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Abstract Supercapacitors (SCs) have been considered as
the most promising energy storage device due to high
power density, long cycle life, and fast energy storage and
efficient delivery. The excellent electrode materials of SCs
generally have based on large porous structure, excellent
conductivity, and heteroatom doping for charge transfer.
Among various electrode materials, biomass-derived car-
bon materials have received widespread attention owing to
excellent performances, environmental friendliness, low-
cost and renewability. Additionally, composites materials
based on biomass-derived carbon and transition metal-
based material can obtain more advantages of structural
and performance than single component, which opens up a
new way for the fabrication of high-performance SC
electrode materials. Therefore, this review aims to the
recent progress on the design and fabrication of biomass-
derived carbons/transition metal-based composites in
supercapacitor application. Finally, the development trends
and challenges of biomass-derived electrode materials have
been discussed and prospected.
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1 Introduction

With the rapid development of the energy industry, more
and more attentions focused on the advanced electro-
chemical energy conversion or storage devices with a high
performance, such as fuel cells, batteries, supercapacitors
(SCs) (Scheme 1) [1-3]. SCs are the most promising
energy storage systems due to higher power density (~ 10
kW-kg™"), long cycle life, and fast energy storage and
efficient delivery [4-6]. Based on energy storage mecha-
nisms, SCs are divided into two categories: electric double
layer capacitors (EDLCs) and pseudocapacitors. EDLCs
mainly rely on the electrostatic adsorption from electrolyte
ions on the electrode/electrolyte interface to store energy,
obtaining rapid charge and discharge rate. Compared with
EDLCs, pseudocapacitors mainly utilize faradaic charge
transfer reaction caused by electroactive materials on the
surface of the electrode to storage higher capacitance and
energy density than EDLCs [7, 8]. In general, most of
EDLC electrode materials are from versatile carbonaceous
materials, such as carbon blacks (CB), activated carbon
(AC), carbon nanotubes (CNT), graphene (GN), and carbon
nanofibers (CNFs) [9-12]. Carbon-based materials, espe-
cially porous carbon, display higher surface areas, adjust-
ing pore distributions and morphology, good conductivity
and stability to improve the capacitance of EDLCs.
Besides, the heteroatom doping on the carbon is beneficial
to change the electronic and crystal structure and improve
chemical stability and electrical conductivity, producing
pseudocapacitive response [13—-16]. Therefore, with the
development of electrochemical energy storage technol-
ogy, plenty of well-defined nanostructured carbon materi-
als have been carried out in SCs by researchers. However,
most carbon-based nanomaterials currently rely heavily on
expensive raw precursors and complicated energy-
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Scheme 1 Scheme of electrochemical energy conversion and
storage devices. Reproduced with permission from Ref. [2].
Copyright 2021, Wiley online

consuming synthetic conditions. By the way, their syn-
thetic process inevitably brings the environment pollution
[17-20].

Recently, biomass-derived carbon materials have
received widespread attention as SCs electrode materials
owing to excellent performances, environmental friendli-
ness, low-cost and renewability. Additionally, well-devel-
oped porous structure, active surface, good chemical
stability and heteroatom-doped chemical composition of
biomass-derived carbon are beneficial to get high specific
capacity as electrode materials. Generally speaking, a large
number of biomass resources have been simply burned to
generate energy in the past, and this low-efficiency energy
utilization have brought serious environment problems,
that is in contradiction with social sustainable development
demands, therefore, it is necessary to find an efficient way
to utilize biomass resource. So far, the effective approach is
to convert the carbon stored in biomass into carbon-based
functional materials, which opens up a new avenue for
converting biomass into value-added products. To date,
various studies have been explored to obtain carbon func-
tional material from biomass as SCs electrode with dif-
ferent nanotechnologies, such as pyrolysis, high
temperature carbonization, self-activation, and self-
assembly [21-27]. Through green and facile nanotech-
nologies, the exquisite and complicated hierarchical
nanostructure and morphologies have been fabricated to
provide more channels for conducting ions and electrons.
Thus, biomass-derived carbon can be commonly used as an
anode for asymmetric supercapacitors due to its wide
potential windows, physical chemistry stability and ease of
fabrication, improving the capacitance of EDLC.

Compared with EDLCs, the pseudocapacitance elec-
trode shows higher energy density due to surface-faradaic/
pseudo-faradaic reactions. The conventional
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pseudocapacitive electrode materials generally include
conductive polymers, transition metal oxides (TMO),
transition metal sulfides (TMS), transition metal hydrox-
ides (TMH), metal-organic frameworks (MOFs), etc.
[28-38]. However, the capacities of pure metal-based
electrode perhaps have been restricted by the poor active
sites, the aggregation of metal nanoparticles, volume
expansion during charge-discharge cycles and structural
damage in the faradic processes [39-41]. To solve the
above problems, the hybrid electrodes that take full
advantages of EDLC and pseudocapacitance have been
paid more and more attention. Interestingly, the conductive
carbons as substrate provide rich nucleation sites for the
growth of pseudo-capacitive materials and expand the
electrical active region and conductivity, that is convenient
for charge transfer and full utilization of the active material
[42]. More importantly, the carbon matrix alleviates the
structural damage of pseudo-capacitive material in cycling,
and the interaction between the carbon surface and pseu-
docapacitance function groups is beneficial to reduce
interfacial resistance and keep structural integrity. There-
fore, given the advantages of nanocomposites fabricated by
carbonaceous materials and metal compounds in SCs, this
review aims to the recent progress on the design and syn-
thesis of biomass-derived carbons/transition metal-based
composites in supercapacitor application in the past years.
And then the development trends and challenges of new
electrode materials have been discussed and prospected.

2 Synthesis of biomass-derived carbon for SCs
electrode materials

Biomass-derived carbon can be considered as ideal choice
in the application of SC electrode material because of its
excellent conductivity, enriched porosity and physico-
chemical stability. However, untreated biomass precursors
contain too much impurity to be used as a material for
supercapacitors. The biomass-derived carbon after treat-
ment presents large specific surface area (SSA),
adjustable porous structure, heteroatom doping, fascinating
nanostructures and excellent conductivity. Thus, in order to
obtain suitable pore distribution, modulate the surface
chemistry and design nanostructures of biomass-derived
carbon, the biomass carbonization technologies have been
utilized for the fabrication of high-performance SCs. In
carbonization process, the biomass precursors undergo a
series of transformations under inert atmosphere below 800
°C to increase the carbon content. The thermal conversion
involving pyrolysis and hydrothermal carbonization (HTC)
is considered to be the most efficient method to remove H,
O, N, and S in biomass and produce high-value-added
activated carbon nanomaterials [43, 44]. Furthermore, to
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increase surface area of carbon materials and adjust meso/
micropore proportion after carbonization, activation
methods (physical activation and chemical activation) have
been proposed [45]. Sometimes, the combination of these
methods can also improve the properties of biomass-
derived carbon in electrochemical energy storage devices
[46]. The related carbonization technologies have been
proposed in many reports, so a brief overview is stated in
this review.

2.1 Pyrolysis

Up to now, pyrolysis is the most direct way to receive
biomass-derived carbon due to its flexibility and
adjustable synthetic conditions, which divided into direct
pyrolysis and activation [46, 47]. In direct pyrolysis, the
raw biomass material is decomposed to gases, liquid biooil
and carbon-rich biochar in an inert environment at the
temperature range of 300—1000 °C, and the slow pyrolysis
is beneficial to yield higher biochar production due to
slower heating rate and longer reaction time. Meanwhile,
the release of gas and decomposition of organic com-
pounds can lead to the production of micropores structures,
but the micropores formed by high-temperature pyrolysis
exhibit lower surface area and poor pore structure, that is
not conducive to rapid ion transport in electrochemical
application. Therefore, the direct pyrolysis method is dif-
ficult to gain superior biochar materials with tunable
porosity and excellent electrochemical performance [48].
As mentioned above, the activation in pyrolysis can be
used to adjust the internal pore structure of biochar mate-
rials by etching, including physical activation and chemical
activation.

