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ARTICLEINFO ABSTRACT

Bio-waste is a promising carbon source that can be used as a basic component in renewable supercapacitors due
to its abundant hierarchical pore structure potential, heteroatom self-doping capability, high surface area, as well
as well-defined chemical and mechanical stability. This study converted bread bio-waste into rich 3D hierarchical
porous carbon through a one-step facile strategy to be used as the main component of a supercapacitor. The
porous carbon was obtained through physical activation approach at different temperatures of 750, 800, 850,
and 900 °C without being combined with chemical activation. The optimized activated carbon illustrated high
porosity behavior with an abundant 3D hierarchical pore structure cogsisting of 76.98% micropores and 23.02%
mesopores and also produced a well-defined wettability of self-di heteroatoms. Moreover, the electro-
chemical behavior in a symmeggie supercapacitor cell showed a high specific capacitance of 202 Fg 'at1 A g™
with a capability of 73% mV s in a1 M HyS0; electrolyte. It was also discovered that the activation
temper@ire of 850 produced the highest energy density of 11.61 Wh kg ' at a power density of 156. kg
with a low equivalent series resistance of 0.11 Q. Finally, the proof-of-concept showed that bread waste has
immense potential as a 3D hierarchical porous carbon source after the synthesis through a single-stage facile

rds:
ﬁwaste
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Electrode materials
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approach and can be used as a major renewable electrode component for sustainable supercapacitors.

1. Introduction

Waste is one of the major global problems as indicated by the pro-
duction of at least 2.12 billion tons of waste consisting of solid, indus-
trial, organic, inorganic-chemical, liquid, agricultural-forest-land, and
food wastes on a large scale [1]. The increasing industrialization, the
current economic situation which is on the verge of a 2023 recession,
and riots leading to wars between different countries are projected to
increase this figure to 3.40 billion tons by the end of 2050 [2]. The
drastic increase simultaneously has a negative impact on the survival of
mankind, especially due to the application of coordinated open and
direct burning as the management method for at least 33% of the total
waste [3 . This conventional treatment affects air-water quality, public
health, and the environment. Food waste was found to be one of the
largest contributors to the total volume of waste due to uncontrolled
population growth. It is considered to have the ability of crippling a
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country’s economy |4 because so much wastewater is used for agri-
culture, labor, and electricity that is lost in the food processing industry
and even contributes to deforestation considering all the true value for
money per year |5]. This has led researchers, academics, practitioners,
and world governments to work together by providing their thoughts on
the efforts to reduce the accumulation of waste using methods without
negative impacts. Materials science studies suggest a zero-waste
approach through the reuse and modification of basic materials from
waste. Some of these studies reconstructed plastic waste into a second
product while others treat solid-liquid waste to increase soil fertility and
planting media in agriculture and plantation aspects [6.7]. In a wider
application, wastes also have the potential to be used as an energy
source in the form of biofuel, bioethanol, and others [8,2].
It was interestingly stated that the main element of most of these
es including urban solid, agricultural, and food wastes is carbon
which can be utilized in different high-level applications such as water
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purification, heavy metal sequestration, renewable energy systems, and
energy storage devices [10-13]. The physicochemical characteristics of
bio-waste-based carbons such as well-defined pore framework, high
surface area, manageable hierarchical pore distribution, as well as good
thermal and chemical stability enable their application in energy storage
devices and outstanding performance enhancement in the classification
of supencapaci [14-16]. Previous studies have shown that these
supercapacitor electrochemical energy storage devices have excellent
power density and increased energy density compared to conventional
batteries and capacitors [17,158]. Moreover, their life cycle is unlimited
(in theory) with great stability and this confirms their high potential in
sustainable technologies [19,20].

Several studies have reported different approaches and strategies to
convert biowaste into carbon, especially porous activated carbon for
supercapacitor device components. From the beginning of 2012 to the
end of 2015, porous carbons were synthesized through chemical acti-
vation, carbonization, physical activation, and hydrothermal ap-
proaches [21-23 | with mostly agricultural and agro-industrial biomass
sources such as bamboo [24], willow catkins [25], date palm trees [22],
and rotten potatoes [26] for supercapacitor app@ion. These methods
have significantly demonstrated that high-fix carbon with a specific
surface area favors high electrochemical performance. Moreover, the
reported techniques are markedly superior in terms of high surface area,
low cost, timesaving, free of corrosive and toxic, and environmental
friendliness. However, the electrochemical behavior was observed to
have a low energy density and relatively inconsistent with its
high-power density. In the last four years, researchers have suggested
that energy density can be increased by modifying the pore structure of
carbonaceous materials which are required to have appropriate pore
combinations with hierarchically connected structures [27.28].
Furthermore, the combination of micro, meso, and macropores
confirmed on activated carbon simultaneously has abundant active sites
for ions to form an electrical double layer, a short transport path, and
very fast ion accessibility with 3D movement in all directions [27,29].
Jiang et al., 2020 converted peanut shells into activated carbon with 3D
hierarchical pore structures by adding a dopant through chemical acti-
vation—carbonization combination approach [30] and were able to in-
crease the energy density up to 4 times compared to revious report.
Similar results have also been confirmed by Selvaraj et al., 2021 through
the production of 3D hierarchical po rbon from Prosopis juliflora
wood for a supercapacitor device at an energy density of 32.9 Wh kg !

