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The recognition of the importance of nanostructures is mainly due to the
development of nanotechnology. For further developments in materials
sciences, a concept that integrates nanotechnology with material chemistry to
fabricate functional materials has to be proposed. Nanoarchitectonics will carry
out this task. In nanoarchitectonics, we architect functional material systems
from nano-units (atoms, molecules, nanomaterials). The methodology is not
specific to any particular material or application. It covers a wide range. Therefore,
nanoarchitectonics can be thought of as the method for everything in materials
science. As typical demonstrations for usages of nanoarchitectonics, this review
paper presents our work on nanoarchitectonics for supercapacitors. We divide it
into two categories with different approaches. The first is the development of
carbon materials as supercapacitor electrode materials from biomass. The
second category is preparing carbon materials using structures created by
supramolecular assembly of fullerenes such as Cgg and Cyo. By presenting
examples using opposite starting materials, a complex natural material, and an
ultimately simple molecule, we will demonstrate the versatility and breadth of
possibilities of this approach.

KEYWORDS

biomass, carbon, crystal, fullerene, liquid-liquid interface, nanoarchitectonics,
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1 Introduction

Many problems exist in today’s society, such as energy, environment, and medicine.
Solving these problems requires the development of materials and systems assembled from
them that can meet those demands. Especially, there is a tremendous interest in energy
issues that support expanded human activities. In addition to solar cells (Kojima et al., 2009;
Kinoshita, 2022), fuel cells (Islam et al., 2022; Huang H. et al., 2024), and various ion
batteries (Yoshino, 2022; Hosaka and Komaba, 2022), there are high expectations for
supercapacitors (Zhang et al., 2023; Shinde et al., 2023a). What underlies these energy
devices is the development of materials that enhance their functions. One of the essential
keys to solving energy problems lies in material chemistry.

More fundamentally, human development has been accompanied by the progress of
materials science. People have obtained materials from the natural world and processed
them to create useful tools. In the 20th century, various disciplines related to materials
production were established. These are organic chemistry, inorganic chemistry,
coordination chemistry, polymer chemistry, supramolecular chemistry, biochemistry,
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FIGURE 1
Outline of nanoarchitectonics concept.

and other material chemistry, which gave mankind knowledge and
ways to design and rationally synthesize desired substances. The
creation of the discipline has greatly increased the speed at which
functional substances can be developed. As functional material
systems were developed, one fact became apparent. It is not only
the materials themselves but also the material’s structure that is
extremely important in expressing its function. In particular, control
of the nano-level structure is important. Such knowledge is
paramount in current research on energy materials development
(Guo et al., 2016; Imahori, 2023).

The recognition of the importance of nanostructures is mainly
due to the development of nanotechnology. Nanotechnology
techniques have made it possible to directly observe and
manipulate atoms, molecules, and nano-objects (Sugimoto
et al., 2007; Sun et al, 2023). It is also possible to measure
physical properties at the nanoscale (Kimura et al, 2019
Tokura and Kanazawa, 2021). It has been found that there are
unique physical properties, such as quantum effects at the
nanoscale (Shimohata et al., 2023; Saitow, 2024). In addition,
when functional components are rationally organized, their
functions change dramatically. Signals, energy, electrons, and
chemical signals can flow asymmetrically or be harvested.
those  of
microfabrication techniques are demonstrated in nanomaterial

Functions  beyond devices  developed by

systems and devices that are

phenomena (Ishii et al., 2023; Kalyana Sundaram et al., 2023).

controlled by nanoscale
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This
also important.

point in energy-related materials and devices is

The importance of nanostructures in developing functional
materials is widely recognized, and that has to be supported by
establishing a new concept. In other words, a concept that integrates
nanotechnology with material chemistry to fabricate functional
materials has to be proposed. This task will be carried out by
nanoarchitectonics (Figure 1) (Ariga et al, 2015; Aono and
Ariga, 2016), which has recently gained much attention. As
Richard Feynman initiated nanotechnology in the middle of the
20th century (Feynman, 1960; Roukes, 2007), nanoarchitectonics
was proposed by Masakazu Aono at the beginning of the 21st
century (Chaikittisilp et al, 2022; Ariga, 2023a). Therefore,
nanoarchitectonics can be considered a post-nanotechnology
concept (Ariga, 2021). Methods such as nanoarchitectonics were
also considered in fields such as supramolecular chemistry and
et al, 2023).
Therefore, rather than pioneering something completely new,

materials science (Ariga et al, 2019; Liu S.

nanoarchitectonics is more of an integration of existing scientific
fields. Nanoarchitectonics is an attempt to integrate nanotechnology
with various fields of material science, microfabrication technology,
and biology. Nanoarchitectonics is the process of building functional
materials based on knowledge at the nano-level (Ariga, 2023b).
In nanoarchitectonics, we architect functional material systems
from nano-units (atoms, molecules, nanomaterials). In doing so, it
successfully selects or combines various methods from various
research fields (Ariga et al, 2016). The elemental processes
include atomic and molecular manipulation, chemical material
transformation, organic material

synthesis,  physical

transformation, self-assembly, self-organization, orientational
control by external fields, nano- and micro-level fabrication, and
biochemical processes. For thin-film  fabrication
techniques such as Langmuir-Blodgett (LB) method (Oliveira
et al, 2022; Ariga, 2023c) and layer-by-layer (LbL) assembly

(Ariga et al., 2022; Ariga et al., 2024) are used in combination to

example,

architect functional material systems. Rather than creating materials
through self-assembly by simple equilibrium, nanoarchitectonics
combines several processes and is better suited for building
asymmetric and hierarchical functional structures (Ariga et al,
2020). In other words, it is a methodology suitable for building
more functional complex systems.

The above nanoarchitectonics methodology is not specific to any
particular material or application. It covers a wide range.
Nanoarchitectonics is a methodology for building functional
materials from nano units, such as atoms and molecules.
Originally, all matter is made of atoms and molecules. Therefore,
nanoarchitectonics is a concept that can be applied to manufacture
all matter. In analogy to the theory of everything (Laughlin and
2000), which is the
nanoarchitectonics can be thought of as the method for

Pines, ultimate theory of physics,
everything in materials science (Ariga and Fakhrullin, 2022;
Ariga, 2024). In fact, there are a variety of recent papers
advocating nanoarchitectonics. It is also used in fundamental
fields such as material synthesis (Hikichi et al., 2023; Huang P.
et al., 2024), structure fabrication (Cao et al., 2022; Eftekhari et al.,
2024), basic physics (Nayak et al., 2018; Eguchi et al., 2021), and
biochemistry (Kalinova et al., 2022; Shen et al., 2022). On the other
hand, there are also reports of its use in catalysis (Chen et al., 2021a;
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Sharma et al., 2024), sensors (Chen et al., 2022a; Kim et al., 2023),
devices (Tsuchiya et al., 2022; Azzaroni et al., 2023), environmental
remediation (Prasanthi et al,, 2022; Tipplook et al., 2024), drug
delivery (Reddy et al., 2023; Zhang et al., 2024), cell control (Hu
et al., 2022; Jia et al., 2023), and medical applications (Sutrisno and
Ariga, 2023; Meng et al., 2024). The use of nanoarchitectonics in the
energy field, where material development is a very powerful factor, is
remarkable. It is used in solar cells (Liu X. et al,, 2021; Bogachuk
et al.,, 2023), fuel cells (Thmaini et al.,, 2023; Liang et al.,, 2024),
batteries (Chen et al, 2016; Koralkar et al., 2024), and their
elemental technologies (Kim et al, 2017; Chen et al, 2022b), as
well as in supercapacitor applications (Shinde et al., 2023b; Wang
et al.,, 2024).

