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Abstract

Generally, the type of biomass precursors is one of the key factors affecting the properties of synthesized biochar. This novel
study therefore examined the single-route preparation of coconut shell and watermelon rind biochar with the combination of two
types of binary metal oxide, iron nickel oxide (Fe,NiO,), and cobalt iron oxide (CoFe,0O4) by employing a novel vacuum
condition in an electric muffle furnace. The samples were characterized by several methods such as Fourier transform infrared
(FTIR), field emission scanning electron microscope (FESEM), thermogravimetric analysis (TGA), X-ray diffraction (XRD),
and Brunauer—Emmett-Teller (BET) Surface Area. The optimum pyrolysis temperature for producing a high surface area of
322.142 m?/g and 441.021 m*/g for coconut shell biochar and watermelon rind biochar, respectively, was recorded at 600 °C. FTIR
analysis revealed lesser adsorption bands found in FTIR spectrum of the samples with higher pyrolysis temperature (500-700 °C). In
addition, FESEM results also revealed the surface changes of the samples with the impregnation of COF€2044 and Fe,NiOy.
Furthermore, the value added application of biochar in electrochemical energy storage has been explored in the present work. In

typical three-electrode configuration, WR-BMO 600 exhibits about 152.09 Fg' with energy density about 19.01 Wh kg™
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1 Introduction

The emerging of electronics has rapidly increased the demand
for energy storage devices. On the other hand, the aggravation
of environmental pollution and the depletion of fossil fuels
have stimulated the development of green, renewable, and
favorable energy storage devices [1-3]. Supercapacitors, bat-
teries, fuel cells, and conventional capacitors are renowned
typical smart energy technologies. Among all, supercapacitors
have drawn intensive attention because of its rapid charge-
discharge rate, high power density, long cycle life, and eco-
friendliness [4]. However, supercapacitors have low energy
density which limit their practical applications [2].

To date, numerous investigations have focused on the de-
velopment of green and low cost materials aimed for good
electrochemical performance. Various types of carbon mate-
rials, such as carbon nanotubes, graphene, activated carbon,
and carbon aerogels have been explored as promising candi-
dates for supercapacitor materials due to their high electrical
conductivity and large specific surface area. Biochar is a car-
bonaceous material which possesses many excellent
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characteristics such as high specific surface area, abundant
porosity, good hydrophilicity, and good conductivity [5]. In
recent years, the biochars produced from thermochemical de-
composition of biomass have received significant attention
especially for the area of soil amendment [6], carbon seques-
tration [7], and waste water treatment [8, 9]. However, there
are limited research focuses on the application of biochar for
energy storage [10].

Biomass stands a greater chance of prevailing as a good
source for the production of biochar due to its availability
globally [11]. Sugarcane bagasse [9], durian rind [12], man-
gosteen peel [8], coconut shell [13], corn stover [14], rice
husks [15, 16] olive husk [17], pine [18], Miscanthus [19],
and sewage sludges [20] are some types of biomass used for
biochar production.

There are different methods of biochar production, but the
commonly used methods are high-temperature pyrolysis, hy-
drothermal carbonization, and microwave pyrolysis [21-23].
Each method has different advantages and drawbacks. High-
temperature pyrolysis usually works at temperature beyond
500 °C and relatively causes high energy consumption.
However, this method is still being opted by the researchers
due to its simplicity and less production time. Different from
high-temperature pyrolysis, hydrothermal carbonization nor-
mally applied under lower temperature. Thus, the energy con-
sumption is low. In addition, the surfaces of biochar produced
by this method owing more active sites which are beneficial
for next step treatment [5]. Unfortunately, the products of this
low temperature process possess low carbon content which
limits its application in various areas due to low conductivity.
Microwave pyrolysis stands over other methods in terms of
efficiency, time consumption, and clean process route. But the
major problem is the higher production cost compared with
other abovementioned methods [24].

The characteristics of biochars produced primarily depen-
dent on the process conditions and the origin of biomass.
Normally, the biochar directly obtained from biomass pyrol-
ysis poses low specific surface area, poor porosity, and inad-
equate surface functional groups [25]. In order to expand its
applications, several modifications need to be done. The prop-
erties of biochar can easily be tuned by the appropriate acti-
vation or functionalization. Chemical activation is one of the
common methods used to improve the specific surface area
and of pore structure of carbon materials [26]. Common
chemical activating agents used are KOH, NaOH, K,CO;,
ZnCl,, and H3;PO,4. Normally, the chemicals are impregnated
into the biomass prior to pyrolysis process [27]. Chemical
activation can be performed in relatively lower temperatures
and results in a biochar with high porosity and surface area
[28]. However, the variables during activation process such as
activation temperature, the type of activating agent, and feed-
stock type may significantly affect the porosity and surface
area of produced biochar. For instance, Angin et al. (2013) in
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their study found that the surface area and pore volume of the
biochar from safflower seed were significantly increased with
increasing the activation temperature (600-900 °C) and im-
pregnation ratio (1:1-4:1) [29].