31]. However, the preferred approach of combining several strategies
to produce carbon synthesis which is relatively time-consuming and
costly hampers renewability. It was also discovered that not all
bio-wastes showed the potential of a 3D hierarchical pore framework
despite being treated with these techniques. Therefore, it is necessary to
study an easy, one-step, and cost-effective strategy as well as a credible
source of materials to obtain 3D hierarchical porous activated carbon for
sustainable electrochemical energy storage devices.

Bread waste is considered a very serious problem in big countries,
especially developed ones. This is observed in the domination of the
global annual bread production of more than 100 million tons by the
European market at 53.6%, the United States at 28.6%, the Asia Pacific
at 10.9%, and the Middle East and African countries at 6.9% [22]. It has
been estimated that 10% of all bread produced is wasted and its organic
biogenic nature shows its ability to pose serious risks to the public and
environmental health and also pollute natural habitats [33]. Meanwhile,
bread ingredients categorized as organic have been converted as a car-
bon source for supercapacitor applications. Several previous studies
have prepared bread waste-based carbon through the N, reactor pyrol-
ysis approach with the addition of metal oxide doping techniques [32,
34]. The porous carbon obtained showed the characteristics of 88%
carbon with a confirmed micro-mesoporosity structure. However, their
electrochemical properties are very low 40-87 F g~ [34]. In addition,
the strategy of metal oxides doped is considered to limit the sustainable
application due to metal residues and corrosiveness.
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This study was used to synthesize 3D hierarchical porous activated
carbon from bakery waste produced through a one-step approach as the
main electrode component for continuous supercapacitor applications.
Bread waste was converted into activated carbon through a one-stage
physical activation technique without involving chemical activation,
carbonization, and hydrothermal in order to save time, cost, and energy.
Furthermore, the electrochemical properties were measured in the solid
design without ad@&#§ a binder such as PVA, PTFE, or PFDV. The results
obtained showed the real performance of the supercapacitor device
while the activated carbon illustrated an abundant 3D hierarchical pore
structure with increased wettability through heteroat@functional
groups. Moreover, the electrochemical behayior obtained showed a high
specific capacitance of 202 F g~! with creased energy density of
11.61 Wh kg . This study finally proved the potential of bread waste as
a 3D hierarchical porous activated carbon produced through a one-step
%roadl in high-performance supercapacitors application.

2. Materials and methods
2.1. Materials

The study used 1000gr of bread waste collected from existing bakery
outlets in Pekanbaru, Indonesia, and also ensure all chemicals are of
analytical grade. Moreover, the KOH chemical reagent used was from
Merck KGaA, EMD Milliore Corporation with code No. B1890433 108
while 98% purity H,S0, chemical reagent was provided from panreac
giumica sau, espana, code No. 131058, 1612. The organic membrane
used as a separator was obtained from duck eggshells and DI water
produced on a laboratory scale.

2.2, Bread waste-based porous carbon preparation .
53

Bread wastes were cut into small pieces of 1= 2cm size and dried in a
low-temperature oven of 110 “C for 36 h. The mass loss of the sample
was reviewed peniically for 12 h until the reduction was constant. The
dried precursors were pre-carbonized in a vacuum oven at a maximum
temperature of 250 °C for 2 h and 30 min after which the brittle products
were crushed and ground in a milling machine into a powdered pre-
cursor [35]. The powder was filtered using a 250-mesh sieve to obtain a
powder precursor with size < 60 pm and this was followed by the
application of the method frequently used in previous studies and
considered to be easy and time-saving [36]. This study designed solid
precursors at the start of treatment to maintain real conductivity prop-
erties [37] and they were obtained without the addition of binder by
pressing the precursor powder in a pressing machine at a pressure
equivalent to 8 tons. Moreover, thin coin-shaped solid precursors at
certain dimensions were pyrolyzed at high temperatures in the gaseous
environment of N, and CO, alternately. The pyrolysis temperature W
set on a scale of 600 in the N, gas environment and 750, 800, 850, and
900 “C in the COz gas environment. This led to the production of acti-
vated solid carbon which was subsequently neutralized in DI water
immersion. Therefore, the activated solid carbons produced were
labeled 750upcBW, 800upcBW, 850upcBW, and 900upcBW based on
different pyrolysis temperature parameters.

