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ABSTRACT

Energy storage is essential to conserve and deliver energy to end-user with continuity and durability. A
sustainable energy supply with minimal process losses requires cost-effective and environmentally
friendly energy storage material. In this study, self-co-dopes N (3.65 %) and O (6.44 %) porous biochar
were produced from pyrolysis of biomass pellets (made from garden wastes) and examined for energy
storage application. The presence of co-doped-heteroatoms within the carbon matrix of biochar resulted
in enhanced surface wettability, fast charge transfers, increased electrical conductivity, and low internal
resistance. Biochar produced at 800 C (i.e. biochar-800) showed desirable pseudocapacitive nature
induced by self-co-doped heteroatoms. Two-electrode measurements in aqueous 1 M H,SO,4 revealed
that biochar-800 possessed 228F g~! of specific capacitance at a current density of 1 Ag~! Additionally,
biochar-800 exhibited a high energy density of 7.91 Wh kg~' in aqueous electrolyte and promising cycling
stability with 88% capacitance retention after 5000 cycles at 10 A g~'. Enhanced capacitive performance of
biochar-800 was assigned to the presence of self-co-doped heteroatom, the high specific surface area of 312
m?g~!, and self-formed mesopores (pore size around 15.2 nm). This study demonstrates the great promise
of porous biochar derived from biomass pellets as a low-cost electrode material for high-performance
energy storage devices.

© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. Thisis
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

prompted efforts to look for sustainable energy and storage [1].
Nowadays, batteries and supercapacitors are widely used as energy

The growing population and industrial energy demand, deplet- storage devices. Large amounts of energy can be stored in metal-air
ing traditional fossil fuels, and deteriorating environment have [2], sodium-sulfur [3], and lithium-ion batteries [4]|, which can
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later be utilized when needed. Most batteries, however, work on
the electrochemical cycle and hence depend on the electrode and
electrolyte materials for their efficiency. Compared to the electro-

E-mail addresses: akabadruddin@myamu.ac.in (K.B. Ansari), ab.pandit@ictmum- chemical cycle-based batteries, the supercapacitor is electrostati-
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cally controlled and shows promising features in operation and
sustainability [5,6]. In the context of performance, supercapacitor
holds several advantages over batteries, such as high power capac-
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ity, fast charging/discharging from several thousand to millions of
cycles, but it has the constraint of low energy density [7]. Several
nanostructured materials such as graphene [8,9], carbon nan-
otubes (CNT) [8,10], carbon nanosheets [11], graphene quantum
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dots (GQDs) [12], porous and mesoporous carbon [13], 3-D gra-
phene sponge, and foam [14] are explored to increase the efficiency
of supercapacitor. Notably, it is easy to produce and characterize
the nano-materials mentioned above on the laboratory scale; how-
ever, due to the high price of precursor and related tedious synthe-
sis process, nano-material production at a large scale remains
challenging. Also, the manufacturing cost of nano-materials is
reported to be high (=~ $150 - $200 per kg) [15]. As an alternative,
a potentially cheaper biomass-based nano-sized biochar would be
more attractive in this scenario (i.e., coconut shell-derived biochar
as supercapacitor material, $5 - $40 per kg) [15]. Similarly, metal
oxide and conducting polymer-based supercapacitor possess an
advantage over biochar-based supercapacitors due to high specific
capacitance and pseudocapacitive nature. However, metal oxide
suffers in electrical conductivity while conducting polymers expe-
rience a gradual loss of capacitive performance [16-18]. It is a
known fact that the most critical component for the supercapacitor
is the electrode material, which determines its performance.
Therefore, the emerging field of supercapacitor research is manu-
facturing cost-effective and high-performance materials using an
easy synthesis method applicable on a large scale [7,19].

A detailed literature review reveals that biomass-derived bio-
char can be an electrode material for charge storage applications
[7,20-22]. Moreover, biomass-derived products can be utilized
for energy generation and storage [7,23,24]. The different
biomass-based precursors, viz. cellulose, orange peel, coconut-
shell, corncob, peanut shells, carbon stalk, have been investigated
for their conversion into supercapacitor material (or biochar)
because of their abundant availability, cost-effectiveness, and
renewable nature [19,25-29]. Moreover, the biochar showed a
unique microstructure, good electrical conductivity, high specific
surface area (800-3012 m?g '), and the chemical composition
comprising natural self-doped heteroatoms [7,30-32]. The natu-
rally embedded heteroatoms in the biochar structure, i.e., nitrogen
(N), sulfur (S), phosphorus (P), calcium (Ca), play an essential role
as an electron donor, maintaining surface hydrophilicity and excel-
lent cyclic stability [33-38]. Further, the hetero-atoms improve
carbon wettability, electron conductivity, and basic strength,
inducing pseudo-capacitive behavior [7]. The synergistic effect of
the pore structure, which is due to unique feedstock (biomass)
microstructure and rich heteroatoms, makes the self-doped bio-
char a potential candidate for the energy storage device [39].