Herein, novel CS-BMO (CS-BMO 500, CS-BMO 600,
and CS-BMO 700) and WR-BMO (WR-BMO 500, WR-
BMO 600, and WR-BMO 700) samples were fabricated re-
spectively via self-purging pyrolysis with coconut shell and
watermelon rind as the carbon source at 500 °C, 600 °C, and
700 °C, wherein CS-BMO 600 and WR-BMO 600 materials
were resulted in good electrochemical performance (Table 1).

CoFe,0,4 and NiFe,0, ratio used in the experiments was
fixed to 1:1 (in grams). Pyrolysis temperature was fixed to
20 min for all samples. Sonochemical treatment using probe
sonicator for 30 min at 70% frequency for all samples before

pyrolysis

2 Experimental
2.1 Materials and Method

Coconut shell powder (600 mesh) was purchased from Kuala
Perak Coconut Industries, Malaysia. Watermelon rinds were
obtained from local markets. The residue flesh was removed,
then the rinds were cut into small pieces and dried in the oven
at 80 °C for 24 h. The oven-dried watermelon rind was pow-
dered using a conventional grinder then stored in airtight con-
tainer. All chemicals and reagents were of analytical grade and
used as received without any further purification. Iron nickel
oxide, Fe,NiOy, cobalt iron oxide, and CoFe,04 were pur-
chased from Sigma—Aldrich, Malaysia. Potassium permanga-
nate, KMnQOy, was purchased from R&M Chemicals. The
bench top pH meter (brand: SI Analytics Model: Lab 845)
was employed to control pH of the samples. The programma-
ble muffle furnace model WiseTherm, FP-03, 1000 °C, 3L
was used to prepared biochar. Nickel foam of uniform thick-
ness (1.6 mm, bulk density—0.45 gem >, porosity—95%)
was supplied by Sigma—Aldrich, Malaysia.

Table1  Sample preparation for CSB, WRB, CS-BMO, and WR-BMO
Sample Pyrolysis temperature (°C)
CSB 600
WRB 600
CS-BMO 500 500
CS-BMO 600 600
CS-BMO 700 700
WR-BMO 500 500
WR-BMO 600 600
WR-BMO 700 700
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2.2 Preparation of CS-BMO and WR-BMO biomass

One hundred milliliters of each analytical grade binary metal
oxide of iron nickel oxide, Fe,NiO,4 (0.4 g), and cobalt iron
oxide, CoFe,O,4 (0.4 g), solutions were transferred into 1L
Pyrex laboratory beaker, followed by 100 ml potassium per-
manganate (KMnO,) for optimum functionalization process.
This solution was mixed uniformly prior the addition of
200 ml solution containing 100 g coconut shell powder into
the 200 ml mixture of 1-L Pyrex laboratory beaker. The mix-
ture was then sonicating for 30 min with 70% frequency using
probe sonicator (brand: QSONICA). The mixture was then
dried in oven for 48 h at 70 °C to obtain metal ion-coconut
shell biomass. The above methods were repeated for the prep-
aration of binary metal oxide-watermelon rind biomass.

2.3 Synthesis of CS-BMO and WR-BMO biochar

The pyrolysis processes of the CS-BMO and WR-BMO bio-
mass were performed in the limited oxygen condition in pro-
grammable muffle furnace model WiseTherm, FP-03, 1000
°C, 3L. Closed crucibles containing 20 g of dried CS-BMO
and WR-BMO biomass were kept in the middle of the fur-
nace, and the furnace’s door was then closed tightly. The
vacuum pump was then connected to the syngas effluent’s
tip located at the top of the furnace to suck out the air inside
the furnace to promote limited oxygen condition throughout
the pyrolysis process. The pyrolysis process was carried out
according to the required time and temperature. The furnace
was allowed to cool down upon completion of the pyrolysis
until room temperature was attained before removing the cru-
cible from the furnace. The total amounts of CS-BMO and
WR-BMO produced were weighed and then washed with dis-
tilled water until pH neutral obtained and dried in the oven for
24 h at 70 °C.

