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carbon materials or directly used as electrode material for SCs. Renewable resources of biomass are
commonly utilized as carbon precursors owing to their low-cost, easy availability, facile preparation, and
environmentally friendly. This article reviews the progress in renewable resources based free-standing
electrode materials on the application of supercapacitors. After a concise introduction of SCs, the
methodologies on enhancement of the electrochemical performance and obtaining self-supported car-
bon materials are discussed. Then biomass-based binder-free electrode materials with designed unique
architecture for high performance SCs are highlighted. Finally, the challenges associated with biomass
derived free-standing carbon materials are pointed out and strategies to meet the practical application of
supercapacitors in advanced energy storage systems are discussed. It is expected that this review would
inspire researchers with new ideas to promote progress in the field.

© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction

In the past few decades, fossil resources have been widely
applied in various fields such as automotive industries, agriculture,
electricity and transportation. However, due to the overuse of fuels,
the global warming is getting worse and fuel reservoirs reduce
urgently. Developing renewable resources based cleaner energy
storage and conversion devices like solar cells, lithium ion batteries
(LIB) and SCs, is regarded as an alternative method to avoid
excessive consuming of fossil fuels [1—4]. Supercapacitor has been
considered as one of the most potential candidates for applications
of fast energy and power supply in last years [5—12].

1.1. Fundamental of supercapacitors

Supercapacitors, also named electrochemical capacitors or
ultracapacitors, have caught the intensive attractions as energy
storage devices, which bridge the gap between conventional
dielectric capacitor and LIB [13,14]. Actually, the charge of
rechargeable batteries mainly derives from the intercalation/de-
intercalation of cations. Therefore, it is mainly regulated by the
diffusion control of ions. But, this phenomenon remarkably re-
stricts the charge/discharge rate of LIB [15]. Due to their higher
power capacity, longer cycling stability compared with LIB, and
better energy density than dielectric capacitors, SCs with higher
safety are typically considered as the alternative to batteries in
demand of high power delivery applications [ 16—18]. Until now, the
newly developed SCs have been applied in hybrid electric vehicles,
regenerative brakings, powercache and uninterruptible power
supply, etc. [13,19,20].

Supercapacitors are generally divided into two classes by charge
storage mechanisms, including electrochemical double-layer ca-
pacitors (EDLCs) and pseudo-capacitors (PCs) [21]. The former re-
fers to the physical phenomena of electrostatic storage occurring at
the electrode-electrolyte interface [14,22,23]. EDLCs depend on the
rapid and reversible ion adsorption/desorption process without
limitation by the electrochemical kinetics, eventually lead to form
electrical double layer capacitance as depicted in Fig. 1. Thus, the
specific capacitance (Csp) is described to evaluate the charge storage
ability of SCs [24]:

4Q 14t (1)
P T AVe  AVe

The specific capacitance Csp of SCs is a reflection of the electrical
charge AQ stored at a voltage change AV, where ¢ refers to the mass,
surface area or volume of the electrode materials. Hence, Csp is
often corresponding with the gravimetric capacitance (F g~ 1), areal
capacitance (F cm™2), and volume capacitance (F cm™~>). Besides, Csp
can be utilized to assess device performance, when normalized by

the weight or volume of the whole device.

Additionally, EDLCs with absence of faradic redox reactions also
prevent the swelling of active materials emerging in the process of
charge/discharge cycles. Hence, EDLCs have capacity in sustaining
millions of cycles whereas batteries have a few thousands at most.
However, the restriction of the charge at the electrode surface
causes the lower energy density compared with rechargeable bat-
teries. Because the value of energy density (E) accumulated in a
capacitor is related to the Csp and operating voltage (Vo) according
to formula 2 [15]:

While the maximum power density is depicted as [11]:

_ %
~ 4Rgsge

(3)

where Rgsg represents the equivalent series resistance (ESR). The
energy storage capacity of SCs can be promoted by improving the
specific capacitance or the cell voltage. It is a useful method to
enhance the specific capacitance by introducing pseudo-

Fig. 1. Schematic of EDLCs charge storage mechanism at electrodes.
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capacitance from the surface reactions. It is also necessary to
develop materials with high electrical conductivity since Rgsg is
closely related to the resistance of the electrode materials
themselves.

Based on fast reversible redox reactions happened on the thin
surface layer (tens of nanometer) of active materials, the charges
are faradically stored in pseudo-capacitors. Generally, the capaci-
tance of PCs is higher than EDLCs, but the cycling lifespan of PCs is
relatively poor [5,25].

1.2. Carbon materials for supercapacitors

In the past, various classes of carbon materials, such as graphene
(GN), active carbon (AC), carbon nanotubes (CNTs), carbon nano-
fibers (CNFs), carbon onion, etc. [3,26—30], have been in-depth
studied for EDLC electrodes. Owing to the high SSA, abundant
porosity and good electrical conductivity, carbon materials possess
the advantages in power performance and cycling stability [31—37].

As a result of the environmental friendliness, inexpensive and
abundance in nature, renewable resource based materials have
been widely used in fabrication of SCs electrodes corresponding
with the sustainable development. These kinds of biomaterials
could be easily found in daily lives, such as parts of the plant
(shaddock peel, bamboo, petals, etc.), raw materials from animals
(silk, crab shell, honeycomb, etc.) and primary metabolism prod-
ucts like cellulose and starch as shown in Fig. 2 [25,38—46].
Particularly, tremendous scientific studies have been made on the
subject of using cellulose, bacterial cellulose (BC), and lignin to
manufacture biomass-based electrode materials [47—51]. BC, con-
sisting of random orientational nanofibers and plentiful surface
hydroxyl groups, has the three-dimensional (3D) porous inter-
connected nanofibrous network and outstanding tensile strength
(>2 GPa) [52]. On account of their great hydrophilicity, BC also fa-
vors in the diffusion of aqueous electrolyte. Lignin is an abundant
and economical by-product of pulping and paper industries. Unlike
cellulose composed of single monomeric linkages, lignin has no
regular structure within its polymeric framework. It has been
widely studied for its abundance as a typical polymer among a good
many nature resources [53—55], and the development of lignin may
bring about the prosperity of wood-to-ethanol bio-refineries in
future [56]. The resulting electrode materials prepared by reported
procedures and their application for the related energy generation,
storage, and conservation fields, are regarded as a promising model
of green chemistry, sustainable development and biomass
valorization.

1.3. How to improve the specific capacitance performance of carbon
materials

1.3.1. Tuning the porous structure

Micropore (<2nm), mesopore (2—50nm) and macropore
(>50 nm) classified from IUPAC are employed to describe the pore
size [57,58]. The average pore size, pore size distribution (PSD), SSA
and pore volume are the most significant parameters for the
adsorption of charged ions. Furthermore, amounts of researches
have shown that the EDLCs from carbon materials are closely
related to the electrolyte accessibility of electrode surface. It should
be noted that effective SSA (E-SSA) also has important impacts on
capacitance performance of carbon materials. Different from the
total SSA calculated from the Brunauer-Emmett-Teller (BET) model,
E-SSA is controlled by both the total SSA, PSD of the electrode
materials and the size of electrolyte ion [59—61]. It indicates that
carbon electrode materials with porous structure, high E-SSA and
optimal PSD, maintain higher capacitance at relatively high current
density [11,56,62—65].

