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Abstract: The metal–air battery (MAB) has been a promising technology to store energy, with its
outstanding energy density, as well as safety features. Yet, the current material used as air cathode is
costly and not easily available. This study investigated a few biomass wastes with good potential,
including the oil palm empty fruit bunch and garlic peel, as well as the oil palm frond, to determine a
sufficiently environmentally-safe, yet efficient, precursor to produce carbon material as an electro-
catalyst for MAB. The precursors were carbonized at different temperatures (450, 600, and 700 ◦C)
and time (30, 45, and 60 min) followed by chemical (KOH) activation to synthesize the carbon
material. The synthesized materials were subsequently studied through chemical, as well as physical
characterization. It was found that PF presented superior tunability that can improve electrical
conductivity, due to its ability to produce amorphous carbon particles with a smaller size, consisting
of hierarchical porous structure, along with a higher specific surface area of up to 777.62 m2g−1,
when carbonized at 600 ◦C for 60 min. This paper identified that PF has the potential as a sustainable
and cost-efficient alternative to carbon nanotube (CNT) as an electro-catalyst for energy storage
application, such as MAB.

Keywords: metal–air battery; carbon particles; biomass waste; electro-catalyst

1. Introduction

Energy sources that are renewable have gradually developed and been implemented
to compensate for the decreasing and non-environmentally safe sources, which are mainly
fossil fuel derivatives [1]. With the advanced development in science and technology, metal–
air batteries (MAB) are manufactured as devices to store energy from the unstable renewable
yet green energy source that depend primarily on the surrounding nature, including the
weather that affects the availability of the sun, wind, and water currents. Currently, energy
storage technologies are used to store energy in many off grid devices, such as electrical
automobiles, hand phones, power banks, laptops, and many other household appliances [2].
The conventional energy storage technology, which is commonly known as the lithium-ion
battery (LiB), has been generally established, while being commonly used in the industry.
Nonetheless, the LiB possessed its own drawbacks, which includes slow charging time,
bulky in size, and safety concerns, such as electrolyte leakage and flammable components,
as well as had approached its theoretical energy density and recyclability limit [3]. The
first metal–air battery was created back in the year 1800, and continuous research had
been carried out to improve the efficiency and affordability of the device [4]. The MAB
was generally design with primary components consisting of a cathode, an anode, and a

Sustainability 2022, 14, 2919. https://doi.org/10.3390/su14052919 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su14052919
https://doi.org/10.3390/su14052919
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-8699-9772
https://orcid.org/0000-0003-0060-3402
https://orcid.org/0000-0003-3379-6597
https://orcid.org/0000-0001-5152-4873
https://doi.org/10.3390/su14052919
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su14052919?type=check_update&version=1


Sustainability 2022, 14, 2919 2 of 17

liquid or non-liquid electrolyte. It works through the electrochemical reactions that take
place among the components, whereby the atmospheric oxygen is reduced, and the metal
electrode is oxidized, which assembles into reversible metal-oxides [5]. An advantage to
MAB is the application of a half-open system, which can facilitate the oxygen reduction
reaction (ORR) that takes place at the cathode [5]. The open structure allows a substantial
size and weight reduction of the battery [6]. MAB is applicable in the storage of any
intermittent energy created from renewable energy sources, including hydropower, as
well as geothermal power, to consistently maintain continuously energy supply. MAB
has shown great potential for a device to store energy, with its high theoretical energy
density (as much as 5928 Wh kg−1), improved recyclability, and light and compact design,
compared to LiBs [6,7]. However, the MAB technology is still lacking, in terms of economics,
endurance, and efficiency, which affects the status of commercialization of the device.

Many researchers came to understand that majority of the chemical and physical
properties of the air cathode material had a large impact on the capability of a MAB [5,8].
According to Ha et al., the catalytic efficiency of the battery can be controlled with the
properties of the air cathode, as the charge and discharge reactions relies on the availability
of active sites to store discharge products, as well as the diffusion pathway [9]. The
commercial material used to fabricate the air cathode that is used for MAB includes rare
metals, such as the Pt-based materials, RuO2, and IrO2 [10]. These rare metal materials
are not economical, less stable, and are inclined to capitulate, due to poisoning from
methanol, as well as carbon dioxide. There are researchers who had also disclosed that
carbon-based materials contained advantageous characteristics that give them greater
suitability as precursors to synthesize electro-catalyst in MABs, due to its highly porous
structure [11]. Carbon nanotubes (CNTs) were utilized as an electro-catalyst material due
to its elevated energy density and exceptional cyclic-life [12]. Unfortunately, CNTs are
usually very expensive, due to its highly complex production method. To mitigate this
issue, researchers had initiated studies to find a suitable carbon material substitute by using
biomass wastes as precursors that are more economical and environmentally friendly.