2.4 Yield of CSB, WRB, CS-BMO, and WR-BMO

A range of pyrolysis temperatures (500 °C, 600 °C, and 700
°C) were employed in order to determine the optimum tem-
perature for the production of CS-BMO and WR-BMO bio-
char. The holding time was fixed at 20 min by taking the
middle holding time according to the research done by
Thines et al. (2017) using durian rind as biomass. The yield
of CS-BMO and WR-BMO biochar produced was determined
by employing Eq. (1)

Yield (%) :%x 100 (1)

where Wi represents the initial dry weight of CS-BMO and
WR-BMO biomass in gram which is used as feed while Wf'

represents the final dry weight (g) of CS-BMO and WR-BMO
biochar produced after the pyrolysis process.

2.5 Characterization of CS-BMO and WR-BMO biochar

Characterization studies of both as-synthesized CS-BMO and
WR-BMO samples were performed in order to analyze their
surface structure, chemical composition and decomposition
temperature crystallinity, and surface area. The surface mor-
phology and elemental composition were studied using
JEOL:JSM-7800F microscope fitted with energy dispersive
X-ray analyzer (FESEM-EDX). The surface structure and
functional groups present in CS-BMO and WR-BMO samples
were characterized and evaluated by Fourier transform infra-
red (FTIR) spectroscopy (Spotlight 200i FTIR Microscope
System). The samples were scanned in the range of 4000—
400 cm . In this analysis, KBr pellets of the samples were
prepared by mixing KBr powder with the samples at the ratio
of 1:10. The thermogravimetric analysis (TGA) was used to
identify the mass change of the sample as a function of tem-
perature by using TGA 55. In this analysis, a small sample size
was used in the range of 10 to 200 mg which was heated at
temperatures ranging from 25 to 900 °C at 20 °C/min decom-
position rate. The crystalline nature and phase identification of
the samples were determined by using X-ray diffractometer
(model: PANanalytical Empyrean Diffractometer) equipped
with Cu K-« radiation (A =1.5418 A) at a scan rate 0.2 st
step 0.05° over 2g, 5° to 90°. The surface area with pore
volume and pore size of CS-BMO and WR-BMO samples
were determined by using Brunacur—-Emmett-Teller (BET)
(model: NOV Atouch Quantachrome) at N, condition.

2.6 Electrochemical measurements

The electrochemical performance of the sample electrode was
assessed using cyclic-voltammetric and galvanostatic charge dis-
charge methods (VersaSTAT-3F). A 3M KOH, saturated calomel
electrode (SCE), and platinum wire were used as the electrolyte,
reference electrode, and counter electrode respectively. The sample
electrode (dimension 1 cm x 1 ¢cm) was dipped in the electrolyte
prior to the analysis. Cyclic voltammetry (CV) was used to deter-
mine the electrochemical parameters of the electrode. The CV
voltamoggrams were recorded within certain potential windows
at different scan rates. The specific capacitance, Cs (Fg ") of the
electrodes was obtained by using the Eq. (2) [30]. While the gal-
vanostatic charge discharge (GCD) analysis was performed at
different current density within the specified potential windows.

Cs = (J1dV)/vmAV (2)

The specific capacitance, C from GCD can be calculated by
using Eq (3) [3].
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C = It/(mAV) (3)

where / (A) is the response current, V (V) is applied poten-
tial, AV (V) is the potential window, v (mVs 1) is the scan
rate, and m (g) is the mass of active material in the electrode.
The energy density calculations were done with Eq. (4) [31].

E=0.5xCs x V? (4)

3 Results and discussion
3.1 Yield of CSB, WRB, CS-BMO, and WR-BMO

Figure 1 demonstrates the effects of pyrolysis temperature on the
yield of CSB, WRB, CS-BMO, and WR-BMO samples pro-
duced at 500 °C, 600 °C, and 700 °C. It is clearly shown that,
as the pyrolysis temperature increases, the yield of biochar pro-
duced decreases as in accordance with the research done by
previous researchers [32—34]. This is due to the thermal cracking
of hydrocarbon materials leading to the increase of liquid and
gaseous. Comparing the results, it can be seen that WR-BMO
samples have the highest yield followed by CS-BMO, WRB,
and CSB samples. On a mass basis, the biochar’s yield ranged
from 19.6 to 25%, 22.1 to 31.7%, 23.3 to 36%, and 31.6 to
39.5% of initial dry weight, respectively, for CSB, WRB, CS-
BMO, and WR-BMO samples.