The physical activation generally occurs in the presence
of steam, air, O,, CO,, and mixed atmosphere, in which the
fascinating porous channels are created inside the car-
bonaceous material with the carbonization and reaction of
oxidizing atmosphere. In steam activation, when the acti-
vation temperature is higher than 900 °C, the reaction is
not homogeneous because of excessive steam diffusion,
however, the slow entry of water vapor into the pores of
carbide particles under lower temperature is beneficial to
facilitate a uniform and complete carbonization reaction
[49]. The activation rate of CO,-activation is slower than
that of water vapor, so a higher temperature (800-1100 °C)
is required for CO,-activation process [50]. Beyond that,
the conventional gas-activation need longer reaction time
and more stringent experiment conditions, that cause uni-
form heating on the surface and inside of sample and affect
the efficiency of activation and pore quality of carbon
materials [51]. Different to gas-activation, microwave
pyrolysis is a new carbonization activation technology to
prepare biomass-derived carbon materials, and lots of heat
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is generated to promote high-speed molecular motion
through microwave transmission at a high frequency.
Simultaneously, the temperature increases rapidly and
uniformly during the microwave reaction to effectively
result in the formation of porosity in carbon materials
[52-54]. As mentioned before, the porous carbonaceous
materials derived from biomass prepared by physical
activation have higher yield and simple synthesis tech-
nique, but such materials have a lower specific surface area
and pore volume because of low carbon corrosion in the
gas phase. Therefore, physical activation method is diffi-
cult to tune properties of the electrochemistry and surface
chemistry in carbon material compared to chemical acti-
vation [55]. The chemical activation method refers to mix
chemical activator with raw biomass under the protection
of inert gas and heated at high temperature. Common
chemical activators used are KOH, ZnCl,, H;PO,, and so
on, and other used activators such as H,SO,, K,COs,
KHCO;, NaOH, and their mixtures have been reported
rarely. For alkali activation, when KOH is used as activa-
tor, potassium-containing species gradually corrode the
carbon matrix, generating plenty of micro/mesopores
structures. In the carbonization process, the gasification of
carbon can also generate numerous pores. Furthermore,
metallic K is embedded into the skeleton of carbon matrix
to expand the carbon lattices, resulting in higher porous
structures and optimized electrochemical performance
[56]. Furthermore, ZnCl, can act as chemical activator to
produce porous carbon with different morphologies and
high SSA, because the existing of ZnCl, is beneficial to
accelerate dehydration at low temperature and depoly-
merization reactions at high temperature to increase carbon
yields. However, the release of HCI may result in corrosion
during the activation process and the relative activation is
still being explored. Compared to ZnCl,, H;PO, activation
has been widely applied in the industrial production due to
low cost and high carbon yields. During activation process,
H;PO, can accelerate the hydrolysis and dehydration of
raw materials, and the pores are constructed by removing
phosphoric acid [57]. Up to now, the reaction mechanism
of physical and chemical activation for producing porous
carbon from biomass materials is worth exploring. Mean-
while, it faces great challenges to adjust porous structure of
biomass-derived carbon by direct carbonization and/or
activation process for improving the electrochemical
performance.

2.2 Hydrothermal carbonization

HTC is a method to convert biomass materials into
hydrochar structures. Various microporous structures have
been fabricated by HTC method at the temperature range of
175-300 °C with an aqueous medium and high pressure.
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Water is used as catalyst and solvent to promote hydrolysis
and breakage of biomass chemical structure at high tem-
perature [58]. Along with the temperature up to 200 °C,
most of organic compounds in biomass are converted into
high carbon materials, and their porosity of biomass-
derived carbon increases accordingly. Compared to pyrol-
ysis method, the target product is synthesized by aqueous
medium and lower temperature to reduce pollution and
energy consumption. Moreover, hydroxyl and carboxylic
functional groups left on the surface of biomass-derived
material are favorable for heteroatomic doping to promote
the electrochemical properties. However, direct HTC easily
leads to inhomogeneous porosity, thus the post-temperature
activation method is used to adjust porosity, modify the
surface chemical properties and enhance the graphitization
of biomass-derived carbon [59].

3 Biomass-derived carbon composites for SC
electrode materials

Compared to biomass-derived biochar material, composites
materials based on porous carbon and metallic-based
material can obtain more advantages of structural and
performance than single component. The porous carbon
derived from biomass material can provide plenty of room
to deposit pseudocapacitive materials and effectively resist
volume changes in the galvanostatic charge-discharge
(GCD) process of electrochemical cycling performance to
increase the conductivity. In the meanwhile, uniformly
distributed metallic-based material within the carbona-
ceous skeleton improves the ability of redox reactivity.
Compared to pure carbon-based materials, transition metal-
based materials show higher capacitance through reversible
faradaic reactions between electrode materials and elec-
trolyte ions and better electrochemical stability for storing
more energy. In addition, the multiple oxidation states of
transition metal-based materials can effectively improve
electron transmission for longer discharge time to enhance
the energy density. The transition metal-based materials
mainly include manganese, iron, cobalt, nickel, mixed
metals, etc. They play a crucial role in improving the
capacitance of electrode through fast faradaic pseudoca-
pacitance effect. Recently, more researches focus on TMO,
TMS, layered double hydroxides (LDH), metal-organic
frameworks (MOFs), and they combine with capacitive
electrode materials to construct hybrid supercapacitors for
generating higher working potential and increasing charge
storage. However, for transition metal-based materials, the
lower specific surface area, weak intrinsic conductivity,
and structural damage in cycling greatly limit electron
transport and reduce cycle life. To overcome this problem,
combining transition metal-based materials with biomass-
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derived carbon is an effective way to take advantages of
these materials in electrochemical performance. Among
them, carbon materials can provide enough space for
depositing metal particles to enlarge active area. Mean-
while, the high conductivity of carbon can induce high rate
performance and energy density [60-62]. Herein, in this
review, we mainly discuss composite electrode materials
based on biomass-derived carbon and transition metallic-
based materials for SCs by different synthesis method
(Scheme 2) [63-70].

4 Biomass-derived carbon/TMO composites

In this study, in supercapacitors, TMO have been demon-
strated as typical pseudocapacitive materials due to high
energy storage efficiency and fast ion adsorption at the
electrode/electrolyte interface. Besides, multiple oxidation
states of TMO determined the outstanding ability of redox
reactivity. However, low porosity and structural damages
greatly limited the ion transfer and reduced cycle life.
Although the carbonaceous materials as EDLCs can
improve the gravimetric energy storage ability, they per-
formance inferior volumetric ability because of low pack-
aging density. As a consequence, combining TMO and
carbonaceous material from biomass to fabricate
nanocomposites not only effectively enhances the capaci-
tance of the carbon material, but also improves the con-
ductivity of TMO. Beyond that, biomass derived porous
carbon can also provide copious spaces for encapsulating

Composites

Metal-based
materials

Scheme 2 lllustration of biomass carbon-based composites
containing metal-based materials (TMO, TMS, LDH, MOF) for
supercapacitor applications
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TMO nanoparticles to increase the electrochemical active
area and promote charge transfer. However, the loading of
TMO on the carbon surface could lead to inhomogeneous
distribution and low content of TMO, that is the biggest
obstacle to the development of electrochemical properties
of biomass-derived carbon/TMO composites. Therefore,
the controllable design of nanostructured biomass-derived
carbon/TMO composites is also a huge challenge [71-73].
To overcome the challenge, various methods have been
tried such as morphological control, composite engineer-
ing, ingredient adjustment and interface control. For mor-
phological control, integrated 3D core-shell hetero-
structure and hollow nanostructure of composites could
provide more active sites and inhibit particle aggregation to
improve electrochemical performance. Simultaneously, the
electrochemical performance could be raised by improving
interface between collector and electrode, mainly including
element doping, surface modification, construction vacan-
cies by carbon substrate. In addition, more efforts also need
to be devoted to computationally-assisted design and syn-
thesis of biomass-derived carbon/TMO electrode materials
for better prediction of structure-activity relationship and
reduction of synthetic attempts. In all, we still have a long
way to go before biomass-derived carbon/TMO electrode
materials can be actually used. The electrochemical
parameters of main biomass-derived carbon/TMO used as
the supercapacitor electrode materials are summarized in
Table 1.

