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As we all know, environmental protection and sustainable energy utilization are significant challenges for us.
Due to their many excellent characteristics, carbon materials have been playing a very important role in
energy and environmental applications. Biomass is the only renewable carbon source and crucial
precursor of carbonaceous materials and has the advantages of a unique structure, a wide range of
sources, biodegradability, and low cost. Developing high-performance carbonaceous materials from
biomass is a significant research subject. Biomass-derived porous graphitic carbon materials (BPGCs)
have received extensive attention as novel high-performance sustainable carbon materials owing to its
well-developed porous structure, good graphitic structure, and heteroatom doping. Here, this review
firstly focuses on the principal synthesis methodologies of BPGCs. Next, three electrochemical energy

storage and conversion systems that utilize BPGCs are intensively investigated, including supercapacitors
Recelved 22nd October 2019 (SCs), lithium-ion batteries (LIBs) and fuel cells (FCs). Then, BPGCs are further reviewed in t f thei
Accepted 23rd January 2020 s), lithium-ion batteries s) and fuel cells (FCs). Then, s are further reviewed in terms of their
application in the field of environmental protection, which is also the first systematic summary of BPGCs

DOI: 10.1038/cotal1618d in environmental applications. Finally, this review points out the direction that is worthy of further
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research in the future and the essential issues that have not yet been resolved.

1 Introduction

With the depletion of fossil energy, global warming and
increasing environmental pollution, energy and environment
have become the focus of the international community. In the
face of increasingly severe global energy and environmental
problems, the development and utilization of new and renew-
able energy sources have become the common choice for
countries around the world to ensure energy security, combat
climate change, and achieve sustainable development. Among
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them, supercapacitors, lithium-ion batteries and fuel cells are
the most typical and popular electrochemical energy storage
and conversion devices."* Moreover, due to the industrializa-
tion and long-term agricultural activities, the environmental
quality has deteriorated and it is imperative to efficiently
control and remove environmental pollutants.® In this context,
developing high-efficiency and sustainable materials has shown
significant prospects for environmental protection.

Numerous studies have shown that the application of carbon
materials is an effective strategy for addressing major chal-
lenges of global energy consumption and environmental
pollution.*® Carbon materials have been the ideal candidate
materials for electrochemical energy storage and conversion
and environmental protection because of their diverse struc-
ture, rich surface, strong controllability and good chemical
stability. In this regard, various types of carbon materials (such
as biochar, carbon nanotubes, activated carbon, and graphene),
have been extensively explored.®® Porous carbon materials with
a high specific surface area and good stability have been widely
used as electrode materials for supercapacitors, lithium-ion
batteries and fuel cells and as repair materials for environ-
mental pollutant treatment.'®'* However, at present, porous
carbon materials have the following disadvantages: (i) poor
graphitic structure and low degree of graphitization that are not
conducive to the transmission of ions and electrons; (ii)
underdeveloped porous structure and low effective specific
surface area; (iii) lack of heteroatom doping. These problems
have limited their further application in the field of energy
storage and conversion and environmental protection.’
Graphitic carbon materials have broad application prospects
because of their excellent electrical conductivity, improved
crystalline structure and unique physicochemical properties,
which can facilitate ion diffusion and charge propagation.**™**
However, graphitic carbon materials (e.g., graphene) also have
disadvantages such as high cost, complex synthesis and poor
porous structure.”® In conclusion, in order to overcome the
bottleneck in the application of electrochemical energy storage
and conversion and environmental protection, the key is to
develop carbon materials with an excellent porous structure,
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graphitic structure and appropriate heteroatom doping.
Therefore, it is very urgent to design green and efficient porous
graphitic carbon materials through effective ways.

Biomass resources have been the promising carbon
precursor of sustainability, economy, and availability to deal
with environmental and energy issues.'*™ Firstly, Biomass-
derived carbon materials have inherently unique porous struc-
ture. The diversity of biomass provides a broader research
space, and the beneficial components and delicate structures of
biomass can be fully utilized. Secondly, plentiful biomass
contains oxygen, nitrogen, potassium and other elements,
which can be doped as heteroatoms, allowing for the generation
of additional active sites and acting as a catalyst or activation
agent for the subsequent processing process. Thirdly, most
biomass comes from agroforestry waste or daily life waste,
which greatly highlights environmental and economic advan-
tages. Biomass-derived porous graphitic carbon materials
(BPGCs) have three representative characteristics of a porous
structure, graphitic structure and heteroatom doping derived
from biomass or foreign dopants (Fig. 1), in which heteroatom
doping is not necessary and appropriate heteroatom doping is
very desirable for the application of BPGCs. Currently, biomass-
derived porous graphitic carbon materials (BPGCs) have
attracted great interest for electrochemical energy storage and
conversion and environmental protection.

2 Fabrication of BPGCs

At present, the preparation approaches of BPGCs can be mainly
divided into pyrolysis, chemical activation, catalytic graphiti-
zation and catalytic graphitization combined with chemical
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Fig. 1 Schematic diagram showing the structure and properties of
BPGCs. Adapted with permission from ref. 251. Copyright 2019
Springer.
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activation methods. BPGCs have been manufactured from
a variety of biomass sources through the four main methods.
Table 1 lists some representative examples. It is relatively
difficult to produce BPGCs from a wide range of biomass
resources by pyrolysis alone, and only a small amount of liter-
ature has been reported. In comparison with other methods,
chemical activation with potassium hydroxide (KOH) is
a comparatively classic and the most widely used method for
preparing BPGCs. In recent years, the preparation of BPGCs by
simultaneous chemical activation and catalytic graphitization
of biomass has gradually emerged and developed. In this
section, according to the summary of relevant literature, we
focus on the parameters of the method and biomass raw
materials for synthesizing BPGCs and analyze their influence on
the structure and properties of BPGCs (Fig. 2). Finally, we
propose solutions and suggestions for achieving accurate and
controlled preparation of BPGCs.

2.1 Pyrolysis
In general, the pyrolysis of biomass is considered as a thermo-
chemical process, in which biomass is mostly converted into
gases, liquid bio-oil and solid biochar under the conditions of
complete oxygen deprivation or limited oxygen supply.”*>
Specifically, slow pyrolysis of biomass is regarded as a necessary
step to produce BPGCs and generally conducted at a slow
heating rate of <10 °C min~"' within an inclusive range of
temperatures (300-1000 °C) for a long retention time of the set
pyrolysis temperature (>1 h). Biomass pyrolysis is a very
complex physicochemical process, and its pyrolysis behavior is
related to the characteristics of biomass, pyrolysis parameters,
reactor conditions, etc.>*** There are many factors affecting
biomass pyrolysis, which can be basically classified into two
categories. One is related to reaction conditions (such as the
pyrolysis temperature, heating rate and pyrolysis time), and the
other is inextricably linked with raw material properties (for
example types of biomass feedstocks, biomass characteristics
and biomass particle size).*®> However, due to the complex
structure and strong chemical bonds in biomass, it is not easy
to prepare BPGCs with an excellent porous and graphitic
structure. At present, only a few studies have demonstrated the
preparation of BBGCs from biomass by using separate slow
pyrolysis.?®

For example, the pyrolysis of microalgae was carried out at
700 °C, 900 °C and 1100 °C, respectively, for 6 h at a heating rate
of 10 °C min~" under nitrogen gas (N,) by Ru's group.” As
a result, it was found that the pyrolysis product at 900 °C had
many microcrystalline graphitic domains and a hierarchical
porous structure. As shown in Fig. 3a-i, the porous structure of
the pyrolysis product became more developed with the increase
of pyrolysis temperature, especially the mesoporous structure.
The increase of pyrolysis temperature might lead to the collapse
of micropores formed in the early stage or the combination of
micropores into mesopores and macropores. The increased
pyrolysis temperature brought about more ordered graphitic
carbon in the pyrolysis product (Fig. 3g-i). The X-ray diffraction
(XRD) patterns of the obtained product confirmed that the

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/c9ta11618d

Published on 27 January 2020. Downloaded on 2/11/2020 5:51:07 AM.

View Article Online

Review Journal of Materials Chemistry A
Raw materials Structure Anbiications
Synthesis conditions Properties PP
® Properties of biomass ®Porous structure ®F]ectrode materials of
raw materials ®Graphitic structure e

®Flectrode materials for

® Synthesis temperature i
®Specific surface area lithium ion batteries

Synthesis time

o Usaee o activation ®Degree of graphitization ®Catalyst for ORR of fuel
catalyst ®Morphology elle

S [ J
® Usage of graphitization i

®Nitrogen-doped ®Catalyst for persulfate

catalyst 7
i activation
O e ek configuration and content .
®Support for photocatalytic
® Post-treatment methods ®Heteroatom content materials

\ J \ J \ J

Fig. 2 A summary of the parameters that influence the structure and properties of BPGCs and their application.
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Fig.3 (a) SEM, (d) TEM, and (g) HRTEM images of the pyrolysis product at 700 °C. (b) SEM, (e) TEM, and (h) HRTEM images of the pyrolysis product
at 900 °C. (c) SEM, (f) TEM, and (i) HRTEM images of the pyrolysis product at 1100 °C. (j) The XRD patterns of the pyrolysis product. (k) Pore size
distributions of the pyrolysis product. Reprinted with permission from ref. 27. Copyright 2016 Elsevier B. V.
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product had more intensive and narrower XRD peaks with the
increase of the pyrolysis temperature (Fig. 3j).?® It was evident
from Raman spectra that the integrated intensity ratio (Is/Ip) of
the G band to the D band increased as the pyrolysis temperature
increased, indicating that the degree of graphitization became
higher. The as-prepared product all showed a hierarchical
porous structure, and the specific surface area and pore volume
of the products increased significantly as the pyrolysis
temperature increased (Fig. 3k).>” The pyrolysis temperature has
an important influence on the porous structure and graphitic
structure of biomass.>*"*! Increasing the pyrolysis temperature
within a certain range, the number of pores (especially micro-
pores) and the specific surface area of biomass will increase,
which is beneficial to the formation of a good porous struc-
ture.** At the same time, when the pyrolysis temperature
increases, the graphitic structure of biomass will gradually
develop, and the whole crystal structure tends to be orderly,
resulting in an increase in the degree of graphitization.*® Yu
et al.** gained porous graphitic carbon (PSS-bio) by pyrolysis of
shrimp shells at different temperatures. They also detected that
pyrolysis temperature is the key element to regulate the porous
structure and carbon configuration of PSS-bio. The elevation of
pyrolysis temperature promoted the formation of hierarchically
macro-/meso-/microporous structure and more graphitic
carbon. It was worth noting that the removal order of impurities
in biomass feedstocks had a significant impact on the porous
structure of the product. As the degree of graphitization of the
product increased, pyrrolic N in the product was converted to
pyridinic N, which could be further converted into graphitic N.
A study by Gao et al.*® also revealed the influence of pyrolysis
temperature on the nitrogen-doped configuration and content
of BPGCs. At a higher temperature, the product obtained by
pyrolyzing amaranth has a lower total nitrogen content. With
the increase of pyrolysis temperature, the content of graphitic N
and pyrrolic N increased, while the content of pyridinic N
decreased. In the few reports available, the effect of pyrolysis
temperature on the structure and properties of BPGCs prepared
by slow pyrolysis alone has been highlighted. Other influencing
factors such as the pyrolysis time, feedstock type and heating
rate are rarely mentioned. The proper selection of biomass raw
materials is the key to realizing the preparation of BPGCs by
slow pyrolysis. The construction process of the porous structure
and graphitic structure of biomass should be deeply understood
to guide the expansion and further analysis of BPGC prepara-
tion by slow pyrolysis in the future.