Biomass wastes are typically generated from redundant plants or animal parts found
in industrial, agricultural, and municipal waste. They are primarily made of carbohydrates
and polysaccharides, which provides high content of carbon, oxygen, and hydrogen atoms,
as well as less significant components [13]. The unique and natural composition found
in biomass wastes rendered them as a competent, yet sustainable, precursor material to
produce carbon material. Besides, the natural availability of other components, including
silicon and nitrogen, increases the possibility for self-heteroatom doping to occur [14].
Heteroatom doping was found to be able to improve the electrochemical efficiency of the
electro-catalyst material by altering its chemical and physical structures, thus improving
the electrical conductivity, surface wettability, and transfer of charges of the battery [15].
Currently, a large amount of biomass wastes were being created globally, which presented
a huge threat to the environment if not being disposed properly. The usage of biomass
waste as precursor material to produce of carbon material can not only reduce the waste
accumulation, but also acted as a substitute for higher cost products. Different biomass
wastes can produce carbon materials with different properties with their unique structures,
as well as elemental and lignocellulosic compositions [16]. Due to this, the study of carbon
material from biomass waste will be vital to synthesize a high performing electro-catalyst
for energy storage applications, such as MAB.

Lignocellulosic components found in biomass wastes are bonded by covalent and
non-covalent bonding [17]. The carbonization of lignocellulosic biomass wastes produces
carbon materials with hierarchical pores which is a mixture of different pore size ranging
from micropores to macropores. Hierarchical porous structures provide greater specific
surface area and plenty of diffusion channels that can improve the electrochemical reactions
that takes place at the cathode of the battery [18]. Each lignocellulosic component, including
lignin, cellulose, and hemicellulose, decomposes at different temperatures range, as each
component has an individual thermal stability, due to the different chemical bondings
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present. Hemicellulose is predicted to thermally break down at temperature ranging from
180 to 270 ◦C, while cellulose is anticipated to disintegrate at 270 to 350 ◦C [19]. Meanwhile,
lignin has a greater structural complexity, whereby it begins to disintegrate only when the
temperature exceeds 300 ◦C.

Various studies have been done on the synthesis of carbon materials for electric storage
application from different types of biomass waste with different synthesis methods [20,21].
These studies focused on individual biomass waste as a precursor, while studying the
effect of different synthesis parameters, such as the types of doping agent, carbonization
temperature, and carbonization method. There were other studies done on multiple
biomass wastes, and these studies focused mainly on the effect of heteroatom content [22] on
the synthesis methods [16,23] and synthesis parameters [24]. However, there is insufficient
information available that focuses on the fundamental relationship between the pyrolysis
temperature and time, as well as the composition of the lignocellulosic component in the
precursor to synthesize carbon material to be used in metal air batteries. This information
is vital when it comes to the selection of suitable precursors and synthesis parameters to
synthesize an optimum electro-catalyst for electric storage application.

For this study, there are three individual biomass wastes containing unique properties
that were selected as raw materials to synthesize carbon material as electro-catalyst, which
were the oil palm empty fruit bunch (EFB) and garlic peel (GP), as well as oil palm frond
(PF). These biomass wastes are easily accessible, as Malaysia is presently second to the
world largest producer of palm, while garlic is one of the basic cooking ingredients in the
country [25]. These biomass wastes were all obtained without any charge. The oil palm
frond and garlic peel have no commercial value yet, as these wastes are currently not reused.
On the other hand, the oil palm empty fruit bunch is currently reused for other applications,
such as the bio-fertilizer, as well as methane production [26,27]. According to Salleh
et al., the price of EFB in the year 2018 was c.a. USD 70.85 per ton, which was calculated
to be c.a. USD 72.62 per ton in the year 2021, when the CPI inflation rate was taken
into consideration [28,29]. EFB, PF, and GP have different elemental and lignocellulosic
compositions, as well as surface textures, which can result in the production of carbon
materials with different properties. Currently, there are no studies done on these precursors
for electrical storage applications in MAB [30,31]. Therefore, this study aimed to identify
their feasibility as a suitable raw material to synthesize a carbon material as an electro-
catalyst for MAB, based on the chemical and physical characterization tests conducted.

