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Porous carbons are widely used as electrode materials for supercapacitors owing to
their high specific surface areas, abundant surface functionalities, well-controlled
pore systems, and excellent conductivity and stability. New carbon materials with
well-defined nanostructures and functionalization patterns have been developed
to meet challenges of a growing global demand for energy-saving materials and
sustainable materials to reduce negative environmental consequences. This book
describes progress toward the conversion and efficient utilization of porous carbon
and its derived precursor as electrode materials for clean energy.

e Explores the chemical structure, composition, properties, classification,
and application of various porous carbon nanoparticles and nanostructured
materials for clean energy uses.

* Proposes strategies for porous carbon production through featured examples.

e Covers a variety of materials, including those derived from biomass, gra-
phene, aerogels, and carbon nanofibers.

e Discusses applications including electrocatalysts, batteries, hydrogen pro-
duction, supercapacitors, and energy storage.

e Examines challenges and future opportunities.

This book will be of interest to materials and chemical engineers, scientists, research-
ers, and others active in advancing the development of renewable and clean energy
technologies.
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5 Biomass-Derived
Graphene-Like
Carbon Materials
for Supercapacitor
Applications

Gaojie Li, Biao Gao, Paul K. Chu and Kaifu Huo

1 INTRODUCTION

Fossil fuels are causing environmental problems and also getting depleted. Therefore,
researchers have proposed renewable energy sources such as solar, wind, tide,
and waste heat, which can provide energy without CO, emissions and pollutants.
However, since renewable energy sources are often difficult to use on a large scale
due to their geographical, intermittent, and unstable characteristics, the development
of efficient energy conversion and storage technologies is highly required. The com-
mon electrochemical energy storage devices are rechargeable batteries and superca-
pacitors (SCs). SCs have attracted a lot of attention due to desirable characteristics
such as the higher power density (1-103kW kg™), faster charging/discharging capa-
bility, and longer cycling life (>106 cycles) compared to conventional lead-acid bat-
teries and lithium-ion batteries.! In addition, SCs can be used in a wide temperature
range (=70 to 85°C), whereas the use of conventional batteries is limited to a narrow
temperature range. Owing to these excellent properties, SCs have great potential
and value in future energy systems. Figure 5.1 depicts the Ragone plots of various
energy storage systems.? Batteries can provide high energy densities of 150-500 Wh
kg!, but their power density is limited due to the sluggish movement of electrons
and ions. In order to maintain a high energy output, they are usually discharged for
more than 10min or even longer. In contrast, SCs with higher power densities can
fully discharge in 10s with an output power between 10 and 20kW kg~'. However,
it is difficult for SCs to achieve energy densities of 30 Wh kg! or higher. As the key
component in SCs, electrode materials have a decisive influence on the energy/power
densities of SCs and therefore, the development of high-performance electrode mate-
rials is the hotspot for the SCs.

Carbonaceous materials are very important to electrochemical energy storage on
account of their outstanding chemical stability, tunable porosity, large specific sur-
face area (SSA), and abundant electroactive surface sites. Several carbon isomers
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FIGURE 5.1 Ragone plots of various energy storage systems? (reproduced with permission:
Copyright 2022, Royal Society of Chemistry).

have been utilized in electrodes and in particular, graphene has recently attracted
great interest due to its distinct properties in terms of the electron conductivity (200 S
m'), large SSA (2,630 m?g"), and high intrinsic carrier mobility (10,000cm?V-'s1).3
With sp?-hybridized carbon atoms arranged in a honeycomb-like network in a sin-
gle plane, graphene is an ultrathin substance with high conductivity.* In addition,
graphene with the long-range 7—7 conjugation possesses many attractive proper-
ties including chemical stability, thermal conductivity, and mechanical strength.
However, there are some limitations for SCs application. First, large-scale synthesis
is difficult and costly, and second, graphene layers undergo irreversible sheet stack-
ing during electrode preparation, consequently reducing the active surface area and
capacitance. Biomass-derived graphene-like carbon (BDGC) materials are excellent
for SCs due to many virtues such as sustainability, reproducibility, abundant natural
sources, and low cost.

In this chapter, recent progress in the preparation and capacitive properties of
BDGC from biomass precursors are summarized and the common synthetic meth-
ods are described. The impact of the morphology, SSA, porous structure, and degree
of graphitization on the electrochemical properties are discussed and future research
directions are proposed.

1.1 FUNDAMENTALS OF SUPERCAPACITORS

SCs also known as electrochemical capacitors or ultracapacitors have attracted con-
siderable attention for electrochemical energy storage by bridging the gap between
conventional dielectric capacitors and lithium-ion batteries. According to the charge
storage mechanism, SCs are divided into three types: (1) Electric double-layer
capacitors (EDLCs), which electrostatically store charges by adsorbing ions on the
electrode surface; (2) Pseudocapacitors which electrochemically store energy via the
rapid surface-controlled redox reactions with the Faraday types; (3) Hybrid capaci-
tors which combine the electrodes with capacitive properties and battery-like perfor-
mances to produce higher energy and power densities.
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FIGURE 5.2 EDLC models: (A) Helmholtz, (B) Gouy—Chapman, and (C) Stern (repro-
duced with permission: Copyright 2014, Wiley-Blackwell).

1.2 CHARGE STORAGE MECHANISM

EDLC:s store charge at the interface between the electrode and electrolyte via elec-
trostatic ion adsorption/desorption. By applying a voltage between the electrodes,
charges accumulate on the surface of the electrode, which is balanced by the adsorp-
tion of oppositely charged ions from the electrolyte. To avert short circuits, the two
electrodes of EDLCs are separated by a separator. At the interface between the elec-
trode and electrolyte, two layers of reverse charges are established during charging.
EDLCs are comparable to parallel plate capacitors when an electrode of surface area
S (m?) is polarized, as shown in Figure 5.2.° Originally, the storage mechanism of
EDLC:s follows the Helmholtz model which describes the charge distribution at the
interface (Figure 5.2A). The double layers (DL) of opposite charges are formed at the
interface with an effective thickness (d) equal to the atomic distance. The potential
in the vicinity of the electrode is gradually lowered and the simplified Helmholtz
double layer can be envisioned as an electrical capacitor with a capacitance of Cy
defined by Eqn 5.1:

.68
CH = 7d0

where ¢, is the dielectric constant of the electrolyte, ¢, is the relative dielectric con-
stant of vacuum (g,=8.854 x 10-'2 F m'), and S is the surface area of the active
materials.