During pyrolysis process, the temperature kept rising and
was then held at the required temperature for several minutes
or hours (depending on pyrolysis time) before cooling down
to room temperature. The weight loss of the samples below
250 °C was corresponding to the loss of moisture and water
hydration. While the biomass begins to decompose at the tem-
perature above 250 °C [33].

—=— CSB
40 ~ —e— WRB
—4A— CS-BMO
—v— WR-BMO

354

25 1

% Yield
g

20

T T T T T T T T T
500 550 600 650 700
Temperature (Degree Celcius)

Fig. 1 The yield of prepared CSB, WRB, CS-BMO, and WR-BMO
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3.2 FESEM analysis

The structural and surface morphologies of CSB, WRB, CS-
BMO, and WR-BMO samples were further analyzed using
FESEM. Figure 2 shows the images of CSB (produced at
600 °C), WRB (produced at 600 °C), CS-BMO, and WR-
BMO produced at 500, 600, and 700 °C at x10,000 magnifi-
cation. In Fig. 2a, it clearly indicates the coconut shell biochar
has a folded rough surface with a structure of irregular shape
throughout the sample as in agreement with the research done
by Sarswat and Mohan (2016) [35]. In addition, there is no
sign of formation of pores on CSB surface. The formation of
rough cavities over the surface of CSB and CS-MBO was
more related to the breakdown of lignocellulosic material at
high temperature [36]. The surface changes after CoFe,O, and
Fe,NiO,4 loaded and functionalization with 0.4M KMnO, are
visible in Fig. 2b—d. Some cavities are blocked with binary
metal oxide particles and potassium permanganate particles.

Fig. 2 FESEM images of a CSB, b CS-BMO 500, ¢ CS-BMO 600, d
CS-BMO 700, e WRB, f WR-BMO 500, g WR-BMO 600, and h WR-
BMO 700
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KMnO, has significant impacts on specific surface area of
produced biochar since alkaline modification increases the
surface area and oxygen-containing functional groups on the
surface of biochar [37, 38]. Figure 2 e—h show FESEM images
of WRB (produced at 600 °C) and WR-BMO produced at
500, 600, and 700 °C. As compared with FESEM image of
CSB, WRB has smooth surfaces with distinctive pores shown
in Fig. 2e. The pore diameter present on the structure of the
WR-MBO seems to be larger as the pyrolysis temperature
increases. This is attributed to the high activation temperature
of pyrolysis which can give a wider microporosity. The pores
formation might be due to the volatile matter escaping during
the high temperature of pyrolysis [12].

3.3 EDX analysis

Energy dispersive X-ray spectroscopy analysis (EDX) was
used to identify the elemental composition present in CSB,
WRB, and CS-BMO and WR-BMO samples. Table 2 shows
the EDX results of CSB, WRB, and both synthesized CS-
BMO and WR-BMO samples with their respective quantita-
tive weight values. Figure 3 a, b show the EDX spectrum of
CSB and WRB which indicated the presence of C, O, Si, P, K,
and Na. The binary metal oxide loading on carbon is con-
firmed by the presence of iron, cobalt, and nickel peaks in
CS-BMO and WR-BMO samples as demonstrated in
Table 2. With the increment of pyrolysis temperature, increas-
ing trends in carbon components of the CS-BMO and WR-
BMO were observed. Higher volatiles were also released with
rising temperature that leads to reduction of oxygen content.
However, the reduction range was small and non-uniform,
which infers that oxygen content involved in the prudent units
of the scission process was evaporated at the lower tempera-
ture zone [39].