2. Materials and Methods
2.1. Materials

The biomass wastes selected as precursor in this study includes EFB and PF, as well
as GP, as shown in Figure 1. EFB, along with PF, were both obtained by car from an oil
palm plantation locally found in Tangjung Tualang, Perak on the 3rd of May 2021. On the
other hand, the acquisition of GP had been done from a locally based food and beverage
factory located within the industrial area of Kampung Baru, Selangor on the 21st of April
2021; 37% concentrated hydrochloric acid (HCl) and 98% potassium hydroxide (KOH)
were bought from Merck and Friendemann Schmidt Chemicals, respectively, to synthesize
carbon material.
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2.2. Synthesis of Carbon Material

Figure 2 shows the process flow of the production of a carbon material for this study.
The biomass waste was first washed multiple times to remove other solid impurities before
being placed in the drying oven (Memmert, UNB 100) at a constant temperature of 80 ◦C for
approximately 24 h. After that, the size of the dried precursor was then reduced by grinding
and sieving to obtain the size of less than 300 µm and stored in individual sealed containers
prior to usage. For the study of the carbonization temperature parameter, the carbonization
process of dried precursor was accomplished by filling the crucible with 5.0 g of biomass
precursor powder and inserted into a carbolite furnace (Carbolite, RHF 15/8) before setting
the carbonization temperature to 450 ◦C, 600 ◦C and 700 ◦C with a carbonization duration
of half an hour. On the other hand, the carbonization time was manipulated from 30 to
60 min whereas the carbonization temperature was set constant at 600 ◦C for the study of
carbonization time. Subsequently, the raw material that was carbonized was left to cool
overnight, before it underwent activation using the wet chemical impregnation method,
whereby the carbonized precursor was infused with activating agent KOH at a 3 to 1 weight
ratio (carbon to KOH), and 5 mL of water was added to dissolve the added KOH before
being stirred continuously with a magnetic stirrer for 24 h. Then, the slurry was then left to
dry in the same oven at a temperature of 80 ◦C until all the moisture content was removed.
The agglomerated dried mixture was ground into fine powder form by using a pestle
and mortar before it underwent heat treatment in the carbolite furnace at a temperature
600 ◦C for 30 min. After the treated carbon material was cooled to room temperature, the
carbon material was washed with HCl solution of 1.0 mol concentration in order to rinse
off the remaining inorganic salts before further rinsing with distilled water until neutral
pH was achieved followed by drying it overnight in the oven. Similarly, the size of the
dried agglomerated activated carbon was reduced by grounding using a pestle and mortar
to remove agglomeration before being stored in individual sealed containers. Hereupon,
activated carbon materials were formed and each of individual samples with unique labels
EFB-x-y, GP-x-y, and PF-x-y, by which x described the carbonization temperature, while y
represented the carbonization time, which were 30, 45, and 60 min.
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2.3. Characterization of Carbon Material
2.3.1. Lignocellulosic Component Test

The extractives were removed from the raw materials using the soxhlet extraction
method with methanol as solvent for 4 h and the extractive content were calculated accord-
ingly using Equation (1) [33]. The ash content in the raw precursors were determined in
accordance with the procedure by the National Renewable Energy Laboratory [34]. The
lignocellulosic component test was carried out in accordance with the Klason for lignin
and Tappi T203 cm-09 test method for the determination of the cellulose and hemicellulose
components with slight modification [35]. The content percentage were calculated as shown
in the equations below.

Extractive content percentage:

Extractive (%) =
Wex,1 − Wex,2

Wex,1
× 100% (1)

Ash content percentage:

Ash content (%) =
Wash,2

Wash,1
× 100% (2)

Lignin content percentage:

Lignin content (%) =
Wl,2

Wl,1
× 100% (3)

Cellulose and Hemicellulose content percentage:

Hemicellulose content (%) =
6.85(Vb − Vt)× 0.2

V × 1.5
× (100 − Lignin content)% (4)

Cellulose content (%) = 100% − Lignin content(%)− Hemicellulose content(%) (5)

where Wex,1 represents the weight of the raw dried precursor before extraction while Wex,2
indicates the dry weight of extractive-free precursor. Wash,1 and Wash,2 represent the weight
of dried raw precursor before and after carbonization, respectively. Wl,1 and Wl,2 constitute
for the weight of dried raw precursor and dried extracted lignin, respectively. Vb and Vt
constitute for the volume of 0.1 N ferrous ammonium sulfate titrated into the blank solution
and sample, respectively, while V indicates the volume of pulp filtrate used in the sample.