2.3. Material characterization

The solid precursors were initially evaluated in terms of their di-
mensions including mass, thickness, and diameter against the effect of
high-temperature pyrolysis expressed explicitly in density through
standard equations. The mass was measured using an electric balance
with 0.0001 gr precision, thickness, and diameter through a caliper with
0.001 mm uncertainty, and density was calculated using the equation p
= m/V [38]. Furthermore, the microcrystalline properties and phase
changes of porous carbon were reviewed using the x-ray diffraction
(XRD) technique on the XPERT-PRO-PW3050,/60 Diffractometer system
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instrument with anode material Cu Koy = 1.54060 A. The XRD param-
eters were also eval based on Braggs law and the Debyee-Shereer
equation [39] while scanning electron microscopy (SEM) was used to
examine the morphological structure of the ZEISS-EVO10 instrument.
Moreover, the po was recorded via nitrogen adsorption/de-
sorption isotherms using a Quantachrome T Win v1.22 instrument
analyzer at a liquid nitrogen temperature of 77 K. The specific surface
area was also calculated g the BET (Brunauer-Emmett-Teller)
approach, the micropores surface area was measured using the t-plot
method, and the pore size distribution was evaluated using the BJH
(Barrett-Joyner-Halenda) method.

2.4. Electrochemical performance measurement

The electrochemical properties were evaluated in a symmetrical
supercapacitor designed to resemble two stacks of bond-free
solid electrodes with a diameter of 9 mm and thickness of 0.2 mm.
The working electr was also prepared ina 1 M H,50, acid electrolyte
solution separated by an organic separator based on a duck eggshell
membrane [40] with a thickness of 0.1 mm. Moreover, the electro-
chemical behavior was measured using a cyclic voltammetry technique
with the CVUR-RADER5841 instrument, .05% ERRmAL]BRATED
VersaStat [ Princeton Applied Resear a potential of 0-1 V at 1-10
mV s~ . The capacitive properties (Cgp, F g_l), energy density (Eg,, Wh
kg'l), and powersity (P, W kg'l) were evaluated in a complex
manner through a galvanostatic charge-discharge method at 1-10 A g !
using CDUR-RADER2018 + 6.00% ERROR CALIBRATED VersaStat II
Princeton Applied Research Furthermore, the interaction of the carbon
electrode with the selected aqueous electrolyte was c ed through
electrochemical impedance spectroscopy (ELS) analysis performed in the
frequency range of 0.01 Hz-100 kHz in an open circuit with 10 mV
amplitude. The electrochemical parameters were further calculated in
detail through the following equations:

IeAr

Cp=—— 1

T e AV 1)

. CypedlV?

E, =222 @
3600e E,,

P,
where, I'is the current (A), m is the mass of the working electrode (g), At
is the charge-discharge time (s), and AV is the working potential (V).

(3)

3. Results and discussion

The high temperature used in the pyrolysis of solid precursors
simultaneously affects their dimensions and those consisting of a
carbonization process in inert gas N2 and physical activation in a CO»
gas environment usually allows the decomposition of organic-inorganic
compounds in bread waste, thereby, reducing the density of precursors.
It was discovered that the density of the solid precursors before pyrolysis
in gaseous Nz and CO: environments ranged from 0.8721 to
0.8424 g cm~? with a measurement error of + 0.01 for each xppcBW
sample. Bread is generally produced from a specific composition that
always contains carbohydrates, fats, proteins, and small amounts of
calcium, phosphorus, and iron. This composition undergoes degradation
and evaporation d@ the pyrolysis process. As is commonly known,
carbonization from 30 °C to 600 °C in an inert gas plays an important
role in evaporating the volatile, lignocellulosic, carbohydrate, and fat
compounds, followed by the inorganic components of the bio-raw ma-
terial [41]. Exhaust steam is channeled in the form of H:0, CO, and CO»
[42]. However, this process leaves tar residue, thus further treatment is
needed. The integrated one-stage physical activation process at different
maximum temperatures (750, 800, 850 and 900°C) enables tar
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removal, optimum pomaamework growth, and maximizes carbon
porosity potential [43]. Therefore, the combination of the integrated
carbonization and physical activation processes was discovered to have
significantly reduced the densities of the samples by 0.6234, 0.6329,
0.5254, and 0.5003 g cm ™~ for the precursors of 750y:cBW, 800y:cBW,
8504pcBW, and 900y,-BW, respectively. It was discovered that the
physical activation at 750 “C had the smallest solid precursor density
reduction of 12.06% while the addition up to 800, 850, and 900 “C
degraded the higher density from 13.4% to 32.27%. This suggests that
an increased physical activation allowed the enhanced carbon frame-
works to produce abundant pore structures. These features are urgently
needed to provide a high specific surface area for the ionic charge and a
relatively fast electrolyte transfer path@lell [44]. Moreover, there is a
need for more detailed confirmation on the effect of physical activation
on the pore structure of carbon with a focus on the precursors of
750ypcBW and 850, c(BW because the density reduction was lowest and
highest at 750 “C and 850 “C respectively (Fiz. 1).