4.1 Biomass-derived carbon/manganese oxide
composites

Manganese oxides (MnO,) have been recognized as ideal
candidates as pseudocapacitor materials in electrochemical
application because of multiple oxidation state, high the-
oretical specific capacitance, eco-friendliness, low-cost,
and abundant existing in nature. Among them, MnO, is an
excellent candidate as electrode material due to its rela-
tively high operating voltage and high theoretical capaci-
tance (~ 1370 F~g7'). However, MnO,-based material
cannot perform satisfactory high specific capacity because
of low electron-transporting capacity in application [74]. In
general, the most feasible approach to solve this problem is
the introduce of carbon material as conductive substrate to
immobilize MnO, to increase its electrochemical conduc-
tivity and reduce the agglomeration. Up to now, many
MnO,/biomass-carbon nanocomposites in supercapacitor
have been reported [75-77]. For example, biomass-derived
porous carbon (BPC) from soybean stalk pieces with a
large specific surface area of 1709.5 m*g~" could densely
and uniformly anchor birnessite-type MnO, nanoparticles
(BPC/MnQ5), in which MnO, exhibited nanosheets and
nanowires morphologies to facilitate penetration of
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electrolyte ion and increase exposure of electroactive sites
via chemical activation and hydrothermal reaction. An all-
solid-state asymmetric supercapacitor (ASC) device was
fabricated to deliver high specific energy of 34.2 Wh-kg™'
and high specific power with 9.58 kW-kg™' [78]. By the
way, the electrochemical properties of the composites can
be influenced by adjusting the crystalline phase and mor-
phology of TMO. Yang et al. reported an enteromorpha
prolifera-derived carbon substrate (ACEP) for direct
growth of 6-MnO, and a-MnO, (Fig. 1) [79]. With the
extension of reaction time, the metastable 2D nanosheets of
6-MnO, were transformed into stable 1D nanowires of -
MnO, (Fig. 1a, b). The ACEP@3-MnO, as electrodes can
be applied in asymmetric SC and exhibited a high energy
density with 31.0 Wh-kg™' at a power density of 500.0
W-kg™! (Fig. lc-g). The good electrochemical perfor-
mance of ACEP@3-MnO, is due to wider ionic diffusion
channels of 6-MnO, nanosheets and the growth of 6-MnO,
on carbon substrate to improve the conductivity and
stability.

Although a large number of biomass-derived carbon/
MnO,-based electrode materials can improve the capaci-
tance of the device as SCs, the instability and poor con-
ductivity is still unsatisfied. To improve the
electrochemical performance, introducing conductive
polymers have become an effective method. Zhu et al.
reported a flake-like MnO, nanostructure anchored on the
ramie-derived carbon fibers (RCFs) by a facile electrode-
positing process [80], then poly(3,4-ethylenedioxythio-
phene) (PEDOT) as a performance-booster was coated on
the surface of MnO, via in situ polymerization to obtain
RCFs/MnO,/PEDOT hybrid electrode (Fig. 2a). In this
process, the carbon fibers from ramie as a flexible skeleton
provide an effective electronic transmission path, simulta-
neously, through the synergistic effect between MnO,
nanoflakes and PEDOT wrapping layer, it can effectively
enhance the conductivity and increase capacitance
(Fig. 2b—e). As for RCFs/MnO,/PEDOT hybrid electrode,
it showed a high capacitance of 922 F-g~" at 1 A-g™' with
91% capacitance retention over 5000 cycles. Furthermore,
the device can be bent easily, while electrochemical
properties are not affected after 200 times bending
(Fig. 2f-i).

In manganese oxides composites, electrode made of
MnO-carbon composites (MnO/C) can also exhibit excel-
lent electrochemical performance for supercapacitor with a
high theoretical capacity to enhance the electrochemical
activity of MnO and prevent the aggregation and erosion of
MnO. However, most of biomass-derived carbons need
carbonization and activation to present chunk, after that,
MnO particles may be unevenly loaded on the surface of
the carbon material. Therefore, it is necessary to explore a
facile and effective method to fabricate MnO/biocarbon
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Table 1 Properties comparison of biomass-derived carbon/TMO composites in SCs

Electrode Electrolyte  Sggt / Potential ~ Specific Energy Power Cyclic stability Refs.
material (m?.g~")® window / capacitance density density
\Y

Porous carbon 1.0 936 0-2.0 295 F.g~" 46.1 1.0 91% capacitance retention [74]
microscale mol-L~" at1Ag™"  WhKg™' kWkg™'  after 10000 cycles at 1.0
(MnO,) Na,SO, Ag’

MnO, /hemp- 1.0 438 0-2.0 340 F-g~" 33.3 14.8 98% capacitance retention [76]
derived mol-L~" at1Ag™"  WhKg™' kWkg™'  after 3000 cycles at 1
activated Na,SO, Ag!
carbon

MnO,@bamboo 1.0 - 0-1.6 76 Fg~'at 1147 1600 85.3% capacitance [77]
leaf mol-L~" 05Ag "  WhKg' Wkg retention after 1500

Na,SO, cycles at 0.5 A-g~"

BPC/MnO, 1.0 325.1 0-1.8 3849 F.g' 342 9.58 90.7% capacitance [78]
mol-L~" at0.5 WhKg~™" kWkg™' retention after 5000
Na,SO, Ag! cycles

ACEP@5-MnO, 1.0 116.7 0-2.0 3451 Fg~" 31.0 500 92.8% capacitance [79]
mol-L~" at 0.5 WhKg™'  Wkg™' retention after 5000
Na,SO, Ag™ cycles at 0.5 A.g~

RCFs/MnO,/ 1.0 101.7 0-1.0 922 F.g~" 19.17 500 83% capacitance retention [80]
PEDOT mol-L~" at1Ag™’  WhKg™' Wkg™' after 10000 cycles

Nast4

Hierarchically 6.0 930 0-1.6 162.7 F~g*1 57.7 400 93.5% capacitance [81]
porous carbon- mol-L~" at0.5 WhKg™"  Wkg™' retention after 5000
Mn0-0.03 KOH Ag! cycles at 2 A-g~’

MnO/BPC 3.0 133 0-1.6 637 F-g~" 359 800 87% capacitance retention [82]

mol-L~" at3Ag™"  WhKg'  Wkg after 5000 cycles
KOH

Co30,@meshy 6.0 568.62 0-1.4 1212.4 59.82 700 99.5% capacitance [86]
biomass mol-L~" F-g~! at WhKg™" Wkg™' retention after 2000
carbon KOH 0.5Ag™" cycles

CNFs/Co304 3.0 413.4 0-1.6 785 F.g~" 13 257 85.9% capacitance [87]

mol-L~" at0.5 WhKg™"  Wkg™ retention after 10000
KOH Ag™’ cycles
L-Co30,4 6.0 3151.2 0-1.6 1405.3 231 3990.6 80.2% capacitance [88]
mol-L~" Fg'at1 WhKg™'" Wkg™' retention after 5000
KOH Ag! cycles
Co30,4 2.0 370 0-1.5 659.7 F.g~' 425 746 87.1% capacitance [89]
NS@NOPC- mol-L~" at 10 WhKg™"  Wkg™' retention after 3000
200 KOH mvV-s~' cycles
NiO@PC 20 379.5 0-1.5 849 F.g~" - - 92% capacitance retention [93]
mol-L~" at1Ag™’ after 8000 cycles
KOH

NiO/biochar 1.0 198 0-1.2 1058 F-g~' 81 6 kW-kg~" 91% capacitance retention [94]
mol-L~" at0.5 Wh-Kg™! after 1500 cycles
KOH Ag™’