2.2 Chemical activation

Slow pyrolysis is often considered as a necessary step in the
fabrication of BPGCs. Most findings have revealed that BPGCs
are less likely to be gained from the slow pyrolysis of biomass
unless the pyrolysis is combined with another process (chem-
ical activation or catalytic graphitization). Chemical activation
strategies can be employed to further improve the porous
structure and graphitic structure and increase the specific
surface area (SSA) of biomass.*®** The chemical activation
method is usually mixing the activator and biomass materials

J. Mater. Chem. A
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evenly in a certain proportion, followed by slow pyrolysis under
the protection of an inert gas atmosphere.*>*® The common
activators are KOH, H;PO,, ZnCl, and K,CO;, among which
KOH is the most popular chemical activator. By the same token,
the chemical activation method based on the KOH activator is
the most commonly used method to prepare BPGCs. At present,
there are three main conclusions about the activation mecha-
nism of KOH on carbon,* which have been widely accepted: (a)
chemical activation process: several K-based compounds are
used as activators to etch the carbon skeleton by an oxidation-
reduction reaction with carbon, as shown in reactions (1)-(3),
thus producing a well-developed porous structure.*’ (b) Physical
activation process: H,O generated by reaction (4) and CO,
generated by reactions (5) and (6) in the activation system all
etch carbon,”™* which contributes positively to the further
development of the porosity of the carbon skeleton. (c) As
shown in reactions (1), (7) and (2), the metal K obtained in the
reaction can be effectively embedded into the lattice of carbon,
thus causing lattice expansion.* When the inserted metal K and
K-based compounds are removed by washing, the porous
structure of carbon will be further enlarged.** The process of
carbon activation by KOH involves chemical action, physical
action, and carbon lattice expansion caused by inserting metal
K into the carbon lattice. Multiple synergistic effects result in
the formation of a porous structure and a high specific surface
area.*

K,O + C — 2K + CO (1)
6KOH + 2C — 2K + 3H, + 2K,CO; (2)
K,CO; + 2C — 2K + 3CO (3)
2KOH — K,O0 + H,0 (4)

CO + H,O —» CO, + H, (5)
K,CO; — K,0 + CO, (6)

K,O0 + H, —» 2K + H,0 (7)

The KOH activation process of biomass can be divided into
two categories. The first type is direct one-step high-
temperature activation accompanied by slow pyrolysis (i.e.
carbonization) of the composite of biomass and KOH.* The
two-step KOH activation method is more commonly used in
preparing BPGCs in comparison with the one-step direct KOH
activation. Biomass is always pre-activated by hydrothermal
carbonization (HTC),** pre-carbonization, or chemical
pretreatment before KOH activation. Ma's group*” compared
the effects of three different activation methods based on KOH
on the structure and properties of the as-prepared products
(Fig. 4a). Three-dimensional hierarchical porous carbon
(3DHPC) was prepared from mung bean husk by hydrothermal
carbonization combined with KOH activation, while the porous
carbon (PC) obtained by pre-carbonization combined with KOH
activation and the porous carbon block (PCB) obtained by
hydrothermal carbonization combined with pre-carbonization

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/c9ta11618d

Published on 27 January 2020. Downloaded on 2/11/2020 5:51:07 AM.

View Article Online

Review Journal of Materials Chemistry A

(2)

Mung beans
Mung beanflour  Mung bean sprout

@
@ !
qroduets \\’
’d‘a‘ gt X « A
AN \ salt
jon | !
wmsi w‘\‘”‘“’ Y X « Gases: €O, CO, H,0

Porous carbon block v/ {
Microporous
 Pyrolysis @ Expansion p_Removing | carbon wall
Act:vanon Impumles

Hierarchical porous carbon

Porous carbon blo{k )

i oY —
Mung bean husk /%
e s
K7
-
‘3% 3D hierarchical porous carbon Hydrochar
1,
Biochar Oy Mgicition
g
‘on

Porous carbon block

&
-l -

TWA-WC Stirring Treatment

KOH
’Carbonlzatlon. Activation .

Green Tea Waste Activated TWA

Molten mixture

Nanoflakes

Nanoparticles

Confirmation of graphitic
o obtain graphitic porous carbon porous carbon

Structural separation

«Q u i HCI
Treatment ( D 2400

Stirring

»' ot x\ j/é

1600 ™
1400 -

specific surface arca (m’/g)

1200

1000

5 b
pore volume (cmzlg)

—m— specific surface area (m?/g)

—u— pore volume (cm’/g)

m c‘ﬂmh 1 mm‘ d m
KOH
Activation 800

2422 HER

L '
8w - )
[CRCRE] [~E-N-N-] R&ax

B4

.
- - N v o~
3]

a CaCOs - GHC material Levels of parameters

Fig.4 (a) Schematic illustration of porous carbon prepared by three chemical activation methods based on KOH. (b) Schematic illustration of the
constitution process of the three-dimensional hierarchical porous structure. Reprinted with permission from ref. 47. Copyright 2019 Elsevier B. V.
(c) Schematic diagram of synthesis of carbon materials by KOH activation with different post-treatment methods. Reprinted with permission
from ref. 50. Copyright 2019 Elsevier B. V. (d) Schematic of the evolution of the three samples from the sawdust of pitch pine and HR-TEM image
of the samples. Reprinted with permission from ref. 49. Copyright 2017 Elsevier B. V. (e) Schematic of the process of the fabrication of the GHC
material. (f) The effect of A (impregnation ratio), B (activation temperature), C (activation time), D (carbonization temperature), and E (carbon-
ization time) on the specific surface area and pore volume of the as-prepared GHC materials. Reprinted with permission from ref. 51. Copyright

2018 the Royal Society of Chemistry.

and KOH activation showed blocky shape with abundant
micropores. The oxygen-containing functional groups on
porous carbon after hydrothermal carbonization played an
important role in promoting the three-dimensional porous
structure of 3DHPC (Fig. 4b). 3DHPC and PCB are less graphi-
tized than PC due to their high heteroatom content. They also
had a lower specific surface area and more oxygen-containing
groups. It can be seen that screening for an appropriate KOH
activation method for a certain type of raw material to prepare
BPGCs is the basis.

The preparation of BPGCs from biomass by a chemical
activation method based on KOH has been extensively studied.
The influences of the type of raw material, activation

This journal is © The Royal Society of Chemistry 2020

temperature, activator concentration, ratio of activator to raw
materials and activation pre-treatment and post-treatment
methods on the structure and properties of BPGCs have been
emphatically discussed. Xing et al.*® reported porous graphitic
carbon with different amylopectin contents obtained from three
different raw materials (taro, sweet potato, and potato) through
a combination of pre-carbonization and KOH activation. The
products with a higher amylopectin content possessed a higher
degree of graphitization and lower specific surface area. It is
valuable to identify more ingredients which are similar to
amylopectin from the raw materials to regulate the porous
structure and graphitic structure of BPGCs. Another study
converted the biomass of chemical reagent pretreatment into
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partially graphitic porous carbon from pitch pine (Pinus rigida)
via KOH activation by Han et al.*® (Fig. 4d). Soaking biomass in
NH,OH solution resulted in the separation of its components.
Significantly, the as-separated cellulose and hemicellulose
promoted the development of a porous structure, and the as-
separated lignin was more conducive to the formation of
a graphitic structure after KOH activation.” Inspired by this
research, adjusting the proportion of cellulose, lignin, and
hemicellulose in biomass to control the structure and proper-
ties of BPGCs needs attention. Moreover, this study also
confirmed that the effects of different pre-treatment methods
on the structure and properties of the product may play a deci-
sive role. The pre-treatment methods used to prepare BPGCs
also include the most basic washing, drying, grinding and
pulverizing at the moment. Similarly, the post-treatment
methods for preparing BPGCs also have a great influence on
their structure and properties. Lee's team® carried out two
different post-treatment methods of green tea waste activated
with KOH and pre-carbonized, in which interconnected meso-
porous graphitic carbon nanoflakes (TWA-WC) were obtained
after treatment with water and aggregated nanoparticles (TWA-
HC) were obtained after treatment with hydrochloric acid
(Fig. 4c). In contrast, TWA-WC has a higher graphitization
degree, larger specific surface area and more developed pore
structure. Surprisingly, Zhang et al.>* comprehensively analyzed
the effects of various preparation conditions on the properties
of three-dimensional hierarchical porous graphitic carbon
(GHC) derived from garlic skin treated with KOH and pre-
carbonized (Fig. 4e). Specifically, by using an orthogonal
method, the influence of the impregnation ratio of KOH to
carbonized products (A), activation temperature (B), activation
time (C), carbonization temperature (D), and carbonization
time (E) on the specific surface area and pore diameter was
strikingly probed. The following conclusions could be drawn
from Fig. 4f: (i) With the gradual increase of the ratio of KOH to
the carbonized product, the number of open holes and enlarged
holes of GHC increased, and the specific surface area and pore
volume increased rapidly. However, excessive KOH resulted in
excessive ablation of GHC. The carbon skeleton around some
micropores collapsed, making some micropores combine to
form mesopores or even macropores, leading to the decrease of
the specific surface area and pore volume of GHC. (ii) Increasing
the activation temperature made more carbon active sites
participate in the reaction with KOH, which significantly
improved the specific surface and pore volume. However, there
were a certain number of active carbon sites that reacted with
KOH. After the optimal temperature, increasing the tempera-
ture (especially after 800 °C) caused the undue ablation and
collapse of the carbon skeleton. (iii) Increasing the carboniza-
tion temperature created more initial pores and promoted the
subsequent KOH activation, thus increasing the specific surface
area and pore volume of GHC. Nevertheless, when the carbon-
ization temperature was too high, the mechanical strength of
the pore structure will be weakened, leading to the collapse of
the carbon skeleton in the carbonization process and the
subsequent activation process. (iv) The longer the activation
time, the better the development of pores and the larger the
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specific surface area and pore volume. In general, the influence
level of preparation conditions on the pore structure of GHC
followed the order: carbonization temperature > activation
temperature > impregnation ratio > activation time > carbon-
ization time. These conclusions reflected in most studies on the
preparation of BPGCs and had an important reference value for
the controllable preparation of porous structure. However, the
effect of these preparation conditions on the graphitic structure
and heteroatomic doping was not described.