2.3.2. Chemical Characterization

The chemical properties of each of the synthesized samples were analyzed using the
scanning electron microscopy-energy dispersive X-ray (SEM-EDX) (Hitachi, S-3400 N),
thermogravimetric analysis (TGA) (Thermo Scientific Sorptometic, SO1990), and Fourier
transform infrared spectroscopy (FTIR) (Nicolet, iS10). The SEM-EDX method was utilized
to analyze the presence of elements on the sample surface. Meanwhile, TGA analysis was
carried out to observe the weight changes of the raw materials, with temperatures ranging
from 30 to 1000 ◦C at the flow rate of 10 ◦C min−1 in N2 atmosphere. The weight percentage
and derivative weight curves were obtained and studied for the individual raw precursors.
FTIR analysis was executed to analyze and compare the presence of the chemical bonds
within the wavelength spectrum, ranging from 400 to 4000 cm−1, for the raw materials,
along with the selected carbon samples at 700 ◦C and 30 min.

2.3.3. Physical Characterization

The physical properties of several selected carbon samples synthesized were be-
ing characterized through X-ray diffraction (XRD) analysis (Shidmazu, XRD-6000), the
Brunauer–Emmet–Teller (BET) surface analysis (Micromeritics, 3Flex), and the field emis-
sion scanning electron microscopy (FESEM) (JEOL, JSM-6701F). The XRD analysis had
been carried out, with a scan range of 10 to 60 ◦C, at a scan rate of 2 ◦C min−1, in order
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to study and compare the crystalline characteristics of the raw precursors as well as the
selected carbonized precursors. The individual specific surface area (SSA) of each of the
carbon samples was verified by carrying out the BET analysis. 0.4 g of each carbon samples
were inserted in each tube and left to degass at 150 ◦C for 6 h to remove moisture content
before being purged with N2 gas to calculate the surface area of the sample based on the
adsorption as well as desorption of nitrogen molecules on the sample surface. Meanwhile,
FESEM was utilized to analyze the surface morphology of each sample, synthesized with
the size of the sample, porous structure, and surface texture at different magnifications of
15, 30, and 50 thousand times.

3. Results and Discussion
3.1. Chemical Properties Characterization
3.1.1. Lignocellulosic Composition Test

The results of the lignocellulosic composition test were tabulated in Table 1. Based
on the result obtained, EFB had higher lignin and cellulose content than that of PF and GP.
On the other hand, PF had the highest hemicellulose content, as well as lowest lignin and
cellulose content, among the three precursors. The remaining dry weight of the precursors
accounted for the organic solvent extractives and ash contents.

Table 1. Lignocellulosic component composition of EFB, PF, and GP.

Components (%) EFB PF GP

Extractives 22.55 ± 3.30 31.10 ± 4.88 15.85 ± 0.07
Ash 6.827 ± 0.87 3.71 ± 0.18 3.84 ± 0.05

Lignin 24.67 ± 3.49 17.91 ± 2.11 19.30 ± 3.57
Hemicellulose 14.93 ± 0.20 39.51 ± 0.22 26.62 ± 0.23

Cellulose 40.69 ± 0.20 19.61 ± 0.22 37.68 ± 0.23

The specific surface area of an electro-catalyst material plays a crucial role in the elec-
trochemical efficiency through the active sites that are present for reactions to happen [36].
Rios et al. highlighted that the biomass with high lignin content is more likely to produce
carbon materials with a more macroporous structure [37]. Macropores provides diffusion
channel for particles, but it also results in lower SSA, as well as the available active sites
that could hinder the electrochemical performance of the carbon material. Chen et al. had
separated lignin, cellulose, and hemicellulose from corn straw to form carbon material
and discovered that hemicellulose provided a higher specific surface area, followed by
cellulose [38]. According to Leng et al., high ash content resulted to a lower micropore
structure. As the development of a porous structure is linked to the removal of volatile
matters and ash, which are non-volatile inorganic residues that cause blockage of the pores
and, thus, result in low micropore surfaces that account for the available active sites on the
material [39]. Based on the findings above, lower lignin and ash contents, as well as higher
hemicellulose content, are preferable to ensure a larger surface area of the carbon material.