As previous studies demonstrate that the micropores and
channels are most effective in a process of double-layer formation,
while may slow down the kinetics of ion transportation to some
extent [66]. Mesopores reduce resistance of ion diffusion and
macropores help to form ion buffering reservoirs to decrease the
ion transportation distance after electrolyte penetration. Large
amounts of combinations of different PSDs and various scale of
porosity have also been studied. The synergistic effects of hierar-
chically porous structure ensure high affinity of charge transfer and
faster ion diffusion process. Hence, the constructions of hierarchical
electrodes enable unimpeded ion transportation and good capaci-
tance of SCs. Detailly, the interconnected mesopores render low-
resistance pathways for the ions diffusion at the inner-pore sur-
face, and the large space of macropores can strengthen the possible
electrostatic adsorption area to enhance the rate capability of SCs.
Besides, the hierarchically macroporous and mesoporous combi-
nations not only promote the free access of ion to the in/exterior
surface of materials and shuttle across the channels, which is
favorable for electrolyte penetration and electrochemical reactions,
but also provide a large SSA for high mass loading of the electro-
active materials [67,68]. It should be noted that charges store in
suitable nanopores which are propitious to confine themselves
[69]. Additionally, a universal theoretical model illustrates the
charge storage mechanism correlations with pore size and distri-
butions [70,71]. It appears that (de)-solvated ions form electric
wire-in-cylinder capacitor in the micropores, while have confor-
mations of electric double-cylinder capacitor near the pore wall in
the mesopores. However, this model is only applicable for carbon
materials with unimodal pores, not suitable for PCs. Such above-
mentioned carbon materials with developed porosity could possess
optimized energy storage capabilities and excellent cycling stabil-
ity. Therefore, strategies to synthesize the porous materials are
crucial to maximize electrochemical performance of SCs. In addi-
tion, many micro/nanoscale materials become the mainstream of
electrode materials for their unique characteristics in mechanical
performance, electrical and thermal conductivity [5,9,32,72].

1.3.2. Physical and chemical activation

As a key parameter in assessing morphology of carbon mate-
rials, porosity has great effects on the surface area of resulting
products. In order to achieve higher performance, physical and
chemical activation have been taken to obtain abundant porous
structure.

The physical activation method is commonly occurred with
carbon dioxide or water steam at high temperature (800—1000 °C),
and forms abundant porous structures on the surface and inside of
the carbon bulk materials as described in equations below [56]:

C + CO, — 2C0 (4)
C+ Hy0 - CO + Hy (5)

Porosity in AC is determined by the activation methods and the
precursor materials. The activation reaction achieves the purpose of
pore formation through the following three steps [73]. Initially,
open of previously inaccessible pores which are blocked by disor-
dered carbon atoms and heteroatoms. In the second step, the car-
bon of the elementary crystals reacts with oxidative gas at the
surface to form gaseous oxides. In the last stage, the existing mi-
cropores are continuously enlarged, and walls between adjacent
micropores completely collapse to form larger pores [74—78].

The other method, chemical activation simultaneously proceeds
with carbonization steps at a relatively low temperature under the
protection of an inert gas. Porous structure could be obtained after
heat treatment of the mixture of carbon materials and the
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activation reagents such as KOH, NaOH, ZnCl,, NHs, NaNOs, etc.
[79—83] For instance, chemical activation mechanism of carbon
materials with KOH or K,COs is suggested as [84,85]:

6KOH + 2C — 2K + 3H;1 + 2K,CO3 (6)
K»CO3 + 2C — 2K + 3CO1 (7)

The microstructural evolution is as depicted in (6) and (7).
K,COs is first produced during the activation process at high tem-
perature. The subsequent reaction eliminates carbon atoms and
leaves behind numerous vacancies on the materials, in which the
following removal of K,COs-occupied and K-bound sites results in
micropores [86].

Zinc chloride works effectively as dehydration reagent below
600°C. Firstly, it transforms into hydrated zinc chloride
(ZnCly-nH30). In the following stabilization, ZnCl,-nH,0 seems to
hydrolyze and generate an oxychloride [87]:

ZnCly + 1/2 02 — ZnOCl + 1/2 Cl, (8)
2Zn0 + C — 2Zn + CO, 1 (9)

Zinc oxide decomposes from the oxychloride in thermal process.
Then ZnO facilitates to produce micropores on the outer surface of
materials by etching carbon atom. Similarly, NH3 as activated agent
reacts with the carbon material to produce volatile gas. The
decomposition of the carbon structure through the gasification
reactions is described below [88]:

C + NH3 — HCN + H, (10)
C+ 2H; — CHg (11)

The carbon structure is collapsed and micropores are generated
simultaneously. Hence, the carbon precursor converts into acti-
vated carbon with disordered carbon phase.

As to NaNOs, it has good water solubility, decomposability and
expansibility in high temperature. Besides, NaNOs not only serves
as a nano-confine hard template for creating macropores
(50—150 nm), but also acts as a activation reagent to generate
mesopores (2—4nm) [89]. NaNOs3 template could be -easily
removed via water washing leaving no residue. The formation of
mesopores above 600 °C undergoes a mechanism as the following
equations:

12NaNO3 — 6Nay0 + Ny1+ 10021+ 10NO 1 (12)
2Na;0 + C — 4Na + CO21 (13)

Firstly, this in-situ etching treatments of NayO and CO, create
abundant micropores. Then, the expansion movement of the
released gases (N3, Oy, NO) can enlarge the pore size.

As oxygen groups are always exhibited on the surface of carbon
materials after activation and carbonization processes, pseudo-
capacitive contribution should be considered [22]. It has been re-
ported that low capacitance (around 50—80Fg~!) of untreated
CNTs or CNFs could be reached more than 100Fg~! through
introducing oxygen-rich groups. However, this oxygen-containing
groups are harmful to cycling stability of SCs [23,38,90,91]. The
carbonaceous materials of EDLCs are generally pre-treated before
fabrications so as to remove moisture and excess functional groups
on the materials surface [92—94]. These oxygen-containing func-
tional groups are classified into three kinds of types: phenol group
(C—OH), quinone oxygen group (C=O0) or ether group (C—0—C),

and carboxylic group (COOH) [95]. The reactions of pseudo-
capacitance for different functionalized oxide groups are present
as follow [96]:

C—OH< >C=0 + H" 4+ e~ (14)
—COOH & —CO0— + H + e~ (15)
>C=0 + e &>C-0" (16)

The reaction (14) and (15) only represent a quasi-reversible or
irreversible character in the basic electrolyte, while contribution of
pseudo-capacitance is mainly derived from the reaction (16) taking
place at the electrode interface, in which the carbonyl groups store
and release an electron without ion exchanges.

In contrast to the physical activation, chemical activation has the
advantages of short activation time, easy control of activation re-
action, etc. However, chemical activation may introduce excessive
functional groups which lower the electronic conductivity and may
be harmful to the rate capability and stability. In some cases,
chemical activation may result in uncontrollable PSD. After acti-
vation processes, the surface chemical/physical properties of acti-
vated materials still maintain balanced. Simultaneously, EDLCs
based materials possess high SSA, innovative nano-structures,
controllable PSD and enhanced surface wettability, which pro-
mote accommodation of ions and facilitate formation of electrical
double layer and partial pseudo-capacitance.

1.3.3. Heteroatom doping

Heteroatom doping has been regarded as one of the most
effective ways to enhance the wettability of carbon materials and
introduce pseudo-capacitance. It has been reported that mono,
dual, and even tri-heteroatom (N, B, P, S, F, Cl, Si, etc.) doping have
been adopted to strengthen the electrochemical activity by
adjusting the inherent properties of materials such as band gap.
Owing to defects in the C atoms, the electro-neutrality of the
carbonaceous materials is deviated. These defects generated by
heteroatom doping also promote some redox reactions and make
carbon materials become catalytically active [97—101].