During the preparation of BPGCs by chemical activation
based on KOH, the influence of preparation temperature on the
properties and structure of BPGCs is of the greatest concern.
Yuan et al.*® prepared a series of carbon materials (CMCN-X, X
represents the activation temperature) by KOH activation of pre-
carbonized peanut residue at 600 °C, 700 °C, 800 °C, 900 °C and
1000 °C, respectively. The products at activation temperatures
ranging from 600 °C to 800 °C exhibited interconnected three-
dimensional hierarchical carbon nanosheets (Fig. 5a-c and f-
h), while the products at activation temperatures of 900 °C to
1000 °C showed a wrinkled graphene-like nanosheet
morphology (Fig. 5d-e, i and j). With the increase of activation
temperature, the products had more graphitized carbon
microcrystals. The Raman spectra and XRD patterns further
confirmed that the degree of graphitization of the products was
proportional to the activation temperature (Fig. 5k and 1).
Moreover, when the activation temperature increased, the
heteroatom and nitrogen content of the products decreased
(Fig. 5m and n). The mesoporous structure of CMCN-900 and
CMCN-1000 was particularly obvious, while CMCN-600, CMCN-
700, and CMCN-800 possessed a sky-high microporous ratio.
From 600 °C to 800 °C, the specific surface area of the products
gradually ascended and then begun to descend (Fig. 50). Chen
et al.®® prepared cellular architecture porous carbon from taro
epidermis by pre-carbonization integrated with KOH activation.
Similarly, they discovered that the content of nitrogen and
oxygen of the products at higher activation temperatures
decreased and the specific surface area initially enlarged and
diminished after 800 °C with the increase of activation
temperature. The graphitization degree and crystallinity of the
as-prepared products at higher KOH activation temperature
slightly weakened, presumably because KOH activation led to
more defects in carbon.* Another study by Song et al.>* also
seemed to support this point. They obtained three-dimensional
hierarchical porous carbon (3DHPC) from corn husk through
KOH pretreatment and subsequent pyrolysis. When the
concentration of KOH solution impregnated corn husk was
increased, the graphitization degree of 3DHPC was lower. The
higher KOH content in the samples might cause the growing
disorder and defects in the carbon structure. However, the study
by Li et al.>® found that the graphitization degree of the as-
prepared products increased first and then decreased with the
increase of activation temperature. The products were obtained
from sisal through pre-carbonization and KOH activation. As
for the impact of KOH activation temperature on heteroatoms
in BPGCs, Ma et al.*® and Chen et al.*” explained that when the
activation temperature rose, the proportion of total nitrogen
and pyrrolic nitrogen of the as-fabricated products decreased,
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Fig.5 FESEM images of (a) CMCN-600, (b) CMCN-700, (c) CMCN-800,
(g) CMCN-700, (h) CMCN-800, (i) CMCN-900, and (j) CMCN-1000. (k)

(d) CMCN-900, and (e) CMCN-1000. HRTEM images of (ff CMCN-600,
Fitted Raman spectra of CMCN-X (X from 600 °C to 1000 °C). () XRD

patterns, (m) FTIR spectra, (n) XPS spectra, and (o) Pore size distributions of CMCN-X (X from 600 °C to 1000 °C). The inset in (o) shows the
cumulative pore volume. Reprinted with permission from ref. 52. Copyright 2019 American Chemical Society.

while the proportion of graphitic N increased. Ma et al.>® also
found that the content of oxygen in the as-fabricated products
also decreased with the increase of activation temperature. The
reason for the influence of temperature on heteroatoms
remains to be further studied, which can vigorously promote
the development and utilization of heteroatom-doped BPGCs.
In general, chemical activation methods based on KOH have
been widely used to prepare BPGCs, among which the most
widely used method is to combine KOH activation with pre-
carbonization or hydrothermal carbonization by selecting
appropriate pre-treatment and post-treatment methods.
However, the current problem is that the relationship between
biomass raw materials and various preparation conditions and
the structure and properties of BPGCs needs to be further
systematically studied and clarified. The effect of activation

This journal is © The Royal Society of Chemistry 2020

temperature on the porous structure and specific surface area of
BPGCs has been studied thoroughly, but the influence of other
factors on the graphitic structure and heteroatom doping of
BPGCs needs to be studied. In particular, the synergistic effect
of various parameters is rarely analyzed, which is of great
significance to balance various preparation conditions to ach-
ieve controllable preparation. In addition, the mechanism and
deeper reasons behind these effects need to be researched
seriously. It is necessary to mention the shortcomings of the
KOH activation process, such as corrosive nature and high
activation temperature. How to overcome these disadvantages
is the research hotspot of chemical activation in the future.
Sodium amide (NaNH,) is an emerging activation and nitrogen-
doping agent to replace KOH, which helps to prepare BPGCs at
relatively low activation temperature.’®*® Zhang et al®
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employed solid NaNH, to synthesize N-rich carbon materials
with a layered graphene-like structure and hierarchical porous
structure from oil-tea seed shells (OTSSs) through direct
chemical activation. Latterly, newly emerged copper bromide,**
potassium oxalate monohydrate®, and dicyandiamide® have
also been reported to supersede KOH to prepare BPGCs.

2.3 Catalytic graphitization

Generally speaking, the hard carbon structure formed in the
pyrolysis process of biomass is elusive to mutate into an ideal
graphitic structure even when pyrolysis temperature is up to
2500 °C.**** The hard carbon structure is composed of
a graphite microcrystalline and amorphous zone, which does
not show crystalline properties macroscopically. The porous
structure of biomass can be typically developed, but the
graphitic structure is ordinarily not perfect after chemical
activation.®*” Compared with graphitic carbon (GC), biomass
with chemical activation has relatively low electrical conduc-
tivity, which means that it is needful to improve its graphitic
structure to enhance application performance.*® At present,
high temperature pyrolysis and catalytic graphitization are the
main methods to prepare carbon materials with an excellent
graphitic structure from biomass.®® High temperature pyrol-
ysis often takes a temperature of 2500 °C or higher tempera-
ture to achieve a well-developed graphitic structure of
materials. Superhigh temperature conditions consume a lot of
energy, which is not in line with the principles of “energy
conservation and emission reduction” and green chemistry.
Catalytic graphitization refers to the introduction of graphiti-
zation catalysts into amorphous carbon.**”® Graphitization
catalysts cut the activation energy of transition from amor-
phous carbon to the graphite phase, so that graphitic carbon is
obtained at a lower temperature (<1000 °C).”"”> Low temper-
ature graphitization retains the original structural character-
istics of biomass to the maximum extent, improves the
graphitic structure and optimizes the porous structure and
surface properties of biomass. Catalytic graphitization is a very
complicated process with both physical and chemical
changes.”’* At present, there are two mechanisms for catalytic
graphitization: (a) the dissolution and re-precipitation mech-
anism.”’® Under the action of a graphitization catalyst, the
chemical bonds between the carbon atoms are broken, and
then the catalyst continuously dissolves the amorphous
carbon until it reaches saturation. The energy level of satu-
rated carbon is higher, so it needs to be converted to a low-
level graphite crystal state, thereby obtaining a graphitic
carbon material. (b) The carbide transformation and decom-
position mechanism:”””® the graphitization catalyst first
combines with the carbon material to form a carbide and then
decomposes to form graphitic carbon.”*® It should be pointed
out that the above two mechanisms are relatively clear about
the catalytic graphitization. The mechanism of catalytic
graphitization of biomass is very complex, and there are still
many to be explored. Until now, the most commonly used
graphitization catalysts are transition metal elements (such as
Fe, Co, and Ni) and their oxides (such as Cr,0; and MnO,).”*”°
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These graphitization catalysts sometimes act not only as
catalysts but also as hard templates to accelerate the pore
formation.

The structure and properties of BPGCs formed by catalytic
graphitization are influenced by the biomass precursor, the
categories and concentrations of the graphitization catalyst, the
post-treatment methods, and so on.**** Sevilla et al.”* acquired
graphitic carbon (GC) by pyrolyzing sawdust impregnated with
iron nitrate or nickel nitrate at 900 °C and 1000 °C. In order to
get pure graphitic carbon to the greatest extent, it is particularly
important to carry out effective post-treatment. The as-acquired
samples after pyrolysis and acid pickling contained amorphous
carbon and graphitic carbon (Fig. 6a and b). Sevilla et al.”* made
use of an oxidant (potassium permanganate) to remove amor-
phous carbon from the as-acquired samples to obtain high
purity graphitic carbon (GC) (Fig. 6¢). It was found that iron had
better catalytic graphitization performance than nickel. When
the pyrolysis temperature increased, the graphitization degree
of GC increased and the specific surface area decreased. Liu
et al.* employed iron nitrate as a graphitization catalyst to
pyrolyze coconut shells in the range of 500-100 °C to prepare
graphitic carbon with a three-dimensional interconnected and
hierarchical porous structure. They also found that the graph-
itization degree of the products increased with the increase of
temperature. Interestingly, Thompson et al.*® revealed that the
graphitization degree and graphitic structure of porous
graphitic carbon prepared from cork sawdust had almost no
fluctuation by reducing the concentration of the graphitization
catalyst iron (Fig. 6d), while its specific surface area gradually
increased and the pore structure changed (Fig. 6e). They also
hypothesized that the resulting liquid iron carbide (Fe;C)
nanoparticles, which acted as the graphitization catalyst, dis-
solved amorphous carbon when they etched and flowed
through the carbon matrix. The Fe;C nanoparticles catalyzed
the formation of graphitic nanotubes later, which was related to
the mechanism of dissolution and reprecipitation. Gutiérrez-
Pardo et al.** obtained porous graphitic carbon by using iron
to catalyze beech. It was also speculated that the catalytic
graphitization mechanism is similar to that of Thompson
et al.'s® study (Fig. 6f). In addition, Wu et al.®® introduced iron
(m) acetylacetonate into degreasing cotton and obtained
graphitic carbon through subsequent pyrolysis. Catalytic iron
nanoparticles also catalyzed the formation of graphitic shell
layers by the dissolution and re-precipitation mechanism.

It can be seen that the research on the preparation of BPGCs
from biomass by catalytic graphitization is not sufficient, which
also hinders the analysis and generalization of the effects of this
method parameters on the structure and properties of the
products. Highly graphitic carbon materials can be obtained
from biomass by catalytic graphitization, but it is difficult to
obtain carbon materials with an excellent porous structure. It
has great potential to improve the catalytic graphitization
method to prepare BPGCs with an excellent graphitic structure
and porous structure. Wang et al.*” obtained graphitic carbon
nanostructures from Fe/conducting polymer/biomass compos-
ites by microwave-assisted pyrolysis. After the microwave-
assisted pyrolysis, the unique and complex morphologies and
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Fig.6 TEM images of (a) the iron-carbon nanocomposite (iron nanoparticles are the dark areas) and (b) the carbonized sample after the removal
of iron nanoparticles. (c) The graphitic carbon obtained after the removal of amorphous carbon (inset, SAED pattern of this sample). Reprinted
with permission from ref. 74. Copyright 2007 American Chemical Society. (d) PXRD patterns and (e) N, sorption isotherms (vertically offset) for
sawdust carbonized with a range of iron concentrations (values in mol%); inset shows the plot of the relative intensities of main Fe/FesC and
graphite peaks with changing iron : biomass ratio. Reprinted with permission from ref. 69. Copyright 2015 the Royal Society of Chemistry. (f)
Schematic of the catalytic mechanism responsible for the formation of partially graphitized carbon (formation of Fe,C, droplets and growth of
graphitic structures by solution-precipitation and decomposition of Fe,C, into Fe nanoparticles surrounded by a graphitic shell). Reprinted with

permission from ref. 85. Copyright 2015 Elsevier B. V.

microstructures of biomass were reserved, and highly porous
graphitic materials were obtained at the same time. Indeed, it
would be foremost to develop graphitization catalysts that have
the ability to develop good porous structures for biomass.