Gouy and Chapman have considered the reality of a diffused layer in the elec-
trolyte resulting from the accumulation of ions on the surface of the electrode, as
shown in Figure 5.2B. The potential decreases exponentially from the electrode
surface to the electrolyte. Stern has integrated the Helmholtz and Gouy—Chapman

G.1)
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models into one model because the Helmholtz and Gouy—Chapman models are not
sufficient to explain the actual phenomenon. The diffusion of ions in the electro-
lyte as well as the connection between the dipole moment of the electrolyte and
active substance cannot be explained by the Helmholtz model.® In the Stern model,
two ion distribution regions are involved: the diffusion layer (outside region) and
Helmholtz layer,® as shown in Figure 5.2C. These two layers correspond to two
series capacitors with capacitances of Cy (Helmholtz layer) and Cj, (diffusion layer)
contributing to the total capacitance of the electrode (Cp, ), which can be evaluated
by Eqn 5.2%:

1 1 1
+

- (5.2)
CDL CH CD

In order to provide the basis for the comparison between different electrode materi-
als, it is a common practice to carry out galvanostatic charging-discharging (GCD)
test. In a symmetrical system, the total capacitance (C, F g') of the devices (two
electrodes equal in mass, thickness, size, and materials) is calculation by Eqn 5.3:

coq 1 (53)
AVm

where 7 (A) is the current, 7 (s) is the discharging time, AV (V) is the voltage window,
and m (g) is the total mass of active materials. The stored specific energy E (Whkg™)
in a supercapacitor, also known as the energy density, is given by Eqn 5.4:

E= %Cv2 (5.4)

where m (kg) is the mass of the supercapacitor and V is the maximum voltage win-
dow. Hence, a larger E can be achieved by increasing C or V. The maximum specific
power (W kg') also depends on the maximum voltage and is given by Eqn 5.5:

2
P= _ Una (5.5)
4-ESR-m
where ESR () is the equivalent series resistance which is the sum of the ion resis-
tance of the electrolyte impregnated in the separator, resistance of the electrode, and
interface resistance between the electrode and current collector.

The pseudocapacitor is based on a Faradaic charging process in which the redox
electron transfer process occurs on the electrode surface, as in the case of a battery.
Unlike batteries, the capacitance stems from the formation of a specific relationship
between the degree of charge acceptance and voltage change. The chemical reaction
in pseudocapacitors is a fast and reversible process involving electron transfer, and
the electrode materials do not undergo any phase change and not involve the creation
or destruction of chemical bonds. Pseudocapacitors can provide a higher specific
capacitance than EDLCs, thereby making them attractive to applications involving
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large energy densities. The pseudocapacitance is given by the derivative of the charge
stored (Ag) to the changing potential (AV) (Eqn 5.6):

_ d(Aq) 5.6
< d(AV) 60

Hybrid capacitors can achieve both high energy and power densities. The charge stor-
age process depends on both the capacitive and Faraday characteristics such as ion
adsorption and desorption at the electrode-electrolyte interface, reversible surface
redox reactions on the electrode, and reversible reactions of the entire electrode.” The
integration opens new opportunities for further improvement of energy storage and
bridging the gap between batteries and EDLCs.

1.3  SUPERCAPACITORS

Supercapacitor cells have two different assembled structures, namely two-electrode
cells and three-electrode cells. The two-electrode cells are used for research and
commercial applications, while the three-electrode cells are mainly used for research
because of their higher accuracy. The two-electrode cells consist of two electrodes,
a metal current collector, and a separator. As for the three-electrode configuration, a
reference electrode is added to make the measurement more accurate. Supercapacitor
cells with the two and three-electrode configurations are schematically depicted in
Figure 5.3A,B.8

1.3.1 EDLCs

EDLCs consist of two porous carbon-based materials as the electrodes, electrolyte,
and separator. The charges stored are an electric double-layer electrostatic form and
transferred between the electrode and electrolyte. Since the difference in potentials
causes opposite charge attraction, there is no buildup of charges on the surface of the
electrode when a voltage is applied. Inversely, electrolyte ions traverse the separator
and diffuse to the oppositely charged electrodes, as shown in Figure 5.4A (EDLCs)
which is illustrated with porous carbon.” The porous carbon with large SSA shortens
the electrolyte ion transport channels and furthermore, the mechanism of EDLCs
enables rapid energy adsorption and desorption, efficient energy transfer, and better
power delivery.

1.3.2 Pseudocapacitors

The energy storage of pseudocapacitors involves three different mechanisms: adsorption-
desorption (underpotential deposition), reduction oxidation (redox pseudocapacitor),
and intercalation-deintercalation (intercalation pseudocapacitor).!! The schematic dia-
gram of a redox supercapacitor with metal oxide as the electrode and KOH as the elec-
trolyte is shown in Figure 5.4B. When ions are inserted into the electrode, ion insertion
occurs not only on the surface but also in the pores and layers of the redox active or
conducting polymers. Furthermore, pseudocapacitive electrodes exhibit the capacitor-
like behavior because their cyclic voltammograms resemble bilayer rectangles and
linear hydrostatic discharge. Nonetheless, pseudocapacitors have a high capacity but
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FIGURE 5.3 Schematic diagrams of two and three-electrode cells: (A) two-electrode con-
figuration and (B) three-electrode configuration (reproduced with permission: Copyright
2022, Elsevier).?