Against this background, this review paper presents our work on
nanoarchitectonics for supercapacitors. We divide it into two
categories with different approaches. The first is the development
of carbon materials as supercapacitor electrode materials from
biomass (Shrestha et al., 2023a; Zhang and Peng, 2024). This
category presents the preparation of carbon materials from
natural materials with complex components, such as plant seeds,
as starting materials, and the development of enhanced energy
storage supercapacitors. The second category is the preparation
of carbon materials using structures created by supramolecular
assembly of fullerenes such as Cgy and Cyo (Shrestha RG. et al,
2020; Munawar et al., 2023). Fullerenes are very simple objects, 0D
molecules composed of a single element, carbon. By presenting
examples using opposite starting materials, a complex natural
material, and an ultimately simple molecule, we will demonstrate
the versatility and breadth of possibilities of this approach. The
characteristics of these approaches will also be compared in the
final section.

2 From biomass

Biomass carbon is a carbon material processed from plant-
derived surplus biomass as raw material. Carbon materials
derived from the biowaste by activation or carbonization
contributes to realizing a recycling-oriented economic society by
recycling raw materials (Sagawa et al., 2022; Hassan et al., 2024).
Furthermore, it is expected to reduce air pollutants such as
PM2.5 and greenhouse gases such as CO, emitted from the
incineration and disposal of surplus biomass. CO, is absorbed by
photosynthesis during the process of biomass material generation.
This maintains an equilibrium between the CO, emitted and the
CO, used in photosynthesis, and the use of biomass carbon is said to
contribute to carbon neutrality (Chapman et al., 2022; Fukushima
etal, 2023). It could also lead to a reduction in global environmental
impact and prevention of global warming. There has been growing
concern to manage the natural biowaste for the sustainable
development and to produce energy storage materials. It has
been essential to recycle the biowaste into the renewable energy-
related applications. Biomass of natural origin can be transformed
into the functional carbon materials through various carbonization
processes, including physical activation, chemical activation, direct
carbonization, etc. Because of the low cost of the precursors
(biowaste), the scalability of biomass-derived carbon materials is
better than that of carbon prepared from other carbon sources. The
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scalable materials production is relatively economical compared to
the synthetic carbon sources such as fullerene crystals. Surface
textural properties of the biomass carbons are tunable depending
on the preparation method, activating agents, mixing ratio of the
activator and precursor, and the carbonization temperature. The
specific surface area can be tuned from a few hundred to a few
thousand m?/g. The yield of the carbon materials depends on the
carbonization temperature. Generally, chemical activation with the
low energy method, ie, at low carbonization temperatures
(400°C-700°C), leads to the high yield of the carbons, enabling
the scalable synthesis of biomass carbon. It can be converted to high
energy storage and energy-related applications if its structure and
surface textural properties can be skillfully controlled. Biomass-
derived ultrahigh surface area carbon materials are being considered
as the high-performance electrode materials in supercapacitors.
Below are some recent examples of biomass carbons explored as
electrode materials for supercapacitors.

Nanoporous activated carbon materials derived from
agricultural waste are useful as electrode materials for high-rate
performance electrochemical supercapacitors. Shrestha and co-
workers have created a high surface area nanoporous activated
carbon material from Lapsi (Choerospondias axillaris) seeds as an
agricultural waste biomass (Shrestha LK. et al., 2020). In addition to
the fixed carbon content, moisture content, and volatile matter, the
biomass precursors also have ash content. The ash content measures
the amount of noncombustible materials contained in the sample,
i.e., the minerals left over after removing the moisture and volatile
organic materials after high-temperature heat treatments. In other
words, it is an industrial by-product obtained as a solid waste
generated during the chemical conversion of biomass for energy
production. It can be further transformed into a helpful resource.
The ash content depends on the biomass itself. From the proximate
analysis of Lapsi seed stone powder, the ash content was estimated to
be ca. 2.7%. After the chemical activation, the surface morphology
studied by scanning electron microscopy (SEM) revealed that the
exhibits
distributions. The carbon particles ranged from 50 to 300 pm,

Lapsi-derived  carbon granules of irregular size
containing macropores and honeycomb-like surface morphology.
Such an irregular shape of the carbon particles is commonly
observed in biomass-derived carbon. On the other hand, self-
assembled fullerene crystals’ well-defined shape and size give
porous carbon materials retaining of the shape and size of the
starting materials. The high surface area nanoporous carbon
material was obtained by activating the raw material with zinc
chloride at 700°C. The specific surface areas and pore volumes of
the carbon materials are found, in the ranges from 931 to
2272 m* g' and 0.998-2.845 cm’ g', respectively. The
amorphous structure of the resulting carbonaceous material was
confirmed by powder X-ray diffraction and Raman scattering
spectroscopy. The presence of oxygen-containing functional
groups was also confirmed by Fourier transform infrared
spectroscopy, and electron microscopic analysis, including SEM
and TEM, revealed the granular nanoporous structure of the
material. High-resolution TEM observations revealed a graphitic
carbon structure with interconnected mesopores. The surface area
and pore volume of this carbon material were found to be superior to
the commercially available activated carbons. The working electrode
was prepared using these carbon materials, and the electrochemical
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FIGURE 2

SEM, TEM, and high-resolution TEM images of nanoporous carbon prepared from Phyllanthus emblica seed by chemical activation with potassium
hydroxide at high temperatures under a nitrogen gas atmosphere. Reproduced under terms of the CC-BY license from Shrestha LK. et al. (2022) MDPI.

supercapacitance performance was investigated in a three-
electrode cell setup in 1 M H,SO, aqueous electrolyte solution.
The electrode prepared with the optimal surface textural properties
showed excellent electrochemical supercapacitance performance
achieving a high specific capacitance (C,) of 284 F g at a
current density of 1 A g™, followed by a 99% capacity retention
after 10,000 charge-discharge cycles. It shows that Lapsi seed can be
a potential carbon source for designing high-performance
supercapacitor devices.

Nanoporous carbon was prepared from Phyllanthus emblica
(Amala) seed by chemical activation with a potassium hydroxide
(KOH) activator (Shrestha LK. et al., 2022). KOH activation was
performed at different temperatures (700°C-1,000°C) under a
nitrogen gas atmosphere. The prepared samples are referred to as
AmC_K700, AmC_K800, AmC_K900, and AmC_K1000 depending
on the carbonization temperature. A reference sample prepared
without activation is referred to as AmP_900. The prepared
nanoporous carbon has a hierarchical pore structure with micro-
and mesopores (Figure 2). Well-developed micro/mesoporous
structures were observed in SEM (Shrestha LK. et al.,, 2022) and
TEM images (Figure 2). Low-resolution TEM images showed carbon
particles of a few microns in size with a porous structure. On the
other hand, the magnified TEM images showed abundant
mesopores with graphite backbone. Carbon materials with micro/
mesopore  structures improve the rate
Figure  3A
voltammograms (CV) of Amala-derived carbons recorded at

performance  of

supercapacitor  electrodes. shows  cyclic
50 mV s'. Quasi-rectangular CV profiles with a rapid current
response upon exchange of the potential sweep reveal the carbon
electrodes exhibit an electrical double-layer capacitor (EDLC) type