2.4 Catalytic graphitization combined with chemical
activation

2.4.1 Using two different catalysts. Generally speaking, the
methods for preparing porous carbon materials from biomass
are chiefly based on chemical activation. However, the graphitic
structure of BPGCs obtained by chemical activation is not
desirable, which sometimes needs to be further graphitized in
practical applications.®® Catalytic graphitization by means of
transition metals is an effective way to get carbon materials with
a good graphitic structure. From the previous discussion, it can
be known that the promotion of the graphitization degree
caused by the graphitization catalyst is able to balance the
reduction of the graphitization degree caused by activation
agents such as KOH. Accordingly, the combination of chemical

This journal is © The Royal Society of Chemistry 2020

activation and catalytic graphitization is a promising pattern of
preparing BPGCs. Two different catalysts are used for chemical
activation and catalytic graphitization, respectively. Among
them, the catalysts for catalytic graphitization are primarily
metal salts containing Fe, Co, and Ni, and the reagents for
chemical activation are mostly KOH, ZnCl,, and K,CO;. The
porous and graphitic structure or heteroatom doping of BPGCs
primarily depends on the characteristics of biomass raw mate-
rials, methods of pretreatment and operating parameters
(especially temperature).®

Chang et al® prepared carbon materials treated with
different activators (KOH, NaOH, ZnCl,, and H3;PO,) using
Chinese parasol fluff as the precursor and cobalt nitrate (Co
(NO;),) as the graphitization catalyst (Fig. 7a). The results
showed that the carbon materials prepared under the activation
treatment of KOH had a unique hierarchical interconnected
porous skeleton (Fig. 7b-i), the highest graphitization degree
and an optimal pore size distribution. Yang et al.*® used Co
(NO;), and KOH as the graphitization catalyst and activation
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agent respectively to manufacture hierarchical porous carbon
(PAGC) with a high graphitization degree and heteroatom
content from bio-waste shaddock endothelium by one-pot
pyrolysis. The results displayed that when the mass ratio of
KOH to biomass feedstock increased, the graphitization degree
of the products weakened (Fig. 7j and k), and the specific
surface area of the products first increased and then decreased.
These results also verified our previous conclusions. Intro-
ducing Co (NOj3), into bio-waste shaddock endothelium in the
preparation of the products relieved the negative impact on the
decreased graphitization degree caused by KOH treatment.*”®
Instead of Co (NO3), and KOH, FeCl; was combined with ZnCl,
to simultaneously graphitize and activate coconut shells to
fabricate porous graphene-like nanosheets (PGNSs) with a high
specific surface area for supercapacitor electrodes by Sun et al.**
It could be seen that changing the amount of activator ZnCl,
had no obvious effect on the graphitization degree of the PGNSs

J. Mater. Chem. A

(Fig. 71). In the beginning, the specific surface area of the PGNSs
increased with the increase of the activator amount, but the
excessive activator was not conducive to the formation of the
porous structure, resulting in a lower specific surface area. The
graphitization degree of the PGNSs increased with the increase
of carbonization temperature. The high temperature was
conducive to the transformation of carbon materials from
amorphous carbon into crystalline carbon, but too high
temperature led to the collapse of the carbon skeleton and
decrease the specific surface area. A study by Wan et al.®> found
a similar effect of temperature change on the degree of graph-
itization and specific surface area. They obtained nitrogen and
sulfur co-doped hierarchical porous graphitic carbon from rape
pollen through catalytic graphitization and activation with
FeCl; and ZnCl,. They also found that with the increase of
pyrolysis temperature during the preparation of materials, the
content of heteroatoms decreased, and the content of different
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nitrogen configurations had no obvious law of change.
However, Jin et al.®® got three-dimensional interconnected
porous graphitic carbon from rice straw through graphitization
and activation with nickel nitrate and KOH. When the KOH
activation temperature was increased, the graphitization degree
of the products first increased and then decreased. It should be
noted that this study did not directly pyrolyze the mixture of the
graphitization catalyst, activator and biomass raw materials. Cai
et al®* prepared hierarchical porous graphitic carbon from
Moringa oleifera stem using FeCl; and ZnCl, as the graphitiza-
tion catalyst and chemical activator, respectively. The increase
of graphitization catalyst (FeCl;) concentration promoted the
enhancement of the graphitization degree and the increase of
the specific surface area. For the preparation of BPGCs using
a graphitization catalyst and chemical activator, more attention
has been paid to the influence of temperature and activator
dosage on the porous structure and graphitic structure of
BPGCs. However, there is no complete theory to adjust the
influence of these parameters on the structure and properties of
BPGCs. What is clear is that both the temperature and the
dosage of the activator may have a value that gives the best
effect. In practical applications, how to regulate these parame-
ters and make BPGCs with the best performance is our goal. In
the future, more attention should be paid to the effect of the
graphitization catalyst on the structure and properties of the
products, as well as the effect of these parameters on the
regulation of heteroatoms.

2.4.2 Using one catalyst. It is found that BPGCs can be
synthesized by using two different catalysts, in which the acti-
vation catalysts are used to stimulate and develop the porous
structure and the graphitization catalysts catalyze the formation
of the graphitic structure. Unfortunately, the majority of the
above activators and catalysts are highly corrosive or toxic
substances, which will cause corrosion of the production
equipment and environmental pollution. Using two different
catalysts is time-consuming and complex for operation. There-
fore, compared with two different catalysts, using only one
catalyst to realize simultaneous activation and graphitization of
biomass is less time-consuming, more efficient and less pollu-
tion. Gong et al.”® proposed a “one catalyst” method to fulfil the
synchronous activation and graphitization of bamboo for
preparing highly porous graphitic carbon by using potassium
ferrate (K,FeO,) as the catalyst. According to reaction (8),
potassium ferrate was thermally decomposed to form KOH and
Fe (OH)z;, wherein KOH was responsible for the activation
process and Fe (OH); was related to the graphitization
process.*>*%%”

4K,FeO, + 10H,0 — 8KOH + 4Fe (OH); + 30, (8)

Xia et al.®® developed a low temperature graphitization
method to achieve efficient preparation of coconut shell biochar
from a hard carbon structure to three-dimensional porous
graphene-like sheets (3DPGLS) at 900 °C by utilizing carbonate
as the molten salt medium and catalyst (Fig. 8a). The formation
process of the graphene-like structure of coconut shell biochar
is shown in Fig. 8b and c. Firstly, the sp® cross-linking carbon
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atoms in hard carbon were chemically cut by potassium
carbonate (K,CO3). The detached graphite crystallites could
move freely in the molten salt. When the reaction temperature
gradually rose to 600 °C, K,CO; started to react with carbon,
according to reaction (9).°>'*° Then, under the catalysis of alkali
metal atoms (K), the graphene microcrystals have merged and
grown to form a graphene lamellar structure. At the same time,
the pore-forming effect of alkali metal carbonate (K,CO3) made
the material have a porous structure, and three-dimensional
porous graphene-like sheets with a high specific surface area
were obtained.”®

K,CO; +2C — 2K + 3CO1 (9)

Although catalytic graphitization combined with chemical
activation is an effective way for producing BPGCs, simpler
processes are still needed to prepare BPGCs.** Consequently, it
is a key requirement and major challenge to develop a more
effective and simple method for preparing BPGCs from existing
natural renewable biomass. For the preparation strategy, it
should not only match with biomass sources with different
characteristics, but also have extensibility. It is urgent to explore
more green and efficient activators and optimize the existing
catalytic and activation process.

2.5 For precise and controlled preparation

As we all know, biomass has the characteristics of rich sources,
diverse structures and properties. In recent years, how to
prepare BPGCs accurately and controllably from a wide range of
biomass resources has attracted much attention. At present,
there seems to be no systematic theory and method to guide the
accurate and controlled preparation of BPGCs. To this end, we
put forward the following possible solutions and suggestions
including the smart selection of suitable biomass raw materials,
development of common and effective synthesis strategies, and
establishment of a biomass feedstock-synthesis parameter—
structure and property evolution model.

(i) The smart selection of suitable biomass raw materials. In
view of the main structure and properties of BPGCs (i.e., porous
structure, graphitic structure, specific surface area and hetero-
atom doping), it is necessary to prepare BPGCs by using the
characteristics of specific biomass with a natural structure and
composition. There are many research studies on BPGCs from
certain biomass. In order to expand the production, it is
important to systematically summarize the commonness of
biomass sources. Niu et al.'® summarized that collagen-based
porous carbon (CPC) prepared from collagen-enriched
biomass has rich heteroatom doping, developed porosity and
a unique morphology. Bi et al.* reviewed the preparation of
porous carbon materials with a one-dimensional or two-
dimensional or three-dimensional structure by using the
natural biological structure of biomass. Zhou et al.® summa-
rized the preparation of carbon materials with a three-
dimensional porous structure from biomass. These studies
provide a good reference for us to choose biomass raw mate-
rials. However, the preparation of carbon materials with
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Fig. 8 (a) Synthetic procedure of 3DPGLS. (b) Simulation of the biochar graphitization process: transition from hard carbon to graphene-like
sheets. (c) Detailed processes of catalysis graphitization. Reprinted with permission from ref. 98. Copyright 2018 the Royal Society of Chemistry.

a graphitic structure from biomass has not been systematically
summarized. Choosing a suitable precursor of biomass is to
make full use of the characteristics of biomass and maximize its
utilization value, so as to lay the foundation for the subsequent
preparation.

(ii) Development of common and effective synthesis strate-
gies. The controlled preparation of BPGCs from a single
biomass type has been extensively explored, and how to repli-
cate the synthesis of BPGCs from a variety of biomass sources is
worthy of attention. Li et al.'®* took Mgs(OH),(COs),/ZnCl, as
a double template through high-temperature carbonization and
activation to explore a universal synthesis method for the
synthesis of hierarchical porous heteroatom-doped carbon
materials from a variety of biomass sources. In addition, Xia
et al.®® also prepared porous graphitic carbon materials from
several biomass materials by high-temperature activation of
K,COs.

(iii) Establishment of a biomass feedstock-synthesis
parameter-structure and property evolution model. At present,
it is necessary to analyze and summarize the influence of the
biomass types, preparation methods and parameters on the
structure and properties of BPGCs. The mechanism of action of
each parameter needs to be described and analyzed at the
micro-level. At the same time, the interaction mechanism of the
different parameters is worthy of deep exploration, and the
biomass feedstock-synthesis parameter-structure and property

J. Mater. Chem. A

evolution model is sought to establish. So that the structure and
properties of BPGCs can be systematically regulated and pre-
dicted, and the accurate and controllable large-scale prepara-
tion can be realized.

3 BPGCs for energy applications
3.1 Supercapacitors

In recent years, supercapacitors (SCs) have received great
attention as a type of leading electrochemical energy storage
device and are regarded as the most promising green energy
technology in this century.'®® Compared with conventional
capacitors and secondary batteries, the main advantages of SCs
are as follows: fast charge-discharge process, high power
density, high specific capacity, long-term cycle stability, wide
operating temperature range and energy conservation.'®* %’
According to their different energy storage mechanisms,
supercapacitors can be divided into three types: electrical
double layer capacitors (EDLCs) based on non-faradaic mode,
pseudocapacitors based on faradaic mode and hybrid capaci-
tors based on the above two principles of energy storage.'’®
Among them, EDLCs are the most widely studied and have been
commercialized at the same time. EDLCs have been applied in
many fields, including power, transportation, national defense,
military industry, new energy vehicles, electronics and mobile
communications, and the related research is a hot topic at the

This journal is © The Royal Society of Chemistry 2020
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moment."***"* The energy storage of EDLCs is based on the
reversible adsorption and desorption of ions in the electrical
double-layer at the electrode/electrolyte interface.">*** The
basic components of supercapacitors are electrodes, electrolytes
and diaphragms. Among these components, electrode materials
determine the main performance parameters of super-
capacitors, accounting for more than 30% of the total cost of
supercapacitors.”*>"¢ Because electrode materials are the core
of realizing the industrialization of supercapacitors, the current
research on supercapacitors mainly focuses on electrode
materials.””"*® Although supercapacitors have shown excellent
performance and great potential in all aspects, there are still
problems to be solved, including low energy density, high cost,
high self-discharge rate and poor rate performance.'*® High cost
and low energy density are the biggest obstacles for the appli-
cation of supercapacitors."*® To overcome these difficulties, the
most effective solution is to develop an electrode material with
low cost and excellent performance. So far, carbon materials are
the most mature electrode materials for supercapacitors.”****
An ideal choice for electrode material of supercapacitors should
meet the following conditions:'*"*** (a) the electrode material
should have a reasonable porous structure to ensure that it has
a higher electrochemical activity specific surface area to obtain
better capacity performance and improve the rate performance.
(b) A good graphitic structure gives the electrode material
excellent electrical conductivity, which provides a low resistance
path for electrons. (c) Introducing heteroatoms into a electrode
material can not only make the carbon material itself have
a high pseudocapacitance, but also maintain a high cycling
stability. (d) The raw materials of electrode material are widely
available and the price is low. Therefore, BPGCs are suitable
electrode materials for EDLCs due to their good porous and
graphitic structure and heteroatom doping (Table 2).