FIGURE 5.4 Schematic of the charge storage mechanisms: (A) EDLCs, (B) pseudocapaci-
tors, and (C) battery-type electrodes (reproduced with permission: Copyright 2021, Elsevier)®;
(D), (E), and (F) schematic of three energy storage mechanisms for MICs (reproduced with
permission: Copyright 2021, Elsevier).!

poor stability and short cycling life due to the easy expansion and contraction dur-
ing charging-discharging cycles. The active materials form defects due to the repeated
insertion/extraction of redox-reactive ions on the surface of the active materials, lead-
ing to severe expansion and collapse of the electrode structure. Therefore, the cyclic
stability of pseudocapacitors is slightly worse than that of EDLCs.
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1.3.3 Metal-ion capacitors

Metal-ion capacitors (MICs) have been used in advanced hybrid electrochemical
energy storage systems to solve the problems of low energy of capacitors and low
power of LIBs. MICs consist of a battery-type anode (electrochemical insertion or con-
version) and a capacitor-type cathode (physisorption) in an electrolyte containing metal
ions, which have many characteristics of LIBs and SCs (Figure 5.4C). During charging
and discharging, the cathode and anode undergo physical (adsorption/desorption) and
chemical (intercalation/delamination or conversion) processes to store and release the
energy, respectively. Due to the integration of two energy storage mechanisms in one
device, MICs have several advantages including: (1) higher energy density than SCs;
(2) higher power density than LIBs; (3) wider working temperature range from —50 to
85°C; and (4) better self-discharging performance than SCs.

Depending on whether the electrolyte is consumed during the electrochemical
process, the energy storage mechanisms of MICs can be classified into three types:
electrolyte consumption mechanisms, ion exchange mechanisms, and hybrid energy
storage mechanisms!*:

1. Electrolyte consumption mechanisms. In this system, the battery materials
use alkali metal ion de/intercalation compounds as the anode (positive) and
capacitive materials such as activated carbon, graphene, and carbon nano-
tubes extracted from biomass as the cathode (negative). During charging, the
cations and anions move toward the anode and cathode electrodes, respec-
tively, consistent with the mechanism of SCs. However, instead of physical
adsorption, alkali metal ions can insert into the compounds containing alkali
metal ions or undergo reduction reactions at the anode. During discharging,
the alkali metal ions desorb from the anode back to the electrolyte, and the
anions desorb from the cathode to reach charge equilibrium (Figure 5.4D).1

2. Ton exchange mechanisms. In this system, the cathode is the battery mate-
rial that provides the alkali metal ions, while the anode is the capacitive
material. During charging and discharging, the electrolyte concentration is
kept constant and it only serves to transfer alkali metal ions, similar to a
rocking chair-type alkali metal ion battery. Unlike the battery, the alkali
metal ions are de-embedded from the cathode and adsorb on the anode
surface when MICs are charged and vice versa (Figure 5.4E).

3. Hybrid energy storage mechanisms. The distinctive feature of these MICs
is that one or both electrodes contain both the battery and capacitor materi-
als. During charging, the all alkali metal ions are removed from the cathode
into the electrolyte, and the alkali metal ions supplied by the electrolyte are
inserted into the anode and vice versa (Figure 5.4F).

2 BIOMASS-DERIVED GRAPHENE-LIKE CARBON
MATERIALS FOR SUPERCAPACITORS
Graphene-based materials are promising electrode materials for SCs on account of the

large theoretical surface area, high electronic conductivity, and electrochemical sta-
bility. Nevertheless, their large-scale applications are often restricted by irreversible
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aggregation and stacking caused by the strong van der Waals forces between the
substrate surfaces of graphene nanosheets. This significantly restricts the diffusion
pathways of ions within some narrow channels, thus preventing the electrolyte ions
from entering the surface of the graphene nanosheets, leading to a significant loss
of the ion-accessible surfaces and making the specific capacitance much smaller
than the theoretical value (ca. 550 F g!).1? BDGC materials are an effective solution
because they have a large surface area, porous structure, high graphitization degree,
and chemically stable surface by controlling the preparation method. What’s more,
BDGC materials have interconnected pore networks, good electrical conductivity,
and electrochemically stable surface boding well for SCs.

2.1 CHEMICAL COMPOSITION OF BIOMASS

The chemical components in biomass are covalently bonded carbohydrate monomers
which consist of starch, lignocellulose, triglycerides, phenols, terpenes, fatty acids,
and trace amounts of iron, calcium, potassium, silicon, and other elements.!" For
example, lignocellulosic biomass consists of mainly cellulose, hemicellulose, and
lignin (Figure 5.5).!" 13 There is also biomass composed of carbon, hydrogen, and
oxygen together with trace amounts of nitrogen, sulfur, and phosphorus. The com-
ponents in plant-based biomass can be converted into carbon by heat treatment or
carbonization. The components in lignocellulose interact strongly with covalent or
noncovalent forces. Cellulose is a linear polysaccharide consisting of a large molecu-
lar weight D-glucose linked uniformly by a $-1-4 glucosidic bond and accounts for
40%-50% of lignocellulosic biomass.!* Hemicellulose with branching and amor-
phous characteristics as well as a small degree of polymerization makes up 25%-—
35% of the total biomass. Thus, hemicellulose tends to decompose thermally. Lignin
is a component in lignocellulosic biomass and amorphous polymers accounting for
15%-20% of the biomass. In addition, lignin has a number of aromatic functional
groups consisting of p-coumarol, pinacol, and sinapyl alcohol.