3.4 FTIR analysis

Fourier transform infrared spectroscopy (FTIR) was per-
formed to study the functional groups present in CSB,
WRB, and both synthesized CS-BMO and WR-BMO at dif-
ferent pyrolysis temperature. A small peak was observed at
3600 cm ' for CSB in Fig. 4a which indicates the adsorbed
water and the presence of moisture in the samples [40, 41].
The absorption peak at 1606, 1616, 1588, and 1574 cm”! for
CSB, CS-BMO 500, CS-BMO 600, and CS-BMO 700, re-
spectively, corresponds to C=C stretching vibration [42]. The
peak of 1052, 1076, and 1071 cm ! for CSB, CS-BMO 500,
CS-BMO 600, and CS-BMO 700 represented stretching vi-
bration of C—OH alcoholic group and carboxylic acids and the
involvement of C—O—C lactone structure [43]. As seen from
Fig. 4a, a broad band for CS-BMO 500 is exhibited at around
3500 cm ', and this corresponds to the O—H stretching vibra-
tion of hydroxyl group in cellulose molecules along with the
intramolecular and intermolecular hydrogen bonds. A narrow
band at around 2309 and 2352 cm ™", respectively, for CSB
and CS-BMO 500 attributes to CO, bond present in the coco-
nut shell. Both of the bands mentioned above are absent for
both CS-BMO produced at 600 and 700°C. This indicates
lesser adsorption bands due to the disappearance of these par-
ticular functional groups after high temperatures of pyrolysis,
and the conversion of cellulosic material into a carbon mate-
rial which is magnetized [44, 45]. However, the band gets
narrow and disappears for CS-BMO 600 and CS-BMO 700,
respectively. Furthermore, a small and narrow band seen at
around 880 cm™ ' could indicate a bending vibration of the C—
H bond in the high degree of the substitution of the aromatic
ring [42]. Besides, all of the CS-BMO samples also exhibited
a peak at around 619 cm ™' ascribed to Fe—O stretching vibra-
tion derived from nickel iron oxide (Fe,NiO,) and cobalt iron
oxide (CoFe,0,) [46].

Table 2 Chemical composition

of CSB, WRB, and as- Elements  Chemical compositions in weight (%)

synthesized CS-BMO and WR-

BMO samples under different CSB  WRB C(CS-BMO CS-BMO CS-BMO  WR- WR- WR-

pyrolysis temperature 500 600 700 BMO 500 BMO 600 BMO 700
C 60.94 4996 6537 72.09 76.32 68.31 75.86 77.42
(o) 2939 2426 20.12 13.17 15.97 16.58 15.06 15.46
Si 6.01 0.48 - - -
P 0.19 1.30 - - -

2.18 1949 - - -

Na 129 022 - - -
Mn - - 6.09 2.63 5.75 5.59 5.73 3.13
Fe - - 438 7.93 0.20 0.44 0.48 0.32
Co - - 218 1.95 0.11 0.12 0.22 0.23
Ni - - 0.37 0.54 0.16 0.22 0.16 0.31
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Fig. 3 EDX spectrum of a CSB KCat KCat
and b WRB RS 140 | K
3.78| ¢ . C
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For WRB (in Fig. 4b), it clearly shows the absorption band
at 3200-3600 cm ' that could be related to O—H vibration and
N-H stretching. This is due to the composition of watermelon
rind which contains protein, pectin, carotenoids, and cellulose,
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Fig. 4 FTIR spectra of a CSB, CS-BMO 500, CS-BMO 600, and CS-
BMO 700 and b WRB, WR-BMO 500, WR-BMO 600, and WR-BMO
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which converted to hydroxyl, amine, and carboxylic groups
[47]. The bands at 2352, 2361, and 2371 cm ' for WRB, WR-
BMO 500, and WR-BMO 600 were related to the C-H
stretching of methyl groups, and the band disappeared for
WR-BMO 700. A broad adsorption band exhibited at around
3400 cm ™' for WR-BMO produced at 500 °C corresponding
to the existence of O—H groups and N—H stretching vibration.
This is due to the watermelon rind being rich in hydroxyl
(cellulose, polysaccharide), amine (amino acid), and carbox-
ylic (pectin groups). The peaks around 1587, 1591, 1572, and
1577 cm™" for WR, WR-BMO 500, WR-BMO 600, and WR-
BMO 700, respectively, attributed to the C=C stretching vi-
bration. The broad and short band seen at around 1400 cm™" to
1300 cm™ " refers to the C—H in plane bending vibrations in
methyl and methylene groups [44]. Another peak starting
around 1006, 1020, 1049, and 1100 cm™! for WR, WR-
BMO 500, WR-BMO 600, and WR-BMO 700, respectively,
corresponded to the C—O stretching in alcohols or ester groups
for. The band present at 548 and 529 cm ' confirms the for-
mation of Fe—O bond which attributes the presence of iron
oxides from both nickel iron oxide and cobalt iron oxide used
in the preparation of the sample for its magnetic properties.
Two obvious bands around 1630- and 1400-cm regions,
which were observed in all carbons and magnetite impregnat-
ed carbons, correspond to ring vibration in a large aromatic
skeleton or C=0 stretching modes in aromatic ring structure
[48, 49].