Xu et al. performed the carbonization of gelatin (an animal
derivative) under an inert atmosphere to make self-doped bio-
carbon (specific surface area ~ 3012 m?g~!) and test for superca-
pacitor application [40]. The nitrogen on the carbon surface
remained the most common mono-heteroatom, which was further
classified into four standard forms, such as pyridine-N (N-6),
pyrrolic/pyridine-N (N-5), quaternary- N (N-Q), and oxidized
pyridine-N (N-X) [41]. Consequently, in multiple heteroatom co-
doping, carbon materials comprised O-N-S heteroatoms [41].
Numerous research has shown the potential of O-N-S co-doped
hierarchical porous carbon for use as supercapacitor electrodes
(summarize in Chen et al., 2019) [2,42,43]. Compared to mono-
heteroatom doping, carbon with multi-heteroatom doping showed
a higher specific capacity [43].

The literature suggests that biochar prepared from the pyrolysis
of biomass precursors (e.g., agricultural waste, wood residue, and
manure) hold a hierarchical porous structure and remain promis-
ing for supercapacitor applications [44,45]. Wang et al. demon-
strated that Ni-loaded biochar prepared from dairy manure and
sewage sludge pyrolysis could be a good supercapacitor material
with 123 Fg~! specific capacitance [46]. The specific capacitance
of biochar was reduced by only 2% after 1000 charge-discharge
cycles. In another report, the biochar prepared from the carboniza-
tion of southern yellow pine sawdust was utilized as an anode
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electrode material in the supercapacitor [47]. The capacitor exhib-
ited the specific capacitance of 21 Fg~! at 5 mV s~! along with no
decay in performance after 1000 cycles. The Bamboo fibers were
prepared using two-step carbonization (viz. hydrothermal treat-
ment at 180 °C in acidic media followed by pyrolysis at 800 °C
under Argon atmosphere indicated a high specific capacitance of
510 Fg~'at 0.4 A g~ ' [45]. Further, it showed excellent charge stor-
age stability over 5000 charge-discharge cycles. Furthermore, fol-
lowing gamma radiation, the biomass-derived biochar
demonstrated enhanced supercapacitor performance [48]. After
gamma irradiation (dose of 100 kGy), the biochar showed higher
specific capacitance (246.2 Fg~!) than the untreated biochar
(115.3 Fg~ ). Additionally, the biochar depicted around 96% capac-
ity retention for 10,000 cycles at 2 Ag~! because of its particle size
and enhanced porosity (after irradiation). The hollow tubular-like
porous carbon (HT-PC) was prepared from the biomass (or waste
feather finger grass flower) carbonization (via pyrolysis at 550 °C
followed by acid wash and drying) [49]. HT-PC indicated the high-
est specific capacitance of 315 Fg~! at 1 Ag~! and retained 96% of
its capacitance after 50,000 cycles. The supercapacitor features of
the biochar remained strongly dependant on the biomass sources
and the preparation methods. The reports on nano-sized biochar
prepared from garden waste biomasses are rarely available in the
literature to the best of our knowledge. Therefore, the current
research is aimed to produce nano-sized biochar (from the waste
garden biomass material or biomass pellet) equipped with a high
energy density for supercapacitor applications. This work explicitly
utilized biochar (one of the byproducts of the biomass pyrolysis
process) and demonstrated its potential for use as an energy stor-
age material for supercapacitors. The biochar containing heteroa-
toms were prepared at 600 ‘C and 800 ‘C and named biochar-600
and biochar-800, respectively. The ability of the biochar as a super-
capacitor was evaluated by extensive characterization such as X-
ray diffraction (XRD), Raman spectroscopy, energy-dispersive X-
ray (EDX), transmission electron microscopy (TEM), BET surface
area analysis, and X-ray photon spectroscopy. Additionally, the
biochar’s cyclic voltammetry and specific capacitance measure-
ments were performed at various current densities to evaluate its
capacitance, cyclic stability, and energy storage capacity.

2. Experimental section

The preparation of biomass pellets from garden biomass waste
and biomass-derived biochar formation is shown in Fig. 1[A] and
discussed below.

2.1. Preparation of biomass pellet

The following steps were involved in the preparation and pro-
duction of biomass pellets from garden waste:

(i) Collection of biomass such as wood straw, chips, grass, and
garden waste (ii) Size reduction of biomass in a crusher/shredder
to achieve it in the form of powder (particle size ~ 1 - 4 mm)
(iii) Addition of water to the shredded biomass for the process of
lignin melting that served as a binder (iv) Transformation of bio-
mass powder into pellets (dia. 8 - 10 mm and length 15 -
35 mm) in a Pellet Maker PM-125 machines (Fig. 1[A]). The bio-
mass pellet density and moisture content were estimated at
1100-1300 kg~' m> and 7 - 10 wt%, respectively.

