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Abstract

In this study, activated carbon (AC) was prepared from raw cassava rhizome (CR) and CR hydrochar which was
derived from a hydrothermal carbonization process at 200°C for 1 h in 0.4 M of aqueous HCI. The chemical
activation process was further conducted using a raw material to ZnCl; ratio of 1:3 at 800°C for 2 h under
nitrogen atmosphere. Elemental compositions, graphitization degree, porosity, specific surface area (SSA),
surface chemical functional groups and morphology of the AC were investigated. The analysis results
demonstrated that the AC derived from raw CR (CRZ83) provided promising properties for using as
supercapacitor electrode material (SEM). It had higher total pore volume (1.53 cm?/g) and SSA (1,225 m%/g)
than those of the AC prepared from CR hydrochar (CRHZ83). Electrochemical potentials of the CRZ83 were
investigated using a three-electrode system in 1 M H>SOjy electrolyte. Its specific capacitance was 123.0 F/g at a
current density of 0.3 A/g. The results could suggest that the AC prepared from raw CR can be an alternative
material for supercapacitor electrodes.

Keywords: Activated carbon, Hydrochar, Agricultural waste, Renewable energy, Energy storage, Biomass
utilization

1. Introduction

The rapid expansion of the global economy has led to overexploitation of fossil-based energy sources, which
has consequently resulted in resource depletion, environmental pollution and disease. Thus, novel alternative
energy sources such as solar and wind have received huge attention [1]. To achieve maximum benefit, the
energy derived from those eco-friendly energy sources has to be properly stored [2].

Supercapacitors have been regarded as a promising energy storage device. They have high power and energy
densities, rapid charge-discharge capabilities, small size and long life cycles (more than 100,000 cycles) [3].
These features overcome many of the limitations of both conventional capacitors and batteries [4].
Supercapacitors generally consist of five major components including electrodes, separators, current collectors,
conductive metal materials and leakage protectants [5]. The electrode is the most important part related to
supercapacitor performance. In general, electrodes can be produced from various materials such as conductive
polymers and metal oxides. The commercial use of these materials is limited because of their detrimental effect
to human health and environment [6]. Therefore, discovering new materials is essential. Activated carbon (AC)
is an eco-friendly and low cost material and has a high specific surface area (SSA) that is required to provide an
adequate number of sites for charge accumulation on the electrode/electrolyte interface [7]. Thus, AC with high
SSA is regarded as promising materials for supercapacitor electrode material (SEM). Normally, the AC for
supercapacitor electrodes can be produced from various biomass wastes such as rice husk [8] and pineapple



leaves [9]. In the AC activation process, ZnCl,, KOH, H3PO4 etc. are commonly employed as an activating
agent. Among them, ZnCl, is regarded as an outstanding activating agent because of its mild properties, and
high potential in porosity and SSA production [7].

Considering the potential biomass, cassava rhizome (CR) is the most promising candidate according to its
plentiful biomass in Thailand. It constitutes a residue from the cassava harvest with the residue product ratio of
CR is 0.2 [10]. CR is a connective joint between the cassava root and cassava stalk. In 2020, 29 million tons of
cassava products were produced in Thailand, which is equivalent to the estimated amount of CR of 5.8 million
tons [11]. CR is commonly disposed of by open burning at the plantation, resulting in substantial various
environmental drawbacks, especially air pollution. Interestingly, CR contains high carbon content making it
suitable for use as a feedstock in the production of AC for SEM [12]. On the other hand, CR use is restricted by
its high moisture content [12,13]. Thus, to increase its use efficiency, a pretreatment process is required [12,13].
The process could stabilize raw biomass by removing volatile components through degradation reactions
forming gas and tar [14,15]. Hydrothermal carbonization is an outstanding pretreatment technology for high
moisture biomass [12]. It results in hydrochar as a substantial product which can be used as a feedstock for AC
production. However, studies comparing between AC properties of SEM derived from raw CR and from CR
hydrochar have never been conducted.

In this study, AC was prepared from raw CR and CR hydrochar via a chemical activation process using
ZnCl, as an activating agent. The produced AC was characterized by elemental composition, graphitization
degree, porosity, SSA, surface chemical functional groups and morphology. Electrochemical potentials of the
promising AC were investigated using a three-electrode system in 1 M H,SOj electrolyte.

