inside a sealed quartz tube at 650°C and 900°C for 3 h with a heating rate of
10°C/min. The pyrolysis temperature is determined based on the thermogravimetry analysis of coconut
shells reported in our previous study [20], in which biomass degradation mostly takes place below
400°C. During the heating process, the temperature is held at 350°C for 1 h to ensure the decomposition
of celluloses. For convenience, we mention the samples as pyrolysis graphenic carbon (PGC), in which
PGC-650 and PGC-900 refer to those that are heated at 650°C and 900°C without the catalyst,
respectively, and PGC-650cat and PGC-900cat for those with the addition of Na;PO, catalyst. A
schematic diagram of the route is summarized in Fig. 1.

i * Cleaned all adhered husks ‘ E * No catalyst

« Dried under sunlight i1 * Mixed with Na;PO, catalyst
(OCs powders : catalyst = 5:1)
________________ [ORE it L i i B

4 variation of samples: !
+ PGC-650 ‘
* PGC-650cat
PGC-900

* PGC-900cat

> Pyrolysis at

ocs 9 650°Cand

powders 900 °C for 3
h
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shells (OCS)

Figure 1: A schematic diagram of the single pyrolysis route of PGC from OCS

In the two-step thermal reduction method, clean OCS is firstly burned in the air for 1 h to form charcoals,
which are then ground and sieved to get homogeneous charcoal powders. The thermal reduction process is
performed by heating the charcoal powders at 600°C (GC600), 800°C (GC800), and 1000°C (GC1000) in
the air for 5 h. Liquid exfoliations in a chloric acid (HCI 1 M) solution are then employed, followed by a
centrifugation process to separate the obtained dispersion. Finally, the resulting paste is dried to get the
powdered sample. The detailed route is reported in [20].

2.2 Characterizations

Several characterization techniques are used to investigate the structures of the obtained samples. X-ray
powder diffraction (XRD, X’pert Malvern Panalytical, Cu-Ka, A = 1.5406 A) is employed to examine phases
formed in samples. The morphology of the samples is observed using a scanning electron microscope (SEM)
equipped with energy-dispersive X-ray (EDX) to inspect elements contained in the samples. Raman
spectroscopy (Horiba Scientific LabRam HR, 250 nm laser) is employed within the Raman shift range of
250-3500 cm ' to evaluate graphitic and disordered structures in the samples. The masses of raw
materials and the obtained products are weighed, and the yield percentage is determined by the mass ratio
of the product and raw materials.

Electrical resistance is measured using our designed setup as illustrated in Fig. 2. As much as 0.5 g of
the powder samples is put inside a container, which is then pressed with a die press connected to the
container. The same pressure of 10 Nm is applied during the measurement. Each end of the container is
connected to a digital multimeter. This setup enables a quick and simple test for a small-to-medium
industry of GC.
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1. Sample container (die)
2. Hydraulic press
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Figure 2: The designed setup for the measurement of electrical resistance of powder samples

3 Result and Discussion

3.1 Results of a Single-Step Pyrolysis Method

A single pyrolysis method offers a convenient way to produce GC from OCS in large quantities. Yields
produced by this route are relatively substantial compared to those synthesized via a chemical-assisted wet
method [20]. An electrochemical exfoliation of graphite can produce graphene with high yield [33], but it is
challenging for industrial-scale production because of its complicated setup and the use of electrolytes. The
single pyrolysis step provides an environmentally friendly approach since no dangerous chemical
compounds are involved during the process. Table 1 summarizes the yields of each sample obtained by
the single pyrolysis route. A yield of approximately 24%—-28% is achieved by employing this synthesis
route. The lower pyrolysis temperature (650°C) tends to produce a slightly larger yield than the higher
one (900°C) as more sample contents decompose at high temperatures.

Table 1: The yield of PGC products and their electrical resistance

Sample Initial Yield Yield Electrical
weight (g) (g) (%) resistance (Q2)

PGC-650 250 70.0 28.0% 0.40
PGC-650cat 230 60.5 26.3% 0.30
PGC-900 250 61.0 24.4% 0.03
PGC-900cat 250 61.5 24.6% 0.02

GC from OCS by the two-step heat treatment [20] - - ~16% -

Graphene by electrochemical exfoliation of graphite at — - ~17% -

room temperature [33]

The electrical resistance of the samples varies by temperature, which is ~10 times lower at 900°C than
those at 650°C. As the mass of the sample, the applied pressure, and the container size are constant in the
measurement and by assuming a relatively similar contribution of grain boundaries of the pressed
powders inside the container, the electrical resistivity is proportional to the resistance, while the electrical
conductivity is inversely proportional to the resistivity. It implies that the samples pyrolyzed at 900°C
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have higher electrical conductivity compared to those pyrolyzed at 650°C. This could indicate that there are
more graphene-/ike layers in PGC-900 and PGC-900cat than those in PGC-650 and PGC-650cat.