3.1.2. SEM-EDX Analysis

Table 2 listed the elemental (C, N, O, S) content found on the surface of the raw
biomass precursors and synthesized carbon samples at 600 ◦C by using SEM-EDX. By
comparing the elemental content of the raw biomass precursors and the carbonized biomass
precursors, the carbonization of the biomass wastes had resulted in an increase in carbon
atomic percentage, as volatile matters were removed at an elevated temperature and,
thus, increased the carbon purity of the samples [40]. The increase of carbon content also
indicated that the raw material had broken down into carbon. Carbonization of the raw
materials also caused a decrease in oxygen content, especially in garlic peel, which justified
the FTIR results in the later section. The carbonization process exhibited different effects
on the content of N and S heteroatoms for each precursor. The N atom content in EFB
increased, while a decrease in the N content was observed for PF and GP. On the other hand,
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the S content in EFB and PF decreased, but increased for GP. The change in heteroatoms
may be attributed to the interaction between the atoms, as well as free radicals, on the
carbon surface, which occurred during the activation process [40].

Table 2. Elemental content of raw materials and synthesized materials at 600 ◦C with SEM-EDX.

Elements (At %) Raw OPEFB EFB-600-30 Raw OPF PF-600-30 Raw GP GP-600-30

C 54.16 80.44 53.52 79.11 51.61 86.42
N 1.29 3.07 1.46 1.35 1.63 0.82
O 44.28 16.41 44.85 19.49 46.62 12.60
S 0.26 0.08 0.18 0.05 0.14 0.16

High carbon content is an advantage as carbon possessed good conductivity, tailorable
chemical properties, and superior resistance to corrosion [41]. On the other hand, the
electrical resistivity of a material is subjected to the impurity present. Kolanowski et al. had
reported that an excess in oxygen content might influence the storage of discharge product
as it disrupts the surface conjugation of the synthesized carbon material [18]. N and S
heteroatoms are common doping agents as they help to elevate the SSA of a carbon material,
by means of redistributing the electron charges and alteration of spin density [42,43]. While
some impurities can facilitate the electrical conductivity of the material, there are also
impurities that can disrupt its conductivity performance.

3.1.3. TGA Analysis

Figure 3 present the weight percentage and derivative weight curves of raw EFB, PF
and GP from room temperature to 900 ◦C by TGA analysis, respectively. It was observed
that the derivative weight curve and weight percentage curve for all three samples dis-
played a small peak and a gradual slope, respectively, within room temperature to 100 ◦C,
which represented the change in sample weight, due to the removal of moisture. Besides
that, another sharper peak and sheer slope in the derivative weight curve and weight
percentage curves, within the temperatures 200 to 400 ◦C, were observed, which aligned
with the lignocellulosic component decomposition temperatures. The decomposition of
lignocellulosic components had resulted in a significant drop in sample weight. The peak
and slope, obtained through this characterization method, had confirmed that the ligno-
cellulosic components decomposed within the temperature 200 to 400 ◦C. Nevertheless, it
was observed that PF and GP exhibited a slight individual peak, at approximately 250 ◦C,
which represented decomposition of hemicellulose [44]. This also indicated the higher
hemicellulose content present in both precursors, as compared to EFB.

Above 400 ◦C, the changes in weight were observed to be minimal, as most ligno-
cellulosic components had decomposed and other volatile compounds were removed.
Sunphorka et al. reported that the weight change within 400 to 800 ◦C may be attributed to
the slow lignin decomposition, due to its amorphous and highly complex structure [45].
Above 800 ◦C, the weight percentage curve of EFB, PF and GP exhibited minimal changes
with the lowest weight percentage obtained at 6.11%, 8.59%, and 3.57%, respectively. Based
on the final weight percentage, it can be concluded that PF had the highest thermal stability,
as it was able to preserve more weight at an elevated temperature [46]. A precursor with
a good thermal stability is preferred to prevent the loss in porous structure during the
synthesis process, which will greatly impact on the availability of active sites, as well as the
diffusion channel for the reaction to take place.

3.1.4. FTIR Analysis

Figure 4 displays the results obtained from the FTIR analysis carried out on the raw
materials along with the selected carbon samples. It was then discovered that the O-H
bond peaks within the wavenumber ranging from 3650 cm−1 to 3200 cm−1 had flattened
tremendously, particularly for GP, whereby it demonstrated a drop in the natural oxygen
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content present in the carbonized sample, as shown in Table 2. The peak present at ap-
proximately 2900 cm−1 for raw GP represented the C-H bond which also flattened after
carbonization [47]. Within the wavenumber ranging from 1650 cm−1 up to 1560 cm−1,
as well as 1260 cm−1 up to 1020 cm−1, the presence of C=N double bond and C-N bond,
respectively, in the samples indicated that the nitrogen was present in the raw materials
which is a potential natural doping agent [48]. Many researchers had concluded that the
doping of nitrogen is capable of boosting the SSA of a carbon material synthesized by redis-
tributing the charges and various N arrangements, which enhances the interaction between
the carbon and oxygen molecules [42,49]. Within the lower section of the wavenumber
range (1035–1149 cm−1), the amount of natural polysaccharides present in the samples were
observed to have dropped after the raw materials were carbonized, which confirmed the
decomposition of lignocellulosic components. However, it can be seen that the OPEFB after
carbonization had a slight peak at 1035–1149 cm−1, as compared to OPF and GP, which
may imply that not all polysaccharides, especially lignin, were broken down for OPEFB.
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3.2. Physical Properties Characterization
3.2.1. XRD Analysis