NiCo,04/GCNF 6.0 - 0-1.5 1416 F.g~' 486 749.3 88.5% capacitance [99]
mol-L~" at1Ag™'  WhKg™' Wkg™ retention after 10000
KOH cycles

NiC0,04 6.0 143.21 0-1.6 9229C-g~" 39.1 799.9 95.5% capacitance [100]

NSs@PD-PC mol-L~" at1Ag™'  WhKg™' Wkg retention after 5000
KOH cycles
BPC/Fe,03 3.0 775.8 0-1.6 9879 F.g~"' 96.7 20.65 76.2% capacitance [105]
mol-L~" at1Ag™"  WhKg™' kWkg™" retention after 5000
KOH cycles
Q Rare Met. (2023) 42(3):769-796
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Table 1 continued

Electrode Electrolyte  Sget / Potential Specific Energy Power Cyclic stability Refs.
material (m?2.g~")?  window / V capacitance  density density
MnFe,O4- 3.0 1412 0-1.5 640 F-g~'at 113 1500 98% capacitance retention  [107]
NiS-PC mol-L~" 1Ag™" WhKg™" W-kg™'  after 5000 cycles
KOH

a BET: Brunner—emmet—teller measurements
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Fig. 1 Synthesis of ACEP@MnO, composites and their electrochemical performance: a synthesis of ACEP and ACEP@MnO;
b crystal structure images of 5-MnO, and a-MnO; ¢, g electrochemical behavior of AC/ACEP@3-MnO, asymmetric SC; d—f SEM
and TEM images of ACEP@3-MnO,. Reproduced with permission from Ref. [79]. Copyright 2018, American Chemical Society

composites [81]. A nanostructure composite MnO/bio-
mass-derived porous carbon (MnO/BPC) has been pre-
pared by a simple immersion and calcination using natural
agaric [82]. Interestingly, the MnO/BPC presented novel
agaric-derived hybrid nanostructures, and MnO nanoparti-
cles were encapsuled into porous carbon and deposited on
carbon layer through chitin hydrogels and cellulose outer-
shell as substrate to effectively resolve the problem of
uniform distribution (Fig. 3a—g). The sample had high
specific surface area and efficient electrical conduction.
The MnO/BPC was further employed as a positive elec-
trode and AC as negative electrode to fabricate assembled
asymmetric supercapacitor that reached a high capacitance
retention of 87% after 5000 cycles and high specific-energy
of 35.9 Whkg ™' at 800 W-kg™' (Fig. 3hj).

Rare Met. (2023) 42(3):769-796

4.2 Biomass-derived carbon/nickel-cobalt oxide
composites

In transition metal oxides, binary Coz04, NiO and ternary
NiCo,0, nanocomposites have been widely used in
supercapacitors because of improved electrocatalytic abil-
ity and chemical stability. Moreover, the morphologies of
transition metal oxides, such as nanoparticles, nanowires,
nanosheet, hierarchical flowers, greatly have influence on
the performance of electrode material [83—87]. Further-
more, the morphologies of functionalized carbons are also
the key factor in electrochemical performance. Du et al.
introduced three activated carbons (AC) with different
morphologies derived from carbonization of rosewood (R),
corncob (C), and lotus seedpod (L) waste plant body, and
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then bio-activated AC loaded Co;0O4 nanoparticles via
oxidation-precipitation = and  crystallization  process
(Fig. 4a—d) [88]. The result indicated L-AC from lotus
seedpod decorated Co;04 (L-Co30,) presenting the best
specific capacitance with 14053 F-g=' at 5 mV.s '
(Fig. 4e, f). The L-AC with interesting hollow tube mor-
phology can afford porous channel to uniformly disperse
the Co30, particles for promoting contact between ions and
activation sites. Besides, according to report [89], Co304
nanosheets were anchored vertically on the surface of N, O,
P-heteroatom doped porous carbon derived from the soy-
bean dregs by hydrothermal route to obtain Co304
NS@NOPC composites (Fig. 5a, b). Interestingly, the
lamellar Co30, in composites afford high energy density
and high efficiency of charge transfer, in the meanwhile, N,
O, P multi-heteroatom doped porous carbon (NOPC) can
reduce the electrical resistance to improve the conductivity.
Finally, solid state SCs based on Co3;0; NS@NOPC
showed excellent electrochemical performance of up to
42.5 Whkg™" at a power density of 746 W-kg~" (Fig. 5¢).

NiO-based composites with faradaic pseudocapacitive
have also attracted lots of attention due to their application
in electrochemical energy storage [90-93]. When electrode
materials have the high surface area and a hierarchical
structure to construct porous network, the faradic mecha-
nism may be increased. In addition, NiO is deposited in
porous thin film to produce active sites to enhance the
faradic mechanism. Paravannoor [94] reported cellulose
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derived biochar wrapped Ni/NiO nanobrick composites
(NiO/biochar) as a thin film pseudocapacitor electrode by a
one-pot synthesis combustion synthesis (Fig. 6a). The brick
NiO nanostructures possessed less grain boundaries com-
pared to spherical structure, resulting in better charge
mobility (Fig. 6b—d). And the specific capacitance value of
the sample was up to 1058 F-g~' with energy density of 81
Wh-kg ™.

Up to now, Co, Ni-based binary transition metal oxides
have been widely studied as new electrode materials
because of higher theoretical capacity (>2000 F.g™h),
better electrical conductivity and lower diffusion resistance
compared to single metal oxides [95-98]. NiCo,0, with
spinel structure can be obtained from Co;0,4 in which Co
atom was replaced by the Ni atom. For instance, nano-
flower-like NiCo,0, is anchored on the gelatin-derived
porous carbon nickel foam (GCNF) through HTC method
to produce binder-free NiCo,0,4/GCNF composites for SCs
[99]. GCNF provided mechanical substrate and current
conductor without the binder, the resulting electrode
showed a high specific capacitance of 1416 F-g~' at 1
A-g™', and NiCo,04/GCNF//AC exhibited a high energy
density of 48.6 Wh-kg~' at a power density of 749.3
W-kg~! and maintained 88.5% capacitance after 10,000
cycles at 1 A-g~'. Zhang’s group used polydopamine-
derived carbon microsheets wrapped ultrathin NiCo,04
nanosheets (NiCo,0,4 NSs) by in situ assembly process to

fabricate shell-core sandwich composite NiCo,0y4
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Fig. 4 Synthesis route and performance of biomass-derived activated carbons and their Coz04 composites: a preparation of activated
carbons AC-Co30, composites; b—d SEM images and e N, adsorption-desorption isotherms and plots of pore size distribution of AC-
Co30,4 composites; f GCD curves of L-Co304 composite electrode. Reproduced with permission from Ref. [88]. Copyright 2022,

Elsevier Ltd.
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NSs@PD-PC (PD-PC: polydopamine-modified poplar
catkin carbon sheet) [100]. The combination between
active NiCo,0,4 and polydopamine-derived carbon could
promote charge diffusion and ions conductivity for faradic
redox reactions. The results indicated that NiCo,0y4
NSs@PD-PC showed large specific capacitance and
excellent cycling stability.