Heteroatoms can significantly enhance the hydrophilicity and
polarity of carbonaceous material, thus enlarge the electroactive
surface areas, electronic conductivity, charge densities of carbon
atoms and result in high electron donating property. It could be
concluded that the inherent hydrophobicity of certain carbona-
ceous materials prevents the penetration of electrolyte solutions
and hinders improvement of the capacitive performance of SCs
devices. After heteroatoms doping treatments, the surface chemi-
cal/physical characteristics of these materials can be modified, and
more electro active sites have been offered that are beneficial to
charges storage. Among several types of heteroatom doping,
nitrogen-doping has been widely researched by using N-containing
precursors, such as melamine, polyaniline, polyacrylonitrile, etc., or
post-treatment of porous carbon materials with amines and urea to
introduce N-rich groups on the surface of materials [102]. The ni-
trogen species are usually divided into four different types: pyr-
idinic nitrogen (N-6), pyrrolic/pyridone nitrogen (N-5), quaternary
nitrogen (N-Q) and pyridine-N-oxide (N-X). Pseudo-capacitance is
introduced via positively charged N-Q and N-X, which promote
electron transfer through carbons and also by negatively charged
N-5, N-6 [103—106]. Among these four doping types, pyridinic and
pyrrolic nitrogen are considered as two important factors contrib-
uting to pseudo-capacitance due to their originating from defects in
carbon. It has been shown that urea prefers to form N-6 species, but
melamine have tendency to form N-Q. That is because of the
different chemistries of the N-sources [107]. The mechanism of N-
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doped pseudo-capacitance is depicted as the following electro-
chemical reactions on the carbon surface [102]:

C*- NHp + 20H™ < C - NHOH + H50 + 2e~ (17)
C*H - NHp + 20H™ < C + NH + 2H50 + 2e~ (18)

Where C* stands for the carbon network. The redox mechanism of
nitrogen dopants is believed to attract protons and improve the
charge density of space charge layer.

Boron atoms in a carbon lattice can facilitate the chemical
adsorption of oxygen to form a carbon surface with reactive activity
[108,109]. It is thus a highly promising candidate for doping of
carbon materials as illustrated in eqn (19) [110]:

XB203 + (2 + 3x)C — 2B4C + 3xCO1 (19)
B,0s starts to be melting and then vaporizes with reaction tem-
perature rising. After removing oxygen groups, active sites are

provided for boron doping into carbon matrix.
Phosphorus atoms have the ability in stabilizing oxygen func-

HF

the larger pores at high temperatures, which provide fast ion
transportation without causing unnecessary redox reactions. The
sulfur species contribute to pseudo-capacitance by the reactions as
presented [112]:

ﬁ
R—S—R; +2H + 26 ———3 S+ HyOuoooooooooceoeerecceeeceres 23)
1 /N
R R4
ﬁ TH
S. F H 4 € S SHucooocceeeeceeeeeeeeeeeeeeee e (24)
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R4 R R4
ﬁ R
St H 4 € S HS—— 0 /[ Hl oo (25)
R R4 K,

hydrothermal

OH

HF

P —

hydrothermal

COOH

HF

P —

hydrothermal

tional groups during charging, thereby improving the stability and
selectivity of redox-reactions. The faradaic redox reactions in acid
and alkaline electrolytes are illustrated in the following formulas
[111]:

—P=0 + 2e¢” + 2H" & —PH-OH (20)
—P=0 + 2e” + 2H,0 & —PH-OH + 20H" (1)
—PH—OH + 2e~ + 2H' & —PH; + 2H,0 (22)

Sulfur-containing functional groups are reported to decrease the
shrinkage of micropores during the carbonization step and support

Firstly, parts of sulphone-groups are reduced into sulfoxide-
groups (23). Then, sulfoxide-groups are further transformed into
sulfenic acid (24). Some of sulfenic acid become ionized and have
adsorption of H™ (25).

In particular, introduction of fluorine is an effective approach to
optimize the conductivity of carbon electrodes due to the syner-
gistic effects of increasing disorder and defects. Those can expand
interlayer spacing and create numerous active sites of semi-ionic
C—F bonds [113,114]. Fluorination enhances polarization from the
highly electronegative fluorine functional groups and the refine-
ment of pore structures/surfaces in non-aqueous electrolytes. It is
proposed that there are three substitution reactions involving
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Fig. 2. Schematic of biomass-derived carbon precursors. (A colour version of this
figure can be viewed online.)

fluorine atoms during the hydrothermal process, as shown in
equations [115]:

In addition to mono-heteroatom doping, dual and tri-doping
have also been applied in SCs due to their synergistic effects. N/B
co-doped GN aerogels were obtained for all-solid-state super-
capacitors. Electrochemical tests have indicated the highest ca-
pacitances of over 60Fg~! for the dual-doped samples [116]. As
presented by Yang and co-workers, the N/Si/P-doped CNF showed
the synergistic effect on surface wettability of the electrodes.
Among these three elements, phosphorus and silicon groups
facilitate the formation of EDLC, as well as nitrogen enhances the
pseudo-capacitance effect [117].

2. Design binder-free carbon materials for supercapacitors
2.1. Why design binder-free structures

Flexible wearable electronic devices such as artificial electronic
skin, bendable display, e-textile and so forth [10,118—124], have

Power

Density

Energy
Density
Cycling
Stability
Specific

Capacitance

Mass
Loading

Electrolyte

Electrode
Materials

Sl Supercapacitor W

Fig. 3. An illustration of key performance metrics and major affecting factors for SCs.

caught the mainstream of developing portable electronic. In order
to fabricate the lightweight and flexible SCs, large numbers of re-
searchers focus on manufacturing free-standing electrode mate-
rials. However, the ultimate products are difficult to be
self—supported for most of nature resources, which implies that
additives with death mass are needed for guaranteeing a high
conductivity [125,126]. In typical designs of SCs, there are many
parameters and metrics should be considered (Fig. 3). Among them,
additives of binders such as poly (tetra fluoroethylene) (PTFE), poly
(vinylidene fluoride) (PVDF) and conductive agents of carbon black
(CB), acetylene black (AB) are the common adding components of
electrode materials. Those additives are used to enhance the elec-
tric contact between current collector and electroactive materials
to reduce the electrical resistance of electrodes. But, the side effects
of those additives cannot be ignored. It is inevitable to increase the
total weight of the device (taking about 10—20%) and cost of pro-
duction. The addition of additives also weakens the electrochemical
performance of SCs such as specific capacitance, energy and power
density [127]. Aroused by aforementioned drawbacks, binder-free
carbon materials have been prepared, which favor rapid mass/
charge transport and bring about abundant accessible active sites
without compromising the volumetric performance and commer-
cial values. It has been reported that the CNTs without binders were
fabricated via vacuum filtration and chemical vapor deposition
(CVD) methods [128,129]. Owing to their robust mechanical prop-
erty and excellent conductivity, these CNTs could be directly
employed as electrode materials for SCs. Besides, these electrode
materials typically deliver a high power density more than
100 kW kg~ Hence, it is necessary to use binder-free structural
electrodes to achieve higher electrical conductivity, specific
capacitance, better cycling and mechanical stability at high current
densities.

2.2. How to obtain binder-free carbon material

In order to assemble self-supported electrode materials,
extended studies have been done from materials themselves and
fabrication technologies to construct the structural electrode ma-
terials. There are mainly two approaches for fabricating free-
standing electrode materials, “bottom-up” and “top-down”
[35,130]. According to the former method, small building blocks of
carbon resources including CB, CNTs and GN, are built into free-
standing structures through filtration, hydro-thermal assembling,
electrospray-deposition, wet spinning, etc. [131—140] In the latter
way, self-supported carbon precursors (CNFs mats, carbon cloth,
paper, etc.) can serve as substrates to load electroactive materials
[141—-143]. “Top-down” methods are commonly used and conve-
nient because of the cost-efficient substrates and simple fabricating
processes [144].

2.2.1. Carbonization of paper and cloth

As mentioned before, carbon materials based on EDLCs have
been widely studied to manufacture electrode materials with
different morphologies via carbonization treatments. Owing to the
abundance of biomass, it is reasonable for industry to achieve large-
scale productions. At the lab scale, researchers generally carbonize
the biomass precursors under high temperature (700—1000 °C)
protected by inert gas to get carbon paper, carbon cloth, carbon
fabric, and their solid derivatives (Fig. 4) [67,121]. Those carbonized
products with unique structures have advantages in charge transfer
and provide a fast access for electrolyte ion into the surface of
electrodes.