2.2. Production of biochar

The dried biomass pellets (i.e., 10gm) with an initial moisture
content of 7 wt% was placed in the quartz boat for the pyrolysis
process. The pyrolysis of biomass pellets was conducted in a tubu-
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Fig. 1. [A] Preparation of biomass pellets [B] Preparation of biomass-derived
biochar [C] Camera image of biomass-derived biochar (biochar-800).

lar quartz reactor at 600 °C and 800 °C at constant heating rate 5 °C/
min to convert it into biochar (Fig. 1[B]) During the pyrolysis pro-
cess nitrogen (N) gas at a 100 ml/min flow rate was supplied to
maintain the inert atmosphere. Pyrolysis vapors were released by
the thermal decomposition of biomass pellets, which instantly left
the reactor system because of the constant sweeping by the inert
nitrogen gas, leaving behind carbonaceous biochar as the final
product. The product samples (i.e., biochar-600 and biochar-800)
were collected from the reactor at the end of the operation. Finally,
to obtain the nano-sized carbon sheet within biochar, the collected
biochar-600 and biochar-800 were crushed in mortar-pestle, dis-
persed in an ethanol solution, and kept for 6 h in an ultrasonic
bath. The biochar-800 image is shown in Fig. 1[C]. The biochar
samples were then employed to fabricate a coin cell for the two-
electrode system, which is discussed in the next section.

2.3. Fabrication of cell for two-electrode measurement

The two-electrode coin cell used to fabricate the supercapacitor
is depicted in Fig. S1 (supporting information). The electrode mate-
rial was prepared by adding 90 wt% of biochar (in powder form),
5 wt% acetylene black, and 5 wt% polyvinylidene fluoride (PVDF)
into the 2 ml N-Methyl-2-pyrrolidone (NMP) followed by bath son-
ication to form the uniform slurry. The current collector (i.e., con-
ducting carbon sheet) was weighed before and after the material
deposition to control the electrode material’s mass loading. Besides
the two conducting carbon sheets, the slurry of the electrode mate-
rial was spin-coated evenly, followed by drying at 60 °C in the vac-
uum oven. Mass loading of 1.5 mg was uniformly deposited on
each electrode with a surface area of 0.9 cm?. An electrolyte-
soaked glass fiber separator (Whatman) was placed between these
two electrodes, and the supercapacitor cell was assembled in the
CR2032 type coin cell. All electrochemical measurements were
conducted on the CHI-302 N electrochemical workstation. In 1 M
H,S04, cyclic voltammetry (CV) measurements were performed
in the range of 0 V to 1 V by varying the scan rate in 5 mVs~! to
150 mVs~'. The H,SO4 was selected as an electrolyte over KOH
(potassium hydroxide) or KNOs; (potassium nitrite) electrolytes
because of its smaller ions size, which readily enters into the elec-
trode pores and thus helps in enhancing the electrochemical
energy storage performance. Further, the galvanostatic charge-dis-
charge (GCD) measurement was conducted in the range of 1 Ag~'
to 10 Ag~' and over a voltage range of 0 V to 1 V. Further, the elec-
trochemical impedance spectroscopy test was conducted with an
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A.C. amplitude of 10 mV in the frequency range of 10 kHz to
10 mHz.

For quantitative purposes, in the two-electrode symmetric cell,
the specific capacitance (Cs) of the electrode was measured from
the charge-discharge curve value using the equation (1) [50].

2 x IAt
mAv

(1)

C,denotes the specific capacitance of electrode in (F g71); I (A)
represents the constant discharge current, ‘m’ indicates the mass
of active material loaded on one of the electrodes, and Av signifies
the potential change in (V) within the discharge time At (in sec-
ond). The energy density of the supercapacitor was calculated by
using equation (2).

s =

1
Ezjgw

2.4. Characterization of biochar

The detailed characterization of biochar for its potential as a
supercapacitor is discussed below.

o The crystallinity of biochar: Using the powder X-Ray diffraction
technique (XRD), the prepared biochar’s crystalline nature was
determined, and the patterns were reported using CuKo radia-
tion (a = 1.54 A) in BRUKER D8 ADVANCE.

¢ Surface morphology of biochar: The surface morphology and
structures of biochar samples were characterized using
higher-resolution transmission electron microscopy (HR-TEM).
JEM 2100F by JEOL instrument was used to measure particle
size and dispersion of biochar with an operating voltage of
200 kv.

o Surface area and pore structure analysis of biochar: Brunauer-
Emmett-Teller (BET) technique was used for the specific surface
area measurement of biochar samples in a SMART SORM 93
instrument. The pore size distributions were calculated using
the Barrett-Joyner-Halenda (BJH) method. Moreover, BRUKER
RFS 27 Standalone FT-Raman Spectrometer was used to under-
stand the scattering center of a porous structure of biochar sam-
ples with a spectral range of 4000-50 cm™' using Nd: YAG
1064 nm LASER source.

o Surface chemical composition of biochar: The surface composi-
tion of biochar samples was determined through X-ray photo-
electron spectroscopy (XPS) on a PHI 5000 Versa Probe III (by
physical electronics) with a monochromatic, micro-focused,
scanning x-ray source.