The morphological and microstructure modifications of the precur-
sor carbon in different treatments were reviewed using SEM measure-
ments and the results are presented in Fig. 2. It was discovered that a
clear weight loss occurred as confirmed by density analysis when the
precursor material was pyrolyzed at high temperatures under a nitrogen
and carbon dioxide atmosphere due to the decomposition of organic,
inorganic, and complex compounds of carbohydrates, fats, proteins, and
some ash and tar. During the decomposition process, the bonds of car-
bohydrates and fats were broken down simultaneously followed by
degradation of their content which was mostly released in the form of
gases including CO2, N, HoO, and others. This means the precursor of
bread waste was significantly converted into highly pure carbon with a
defined micromorphological structure.

Fig. 2a-e shovht the physical activation temperature in the CO2
gas environment has a significant impact on the growth of the pore
morphological structure of the precursor which the SEM image of the
7504pcBW in Fig. 2a shows an uneven morphology. For the most part,
the surface morphology has chunks of particles and carbon blocks dotted
with flakes but pore skeletons have been formed as shown in Fig. 2b. In
the selected magnification area, 750upcBW was discovered to have the
potential for the formation of hierarchical combination pores charac-
terized by a structure resembling random bubbles which is similar to
sponge morphology. The pores were observed to look random and
shallow and this confirmed that the 750 :BW retains the original shape
of the bread and this is believed to have the ability of improving the
performance of the electrode in terms of accessibility and fast charge
transfer [45]. The physical activation of COz at 750 °C significantly
reduced the lignocellulosic component and initiated the formation of a
pore framework in the precursor but this temperature is too low for the
activation process to maximize the growth of 3D hierarchical pores.

wamsm  Before pyrolysis in N, and CO,

1.0 9
] s After pyrolysis in N, and CO,
o~ 08
E ]
(5] <4
o 06 4
= 1 .
Z ] i
T 0.4 b i
8 1 :
00 3 it i

750BW  800BW  850BW

Precursor

900BW

Fig. 1. The density of the solid precursors before and after pyrolysis in gaseous
Ny and CO; environments.
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O-macropores

Fig. 2. The image SEM of (a-b) 7504pcBW and (c-f) 850 pcBW.

Fig. 2c shows the pore morphology of 850,pcBW which markedly
presents abundant pores of different sizes and this is significantly
different from the precursor 750y pcBW. This confirms that 850 °C has a
high potential for the preparation of porous carbon-based biomass.
Furthermore, the selected area in Figz. 2d showed that 850upcBW ex-
hibits a deep and large maze-well-like pore structure with a size of
348-1265 nm which is classified as macroporous. This means it can act
as an ion buffer in the electrode material to provide access for ion
diffusion in all directions [46], thereby, ensuring the supercapacitor
devices have extraordinary power density. It was further discovered in
Fig. Ze that the 850upcBW has an abundant mesoporous structure
covering all precursor surfaces with pore sizes in the measuring range of
34-49 nm. These high mesopores are very beneficial to achieving fast
ion accessibility and low internal resistance which are needed to
maintain the real conductivity of the original material [47|. Interest-
ingly, the 850ypcBW also indicates a micropores structure on its surface
characterized by abundant small white spots as presented in Fig. 2f and
this allows the carbon material to have abundant electrically charged
contact sites corresponding to the size of the selected electrolyte ion
[48]. All the aforementioned results showed that 850ypcBW has a 3D
hierarchical pore structure consisting of a combination of macropores,
mesopores, and micropores. These features work together to boost
electrode performance, thereby, allowing the energy storage devices to
have an increased energy density and maintain a high power density

[49].