3.5 TGA analysis

Furthermore, thermogravimetric analysis (TGA) was carried
out for CSB, WRB, and both as-synthesized CS-BMO and
WR-BMO samples with different pyrolysis temperatures
(500, 600, and 700 °C). TGA studies were performed in which
the variation of CSB, WRB, CS-BMO, and WR-BMO sam-
ple’s mass with determined as a function of temperature 25 to
1000 °C at 10° C min "Fig. 5a illustrated the TGA curves
corresponding to the mass loss of CSB, WRB, and as-
synthesized CS-BMO and WR-BMO samples with respect
to the temperatures.

The weight of CSB decreased slightly with increasing tem-
perature from 27 to 600 °C. The graph can be divided into 3
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Fig. 5 TGA thermograms of a CSB and WRB and b CS-BMO and WR-
BMO

stages. In the first stage, the decreasing slope corresponds to
the removal of volatile matter, moisture, and other impurities.
The second stage of decomposition occurs around 250 to 600
°C approximately to 88.72% weight loss which can be attrib-
uted to the decomposition of biochar [50]. Nevertheless, the
third stage of decomposition happened from 600 to 900 °C
indicates the presence of fixed carbon and non-combustion
product [13]. For WRB, the decomposition stages can be
roughly divided into four stages. The first stage appeared at
around 27 to 150 °C which corresponded to the evaporation of
moisture presence in the WRB. The second stage of decom-
position occurred at around 150 to 300 C. This might be due to
the decomposition of bound water in WRB [51]. The major
weight loss occurred at around 300 to 650 °C which might be
due to the decomposition of chemical activating agent and
binary metal oxides presence in the WRB sample. The final
decomposition stage around 650 to 945 °C might be
corresponded to the fixed carbon and other non-combustion
element presence in the sample.
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Fig.6 XRD patterns of a CSB and CS-BMO and b WRB and WR-BMO
samples

For CS-BMO samples, the decomposition trends were
found to be same as CSB sample as in Fig. 5. The first stage
of decomposition appeared at around 29, 31, and 28 °C to
approximately 200 °C for CS-BMO 500, CS-BMO 600, and
CS-BMO 700, respectively. This weight loss attributed to the
removal of volatile matter, moisture, and other impurities’
presences in CS-BMO samples. The major weight loss occurs
at second decomposition stage at 200 to 850 °C (79.17%), 825
°C (77.95%), and 750 °C (75.39%) for CS-BMO 500, CS-
BMO 600, aand CS-BMO 700, respectively, which is due to
the decomposition of biochar and other activating agents and
binary metal oxides presence in the samples [50].

TGA curves for WR-BMO 500, WR-BMO 600, and WR-
BMO 700 in Fig. 5 show the weight of WR-BMO samples
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Table 3 BET surface area, pore

BET surface area (mz/g)

Pore volume (cc/g) Average pore radius (nm)

volume, and average pore radius Samples

for CSB, WRB, CS-BMO, and

WR-BMO CSB 67.035
WRB 12.698
CS-BMO 500 312.021
CS-BMO 600 322.142
CS-BMO 700 288.470
WR-BMO 500 274.853
WR-BMO 600 441.021
WR-BMO 700 429.230

6.6531¢ %2 1.9849
1.9430¢ 20 3.0603
1.7053¢ %! 1.0931
1.8334¢ %! 1.1383
0.18978¢ %! 13157
1.8934¢ %! 13777
0.28386¢ ! 1.3370
0.28654¢ ! 1.3351

decreased at temperature around 32 to 945 °C, which is slight-
ly higher than WRB sample. Three main decomposition
stages can be observed from recorded thermo-analytical
curves which can be described as follows: stage 1 from ~32

Table4  The capacitive performance of CSB, WRB, Cs-BMO 600, and
WR-BMO 600

Materials Scan rate (mVs ) Cs (Fg " Energy density
(WhKg™)
CSB 5 79.97 39.98
10 41.40 20.70
20 29.20 14.60
30 24.13 12.06
40 19.67 9.84
50 16.51 8.26
100 8.52 426
WRB 5 117.58 58.79
10 58.50 29.25
20 45.36 22.68
30 40.34 20.17
40 33.37 16.69
50 28.06 14.03
100 14.31 7.16
CS-BMO 600 5 111.66 13.96
10 57.41 7.17
20 50.40 6.30
30 46.20 5.78
40 41.40 5.18
50 36.91 4.61
100 19.90 2.49
WR-BMO 600 5 152.09 19.01
10 74.82 9.35
20 48.36 6.05
30 32.10 4.01
40 26.20 3.28
50 21.97 2.75
100 11.29 1.41