Figure 5 depicts the XRD peaks for selected samples, which are raw EFB, raw PF, raw
GP, EFB-600-30, PF-600-30, and GP-600-30, to compare the crystalline structure of each
carbonized biomass precursors. All samples displayed a peak at approximately 21 to 24◦,
as well as a smaller peak at approximately 44◦, which corresponded to the (002) and (100)
standard carbon peaks [50]. It was observed that all the carbonized precursors exhibited
broader peaks than the raw biomass precursors which implied that carbonization of the
biomass precursors resulted in a change in the carbon structure into an amorphous structure.
Another observation made was the growth in the peaks at 44 ◦C after carbonization of all
the biomass precursors. However, it can be observed that the peaks at 44 ◦C for PF is slightly
sharper than EFB and GP, which implied that PF may have a small degree of graphitization.
According to Chakraborty et al., the extent of graphitization of a carbon material affects its
electrical conductivity [51]. The degree of graphitization often increases with carbonization
temperature. Bhat et al. had observed that higher the degree of graphitization caused
more carbon to be hybridized into sp2 configuration whereby electrons are more mobile
which enhances the electrical conductivity of the material [52]. Hereby, it can be assumed
that PF has better potential to produce graphitic carbon materials that is preferable for
electrical conductivity.
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3.2.2. BET Analysis

It was discovered from Figure 6a that increasing the carbonization temperature had
caused the BET SSA of both PF and GP raw materials to increase. On the contrary, the
specific surface area for EFB had increased insignificantly and then decreased even lower
when the carbonization temperature was increased. PF-700-30, in turn, showed better
capability in the formation of a higher specific surface area, due to its ability to obtain the
greatest specific surface area of 548.26 m2g−1, when the carbonization temperature was
elevated to 700 ◦C, in comparison with EFB-700-30 and GP-700-30 at 442.02 m2g−1 and
541.01 m2g−1, respectively. This could be associated to the lignocellulosic components
content in the precursors as every component have different disintegrating temperature
range. The higher lignin content in EFB (24.7%), compared to PF and GP (17.9% and 19.32%,
respectively) could clarify the insignificant changes in the BET SSA for EFB during the
increase in carbonization temperature. The considerable rise in SSA of GP, during the rise
in temperature of the carbonization process from 450 up to 600 ◦C could be a result of a
greater content in cellulose present in GP that disintegrated at an elevated temperature in
comparison to that of hemicellulose. Contrarily, PF had demonstrated a continuous hike in
SSA while the temperature of the carbonization process was elevated whereby it may be
associated with the greater hemicellulose content along with the decreased cellulose and
lignin content in comparison to GP. These results had shown that PF do not depend on
such an elevated temperature to break down and hence, it was able to obtain the highest
BET SSA at 600 and 700 ◦C.
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When comparing the BET SSA of samples synthesized with different carbonization
times in Figure 6b, it was observed that an increase in carbonization duration does not
guarantee an increase in BET SSA. While the BET SSA of PF showed a steep increase when
the carbonization time increased from 30 min to 45 min, an increase to 60 min only resulted
in a slight increase in surface area. On the other hand, EFB-600-60 and GP-600-60 exhibited
a lower specific surface area of 625.54 m2g−1 and 319.02 m2g−1respectively compared
to EFB-600-45 and GP-600-45 at 685.27 m2g−1 and 435.11 m2g−1, respectively. A large
specific surface area takes up a vital part in increasing the efficiency of the electro-catalyst
whereby caters higher vacancy of active sites to cater to the occurrence of electrochemical
reactions. Higher amount of discharge products can be stored which implied that the
material exhibited high energy density [53].
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Figure 7a–c shows the adsorption and desorption isotherms of the synthesized carbon
samples at the carbonization temperature and time of 600 ◦C and 30 min. From Figure 7, all
the samples exhibited type I as well as IV isotherm combination characteristics. The type I
isotherm characteristics were seen within the lower relative pressure (P/P0) range with high
N2 adsorption quantity at P/P0 < 0.2. On the other hand, type IV characteristics which are
represented with hysteresis loops were found within the relative pressure 0.2 < P/P0 < 1.0.
Both the isotherms combined together had indicated that the synthesized materials contain
hierarchical porous structures with micropores, mesopores, and macropores present [54].
Hierarchical porous structure is an advantageous characteristic of an efficient electro-
catalyst as mesopores improves the performance of the transfer of both electrons, as well as
ions, whereas micropores are responsible for the supply of a greater specific surface area
which supplies more room for the storage of discharge products [55]. Besides, macropores
also aid in the transport of chemical compounds, which improves the rate of reaction that
takes place in the battery [56]. The hierarchical porous structure that is present within the
synthesized materials can be verified with the FESEM observation shown in Figure 8.
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Figure 8. (a–c) EFB-450-30, PF-450-30 and GP-450-30 with 15,000 times magnification and scale of 1µm
(d–o) EFB-600-30, PF-600-30, GP-600-30, EFB-700-30, PF-700-30, GP-700-30, EFB-600-45, PF-600-45,
GP-600-45, EFB-600-60, PF-600-60 and GP-600-60 at 30,000 times magnification.