4.3 Biomass-derived carbon/iron oxide composites

Apart from the above metal-based porous carbon com-
posites, iron oxide-based nanomaterials have been devoted
in SCs due to the reversible faradaic reaction from Fe" to
Fe?' [101]. However, charge transports of Fe-based com-
posites were limited because of their poor electrical con-
ductivity. So far, many efforts were made to incorporate Fe
oxide into carbon frameworks to construct hybrid struc-
tures for fast electron transfer channel [102-104]. For
example, Fe,Os ultrathin film was grown in the wheat-
straw derived porous carbon to obtain BPC/Fe,O;

Y
H’“

NN

nanocomposites, that indicated an outstanding capacitance
up to 987.9 F-g " at 1 A-g~' and superior cycling perfor-
mance with 82.6% retention after 3000 cycles [105].
Moreover, watermelon acted as the biomass carbon source
to obtain a 3D porous carbonaceous gel (CGs) that was
easy to be compressed and released. Then, Fe3;0y4
nanoparticles were evenly encapsulated into the network of
GCs. After calcination, the specific capacitance of Fe;0,/
biomass-derived porous carbon composites could be up to
333.1 F-g~'at 1 A-g~" and 96% capacitance retention after
1000 cycles could be obtained [106]. Compared to single
oxide, the usage of more metal ions and porous carbon to
construct novel electrode material is also an interesting
work for SCs. Recently, Ghosh’s group reported a
MnFe,0,4-NiS-porous carbon electrode material synthe-
sized through an one-pot wet impregnation technique
(Fig. 7a) [107], in which the porous carbon derived from
coconut fiber with a high surface area of 1410 m*-g~'. The
MnFe,0,4 nanoparticles could provide rich reaction sites
and porous carbon could produce easy diffusion of
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d SEM and TEM images of composite. Reproduced with permission from Ref. [94]. Copyright 2018, Elsevier Ltd.

electrolyte ions to increase mechanical stability (Fig. 7b,
c). As a result, the synergy effect of MnFe,O4 and NiS
nanoparticles embedded in biomass-derived porous carbon
to promote the ASC device (MnFe,04-NiS-PC//PC)
delivered a higher energy density of 113 Whkg™' at a
power density of 1500 W-kg™', and only 2% capacitance
deterioration under 10000 cycles (Fig. 7d, e). To sum up,
the composites based on bimetallic oxide exhibit higher
specific capacitance than monometallic ones due to more
redox processes and interaction in mix metal cations. At
the same time, the metallic component is also an important
factor to affect supercapacitors performance. On the other
hand, the synergetic effect between metal ions and bio-
mass-derived carbonaceous materials is also an important
factor to determine morphologies, conductivity, surface
area and pore distribution of electrode materials.

5 Biomass-derived carbon/TMS composites
TMS exhibits better electrical performance due to the

lower electronegativity and more valence states as a new
type of electrode material. However, the poor capacity

Rare Met. (2023) 42(3):769-796

retention, large volume variation, sluggish reaction kinet-
ics, and stability are great obstacles to TMS electrochem-
ical application [108]. In general, the pure TMS materials
also face the problems of agglomeration and poor electrical
conductivity. To solve the above shortcomings, an effec-
tive way is the mixture of carbonaceous materials and
TMS. According to Chen group’s report, the broussonetia
papyrifera branches-derived N-doped carbon dot (NCD)
regulated the porous hollow NiCoS to gain NCD/NiCoS
composite via water bath and hydrothermal reaction
(Fig. 8a—c) [109]. Interestingly, the morphology transforms
of NCD/NiCoS were ascribed to anion exchange during the
sulfidation. Subsequently, the optimized sample was fab-
ricated a hybrid supercapacitor to gain high power density
and energy densities and kept 96.5% capacitance after
10000 cycles (Fig. 8d). Later, hierarchical microspheres
ZnCoS nanosheets have also been deposited directly bio-
mass derived hydrothermal carbon spheres (HTCSs) via
water-based binder-free hydrothermal method [110]. The
obtained Zn-Co-S@HTCSs as positive electrode and core/
shell-like Fe,O5; decorated polyaniline (PANI) nanotubes
as negative electrode to construct ASCs device displayed a
remarkable energy density of 85 Whkg ' at a power
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density of 460 W-kg~' with a broad potential window. In
all, the flexible biomass-derived carbons as substrates not
only supply porous structure for electrolyte transfer, but
also offer more active sites for uniform disperse TMO/
TMS nanoparticles through hydrothermal reaction or
electrochemical deposition. Compared to TMO, the sulfur
atom shows lower electronegativity than oxygen, that is
benefit for production of flexible phase to promote the
electron transfer and electrochemical performances. In
addition, TMS can easily exhibit layered structures by van
der Waals forces containing three atom layers (S-M-S),
resulting in higher electrical double layer capacitance.
Simultaneously, the intercalation activity in conversion
process can generate higher specific capacitance and poor
cycling performance. The obstacles of the electrochemical
applications of TMS are low electrical conductivity and
volume change during cycling. Furthermore, the

f

&«

composites synthesized by TMS and carbon materials
could occur structural damage in the electrochemical pro-
cesses causing fast capacitance fading. Thus, we need
continue to further study the synergetic effects between
TMS and biomass-derived carbon to offset their respective
drawbacks and promote the application of supercapacitor
for biomass-derived carbon/TMS composites.

6 Biomass-derived carbon/LDH composites

LDH, also known as a hydrotalcite-like compound, is one
of the most widely applied homogeneous and mixed metal
hydroxides showing lamellar structure with a chemical
formula of [M(II), M(II),(OH),]*"[X" "/, nH,O]'™ , in
which M(II) is a divalent cation (e.g., Fe, Ni, Mn, Zn, Cu)
and M(IID) is a trivalent metal cation (e.g., Fe, Al, Co, Cr,

Rare Met. (2023) 42(3):769-796



Recent progress of transition metal-based biomass-derived carbon composites for supercapacitor 781

Broussonetia papyrifera powder

Thloacetamlde

pre-NCDs/NiCoS

Porous hollow /
NCDs/NlCoS /

O»J N

|

|

|

|

|

|

|

|

|

|

|

Solid Core-shell Yolk-shell Hollow I
pre-NCDs/NiCoS structure structure NCDs/NiCoS :
d |
Y

11002
[0999933992009090999900~2003909900009993909,0009 ¢_>>‘ :
- 18° 3

PVA/KOH ol

96.5%160 i |

o !

|

140 2|

3 |

120 8|

NCDs/NiCoS (+) Separator ~ NPBC (-) ol

1 1 1 1 1 0 ol
0 2000 4000 6000 8000 10000 :
|

Cycle number

Fig. 8 NCDs/NiCoS composites from a—c preparation of NCDs, NCDs/NiCoS nanocomposites and hollow structure; d illustration of
NCDs/NiCoS//NPBC HSC device, cyclic performance and Coulombic efficiencies (where PVA is polyvinyl alcohol). Reproduced with

permission from Ref. [109]. Copyright 2021, Elsevier Ltd.

¢ e o ¢ e o ¢
de o e o ¢
o St @ | St

|
|
|
|
|
|
|
|
|
|<—>| I
|
M2+ /MP+=2 M2/M*=3 |
. . . . . I
. . . . . . I
Tre, 8 o bhe fhe I
AT A A A
Rede R ke Rol (V6] |
b e o B T |
&k e . . . gH |
e AR RLAL AL
{ o hehe ¢ o v !
3 AR ALA |
b e — LU VR :
M2 IMR*=4 ec |

Scheme 3 Structure of carbonate-intercalated LDHs with different M2*/M3*+ molar ratios. Reproduced with permission from Ref. [111].

Copyright 2014, Royal Society of Chemistry

Ga) and X"~ is the interlayer anion (e.g., CO;>~,NO;7)
(Scheme 3) [111]. In the asymmetry LDH crystals, cations
are present in the layered sheet of crystal and anions
existed in the interlayer. The easy adjustment of the cations
in the layered sheet and the exchangeability of anions in
the interlayer can afford them intriguing electrochemical
activities. Therefore, plenty of reports have been studied
about the application of LDH in supercapacitors, such as
CoNi-LDH, NiAl-LDH, CoAl-LDH, NiMn-LDH, CoFe-
LDH, and NiFe-LDH [112-121], where the exhibited

Rare Met. (2023) 42(3):769-796

excellent pseudocapacitance behavior could guarantee its
wide applications as high performance electrochemical
devices [122—128]. However, it should not be ignored that
the capacities of pure LDH are restricted by the poor active
sites, the accumulation of metal nanoparticles and volume
expansion during charge-discharge cycles. Meantime, LDH
materials could suffer from the charge transfer process on
the surface and the weak electrical conductivity because of
the limited redox kinetics, resulting in unsatisfactory
electrochemical performance compared to other metal-
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based materials. Thus, to address these issues and maxi-
mize the advantages of LDH, combining LDH with bio-
mass-derived carbonaceous materials (activated carbon,
graphene, porous carbon, carbon nanotubes, carbon aero-
gels) can be considered as an effective pathway. Due to
high specific surface areas and excellent conductivity,
biomass-derived carbon materials not only provide ade-
quate space for depositing LDH to maximize electroactive
areas, but also improve charge transfer and redox reaction
kinetics, resulting in high capacity and energy density.
Moreover, the rough structures from biomass-derived car-
bon can withstand the mechanical pressure of faradaic
reactions in the charging and discharging process, and is
beneficial to prolong the cycle life of pseudocapacitive
materials. As a consequence, many kinds of carbons
derived from biomass have been chosen and incorporated
into LDH to improve their electrochemical properties as
pseudocapacitive composites [129].