energy storage mechanism. The shape of the CV curve of the carbon

Frontiers in Batteries and Electrochemistry

obtained by the lower temperature carbonization (AmC_K700)
deviates from the ideal EDLC behavior. The curve exhibits weak
redox peaks at 0.2-0.4 V. This is due to a partial contribution of
pseudocapacitance to the EDLC due to oxygen functionalities in the
carbon material. The total integral current collection in the CV curve
for the 900°C carbonized sample is the highest, inferring the highest
energy storage capacity among the studied samples, which can be
attributed to the surface area properties. Figure 3B shows the CV
profiles of the sample with optimal surface textural properties
(AmC_K900) at different scan rates from 5-500 mV s’
Obviously, the total current output escalates with the sweep rate,
sustaining the shape of the CV curves even at 500 mV s,
demonstrating a fast electrolyte ion transfer to the electrode
followed by excellent

surface structures

reversibility. Figure 3C compares the galvanostatic charge/

via mesoporous

discharge (GCD) curves measured at a fixed current density of
1 A g'. Triangular symmetrical GCD profiles with the linear
discharge tail complement the EDLC energy storage with a well-
balanced energy storage mechanism. The discharge time relates to
the energy storage capacity of the electrode. The longest discharge
time recorded for the AmC_K900 electrode suggests this sample’s
highest energy storage capacity, which is in line with CV data. Fast
electrolyte ion transfer to the electrode surface is evident with the
triangular shape GCD curve retention recorded at a high current
density of 50 A g™' (Figure 3D). The directly carbonized sample
showed very low specific capacitance (C;) (9 F g™!). However, due to
the KOH activation, the AmC_K900 electrode with optimal surface
textural properties achieved a high specific capacitance of 272 F g!
(~30-fold enhancement in the capacitance compared to the
reference sample). Figure 3E compares the C; of all the electrodes
vs. current density. The C; of AmC_K900 is superior at all current

frontiersin.org
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Electrochemical supercapacitance performance of nanoporous carbon prepared from Phyllanthus emblica seed by chemical activation with
potassium hydroxide at high temperatures under a nitrogen gas atmosphere. (A) comparison of the CV profiles of reference sample and activated samples
recorded at a fixed scan rate of 50 mV s, (B) CV profiles vs. scan rate for the electrode with the optimal surface textural properties as a typical example,
(C) comparison of the GCD curves at a fixed current density of 1 A g™, (D) GCD profiles vs. current density for the optimal sample, (E) specific
capacitance of all samples at different current density, and (F) cycle life of the selected electrodes up to 10,000 consecutive charging/discharging cycles.
Reproduced under terms of the CC-BY license from Shrestha LK. et al. (2022) MDPI.

densities from 1 to 50 A g™, followed by AmC_K800 and AmC_
K700. The cycle performance of supercapacitors is very crucial in
practical energy storage applications. The Amala-derived carbon
electrodes showed an excellent cycle life of more than 97% after
successive charging/discharging for 10,000 cycles (Figure 3F). Cost-
effective manufacturing, rich textural properties, and excellent
electrochemical results suggest that P. emblica seed is a useful
carbon source for the formation of high energy storage
supercapacitors.
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The inclusion of additional nitrogen functional groups in
biomass-derived activated carbon materials with a hierarchical
nanoporous structure is expected to further impart superior
electrochemical performance. From this perspective, carbon
materials based on the Nelumbo nucifera (Lotus) seed were
developed (Shrestha LK. et al, 2021). A self-nitrogen-doped
nanoporous carbon material was prepared from N. nucifera seed
powder by KOH activation at different temperatures
(600°C-1,000°C). This carbon material is an amorphous material

frontiersin.org
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TABLE 1 Surface area, pore volume, and pore sizes of the Lotus seed-derived activated carbon materials obtained by the KOH activation at different
temperatures from 600°C to 1,000°C>. Reproduced under terms of the CC-BY license from Shrestha LK. et al. (2021) MDPI.

Sample SSA(M? g™ Smicro (M* 9™ Smeso (M? g™ Vo (em® g™ Viicro €m®* g™ W, (nm) Dy, (nm)

LTS_800 46.1 18.8 273 0.102 0.044 3.09
LTSC_K600 1,059.6 8245 235.1 0.819 0472 0.285 392
LTSC_K700 1878.4 1,556.1 3223 1232 0.775 0.286 3.93
LTSC_K800 2,236.6 1891.3 3453 1.499 1.034 0274 391
LTSC_K900 2,330.1 1905.7 4244 1793 1.206 0.286 3.92
LTSC_K1000 2,489.3 17256 7637 2384 1.488 0.705 393

SSA, specific surface area; Spicro, Surface area contributed from micropores; Speso, surface area of mesopores; V, total pore volume; Vppicro, micropore volume; Wy, micropore size (average half

pore width); D, mesopore size (average pore diameter).
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Supercapacitance performance of nanoporous carbon prepared from Nelumbo nucifera (Lotus) seed by the KOH activation. (A) CV profiles of the
electrodes prepared with a reference and activated samples recorded 50 mV s, (B) comparison of the GCD curves at 1 A g™, which shows that sample
activated at 900°C show the longest discharge time inferring highest energy storage capacity, (C) specific capacitance of all samples at different current
density, and (D) cycle life up to 10,000 cycles. Reproduced under terms of the CC-BY license from Shrestha LK. et al. (2021) MDPI.

with a partially graphitic structure containing up to 3.28 atomic%
nitrogen. In addition, it has a hierarchical micro- and mesoporous
structure. Increasing temperature monotonously increases the total
specific surface area. However, there is a maximum in the
microporosity. It reaches a maximum at 900°C and then
decreases due to the micropore coalescence (Table 1). Thus, the
LTSC_K900 offers a much higher electrochemically accessible
surface area, promoting ion diffusion through mesopores and
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electrolyte ion adsorption in the micropores. Inspired by the
ultrahigh  surface and  self-nitrogen-doping,  the
electrochemical supercapacitance performances of the Lotus seed-
derived activated carbon materials were studied in a three-electrode
cell setup. Supercapacitor electrodes made of carbon fabricated
under optimized conditions (LTSC_K900) showed excellent
electric double-layer capacitor performance. As shown in
Figure 4A the total integral current of the LTSC_K900 electrode

area

frontiersin.org


https://www.frontiersin.org/journals/batteries-and-electrochemistry
https://www.frontiersin.org
https://doi.org/10.3389/fbael.2024.1422400

Shrestha and Ariga

is the highest among the studied sample. Similarly, the discharge
time of this electrode is the longest, inferring the highest energy
storage capacity (Figure 4B). The calculated Cg of the electrode
materials shows that due to the lack of porosity, the directly
carbonized sample has a very low specific capacitance compared
to the KOH-activated samples (Figure 4C). The reference sample
without activation showed C, of only 7.1 Fg ™' at 1 A g”', whereas the
LTSC_K900 sample achieved the highest specific capacitance of
379.2 F g, which can be attributed to the ultrahigh surface area,
hierarchically micro-and mesopore architectures and self-nitrogen
doping. Furthermore, an extraordinarily long cycle life was achieved
with only 0.3% capacity loss after 10,000 charge-discharge cycles
(Figure 4D). Electrochemical results indicate that hierarchical
porous carbon with nitrogen functionality from N. nucifera seed
has significant potential as an electric double-layer capacitor
electrode  material for  high-performance  supercapacitor
applications. Hierarchical porous carbon from N. nucifera seed
could be a novel and low-cost precursor for large-scale
production of carbon materials with self-nitrogen doping. The
resulting carbon materials have great potential as electrode
materials for high-performance energy storage supercapacitors.