FIGURE 5.5 Structure of lignocellulosic biomass (reproduced with permission: Copyright
2023, Elsevier).!!
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2.2  GRAPHENE-LIKE CARBON MATERIALS DERIVED FROM BIOMASS

The biomass mainly composed of cellulose and hemicellulose is broadly found
on earth and can be used to synthesize porous carbon due to the unique natural
structure as well as high carbon and low ash contents. Graphene-like carbon (GLC)
produced from biomass generally has a porous structure that provides connectiv-
ity for different pore sizes, shortens the ion pathways, and lowers the resistance
in ion transport. For example, coconut shells can easily be converted into porous
GLCs by a chemical treatment with ZnCl, and FeCl; activation.'* The resulting
GLCs have a large SSA (1,874 m?g™") and high graphitization degree (/;/I,~ 1.81).
The carbon atoms with sp? covalent bonds provide high electrical conductivity to
reduce the resistance of the system. Similarly, three-dimensional GLCs (3D GLCs)
with graphene-like sheets, large SSA (1,503 m?g"), and high electrical conductiv-
ity (32.14 S cm™) formed from coconut shells can be obtained by K,CO, catalytic
graphitization.'> SEM shows that the honeycomb-like structure is composed of
ultrathin graphene sheets (Figure 5.6A) and well-developed interconnected pores
and pore sizes in the range of micrometers (Figure 5.6B). The graphene nanosheets
are curved and wrinkled and composed of about three to four layers, as revealed
by TEM. The Raman spectrum of 3D GLCs shows low-intensity D-band, sharp
G-band, and 2D-band, with an I,; of only 0.088, while the ratio of I, is as
high as 0.855 (Figure 5.6C) confirming high-quality graphene sheets. Hence, 3D
GLCs have outstanding electrochemical properties. Without conductive additives,
the capacitance of 3D GLCs is 91.15 F g ! at 0.2 A g! and retention is 85.1% after
5,000 cycles at 0.1 A g in an organic electrolyte.

The nitrogen-doped (N-doped) GLC nanosheets from pine nut shells can be
obtained by combination with melamine and KOH activation. The GLCs are com-
posed of ultrathin nanosheets and irregular nanosheets and the thickness of the
nanosheets is about 5-8 nm (Figure 5.6D-E).!® The GLC nanosheets have outstand-
ing electrochemical properties due to the large SSA (2,090m?g™") and the inherent
hierarchical porous sheets structure. Hence, the GLCs exhibit a superior specific
capacitance of 324 F g-! at 0.05 A g, high rate capacitance of 258 F g-! at 20 A g/,
and excellent cyclic stability of 94.6% after 10,000 cycles at 2 A g*! in 6M KOH
(Figure 5.6F).

2.2.1 GLCs from forest plants and residues

The preparation of BDGCs from forest plants and residues by different activations
provides a green and economical possibility for developing 2D carbon or 3D skel-
eton carbon consisting of 2D carbon nanosheets. For instance, porous GLC sheets
with an ultrathin thickness (3.8nm) and a hierarchically porous structure with a
large meso-pore ratio from pine bark can be obtained by potassium acetate acti-
vation (Figure 5.7A)."7 The GLC sheets have a high capacitance (128.1 F g™ at 1
A g™, good cycling stability, and satisfactory energy density (32.4 Wh kg') and
power density (30.375kW kg™) in the TEABF,/AN electrolyte.” Similarly, GLCs
with large amounts of interconnected nanosheets with a thickness of 10nm and large
SSA (979.89m?g!) are prepared from Enteromorpha by high-temperature melting
of K,CO; (Figure 5.7B)."® The GLCs have wide pore distributions and a suitable
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FIGURE 5.6 (A) SEM image and (B) enlarged SEM image; (C) Raman scattering spectra of
3D GLCs (reproduced with permission: Copyright 2018, Royal Society of Chemistry)'3; (D)
SEM image, (E) TEM image, and (F) GCD curves of GLC nanosheets from pine nut shells
(reproduced with permission: Copyright 2019, American Chemical Society).'®

amount of oxygen, thus enabling the electrolyte ions to enter the surface and inte-
rior of the electrode (Figure 5.7C). In addition, the GLC nanosheets with abundant
porosity, well-developed porous structure, large SSA, and high conductivity are pre-
pared from fresh lotus receptacles by “drilling” holes with H,0, and exfoliating into
graphene-like nanosheets with HAc, followed by carbonization (Figure 5.7D).!° The
GLC nanosheets have very high specific capacitance (340 F g at 0.5 A g™'), large
capacitance retention of 98% after 10,000 cycles, and outstanding energy density
(23.33 Wh kg ™).

3D GLCs with the 3D interconnected graphene nanosheet structure can be pre-
pared from spruce bark hydrothermally and KOH activation (Figure 5.7E)."> The 3D
GLCs are composed of intertwined vertically aligned graphene nanosheets, which
link to each other and form a 3D honeycomb-like structure to offer porous space
between the contiguous layers (Figure 5.7F). The Raman spectrum of 3D GLCs
shows low-intensity D-band, sharp G-band, and 2D-band at around 1,350cm!,
1,584 cm™" and 2,700 cm™! (Figure 5.7G). The 2D band is a feature of the two-phonon
resonance second order, and its width and position are sensitive to the number of lay-
ers in the graphene sheet. For instance, single-layered graphene displays a sharp 2D
peak, while two-layered graphene shows a relatively wide 2D band. The D peak at
1,350cm™ is attributed to carbon atom breathing vibration which is related to the
six-membered sp? carbon rings. The D peak indicates the existence of defects in
the materials, which are absent from defect-free graphene. The intensity ratio of the
G- and D-band (//I},) is used to measure the defects in materials. The 3D GLCs
possess a 3D interconnected structure, large SSA (2,385 m?g"), many hierarchical
pores (1.68cm?g™), and open surfaces with graphene nanosheets, thus showing an
outstanding capacitance of 239 F g' at 1 A g! and high energy density of 74.4 Wh
kg! in the TEABF,/AN electrolyte.
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FIGURE 5.7 (A) SEM and TEM (inset) images of GLCs (reproduced with permission:
Copyright 2019, American Chemical Society)!’; (B) preparation of GLCs from Enteromorpha,
(C) SEM image of GLCs (reproduced with permission: Copyright 2020, Elsevier)'®; (D) prep-
aration process of GLC nanosheets from the lotus receptacle (reproduced with permission:
Copyright 2017, Wiley-VCH Verlag)'®; (E) preparation of 3D GLCs from spruce bark, (F)
SEM image and (G) Raman scattering spectra of 3D GLCs (reproduced with permission:
Copyright 2017, Elsevier)."