3.2.3. FESEM Analysis

Figure 8a–c shows EFB-450-30, PF-450-30 and GP-450 at the magnification of 15,000 times,
respectively. It was observed that EFB-450-30 and PF-450-30 have achieved smaller sized
particles in comparison to GP-450-30. Particles of smaller size are commonly preferred
compared to bigger sized particles as it supplies more surface area with a greater number of
active sites available in order for the occurrence of the electrochemical reactions. EFB-450-30
likewise had displayed more uneven surface texture compared to PF-450-30 which clarified
the elevated SSA that EFB was able to achieve at carbonization temperature of 450 ◦C. By
comparing Figure 8e,f,h, as well as Figure 8j, PF-700-30 and GP-700-30 exhibited obvious
hierarchical porous structures, as well as greater structural deformity on the surface of
the carbon material, in comparison to the PF and GP materials synthesized at 600 ◦C and
30 min. The prominent porous structure had heightened the BET SSA and hence, it was
verified the elevated SSA when the carbonization temperature increased. Contrarily in
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Figure 8d,g, EFB-600-30 exhibited greater porosity in comparison to EFB-700-30 which may
be because of the widening of pores in the structure of the synthesized carbon from EFB
when the temperature was further increased. Rios et al. found that biomasses with high
lignin biomass are inclined to form macroporous structure [37].

Different precursors reacted differently to the change in carbonization time. An
increase in carbonization time had resulted in producing smaller particle for EFB, as shown
in Figure 8j. However in Figure 8j,m, it was observed that the surface of the OPEFB-derived
carbon material particles were rougher and the porous structure reduced tremendously.
Similar effect was observed for the GP-derived carbon material in Figure 8l,o whereby the
pores were enlarged and less visible. By relating the surface morphology observed and the
BET SSA obtained for EFB-600-45, EFB-600-60, GP-600-45 and GP-600-60, less prominent
porous structure had resulted in the decrease in the SSA of the carbon material. The
decrease in porosity of a carbon material could possibly be related to the thermal stability of
the precursor in which the precursors were not able to withstand an elevated temperature
for an extended duration. At extreme conditions, the porous structure of the material with
low thermal stability collapse when the pores enlarge and the walls between pores becomes
thin and weak [57,58]. According to Ornaghi et al., hemicellulose mainly attributes to the
thermal stability of the lignocellulosic material, but it could not be concluded, due to the
interaction between each component [59]. On the other hand, a prolonged carbonization
time exhibited a positive impact on the PF-derived carbon material as its hierarchical porous
structure remained intact and visible. When comparing the surface area along with the
morphology of the surface of the individual material that were synthesized with respective
carbonization temperatures, it can be validated that carbon materials with particles of
smaller sizes as well as surfaces with immensely defective texture provided higher surface
area when compared to particles with larger size and smooth texture. The hierarchical
porous structure is highly desired, as the number of actives sites for reaction to take
place is a function of the volume of micropores while mesopores and macropores provide
channeling for ions and particles to travel which enhances the probability of occurrence of
reactions [51].