2.2.2. Pyrolysis of precursors with gel or monolith structure
The conventional carbon powder materials have limited
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100 nm/

Fig. 4. Different carbonaceous materials after carbonization: (a) Lignin/polyvinyl alcohol (PVA) composite nanofiber mats [145]. (b) Wood-derived CNF aerogels [146]. (¢) Lignin-
based electrospun carbon fibers [147]. (d) Electrospun flexible carbon nanofiber webs [148]. The insets depict the corresponding optical photos. (A colour version of this figure can

be viewed online.)

utilizations owing to their dusting and complicated electrode
operation steps. Hence, the carbon monolith or carbon aerogels are
applied to settle these above problems [149]. Carbon monolith with
free-stranding 3D structure, exhibits the advantages in desirable
microstructure, high electrical conductivity of 103—~10%S cm™~!, easy
shape processing and mechanical stability. Unlike other powdered
carbon materials, carbon monolith can be directly utilized as thick
electrode for SCs without adding inactive additives. Meanwhile, 3D
porous carbon monolith with high SSA strengthens mass transfer
kinetics, charge storage, and electrolyte accessibility [128,150]. The
porous carbon monolith is often synthesized through template
methods. Soft template (F127, P123, etc.) and hard template
(mesoporous silica, KIT-6 and soluble salts) [151] are used in the
preparation. During the fabrication processes, a freeze-drying
treatment enables a surface coating with carbon sources, and
they are further transformed into carbon scaffold during pyrolysis
at high temperature. After removal of the templates, the monolith
has been successfully obtained [152,153].

Considering the unique structure of carbon aerogel, it has
fascinating properties of ultralight, high electrical and thermal
conductivity, abundant continuous porosity, large SSA and chemi-
cal stability [154—156]. Carbon aerogels are regarded as suitable
supporting materials for anchoring of electroactive materials or
directly used as electrodes. Based on the carbon resources, carbon
aerogels can be divided into three categories, including carbon-
based (graphene, CNTs, etc.), synthetic organic polymer-based,
and biomass-based (BC, wood, cattail, etc.) [157]. The traditional
synthetic route of carbon aerogel materials includes a sol—gel
method that replaces the liquid solvent in gels via air or
template-assisted synthesis. Upon pyrolysis processes protected by
inert gas at high temperature, the cross-linked aerogels are trans-
formed into carbon aerogels [ 158,159]. The carbon aerogels with 3D
nanoscale interconnected porous networks provide low-resistance
pathways for ions transportation and good rate performance,

which holds great potential for binder-free energy-storage devices.
But the electrochemical performance of SCs is often hindered by
their intrinsic hydrophobicity, structure-derived fatigue failure and
weak elasticity [160,161].

2.2.3. Electrospinning to make nanofiber films/mats

Electrospinning is a facile and continuous approach to produce
ultrathin fibers (sub-micrometer to few nanometers) [162—167].
Electrospinning consists of an electro-hydrodynamic process, in
which the droplet of polymetric solution or melt is electrified to
generate a liquid jet under a high electric field, subsequently un-
dergoes the processes of stretching and elongation [168—172]. After
stabilization in air and carbonization at inert atmosphere, the as-
spun nanofibers can be converted to carbon nanofiber film with
uniform diameters. The fabrication of electrospun fibers and their
dimensions could be controlled by the processing parameters of
viscosity polymer solution, applied voltage, feeding rate, collector
distance, humidity, temperature, etc. [8,145,173—175] Electrospun
nanofibers have their intrinsic high porosity, large surface to vol-
ume ratios and excellent stability against corrosive electrolyte
supposed as ideal materials in energy harvest fields. Porosity can be
generated via adding of salts and phase separation. Furthermore,
the electrospun fibers with designed architectures of nanobelts,
core—sheath, multichannel microtubes and hollow nanotubes,
have been realized through electrospinning technique
[147,176—182]. Hence, the electrospun nanofiber electrode delivers
the desirable features such as large electrode interface, rapid
electrons/ions transfer and enhanced electrochemical properties,
making them attractive for binder-free and wearable electronic
devices [72,183].

2.2.4. Filtration carbon particles to make films/membranes
Vacuum filtration is a continuously facile physical filtration
technique used to separate solids from liquids without requirement



Table 1

Preparation of biomass derived carbon materials for free-standing electrodes and their electrochemical performance.

Biomass Preparation Electrode SBET Vi (em® Viicro Average C(Fg™) Emax Winax Ref
Resource Method Material (m?g gy (cm®g!) diameter (Whkg™) (kW kg™ 1)
of pores (nm)
Cotton 800°C 2 h, mc):Mony = 1:3at Carbon/GN cloth (N: 3.1%) 1284 062 051 1.9 92Fg 'at0.1Ag ! in 6 M KOH 11.4Wh L' 32kwlL! [191]
700°C2h
900 °C 2 h, mcy:mkony = 1:2at  AC-rGO films 3926 025 0.15 0.50 120Fg ' at3Ag~' in PVA/KOH 240 yWh cm™2 156 mWcem 2 [192]
800°C2h
800 °C 2 h, myc):M(NaoHy CFs 584.5  0.39 2.6 221.7Fg 'at03Ag ' in 3M KOH [193]
ureay=0.75:1
800°C 1.5h, Carbon fiber aerogel 2307 1.18 0.77 2.0 224Fg~'at 100Ag~" in 6 M KOH [84]
m(c):M(KoH) = 1:6at 800°C
1.5h
950°C in Ny Carbon fiber aerogel (N: 1.97%) 2183 1.83 0.09 11.2 327.7Fg 'at02Ag ! in 6 M KOH 16.1 3.7 [194]
800°C2hin Ny Carbon nanoprism/CC (N: 10.4%) 50.4 0.05 4.0 38.8mFcm 2 at 0.5mA cm 2 in 6 M KOH [195]
800°C 1h in Ar and NH3 Cc (N: 9.6%) 1085 0.5-2 207Fg'at 1Ag'in 1 MH,S0,4 7.2 3.83 [196]
(V(AF)IV(NH3) = 100:65)
800°C 1hin N, GO carbon aerogel (N: 1.77%) 7286 066 031 35 270Fg 'at0.1Ag ! in KOH/PVA 29 224 [197]
800°C 1h in Ar and H, CNTs/Cc 136.5 3.6 1.14Fcm~2 at 2.5mAcm ™2 in PVA/H,S0, 1.6mWhcem™3 753 mWcm—> [198]
(V(AF)IV(Hz) = 4013)
800°C 1 h, m(c):Myreay=1:4 in GN aerogel/Cc (N: 3.5%) 3989 024 0.9 37 200Fg'at0.1Ag ! in PVA/KOH 20 4 [199]
N>
Bacterial cellulose 800°C 3h in N, CNFs 624 0.67 43 184Fg'at0.25Ag™! in 6 M KOH 6.9 5.82 [200]
900°C 1hin Ar rGO/CNFs 137 216Fg'at0.1Ag ! in 6 M KOH [201]
600 °C 2 h, V(coz)/Viar) = 0.5% at CNFs (N: 9.44%) 3125  1.07 13.7 1503Fg ' at 100Ag " in 2 M H,S0,4 6 390.53 [202]
800°C0.5h
Silk 900°C2hin N, Carbon microfibers (N: 4.52%) 230 6 189Fg'at05Ag ! in 6M KOH [203]
600°C 2hin Ny Carbon microfiber (N: 10.9%) 115 1.6—4 225 mF cm~2 in PVA/H,S0,4 22.7 yWh cm™2 10.26 mW cm 2 [204]
900°C2hin N, Carbonized silk fabric (N:4.4%) 256.6 0.03 2.02 2559Fg ! in 1M Na,S04 [205]
900°C2hin N, Carbonized silk fabric (N:6.6%) 285.1 0.027 1.97 305 Fg’1 in 1M Na,SO4 10.73 1.21 [206]
700°C2hin N, AC (N:3.35%) 499 0.24 48.6Fg "' at 0.7 mA cm 2 in PVA/Na,SO,4 17.2 021 [207]
600 °C 2 h, m(cy:m(kom) = 1:4at  Graphitic AC (N: 1.9%) 1927 083 3.19 52.8Fg 'at0.18Ag ! in 6 M KOH 74 0.9 [208]
800°C2h
Lignin 900 °C under 1 v% O, in N, Submicron CFs 1005 0.44 1.2-1.7 45Fg'at 1Ag~'in 1M Na,SO, 5 61 [209]
850°C 0.5h in N3 Submicron AC fibers 344Fg'in 6 M KOH 8.1 2.98 [190]
750°C 1 h, m(cy:mkon) = 1:4 in GO/lignin carbon films 1744 0.816 0.67 165Fg ' at20Ag ! in 1MH,S0,4 5.6 2.5 [210]
N>
900°C 0.5h in Ny, and 800°C  CFs 1204 055 0.39 155Fg~'at0.1Ag ! in 6 M KOH 0.6mWhcm~3 106Wcem~3  [211]
1hin CO,
800 °C under 5% H, in N, CNFs 1249 052 044 192Fg'at0.1Ag ! in 6 M KOH 225mWhcem™ 103Wem™>  [212]
1000°C 1 hin He, and 800°C  CNFs 2170 0.99 0.62 87Fg ! at Pyry4TFSI (mixed with PC and EC) 38 1.67 [213]
0.5h in CO; and N, (1:4)
1200°C 1 h in Ar CNFs 583 0.29 3.5 64Fg 'at04Ag ' in 6 M KOH [145]
900°C 0.25h in Ar Carbon monolith 803 0.86 22Fcm~2 in 6 M KOH 0.16 mWh cm™2 309.5 mW cm 2 [214]
Cellulose acetate 800°C 1h in Ar CFs 1173 0.41 0.32 1.9 280Fg'at0.1Ag 'in 6 M KOH [215]
700°C 1hin N, (20% ZnCl,)  Electrospun CNFs 1188 058 041 1.9 202Fg 'at0.1Ag™"in 6 M KOH [216]
Starch 650°C 2 h, mcymom =1:2  AC/CC 1367.9 057 0.60 272Fg'at 1Ag~" in 6 M KOH 259 113 [217]
1400°C 1 h under vacuum CNTs/CNFs 350 0.31 4.6 170Fg~'in 1 MH,S0,4 [218]
Sucrose 650°C 2 h, in Ar and Hy Carbon monolith 770 2.0 0.24 18 75Fg~! in EMITFSI [152]
(Vean:ViHz)=1:1)
1400°C 3 h in Ar GN membrane 710 0.8 190Fg " at 1Ag ' in 1 M TEABF4/AN 50 340 [219]
700°C 2 hin vacuum, 900°C 2 h AC 1636 079  0.52 325Fg 'at45Ag 'in 1 MH,S0,4 [220]
under CO,
800°C 3 hinAr Carbon monolith 705 0.32 0.30 0.6 200 Fg’1 at 0.2 Ag’1 in 2 M H,S04 15 1.59 [221]
900°C 2h in N, Carbon microfibers (N: 4.2%, K: 6.2%) 578.3 027 0.57 172Fg'at 1Ag~'in 1.5 M TEABF4/ACN 53.7 15.8 [222]
Chitosan 800°C 2hin N, Carbon aerogel (N: 5.47%) 554 0.25 261Fg 'at0.5Ag " in 1 MH,S04 [223]
Bamboo 800°C 2hin Ar Carbon/GN aerogel (N: 6.22%) 487 225Fg ' at 0.25A g ' in 2 M H,S0,4 313 129 [224]