Fig. 3 shows XRD patterns of the samples prepared by a single pyrolysis route. Broad peaks at ~24° and
~43° are observed in all samples, which are typical patterns of GC. A secondary phase of KClI salt (JCPDS
card no. 41-1476 [34]) is detected in PGC-650 and PGC-650cat. This salt is likely formed because coconut
shells naturally contain Na, K, Cl, and Ca elements as confirmed by EDX analysis. Such salt can be removed
by a washing process in a dilute acid solution [16]. The absence of the KCI phase in PGC-900 is most likely
due to the melting of this salt at ~770°C [35]. PGC-900cat, on the contrary, shows a pronounced impurity
phase that corresponds to NaCl (JCPDS card no. 78-0751 [36]). The formation of NaCl salt possibly
relates to the use of a Na;PO, catalyst which partially melts at ~900°C and reacts with chloride presented
in OCS.

PGC-900 ]

AN
ik

Intensity (a.u.)

PGC-650cat -

PGC-650 |

10 20 30 40 50 60 70 80 90
26 (degree)

Figure 3: XRD patterns of the samples obtained by a single-step pyrolysis method

Morphologies of the samples are displayed in Fig. 4. All samples show a stacked layered structure with a
relatively wide lateral area. A small amount of a porous structure is observed in PGC-650 and PGC-650cat.
At the 900°C pyrolysis, layers become thinner than those of the 650°C samples, indicated by their more
transparent feature. This change signifies that a thermal reduction occurs as temperature increases,
causing a morphological transformation from a porous, thick flake to transparent thin layers—a feature of
GC. By looking at SEM images, the role of the catalyst seems not to be so remarkable. The relative
contents of C and O in samples are condensed in Table 2. The relative percentage of C element slightly
enhances at 900°C. In PGC-900cat, other elements including Na, Cl, K, and Ca are detected. The C/O
ratio increases at 900°C indicating an enhancement of thermal stability and a reduction of oxygen
functionalities which are related to a decrease in the yield produced.

Fig. 5 presents Raman spectra of PGC-650cat and PGC-900cat, showing the presence of D-, G-, and 2D
peaks. The D-peak relates to a disordered or defective structure, the G-peak describes a graphitic structure of
sp” carbon hybridization, and the 2D-peak is a characteristic of two-dimensional graphenic structures [37].
The intensity ratio of the D- and G-peaks (/p/lg) is almost the same, approximately 1.06 for both PGC-650cat
and PGC-900cat. The Ip/Ig ratio reflects a structural disorder in graphene-/ike compounds [38]. The value of
~1.06 signifies that the disordered state is rather prominent than the graphitic structure. The 2D-peak has a
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broad feature with the ,p/Ig ratio of ~0.1, indicating multilayered GC which confirms the observed SEM
images.

PGC-650 PGC-650cat

PGC-300 PGC-900cat

Figure 4: SEM images of (a) PGC-650, (b) PGC-650cat, (¢) PGC-900, and (d) PGC-900cat. Arrows in (a)
and (b) indicate a porous structure

Table 2: The C and O contents of the samples examined from EDX

Sample Element wt % at % C/O ratio
PGC-650 C 77.8 82.3 3.5
O 222 17.7
PGC-650cat C 75.8 80.6 3.1
O 24.2 19.4
PGC-900 C 79.7 83.9 3.8
0] 20.3 16.1
PGC-900cat C 80.2 88.3 4.0
0 19.8 11.7
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Figure 5: Raman spectra of PGC-650cat and PGC-900cat