Table 3 shows the comparison of the BET SSA achieved from this study with other
similar studies. It can be observed that each study applied different carbonization and
activation methods that produced carbon material with different SSAs despite using similar
precursors. Zhang et al., had shown that a very high specific surface area of 2818 m2g−1

can be achieved when the activation duration and the amount of activator added were
increased [49]. From the study conducted by Bhat et al., it showed that elevated temperature
itself did not necessarily result in high SSA (436.2 m2g−1) and therefore implying that
activation process holds a critical part in the BET SSA elevation of a carbon material [47].
When comparing the results obtained by Bhat et al. as well as Zhang et al., the carbon
material synthesized by Zhang et al. was able to achieve higher specific capacitance of
427 Fg−1 (0.5 Ag−1 current density), in comparison with Bhat et al.’s at 119.2 Fg−1 (0.1 Ag−1

current density). Despite having different current density applied, the specific capacitance
of Zhang et al.’s exceeded Bhat et al.’s by several times. This indicated that the SSA of a
material do affect the performance of the electro-catalyst.

According to the results obtained and observed in the previous sections, it is apparent
that the change in carbonization temperature and time have different influence on the
morphology of each precursor. The composition of the lignocellulosic components of each
precursor is responsible for the development in porous structure as each of the component
decomposes within different range of temperature in accordance with its distinctive thermal
stability. For an instance, the changes in porous structure of EFB and GP were more apparent
at higher carbonization temperature and longer carbonization duration, which is probably
due to the complex and stretched decomposition of lignin.

By observing the characterization results in this study, it was discovered that PF pos-
sessed better potential as a raw material for the synthesis of carbon nanoparticles materials
as electro-catalyst. PF had exhibited an increasing trend in BET SSA for carbonization time
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and temperature. In comparison with EFB and GP, PF showed better result by achieving the
highest specific surface area, due to its elevated defects in the surface structure, which does
not give in to the depletion in mechanical strength when the carbonation temperature and
time was increased. It is also capable of achieving a smaller particle size, which implied
that nano-sized particles are feasible with further experimenting, which involves extensive
synthesis parameter studies, as well as electrical conductivity tests.

Table 3. SSA comparison from this study with similar studies from the literature.

Precursor Purpose
Synthesis Condition

SSABET (m2/g) Remark
Carbonization Activation

Garlic Peel Supercapacitor 1000 ◦C, 1 h, N2 flow
250 mL cm−3, 10 ◦C min−1 - 436.2 [47]

Garlic Stem ZAB HTC 180 ◦C, 6 h, 900 ◦C,
75 min, Ar flow 100 sccm - 991.0 [60]

Garlic Peel Supercapacitor 600 ◦C, 2 h, N2 flow
5 ◦C min−1

4:1(KOH:C) ratio,
800 ◦C, 2.5 h N2
flow 5 ◦C min−1

2818.0 [49]

Garlic Peel MAB 700 ◦C, 30 min 1:3(KOH:C) ratio,
600 ◦C, 30 min 541.0 This study

Empty Fruit Bunch Wastewater
treatment

900 ◦C, 15 min, CO2
0.1 Lmin−1 - 345.0 [61]

Empty Fruit Bunch Wastewater
treatment

900 ◦C, 15 min, Steam
2.0 mL min−1 - 635.6 [61]

Empty Fruit Bunch MAB 600 ◦C, 30 min 1:3(KOH:C) ratio,
600 ◦C, 30 min 460.9 This study

Oil Palm Frond Wastewater
treatment

500 ◦C, 2 h, Steam
100 cm3 min−1,

10 ◦C min−1
- 457.7 [30]

Oil Palm Frond MAB 700 ◦C, 30 min 1:3(KOH:C) ratio,
600 ◦C, 30 min 548.26 This study

4. Conclusions

To conclude this study, three different biomass wastes, including EFB, PF, and GP, were
examined, in order to choose a good raw material in the synthesis of carbon nanoparticle
as an electro-catalyst for MAB. According to the obtained results, PF was determined to be
the most suitable precursor, as it was capable of achieving the highest SSA at an elevated
temperature of 700 ◦C (548.26 m2g−1) and time of 60 min (777.62 m2g−1), due to the
hierarchical porous structure and smaller particle size achieved, which are advantageous
characteristics for enhancing the electrochemical efficacy of an electro-catalyst for energy
storage. PF is a potential alternative to replace the current costly CNT as a material for
electro-catalysts, which is greener and sustainable, yet cost-efficient. A more in-depth
investigation on the electrical conductivity test will be carried out to further ascertain its
potential as an electro-catalyst for MAB.
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