It is found that micropores (<2 nm) with ion accessibility can
provide large capacitance, while larger pores (mesopores: 2-
50 nm; macropores: >50 nm) can offer channels for ion trans-
port, reduce diffusion resistance and improve the speed
performance of supercapacitors.””*** Therefore, it is very
important to develop hierarchical porous carbon with inter-
connected pores of different scales. The porous structure is
essential for the application of BPGCs in EDLCs. At present, the
hierarchical porous structure in which micropores, mesopores
and macropores coexist and the porous structure with three-
dimensional (3D) interconnected framework can provide good
application conditions for the design of high-performance
supercapacitor electrodes.””™® Sun et al™’ developed 3D
vertically aligned graphene nanosheet arrays (VAGNAs) from
spruce bark by combining hydrothermal carbonization and
KOH activation methods (Fig. 9a). The as-synthesized VAGNAs
not only maintained the excellent properties of graphene
nanosheets, such as high conductivity and high degree of
graphitization, but also derived an interconnected three-
dimensional hierarchical framework and large specific surface
area (Fig. 9b—e)."* For supercapacitor applications (Fig. 9f-k),
the obtained 3D VAGNAs exhibited a high specific capacitance
of 398 F g~ ' at a current density of 0.5 A ¢ ' and long-term
cycling stability with 96.3% capacitance retention after 10 000
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Fig. 9 (a) Schematic of the synthesis process of 3D VAGNAs. (b) SEM, high-magnification SEM, TEM, HR-TEM and SAED image of VAGNA-900.
(c) Pore size distribution curves. (d) XRD patterns. (€) Raman spectra. (f) The gravimetric capacitance of VAGNAs. (g) Cycling performance of
VAGNA-900 with the inset showing GCD curves. (h) Capacitance retention of VAGNA-900 with the inset showing GCD curves and EIS spectra. (i)
Ragone plot of the as-assembled symmetric supercapacitors. (j) Rate performance of VAGNA-900. (k) Ragone plot of symmetrical VAGNA-900
based supercapacitors. Reprinted with permission from ref. 130. Copyright 2018 Elsevier B. V.
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cycles. Moreover, a symmetric supercapacitor based on VAGNA-
900 presented a high specific capacitance of 239 Fg " at1Ag™"
and a high energy density of 74.4 W h kg™ ' at a power density of
743.7 W kg~ '. 3D VAGNAs could overcome the restacking of
graphene sheets and supply intimate structural inter-
connectivities, a large accessible surface area for electron/ion
transport, and better conductive contacts to lower the resis-
tance of nanosheets. Gong et al.*® put forward a “one catalyst”
synthesis to convert bamboo into three-dimensional porous
graphitic biomass carbon (PGBC). The PGBC was tested as the
electrode material of supercapacitors, and the results showed
that: (a) in a three-electrode system, the electrode provided
a specific capacitance of 222.0 F ¢ ' at 0.5 A g~ ' and offered
superb rate performance and low impedance. (b) The solid-state
symmetric supercapacitor assembled with this electrode had
good energy-power output performance and showed an energy
density of 6.68 W h kg™ at a power density of 100.2 W kg™ . (c)
The coin-type symmetric supercapacitor assembled with this
electrode could reach a higher energy density of 20.6 W h kg ™"
at a power density of 12 kW kg '. Recently, Han's team®
successfully synthesized three-dimensional hierarchical porous
graphitic carbon materials (GHCs) from garlic skin by carbon-
ization and activation, which exhibited excellent electro-
chemical performance and cycling stability when they were
used as electrode materials for supercapacitors. It was found
that micropores, especially those in the range of 0.4 to 1.0 nm,
contributed the most to the capacitance. The three-dimensional
hierarchical porous structure of GHCs ensured the efficient
operation of ion accumulation (micropores), transport and
diffusion (mesopores), and adsorption and storage (macro-
pores), thus shortening the ion diffusion distance and reducing
the diffusion resistance, which was conducive to ion transport
(Fig. 10a). The high conductivity of GHCs reduced the resistance
of the device, and oxygen functional groups ensured good

(b)

® &’ Carbon skeleton

Conventional active carbon with microporosity
as single-direction channels for ion transfer
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wettability and increased the contact surface area of the ions. In
addition, Zheng's team™* used Moringa oleifera leaves as the
precursor to prepare three-dimensional hierarchical porous
carbons (HCPCs) with multidirectional porosity and a highly
crumpled morphology. When the HCPCs were used as electrode
materials of supercapacitors, they still had high capacitance
retention and good cycle stability after 20 000 cycles of tests,
with a specific energy density as high as 21.6 W h kg~". The
surface morphology of HCPCs and the three-dimensional
hierarchical interconnected porous structure provided more
adsorption sites for electrolyte ions and also furnished a low
resistance path for electrons (Fig. 10b). Their other study also
found that carbon materials with a three-dimensional inter-
connected hierarchical porous structure were more conducive
to electrochemical energy storage than those with a simple
lamellar structure of horizontal stacking or vertical alignment
(Fig. 10c).”

Heteroatom doping is a simple and efficient method to
improve the performance of carbon-based electrode mate-
rials.”®**** The influence of heteroatom doping on the perfor-
mance of supercapacitors is mainly that the introduction of
heteroatoms will affect the electrochemical interface energy of
carbon materials and the properties of the electrical double
layer, such as wettability, conductivity and ion adsorption
properties.’***** In addition, heteroatom doping will change the
electronic structure of the material and increase the pseudo-
capacitive effect. Nitrogen doping can improve the electronic
mobility and hydrophilicity of carbon materials.”***” At
present, a variety of nitrogen-doped BPGCs with excellent
properties have been reported. Wang et al.**® synthesized
porous activated carbons with a high degree of graphitization
via KOH activation of willow catkins. Interestingly, the electro-
chemical performance of porous activated carbons was more
dependent on heteroatom contents than the specific surface

Current collector
O Electrolyte ion

Bio-inspired HCPCs with interconnected porosity
as multi-direction channels for fast ion transport

Hydroxide Potassium oxygen
ions ions functional

groups

Fig. 10 (a) Schematic illustration depicting the interaction between GHCs and ions on the electrode. Reprinted with permission from ref. 51.
Copyright 2018 the Royal Society of Chemistry. (b) Illustration of the carbon skeleton with single-direction porosity or multidirectional porosity
for ion transfer. Reprinted with permission from ref. 131. Copyright 2018 American Chemical Society. (c) From left to right, a schematic diagram of
the electrode material with a horizontally stacked layered structure, vertically aligned layered structure and three-dimensional interconnected
hierarchical porous structure. Reprinted with permission from ref. 52. Copyright 2019 American Chemical Society.
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area. The better electrochemical performance was an indication
of the combination effects of electrical double layer capacitance
and pseudocapacitance caused by the existence of active
nitrogen and/or oxygen heteroatoms. Qiu et al.** reported the
synthesis of oxygen-enriched hierarchical porous carbon
(OHPC) through oxidation and activation of KMnO,. The as-
synthesized OHPC electrode showed a high specific capaci-
tance of 290 F g~ " at a current density of 0.2 A g~ '. Meanwhile,
the OHPC-based symmetric supercapacitors demonstrated
superb long-term cycling stability (95.2% capacitance retention
after 10 000 cycles) and an energy density of 14.7 W h kg™ *. The
surface oxygen and nitrogen functional groups with a high
content play an important role in the electrochemical perfor-
mance of the electrode. Most of the biomass is rich in hetero-
atoms that can be embedded in situ into the carbon lattice
during carbonization. The introduction of heteroatoms
enhances electron conductance, improves surface wettability,
and provides additional faradaic pseudocapacitance for
enhanced electrochemical performance.

In a recent study by Chang et al.,"** the effects of a hierar-
chical porous structure and heteroatom doping on the
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electrochemical properties of the prepared materials were also
investigated simultaneously. Firmiana simplex fluff pre-
impregnated with Co®>" was mixed with KOH and urea, and
then nitrogen-doped hierarchical porous carbon materials (HN-
DP-FSFC) with an appropriate graphitization degree were
produced through a two-step calcination process (Fig. 11a). It
was worth noting that urea acted not only as a source of
heteroatom doping, but also as a template to achieve high
micro-porosity and small mesoporous size (2-4 nm) (Fig. 11b-
d). As shown in Fig. 11e-g, the electrode material assembled
from HN-DP-FSFC exhibited groundbreaking high gravimetric
capacitance (836 F g ' at 0.2 A g~ ), excellent cycling stability
(93% capacitance retention after 10 000 cycles), and high
energy/power density (36.50 W h kg~ " at 140 W kg ). Consid-
ering the excellent performance of HN-DP-FSFC, the following
two factors need to be taken seriously: (a) the effective micro-
porous structure easily accepted ions and electrons and the
mesopores with a size of 2-4 nm served as the high-speed
channels of ion diffusion. (b) Nitrogen doping and graphitic
structure enhanced the conductivity of HN-DP-FSFC and
reduced the resistance of ion transport. The porous structure of
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Fig. 11 (a) Graphical illustration of the fabrication of HN-DP-FSFC. (b) Corresponding elemental mapping images. (c) TEM image. (d) HR-TEM
image. (e) Rate capability. (f) Cycling performance with the inset showing GCD curves. (g) Ragone plot in different electrolytes. Reprinted with
permission from ref. 140. Copyright 2019 the Royal Society of Chemistry.
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BPGCs plays an important role in improving the permeability of
the electrolyte, rate of ion diffusion and electron transport, and
area of ion adsorption caused by charges. The graphitic struc-
ture of BPGCs has a significant influence on their electro-
chemical performance. The better the graphitic structure is, the
faster the electron transfer rate is, which is advantageous for
reducing the internal resistance of the electrode material,
improving rate performance, energy and power transmission
efficiency. In addition, by introducing nitrogen and other
heteroatoms into the carbon structure, more active sites can be
obtained and the electrochemical properties of carbon mate-
rials can be improved. Therefore, it is necessary to rationally
design a porous graphitic structure with heteroatom doping.