Hierarchical nanoporous activated carbon with a large surface
area was prepared by KOH activation and high-temperature
carbonization of Phoenix dactylifera seed as an agricultural waste
(Shrestha RG. et al., 2022). The nanoporous activated carbon
obtained from this biomass has a very large surface area and a
large pore volume. This excellent surface porosity is due to its
interconnected micro- and mesoporous structure. Due to this
excellent surface property, this biomass carbon hierarchical
nanoporous material has excellent electrochemical charge storage
capacity as a supercapacitor electrode material. This hierarchical
nanoporous activated carbon has ample potential as an electrode
material for commercial and advanced supercapacitors. It is
particularly important to consider the activation process and
choice of activator to produce a material with a large surface area
and optimal pore size distribution. This example demonstrates the
importance of KOH activation in the preparation of large surface
area activated carbon from biomass for the development of
advanced energy storage devices.

Nanoporous activated carbon was synthesized by activation of
Terminalia bellirica (Barro) seed stone, a biowaste, with zinc
chloride (ZnCl,) (Gnawali et al., 2023a). Activation was carried
out at relatively low temperatures (400°C-700°C) under an inert
nitrogen gas atmosphere. The synthesized carbon material showed
well-developed porosity. In particular, the material with the optimal
surface area exhibited excellent iodine and methylene blue
adsorption  properties.  Energy  storage  supercapacitance
performance was also investigated, and high specific capacitance
was obtained. In short, electrochemical measurements revealed
excellent  energy storage  supercapacitance  performance.
Terminalia bellirica seed is also an important carbon source for
producing porous carbon materials with high surface area, which is
desired for adsorption technology and high-performance
supercapacitor applications.

Ultra-high surface area nanoporous carbon materials with
hierarchical micro- and mesopore structures were prepared from
Artocarpus heterophyllus seeds (Maji et al., 2021a). In this method,

the KOH activation method was performed at high temperatures,
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600°C-1,000°C. Low-magnification SEM images of all materials
prepared show similar microstructures with micron-sized pores
on the surface of irregular granular particles (Figure 5). The
surface morphology was quite different from that of the KOH-
activated samples compared to those carbonized as is. In other
words, KOH activation produced an ultra-high surface area
nanoporous carbon material with a hierarchical porous structure
in which micropores and mesopores coexist. The ultra-high surface
area, large pore volume, and hierarchical micro- and mesopore
structure of the material enabled it to function as a high-rate
The
experimental results suggest fast electrolyte ion diffusion of near

performance electrode material for supercapacitors.
the electrode surface. These behaviors were verified using molecular
simulations. The simulation results showed that the capacitance
increases as the electrolyte enters the pores. On the other hand, the
charging rate was found to be lower than that of the nonporous
electrode. However, the mobility of ions in the mesoporous and
electric double-layer regions was similar to that of the bulk. Carbon
materials with high surface area and large porosity with a
hierarchical porous structure are preferred as electrode materials
for high energy density supercapacitors. Hierarchical porous carbon
from Artocarpus heterophyllus seed was experimentally and
theoretically proved to have considerable potential to satisfy this

requirement.

3 Based on fullerene assembly

Various biomass types of precursors can be tested extensively to
obtain a more ideal carbon material. On the other hand, there are
other approaches to develop desired carbon materials by
nanoarchitectonics from well-understood molecular structures. In
particular, morphology-controlled porous carbons containing many
mesopores with extended m-electron conjugation are ideal for
supercapacitor applications. For example, fullerenes (Cegp, Co,
etc.) are ideal 0D carbon molecules with extended conjugation of
 electrons. In contrast to other material-type nanocarbons, such as
one-dimensional carbon nanotubes and two-dimensional graphene,
fullerenes can easily form a variety of self-assembled structures
under controlled conditions. Recently, self-assembled fullerene
nanostructures have been investigated as a m-electron carbon
source for the design and synthesis of high surface area porous
carbon materials (Shrestha et al, 2013a; Bhadra et al, 2022).
Fullerenes
structures at the liquid-liquid interface and on solid substrates.

form various morphologies of self-assembled
For example, the corresponding processes can create 0D spheres
and particles (Jiang B. et al, 2022; Chen et al, 2022c), 1D
nanowhiskers and nanotubes (Miyazawa, 2009; Shrestha et al,
2013b), 2D nanosheets and nanodiscs (Chen et al., 2021b; Song
etal., 2022),and 3D nanocubes (Bairi et al., 2017; Xu et al., 2021) and
horns (Tang et al, 2019). The fabrications of hierarchical
superstructures, such as a combination of these structures, were
also reported (Bairi et al., 2016a; Hsieh et al., 2020). Furthermore,
these self-assembled fullerene nanostructures can be directly
converted into high surface area nanoporous carbon materials by
high-temperature heat treatment while retaining their initial
morphology. The framework structure, such as graphitic or

amorphous, and porosity can be controlled by carefully varying
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FIGURE 5

SEM images of ultra-high surface area nanoporous carbon materials with hierarchical micro- and mesopore structures prepared from Artocarpus
heterophyllus seeds at high temperatures, 600, 800, 900, and 1,000°C. Reprinted with permission from Maji et al. (2021a) American Chemical Society.

temperature conditions. The resulting nanoporous carbon materials
have a large surface area and excellent electrochemical conductivity.
Therefore, they are suitable for applications such as electrode
materials for electric double-layer capacitors. Below are some
examples of the preparation of carbon materials derived from
fullerene assemblies and their supercapacitor applications.
Shrestha and co-workers synthesized self-assembled structures
of fullerene C4y modulated by the nonionic surfactants of diglycerol
monolaurate and diglycerol monomyristate (Shrestha et al., 2016).
Cyo self-assemblies prepared at the liquid-liquid interface consisting
of isopropyl alcohol and a saturated solution of Cg in ethylbenzene
were in the 1D form with well-defined facet structures. On the other
hand, when Cg crystals were grown in the presence of 1% diglycerol
monolaurate or diglycerol monomyristate surfactant in ethyl
benzene, the Cqy self-assembled morphology changed to a
kompeito-like morphology with an average diameter of
approximately 1.2 um (Figure 6). This is thought to be an effect
of reverse micelles in ethylbenzene. Self-assembled 1D faceted Cgq
crystals  and kompeito-like Cq4y crystals showed strong
photoluminescence. The photoluminescence maxima were blue-
shifted by about 15 nm compared to the original Cgo. These self-
assembled structures could be used to control the optoelectronic

properties of fullerene nanostructures. The kompeito-like Cgo
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crystals can be converted to highly graphitized nanoporous
carbon by high-temperature treatment while maintaining their
original morphology. In other words, the kompeito-like crystals
were transformed into high surface area nanoporous carbon with a
graphitic structure when heat-treated at 2000°C. The heat-treated
nanoporous carbon with graphitized strong pore walls has a high
surface area. This enhanced the electrochemical supercapacitance
performance. The specific capacitance of the carbon sample was
about 17 times higher than that of the original kompeito-like Cq
crystal. In addition, the cycling stability was excellent.
Macaroni-like fullerene crystals were prepared by dynamic
liquid-liquid interfacial deposition at room temperature. High-
temperature treatment directly converted this structure into
mesoporous carbon tubes (Figure 7) (Maji et al.,, 2021b). During
the dynamic liquid-liquid interfacial precipitation process, the Cq
molecules are not sufficiently present, resulting in a cavity in the
center. A hexagonal tube with a solid core in the center is then
formed. STEM and TEM analysis confirmed the presence of a solid
core in the center and cavities at both ends. Macaroni-like fullerene
crystals were heated under a constant flow of nitrogen gas at a high
temperature of 900°C to obtain macaroni carbon tubes. The
resulting carbon material maintains its initial macaroni-like
morphology. High-magnification TEM images confirmed that it
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FIGURE 6
(Case 1) Cgp self-assemblies in the 1D form with well-defined facet structure prepared at the liquid-liquid interface consisting of isopropyl alcohol

and a saturated solution of Ceg in ethylbenzene: (Case 2) Cgp self-assembled morphology in a kompeito-like morphology with an average diameter of
approximately 1.2 pm grown in the presence of 1% diglycerol monolaurate or diglycerol monomyristate surfactant in ethyl benzene. Reprinted with
permission from Shrestha et al. (2016) American Chemical Society.