@ Springer

to ~200 °C (mass loss around 14%) resulted in the removal of
moisture presence in WR-BMO samples. Second decomposi-
tion stage was observed from ~200 to ~650 °C which repre-
sents the greatest weight loss recorded at ~ 63%, ~59%, and
~54% for WR-BMO 500, WR-BMO 600, and WR-BMO
700, respectively. Actual thermal behavior was similar to oth-
er studies [52]. Final stage of mass loss occurs at ~650 to ~945
°C (~10%, ~13%, and ~17%, respectively, for WR-BMO 500,
WR-BMO 600, and WR-BMO 700, respectively) which
might correspond to decomposition of carbonaceous matter
in WR-BMO samples.

3.6 XRD analysis

X-ray diffraction is an applicable tool to analyze biomass
crystallinity and biochar structure. The XRD patterns obtained
for CSB, WRB, CS-BMO, and WR-BMO samples are shown
in Fig. 6a, b. XRD diffractogram of CSB in Fig. 6a indicates
the wide peak at 29.44° which showed that carbon graphite
was present in the CSB sample [53]. XRD pattern of WRB in
Fig. 6b shows peaks of high intensity around 29.80 ° and
40.58 °. However, there were no characteristic XRD peaks
in CSB sample suggesting that CSB was amorphous [54].

For CS-BMO samples in Fig. 6a, the peak around 35.5°
was observed. As the pyrolysis temperature increased, the
peak’s intensity also increased indicating that the crystalline
structure of graphitized carbon in CS-BMO 700 sample is
higher than CS-BMO 600 and CS-BMO 500. In addition,
other diffraction peaks also observed in CS-BMO samples
(26.71° and 29.47° for CS-BMO 500; 18.17° and 60.15° for
CS-BMO 600; 12.62, 25.30 and 32.66 for CS-BMO 700)
which might be due to the presence of KMnO, and binary
metal oxides in the sample.

XRD trends of WR-BMO samples in Fig. 6b display an
increase in diffraction peak strength at 35° corresponding to
the crystalline structure of graphitized carbon as the pyrolysis
temperature rises from 500 to 700 °C [55]. Same with WRB
sample, the diffraction peak at around ~40.8° is also observed
for WR-BMO 500, WR-BMO 600, and WR-BMO 700 sam-
ples. On another note, as the pyrolysis temperature increases,
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Fig. 7 Cyclic voltammogram curve of a CSB, b WRB, ¢ CS-BMO 600, and d WR-BMO 600

more diffraction peaks are observed in the samples, for exam-
ple, the appearance of diffraction peaks at 59.14° and 70.73°
for WR-BMO 600 and 59.26°, 70.81°, and 74.46° for WR-
BMO 700 which indicates the degree of crystallinity [56].

3.7 BET surface area

The specific surface area was determined by the BET method
since these values are considered very important due to the
dominance of the surface properties [12]. The BET surface
area values, along with the pore volume and average pore
radius for CSB, WRB, CS-BMO, and WR-BMO, are summa-
rized in Table 3. The increase in the BET surface area is led to
a reduction in the average pore radius. This is in agreement
with the research done by Chen et al. (2011). On the other
hand, it is reported that, with the incorporation of CoFe,Oy,
and Fe,NiO, and activation with KMnO,, the BET surface
area and total pore volume were increased. This might happen
due to the decomposition of the oxygen functional groups
during pyrolysis process in the muffle furnace with vacuum

condition [57]. The highest BET surface area of CS-BMO was
obtained at 322.142 m?/g found at the sample produced at 600
°C as compared with BET surface area of CSB sample with-
out any activation and metal oxide loading was 67.035 m?/g.

The highest BET surface area of 441.021 m*/g for WR-
BMO was also found for the sample produced at 600 °C.
While the BET surface area for WRB sample was found to
be 12.698 m?/g. These results prove that the surface
functionalization and binary metal oxide loading during bio-
mass preparation provided additional forces in rising BET
surface area [58].