3.2 Lithium-ion batteries

As an important member of clean energy storage devices, the
battery industry has become a new hot spot in global explora-
tion."*'** Nowadays, lithium-ion batteries (LIBs) are widely
used in portable electrical equipment, electric vehicles, aero-
space and other fields, which have broad development and
application prospects.>*****> The lithium-ion battery, as
a secondary battery, is the most outstanding comprehensive
battery system with a high specific capacity, high operating
voltage, high energy density, low self-discharge rate, no memory
effect and other advantages at present.>*****® For the battery
system, the performance of the electrode material is the primary
factor that determines the electrochemical properties and

View Article Online
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application value of the battery."****® Graphite has been widely
employed as a negative electrode material for LIBs for a long
time. However, the theoretical capacity is low (372 mA h g™*)
and the rate performance is very limited, which makes it
impossible to be commercially popularized.***** Other mate-
rials with high theoretical capacity, such as silicon
(4200 mA h g 1),%51% suffer from serious capacity attenuation
due to volume expansion in the charging and discharging
process.”>** Therefore, it will become particularly important to
explore new electrode materials with higher theoretical capacity
and energy density. Various alloys (such as P, Sn, Sb or Ge)**-*¢*
and transition metal oxides (TMOs) (such as MnO, Fe;0,, C030,
or NiO)'**'% have been proposed to replace graphite as the
anode for LIBs. Unfortunately, the commercial application of
these materials is still limited because they often undergo
extremely severe volumetric changes during lithium insertion/
extraction processes, while their inherent electronic conduc-
tivity is poor in the case of transition metal oxides.***'"* In
addition to improve the performance of lithium-ion batteries,
parameters including high safety, sustainability, environmental
friendliness and low cost also need to be considered.">'”*
Carbon-based anodes are still regarded as the most suitable
choice for practical applications. According to current research,
among all kinds of materials, biomass-derived carbon materials
are promising negative electrode materials for lithium-ion
batteries due to their extensive resources, low cost and stable
electrochemical performance. BPGCs are conducive to the rapid
transport of ions and electrons and the loading of active

Table 3 Representation of the performance of BPGCs from various biomass precursors as electrodes for LIBs

Biomass Specific capacity

Rate capability

Cycling stability Ref.

Microalgae

Shell of broad beans

Soybean

Degreasing cotton

Natural silk

Hair

Agaric

Peanut dregs

Fish scale

J. Mater. Chem. A

Specific charge capacities of
445 mAh g ' and

370 mAh g 'at 1C,
respectively

Initial discharge capacity of
845.2 mA h g~ ' at 0.5C

Storage capacity of

360 mA h g ' in the 100th
cycle at 0.5C
Discharge/charge capacities
0f 1298.1/860 mA h g " in
the first cycle

Specific capacity of

1865 mAhg 'at0.1Ag "

Discharge/charge capacities
of 1006/689 mA h g " in the
first cycle

Discharge/charge capacities
of 1465.1/894.5 mA h g " in
the first cycle

Irreversible capacity of
1288 mA h g in the initial
cycle

Reversible capacities of 500
and 480 mA h g™' at

75mAg !

Charge capacities of 445 and
370 mAhg 'at0.1Cand 1C,
respectively

Capacity retention of 95% 27

after 500 cycles at 1C

— Discharge capacity of 254
261.5 mA h g~ after 100
cycles
Around 190 mA h g~ and 310 mA h g~ in the 500th 258
125 mA h g ' at 8C and 16C, cycle at 2C, 275 mAh g ' at
respectively 4C after 1000 cycles
950 mA h g~ " after 100 cycles Reversible capacity of 86
at 1C, 850 mA h g~ " after 200 1070 mA h g ' after 430
cycles at a 2C rate cycles at 0.2C
Reversible capacity of Specific capacitance 172
212mAhgtat37.2Ag " retention of 92% after 10 000
(100C) cyclesat2 A g™’
387mAhg 'at6Ag! No capacity fading in 1000 174
cycles
Discharge capacities of Almost no decay in the 267
2183 mAhg "at10Ag " specific capacities after 1000
cycles
Initial reversible capacity of A capacity of 286 mAh g™ " at 173
731mAhg 'at 100 mA g™’ 1000 mA g~ over 1000
charge/discharge cycles
Discharge capacities of 224.7 Capacity retention of about 268

and 232.5mA h g " at
2000 mA g ', respectively

80%
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substances, thereby inhibiting the high concentration of active
nanoparticles and buffering large volume changes of active
materials. Therefore, as far as we know, BPGCs have been used
as the anode material of LIBs (Table 3).

For the anode materials of LIBs, the following characteristics
are particularly critical: (a) higher specific surface area can
provide more active sites, thus providing a larger electrode/
electrolyte interface, accelerating charge transfer and
promoting Li* adsorption to increase capacity and minimize the
polarization effect. (b) Hierarchical porous nanostructures can
shorten the ion transport distance. Micropores and mesopores
can ensure sufficient mass transport and further provide
a convenient transport channel for the rapid movement of ions.
(c) A higher degree of graphitization and nitrogen doping
further improve the electrochemical activity, defects and
conductivity of the material. For example, nitrogen-doped
nanosheets with a high degree of graphitization and

—m
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hierarchical porous structure were prepared through a simple
and scalable one-step “activation-graphitization” joint route
from natural silk by Hou et al.'”> The nanosheets were used as
negative electrode materials for LIBs with an ultrahigh capacity
of 1865 mA h g * (that of graphite is 372 mA h g ). Zhou et al.***
found that high performance anode materials could be derived
from biomass waste, where the hydrothermal process and
graphitization treatment were used to convert wheat stalk into
interconnected highly graphitic carbon nanosheets (HGCNS)
(Fig. 12a). The highly ordered porous structure of HGCNS could
provide abundant sites for Li ion storage and promote the rapid
transmission of electrons and Li ions (Fig. 12b). Besides,
HGCNS showed a low and flat charge-discharge potential due to
the high degree of graphitization and the excellent graphitic
structure, which greatly reduced the voltage hysteresis.'* The
obtained HGCNS had good electrochemical energy storage
characteristics, and the HGCNS achieved an attractive capacity

‘l)drothcrmal Calcination \\‘
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(b) ¢ Li'
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Fig. 12 (a) Schematic illustration of the synthesis process of HGCNS. (b) Schematic diagram of electron transmission and Li* storage in the
HGCNS electrode. (c) Galvanostatic discharge/charge curves. (d) Rate performance. (e) Cycle performance. Reprinted with permission from ref.

154. Copyright 2016 the Royal Society of Chemistry.
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of 502 mA h g~ (Fig. 12c), excellent rate capability (Fig. 12d),
and superior cycling performance (215 mA h g™' at 5C after
2000 cycles and 139.6 mA h g~ ' at 10C after 3000 cycles)
(Fig. 12e) when it was used as the anode of LIBs.

It is very important to design and control the porous struc-
ture, graphitic structure and heteroatom doping of BPGCs to
achieve high-performance LIBs. Yuan et al.'”® prepared carbon
materials with a high graphitization degree, graphene-like
structure and predominant mesopores from peanut residue
by pre-carbonization and KOH activation. When it was applied
as the anode of lithium ion batteries, the as-obtained product
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showed a high reversible capacity of 731 mA h g ' at a current
density of 100 mA g, and retained a capacity of 286 mA h g™*
after 1000 cycles at a current density 1000 mA g~ ". The syner-
gistic effects of the high graphitization degree, graphene-like
structure, and major micropores greatly facilitated diffusion,
intercalation/deintercalation of lithium ions and rapid electron
transfer. Zhu et al.”’* ingeniously synthesized porous graphitic
carbon microtubes (GP-CMTs) with deep pores and heteroatom
co-doping by catalytic activation with nickel nitrate hydroxide
from human hair (Fig. 13a). When they were used as the
negative electrode material of lithium ion batteries, the GP-

Amorphous, thick and dense;
Poor solid-state Li* diffusion;
iii. Low actives utilization.

Li* }~3-5 um
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Fig. 13 (a) Schematics displaying the design idea of GP-CMTs for LIB applications. (b) Galvanostatic cycling behavior of G-PCMTs in a half-cell
testing system. (c) Programmed cycling records of GP-CMTs in a half-cell testing system. Reprinted with permission from ref. 174. Copyright

2018 American Chemical Society.
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CMTs had a high capacity of 387 mA h g~ ' at a high current
density of 6 A ¢! (Fig. 13c). The GP-CMTs had no capacity
attenuation and still provided a high capacity of 658 mAh g~*
after 1000 cycles (Fig. 13b). The highly porous structure of GP-
CMTs had the following functions: (i) it was beneficial to the
effective contact between the electrode and the electrolyte and
provided more active sites for redox reactions and increased the
specific capacity of the electrode; (ii) it was beneficial to the
rapid transmission of electrons and ions, thus improving the
electrochemical utilization of the active materials of the elec-
trode; (iii) it was beneficial to the repeated intercalation/
deintercalation of ions in the reaction process, so as to
improve the cycle stability of electrode materials. In addition,
the high graphitization degree of the GP-CMTs realized rapid
electron transfer in the electrochemical reaction process and
promoted the electrochemical reaction. The heteroatoms sup-
ported on the carbon skeleton further improved the electro-
chemical activity, defects and conductivity of the GP-CMTs,
providing a fast Faraday reaction and additional Li storage

capacity.

3.3 Fuel cells

Fuel cells (FCs) are a new type of environment-friendly electro-
chemical energy conversion device that can directly convert
chemical energy into electric energy without the combustion
process.'”® They are characterized by high energy density, high
energy conversion efficiency and cleanliness and have broad
application prospects in the world."”*"”” The oxygen reduction
reaction (ORR) of the cathode of FCs is a dynamic slow process
involving multi-electron and multi-step elementary reac-
tions,”®'”® which constitutes the rate control step in the overall
ORR and largely determines the efficiency and cost of FCs.*® In
the practical application of FCs, the most critical restriction
factor is the cathode ORR catalyst. At present, noble metal
platinum (Pt)-based catalysts are still the most widely used
catalysts with high catalytic activity for the ORR, and have a high
price, poor stability/durability, weak CO poisoning resistance
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and tolerance to fuel (e.g. methanol) cross-over, thus greatly
restricting the large-scale commercialization of FCs.'***> The
catalysts are the core component of FCs, and provide the
guarantee of normal and efficient operation and commercial
applications of FCs. The demand for the grand scale applica-
tions of FCs has been more urgent with the increasing pressure
of current environmental pollution. It is well known that green
renewable biomass resources can be widely and comfortably
obtained from nature and themselves contain naturally abun-
dant heteroatoms (e.g., N, O, and S). Biomass-derived carbon
materials have begun to be studied as non-precious metal
catalysts for the ORR."**'** Among them, BPGCs have attracted
widespread attention as ORR catalysts due to their low cost, easy
preparation, and high electrocatalytic performance (Table 4).
Doping nitrogen into BPGCs is essential for catalyzing the
ORR. BPGC-derived nitrogen-doped non-metal catalysts have
been extensively explored. Nitrogen doping can significantly
improve the performance of catalyzing the ORR, mainly
regarding the following three points:*****’ (i) the introduction of
nitrogen atoms breaks the electric neutrality of the carbon
surface, resulting in the uneven distribution of charge density.
Furthermore, the nitrogen atoms stimulate the electron delo-
calization of the adjacent carbon atom, resulting in a high
positive charge density and spin density environment, thus
promoting the adsorption and reduction reaction of O, on the
carbon surface; (ii) nitrogen doping will import the carbon
defect structure to adjust the electronic structure of sp> carbon
to stimulate electrocatalytic activity; (iii) nitrogen doping
enhances the conductivity of the catalyst and accelerates the
ORR. The content and configuration of nitrogen doping are the
two key factors affecting the electrocatalytic performance of
BPGCs. Chatterjee et al.'®® prepared nitrogen-doped carbon
nano-onions (N-CNO) by simply pyrolyzing nitrogen-rich goat
skin trimming wastes to catalyze the ORR. Compared with other
samples, it was known that the product obtained by pyrolysis at
750 °C for 8 hours had the best electrocatalytic performance and
was superior to that of Pt/C catalysts in alkaline electrolytes due