3.2 Comparison with Results of a Two-Step Heat Treatment Method

We briefly review the results of a two-step heat treatment method from our previous studies for
comparison. This method involves the preparation of OCS-charcoals by a burning process before
performing the second heat treatment. A comprehensive study of the sample structures was reported in
[20]. The LPE procedure carried out in HCl 1 M solution after the heat treatment results in the absence of
secondary phases. An increase in the applied temperature in the second heat treatment causes a decrease
in oxygen functional groups, the creation of defects, and a reformation of 2D structure. The obtained
samples have a sheet-like structure with crumple surfaces, showing a mixed 2D and 3D feature, and a
porous characteristic with the size of nano-to-micrometer [20]. These findings are consistent with the
current data displayed in Fig. 6. A stacked layer with a porous trait was observed in GC-600, GC-800,
and GC-1000. The TEM image of GC-800 confirms stacking sheets in the sample, in which some parts
look thinner than others. GC layers of GC-600, GC-800, and GC-1000 samples are relatively thick
compared to those obtained by a single pyrolysis route at 900°C, but their feature is generally like those
resulting at 650°C, having pores on their surfaces. Despite the temperature applied to form GC-
1000 being higher than the 900°C pyrolysis, the GC-1000 still has thicker and more porous layers than
PGC-900 and PGC-900cat. This could indicate that a transformation to a thinner GC layer occurs slowly
when OCS is burned first to form charcoals or amorphous carbon before performing the second heat
treatment.

Fig. 7 presents the particle size distribution of GC-800 estimated by a particle size analyzer (PSA). Two
peaks at the particle size of approximately 200 and 6000 nm (6 pum) are obtained, in which the intensity of the
first is more obvious than the latter. It indicates that the size of particles is mostly in a few hundred
nanometres, and a small number of them are micro-sized particles. The size is significantly smaller
compared to that observed in the SEM image (Fig. 6b). This could occur because only small particles
dispersed in distilled water are detected and measured by PSA, while SEM observes precipitate powders.
TEM images in Fig. 6d and the inset of Fig. 7 indeed show that GC-800 has some parts with a smaller
particle and thinner layers. Through the two-step heat treatment followed by liquid phase exfoliation
(LPE), the sample experiences a reduction in lateral sizes, from a few micro-to-hundreds of nanometers,
and a thinning in layer thickness as indicated by a yellow arrow in the inset of Fig. 7. This result is
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consistent with the previous study of LPE route in acid solution [39]. Moreover, the two-step heat treatment
method also generates a significant number of porous or holes as a nature of holey GC.

Figure 6: SEM images of (a) GC-600, (b) GC-800, and (¢) GC-1000 obtained from the two-step heat
treatment method. Arrows in (a), (b), and (¢) show a porous structure. (d) TEM image of GC-800.
Arrows in (a—c) indicate a porous structure

20

—
(3]
+

Intensity (a.u.)
]

0.1 1 10 100 1000 10000
Particle size (nm)

Figure 7: Particle size distribution of GC-800. Inset is the TEM image of GC-800. The arrow indicates a
thinner layer part of the holey GC-800

Based on all the presented data above, one can point out that the single pyrolysis route offers a simple
method to synthesize GC from coconut shells with a high yield, which is suitable for large-scale production.
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The obtained GC has relatively thinner layers and fewer pores compared to that resulting from the two-step
heat treatment. However, secondary phases generated due to the intrinsic contents of raw materials and the
addition of catalyst remain in the samples. These impurity phases can either be maintained or removed
depending on their desired property for a certain application. Further, LPE can be implemented to remove
impurities and thinning layers. However, this procedure sometimes generates a layer agglomeration.
Agglomeration of GC layers somehow can create porous, enhance specific surface area, and provide more
active sites. Therefore, it can be applied to enhance the performance of supercapacitors, efficiency of
catalytic reaction, sensitivity of sensors, and adsorption capability of water purification [11]. Although the
two-step heat treatment method results in a thicker sheet, it proposes a cleaner GC sample with a holey
feature which is a potential for energy storage applications.

4 Conclusion

This study shows that the single pyrolysis method provides a simple and environmentally friendly
approach to preparing GC from coconut shells with a high yield, hence is appropriate for large-scale
production. The yield of GC slightly decreases by increasing the pyrolyzed temperature applied. A
thinner GC layer with a less porous feature and an enhancement in the electrical conductivity is achieved
by the pyrolysis at 900°C. The C/O ratio is relatively higher in the samples pyrolyzed at 900°C (PGC-
900 and PGC-900cat) than those pyrolyzed at 650°C (PGC-650 and PGC-650cat). The addition of
NazPOy catalyst has no significant effects on the GC structures obtained by this synthesis route, instead,
it arouses the formation of secondary phases. Raman spectroscopy confirms a multilayer feature of GC
and a similar level of structural disorder in PGC-650cat and PGC-900cat. The single pyrolysis route
generates thinner GC sheets compared with the two-step heat treatment followed by the LPE procedure,
yet the latter method offers a formation of clean samples with a porous or holey nature. Further
applications of the obtained GC, such as for supercapacitors, batteries, adsorption materials, and concrete
reinforcement, are worth exploring.
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