2. Materials and methods
2.1 Materials

CR was used as a feedstock in this study and was collected to prepare CR powder using the method reported
in a related study [16].

2.2 Preparation of AC

In this study, raw CR and CR hydrochar were used as a feedstock for preparing AC. The CR hydrochar was
prepared using a catalytic hydrothermal carbonization process conducted in a batch autoclave reactor (250 mL,
NK Laboratory Co., Ltd, Thailand). In the catalytic hydrothermal carbonization process, 18 g of the raw CR
powder was mixed with 180 mL of 0.4 M aqueous HCI in a glass vessel which was inserted inside the reactor.
Then the reactor was tightly closed and heated at 200°C for 1 h. For quenching reaction, the reactor was
suddenly cooled to ambient temperature by placing in a water bath. The hydrochar was isolated from an aqueous
phase by vacuum filtration.

The AC was produced through a chemical activation process [17-19]. In each experiment, 4 g of the
feedstock was homogeneously mixed with 12 g of ZnCl; in a quartz boat, then placed in a horizontal tube
furnace. Before heating, an inert environment in the tube furnace was initiated by purging nitrogen gas at 250
mL/min for 10 min. Then the sample was preheated at 105°C for 1 h and was further heated at 800°C with a
ramping rate of 10°C/min for 2 h. After that, the temperature was physically dropped to ambient temperature.
The product was first washed with 1 M aqueous HCI, and then washed with deionized water until the pH of the
washed water became neutral [16]. The sample was dried at 105°C for 24 h. The AC derived from raw CR and
CR hydrochar was designated as raw CR (CRZS83) and CR hydrochar (CRHZ83), respectively.

2.3 AC characterizations

The AC was characterized by elemental and proximate compositions, graphitization degree, porosity, SSA,
surface functional groups and morphology, conducted according to the methods in the related study [16].
Elemental compositions were determined using an elemental analyzer (LECO CHNS 628). For proximate
compositions, ash and volatile matter (VM) contents were determined through NREL/TP-510-42622 and
American Society for Testing and Materials (ASTM) D 7582 methods, respectively. Fixed carbon (FC) content
was determined by deducting 100% from ash and VM contents. Graphitization degree was measured using x-ray
diffractometer (XRD), Bruker DS ADVANCE) with Cu K, radiation (A = 1.5418 A) and Raman spectra (High
Resolution Raman, LabRAM HR Evolution) with a laser wavelength of 532 nm. Porosity and SSA were
identified by physical adsorption of N, (NOVAe-Series surface area analyzer) at 77 K. Surface functional
groups were determined by Fourier transform infrared spectroscopy (FT-IR, Thermo Fisher Scientific Nicolet
6700) using potassium bromide (KBr) pellet method in the range of 4000 to 400 cm'. Morphology was
observed using field emission scanning electron microscopy (FE-SEM, JEOL JSM-7610F).



2.4 Fabrication of the electrodes and electrochemical measurements

The electrochemical potential of the electrode materials was investigated using a three-electrode system. The
fabrication of supercapacitor electrodes and electrochemical measurements were conducted according to the
steps of related studies [16]. The electrode was prepared by mixing the AC with a binder [polyvinylidene
fluoride (PVDF)] and conductive carbon (Super P) with a weight ratio of 80:10:10 in an N-methyl-2-pyrrolidone
(NMP) solvent, and then the mixture were coated on stainless-steel plates. The obtained electrode was dried in
an oven at 80°C for 12 h and then dried in a vacuum oven at 80°C for 6 h. Pt and Ag/AgCl were used as counter
and reference electrodes, and 1 M H,SO, solution was used as the electrolyte for electrochemical tests. Specific
capacitance of supercapacitor electrodes was calculated using Equation (1)

C=1xAt/m X AV (1)

where C is the specific capacitance (F/g), I is the discharge current (A), At is the discharge time (s), m is the
mass of AC (g), and AV is the voltage (V).