Golmohammadi and Amiri [130] reported an elec-
troactive composite (NiAlI-LDH@KP-GO) based on bio-
mass derived 3D graphene oxide (GO) and Karrapo (KP) as
biomass source mixed with NiAl-LDH, in which the

a al
1. Addition of GO
2. Freeze-dring
KOH treatment 3. Pyrolyzed at
700°Cfor3h
KP KP-GO
a2

Aluminum nitrate  Urea

KP-GO

Nickel(ll) nitrate

b2

graphene could act as an anchoring site for the nucleation
and growth of LDH to successfully solve the problem of
accumulation and aggregation between graphene and LDH
(Fig. 9a, b). As used in supercapacitor, NiAl-LDH@KP-
GO showed a specific capacitance of 1390 F-g~' at 1
A-g™!, superior to NiAI-LDH and NiAl-LDH@GO. An
asymmetric device was assembled, exhibiting a high
energy density of 173 Wh-kg_1 and the power density of
28.8 kW-kg ™! with excellent cycling stability of 92% after
5000 cycles (Fig. 9c, d). In another example, Tan et al.
obtained flower-like CAS@NiMn-LDH composites sup-
ported by honeycomb-like porous carbon from the chingma
abutilon seed (CAS) as the precursor [131]. Firstly, the
honeycomb-like porous carbon has been synthesized by
KOH-activated treatment, and more porous structures and
high surface afford plentiful active sites to adsorb metal
ions and transport ions. Secondly, the NiMn-LDH
nanosheets were closely adhered to the backbone of CAS
by a facile hydrothermal treatment (Fig. 10a). In the pro-
cess, the highly conductive porous carbon provided a
skeleton to prevent the accumulation of NiMn-LDH
microspheres and more exposed active sites reduced
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Fig. 9 Composite NiAI-LDH@KP-GO: a preparation steps of NiAI-LDH@KP-GO; b SEM and TEM images of NiAl-LDH, NiAl-
LDH@GO and NiAI-LDH@KP-GO; ¢ cycling stability of NiAI-LDH@KP-GO//VC device (VC: Vulcan XC-72R carbon) and photograph
lighting an light emitting diode (LED) screen; d Nyquist plot of NiAI-LDH@KP-GO//VC device (Zin: imaginary axis; Z.: real axis; Rs:
solution resistance of electrolyte; Ret: charge-transfer resistance; Rion: resistance of ionic conductive liquid phase; Cq: double-layer
capacitance; CPE: constant phase angle element). Reproduced with permission from Ref. [130]. Copyright 2020, Elsevier Ltd.
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electron transport impedance, promoting the pseudoca-
pacitive performance (Fig. 10b). Finally, the optimal
CAS30@NiMn-LDH showed a high specific capacity of
1719 F-g~'at 1 A-g~"', and the maximum energy density of
95.29 Wh-kg™' at 802 W-kg™' was observed by the as-
assembled device, indicating excited cycle performance
(87% retention after 5000 cycles) (Fig. 10c—e).

More importantly, the effective electrode materials
mainly depend on flexible substrates to keep good
mechanical elasticity and high electrical conductivity
[132]. Among numerous biomass materials, bacterial
cellulose (BC)-based materials can be used for the
preparation of electrode materials due to high flexibility,
biocompatibility, high tensile strength, and low-cost. In
supercapacitor electrodes, the unique nanofibrous struc-
ture of BC are beneficial to enlarge the active volume of
electrodes for energy storage devices. Moreover, nanos-
tructured LDHs depositing on BC-based material as
flexible and conductive substrate can maximize their
potential [133, 134]. Therefore, many efforts have been
devoted on BC-derived carbon materials coupling with
LDH to fabricate as flexible electrodes in supercapacitors

Rare Met. (2023) 42(3):769-796

[135-139]. However, the drawback of these composites is
the incompatibility between inactive surface of substrate
and inorganic materials. To solve this problem, Cheng’s
group reported a novel highly flexible, foldable and
stretchable NiCo-LDH/PANI/BC electrode material [140].
Firstly, BC shows a unique 3D network after being
freeze-dried as a template, then the in situ coating PANI
on BC retains the 3D open network to afford more active
sites for loading NiCo-LDH, meanwhile PANI layer acts
as a “nanoglue” to anchor NiCo-LDH nanoparticles due
to its hydrophilicity and rough surface (Fig. 11a). The
ternary composites NiCo-LDH/PANI/BC show excellent
flexibility and electrochemical performance with a high
specific capacitance of 1690 F-g~' at 1 A-g™', higher than
that of PANI/BC and NiCo-LDH/BC. In addition, the
obtained composites were assembled with N-doped car-
bonized BC/carbon cloth as a flexible all-solid-state
asymmetric supercapacitor (ASC) generating a high
energy density of 47.3 Wh-kg™' at the power density of
828.9 W-kg~' (Fig. 11b). Another similar example is BC
nanofiber as scaffold depositing conjugated polypyrrole
and NiMn-LDH by in situ layer-by-layer deposition
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method (NiMn-LDH/PPy/BC) for efficient supercapacitors
[141].

Additionally, heteroatoms-doping, especially C, N,
S-doping have received lots of attention due to more
electron transfer channels and fast redox reactions of sur-
face functional groups [142-147]. Interestingly, the C,
N-doped novel nickel hydroxide composites (C/N-
Ni(OH),/Ni,S,) were obtained by egg white as precursor
giving rise to a particle/flake sandwich structure by a one-
step hydrothermal method (Fig. 12a) [148], in which
unique structure effectively inhibit the agglomeration of
Ni(OH), nanoflakes and Ni,S, nanoparticles to afford
higher surface area (Fig. 12b). The heteroatoms-doping and
well-preserved structure lead to outstanding 1731.2 F-g™!
at 0.5 A-g~' (Fig. 12c). Meanwhile, the hybrid superca-
pacitor (C/N-Ni(OH),/Ni,S,//reduced graphene oxide
hydrogel) exhibits an extremely long cycling life with
134.6% capacitance retention over 10000 cycles at 5 A-g~*
(Fig. 12d). The result manifests that heteroatoms-doping

[/

N

significantly promotes the electrical conductivity and sup-
plies more active sites for the electrochemical
performance.