B
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Fig. 2. Characterization of biochar via [A] X-Ray Diffraction and [B] Raman
spectroscopy.
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3. Result and discussion
3.1. X-ray diffraction analysis of biochar

The results on X-ray diffraction (XRD) analysis of biochar-600
and biochar-800 samples are shown in Fig. 2[A]. The 20 values of
XRD measurement are found in the range of 10° to 60° at 0.02°
steps with a count time of 0.2 s. The diffraction peak intensity at
angle 20 values of 25.8° and 43.7° are assigned to (002) well-
developed graphitic stacking and (100) reflection of the disordered
carbon layer, respectively. With an increase in the pyrolysis tem-
perature, the intensity of peaks (002) and (100) of biochar-800
sample decreased, referring to the graphitic structure of amor-
phous carbon [51]. Furthermore, the diffraction peak intensity at
43.7° of biochar-800 is reduced at a higher temperature, confirm-
ing pore formation within the material [52]. In the case of
biochar-800, the diffraction peak intensity at 28.1° was due to inor-
ganic components (SiO,) within the biomass collected from the
garden. The diffraction peak intensity at 29.4° revealed CaCO;
due to the presence of the minerals in natural biomass [53].

3.2. Raman spectroscopy analysis of biochar

Raman spectroscopy was performed to analyze the defects and
nature of the disorder within the biochar materials. In Fig. 2[B], the
spectra for biochar-600 and biochar-800 show the peaks at nearly
1317 cm™'and 1327 cm™ are assigned to the D band (disorder sp?
hybridized carbon atoms of graphite and defect site). The peaks
located at 1581 cm™! and 1583 cm™! are G band which corre-
sponds to the phonon mode in-plane vibration of sp? bonded car-
bon atom and serve as graphitic carbon fingerprints. The D and G
bands’ intensity ratio (Ip/lg) reflects the degree of disorder in the
carbon material [54]. Herein biochar-800 shows the comparatively
lower Ip/Ig ratio of 1.2 than biochar-600 (Ip/Ig ratio of 1.7), which is
assigned to the high density of disorder and defects in biochar-600
[55]. As a result, the biochar-800 has low sp®> amorphous carbon
rather than nanocrystalline graphite, which is consistent with the
XRD results [56].

3.3. Surface area analysis of biochar

The surface area and porosity are the essential properties of bio-
char to assess its capacitive performance. Fig. 3[A] shows the N,
adsorption/desorption isotherm analysis of biochar samples at var-
ious temperatures, which demonstrates a type I and type Il pattern
for relative pressure P/Py and high P/Py with an appropriate Hy hys-
teresis loop [57,58]. The biochar samples showed a certain amount
of N, adsorption below the relative pressure P/Py (less than 0.1),
suggesting the presence of a mesoporous structure. The increase
in relative pressure beyond P/Py > 0.9 reflected the integral poros-
ity in biochar samples, caused by the interspace between the car-
bon layer, which provided the sufficient mesopores channel to

A
[A] 12| Biochar carbon-600 = [B] o6 —* Biochar carbon-600
o Biochar carbon-800 —e— 5 "o —e— Biochar carbon-800
o0 100 i | e« 0.005
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> =
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3 I
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< |
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Relative pressure (P/P,) Pore diameter (nm)

Fig. 3. [A] N, adsorption isotherm of biochar samples [B] Pore diameter and volume
of biochar’s.
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access the electrolyte [58]. The biochar sample obtained at the
higher temperature, i.e., biochar-800, exhibited an enhanced por-
ous structure than the biochar-600, which was also revealed by
the TEM image in Fig. S2. Further, the BET surface area of the
biochar-800 showed a higher value of 312 m?g~! than the
biochar-600 (99.1 m?g~!). Thus, an increase in activation tempera-
ture contributed to an increase in the capacity to generate narrow
mesopores as well as pre-existing mesopores. As a consequence,
the porosity of biochar samples increased, which is attributed to
the increased surface area and pore volume of the biochar-800,
as seen in Fig. 3B [59]. Table 1 reports the values of surface area,
total and mesopores volume, and average pore diameter for differ-
ent biochar samples. The higher surface area of biochar-800 is
likely to improve the electrochemical charge storage performance
of the supercapacitor by enhancing the capacitance, although the
increased porosity could facilitate the transport of electrolyte ions
within the pores of the supercapacitor during the operation.

3.4. Characterization of surface morphology and heteroatoms of
biochar

To prepare the sample for TEM examination, 1 mg of biochar-
800 powder was mixed with 1 ml of ethanol solution and sonicated
for 15 min to obtain a homogeneous suspension. Later, 5 p of the
suspension was dropped on a 3.05 mm diameter Cu grid followed
by drying under the LR. lamp. The established porous structural
features of biochar-800 were verified by TEM and high-resolution
TEM analysis. The TEM analysis of biochar-800 revealed a hierar-
chical microporous feature of carbon, which facilitated the elec-
trolyte ion transfer and decreased the resistance to ion diffusion
(cf. Fig. 4[A] to [C]). The biochar-800 was identified as a composite
of graphitic carbon rings assigned to the interlayer spacing of the
(002) plan. Besides, the scanning transmission electron
microscope-high-angle annular dark-field (STEM-HAADF) and its
corresponding Energy-dispersive X-ray spectroscopy (EDS) ele-
mental mapping images revealed the presence of heteroatoms
and metal elements (Fig. 4[D] to [J]). The elemental mapping
images exhibited the homogeneous distribution of C, N, O, effec-
tively incorporated into the carbon structure and uniformly dis-
tributed in biochar-800 at the nanoscale. The presence of Ca, Fe,
and Si elements was likely due to the dust particles attached to
the biomass during the collection and palletization process, which
interestingly enhanced the electrical conductivity of the biochar-
800. The corresponding selected area electron diffraction (SAED)
pattern exhibited the blurred diffraction ring, and it is assigned
to the disorder or defected carbon structure, which could provide
more adsorption sites to improve the capacitance performance
(cf. Fig. 4[K]).