2.2.2  GLCs from agricultural products

The preparation of high-quality GLC materials from agricultural products for SCs
has advantages such as the low cost, abundant raw materials, and sustainable nature.
For example, GLC nanosheets can be prepared from hemp bast fibers by hydrother-
mal carbonization and KOH activation (Figure 5.8A).2° The GLC nanosheets are
made of highly interconnected carbon and ultrathin carbon nanosheets (10-30nm
in thickness) and have high meso-porosity (58%). Hence, the GLC nanosheets with
a large SSA (2,287m?g™") and electrical conductivity (226 S m™!) show a high spe-
cific capacitance of 142 F g-! with excellent capacitance retention as well as a high
energy density of 19 Wh kg in the ionic liquid electrolyte. Similarly, the porous
GLCs are prepared from fungus by hydrothermal treatment in KOH and carboniza-
tion (Figure 5.8B).?! The porous GLCs with a hierarchically interconnected porous
framework and wide pore distributions have a large SSA (1,103 m?g™") and bulk den-
sity (0.96 g cm™3) thus providing more storage sites and shorter transport paths for the
electrolyte ions. As a result, the porous GLCs exhibit a high volumetric capacitance
of 360 F cm™ and retention of 99% after 10,000 cycles. The N-doped porous GLC
sheets formed from layered peanut seed coats with triethanolamine by thermal exfo-
liation and pyrolysis have graphene-like sheets with a thickness of ~4nm and large
SSA (887 m?g™"), which improve the electrical conductivity (8.1 S cm™) and wettabil-
ity (Figure 5.8C).22 Consequently, the GLC sheets show ultra-high rate capabilities
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FIGURE 5.8 (A) Preparation of GLCs from hemp (reproduced with permission: Copyright
2013 American Chemical Society)?’; (B) preparation of porous GLCs from fungus (repro-
duced with permission: Copyright 2015, Elsevier)?; (C) SEM and HR-TEM (inset) images
of the porous GLC sheets, (D) cycling stability of the porous GLC sheets (reproduced with
permission: Copyright 2020, Elsevier)??; (E) SEM image of the porous GLCs formed from
sugarcane bagasse pith (reproduced with permission: Copyright 2017, Elsevier).??

(72.5% capacity at 200 A g') and cycling stability (92.3% of capacity retention after
20,000 cycles at 10 A g) in 6.0M KOH and 1M Na,SO, electrolytes, respectively
(Figure 5.8D). Similarly, the N-doped porous GLC sheets synthesized by KOH acti-
vation (Figure 5.8E)? have a large-size multiscale wrinkled nanosheet structure,
large SSA (1,786.1 m?g™"), and appropriate amount of N. The N-doped GLC sheets
show a large specific capacitance (339 F g at 0.25 A g™!), long-term cycling stability
(97.9% capacitance retention after 10,000 cycles), and high energy density (11.77 Wh
kg!) in 6M KOH.**

2.2.3 GLCs from marine sources

Marine products are abundant and produced from the ocean that can be eaten or
used such as fish, shellfish, and raw plants (seaweed, nori, kelp, etc.). Shellfish
mainly includes crab, shrimp, lobster shells, and oysters. Shellfish harbors use-
ful proteins, calcium carbonate, and chitin. Chitin is a linear polymer (poly b-(1,
4)-N-acetyl-D-glucosamine) containing nitrogen, which is the second most abundant
natural biopolymer on earth (after cellulose).?> Shellfish is a renewable porous carbon
precursor for the direct preparation of graphene carbon nanosheets with N dopant
and tunable porosity.

The N-doped GLC sheets are prepared from naturally layered shrimp shells by
simultaneous carbonization and auto-activation followed through ultrasonic liquid
exfoliation (Figure 5.9A).26 The GLC sheets possess the graphene sheet structure
(5nm thickness), large SSA (1,946 m?g"), and big nitrogen content (8.75 wt%) for
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FIGURE 5.9 (A) Synthetic pathway of N-doped GLC sheets; (B) cyclic stability (two blue
LEDs in inset) of N-doped GLC sheets (reproduced with permission: 2016, Royal Society of
Chemistry)?®; (C) synthetic pathway and microscopic of GLC sheets, (D and E) TEM and (F)
AFM images of GLC sheets (reproduced with permission: 2017 WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim)?’; (G) SEM images of N-doped GLCs (reproduced with permission:
2016, Royal Society of Chemistry).?

improved conductivity (7.8 S cm!) and wettability with the electrolyte. The GLC
sheets have an excellent rate capability with a high capacitance of 322 F g-! at 0.5
A g, long cyclic stability (93.2% capacitance retention after 20,000 cycles), and
high energy-power density (30 Wh kg! and 64,000 W kg!) in ionic liquid electro-
lytes (Figure 5.9B). Similarly, the N-doped porous GLC sheets formed from chito-
san show a large SSA of 1,321.3m?g"!, large pore volume of 4.21 cm3g™!, ultrathin
nanosheets structure, and appropriate porosity.?’ The GLC sheets with a thickness
of 27nm are fabricated from crab chitin via hydrophobization-induced interfacial
assembly followed by the aqueous NaOH/urea treatment (Figure 5.9C).%” The layers
possess structural flexibility and robustness, thin chitin nanosheets (26.8 nm), and a
large SSA of 724.2m?g! (Figure 5.9D-F). When the hybrid films of chitin and GLC
sheets are used in the flexible device, the ultrathin soft film has a good specific capac-
itance of 162.4 F g! at 0.5 A g' and high cycling stability (capacity retention up to
95% after 10,000 cycles at 5 A g!) in 6M KOH. In addition, the 3D honeycomb-like
N-doped GLC films formed by mixing chitin and graphene oxide are synthesized by
dissolution and coagulation of chitin and graphene oxide in the NaOH/urea aqueous
solution using a repeated freezing-thawing process followed by carbonization under
Ar.28 The honeycomb-like N-doped GLC films have a homogeneous interconnected
open-cell framework with the average pore size of about 2 um (Figure 5.9G). The
porous N-doped GLC films inherit the high conductivity of graphene and have abun-
dant porosity and rich active sites resulting in excellent electrochemical properties.
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2.3 BIOMASS-DERIVED CARBON-BASED COMPOSITES

Compared to pure carbon materials, pseudocapacitor materials are based on transi-
tion metal oxides or hydroxides, such as MnO,, Fe,0;, Co,0;, and Ni(OH),, which
have high capacity and good redox activity. The redox activity of the materials is
mainly derived from the multivalent nature of the transition metals. However, the
poor inherent conductivity and small SSA lead to a slow charge transfer and subop-
timal cycling stability at high current densities.