Macaroni Fullerene Mesoporous Carbon
Crystals (MFCs) Tubes (MCTs)

FIGURE 7
Macaroni-like fullerene crystals prepared by the dynamic liquid-liquid interfacial deposition at room temperature, which was directly converted into

mesoporous carbon tubes by high-temperature treatment. Reprinted with permission from Maji et al. (2021b) Oxford University Press.
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FIGURE 8

Self-assembled fullerene-ethylenediamine hollow spheres, which were carbonized at high temperatures to fabricate hollow carbon spheres.
Reproduced under terms of the CC-BY license from Shrestha et al. (2023b) MDPI.

has an interconnected skeletal structure with a uniform pore
distribution and narrow pore size distribution. The amorphous
structure with graphitic carbon structure and partially developed
mesoporous structures is induced by heat treatment due to the loss
of crystallinity of Cgo. The high surface area, large pore volume, and
interconnected mesopore structure of the macaroni carbon tubes
exhibit excellent electrochemical supercapacitance performance.
Thus, the electrochemical performance of macaroni carbon tubes
derived from a m-electron-rich carbon source was superior to
materials based on graphene, carbon nanotubes, activated
fullerenes, or nitrogen-doped activated fullerenes. Supercapacitor
properties are higher than those of other well-known carbon
Tubular
conductivity and interconnected nanoporous structures that

materials. morphology with high electrochemical
facilitating electrode charge transport are key factors in superior
electrochemical performance.

As seen in the examples above, the energy storage performance
of supercapacitors is based on ultra-high specific surface area and
rapid diffusion of electrolyte ions through interconnected channels
in mesoporous structures. For this purpose, nanostructured
hierarchical micro/mesoporous hollow structures are necessary
Shrestha and co-workers prepared

for carbon materials.
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self-assembled fullerene-ethylenediamine hollow spheres, which
were carbonized at high temperatures to fabricate hollow carbon
spheres (Figure 8) (Shrestha et al, 2023b). The fullerene-
ethylenediamine hollow spheres were first prepared under
ambient temperature conditions using the dynamic liquid-liquid
interfacial deposition method. The fullerene-ethylenediamine
hollow spheres had an average outer diameter of 290 nm, an
inner diameter of 65 nm, and a thickness of 225 nm. This object
1,100°C).
Nanoporous hollow carbon spheres with large surface area and

was carbonized at high temperatures (700, 900,

large pore volume were obtained depending on the processing
temperature (Table 2). In particular, the carbon material
obtained by carbonization at 900°C showed optimal structural
characteristics, including well-developed porosity, interconnected
pore structure, and large surface area. It showed remarkable
electrochemical electric double-layer capacitance properties in
1 M sulfuric acid solution. Figure 9A shows the CV profiles of
the reference FE-HS sample and the carbonized samples FE-HS_
700, FE-HS_900, and FE-HS_1100. Here again, all the electrodes
exhibit quasi-rectangular CV curves demonstrating EDLC behavior.
Note that a minor redox peak at 0.5 V (oxidation) and 0.4 V
(reduction) with minor intensity can be attributed to the oxygen
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TABLE 2 Surface textural properties (surface area, pore volume and pore size) of the fullerene C60-ethyelendiamine hollow spheres (FE-HS), and the derived
porous carbons obtained by high temperature carbonization of FE-HS (700°C-1,100°C) under the nitrogen gas atmosphere®. Reproduced under terms of

the CC-BY license from Shrestha et al. (2023b) MDPI.

Y

Sample SSA (mz g_l) Smicro (mz g_l) smeso (m2 g
FE-HS 94.2 42.4 51.8
FE-HS_700 612.9 499.4 113.5
FE-HS_900 1,616.5 1,504.3 112.2
FE-HS_1100 1,439.3 1,264.2 175.1

Vo (em®* g™ Vmicro €m® g™ W, (nm) D, (hm)
0.530 0.154
0.925 0.350 0.299 3.89
1295 0.655 0.262 3.89
1.346 0.630 0274 3.90

SSA, specific surface area; Smicro, Surface area contributed from micropores; Speso, surface area of mesopores; V, total pore volume; Vppicro, micropore volume; Wy, micropore size (average half

pore width); D,,, mesopore size (average pore diameter).

and nitrogen surface functionalities. In line with the porosity
properties, the FE-HS_900 electrode delivered the highest total
integral current among all the electrodes suggesting micropore-
driven enhanced energy storage performance (Table 2). Due to a
lack of porosity the reference sample FE-HS has the lowest integral
current collection (Figure 9A) indicating its weak energy storage
capacity. The specific surface area of the FE-HS_700 sample is
significantly higher than that of FE-HS (Table 2). However, there
is not much difference in the total current collection. The FE-HS_
700 sample is a fullerene-EDA complex with lower conductivity
compared to higher-temperature carbonized samples FE-HS_900
and FE-HS_1100. The CV recorded at different scan rates from 5 to
50 mV s for FE-HS 900 and FE-HS 1100 electrodes show a
sustain in the quasi-rectangular shape (Figures 9B, C), signifying
quick electrolyte ion diffusion to the electrode surface promoted by
the hierarchical micro/mesopore architectures. Figure 9 compares
the GCD profiles at a fixed current density of 1 A g, which, as
revealed by the CV measurements, shows that the FE-HS_900
sample, due to the optimal surface area, shows the longest
discharge time, inferring the highest energy storage capacity. The
FE-HS and FE-HS_700 have low C, of 73 and 81 F g', respectively.
On the other hand, FE-HS 900 and FE-HS 1100 exhibit much
higher values of 293 and 283 F g " at 1 A g™, respectively. The GCD
profiles vs. current densities for the optimal sample (Figure 9E) show
the retention of a quasi-rectangular shape even at a high current
density of 20 A g'. The C; vs. current density plots (Figure 9F) reveal
that the rate performances of the FE-HS_900 and FE-HS_1100
electrodes are also good, providing good specific capacitances
respectively of 152 F g (51.8%) and 147 F g' (51.9%) at the
current rate of 20 A g™,

The high-performing electrode materials in the three-electrode
systems (FE-HS_900 and FE-HS_1100) were considered for the
supercapacitor device performance. Figure 10A shows CV profiles
of the symmetric cells at a fixed scan rate of 5 mV s™'. Perfect
rectangular shapes of the CV curves confirm the EDLC charge
storage behavior of the cell. The total integral current in the CV
curves of FE-HS_900 and FE-HS_1100 suggest that both devices
have a similar energy storage capacity. Figure 10B shows the CV
curves of FE-HS 900 cell at different scan rates from 5 to
50 mV s'. The shape of the CV curve is sustained to its
original rectangular shape even at a high scan rate of
50 mV s'. This infers a fast electrolyte ion diffusion, which is
promoted by the presence of mesoporous channels with
interconnected pore structures. Figures 10C-E shows the GCD
profiles. Similar discharge times of both cells indicate similar
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energy storage capacities (Figure 10C). Fast electrolyte ion
diffusion is seen in the GCD profiles at a higher current density
of 10 A g' (Figures 10D, E). The specific capacitances of the
symmetric cells are found to be 164 F g' (FE-HS_900) and
167 F g' (FE-HS_1100) at a current density of 1 A g’
(Figure 10F), followed by a good rate performance (50%
capacitance retention) at 10 A g'. Both systems showed an
outstanding cycling life of 96% without substantial losses in
columbic efficiency (98%) after 10,000 repeated charging/
discharging cycles (Figure 10G). Figure 10H shows Nyquist
plots from the electrochemical impedance spectroscopy (EIS)
The the high-
frequency region with a ~45° slope in the low-frequency region