(continued on next page)
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Table 1 (continued )

Ref

Winax

Emax

C(Fg™)

Average

\' (cm3 Viicro

SBET

Electrode
Material

Preparation
Method

Biomass

(kW kg~ 1)

(Whkg™")

(cm?® g~1) diameter

(m?*g g

Resource

of pores (nm)

32

323 [225]

15.2

135Fg 'at02Ag ! in 4M KOH

1.36 0.40

1438

950°C 2 h, activation at 950 °C Wood carbons (N: 5.2%, S: 0.3%)

0.5h in NH3

Basewood

[226]
[227]

900°C 2hin Ar Carbon film (N: 7.4%) 60.8 30 168Fg'at5Ag ! in 2M NaySO4
186Fg 'at 0.5Ag ! in 1 MH,S0,4

Gelatin

375

58.3

13

1.33

2070

800°C 2 h, m(cy:mkony=1:3at AC

800°C2h

Peanut shell

[228]
[229]
[230]

138Fg'at092Ag ! in 1 MH,S0,
204Fg'at1Ag 'in 1M LiOH

0.88
137
0.47

1000
1137
1205

900°C6hin Ny Carbon nanorods (N: 4.6%)
AC

1000°C in Ar

Chitin

0.40
0.78

Sisal leaves

121Fg 'at 0.02Ag ' in 1 MH,S04

0.46

AC cloth

630°C2hin N 930°C1h

under CO,

Viscose cloth

Sger: BET of SSA; Vi: total pore volume; Vicro: micropore volume; Cs: specific capacitance of electrode materials; E: energy density; W: power density; Cc carbon cotton; CFs: carbon fibers; CC: carbon cloth; rGO: reduced

graphene oxide; EMITFSI: 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide; TEABF4: tetraethylammonium tetrafluoroboratet.
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for the chemical properties of the carbon materials [118,184,185].
The active materials are filtered through filter membranes (PTFE,
PVDF) [186] to form a hybrid free-standing film. This method re-
solves the low mass loading and packing density of flexible elec-
trodes for supercapacitors, and simplifies the device fabrication
processes [139,187,188]. Furthermore, it allows facile control over
the stacked films thickness via simply varying the concentration of
dispersion solution or the filtration volume [138]. Compared with
vacuum filtration, a dead-end tube membrane (DETM) ultrafiltra-
tion is adopted, by which residual solvent can be removed faster
with low-cost consumption and environmentally friendly
[120,137,189]. This filtration process not only obviously accelerates
the filtering time, but produces densely compacted and deposited
film under high pressure of 2 MPa [190]. Therefore, the filtration-
assisted film displays great potential for self-supported flexible
film electrode materials.

3. Biomass derived free-standing electrode materials for high
performance supercapacitors

As a result of merits in biocompatibility, abundance and low-
cost, biomass is considered as a potential precursor for carbons
materials in energy storage devices. Table 1 summarizes strategies
of carbonization or pyrolysis to prepare carbon-based electrode
materials and information of the heteroatom content, fabricating
conditions, and electrochemical performance corresponding with
the biomass derived free-standing electrodes.

3.1. Cotton derived free-standing carbon materials

Cotton composed of >90% entangled microscale cellulose fibers
is sustainable and abundant in nature, which is a flexible material
for preparing carbon-based aerogels by thermally treated
[198,231]. Meanwhile, it offers excellent processability that can be
spun into extended fibers and easily weaved into fabric with
complicated textures and porosities. Carbonized cotton fibers have
good conductivity, robust mechanical properties and structural
disposability, which makes them as lightweight electrode materials
for wearable electronics [130].

Activated carbonized cotton fiber (ACC)-rGO composites suggest
great potentials in the commercialization of portable electronic
devices [192]. The ACC-rGO were fabricated through vacuum
filtration of ACC-graphene oxide (GO) mixed suspension, then
immersed in hydroiodic acid followed by calcination at 300°C
under Ar/H; mixed atmosphere. Interestingly, embedding ACC into
the nanosheets of rGO film successfully regulated the chemical
composition and prevents the GN sheets from aggregation (Fig. 5a
and b). With the increase mass of ACC, the SSA increased gradually.
In comparison with other mass ratios of ACC: GO, ACC-rGO-2
(meacc): mgo)=1: 1) presented a relatively larger specific surface
area of 396.2 m? g~ ! and an average micropore size about 0.5 nm. It
showed increased capacitance of 310Fg~! at 0.1 Ag~! in 6 M KOH
solution, compared to neat rGO film of 100 Fg~! at the same con-
ditions. The devices based on ACC-rGO-2 films have different layers
fabricated as depicted in Fig. 5c. Cyclic Voltammetry (CV) curves
(Fig. 5d) showed superior electrochemical response with increase
of film layers, which was consistent with areal capacitance behavior
in Fig. 5f. This supercapacitor presented areal capacitance of
1.71 Fem ™2 at 1.6 mA cm 2. However, there were no obvious dif-
ference between these three in gravimetric capacitance (Fig. 5e).