BDGC:s can provide abundant space for the deposition of transition metal oxides
or hydroxides and reduced agglomeration. The superior electrical conductivity of
BDGC:s can expedite charge transfer to improve the electrochemical performance. In
addition, the good structural stability and proper porous structure of BDGCs can buf-
fer the volume expansion caused by transition metal oxides or hydroxides. Therefore,
the combination of transition metal oxides or hydroxides with BDGCs improves
the electrochemical properties. For example, the multifunctional heteroatom (Fe,
N, S) Co-doped GLC sheets (Fe-N-S/GLC) with special 2D layer structures are
formed from silkworm chrysalides shells by liquid-phase exfoliation to delaminate
the multilayered biochars (Figure 5.10A).3° Owing to the unique integration of the
graphene-like structures with a thickness of 4.3nm, large SSA (2,491 m?>g"), hierar-
chical pores, homogenous co-doping, and high electronic conductivity (7.6 S cm™),
the Fe-N-S/GLC sheets have excellent super-capacitive properties such as a large
capacitance of 173 F g' at 1 A g! and energy density of 29.1 Wh kg™! in an ionic
liquid electrolyte.

Ni(OH), is an attractive material for SCs due to the high theoretical specific
capacitance (2,358 F g™!), specific redox behavior, high redox activity, and envi-
ronmental friendliness. However, the inherently low electrical conductivity (10-17 S
cm™') of Ni(OH), leads to redox reactions occurring only on the surface and low uti-
lization. To overcome these problems, Ni(OH), is combined with GLCs to enhance
the electrochemical performance. In this respect, GLCs with the nanosheet-like
structure formed from peach gum with Ni(OH), to Ni(OH),/GLCs have excellent
electrochemical properties (Figure 5.10B).3' In the process, GLCs are first obtained
by hydrothermal carbonization and magnesium acetate activation to form Ni(OH),.
The synergistic effects of Ni(OH), and GLCs produce Ni(OH),/GLCs with a large
energy density of 36.9 Wh kg-! and power density of 400 W kg~'.

Other pseudocapacitive materials, such as MnO,, Co;0,, Fe,0;, NiO, and
NiMn,O, can also be combined with GLCs to promote capacitance. The N-doped
3D porous GLCs (3DPGLCs) are formed from luffa complexes with NiMn,O, nano-
crystals (NiMn,0O,/3DPGLCs) by carbonization and a hydrothermal method to form
an efficient binder-free electrode (Figure 5.10C).>> The 3DPGLCs with a porous
structure and defective surface can adjust in sifu growth of NiMn,O, to form the
NiMn,0,/3DPGLCs composite. Because the NiMn,O,/3DPGLCs composite has a
high conductive network and abundant pores, it not only is conducive to electrolyte
and NiMn,O, infiltration but also transfers electrons quickly for the electrochemi-
cal reaction. The NiMn,0O,/3DPGLCs electrode has a high specific capacitance
of 1,308.2 F g'at 1 A g and rate performance of 77.9% at 15 A g-'. The GLCs
formed from cleaned agaric are combined with MnO, nanosheets (MnO,/GLCs) by a
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FIGURE 5.10 (A) Preparation of the Fe-N-S/GLC sheets (reproduced with permission:
Copyright 2021, Elsevier)*®; (B) preparation of Ni(OH),/GLCs composites (reproduced with
permission: Copyright 2019, Elsevier)*'; (C) preparation of NiMn,0,/3DPGLCs (reproduced
with permission: Copyright 2020, Elsevier)*’; (D) schematic diagram of the MnO,/N-GLCs
composite. (E) SEM image of GLCs; (F) SEM image of the MnO,/GLCs composite (repro-
duced with permission: Copyright 2020, Elsevier).

two-step process (Figure 5.10D).3 The first step consists of a direct heat treatment of
the cleaned agaric and KOH activation is performed to obtain the GLCs. The second
step includes in situ chemical deposition and dense MnO, nanosheets are grown on
porous carbon (Figure 5.10E,F). The conductive frame of the N-doped porous carbon
and synergetic effects between GLCs and MnQO, yields MnO,/GLCs with a large
SSA (2,250 m?g ") produce excellent electrochemical performance such as a specific
capacitance of 330 F g at 1 A g!. Similarly, the GLC sheets are formed from salvia
splendens petals coupled with MnO, (MnO,/GLCs) by carbonization and hydrother-
mal processes.** The MnO,/GLCs composite possesses a large SSA (483 m?g') and
suitable pore size distribution (2-5nm). Because of the synergistic effects of MnO,
and GLC, the MnO,/GLCs composite electrode shows a high specific capacitance
of 438 F ¢! at 0.5 A g! and large rate capability (67.8% capacity at 50 A g!) in the
Na,SO, electrolyte. The composites containing different GLCs and transition metal
oxides or hydroxides are prepared from kapok fiber/NiO, fruit/Co;0,, and wheat
straw/Fe,O; and have been used as electrode materials in SCs.