measurements. semi-circular behavior in
implies charge transfer resistance and Warburg impedance. This
phenomenon is common in hetero-atoms (oxygen and nitrogen)
holding porous carbon materials. Figure 10I summarizes the
energy density performance of the symmetric supercapacitors.
The devices supplied a specific energy and specific power of
7.44 Wh kg 'and 0.57 kW kg™ (FE-HS_900) and 10.2 Wh kg’

and 0.78 kW kg™' (FE-HS_1100). These results indicate that

carbon  materials from the self-assembled fullerene-
ethylenediamine hollow sphere have excellent energy storage
performance as supercapacitors. Because of the simple

preparation procedure, there is also great potential for scalable
fabrication of carbon materials for supercapacitor applications.
As a new carbon material, fullerene Cg, microbelt was
prepared using the liquid-liquid interface precipitation method
(Figure 11) (Tang et al., 2017). First, supramolecularly assembled
structures of quasi-two-dimensional microbelt with a high aspect
ratio of fullerene Cqo were prepared at room temperature at the
liquid-liquid interface of a carbon disulfide solution of fullerene
Ceo and isopropyl alcohol. The length of the synthesized fullerene
Ceo microbelt could be controlled by the synthesis conditions.
Pseudo-2D mesoporous carbon microbelts were obtained by heat
treatment of Cgo microbelts at 900°C and 2000°C. At 900°C, the
Cgo microbelts were converted to an amorphous carbon
structure. On the other hand, heat treatment at 2,000°C
resulted in the formation of a graphite structure with densely
packed graphene layers. In particular, microbelts heat-treated at
900°C had a high surface area, high pore volume, and a strong
These
electrochemical

mesoporous  framework  developed. structural

characteristics  resulted in  excellent

supercapacitor performance. The carbon belts exhibited super-
cycle stability: no capacity loss was observed after 10,000 charge-

discharge cycles. These results suggest that quasi-two-
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dimensional mesoporous carbon microbelts derived from m-
electron-rich fullerene Cgq crystals are promising materials for
electrochemical supercapacitor applications.

Cyo is also used as a fullerene carbon source. Mesoporous
crystalline fullerene C;, microtubes were first prepared by
supramolecular assembly. This structure was directly converted
into mesoporous graphitic carbon microtubes by heat treatment
at 2,000°C (Figure 12) (Bairi et al, 2016b). The original one-
dimensional tubular morphology was retained during this
carbonization process. The walls of the resulting graphitic carbon
microtubes were composed of ordered conjugated sp* carbons with a
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strong mesoporous framework structure. In other words, mesopores
have developed on the tube surface, and the crystalline C; has been
completely transformed into highly graphitized carbon. Cyclic
voltammetry and chronopotentiometry measurements show that
this carbon material exhibits high specific capacitance. These results
indicate that fullerene C,, is a promising source of m-electron
carbon; mesoporous graphitic carbon microtubes derived from
Cyo are also promising electrode materials for high-performance
electrochemical supercapacitor applications.

Other forms of carbon materials created from C, are also useful
in energy storage applications. Figure 13 shows that 3D mesoporous
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Supercapacitance performance of the assembled symmetric cells prepared using fullerene-ethylenediamine hollow spheres derived nanoporous
carbon materials carbonized at 900°C and 1,100°C. (A) CV curves of the cells recorded at 5 mVs™ (B) CV curves at different scan rates, (C) GCD curves at
1A g™ (D-E) GCD profiles vs. current density; (F) calculated specific capacitance, (G) cycle performance and coulombic efficiency; (H) Nyquist plots, and
() Ragon plots of the symmetric supercapacitors. Reproduced under terms of the CC-BY license from Shrestha et al. (2023b) MDPI.

crystalline fullerene C;y cubes (MCFC) can be fabricated and
thermally converted to mesoporous carbon while retaining their
original cubic morphology (Bairi et al, 2019). Mesoporous
crystalline fullerene C;, cubes are treated by high-temperature
heat treatment at 900°C under a nitrogen gas atmosphere to
obtain mesoporous carbon cubes (MCFC-900) with amorphous
structure. After the carbonization, the original cubic morphology
is retained in the 900°C carbon. Clear 3D cubic morphology and
high porous structure are confirmed by TEM in the MCFC-900
sample. High-resolution TEM observations revealed an amorphous
carbon structure (Figure 13). The synthesized mesoporous carbon
cubes exhibit excellent electrochemical capacitive properties.
Figure 14A compares the CV curves of MCFC and MCFC-900,
i.e., before and after heat treatments at a fixed scan rate of 5 mV s
The total current collection of the MCFC-900 sample is much higher
than that of the starting material MCFC. This suggests the higher
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energy storage capacity of MCFC-900 compared to the MCFC. The
CV curves vs. scan rate profiles of MCFC-900 (Figure 14B) reveal
rapid current response and show a quasi-rectangular shape at low
scan rates, appearing to be a characteristic of EDLCs. The CV profile
departs from a rectangular shape with increasing scan rates due to
oxygenated functional groups on the carbon surface. Figure 14C
shows the GCD profiles of the MCFC-900 recorded at different
current densities. The triangular charge-discharge profile with a long
discharging tail confirms that the EDLC charge storage has a large
capacitance. A high specific capacitance of 205 F g~ was calculated
at a current density of 1 A g' followed by a very high retention of
specific capacitance (56.0%) at a high current density of 20 A g!
demonstrating the high-rate of MCFC-900
(Figure 14D). Furthermore, after 10,000 cycles, no decrease in
specific capacitance was observed (Bairi et al,, 2019). This novel
mesoporous carbon with cubic morphology could be a potential

performance
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Preparation of fullerene Cgo microbelt using the liquid-liquid interface precipitation method and mesoporous carbon microbelt by heat treatment at
900°C and 2,000°C. Reprinted with permission from Tang et al. (2017) American Chemical Society.

electrode material for high-rate performance supercapacitors
applications.

We have summarized the electrochemical energy storage
performance of various porous carbon materials synthesized from
natural biomass and synthetic carbon precursors (Table 3). It can be
seen that in an aqueous electrolyte system (acidic, alkaline, and
neutral medium), the specific capacitance of a single electrode in the
three-electrode cell setup largely depends on the surface textural
properties, pore size distribution, conductivity wet, stability, and
surface functionality of the electrode materials. The overall energy
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storage capacity of supramolecular fullerene assemblies-derived
hierarchically porous carbon materials is higher or comparable to
the ultra-high surface area of microporous and nanoporous biomass
carbon materials. For example, porous carbon tubes obtained by the
high-temperature carbonization of macaroni fullerene crystals
achieved an outstanding specific capacitance of 422 F g™ at a
current density of 1 A g due to hierarchical pores with micro-
and mesopore architectures and interconnected mesopore
structures, which enhances the ion diffusion to the electrode

surface. On the other hand, compared to macaroni fullerene
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FIGURE 12

Images of mesoporous graphitic carbon microtubes from mesoporous crystalline fullerene C,o microtubes by heat treatment at 2000°C.
Reproduced under terms of the CC-BY license from Bairi et al. (2016b) Royal Society of Chemistry.

crystals-derived carbon tubes, the Houttuynia biomass-derived
carbon material achieved even higher specific capacitance (473 F
g'at 1 A g™") due to ultrahigh surface area (2090 m°g™") and 3D
hierarchically porous high nitrogen-doped carbon nanostructure
(~8 wt%) (Shang et al., 2020). The specific capacitance was further
improved with the carbon nanosheets obtained from Prosopis
Juliflora  wood  carbon blocks. An outstanding
electrochemical performance with a specific capacitance of 588 F
g’ at 0.5 A g' with excellent stability (retention 92.5% after
6,000 cycles) was found in 6 M KOH electrolyte (Selvaraj et al.,
2021), which was caused due to ultra-high specific surface area

waste

(2,943 m’g™"), and ample pore volume (1.83 cm’g™") followed by a
rational micro/meso/macro pore size distributed in the carbon flakes
like 2D nanosheets.