Table 4 Representation of the performance of BPGCs from various biomass precursors as ORR electrocatalysts in FCs

Onset potential

Half-wave potential

Biomass (ORR activity) (ORR activity) ORR stability Ref.
Goat skin trimmings 50 mV vs. Ag/AgCl About 10% decrease in current after 6 h 188
Taro stem About 0.87 V vs. Hg/HgO 96.5% current retention after 20 000 s 189
Amaranth 0.27 V vs. Hg/HgO Reduction current with a well-defined 35
cathodic peak after 1000 cycles
Water lettuce 0.887 V vs. RHE 91% current retention after 30 000 s 192
Eclipta prostrata 0.25 V vs. Hg/HgO 94% current retention after 18 000 s 194
White beech mushroom 0.11 V vs. Hg/HgO Superior long-term stability 199
Catkin —98 mV vs. Ag/AgCl —194 mV vs. Ag/AgCl 88.9% current retention after 20 000 s 201
Kelp 0.90 V vs. RHE 0.74 Vvs. RHE Less than 5% of initial activity loss 202
during the 9 h test period
Rape pollen grain 0.86 V vs. RHE 99% current density retention after 20 000 s 203
Soybean 0.910 V vs. RHE 0.821 V vs. RHE 91.22% current retention after 7200 s 269
Chlorella 0.87 Vvs. RHE 96% current density retention after 50 000 s 270
Reed stalk 0.99 Vvs. RHE 94.8% current retention after 20 000 s at 0.8 V 271
Pomelo peel 0.86 V vs. RHE 92.5% current retention after 10000 s 272
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to its highest total nitrogen and pyridinic N concentration.
Pyridinic N as an active site played a leading role in the ORR
activity of the N-CNO sample, and the mesoporous structure,
hollow onion-like graphitic structure and high specific surface
area contributed to better electrocatalytic performance. He
et al.*® obtained three-dimensional (3D) porous carbon through
the KOH chemical activation and freeze-drying technology from
taro stems for the first time, and then co-pyrolyzed it with
melamine to prepare 3D nitrogen-doped porous carbon
(3DNPC). Compared with commercial Pt/C catalysts, the 3DNPC
catalyst had better stability and methanol tolerance. The elec-
trocatalytic performance of the 3DNPC catalyst mainly came
from the doping effect of the high content of graphitic N, the

(a)

A-PYN.O <C
ZPYNO

A-PYNH

2 C(ORR active) site

"1 Possible N doped site

77 Active N doped site
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appropriate amount of total nitrogen and the developed 3D
porous structure. Interestingly, Gao et al.** prepared a BPGC-
based nitrogen-doped ORR catalyst with sparkling electro-
catalytic properties by one step direct pyrolysis of amaranth.
The catalytic performance of the prepared product at 800 °C was
comparable to that of commercial Pt/C catalysts in alkaline
medium. It was found that pyridinic N and graphitic N were the
main active sites and promoted the fall of overpotential in the
ORR process. In addition, the high specific surface area and
cracking electrical conductivity of the prepared material also
increased the catalytic activity. At present, compared with other
nitrogen-doped types, pyridine N and graphite N have been
more commonly found to produce or act as ORR active sites in
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Fig. 14 (a) The structure of simulated ORR active sites according to density functional theory (DFT) calculations. (b) The significant influence of

mesopore volume (vertical coordinate) on the charge-transfer resistance, specific surface area and ORR performance of NPC-X. (c) CV curves of
NPC-0.022 and Pt/C. (d) LSV curves of NPC-0.022 and Pt/C. (e) The stability tests of NPC-0.022. (f) The stability tests of Pt/C. (g) The CO
tolerance tests of NPC-0.022. (h) The methanol tests of NPC-0.022. Reprinted with permission from ref. 199. Copyright 2019 Elsevier B. V.
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nitrogen-doped BPGCs." The exact relationship between
different forms of nitrogen doping configuration and active
catalytic sites and the specific function and mechanism of
catalyzing the ORR are still under exploration. Density func-
tional theory (DFT) calculations to understand the role of
pyridinic N and graphitic N in catalyzing the ORR have attracted
attention.”* Liu et al.*** prepared nitrogen-doped hierarchical
porous carbon nanosheets (N-HPCNSs) by a two-step carbon-
ization method from water lettuce. The N-HPCNSs had
respectable ORR catalytic activity under alkaline, neutral and
acid conditions and showed bodacious cathode performance in
a Zn-air fuel cell, microbial fuel cell and direct methanol fuel
cell. The results showed that pyridinic N and graphitic N in N-
HPCNSs are the key configurations to enhance the electro-
catalytic performance. DFT calculations further showed that the
porous structure on the surface of graphitic N was beneficial to
the promotion of ORR activity and nitrogen doping of the edge
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sites played a leading role in the construction of ORR active sites
(Fig. 14a). Due to the synergistic effect between different
heteroatoms, heteroatoms co-doped may exhibit better elec-
trocatalytic performance than nitrogen-doped BPGCs."***¢ In
another study by Gao et al.,”* they produced N-, S-, and P-
tridoped carbon nanorings from one-step pyrolysis of Eclipta
prostrata. The as-prepared catalyst presented surpassing ORR
performance with preferable fuel tolerance and long-term
stability. Its ORR activity under alkaline conditions rivaled that
of commercial Pt/C catalysts. For the catalytic performance of
BPGC-derived non-metal catalysts with heteroatom doping, the
configuration and position of doped nitrogen and the syner-
gistic effect of heteroatom co-doping may be more critical than
the total doped nitrogen contents.

In addition to heteroatomic doping, the exploration of the
effect of the porous structure of BPGCs on catalyzing the ORR is
also a worthwhile job.'®>'” The porous structure not only
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enhances the performance of active sites by improving the mass
transfer but also may lead to additional performance improve-
ments by initiating new catalytic processes."®'® Li et al. '
developed a simple double-template method to prepare
nitrogen/oxygen-doped porous carbon materials from a variety
of biomass using a mixture of Mgs(OH),(CO3), and ZnCl, as the
hard template. Through a series of comparative experiments,
the prepared catalyst with a hierarchically macro-/meso-/
microporous structure had better ORR electrocatalytic activity
than the catalysts with a meso-/microporous or macro-/
mesoporous skeleton. For the catalysts with a macro-/meso-/
microporous structure, those with a larger ratio of meso-
porous and macroporous volume possessed superior ORR
electrocatalytic activity. The hierarchical porous structure was
not only conducive to the mass transfer process but also
exposed more active sites with a larger specific surface area.
This study by Li et al'® mainly delineated the relationship
between the pore size ranges (the horizontal coordinates of the
pore size distribution (PSD)) of BPGCs and ORR performance.
Zhao et al.* further elucidated how the changes of the vertical
coordinates of PSD of BPGCs affect their electrocatalytic
performance. The vertical coordinates of PSD mainly determine
the number and volume of macropores, mesopores and
micropores, which significantly affects the mass transfer and
the density of the ORR active sites in catalyzing the ORR
process. They fabricated a series of nitrogen/oxygen-doped
microporous/mesoporous catalysts (NPC-X) with the same
pore size ranges from white beech mushrooms for the ORR by
hydrothermal carbonization and high temperature calcination.
The vertical coordinate change of PSD of the as-prepared cata-
lysts was achieved only by the change of mesopore volume, and
the morphology, graphitization degree, specific surface area
and chemical composition of these catalysts are virtually
consistent. The results showed that NPC-0.022 with a mesopore
volume of 0.453 cm® g™" had the best electrocatalytic perfor-
mance (Fig. 14b), which had a catalytic activity that was roughly
the same as that of commercial Pt/C catalysts (Fig. 14c and d)
and had better long-term cycle stability (Fig. 14e and f), excel-
lent methanol resistance and CO resistance than commercial
Pt/C catalysts (Fig. 14g and h). The ORR usually occurs in the
gas/liquid/solid three-phase boundary region of the catalyst,
involving electron and proton transfer, O, and product water
inflow or outflow. Appropriate porous structures, such as an
interconnected hierarchical porous structure and three-
dimensional open porous structure, are conducive to the
penetration of the electrolyte and the rapid transport of ions
and O,, so as to improve the ORR activity.

Biomass-derived transition metal nitrogen-doped carbon
(B@M-N-C, M = Fe, Co, Ni) materials have been considered to
be promising ORR catalysts. There are several possible expla-
nations for the loss of activity of M-N-C catalysts:** (i) the
etching and loss of metal ions; (ii) the corrosion of active sites
by H,0, and other radicals generated in the reaction; (iii) the
protonation of active sites and subsequent adsorption of other
cations lead to the deactivation of sites. The presence of tran-
sition metals in B@M-N-C catalysts is critical for the formation
of highly graphitic carbon nanostructures in situ, which is
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momentous for the high corrosion resistance and stability of
the B@M-N-C catalysts to inhibit their deactivation. Li et al.***
used the one-pot pyrolysis of a mixture of a catkin, FeCl;, and
melamine to construct iron and nitrogen co-doped carbon
fibers with highly graphitic carbon nanotubes for the ORR. The
carbon nanotubes generated by catalytic graphitization of the
doped iron contributed to the high specific surface area and
good porous structure of the as-prepared catalyst, which
significantly strengthened the electrocatalytic performance. It
was also found that Fe-N clusters, pyridinic N, and graphitic N
served as the catalytic active sites of the ORR. The active tran-
sition metal nanoparticles in B@M-N-C catalysts could suffer
from instability. It is an effective strategy to encapsulate them in
nitrogen-doped BPGCs or anchor them on nitrogen-doped
BPGCs to prevent them from poisoning and agglomeration. At
the same time, it can avoid the dissolution and migration of the
active transition metal nanoparticles and improve the overall
cycle life of the catalysts. Wu et al>*** obtained heteroatom-
doped carbon (Co/KCM) by directly carbonizing kelp pre-
impregnated with Co(NO3),, in which Co nanoparticles were
encapsulated by multilayer graphene (Fig. 15a). Co nano-
particles are uniformly dispersed in Co/KCM, and the surface of
the particles is encapsulated by multiple layers of graphene
(Fig. 15c-e). The prepared Co/KCM-1000 catalyst exhibited
highly efficient electrocatalytic activity, high stability and
methanol tolerance in 1.0 M KOH solution. Encapsulating
transition metal active particles into nitrogen-doped BPGCs is
considered to be a very promising method to improve the
activity and stability of electrocatalysts. First, the heteroatom-
doped carbon shell has conductivity and porosity, which facil-
itates electron transfer and electrolyte penetration. Second, the
heteroatom-doped carbon shell prevents the corrosion of tran-
sition metal nanoparticles in acidic and alkaline solutions.
Wang et al.** used rape pollen grains as a biomass precursor
and mixed ferric ammonium sulfate and selenium powder to
obtain nitrogen-doped hollow carbon (FeSe/NC-PoFeSe)
anchored with FeSe nanoparticles through pyrolysis and acti-
vation (Fig. 15b). Compared with Pt/C catalysts, the ORR half-
wave potential of FeSe/NC-PoFeSe was positively shifted by
30 mV, and the catalyst durability was remarkable (Fig. 15f-h).
The catalyst had an interconnected porous carbon skeleton,
which easily transported substances and electrons. It was
coupled with FeSe nanoparticles to increase ORR catalytic
activity. In general, the research of nitrogen-doped BPGC-
derived oxygen reduction electrocatalysts has entered the
“deep water area” of electronic structure modulation,
heteroatom-doped configuration regulation and porous struc-
ture control of nitrogen-doped BPGCs, and many valuable
ideas, strategies and opinions have been presented. The
following problems need to be focused on and solved in the
future: (i) it is difficult for most of the nitrogen-doped BPGCs to
show high enough activity and stability under acidic conditions.
The reason for the difference in the electrocatalytic activity of
the catalyst in electrolyte solutions in different pH ranges needs
to be analyzed. (ii) Although most of the prepared catalysts have
good durability in the catalytic process, the specific stability
mechanism has not been further discussed. (iii) The type,
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composition and structure of catalytic active sites need to be
further defined. The construction process of the ORR catalytic
active center and the catalytic principle of each active site for
oxygen reduction need to be further studied. The DFT theoret-
ical calculation method and more advanced in situ character-
ization equipment are also needed.