3.8 Electrochemical analysis

The electrochemical performance of CSB, WRB, CS-BMO
600, and WR-BMO 600 was evaluated using cyclic voltamm-
etry (CV) and galvanostatic charge discharge (GCD) methods.
CS-BMO 600 and WR-BMO 600 samples were chosen to
perform electrochemical analysis due to their greatest specific
surface area value since the surface area has proportional
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Fig. 8 Galvanostatic charge-discharge (GCD) curve of a CSB, b WRB, ¢ CS-BMO 600, and d WR-BMO 600

relationship [59]. The cyclic voltammetry responses samples at
different scan rates (5-100 mVs ') over the potential window
—1-0 V for CSB and WRB, while 0-0.5 V for CS-BMO 600
and WR-BMO 600 in a standard three-electrode cell are pre-
sented in Fig. 7a—d. As shown in Fig. 7a, b, CSB and WRB
present an approximately rectangular CV shape indicating typ-
ical feature of a double layer capacitor [1-3]. CV curve integral
area of WR-BMO 600 is larger than CS-BMO 600 as displayed
in Fig. 7c, d indicating the WR-BMO 600 has better electro-
chemical performance than CS-BMO 600 [2, 30]. A vertical
bending was observed at higher scan rate for the voltammo-
grams in Fig. 7d compared with the voltammograms in Fig. 7c.
This implies strong pseudocapacitive feature of WR-BMO 600
sample [30, 45]. In addition, the larger areas of the closed
curves implied higher specific capacitances. Clearly, the CV
curve area of WR-BMO 600 was the largest among the four
samples and meant that WR-BMO 600 obtained the largest
specific capacitance. The better electrochemical performance
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of binary metal oxide loaded biochar was because of the greater
surface area and pore volume which reinforced electron trans-
port and mobility of charge carriers. All electrodes showed a
similar trend of decreasing Cs value when scan rate increases.
The reason for the highest Cs at the low scan rate is that the ions
have longer time to penetrate and resided at electrode pores
which is favorable to form electric double layer [30, 60]. The
measured specific capacitance from CV for CSB, WRB, CS-
BMO 600, and WR-BMO 600 calculated from CV curves is
demonstrated in Table 4.

Figure 8 a—d show a plot of galvanostatic charge-discharge
(GCD) results for four samples for various current density.
According to the calculation of discharge time, the specific
capacitance of CSB and WRB is at current density of 0.5 A
g ', 46.5Fg ', and 106 Fg ' respectively. The shape of GCD
curves for WRB is nearly symmetrical, and isosceles triangle
is formed at various current densities. This shows that WRB
has an ideal capacitive behavior [61]. The measured specific
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capacitance for CS-BMO 600 and WR-BMO 600 is slightly
higher than those CSB and WRB. The highest specific capac-
itance of CS-BMO 600 was recorded 103.2 Fg ' at 0.2 Ag™"
current density. Among all, WR-BMO 600 has recorded the
highest specific capacitance of 174.4 Fg ' at 0.2 Ag™' current
density, and the lowest specific capacitance of 78 Fg ' was
recorded at 2.0 Ag ™' current density. The specific capacitance
turns to decrease at higher current density due to the narrow
pore size of the micropores hindering the effective diffusion of
electrolyte ions, reducing the accumulation of electrolyte ions
on the interface [47].

4 Conclusion

The property biochars are dependent on the types of biomass
and pyrolysis temperature. The experiment revealed the opti-
mum pyrolysis temperature for both CS-BMO and WR-BMO
was 600 °C. EDX analysis indicated that the density of carbon
functional group increased at the higher pyrolysis temperature
for both CS-BMO and WR-BMO samples. FESEM results also
showed that well dispersed metal oxide particles on the biomass
surfaces prove the significance of using sonochemical treatment
by using probe sonicator. FTIR analysis shows that lesser ad-
sorption bands in the CS-BMO and WR-BMO samples with
higher pyrolysis temperature due to the disappearance of these
particular functional groups after high temperatures of pyrolysis
and the conversion of cellulosic material into a carbon material
which are magnetized. XRD analysis shows that, as the pyrol-
ysis temperature increases, more diffraction peaks are observed
in the samples. BET surface area results show that the binary
metal oxide loaded biochar, CS-BMO, and WR-BMO were
successfully produced with high BET surface area of 322.12
m?*/g for CS-BMO produced at 600 °C and 441.021 m?/g for
WR-BMO produced at 600 °C. Cyclic voltammetry study
highlighted that the WR-BMO 600 (152.09 Fg ') is superior
to the CSB, WRB, and CS-BMO 600. Therefore, this novel
approach in the development of waste material into a more
valuable and innovative product provides a new dimension
for the carbon and waste treatment industry to the functional
materials for various fields specifically energy storage devices
which currently under exploration.
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