We have also compared the symmetric cell performances of
carbon materials prepared from both carbon sources (Table 4). Most
electrochemical performance studies revealed that the porous
carbon materials prepared from biomass carbon precursors
deliver energy density in the range of 5-60 Wh/kg depending on
the surface area, pore size distribution, morphology of the carbon
particles, surface functionality, wetting properties, etc. Microporous
carbon materials with irregular shape particle type morphology
show a high specific capacitance in the tree-electrode cell setup,
especially at low current density. However, they offer a limited
energy density in the symmetric cells, generally in the range of
5-10 Wh/kg, due to inappropriate pore sizes to promote ion
diffusion, surface functionality to improve the wetting, and low
conductivity for charge transfer at the electrode surface. For
example, a symmetric cell prepared using the porous carbon
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prepared from Sichuan pepper achieved an energy density of
42 Wh/kg at a power density of 0.25 kW/kg. Compared to
Sichuan pepper-derived carbon, nitrogen-doped 3D hierarchically
porous honeycomb-like nanostructured carbon materials prepared
from Houttuynia biomass showed superior energy density
performance in the symmetric cell, offering a higher energy
density of 15.99 Wh/kg at 0.5 kW/kg of power density. The
energy density performance could be improved with the 3D
hierarchical porous nanosheet carbon electrode obtained from
Prosopis Juliflora carbon. The symmetric cell delivered a high
energy density of 56.7 Wh/kg at a power density of 0.78 kW/kg
in aqueous electrolyte (1 M Na,SO,) due to ultrahigh surface area,
enhanced degree of graphitization, surface functionalities (nitrogen-
and oxygen doping: contact angle ~32° showing good wetting
properties), and pore structure/volume. Compared to the
symmetric cells prepared using biomass carbon materials, the cell
prepared with the fullerene crystal-derived carbon materials offers
lower energy density in the range of ~10 Wh/kg, which is due to the
lack of surface functionalities as the starting material the self-
assembled fullerene crystals are purely made of fullerene
molecules without any surface functionalities. However, it could
power density, property  of
supercapacitors, compared to biomass carbons. To further

sustain  higher an intrinsic
enhance the energy performance of the fullerene-derived porous
carbons, a higher degree of graphitization and hetero-atom doping is
essential to improve the conductivity and wetting of the electrode
surface. With multi-dimensional morphologies of the fullerene
assemblies, producing functional hierarchical porous carbons with

high-energy performance supercapacitors would be advantageous.
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and 2000°C). Reprinted with permission from Bairi et al. (2019) Royal Society of Chemistry.

4 Summary and perspectives: biomass
vs. fullerene

For summary and perspectives, examples of porous carbon
materials prepared from biomass sources and through fullerene
assemblies and their applications in supercapacitors are compared
from viewpoints of advantages, disadvantages, future necessity,
and so on.

Over the past few decades, a wide range of nanostructured
materials, including nanoporous materials, have been developed
as potential electrode materials for advanced supercapacitors.
Most materials explored include conductive polymers, metallic
nanoparticles, metal oxides, sulfides, selenides, and hydroxides.
Indeed,
Faradic reaction at the electrode surface and exhibit superior

these pseudocapacitor electrode materials undergo
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specific capacitance compared to the EDLC. However, due to the
low electrical conductivity, environmental harmfulness, and poor
stability, these materials are wunsuitable for

cycling an

environmentally safe society and thus are unsuccessful
commercially. Therefore, massive interest has been paid to
carbonaceous materials because of low-cost production, good
electrical conductivity, excellent thermochemical stability,
surface functionality, and environmental friendliness. Several
carbonaceous materials, including elite carbon materials such
as fullerene, carbon nanotubes, graphene, carbon aerogel and
ordered porous carbons, carbon nanohorns, and so on, have been
widely explored in energy storage systems. Porous carbon
materials fabricated from natural biomass precursors have
become a focus in energy storage, energy conversion, sensing,

separation, and purification because these precursors are
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sustainable, renewable precursors, and environmentally friendly.
The fabrication process is relatively simple to make it suitable for
large-scale production for commercialization.

As discussed in the previous sections, hierarchically porous
carbon materials with a three-dimensional network structure,
ultrahigh surface area, and well-defined pore structures are
highly demanded in energy storage applications, and they can
be fabricated from different synthetic or natural carbon sources.
We described the self-assembled fullerene crystals as excellent m-
electron-rich synthetic carbon sources for producing high surface
area nanoporous carbons with well-defined pore structures.
Fullerene is advantageous over biomass because of its several
intriguing properties that enable the fabrication of porous
carbons with desired porosity and interconnectivity among the
pore architectures. Furthermore, fullerene molecules (Cqy and
C;0) function as unique functional building blocks, forming
several supramolecular self-assemblies through the mn-stacking
interactions, enabling the facile fabrication of shape- and size-
controlled fullerene crystals. One can fabricate fullerene
assemblies from 0D (spheres), 1D (rods and tubes), 2D (sheet
and disks) to 3D (cubes), hollow structures with tunable
thickness, and hierarchical superstructures such as fullerene
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cubic shape core with nanorods coming out of the cube
surface. Fullerene self-assemblies and the derived porous
graphitic carbon materials have been well explored in
sensing, especially volatile organic compounds. They
sensitive

gas
are
to toxic aromatic vapors due to strong -7
interaction promoted by the diffusion of the guest in the
mesoporous structure, demonstrating its potential impact in
the environment.

Interestingly, all these fullerene nanomaterials can be converted
into nanoporous carbon materials upon high-temperature
carbonization without losing the morphology. Thus, using
fullerene crystals as the carbon source, one can quickly and
efficiently fabricate nanoporous carbons with well-defined shapes,
which cannot be obtained by carbonization or activation of biomass.
Furthermore, fullerene crystals derived porous carbons have a
higher graphitic degree compared to the biomass carbons and
exhibit hierarchical pore architectures composed of both micro-
and mesopore structures with interconnected pore structures, which
is not so common in the activated carbons obtained from biomass.
One can use fullerene crystals as the carbon source to prepare
ultrahigh surface area nanoporous carbon by single-step direct

carbonization without any activators. Temperature, heating ramp,
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TABLE 3 Electrochemical supercapacitance performance (comparison of specific capacitances) of porous carbon materials prepared from different
biomass carbon precursors and fullerene crystals.