In order to address the difficulty of efficient energy storages
combined with a minimum carbon footprint, carbonization and
CO, activation steps were utilized to manufacture an ultra-
microporous activated carbon cloth [230]. Kostoglou and his co-
workers certified that the full-cell displayed a gravimetric
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Fig. 6. (a) lllustrations for the preparing procedure of N—HCNP/CF. (b) CV curves of N—HCNP/CF as a function of scan rate. (c) Specific areal capacitances of N~HCNP/CF and CF as a
function of current density. (d) Electrochemical impedance spectroscopy (EIS) of N—-HCNP/CF and CF electrodes, inset depicts the EIS at high-frequency region [195].

capacitance of 121 Fg~! at current density of 0.02 A g~ . The results
were closely relative to the material's SSA of 1205 m? g~ . This SSA
value was superior to that of commercial available AC. Furthermore,
the SCs remained over 97% of initial capacitances after 10,000
charge-discharge cycles, contributing to their ultra-micropore size
about 0.6 nm of the AC cloth.

An omissible template-removing step synthesis approach has
been applied in preparation of a binder-free carbon composite that
N-doped hollow hexagonal nanoprism (N—HCNP) is in situ depo-
sition with ZnO template on carbonized fiber cloth substrate

(Fig. 6a) [195]. The optimized KMnO4 concentration of 1 mM ach-
ieved activated and compacted arrays of carbon cloth to ensure the
high areal capacitance of the composite electrode material. Mean-
while, the in situ deposition of N—HCNP on carbon fiber and open
channel architecture of arrays led to low interface resistance which
remarkably promoted the rapid electron transfer. Owing to these
above structural advantages, the resultant N—HCNP/CF displayed
high areal capacitance of 38.8mFcm™2 at 0.5mAcm % and
outstanding rate performance as the CV curve Kkept quasi-
rectangular shape even at a high scan rate of 20Vs~! (Fig. 6b and
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c). As shown in Fig. 6d, the faradaic resistance below 0.6 Q further
certified the low resistance of N—HCNP/CF. As a self-supported and
flexible material in EDLCs, the nitrogen-doped carbonized cotton
has been reported in CVD system under the flowing mixture of Ar
and NH3 and subsequent carbonization at 800 °C [196]. The carbon
product carbonized for 1 h demonstrated the highest capacitance

values of 207 Fg~! at 1.0 Ag~! in contrast with the counterparts of
0.5 h and 2 h. In addition, the energy density and power density of
the capacitor were 72 Wh kg~! and 3.823 kW kg~! respectively,
because of the synergistic effects of the microporous structure and
nitrogen-doped. The flexible SCs also showed good stability with
capacitance increased by 34% after 10,000 cycles.
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Fig. 8. (a) lllustrations for the fabricating process of TARC-N. (b) SEM image of NH3 activated carbonized wood carbons. (c) GCD curve at 0.2 Ag~". (d) Specific capacitance of the
wood carbon samples at different current densities. (e) Cycling stability for TARC-N at 5Ag~! (inset is first and last 5 cycles) [225].



Y. Wang et al. / Carbon 155 (2019) 706—726 717

3.2. Cellulose derived free-standing carbon materials

Hao et al. successfully fabricated interconnected meso-
microporous CNFs through heat-treatment of BC [200]. The syn-
thesized CNFs displayed interconnected 3D networks and high
degree of graphitization. As shown in Fig. 7a and b, the as-prepared
confine nanospace (CN)-BC electrode displayed nitrogen adsorp-
tion/desorption isotherm with a steeper increase than pure BC at
very low pressure, indicating large numbers of micropores and
mesopores. In addition, the obvious increase in N, adsorption of
CN-BC at P/Pg > 0.9, demonstrating the formation of macroporous
carbon. The obtained hierarchical porous structure was facilitated
to charge accumulation, fast ion diffusion and reservoirs. Compared
to the pure BC electrode material, the BET surface area of CN-BC
increased from 302 to 624 m? g~ ! and the pore volume increased
from 0.218 to 67 cm> g~ L. Correspondingly, a maximum capacitance
of 302 Fg~! was measured on the CN-BC at 0.5 A g~ (Fig. 7c), much
higher than pure BC of 220F g™, benefiting from the effects of
porous structure and large ion-accessible surface areas on the
electrochemical capacity. The cycling stability of CN-BC device was
further evaluated using the galvanostatic charge—discharge (GCD)
tests. It was confirmed that the device retained 97% capacitance
after 5000 cycles (Fig. 7d). Moreover, a power density of
0.128 kW kg~ ! could be achieved in aqueous electrolyte solution.

As depicted in Fig. 8a and b, Nitrogen and sulfur doped wood
carbons (TARC-N) with low-tortuosity, multichannel and uniformly
distributed nanoscale mesopores on carbon wall was prepared
from basewood via carbonization and NH3 activation, [225] The SSA

of TARC (without activated) samples was below 200 m?g~' and

pore volume was less than 0.22 cm® g~!, demonstrating the mac-
roporous characteristics of wood carbons. In contrast, owing to the
anisotropic structure for efficient pathways, the prepared TARC-N
brought an optimized BET surface area of 1438 m?g~! and pore
volume increased to 1.36cm>g ! The capacitance of TARC-N
exhibited a high capacitance value of 704Fg~! at 0.2 Ag ' in 4M
KOH aqueous solution and kept 122% retention after 10,000 GCD
cycles (Fig. 8c—e).

Li and co-workers reported a facile approach to fabricate ul-
trathin carbon nanofiber aerogels with 3D porously conductive
structures [146]. This CNF aerogels produced via a catalytic pyrol-
ysis of nano-cellulose guarantee its inherent nanofibrous
morphology. Benefiting from those unique structures, a good
electrical conductivity of 710 Sm~, a high capacitance of 90 Fg~!
and a considerable rate performance of 64% was achieved at very
high current density of 100 Ag~L. A maximum power density was
estimated to be 48.6 kW kg~ that was superior than most reported
free-standing carbon-based SCs. The cellulose paper with single-
walled carbon nanotubes (SWNTs) for all paper flexible super-
capacitor was mediated by coffee green activation and carboniza-
tion [86]. Owing to an important role of potassium ions in
promoting pyrolytic kinetics and creating well-developed micro-
pores, the device had an improved specific capacitance of
131 Fg~!at mass loading of 0.8 mgcm™2 over the 64Fg~! origi-
nated from the carbonization of a pristine paper towel, and no
apparent capacitance loss could be observed (>89%) after 5000
cycles.

3.3. Lignin derived free-standing carbon materials

A sustainable and inexpensive approach had been reported to
convert lignin into free-standing and flexible carbon fiber elec-
trodes with ultrafast energy storage [209]. The porous carbon fibers
with scale of submicron diameter were fabricated by electrospun
and subsequently partial gasification during carbonization. O»-
activation allowed to deliver not only a high BET surface area of

1005 m? g, but an electroactive surface chemistry. Interestingly,
although the capacitance of the cell only reached at 45Fg~!, the
good electrochemical capacity in power energy of 61 kW kg~ was
comparable to the top engineered structures. The cycling lifespan of
CFs was excellent on 100,000 cycles and could practically maintain
around 90% of initial capacitance. In addition, lignin-derived carbon
monolith had been synthesized through a dual template approach
[214]. On one hand, this new method provided desirable micro-
structure, and it was beneficial to efficient ion diffusion and elec-
trical conduction. On the other hand, hierarchically porous
structure had high electrical conductivity, which simultaneously
realized good areal and volumetric capacitances of 3.0 Fcm 2 and
97.1 Fem 2 at a high mass loading of 14.4 mg cm 2.