In general, there are two methods to obtain the combi-
nation of biomass-derived carbon and LDH. The first way is
self-assembly based on the strong electrostatic interactions
between the positively charged surface of LDHs and the
negatively charged surface of modified biomass-derived
carbon to fabricate composites. The other situation is LDH
can in situ grow on the biomass-derived carbon, which is
employed as growth substrates. Specifically, the negatively
charged surface of biomass-derived carbon can easily
adsorb the metal cations in solution, then co-precipitation of
metal cations occurs in the surface of carbon materials and
gradually grows into various kinds of LDH. During this
process, biomass-derived porous carbon materials provide
large specific area to support the in situ growth of LDH
[149]. The main capacitive properties of biomass-derived
carbon/LDH composites are reported in Table 2.
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Copyright 2018, Royal Society of Chemistry

7 Biomass-derived carbon/MOFs composites

In general, the electrochemical performance of electrode
materials mainly depends on the surface, that is because the
surface with higher energy can afford more reactivity, at
the same time, the surface of electrode material also needs

Rare Met. (2023) 42(3):769-796

to decrease energy to maintain the stability via interaction
with suitable matter from the outside environment. Nano-
porous material can act as an effective electrochemical
material because of boosting surface area for rich active
sites and accessible inner structure for shortening electron
diffusion path in electrolyte. Therefore, nanoporous

a
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Table 2 Properties comparison of biomass-derived carbon/LDH and MOFs composites and their usage in SCs

Electrode material Synthesis Sget / Potential ~ Specific Energy Power Cyclic stability Refs.
strategy (m?g~") window / capacitance density density
\

NIAILDH@KP-GO One-step 390 0.6-1.6 1390 F.g~' 173 960 5000 cycles with [130]
autoclave at1Ag™"  Whkg™' Wkg'  94% capacitance
process retention

CAS30@NiMn LDH KOH activation, 476.52 0-1.6 1719 F.g~' 9529 802 5000 cycles with [131]
HTC at1Ag™"  Whkg™' Wkg '  87% capacitance

retention

NiCo-LDH/PANI/BC  Chemical bath - 0-1.6 1690 F.g~' 47.3 828.9 3000 cycles with [140]
deposition at1Ag™'  Whkg'  Wkg'  914%

capacitance
retention

NiMn-LDH/PPy/BC  Layered 72.9 0-1.6 1427 F.g~' 298 299.0 2000 cycles with [141]
deposition at1Ag™"  Whkg™'  Wkg' 80.5%

capacitance
retention
Carbonized Layered 405.8 0-1.6 1949.5 36.3 800.2 2500 cycles with [147]
bacterial deposition Fg'at1 Whkg™" Wkg™' 89.3%
cellulose-N@LDH Ag’ capacitance
retention

C/N-Ni(OH)2/Ni,S,  One-step 101.3 0-1.6 1731.2 38.98 404.36 10000 cycles with [148]
hydrothermal F-g~ ' at Whkg™'  Wkg™'  107.6%
method 0.5Ag" capacitance

retention
Hierarchically Self-assembly, 1131 -1.6 134 F.g~" 23.75 50 5000 cycles with [160]
porous nitrogen- carbonization at1Ag™"  Whkg' Wkg'  81% capacitance
doped carbon-950 retention

C@ZIF-67 Self-assembly, 174.7 0-1.5 1044.8 85.13 750 20000 cycles with [162]

carbonization Fg'at1 Whkg™' Wkg™"  87% capacitance
Ag™! retention

NCNF2-900 Self-assembly, 391 0-1.0 211Fg'at 57 125 5000 cycles with [163]
carbonization 1Ag™" Whkg™'  Wkg™'  91% capacitance

retention

Hetero-fNCs Self-assembly, 481.9 0-1.6 4269 Fg~' 30 1440 5000 cycles with [164]
carbonization at0.5 Whkg™" Wkg™'  89.5%

Ag~’ capacitance
retention
Ni3S.@CogSg/N- Self-assembly, 360.1 0-1.6 1970.5 771 263.3 5000 cycles with [165]
HPC freeze-drying Fg'at Whkg™" Wkg™'  89.5%
carbonization 0.5Ag" capacitance
retention
WS@Ni-MOF/ Self-assembly, 9.5392 0-1.65 1722 F-.g~' 3479 824 20000 cycles with [169]
SPANI carbonization at1Ag™"  Whkg™'  Wkg' 89.5%
capacitance
retention

material is an excellent candidate as SCs to promote
cycling stability and increase capacitance. Meanwhile,
although biomass-derived carbon can promote discharge
rate with long cycle life as supercapacitors, less energy
density of carbon-base electrode materials is a key problem
to solve in application [126, 150]. As a type of nanoporous
material, MOFs are constructed by metal ions or cluster as
node and organic ligand as linker, in which metal nodes
can afford redox reaction centers and the organic linker can

aQ

produce porous carbon as precursor. However, electrode
materials derived from MOFs usually show poor mechan-
ical strength and weak conductivity as electrode material
compared with other carbon-based materials [151]. Addi-
tionally, the problem of aggregation of MOFs nanocrystals
and the structural destruction in high temperature condition
all greatly limit application in SCs [152]. To overcome this
issue, the development of biomass-derived carbon/MOFs
composites can make up for the defects of single MOFs,
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improving electrochemical performance because of
increased amounts of active components [153—-156].

In biomass-derived carbon/MOFs composites, zeolitic-
imidazole frameworks (ZIFs) have been reported as the
most promising candidates to obtain high porous heteroa-
tom-doped carbon networks for the performance of SCs
due to high surface area, ordered pore structure,
adjustable structure and simple synthesis method [157].
The most popular materials of ZIFs in SCs are ZIF-8 and
ZIF-67, in which sodalite topology structure can provide
the feasible condition for multi-structural derivatives, and
the N-containing organic ligand can also create nanoporous
carbon and other metal derivatives [158—161]. Simultane-
ously, Co and Ni metals in ZIFs not only promote the
specific capacitance but also accelerate the ion and electron
transfer in electrode. Li and coworkers manufactured a
hierarchical composites materials with honeycomb-like
carbon frameworks [162], the materials were prepared
using waste straw as biomass template, Ni(CH3COO), as
pore former and ZIF-67 by a string and annealing process
(Fig. 13a). After carbonization, CoNj alloy particles gen-
erated from ZIF-67 were uniformly distributed on the
surface of the biomass carbon skeleton, and the hierarchical
carbon frameworks could hinder the aggregation of CoNj3
nanoparticles owing to the restrained space environment.
The optimal composites C@ZIF-67-600 displayed a
remarkable capacitance (1044.8 F-g~" at 1 A-g™"), and the
C@ZIF-67-600//AC device indicated a maximum density
of 85.13 Wh-Kg ™" at a power density of 750 W-kg ™' and
good cycling stability (87% capacitance maintenance after
20000 cycles at 5 A-g~") (Fig. 13b).

Meanwhile, Chen’s group [163] reported a 3D inter-
connected N-doped carbon nanofiber aerogels (NCNF) for
the first time through in situ growth ZIF-8 on bacterial
cellulose (BC), in which the electrostatic interaction of BC
and ZIF8 nanofibers effectively resisted the aggregation of
ZIF8 nanocrystals and suppressed the collapse of the por-
ous carbon structure (Fig. 14a). Then, after carbonization,
carbon nanofiber from BC and N-doped porous carbon
nanoparticles from ZIF8 connected each other to construct
a 3D network with silk cocoon-like node morphology, that
is beneficial to expand electrochemical active sites and
shorten ion diffusion length. Finally, the optimal car-
bonized aerogel NCNF2-900 fabricated an all-solid-state
symmetric supercapacitor (SSC) which yielded a specific
capacitance of 41.1 F-g~' at 0.25 A-g™' and retain a 5.7
Wh-Kg~! energy density at a power density of 125 W-kg ™"
(91% capacitance retention after 5000 cycles) (Fig. 14b, c).
More interestingly, the carbonization of core-shell struc-
tured ZIF-8 @ZIF-67 composites on a waste biomass cos-
metic cotton was prepared by Xu and co-works to finally
generate flexible N-doped carbon architectures (hetero-
fNCs) with high supercapacitive properties, in which the
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pyrolysis of inter-layer ZIF-8 produced a large number of
micropores [164], the outer-layer ZIF-67 brought rich
mesopores and graphite microstructures, and cosmetic
cotton derived carbon in the innermost layer offered more
mechanical flexibility. Furthermore, hetero-fNCs showed a
maximum density of 30 Wh-Kg™' at a power density of
1440 W-kg~" and good cycling stability (89.5% capaci-
tance maintenance after 5000 cycles), indicating that
N-doping in the carbon composites could enhance the
capacitance owing to their ability of pseudo-capacitance
contribution.