3.5. Characterization of surface composition of biochar

The XPS analysis revealed the chemical composition and chem-
ical interaction/binding energy of the surface functional groups of
biochar-800. The biochar-800 survey spectrum showed the pres-
ence of carbon (C), nitrogen (N), and oxygen (O) elements, indicat-
ing the self-doping heteroatoms within the biochar structure, as
shown in Fig. 5[A]. The high-resolution spectra of C 1s are decon-
voluted into four different binding energies viz. 284.7 eV,
285.4 eV, 287.1 eV, and 289 eV corresponding to C-C, C-N, C-0,
and C = O species, respectively (cf. Fig. 5[B]). The C-C bond at
284.7 eV indicated that most of the sp? carbon atoms in biochar-
800 are arranged in a conjugated honeycomb lattice. It was
observed that binding energy acquired by C-C remained higher
than the rest of the bond in the C 1s spectrum [60].

Further, the high-resolution spectrum of N 1s was divided into
three constituent peaks: 399.8 eV, 400.5 eV, and 401.19 eV,
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Table 1. S
Surface area, pore volumes, and average pore diameter of biochar samples
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Sample name Sger (m? g71) Total pore volume (Vo) cm® g~! Mesopores volume cm> g~! Average pore size (nm)
Biochar-600 199.1 28.18 0.0613 23.45
Biochar-800 312 43.95 0.143 15.12

D

=2 = 1= (=]

Eull Scale 5211 cts Cursor: 0,000

20|
ke

Fig. 4. [A] to [C] HR-TEM images of biochar-800 [D to J] STEM image and corresponding EDX elemental mapping of biochar-800 [K] SAED pattern of biochar-800.

assigned to the pyridine N (N-6), pyrrolic N (N-5), and quaternary
N (N-Q), making a contribution of lone pair of the electron to the
conjugated carbon, as depicted in Fig. 5[C] [61,62]. N-Q exhibited
the ability of the electron donor and promoted the electron trans-
fer kinetics. However, N-5 and N-6 were considered to contribute
pseudo capacitance because it was situated at the edge of the C site
[63,64]. Therefore, increased N-content, particularly N-5 and N-6
peak intensity, remained an effective strategy to enhance
hydrophilicity and capacitance of the carbon-based electrode
[65,66]. It is worth noting that the nitrogen in the graphitic carbon
matrix of biochar possesses higher binding energy (401.19 eV) and
active nature than the rest of the nitrogen (Fig. 5[D]). Moreover, the
deconvoluted O 1s spectrum showed the binding energy as
533.4 eV and 536.3 eV, which corresponded to the single-bond of
oxygen with carbon (i.e., C-O and C-O.H. groups, O-II), while
double-bound of oxygen with carbon (i.e., C = O group, O-I) was
observed at 532.2 eV. Further, the peak intensity observed at
536.3 eV can be attributed to carboxylic or chemisorbed oxygen
or water (i.e, O = C-O group, O-IlI) [67,68]. The presence of
oxygen-containing functional groups promoted the electrolyte
ion’s penetration into the biochar nanopores and enhanced the sur-
face wettability. The surface composition analysis of the biochar
samples via XPS thus revealed several key species responsible for
supercapacitor performance. The schematic representation of the
N and O co-doped carbon matrix, which played a crucial role in
deciding electrochemical behavior, is represented in Fig. 5[E].
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4. Electrochemical performance of biochar

4.1. Specific capacitance and galvanostatic charging-discharging
(GCD) behavior of biochar

The supercapacitor study of the heteroatom-rich biochar was
examined using a two-electrode system in 1 M H,SO,4. The CV mea-
surement of biochar-600 and biochar-800 was performed at a scan
rate of 50 mVs~! to evaluate the electrochemical kinetics of the
electrode (cf. Fig. 6[A]). A couple of very well-defined redox peaks
between 100 mV and 300 mV were distinctly seen from the CV
curves of biochar-600 and biochar-800, which emerged primarily
from the reversible faradic redox reaction associated with the pres-
ence of heteroatoms in the carbon structure of biochar. These het-
eroatoms remained electrochemically active, and the CV curve
showed assertive pseudocapacitive behavior [69,70]. Even at a
higher scan rate of 50 mVs~! the biochar-800 showed an excellent
redox peak and its large enclosure area relative to the biochar-600,
which suggests that at the higher temperature, the prepared mate-
rial could possess a comparatively greater specific surface and
hence higher specific capacitance.