Electrospun lignin derived carbon nanofiber mats fabricated
through carbonization had features of the small average pore
width, large pore volume and high surface area [145]. Increasing
the mass ratio of lignin to PVA would lead to an increase of SSA
from 14 to 583 m? g~ ! and the average pore size of the carbon mats
decreased from 19.4 to 3.5nm. The as-prepared nanofibers dis-
played a gravimetric capacitance of 50Fg~! at 2Ag~! and only
reduced by 10% after 6000 cycles. Likewise, the nano-structure and
morphologies of electrospun fibers were strongly controlled by the
carbonization and activation conditions. For instance, electrospun
Kraft lignin fibers had relatively uniform diameter of 769 nm with
smooth and dense structures (Fig. 9a) [211]. Followed by carbon-
ization and additional activated steps, the morphology of carbon
fiber mats did not change. However, those treatments gave average
diameter decrease to 567nm and had cylindrical shape of
randomly entangled fibers as depicted in Fig. 9b. It could be
observed in Fig. 9c that CV curves showed the rectangular shape of
EDLCs at a high scan rate of 1V s~ A slight curvature indicated
pseudo-capacitive attributed from oxygen and nitrogen functional
groups. Compared with CO,-activated sample, the carbon fibers
without activation possessed a distorted rectangular shape due to
their excess of ultra-micropores. Hence, the free-standing micro-
porous carbon mats displayed an outstanding rate performance of
113 Fg ! at very high current density of 250 Ag~! (Fig. 9d).

3.4. Silk derived free-standing carbon materials

The nature silk cocoon with robustly fibrous protein structure
has become a significant bio-material. It has great biocompatibility,
ease of processing, thermo-electrical and photo-protective prop-
erties. In theory, silk fiber has nitrogen content of 18%, and thus its
carbonized products are nitrogen doped. In contrast with other
natural fibers, this biopolymer with good mechanical properties is
commonly applied in high quality textile industries and for flexible
devices [232]. 1D hierarchically porous carbon microfibers origi-
nating from silk cocoon were fabricated by electrospun and sub-
sequent carbonization [233]. It was believed that this biopolymer as
carbon source facilitated to avoid utilizations of abundant hazard-
ous organic solutions in the synthetic processes. The microfibers
with 6 um diameter were consisted of carbon nanoparticles with
10—40 nm diameters. Owing to this specific structure, the sample
exhibited a high surface area of 800 m?g~! and a capacitance as
high as 215 Fg~! in 6 M KOH, which proved to be potential for free-
standing electrodes.

In order to resolve the inherent restricts of CNTs with their
relatively low surface area and low capacity, acid-assisted free-
standing carbon composite paper electrodes (FCCPEs) have been
prepared through the processes as illustrated in Fig. 10a [234].
FCCPEs combined acid treated CNTs with heteroatom doped carbon
nanoplate (H-CMNs) obtained from carbonization of the silk fibroin
film. The FE-SEM image depicted that the carbon composites had a
rough surface with random orientation of FCCPEs (Fig. 10c). Due to
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Fig. 9. (a) The electrospun fiber mats prepared from lignin. (b) Carbonized and activated mats. (c) CV curve at scan rates 1V s~! for non-activated and CO,-activated carbon fiber
electrode materials. (d) Dependence of specific gravimetric capacitance on different current densities [211].

the tight binding provided by CNTs (Fig. 10e), the obtained film was value of 112.2m?g~! for CNTs. The nano-hybrid electrode com-
flexible (Fig. 10b). Fig. 10d showed that composites had obviously posites displayed a specific capacitance of 148 Fg~! (Fig. 10f and g).
improved SSA of 1211.7 m? g~ !, which was much higher than the Accordingly, a specific energy of 63 Wh kg~! at a power density of
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Fig. 10. (a) A scheme of the processes for preparing FCCPEs. (b) Optical image, (c) Fe-SEM, (d) nitrogen adsorption—desorption isotherm and (e) FE-SEM images of F-CCPEs. (f)

Specific capacitance of F-CCPEs as a function of current density. (g) GCD curve of the prepared electrode materials. (h) Capacitance retention of F-CCPEs as a function of numbers of
cycle in organic electrolyte [234].
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140 kW kg~! and outstanding cycling stability of 20,000 cycles
were achieved in organic electrolytes (Fig. 10h).

Recently, a free-standing graphene doped with high N content
of 15% (NDG) from silk cocoon film was fabricated though pyrolysis
of the cocoon at high temperature in argon atmosphere [235]. In-
verse proportion between the concentration of nitrogen and pro-
cessing temperature, led to the higher conductivity and capacitance
capacity at relatively low temperature. The NDG pyrolyzed at
400 °C possessed highest capacitance of 220.5F g~ at 0.8 Ag ! and
electronic conductivity of 3.8 x 1072S m™~!, compared with 37.6 and
18.0Fg~1, 9.5x 107> and 1.6 x 10°8Sm™" for the counterparts of
600 and 800 °C, respectively. Furthermore, the SC device achieved
high energy density of 9.8Wh kg~' and a power density of
9.9 kW kg~ in 1 M H,S04 aqueous solution. Those above enhanced
performances were mainly because of the high electronegativity of
nitrogen which formed dipoles on surface layer of NDG. Therefore,
these dipoles improved the capacity of graphene to attract charged
species to its surface.

3.5. Carbohydrate derived free-standing carbon materials

Polymer-derived 3D strutted graphenes (SGs) have been
developed via a sugar-blowing route in recent years [236]. How-
ever, the fabricating process derived from glucose precursor
needed to be improved because of the drawbacks in low operation
voltage about 1 V. Thereby, sucrose precursor derived GN fabricated
through ammonium-assisted chemical blowing and annealing at
1400 °C, were proposed for large-scale production [219]. Owing to
the sponge-like solid foams of SG, the stacking density of the SG
was about 3—10 mg cm~>. GN films were prevented from agglom-
eration state via supports of the strutted bubble structures, there-
fore they achieved the large surface area of 710 m? g~ .. Depended
on the aforementioned interconnected structure, the resultant SCs
realized the good rate performance of 58 Fg~! at extremely high
current density of 100Ag~! and a maximum power density of
340 kW kgL

It has been reported that a simple assemble process was applied
to prepared starch-based self-supported electrode materials [217].
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KOH was used as an activated agent to tune the porosity of elec-
trodes under the heat-treatment. Hence, different ratios of KOH
showed an effective influence on samples (marked F-AC-X, in
which X represented the mass (g) of potassium hydroxide). Fig. 11a
and b isotherms showed SSA and the pore volume of F-AC-X were
increased with the increasing of KOH content. BET surface area was
63.66 and 77.34m?g"! and total volume values of 0.028 and
0.045 cm>® g~ ! for as-synthesized F-AC-3 and F-AC-6, respectively.
Compared with these counterparts, the F-AC-12 had highest values
of 0.058cm>g ! and 1367.87m?g . It was believed that the
improved SSA of the F-AC-12 was attributed to micropores of the
carbon film on the carbon cloth substrate. Furthermore, electro-
chemical measurements demonstrated that the average specific
capacitance of the F-AC-X synchronously elevated with the increase
of KOH mass. The resultant F-AC-12 electrode achieved the
maximum gravimetric capacitance of 272Fg ! at 1Ag ' in 6 M
KOH aqueous solution, and a good rate performance up to 75.9%
initial capacitance at 50 Ag~! (Fig. 11c and d). Such superior elec-
trochemical performances of F-AC-12 were contributing from
abundant opening porous structures, which led to rapid pathways
for electron transfer. Similar to as mentioned bio-polymers, chito-
san, another renewable biomass, is widely distributed, low-cost
and simultaneously with large amounts of element carbon and
nitrogen. It has become a promising alternative to fossil resources
for manufacturing N-doped carbons applied in energy fields [237].
3D hierarchical porous N-doped carbons with fiber-wall inter-
connected architectures, were obtained via dissolving-gelling
method and following carbonization [223]. A nanofibrous inter-
connected network was produced under the aggregation of chito-
san chains after gelling treatment, and then the samples were
pyrolyzed at 800 °C for 2 h under N, atmosphere to obtain carbon
aerogels. Nanorod carbons with hierarchical structures gave an
excellent specific capacitance of 261 Fg~! at 0.5Ag~! and low ESR
of 1.24 Q.