3. Results and discussion
3.1 Characterization of AC

Elemental compositions of raw CR, CRZ83 and CRHZ83 are tabulated in Table 1. As can be seen, carbon
content of CRZ83 and CRHZ83 was much higher than raw CR, while oxygen and hydrogen contents of the AC
were much lower than raw CR. Increasing carbon while decreasing oxygen and hydrogen contents were primary
due to eliminating volatile components through the dehydration reaction of ZnCl, with heat treatment [14,17].
On the other hand, CRZ83 had higher carbon content but lower hydrogen and oxygen contents than that of
CRHZ83. Interestingly, CRZ83 had lower ash and higher nitrogen contents than that of CRHZ83. Lower ash
content could enhance SSA and pore volume of the material due to dense carbon. The nitrogen content could
enhance the efficiency of the electrode materials because it improves the electrical conductivity in the storage
mechanism of supercapacitor electrodes [20]. These results implied that CRZ83 could be a promising AC for
being used as SEM.

Table 1 Elemental composition of raw CR, CRZ83, and CRHZS83.

Sample Yield Elemental composition (wt.%) Proximate composition (wt.%)
name (dried wt.% on CR)  Carbon Hydrogen Nitrogen Sulfur  Oxygen  Ash VM FC
CR - 45.50 6.10 1.10 0.10 42.90 4.20 75.13 20.67
CRZ83 4.27 91.95 0.66 1.05 0.27 4.29 1.78 6.15 92.07
CRHZ83 8.51 90.26 0.77 0.83 0.20 4.63 3.30 4.92 90.45

Figure 1 depicts the graphitization degree of the AC through x-ray powder diffraction (XRD) (Figure 1A)
and Raman spectra (Figure 1B). XRD spectra shows two dominant diffraction peaks at 24.1° and 43.1°, which
are consistent with the (002) and (100) diffraction planes of the graphitic carbon, presenting that CRZ83 and
CRHZ83 were made of both graphitic and amorphous structures [21]. On the other hand, the intensity peaks of
CRZ83 were similar with that of CRHZS3, confirming that those graphitized structure degree did not differ
much [22]. The graphitic structure of the AC was further confirmed through Raman spectra [23]. The two peaks
at 1350 cm™!' and 1580 cm™' appeared in the spectra corresponding to the D and G bands, respectively [24].
Typically, the D band represents the disordered carbonaceous structure, and the G band shows the graphitic
structure. The intensity of the D and G bands are commonly used to determine charge-storage capacity and
electrical conductivity of the materials [25]. The intensity ratio of the D to G bands (Ip/Ig) identifies the degree
of the graphitic structure. A higher Ip/Ig ratio possesses lower degrees of graphitization and vice versa. The Ip/Ig
value of CRZ83 and CRHZ83 were 0.88 and 0.90, respectively, indicating that the graphitic structure of CRZ83
was similar to CRHZ83. This result corresponds with the XRD spectra.
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Figure 1 (A) XRD and (B) Raman spectra of CRZ83 and CRHZS3.

The SSA and pore properties of carbon materials substantially affected supercapacitor electrode
performance. These characteristics are related to capacitance of the electrodes, because the SSA and pore
properties are used to collect charge in an electrolyte by adsorption [26]. Due to ZnCl, activation, the nitrogen
adsorption desorption isotherm in Figure 2A depicts that CRZ83 and CRHZ83 contain both micropores (<2 nm)
and mesopores (2 to 50 nm) structures [16]. As already indicated, the full isotherms of both samples pronounced
uptake at low P/Py and were associated hysteresis loops. The shapes of hysteresis loop of both samples were
related to particular features of Type H4 attributed to the filling of micropore-mesopore. Both loops are initiated
at P/Py ~ 0.4, but the CRHZ83 has a narrow branch and low adsorption volume compared with the CRZ83. As
tabulated in Table 2, CRZ83 had an SSA and total pore volume of 1,225 m?g and 1.53 cm®/g, respectively,
which were higher than those of CRHZ83. SSA and total pore volume of CRHZ83 were 1,109 m%g and 0.91
cm’/g, respectively. These results disagreed with the ash content of CRZ83 and CRHZS83. Figure 2B depicts that
both CRZ83 and CRHZS83 contain average pore sizes of 3.71 nm and 3.72 nm, respectively, which is in the pore
range relevant to supercapacitor properties [27]. These results determined that CRZ83 could be a promising AC
for using as SEM.
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Figure 2 (A) N> adsorption desorption isotherms and (B) pore size distribution of CRZ83 and CRHZS3.

Table 2 SSA and pore properties of CRZ83 and CRHZS83.