The changes in the microstructure and phase shift of the carbon
obtained were reviewed through electron diffraction patterns in the
selected area. It was, therefore, discovered from Fig. 3 that the X-ray
diffraction patterns of 750upcBW and 850pcBW adopted amorphous
features and high crystalline degradation of carbon walls as evidenced

=
s ]
= 1
2 ]
5 (100)
£ 3
= 850,,,cBW
o
x ]
> 4
] 750,5cBW
v e ———
10 20 30 40 50 60
20 (degree)

Fig. 3. XRD pattern of 750upcBW and 850 ypcBW.
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by wide bumps at 24° which correlate with scattering (002) [50].
Furthermore, the broad-weak peak estimated at 44° which is identical to
the scattering plane (100) indicates a reduction in the graphite carbon
lattice to produce a turbostratic-disturbed carbon structure [51,52]. This
distinctive XRD pattern demonstrates the pore-rich carbon structure
along the surfaces at different sim 53 ]. The higher intensity observed
at the low 20 angle area can also be ascribed to the presence of abundant
micropores in the xypcBW and this was also clearly confirmed in the
SEM images presented in Fig. 2. The deeper and higher heat treatment
was discovered to have allowed a decrease in the intensity of the weaker
peak width, thereby, indicating the development of high carbon lattice
damage which initiated the formation of a 3D-connected hierarchical
pore framework [54]. This assumption was confirmed more dee
through the analysis of the N, adsorption-desorption isotherm. In
addition, the XRD pattern also revealed low sharp peaks at an angle of
31° confirming the presence of oxide compounds of CaCO; (JCPDS No.
82-1690) donated from common compounds of biomass [37,55]. In
general, Ca elemental acts as an inhibitor of ion di n. Interestingly,
the oxygen element attached to the carbon chain is closely related to the
increase in the material's wettability, due to a self-doping effect in the
electrode material. A similar analysis was also revealed in previous
studies [54,56]. Furthermore, the detailed summary presented in
Table 1 showed that the prepared carbon had low graphitization due to
its porous structure which is evident in the larger interlayer spacing
digoz) of 0.3631-0.3647 nm which is approximately 9.34% higher than
0.33354 nm recorded for dpoz) graphite [57]. [t was also observed that
the interlayer spacing in the scattering plane d;1q) possesses a relatively
constant value at 0.204 nm which characterizes the s e of acti-
vated carbon produced from organic wastes. Moreover, the increase in
the physical activation temperature from 750 °C to 850 °C led to a
degraded L, lattice height value and an increased L, lattice width value.
This is considered to be their contribution towards improving the
porosity properties of the porous carbon prepare e carbon lattice
height (L.) in the XRD pattern analysis is often associated with the
prediction of the specific surface area of the carbon obtained with
several previous studies observed to have provided an inverse rela-
tionship between L, and surface area through certain reported empirical
equations [58,59]. Some reviews also indicated that a higher tempera-
ture at 850upcBW is predicted to have better porosity properties with a
higher specific surface area and this was confirmed more deeply through
the N, isotherm adsorption-desorption ana [§248.
The features of porosity, pore structure, and pore size distribution of
the xypcBW carbon obtained were characterized by nitrogen phys-
tion and analysis based on BET, T-plot, and BJH approaches. Fig. 4
shows the adsorption-desorption isotherm of N3 and the pore size dis-
tribution of the bread waste-based activated carbon including
750upcBW and 850ypcBW. The precursor 750upcBW was observed to
have displayed a typical imperfect type IV isotherm profile with a high
first absorption point at relatively low pressures and this characterizes
an abundant micropores structure and growing mesoporgel[60.61].
However, this type of isotherm is relatively awkward with a long and
open hysteresis loop along a relative pressure of p/py ranging fro 01
to 1.00. This proves that 750upcBW has poor porosity behavior with a
specific surfa@ea of 196,899 m> g ' and micropores of about 69.41%
at a narrow average pore diameter of 1.23919 nm. In addition, the
discrepancy in the open hysteresis loop is a strong indication of a
rudimentary mesoporous material with a cylindrical structure, a narrow
pore neck, and a wide interior [62]. This form simultaneously inhibits