3.6. Other biomass derived free-standing carbon materials

In addition to above mentioned biomass materials, chitin have
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Fig. 11. (a) Nitrogen adsorption-adsorption isotherms (b) PSD of the F-AC-3, 6, 12 samples. (c) GCD curves of as-prepared electrodes at 2 Ag~". (d) Gravimetric capacitances as a

function of current density [217].



720

also been applied as a precursor in porous carbon, while few have
been investigated for supercapacitor electrode materials. Chitin is
the main structural component in the shells of crabs, shrimps, in-
sects and the cell walls of fungi, which contains 6.9 wt% N from N-
acetyl groups. Mesoporous N-doped carbon film with a layered
architecture had been fabricated via sol-gel condensation,
carbonization and etched silica [228]. Nanocrystalline chitin was
used both as a soft template and C, N sources in the fabricating
processes. The varied silica concentrations of the composite change
its pore size, surface area, structural ordering, etc. However, the
pores of carbon could partly damage under high content of silica
due to the poor connectivity between carbon regions, while low
silica loading did not create developed mesopores. The optimized
mesopores were achieved in the silica concentration of 23 wt%,
which delivered the largest SSA of 1000 m? g~ ! and pore volume of
0.88 cm> g~ L. The specific capacitance of the optimal sample was
183Fg~! at current densities of 230 mA g~ . Gelatin, a renewable
and non-toxic biomass resource with rich —NH; and —OH groups
[238—240], has also been reported as precursor to prepare porous
film. As-prepared N-doped thin carbon films (NCF) were success-
fully fabricated by carbonization of gelatin/HKUST-1 (a metal
organic framework made up of copper nodes) composites and
subsequent removal of copper compounds [226]. The as-prepared
sample heated under 900°C (NCF-900) delivered the superior
electrochemical performance in specific capacitances of 168 Fg~!
at a current density of 5.0Ag!, compared with 143.5 and
126.3 Fg~! for the counterparts NCF-600 and NCF-800 electrodes at
same conditions, respectively. This film electrode achieved an
outstanding electrochemical stability, and there was no obvious
capacitance degradation after 11,000 cycle tests.

As byproducts of starch processing, zein and hordein are the two
widespread nitrogen-rich plant proteins [241—243]. Nanofibers
originating from a mixture of these two proteins have been re-
ported using electrospinning technology. The obtained protein
fabrics contain about 16% nitrogen and display good tensile
strength, controllable diameter, well-defined porous structure, etc.
[244—247] Wang and co-workers successfully synthesized
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nitrogen-doped ultrafine carbon nanofibers by addition of Zn** and
Co%* (hz-ZnX, and hz-CoX where X represented Zn/Co concentra-
tions in suspension of 0.1, 0.2, and 0.3 M) through electrospinning
and carbonization [248]. As shown in Fig. 12a, the electrospun
protein fibers with Zn?* and Co®* showed light yellow and pink
colors, respectively, and formed free-standing carbon films after
carbonization. Some nanoparticles could be observed on the sur-
face of hz-Zn-0.3 fibers (Fig. 12b). Those granules disappeared by
using hydrochloric acid (hz-Zn-0.3-p), and thus the fiber displayed
a smooth surface and a network of graphitic layers in Fig 12c—d.
Transition metal ions were introduced into electrospun fibers in
order to facilitate stronger interactions among protein molecules
and afford solid support to avoid sharp shrinkage of fibers, which
induced the formation of graphitic layers during carbonization.
Those features enhanced the wettability of electrode/electrolyte
and promoted the migration of electrolyte ions, thus rendering
better electrochemical capacities to the film. The free-standing
carbon film delivered specific capacitance of 393Fg~! at 1Ag~,
and the value was higher than hz-Co-0.2-p of 291 Fg~! at the same
conditions (Fig. 12e and f). The retention capability of hz-Zn-0.3-p
maintained 97.8% after 2000 cycling tests (Fig. 12g).

4. Summary and perspective

This review summarizes the progress in renewable resources
derived free-standing electrode materials for high performance
SCs. In terms of electrochemical performance, versatile strategies of
regulating the porous architecture, chemical/physical activation,
and heteroatom doping have been presented. Covering from the
methods of fabricating binder-free carbonaceous materials such as
gelation, electrospinning, vacuum filtration, etc., to discussions of
free-standing carbon electrodes used for supercapacitors. The
capability to design the supercapacitor devices on the basis of ex-
pected power/energy demand, allows them to become potential
alternatives to conventional capacitors and LIB. Although the great
achievements have been obtained, many challenges are still
remained in preparing biomass-based free-standing electrode
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Fig. 12. (a) Digital images of as-spun fibers hz-Zn0.3 and hz-Co0.2 before and after carbonization. (b) SEM images of hz-Zn0.3 and hz-C00.2 and (c) corresponding samples after
hydrochloric acid treatment. (d) Transmission electron microscope (TEM) images of hz-Zn0.3-p and hz-C00.2-p. (e) GCD curves of hz-Zn0.3-p at different current densities. (f)
Specific capacitances of hz-Zn0.3-p and hz-Co00.2-p at various current densities. (g) Specific capacitances of hz-Zn0.3-p as a function of current density [248].
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materials within the current technologies:

Biomass-based Materials: More and more natural originated re-
sources have played a key role in optimizing already existing
structures and used for novel energy sources. As sustainable al-
ternatives of common synthetic organics, biomass derived mate-
rials and biopolymers have shown a great promise to prepare
commercial products for their wide distribution, inexpensive and
capacity of biodegradability. Nowadays, many researches have been
performed on aspects of carbon precursors, however, only little
carbon precursors could be regarded in free-standing carbon ma-
terials among many natural organic materials. For the purpose of
manufacturing binder-free electrode materials, not only its texture
and rheological parameters, but the chemical/physical properties
should also be considered. It is inevitable to face the difficulty that
how to deal with the inherent limitations of raw materials. Hence,
choosing suitable design strategies and uncomplicated processing
methods seems to be essential.

Surface characteristics: The size, porous structure, and uniform
morphologies of nano-materials are significant parameters in
elevating the capacitance performance. In order to guarantee suf-
ficient active loading, the PSD should fulfill the requirements of
suitable size of electrolyte ions. While, chemical and physical
activation are taken to optimize the porosity. For hierarchical
porous structure combining with different size pores, it has been
demonstrated the superiority in aspects of shortening ions diffu-
sion and migration pathways. In addition, heteroatom doping or
introducing functional groups have been employed to strengthen
electrochemical performance of electrodes. It is anticipated that
heteroatom doping of carbon materials promotes pseudo-
capacitance of electrode via an efficient and fast charge transfer
between electrodes and electrolytes.

Challenges: Numerous efforts have been devoted to fabricating
flexible energy storage devices with idealized performance. How-
ever, plenty of current challenges still hamper their fundamental
researches and large-scale commercial applications. To fabricate
flexible electronics with good mechanical properties and
outstanding electrochemical capacities, metal foil and stainless
steel grids are commonly used for loading of active materials. But,
these electrode materials are usually corroded in acid/alkaline
electrolytes, which limits the service life of devices. And it is also
difficult to fabricate flexible carbon electrode materials with
tailored architectures on a large scale and in a cost-efficient
approach. Additionally, majorities of the flexible and free-
standing carbon electrodes suffer from their low capacitance and
low energy density: EDLCs are limited by energy density about
5—20 Wh kg~ ! by contrast with PCs about 40—100 Wh kg~ ! and LIB
around 120—170 Wh kg~ It means the difficulties in meeting the
needs of practical production applications.

In summary, it is a promising developing direction of sustain-
able and biomass derived materials, and thus the research target
should be oriented toward high electrochemical performance, good
mechanical properties and free-standing supercapacitors. The
deposition or embedding CNTs (GN) onto flexible or stretchable
substrates and the construction of free-standing carbon materials
through simple one-step carbonization and activation preparation
processes, are the two main strategies to fabricate highly conduc-
tive and flexible carbon electrode materials. These prepared SCs
show markedly optimized energy density without compromising
their power capacity. Furthermore, biomass-based binder-free SCs
will promote the progress of this good prospect field of electrical
energy storage, and find ways of realizing its practical application in
the near future.
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