3 PREPARATION METHODS OF GLCS FROM BIOMASS

In this section, the preparation of graphene-like materials from biomass is classified
into physical activation, chemical activation, microwave-assisted activation, template
method, and other methods.
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3.1  PHYSICAL ACTIVATION

Physical activation mainly utilizes water steam and CO, as the activators to prepare
BDGCs. The common preparation process involves carbonization at 400-800°C fol-
lowed by activation at 700-1,500°C, using the chemical reactions between carbon
and H,O (Eqn 5.7) or CO, (Eqn 5.8)*:

C+H,0 > H,+C H=+132 kI mol™! (5.7)
C+C0O, - 2CO H=+173 kJ mol™ (5.8)

The activation process involves the controlled combustion of activated carbon atoms
and the elimination of volatile species. The quality of GLCs depends on the condi-
tions, such as temperature, time, gas flow rate, and activator. In addition, the different
biomass materials require the appropriate activators to obtain GLCs with large SSA
and suitable pores. For instance, GLCs with SSA of 1,700m?g! and pore volume of
1.135cm3g! are prepared from coconut shell char by CO, activation.* In addition
to CO, activation, water steam is widely used as an effective activator due to its low
cost, cleanliness, and safety. For example, GLCs prepared from shrimp shells by
water steam activation at 900°C show an SSA of 560.6m?g! and a high degree of
graphitization (I/15,=0.7686).37

3.2 CHEMICAL ACTIVATION

Chemical activation is a process in which the precursor is first mixed with certain
chemicals and then activated to obtain BDGCs at a temperature of 500—1,000°C.
Compared to physical activation, chemical activation has several advantages®®: (i)
The pores are well developed; (ii) The activation time is shorter; (iii) GLCs have
large SSA; (iv) There is a high degree of graphitization. Various activating regents
have been used, for instance, KOH, NaOH, H,;PO,, ZnCl,, FeCl,, and K,CO;. KOH
is a popular alkali activator that produces the best effects. The specific reactions are
as follows (Eqns 5.9-5.13)%:

6KOH+2C «» 2K+2K,CO;+3H, (5.9
K,CO; < K,0+CO, (5.10)
K,C0O;+2C < 2K+3CO (5.11)
K,0+C ¢« 2K+CO (5.12)
CO,+C — 2CO (5.13)

In the chemical activation stage, the pores are developed with the consumption or
redevelopment of carbon. KOH reacts with carbon to form metallic K, K,CO;, and
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H, gas at a temperature lower than 570°C (Eqn 5.9). K,CO; is decomposed to form
K,0 and CO, pyrolysis occurs at around 600°C (Eqn 5.10). KOH is completely con-
sumed at 700°C. K,CO, and K,O start to decompose and are absent from the system
at above 800°C (Eqns 5.11 and 5.12).38 The activated products of CO, may also take
part in the pore-forming process due to the physical activation effects. The produced
CO, reacts with carbon to produce CO at a high temperature (Eqn 5.13). At a higher
activation temperature (>750°C, Eqns 5.9-5.11), almost all the biochar is activated by
the reaction between KOH and carbon. The K* diffuses into the interior of the carbon
skeleton to expand or create new pores during the activation process.

Different types of biomass have different SSA, pore volume, and degree of graphi-
tization after chemical activation. For example, the GLC sheets formed from gelatin
by KOH activation have a large SSA of 3,106 m?>g™!, pore volume of 1.70cm3g™!, and
thin sheets of graphene.*® The N-doped hierarchical porous GLCs aerogels formed
from chitosan by carbonization at 800°C and KOH activation have large SSA of
2,4352m?g™! and pore volume of 1.65cm3g'# Other GLCs such as petroleum
pitch (2,132m2g™") and sorghum (4,092m?g™") also have enhanced SSA after KOH
activation.

Compared to KOH, NaOH activation has the preponderant in terms of merits
such as less corrosion, lower weight dosage, and low cost. NaOH is also extensively
employed to fabricate porous GLCs. NaOH reacts with carbon to form pores and the
enlargement increases graphitization in the product. There are some possible reac-
tions between the reactive intermediates and carbon surface producing H,, CO,, and

CO, which give rise to the development of pores according to the following equations
(Eqns 5.14-5.18)*:

6NaOH+2C ¢» 2Na+2Na,CO;+3H, (5.14)
Na,CO; <> Na,0 + CO, (5.15)
Na,CO;+2C ¢ 2Na+3CO (5.16)
Na,0+C ¢> 2Na+CO (5.17)
C0,+C — 2CO (.18)

For example, GLCs obtained from chitin by NaOH activation at 800°C show a large
SSA of 294m?g" and a pore size of 25nm.** Similarly, GLCs obtained from guava
seeds have a large SSA of 2,573.6 m?g! and a total pore volume of 1.260cm3g" after
NaOH activation.**

3.3 MICROWAVE-ASSISTED ACTIVATION

Microwave-assisted activation is a new technology for the construction of BDGCs.
In the microwave system, heat is generated within the substance. The microwave
transmitted to biological tissues causes molecules and polar side chains of proteins
to oscillate at high frequencies due to electromagnetic oscillations of molecules and
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high-speed molecular motion, leading to the generation of heat.* The heat on the
molecular level increases the temperature rapidly and uniformly, which is not pos-
sible by conventional heating. Therefore, microwave-induced activation is carried
out in a closed space, thus solving most of the problems associated with conventional
pyrolytic activation, consequently giving rise to higher efficiency, resource saving,
shorter cycles, and low costs. Li et al. have combined microwave heating and steam
activation to extract high-quality porous GLC nanosheets from black sesame.*® The
GLC nanosheets have high and uniform porosity, large SSA (2,414.5m?g™"), and a
high degree of graphitization. In short, owing to the many advantages offered by
microwave-induced physical activation, it has been used to prepare GLCs with some
good results.

3.4 TEMPLATE METHODS

Template synthesis is one of the effective methods to fabricate porous BDGCs with
controlled structures and higher efficiency. In this technique, the template simply
acts as a bracket around which the other types of materials are synthesized. The tem-
plate reacts with the carbon precursor to increase the degree of graphitization of the
carbon structure during carbonization and then removes the template with chemicals
or heating to guide pore formation. Currently, the two types of templates are hard
templates and soft templates.