Table 1
XRD parametea 750upcBW and 850 pcBW.
Precursor 2000 o dgen d q100) L Ly
) ) (nm) (nm) (nm) (nm)
TS50 pcBW 24.49 44.26 0.36 0.21 1.07 3.40
B0y pcBW 2438 44.14 0.26 0.22 0.86 4.50
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desorption of N2 gas and displays the characteristics of an imperfect
hysteresis loop. Meanwhile, the increment of the activation temperature
up to 850 °C showed a significantly different isoth curve. The
850ypcBW isotherm curve generally confirms the ty combination of
type I and IV with high adsorption at low relative pressure p/py < 0.1
and complete hysteresis loop at higher relative pressure 0.41 <p/py
< 0.93 and this proves that the samples have rich micropores and
mesopores [62]. In more detail, the precursor 850upcBW showed high
porosity wi e specific surface area increased almost fourfold as high
as 610.507 m® g ! at a higher total volume of 0.391071 cm® g . The
higher absorption at the starting point confirmed the rapid micropores
growth reaching 469.986 m> g~! which at least dominated 76.98% of
the total surface area of the 850y pcBW. This feature significantly con-
tributes to the provi f highly active sites for the electrolyte anions
to form an abundant electrical double layer at the electrode/electrolyte
interface [64]. However, the hysteresis loop type H2 showed good
mesoporous with a narrow porous cylindrical structure in the range of
3.1-28.2 nm and the area reached 140.521 m® g~ with 38.25% of the
total volume of 850ypcBW. A more detailed range of mesoporous sizes
obtained from the prepared carbon is shown in Fig. 4b and this
well-defined mesoporous behavior is required by electrode materials to
provide short access paths and fast ion transport in energy storage de-
vices [65]. It was comprehensively discovered that 850,pcBW
confirmed their porosity potential which involves hierarchically-linked
micropores and mesopores, thereby, enabling the enhancement of
their electrochemical properties in supercapacitor devices [66]. The
complete porosity properties of 750ypcBW and 850ypcBW are summa-
rized in detail in Table 2 while those related to 800upcBW and
900ypcBW precursors are not presented in this study due to their short
pyrolysis temperature range. [t was indicated in the table that
750upcBW and 850upcBW did not have any significant effect on porosity
but the pore volume increased slightly with increasing temperature due
to increased degradation of C species. It is important to note that this
analysis was based on a previous work that provided a similar treatment
for organic waste-based carbon sources.

This study used three complete combination approaches including

cyclic voltamme (CV), galvanostatic charge-discharge (GCD), and
electrochemical nce spectroscopy (EIS) in a two-electrode
sandwich system to evaluate the electrochemical efficiency of the hier-
archical porous carbon produced from breadcrumbs using a very easy
approach without chemical injection. The dominant electrochemical
behavior of x,pcBW was confirmed using cyclic voltammetry from 0 to
1.0 V voltage in a graded scan from 1 to 5mV s~ and the CV mea-
surement curves of 750upcBW, 8004pBW, 8504pcBW, and 900yp-BW at
1mV s ! are presented in Fig. 5a. It was generally observed that the
electrochemical behavior led to well-defined types of electrical double-
layer capacitors (EDLCs) [67]. In addition, the relative growth of
“camel-humps” was reflected in their hysteresis loop which was char-
acterized by a marked increase in current density over a potential range
of 0.35-0.82 V. This feature is closely related to functional groups of
heteroatoms that produced an independent doping effect on the elec-
trode material [68,69]. Moreover, the elements of oxygen and nitrogen
were strongly indicated as self-doping in the xypcBW material which
subsequently added to the pseudo-caflfitance behavior in super-
capacitor devices. [t is interesting to note that the increase in the heating
temperature from 750 “C to 850 °C drastically amplified this feature and
this confirms the production of self-doping oxygen in the broken carbon
chain [70]. This critically influenced the addition of their capacitive
properties. However, an increase to a higher temperature of 900 °C
significantly reduced their pseudo-capacitance due to evaporation and
excessive erosion of the carbon chain. On the plus side, the ideal EDLCs
were featured among other materials. Furthermore, the capacitive
properties of the material can also be confirmed by the magnitude of the
resulting hysteresis loop and the standard equation applied showed that
the specific capacitances of 750upcBW, 800ypceW, 850upcBW, and
900ypeBW were 135,189,199, and 110 F g_l, respectively. This means
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Fig. 4. (a) N, adsorption-desorption isotherms and (b) pore size distribution profiles of 750, BW and 850, ,.BW.

Table 2
Mry properties of 7S50HPCBW and 850HPCBW.

capacitive feature. Meanwhile, the treatment at higher heat produced
contrasting results with the 900ypcBW observed to have shown the
smallest capacitive properties compared to the others due to the removal

Breamsor gy i e Ve, Ve B Da of too much carbon chain which led to the drastic reduction in the
(ml (ml (ml (CT (':T (':Ta (nm) accessibility of ions. The EDLC dominant behavior of x,,BW was also

g) g) g) g) g) g) reviewed at higher scan rates and the results presented in Fig. Sb-d