Furthermore, the comparative galvanostatic charging-
discharging (GCD) performance of the biochar-600 and biochar-
800 as shown in Fig. 6[B]. The specific capacitance calculated from
the discharging curve of biochar-600 and biochar-800 was 206F
g~' and 228F g, respectively, which can be assigned to an
increased specific surface area at a higher temperature and the
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Fig. 5. [A] XPS survey scan spectra of the biochar-800 and high-resolution scan of [B-D] C 1s, N 1s, and O 1s [E] Schematic representation of different N and O functionalities.

slightly distorted triangular shape of the GCD curve, which confirm
the pseudocapacitance nature of the biochar. In addition, using
equation (2), the measured energy density at 1 A g~! for biochar-
600 and biochar-800 was determined as 7.27 Wh kg~ ! and 7.91
Wh kg1, respectively. In two-electrode measurements, biochar-
800 exhibited higher or comparable specific capacitance to the pre-
viously mentioned biomass-derived nanostructured biochar sum-
marized in Table 2. No activation reagent is required in the
synthesis of biochar-800 to increase the surface area of the mate-
rial, which gives it an edge over other materials and lowers the
processing cost of the biochar-800.
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The electrochemical impedance spectroscopy (EIS) measure-
ment was carried out in a 0.01 Hz to 0.1 GHz frequency window
to evaluate the electrode/electrolyte interface, which triggered
the overall impedance of the supercapacitor. In a Nyquist plot
Fig. 6[C], the point where the plot intersects the real axis (x-axis)
refers to equivalent series resistance (ESR), also known as the solu-
tion resistance (Rg), which was found as 3.4 Q and 3.49 Q, respec-
tively, for biochar-600 and biochar-800 samples. The slight
increase in the ESR value of biochar-800 is assigned to the
increased pyrolysis temperature, making the biochar surface more
hydrophobic and reducing the contact area at the electrode-



Z. Husain, A.R. Shakeelur Raheman, K.B. Ansari et al.

[A]%¢] —— Biochar Carbon-600 || [B] 10 {—Biochar Catoor-600
—«— Biochar Carbon-$00 ——Biochar Carbon-300|
s 0008 4 = 08
< -
S 0000 4 < o
2 o o
] oh
o -0008 4 8 i
5 E o
0 . ©
-0016 47 § 2 o
-0024 4 00
0.0 04 0.6 0.8 0 0 100 150 200 250
Voltage (V .
ge(V) . Time (S)
12 75 -
[C] . [ Bochar Carbond0 [D] —o— Biochar Carbon-600
“1'10 { ——Biochar Carbon-800 . 60 M\ Sise —e—Biochar Carbon-800
CPE, :3 ' =
$ CPE, B 45
3 2N
1, 6 ESR ;/ 30 1.1sec
5 E
g 15
N 2 0
E o
0 4 ~
15

10 10° 10'

Z'(Q) Frequency (Hz)

Fig. 6. [A] Cyclic voltammogram of biochar-600 and biochar-800 at a scan rate of 50
mVs~! in 1M H,SO,, [B] GCD curve of biochar-600 and biochar-800 at a current
density of 1 A g', [C] Nyquist plot of biochar-600 and biochar-800 samples (inset
shows the electrochemical equivalent circuit), [D] Bode plots of biochar-600 and
biochar-800 samples

electrolyte interface. This electrode also exhibited a nearly vertical
line in the low-frequency region, suggesting a good capacitive per-
formance. Extrapolating the vertical portion (low-frequency area)
to the real axis yields the total cell resistance (Rce). Notably, the
biochar-800 showed lower Reey; (4.9 Q) compared to the biochar-
600 (6.9 Q), due to its lower charge transfer resistance (Rcr). The
semicircle region of Fig. 6[C] revealed electrochemical reaction
impedance of the electrode, while the smaller diameter of the
semicircle denoted lower Rcr. Nyquist plot suggested that the
biochar-800 had a smaller arc radius than biochar-600, confirming
the fast electric response with the lowest R¢r value of 1.3 Q com-
pared to biochar-600 (3.24 Q), which suggested the promotion of
charge transfer in the case of biochar-800. The Warburg resistance
(WR) is estimated by subtracting Rcr and ESR from the R value,
and it remained as 0.27 Q and 0.12 Q for biochar-600 and
biochar-800, respectively. Thus, the smaller Rcr and Wy values of
biochar-800 indicated better charge transfer and ion penetration,
resulting in excellent rate performance.