Hard templates, such as MgO, CaCO;, ZnO, Fe,0,, and SiO, are commonly used
to fabricate porous structures of GLCs. The structural features of porous GLCs
prepared from hard templates depend on the physical/chemical properties of the
template. The preparation of porous GLCs by the hard template method involves
four steps: (i) synthesis of the ideal hard template; (ii) effective mixing of carbon
sources and template; (iii) high-temperature pyrolysis under certain atmosphere, and
(iv) hard template removal by acid or alkali rinsing.*’ For instance, corrugated GLC
nanosheets prepared from tar pitch with the plate-like MgO template followed by
KOH activation have a large SSA of 2,132m?g"!' and pore volume of 1.23cm3g.
Corrugated GLC nanosheets have micropores, mesopores, and macropores with a
controllable pore size distribution.*

ZnO templates have received much attention due to their unique physicochemical
properties. The carbon precursors tend to react with ZnO and produce gases dur-
ing high-temperature processing, which plays a role in physical activation. ZnO has
the bifunctional hard templating and physical activation and the GLCs with well-
developed porous structures and wide pore size distributions can be obtained. For
example, 3D flower-like and hierarchical of GLCs are obtained from pitch with a ZnO
template and chemical activation. The GLCs have not only 3D interconnected porous
graphene sheets and wide pore size distribution but also a large SSA of 761.5m?g"!
and total pore volume of 0.49 cm3g~'.# Compared to MgO and ZnO, CaCO; is a reli-
able template and this kind of dual template is used to prepare GLCs. CaCO, pref-
erentially decomposes to form CaO particles and CO, gas at 500°C. The generated
CO, gas is a reactant with carbon to produce different porous structures. When CaO
is removed, hierarchical porous GLCs are formed. For instance, hierarchical porous
GLCs with an interconnected pore structure are obtained from cornstalk without
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pith using the CaCO; template and K,C,0, activation. The hierarchical porous GLCs
have a large SSA (1,910m?g!) and well-developed hierarchical porosity.*°

Soft templates are also effective in constructing graphene. They are usually
organic molecules or super-molecules with functional groups. In certain solvents,
the functional groups of the soft templates can provide hydrogen bonding, hydro-
phobic and hydrophilic interactions, and electrostatic interactions. When a suitable
solvent is added, the soft template becomes micelles that interact with the mol-
ecules in the carbon precursors. During carbonization, the micelles break down
to form the carbon source and biomass charcoal to produce GLCs with a unique
porous structure. The 3D interconnected porous GLCs are synthesized using cheap
coal tar pitch as the carbon source, BMIMBF, ionic liquid as the soft template,
and KOH activation.” The 3D GLCs composed of thin carbon nanosheets with
well-developed pores possess a large SSA of 1,593 m?g! and a total pore volume
of 0.85cm3g.

3.5 OTHER METHODS

Other activation methods like hydrothermal carbonization, salt-based method, and
physicochemical activation have also been applied to the preparation of BDGCs.
The BDGCs with well-developed and interconnected porous structures are formed
from natural reed membranes by hydrothermal and carbonization treatments.>? The
BDGCs with a hierarchical porosity and graphene structure formed from kitchen
waste hydrolyzed residues with NaCl-KCIl molten salts at 800°C have a large SSA
(818.65m?g ). Self-activation allows the conversion of biomass to BDGCs without
additional activators, since biomass has inherent inorganic salts or other metal ions
(K, Na, Fe, and Ca) that can etch the carbonization precursors or react with gases
emitted during carbonization (CO,, H,O, and H,). This self-activating pathway has
been applied to the preparation of BDGCs from coconut shells, almond kernels, and
wood chips.

4 CONCLUSIONS AND OUTLOOK

BDGC is a promising electrode material in energy storage applications due to its
abundant natural resources, renewability, low cost, adjustable porous structure, and
good physicochemical stability. The rational design and preparation of BDGCs with
adjustable SSA, pores, surface chemistry, and degree of graphitization are important
for the application in SCs. The quality and performance of the BDGCs depend on the
precursors and fabrication techniques. Although various biomass feedstock precur-
sors used for physical activation, chemical activation, microwave-assisted activation,
and template methods for the synthesis of BDGC have great potential for SCs, there
are still some challenges for practical applications.

First, the carbon source plays an important role in the quality of the BDGC mate-
rials. Therefore, it is imperative to establish a unified technical standard or grading
system for the carbon source. Second, comprehensive and standardized character-
ization methods should be established to evaluate the microscopic morphology of
BDGC. Specifically, each 3D graphene structure has a unique structure and sheet



Biomass-Derived Graphene-Like Carbon Materials 101

quality. Although the 3D structures are typically characterized by SEM, TEM, and
AFM, some features pertaining to the microstructure of BDGC materials are still not
well understood. Third, a standardized protocol is needed to determine the conduc-
tivity. The total conductivity should be calculated based on the actual cross-sectional
area for a more reliable comparison. Alternatively, at least detailed information about
the mass density and the actual contact area should be provided. Fourth, the relation-
ship between the 3D microstructure of graphene and its main properties is not well
understood. In practical applications, a database containing information about the
structure and properties of various 3D graphene structures should be established.
Such a database will allow not only systematic analysis and comparison of different
3D graphene structures but also easy selection of the proper 3D graphene structures
for special applications.

In addition to the aforementioned challenges, the application of BDGC should
be expanded. The diversity of biomass in terms of resource, type, structure, and
composition bodes well for a wide range of applications including rechargeable bat-
teries, desalination, catalysts, and oil/water separation. For example, BDGC mate-
rials with a large SSA, suitable pore size, and pore size distribution are desirable
for seawater desalination, water treatment, and oil-water separation. Furthermore,
these materials can be used as catalysts or substrates in metal-based catalytic
applications.
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