Sample Sper® (m%/g) VP (cm’/g) Vi (cm¥/g) Vine! (cm®/g) DA® (nm)
CRZS83 1,225 1.53 0.35 1.18 3.71
CRHZ83 1,109 0.91 0.44 0.47 3.72

Note: * SSA, ® Total pore volume, ¢ Micropore volume, ¢ Mesopore volume, ¢ Average pore size.

The Fourier-transform infrared spectroscopy (FTIR) spectra in Figure 3 illustrate the surface functional
groups of CR, CRZ83 and CRHZS83 samples. CR possessed five major peaks. The strong peak at the
wavenumber of 3450 to 3500 cm™! is ascribed to the O-H vibration from the hydroxyl group. The intensity of
this peak in the CRZ83 and CRHZ83 was much lower than that of raw CR, corresponding with the changes of
elemental compositions though the dehydration reaction [14,17]. The weak peak at 2850 to 2900 cm™ is
assigned to the C-H vibration from the aliphatic hydrocarbon which was preserved in the CRZ83 and CRHZ83
samples. The transmittance peak at 1650 cm™! represented the C=0 stretching vibration of ketone, amide and
carboxylic groups [13]. This peak disappeared in CRZ83 and CRHZ83 samples because of the decarboxylation
reaction. The peak at 1600 cm™ is ascribed to the C=C vibration [28]. This peak of CRZ83 and CRHZS83



samples was shipped to 1589 cm™! [28]. The peak at 1050 cm™! corresponds to the C-O vibration of the carboxyl

group which was shipped to 1147 cm™ in [13,28]. The wave number changes of these peaks could be related to
the activation reactions of ZnCl, at 800°C.

Transmittance (a.u)

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wave number (cm™)

Figure 3 FT-IR spectrums of raw CR, CRZ83 and CRHZS3.

Surface morphology of raw CR, CRZ83 and CRHZS83 is illustrated in Figure 4. As can be seen, the
morphology of raw CR (Figure 4A) was smooth and compact with small grooves. Because the raw CR was
activated at 800°C with ZnCl, (Figure 4B and 4C), the surface became rough with numerous cavities. The
surface of CRZ83 exhibited more roughness than that of CRHZ83 corresponding with higher SSA and pore
properties in Table 2. CRZ83 showed an SSA and total pore volume of 1,225 m%/g and 1.53 cm?/g, respectively,
which were higher than those of CRHZ83. SSA and total pore volume of CRHZ83 were 1,109 m?/g and 0.91
cm?/g, respectively.
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Figure 4 Surface morphology of raw: CR (A), CRZ83 (B), and CRHZS3 (C).



3.2 Electrochemical potential

The electrochemical potential of the electrode materials derived from CRZ83 was evaluated in 1 M H2SO4
for three-electrode systems. Figure SA illustrates the CV curves of CRZ83 at scan rates and potential range of
10 to 100 mV/s and 0 to 1 V, respectively. As can be seen at a scan rate of 10 mV/s, the curve had an equally
rectangular configuration without a redox peak, consistent with a property of an electrical double-layer capacitor
(EDLC) [29]. The changes of scan rate affecting the redox peaks became broaden and distorted [30]. On the
other hand, the changes of potential range affected the material resistance and irreversible reduction [31].
Galvanostatic charge-discharge (GCD) tests were conducted to measure the electrochemical capacitance of the
sample. Figure 5B depicts the GCD curves in the potential range of 0 to 1 V at a current density of 0.3 A/g. The
curve exhibited a nearly symmetric triangular shape, indicating promising capacitive characteristics and
electrochemical reversibility of the material. The specific capacitance of the CRZ83 at a current density of 0.3
A/g was 123.0 F/g which was higher than that of dead ginkgo leaves (102 F/g) [32] and loofah sponge (107.4
F/g) [33].
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Figure 5 CV curve of CRZS83 at different scan rates (A) and GCD curve of CRZS83 at current density 0.3 A/g
(B).

4. Conclusion

AC as SEM was prepared from raw CR and CR hydrochar through a chemical activation process using
ZnCl, as an activating agent. The carbon derived from CRZ83 shows outstanding properties for use in SEM. It
had higher nitrogen content, SSA, and pore volume than those of the carbon derived from CRHZ83. These
results suggested that CR should not be pretreated before using as a feedstock to prepare AC as SEM. The
specific capacitance of CRZ83 was 123.0 F/g at a current density of 0.3 A/g. Chemical doping should be further
investigated to enhance the electrochemical potentials of CR and AC.
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