Fig. 6[D] demonstrates the Bode phase plots of the impedance
phase angle vs. frequency obtained from the EIS plot. Since the
capacitive and resistive impedances are identical at a phase angle
of — 45°, the relaxation time constant (7) can be calculated by
T :% at the particular phase. The relaxation time shows how fast

the stored energy of the electrode can effectively be distributed.
The phase angles are close to — 90° at low frequencies, suggesting

Table 2
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ideal capacitive behavior. The biochar-800 showing the maximum
phase angle of — 66° at the low-frequency region can be assigned
to the capacitive behavior; the phase angle remained less than that
of an ideal capacitive nature — 90°, demonstrating the pseudoca-
pacitive nature of the electrode material [71]. The characteristic
frequencies (f) for a phase angle of — 45° are 0.186 Hz and
0.48 Hz, corresponding to the relaxation time constant of 5.3 s
and 2.0 s for biochar-600 and biochar-800, respectively. As the
pyrolysis temperature increased, the diffusion coefficient of elec-
trolyte in biochar-800 increased due to the high specific surface
area, electrical conductivity, and mesopores structure. The mass
transfer process and electrochemical reversibility of the biochar-
800 were also improved with more prominent capacitive
characteristics.

4.2. CV characteristic, internal resistance, and cycling stability of
biochar

The CV measurement of the biochar-600 and biochar-800 sam-
ples at different scan rates from 10 mVs~! to 150 mVs~! and
between 0.0 V and 1.0 V is demonstrated in Fig. 7[A] and [B].
Fig. 7[A] and [B] show that as the scan rate increased, the oxidation
and reduction peaks of biochar-600 and biochar-800 shifted
towards more positive and then negative values, primarily due to
polarization and ohm resistance during the faradic processes. Sim-
ilarly, as pyrolysis temperature increased (or from biochar-600 to
biochar-800), slight improvements in the shape of the CV curves
of biochar-800 were observed, such as the increase in the CV curve
area and current density, which resulted in superior capacitance
value. Dunn’s power law equation was adapted to define the
energy storage mechanism of biochar-600 and biochar-800,
respectively, where the relationship between measured current
(i) and scan rate (v) dependent equation is given as [81].

i=a

3)

Where ‘b’ represents the adjustable parameter, which can be
obtained from the slope of the plot of log (i) vs. log (v) at particular
potential, as shown in Fig. 7[C] and [D]. A value of b = 0.5 is related
to the diffusion-controlled Faradic process, while b = 1 implies to
the capacitive (i.e.,, non -faradic) process. Futher, a value of b
between 0.5 and 1 suggests an integrated process (i.e., faradic
and non-faradic process). Fig. 7[C] and [D] exhibit that the ‘b’ value
for biochar-600 and biochar-800 for anodic and cathodic peaks
remained at 0.53, 0.63, and 0.51, 0.87, respectively, suggesting that
the energy storage is a combination of diffusion-controlled and
charge storage process which conformed the pseudocapacitive
contribution[82]. Fig. 7[E] and [F] show the GCD curve at the differ-
ent current density from 1 A g 'to the 5 A g . As current density
increased, the internal resistance (I.R.) drop increased sharply due
to the electrolyte’s enhanced ionic motion velocity over a short
period which posed difficulty for the electrolyte ions to penetrate
within the pores of the biochar material. At 1 A g~!, the biochar-

Two electrode-specific capacitance measurements of electrode prepared by using various biomass-derived biochar

Biomass Activation agent Sger (m%g™1) Electrolyte Specific capacitance (F g~!) Current density (A g71) Ref.
Phonex tree leaves K;FeO4 2208 6 M KOH 254 05Ag! [72]
Silkworm Cocoon KOH 3386 6 M KOH 155.1 5Ag! [73]
Tea waste KOH 911.9 6 M KOH 167 1Ag! [74]
Cotton KOH 2307 6 M KOH 193 0.1-50 A g [75]
Lecithin KOH 1803 1 M H,S04 178 05Ag! [76]
Soybean root KOH 2143 6 M KOH 276 05Ag™! [77]
Dried Fungus KOH 2959 6 M KOH 235 1Ag™! (78]
Bean dregs KOH 2876 1 M H,S04 210.2 1Ag™! [79]
Bagasse KOH 1260 1 M H,S0,4 225 1Ag! [80]
Biochar-600 No-Activation 199.1 1 M H,S0,4 206 1Ag! Presentwork
Biochar-800 No-Activation 312 1 M H,S0,4 228 1Ag! Present work