:Zg“"“ﬁx é?g"; i:g': Ji{{;i g';ﬁ gi; g'{l’z: ii generally ed that all the materials retain their distorted rectangular
e i i i i . . i shape, th , characterizing the properties of normal double-layer
capacitors at a scan rate of 5 mV s~ *. This proves that the hierarchical

a dramatic increase in at tregtment produced high capacitive porous carbon material produced from bread wastes has good accessi-

properties as indicated by the incre the specific capacitance from
750upcBW to 850,pcBW by 47.75% at a scan rate of 1 mV s~ . This is
associated with the occurrence of optimal etching of the carbon chains
on thei Is at high temperatures especially 850 °C which led to the
produ of a well-matched pore framework (confirmed in SEM
image) and high specific surface area (610.50 m? g ) with ionic charge
transfer and excellent accessibility at the electrode/electrolyte interface
material [71]. On the positive side, the self-doping of the heteroatoms
contributed to the pseudo-capacitance and this adds to their high

bility to function in electrochemical energy storage devices [72]. The
pseudo-capacitance effect was also observed to gradually disappear as
the scanning rate increased and this simultaneously led to the reduction

capacitive properties of the original material. This was indicated
in the specific capacitance of xy;-BW at different scan rates presented in
Fig. Se which showed that all the materials exhibited decreased capac-
itive properties at higher scan rates. This is influenced by the pore
structure in the material which is not fully accessible at an increased
flow rate [73]. The dominant microporous character of carbon obtained
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can significantly increase the charge storage capacity in the device, but
due to their narrow pores, the electrolyte ion transport pathway is
relatively disturbed at higher scanning rates. However, the 850ypcBW
displayed a relatively high-rate capability estimated to be 73% and this
confirms its high potential as a sustainable electrode material that can be
applied to high-performance devices.

An in-depth analysis to evaluate the capacitive properties of the

BW electrode was comprehensively reviewed through the adoption
of a galvanostatic charge-discharge approach at 1 A g~! with a sym-
metric supercapacitor system. The GCD curves showing a symmetrical
triangular shape with a slightly decreasing IR drop are presented in
Fig. 6a and the characteristic profile suggests a normal-type double-
layer capacitor with low internal resistance. This is in agreement with
CV measurements which also confirmed a similar type of electro-
chemical behavior. Furthermore, the curved profile detected in the
charging process was observed to be closely related to the degradation of
the electrolyte ion due to the redox reaction of self-doping heteroatoms
as confirmed by the CV measurements. The oxygen-nitrogen functional
group was also found to be a dual self-doping heteroatom and this
proves the presence of pseudo-capacitance in the carbon material pre-
pared. It was discovered that the length of the x-axis with charge-
discharge time variable reflects the capacitive properties of the elec-
trode material and the 850y,-BW material was observed to have dis-
played the longest charge-discharge curve, thereby, indicating the
highest capacitive properties followed bmoﬂpcBW, 750ypcBW, and
900ypeBW. Moreover, the measurement of the GCD showed that the
specific capacitance of the electrodes 750upcBW, 800upcBW,
850upeBW, and 9004p¢BW was 123, 194, 202, and 98 F g_l respec-
tively. This an increase in the heat treatment in the CO: gas
environment from 750 °C to 850 °C significantly increased the capaci-
tive geometric properties of the electrodes by up to 57% due to the
change in their morphological structure and porosity. The difference in
pyrolysis temperature also significantly optimized the pore potential of
the bread te precursors such that their morphology at 850 °C
confirmed a 3D hierarchical pore structure EE¥isting of a combination
of macropores, mesopores, and micropores with a specific surface area
of 610.50 m> g\, Furthermore, the dominance of the micropores at
76.98% and the presence of mesopores at approximately 23.02% allow
the electrode material to have abundant ion sites corresponding to the
size of the electrolytic ions. This initiated several electric double layers
and provided fast ion transfer pathways which increased the accessi-
bility of charge flow in energy storage devices | 74]. The combination of
the optimized material properties also allowed the 850ypcBW to have
the highest capacitive properties but the excessive increase in t T-
ature tended to damage the porosity features which subsequently led to
a reduction in the specific capacitance as observed in the 900ypcBW
electrode. An in-depth analysis of the potential application of energy
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storage devices from a hierarchical porous carbon source based on bread
waste was also reviewed through a Ragone plot as shown in Fig. 6b. It
was generally discovered that the energy densities have an ideal range of
values for supercapacitor applications an npcBW was found to have
the most outstanding performance with the highest increased energy
density of 11.61 Whkg' at a power density of 156.71 W kg . More-
over, the energy density obtained in the two-electrode configuration
system was relatively high compared to those reported in previous
studies as summarized in Table 3.