Apart from N-doping carbon architectures, metal sul-
fides and selenides encapsulated on hierarchical porous
structure derived from ZIF-67 in biomass carbon have been
done by Xiao’s and Liu’s groups [165, 166]. To explore the
developed hierarchical porous metal derivatives from ZIFs
as supercapacitors, Xiao et al. reported novel Ni;S,@-
CoySg/N-HPC composites [165], in which the strawberry-
like Ni3S,@CooSg nanoparticles were obtained from in situ
sulfuration progress of nickel alginate beads and ZIF-67
with a uniform distribution and were sealed in the 3D
N-doping interconnected porous framework beneficial to
high theoretical specific capacitance. And then high
specific surface area and porous carbon structure from the
biomass derived carbon enlarged the ion transport to
improve conductivity of electrode materials. The resulting
sample demonstrated a high specific capacitance of 1970.5
F-g~'at 0.5 A-g~" with asymmetric supercapacitor (ASC)
exhibiting a maximum energy density of 77.1 Wh-kg™" at
263.3 W~kg71. Afterwards, ZIF/biomass-derived CoSe/
C@C hierarchical composites were firstly fabricated by Liu
et al. using ZIF-67 and CMC aerogel through the process of
freeze-drying and selenization [167]. In this sample, lots of
conductive pathways were provided by CoSe and C
nanoparticles to drive fast ion passage. Additionally, the
porous carbon network was in favor of relieving the vol-
ume pressure in charging and discharging. From the above
results, it can be seen that the derived metal sulfides and
selenides encapsulated on hierarchical structure from ZIFs
and biomass carbon are promising electrode materials for
SCs.

Conducting polymers have been considered as potential
pseudocapacitive materials due to high capacitance, good
conductivity and easy synthesis [168]. Among them, PANI
has attracted more attentions because of wire conductive
structure. However, the volume expansion and contraction
of PANI can lead to fast capacitance decay. So PANI is
often compounded with stable materials or fabricated par-
ticular structure. Guo’s group reported a novel hybrid
nanomaterial WS @Ni-MOF/SPANI, which was connected
by Ni-MOF, carbonized walnut shells (WS) and vulcanized
polyaniline (SPANI) [169]. 2D Ni-MOF and SPANI was
in situ wrapped in the outer and inner channels of biomass
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derived carbon to accelerate ion transfer, in which SPANI  indicate that the specific capacitance is up to 14 times that
played the role of a template to prevent the aggregation of  of biochar and maintains 90.4% capacitance retention after
MOF material to expose more active sites. The results 20000 cycles. In addition, the ASC of WS@Ni-MOF/
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SPANI//AC remained 34.79 Wh-kg ™' energy density at the
power density of 824 W-kg ™.

To date, the synthesis method of biomass-derived car-
bon/MOFs composites mainly adopts in situ growth tech-
nology. For example, Huang et al. reported a family of
MOFs@wood-derived hierarchical porous composites
[170], the biomass wood slices were firstly treated by
NaOH for the growth of MOFs, and the wood slices were
soaked in the raw solution for synthesizing MOF. Then, the
MOF particles in situ grew on the wood slices through
interactions of hydrogen bonds and electrostatic. Finally,
through carbonization, the 3D conductive carbon frame-
works were fabricated by the wood precursor and MOFs
were converted to heteroatoms-doped carbon with hollow
polyhedrons. Through in situ growth method, the strong
hydrogen bonds and electrostatic interactions between
MOF and modified biomass materials inhibit the aggrega-
tion and microstructural collapse of MOFs during the
pyrolysis [170]. Furthermore, there are also many tech-
niques applied to the preparation of composite materials,
such as hydro-thermal, directing mixing and so on. How-
ever, the reaction mechanisms of different preparation
methods are rarely reported, and it will take a long time to
realize the precise control of biomass-derived carbon/
MOFs composites.

8 Conclusion and perspectives

Searching for suitable and excellent electrode materials of
SCs is a worthwhile issue for electrical energy storage
systems. Carbon materials, especially porous carbon, are
considered as the commercially valued electrode material
due to their high surface areas, adjusting porosity, good
conductivity and stability. Additionally, biomass is a good
precursor for preparing functional carbon materials as SCs
electrode materials. Biomass precursors that can be used to
make carbon material are agricultural crops and residues,
forest materials, marine resources and wastes, industrial
waste, and they provide an abundance of carbon compo-
sition and morphologies. The pore configuration of elec-
trode materials is the most important factor to affect the
power density and cycle life. The most desired hierarchical
porous carbons contain at least two levels of pore sizes, in
which mesopores and macropores provide copious chan-
nels for electron transfer. Up to now, many nanotech-
nologies provided facile and convenient way for the
fabrication of high-quality biomass-derived carbon mate-
rial, such as pyrolysis, hydrothermal carbonization, acti-
vation method. Though these nanotechnologies, the
exquisite and complicated hierarchical nanostructures and
morphologies have been obtained to provide more channels
for conducting ions and electrons. In addition, as
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pseudocapacitive electrode materials, transition metal-
based material can show higher power density and better
stability because of variable valence and fast ion adsorption
ability. Therefore, the combination of biomass-derived
carbon and transition metal materials to fabricate elec-
trodes can take full advantages of two materials to improve
effective charge transfer, energy density and cycle life. In
this review, we mainly focused on the recent progress and
perspectives in the synthesis strategies and applications of
biomass-derived carbon and their metal-based composites
as electrode materials in supercapacitor application.

However, the development of biomass-derived car-
bonaceous material still faces many obstacles and chal-
lenges. Firstly, the primary components of biomass
precursors need to be extracted from raw materials, but the
existing separation technology can be limited by the toxi-
city, cost of chemicals and equipment. Secondly, the syn-
thesis of the biomass derived porous carbon requires high-
temperature carbonization technology at the most time;
however, this approach is difficult to achieve tunable
porosity and morphologies. Simultaneously, this low-effi-
ciency energy utilization can bring serious environment
problems. So far, some new strategies with no activation
have been developed, such as soft- and hard templating,
bio-template, mechanochemically-assisted method, but
these approaches have not been widely used in practice.
Finally, the structure, shape and morphologies of biomass
carbon are difficult to be adjusted accurately, that may limit
the rate performance and power density of electrode
material. In addition, the effect of porosity of carbon
materials on electrochemical properties is unclear.

Likewise, hybrid materials are designed by combining
transition metal-based compounds (TMO, TMS, LDH,
MOF) with biomass-derived carbon with synergy effect to
give full play to the maximum advantages of each com-
ponent in electrochemical performance. In general,
although the porosity of composites decreases, the high
capacitance can be obtained because of the increase of the
metal content. In particular, polymetallic biomass-derived
carbon composites manifest higher capacitance perfor-
mance than bimetallic composites. Moreover, the problem
of accumulation and aggregation between biomass-derived
carbon skeleton and metal materials should be paid more
attention in the process of preparation.

To sum up, although biomass-derived carbons/metal-
based composites are a promising electrode material for
energy storage devices, they still face great opportunities
and challenges in the future. In order to promote the
development of this field, future research should be focused
on the following aspects:

Reasonable selection of biomass resource with high
carbon content and low-cost is the crucial factor for sus-
tainable utilization of biomass. Besides, accurate control of
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the size, porosity, morphology and composition of biomass
precursor can improve the performance of SCs.

In the preparation of biomass-derived carbons/metal-
based composites, one significant challenge is how to
explore simple, eco-environmentally and effective syn-
thetic technology to avoid low-efficiency energy utilization
and serious environment problems. In other words, future
nanotechnology of composite electrode material for SCs
cannot be limited in lab conditions, more practical and
effective industrial synthesis methods should be seeked.

Most of the researches on biomass-derived carbons/
metal-based composites as SCs focused on synthetic
technology and practical application. The interaction
mechanism and synergy effect on carbon matrix, metal and
other doped-atoms are rarely reported. Therefore, further
study of mechanism provides perspectives for deeper
understanding of biomass-derived carbons/metal-based
electrochemical materials.
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