105



Z. Husain, A.R. Shakeelur Raheman, K.B. Ansari et al.

Materials Science for Energy Technologies 5 (2022) 99-109

15 14 -
(a) 30 4 Biochar Carbon-800 (b)w Biochar Carbon-600 (c) s Biochar Carbon-8oo
20 ” )y s ]
~ . =
207 é 2 Tog 18 4
E 04 = 0 = 20
< 2 S 20 4 T
5 10 1 £ 5 4 £ 22
(= = 3
Ry © 40 1 2
30 4 ——30mvls g0
-15 4 % oy = —— Anodic
-40 4 —+—=50mV"8 = 267 —&—Cathodic
s0 ] ——100mV's 20 4 ——100mVIs X 28 Slope=0.87 Linera fit of anodic
o 150 m\"ls 25 150 mv-ls . . . . Ln"lera fit :chatholdm
- T Ll L) L] L] ¥ L Al ¥ L] T
00 02 04 06 0.8 10 00 02 04 06 08 10 10 12 14 16 18 20 22
Voltage (V) Yoltage (V) Log [scan rate (mV-1S-1)]
(d).z.o — (ej.o E =_ R [piochar (f) 1.0 R | Biochar
21 4 —o—Cathodic Carbon-800 Carbon-600
=, ] —Linerafit of anodic 081 — ' 08 —_1a
= 7 7] ——Linera fit of cathodic = 1, - T
5 ] : g K
g 23 2 0.6 g % 06 ——3a'g
g -1 = sa-l
5 04 g ;g 04 5A%g
=5
> %
Pl Biochar Carbon-600 03 03
= 28 4 Slope = 0.63 _]
_‘9 00 L L L L L L L] L v L) 00 v L L L] L L L L] L
s i i % S Ak 8 0 30 60 90 120 150 180 210 240 270 0 30 60 90 120 150 180 210 240 270
10 | B 14 16 18 20 22 N :
el Time (s) Time (s)
Log [scan rate (mV8™)]
500 m— 43 ;
< Biochar Catbon-800 (11)430 Il Biochar Carbon-600 (1) 100 S . . 1
(g) 150 4 X 00 4 9 b T 85% @10Ag
_:u 00 By 350 o = 30 ~¢—0—1
= 350 J = -2 [ —e—Biochar Carbon-800
3 2 300 o -8
2 300 o k=] £ s
3 250 4 ] T
5 250 - g 4
g 200 g 200 4 g
5 2 - = % 40 4
o =150 o =
o 150 4 5 =
] E &
2 100 2 100 4 8 20 4
7] 7] 5
50 < 50 «
0 4 0 < 0 . T T T T
1 2 3 4 5 1 2 3 4 5 0 1000 2000 3000 4000 5000

Current density (Ag’)

Current density (A g l)

Cycle number
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600 showed an increased L.R. drop of 0.007 V compared to the
biochar-800 (0.003 V). At a current density of 1 A g7!, the
biochar-800 exhibited a specific capacitance of 228F g~' in a
two-electrode cell. However, for an increase in the current density
upto5Ag !, the specific capacitance of biochar-800 retained up to
84 % as compared to biochar-600 (~70 %), as shown in Fig. 7[G] and
[H]. The high specific capacitance retention % of biochar-800 can be
attributed to the reduced internal charge transfer resistance,
increased specific surface area, and mesopores at higher tempera-
tures. The cycling stability of biochar-800 was examined by the
GCD of the electrode between 0 V and 1 V. Fig. 7[1] shows that after
5000 charge-discharge cycles and at a high current density of 10 A
g~!, the capacitance retention % of biochar-800 remained near 88%,
possibly due to the heteroatoms and porous carbon structures of
biochar-800 which enabled access of electrolyte ions, and led to
long-term cycling life and excellent reversibility of the biochar-
800 electrode [83-85].

4.3. Application of biochar-800 as a coin cell supercapacitor

Fig. 8[A] shows a schematic of the coin cell device supercapac-
itor developed from biochar-800, as it showed the best electro-
chemical performance. The coin cell supercapacitor was
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Demonstration of working biochar-800-coin cell device glowing LED after the
30 s charging
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constructed by spin coating 14 mg of biochar-800 slurry on con-
ducting carbon paper containing 90 wt% of biochar-800, 5 wt% car-
bon black, and 5 wt% PVDF. The separator was placed between the
electrodes after being immersed in 1-ethyl-3mthylimdazolium
tetrafluoroborate (EMI-BF,) ionic liquid as the electrolyte for a
non-aqueous solution. The coin cell was pressed in a hydraulic coin
cell crimping machine. The coin cell device was charged for the
30 s by applying 3 V; consequently, it glows 3 V LEDs for up to
60 s without any external power source Fig. 8[B]. The working of
the coin cell device via video is demonstrated in the supporting
information.

5. Conclusion

In summary, an electrode material was proposed and developed
for symmetric pseudocapacitors with high specific capacitance and
long cycling stability at higher current density. The prepared bio-
char exhibited N and O co-doped heteroatoms in the hierarchical
porous carbon structure with a high micropore volume of
0.143 cm?/gm. The biochar produced at 800 °C showed a specific
capacitance of 228F g 'at 1 Ag~!in 1 M H,S0,4 and a rate capabil-
ity of ~ 84.1% when current density increased up to 5 Ag~' (191.9F
¢~ 1). Remarkably, the biochar-800 also showed an excellent energy
density of 7.91 Wh kg~ ! in 1 M H,SO, electrolyte and improved
cycling stability 88% capacitance retention after 5000 cycles at a
high current density of 10 A g~1. The increased specific capacitance
is assigned to the existence of N and O co-doped heteroatoms
within the graphitic carbon matrix of biochar, which enhanced
the electrical conductivity, and ion adsorption on the surface, at
ambient temperature. Furthermore, the low relaxation time con-
stant, drop in the internal resistance, high specific surface area,
and the presence of micropores played a crucial role in enhancing
the electrochemical performance of biochar-800. Thus, the current
study demonstrates that the low-cost co-doped heteroatoms rich
hierarchical porous biochar material derived from the biomass pel-
lets pyrolysis would be an excellent choice for a high-performance
pseudocapacitive energy conversion device.
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