Carbon precursors Electrolyte Current density (A g™ Cs (Fg™ Ref.
Walnut shell (KMnO, activated) 6 M KOH 0.5 380 Zhang et al. (2023)
Lapsi seed (ZnCl, activated) 1 M H,SO, 1 284 Shrestha et al. (2020b)
Date seed (KOH activated) 1 M H,SO, 1 386 Shrestha et al. (2022b)
Barro seed stone (ZnCl, activated) 1 M H,SO, 1 319 Gnawali et al. (2023a)
Konpeito-like fullerene crystals 1 M H,S0, 1 115 Shrestha et al. (2016)
Mesoporous carbon tubes 1 M H,SO, 1 422 Maji et al. (2021b)
Carbon hollow spheres 1 M H,SO, 1 293 Shrestha et al. (2023b)
Cgo microbelts 1 M H,SO, 1 290 Tang et al. (2017)
Fullerene microtubes 1 M H,SO, 0.5 184 Bairi et al. (2016b)
Fullerene cubes 1 M H,SO, 1 205 Bairi et al. (2019)
Harro seed stone (ZnCl, activated) 1 M H,SO, 1 328 Gnawali et al. (2023b)
Apple-pomace (K,FeO, activated) 6 M KOH 0.5 360 Zhang et al. (2022)
Tasmanian Blue Gum (KOH activated) 1 M KOH 1 212 Prasankumar et al. (2022)
Lotus leaf (KOH activated) 6 M KOH 0.5 425 Liu et al. (2021b)
Corn husk (K,COj; activated) 0.5 M H,SO, 0.25 225 Lobato-peralta et al. (2023)
American ginseng waste residue 6 M KOH 0.1 268 Tu et al. (2023)
Coconut shell (KOH activated) 0.5 M Na,SO, 1 397 Wang et al. (2022)
Rotten wood (ZnCl, activated) 6 M KOH 1 350 Wang et al. (2023)
Lotus seed (ZnCl, activated) 1 M H,S0, 1 272 Shrestha et al. (2020c)
Washnut seed (KOH activated) 1 M H,SO, 1 288 Shrestha et al. (2021b)
Washnut seed (ZnCl, activated) 1 M H,SO, 1 225 Shrestha et al. (2020d)
Jackfruit seed (ZnCl, activated) 1 M H,SO, 1 261 Chaudhary et al. (2020)
Pine Sawdust (CO, activated) 6 M KOH 1 225 Gao et al. (2020)
Citrus bergamia peels 6 M KOH 0.1 289 Gehrke et al. (2021)
Prosopis juliflora wood (KOH activated) 6 M KOH 0.5 588 Selvaraj et al. (2021)
Corncob (KOH activated) 6 M KOH 0.5 382 Song et al. (2020)
Cotton fiber (NaOH activated) 3 M KOH 0.3 222 Liu et al. (2016)
Cottonseed hull (KOH activated) 6 M KOH 0.5 304 Jiang et al. (2018)
Bio-decomposited product 6 M KOH 0.05 209 Zhu et al. (2018)
Lignocellulose carbon 1 M NaCl 1 172 Lu et al. (2020)
Biomass-derived lignin 6 M KOH 0.5 348 Cao et al. (2021)
Kraft lignin (CO, activated) 6 M KOH 0.1 155 Schlee et al. (2019)
Salvia splendens (NaCl activated) 6 M KOH 1 294 Liu et al. (2018)
Yeast (Na,SiO; activated) 6 M KOH 0.5 313 Tian et al. (2022)
Wood sawdust (KOH activated) 6 M KOH 0.5 225 Huang et al. (2016)
Wood 1 M H,SO, 0.5 260 Chen et al. (2020)
Houttuynia biomass (KOH activated) 6 M KOH 1 473 Shang et al. (2020)
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TABLE 4 Comparison of the energy density of symmetric supercapacitor cells prepared using porous carbon materials obtained from different carbon

sources (biomass and fullerene).

Carbon precursors Energy density (W h/kg) Power density (kW/kg) Ref
Fullerene-ethylenediamine hollow carbons 10.2 0.78 Shrestha et al. (2023b)
Prosopis juliflora 56.7 0.24 Selvaraj et al. (2021)
Houttuynia biomass 159 0.5 Shang et al. (2020)
Bamboo-derived carbon 5.4 0.5 Abbas et al. (2022)
Coal-tar pitch 6.45 0.48 Jiang et al. (2022b)
Chitosan 10.46 0.5 Chen et al. (2021¢)
Sichuan pepper 4.2 0.25 Zhang et al. (2019)

Rice husk 16.7 0.4 Arkhipova et al. (2022)
Baobab fruit shell 20.86 0.4 Mohammed et al. (2019)
Peanut shells 222 0.31 Liang et al. (2023)
Syzygium cumini fruit shells 27.22 0.2 Vinayagam et al. (2020)
Polyalthia longifolia seeds 27.5 0.49 Srinivasan et al. (2019)
Keratin 32 0.32 Sinha et al. (2020)
Eulaliopsis binata straw 40.14 0.27 Liu et al. (2023b)
N-doped rice straw 489 0.75 Charoensook et al. (2021)
Onion like fullerene 10.6 0.10 Mohapatra et al. (2019)

and hold time are the only parameters to tune the porosity. One can
keep the pentagon properties of the fullerene molecule depending on
the requirement by subtly tuning the temperature.

Despite the several advantages of fullerene crystals as a carbon
source, commercial fullerenes are expensive. Scale-up synthesis is
essential for commercial and practical applications of porous carbon
materials, which would be extremely expensive with the fullerenes.
For the scale-up production of carbon materials on an industrial
scale, biomass is beneficial. It is a natural and sustainable carbon
source. Therefore, most of the commercial carbons are produced
from biowaste, such as coconut shells, sugarcane baggage, rice husks,
etc. The carbon source itself is cost-free. It’s only the processing cost
of the biomass carbon. However, the carbon materials obtained by
the high-temperature heat treatment of the biomass result in the
formation of non-porous or low surface area carbon with poorly
developed pore structures. A significant amount of chemical
activating agents is required to produce high-porosity biomass
carbons. Furthermore, chemically activated biomass carbon
generally forms mere micropores, which is not beneficial in
energy storage supercapacitor applications. For high-performance
energy storage applications, porous carbon with micro- and
mesopore  structures is  required.

Mesopores,  especially

interconnected mesopores, the channels for the

electrolyte ion transfer from the solution to the electrode surface

se€rve as

and enhance the rate and cycle performance of the supercapacitors.
Another technical issue with biomass is its complex composition
and compositional variation, resulting in different surface area
carbons from the same biomass. Unlike the template (soft- or
hard-template) synthesis of porous carbon, nanopore engineering
is challenging with biomass carbons. A deeper fundamental study to
tailor the pore size is required to produce hierarchically porous
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carbon materials from the sustainable biomass carbon source on the
industrial scale at a low cost, which will be an asset in designing
practical high-performance supercapacitors devices. As discussed in
the symmetric cell, the performance of carbon materials prepared
from different sources could deliver limited energy density, which is
yet far from fulfilling society’s energy demand. Therefore, to
enhance the energy density performances of biomass and
fullerene-derived porous carbons, the synthesis of hierarchical
porous architectures with interconnected micro-, meso-, and
macropores with hetero-atom doping with a high degree of
graphitization can be regarded as the strategic ideal material
design. Nevertheless, choosing the appropriate biomass and
approach to synthesize hierarchical porous carbon with
outstanding electrochemical properties for high-performance
supercapacitors is challenging. Combining biomass- and
fullerene-derived materials may exhibit synergy to improve
properties and capacitance performance. Furthermore, growing
fullerene assemblies in the meso- and macroporous honeycombs
or channels of the biomass carbons and consequent activation/

carbonization may enhance the textural properties and
energy density.

This short review concisely shows a variety of
nanoarchitectonics  approaches for nanostructured carbon

materials for the same purpose as supercapacitors. Although
these approaches are based on totally different sources, biomass
and fullerene, the obtained properties and further demanded
requirements have common features. On the other hand, these
different  advantages and disadvantages.
Nanoarchitectonics approaches are versatile for many materials,

sources  have

but its efficient usages require deeper considerations depending on
the materials selection.
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