The behavior of ionic kinetics and further electrochemical verifica-
tion of the hierarchical porous carbon based on breaderumbs were
confirmed using EIS measurements from low frequency (10mHz) to high
frequency (100 kHz) at a constant amplitude of 10 mV. The focus was on
the 750pcBW and 850y,-BW samples observed to have experienced
significant changes in their material and electrochemical properties due
to quite different heat treatments. The Nyquist plot obtained is pre-
sented in Fig. 7a with two significantly different sections which gener-
ally indicate the ideal capacitive properties of EDLCs. The first part
showed a semicircular pattern at high frequency which reflects the

uctivity of the material for the diffusion of electrolyte ions [75].
The intersection in the region revealed the ohmic series equiva-
lent resistance (R,) which represents the intrinsic resistance of the
electrolyte, the electrode-electrolyte cot resistance, the
current-electrode-collector resistance, and the conductivity of the elec-
trode material. [t was vered that 750,p:BW exhibited low ohmic
resistance of 0.16 Q and an increase in the heat treatment from 750 “C to
850 °C led to a lower ohmic resistance value of 0.11 at 850ypcBW. This
means that 850 “C has a suitable pore structure with the aqueous elec-
trolyte H2504 and the self-doping heteroatoms also maintain high con-
ductivity. The second part showed nearly vertical curves which indicate
the existence of normal capacitive properties in supercapacitor devices.
The combination of these two patterns clearly showed that increasing
the heat treatment from 750°C to 850°C can produce organic
waste-based carbon electrode materials with high conductivity, low
resistivity, and excellent capacitive properties leading to high perfor-
mance in electrochemical energy storage devices. Furthermore, Fig. 7b
shows the Bode phase plots of the 750upcBW and 850upcBW which
represents the response of the carbonaceous materials to the HaS04
electrolyte. It was discovered that the 850upcBW has a larger phase
angle estimated at — 67° at low frequencies compared to — 54° recorded
for 750yp¢BW and this confirms an increase in the fast response in line
with the increment in the heat treatment, thereby, characterizing the
improvement of the ideal capacitor as an electrode material [76]. The
frequency and time responses of the 750upcBW and 850upcBW elec-
trodes were also confirmed from the real capacitance and imaginary
capacitance (C'-C") sections with respect to frequency as presented in
Fig. 7c and d. Moreover, a typical C' versus frequency plot shows a high
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Fig. 6. (a) GCD curve of xypcBW, and (b) Ragone plot of xppcBW.
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Table 3
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The comparison of electrochemical properties of xHPCBW with other prem:n’ in symmetrical supercapacitor tested.

Precursor Morphology Sper (m2g 1) Electrolyte Cy(Fgh E.p, Whkg ') Ref.
Quinone-amine polymer Nanospheres 2660 KOH 725 6.5
0il palm stick Hierarchical porous 631.262 H280, 256 2119 78
Corncob - KOH - B9 [44]
Watermelon peel Sponge-like porous 1660 Ha504 171 254 79]
native European deciduous trees - 614 H,504 24 0.53 [80]
Bread waste Hierarchical porous 610.507 Ha50, 202 11.61 This work
a) b)
100 -80
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] o
4 o
i S 40
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Fig. 7. (a) Nyquist plot, (b) Bode phase plot, (¢) Bode plot in real capacitance, and (d) Bode plot in imaginer capacitance of x,;pcBW.
C' response in the low-frequency region which indicates an ideal highest surface area of the carbon obtained was 610.50 ng_l ata total

capacitive behavior and a very low C' response at high frequency to
contirm the inherited resistive features. The C” vs. frequency plot further
confirms the peak operating frequency of 0.014 Hz and 0.023 Hz with a
low relaxation time constant that initiated the normal ion diffusion rate
in carbon materials for supercapacitor applications.

4. Conclusion

In summary, 3D hierarchical porous activated carbon with dual self-
doping heteroatoms was produced from a sustainable source of bread
waste through a one-step physical activation strategy for subsequent
application in high-performance supercapacitors. The dry bread wastes
were physically activated in a CO, gas environment at stratified tem-
peratures of 750, 800, 850, and 900 °C. This study did not involve any
chemical impregnation to ensure the proposed approach was relatively
time, cost, and labor efficient. The drastic increase in physical activation
temperature was observed to have led to an optimized pore structure
which is beneficial to the micro-mesopores combination. Moreover, the

volume of 0.391 cm® g' with well-defined 3D hierarchical pores
structures. The electrochemical properties we 0 measured on a coin
solid design without the addition of a binder and the results showed a
high specific capacitance of 202 Fg-Lat1 Ag ' in a 1 M H,50, elec-
trolyte. Furthermore, the maximy ergy density found in carbon
synthesized at 850°C was 11.61 Whkg ' at a power density of
156.71 W kg ! with a low ohmic ce of 0.11 £. This means the
application of a one-step activation strategy for the synthesis of bread
waste-derived 3D hierarchical porous ac ed carbon is an effective
approach to producing high-performance supercapacitors.
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