4 BPGCs for environmental
applications
4.1 Adsorbent materials

Biomass-derived porous carbon materials have been extensively
explored in recent years.'****% In addition, activated carbon
has also widely used in environmental protection due to its
large specific surface area and developed porous structure.
BPGCs with a good porous structure, graphitic structure and
heteroatom doping have also been explored as environmental
remediation materials differing from activated carbon (Table 6).
As shown in Table 5, they were distinguished. As far as we know,
BPGCs have also been studied as highly efficient adsorbents for
the removal of contaminants.”*>** For instance, highly porous
graphitic carbon with heteroatom doping was fabricated by Liu
et al>® from fish waste. The as-prepared porous graphitic
carbon presented a maximum adsorption capacity of 285.71 mg
g ! for acid orange 7. The macropores and mesopores of the
porous graphitic carbon promoted mass transportation, and
the high surface area and heteroatom doping provided suffi-
cient active sites. The m-m interaction formed between the
graphene-like structure on the surface of carbon materials and
the aromatic ring of organic pollutants was conducive to the
adsorption of pollutants. Zhong et al.*** prepared magnetic
biochar (MBC) by microwave-assisted pyrolysis of a rice husk
and FeSO, mixture. The adsorption and reduction mechanism
of hexavalent chromium [Cr(vi)] in the aqueous phase by porous
graphitic MBC was studied. It was found that MBC with high
conductivity easily acted as an electron conducting medium to
promote the transfer of electrons from persistent free radicals
in MBC to Cr (vi), thus achieving the reduction of Cr(vi) to
trivalent chromium [Cr(m)] with low toxicity (Fig. 16a).
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Graphene is a two-dimensional nanomaterial with a high
theoretical surface area (2630 m> g~ '), strong 7- interaction,
and excellent mechanical, electrical, optical and other proper-
ties,***"” and is often considered as a new type of high-
efficiency adsorption material in the field of water purifica-
tion.****** Recently, graphene-based porous carbon materials
derived from biomass have received extensive attention in the
adsorption and removal of organic pollutants (including dyes).
Gupta et al.>** reported an effective strategy for the synthesis of
a graphene-like porous carbon nanostructure (BGBH-C-K) via
alkali-activation from Bengal gram bean husk (BGBH). BGBH-C-
K showed excellent adsorption performance toward methylene
blue (MB) and methyl orange (MO) with adsorption capacities of
469 mg g ' and 418 mg g~ ', respectively. The large pore volume
and high specific surface area of BGBH-C-K provided sufficient
channels for the adsorption of MB and MO, and the large
number of micropores well intercepted pollutants on the
adsorption sites. In addition, the - interaction between the
graphene-like thin layer in BGBH-C-K and the aromatic ring of
MB and MO was mainly responsible for the adsorption perfor-
mance of BGBH-C-K (Fig. 16b and c). Xiao et al.>"* used sugar-
cane bagasse treated with the activation and graphitization
process to obtain a graphene-like material (FZS900) with
a vertical stacking structure of graphene-like nanosheets and
a high specific surface area (2280 m? g~ *). The study found that
FZS900 had an extremely high adsorption capacity for four
aromatic organic pollutants (naphthalene, phenanthrene, 1-
naphthol and methylene blue). The co-assembly adsorption
mechanism of the FZS900 adsorption process was proposed,
which was small molecule induced graphene nanosheet layer
structure reorganization. Interestingly, naphthalene (or phen-
anthrene) broke the framework of the originally stable FZS900
graphene nanosheet layer structure. Furthermore, the forma-
tion of the large area -7 interaction between naphthalene (or
phenanthrene) and graphene nanosheet layer led to the ordered
nanoring structure. For 1-nanophenol and methylene blue,
because they contained hydrophilic functional groups, the
coassembly process could not occur, so they produced a more
dispersed or more agglomerated phenomenon. The above
phenomena are shown in Fig. 16d-m. Heteroatom doping can

Table 5 Comparison of BPGCs with graphitic carbon materials (GCs) and activated carbon materials (ACs)

Source,
structure or property

BPGCs GCs ACs

Precursor Biomass (excluding biomass-
derived chemicals)

Mainly hierarchical porous
structure, three-dimensional
interconnected porous structure
Containing amorphous carbon and
graphitic carbon

Relatively high graphitization
degree

Large specific surface area

High heteroatom content

Porous structure

Graphitic structure
Graphitization degree

Specific surface area
Heteroatom doping

This journal is © The Royal Society of Chemistry 2020

Graphite, carbon nanotubes,
graphene etc.

Poor porous structure
Graphitic carbon

High graphitization degree

Small specific surface area
No heteroatom doping

Coal, asphalt, biomass etc.

Well-developed porous structure

Amorphous carbon
Low graphitization degree

Large specific surface area
Low heteroatom content
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Table 6 Summary of BPGCs in environmental applications
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Environmental applications

Biomass feedstock

Substances to be removed

Performance

Ref.

Adsorbent materials

Catalyst for persulfate (PS)

activation

Support for photocatalytic
materials

effectively regulate the surface electron characteristics of porous
carbon materials, thus enhancing their adsorption capacity to
heavy metal ions.”*® Chen et al**' prepared nitrogen and

J. Mater. Chem. A

Fish waste

Rice husk

Bengal gram bean husk

Sugar cane

Oil tea shell

Oil tea shell

Shrimp shell

Algae

Algae

Shrimp shell

Myriophyllum Aquaticum

Corn

Spirulina residue

Enteromorpha

Coffee ground

Human hair

Camellia oleifera shell
Straw

Acid orange 7

Cr(v1)

Methylene blue and methyl
orange

Naphthalene, phenanthrene

and 1-naphthol

Cr(v1)

SO,

CO,

CO,

C3Hg, C3Hg, C2Hs, and CyH,

2,4-Dichlorophenol

Bisphenol A and Tartrazine

Orange II

Sulfamethoxazole

Paracetamol

Bisphenol A.

Bisphenol A

Cr(v)
Tetracycline hydrochloride

The maximum adsorption
capacity was 285.71 mg g "
The removal efficiency and
adsorption capacity of Cr(vi)
were 84.3% and 8.35 mgg ™",
respectively

Excellent adsorption
capacities for methylene
blue (469 mg g~ ') and
methyl orange (418 mg g~ ")
The adsorption capacities
for naphthalene,
phenanthrene, and 1-
naphthol were 615.8, 431.2,
and 2040 mg g ',
respectively

The maximum adsorption
capacity for Cr(vi) was

355.0 mg g~

The SO, adsorption capacity
of 10.7 mmol g~ at 298 K
and 1.0 bar

The adsorption capacity for
CO, was 6.82 and 4.20 mmol
g ' at 273 and 298 K and 1
bar, respectively

The adsorption capacity of
CO, was 5.7 and 3.9 mmol
g ' at 273 and 298 K,
respectively

The adsorption capacities
were 11.5, 11.3, 6.84, and
5.71 mmol g~ for C;Hj,
C3H,, C,H,, and C,H,,
respectively

The removal efficiency for
2,4-dichlorophenol reached
100% in 120 minutes

The removal efficiencies for
bisphenol A and tartrazine
were 98% and 95% in 100
minutes, respectively
Complete orange II removal
in 6 minutes

Complete sulfamethoxazole
removal in 45 minutes
Complete paracetamol
removal in 60 minutes

The removal efficiency for
bisphenol A was around 99%
in 60 minutes

The removal efficiency for
bisphenol A was 98.4% in 60
minutes

Complete Cr(vi) removal
High efficiency for
tetracycline hydrochloride
removal

209

212

210

211

221

223

224

225

222

34

244

241

242

57

248

56

249
250

phosphorus co-doped porous carbon materials from oil tea
shells, whose maximum adsorption capacity for Cr(vi) was up to
355.0 mg g . Nitrogen-containing and phosphorus-containing
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Fig. 16 (a) Schematic diagram of the Cr(vi) removal mechanism. Reprinted with permission from ref. 212. Copyright 2018 Elsevier B. V. (b)
Illustration of the interactions of BGBH-C-K with MO dye molecules. (c) Illustration of the interactions of BGBH-C-K with MB dye molecules.
Reprinted with permission from ref. 210. Copyright 2019 Elsevier B. V. HR-TEM images of FZS900 (d) before and after (e) NAPH, (f) PHE, (g) 1-
NAPH, and (h) MB were adsorbed. (i) Synthetic illustration of the graphene nanosheet structure of FZS900. (j)—(m) The simulated structure of
FZS900 with the absorption of NAPH, PHE, 1-NAPH, and MB, respectively. Reprinted with permission from ref. 211. Copyright 2017 American

Chemical Society.

functional groups brought about by the doping of nitrogen and
phosphorus played an important role as adsorption sites in the
removal of Cr(vi).

BPGCs can be used not only as adsorbents to remove heavy
metals and organic pollutants from the environment, but also

This journal is © The Royal Society of Chemistry 2020

for gas adsorption and mixed gas separation.**>?*** Yang et al.”**
prepared porous carbon materials from nitrogen-rich shrimp
shells by KOH activation. Due to the synergistic effect of their
abundant microporous structure, large specific surface area and
high nitrogen content, the as-prepared samples had high CO,
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adsorption performance. At 273 and 298 K and 1 bar, the CO,
adsorption capacity was 6.82 and 4.20 mmol g, respectively.
In addition, the as-prepared sample also had outstanding
separation performance towards mixed gases. The nitrogen
element in porous carbon materials changes the surface
chemical properties of carbon materials and has a certain
influence on the structure of carbon materials, so that they have
high selectivity and high adsorption capacity for CO, adsorp-
tion.?**??¢ Using algae, which have a wide range of sources and
relatively high nitrogen content, can effectively overcome the
disadvantages of the current preparation methods of nitrogen-
doped carbon materials. Wang et al.>** obtained a nitrogen-
doped porous carbon adsorbent by high-temperature KOH
activation with algae (N. Salina) as the precursor. At different
temperatures of 273 K and 298 K, the adsorption capacity of the
adsorbent for CO, was 5.7 and 3.9 mmol g~ ', respectively. More
importantly, the adsorbent also showed good selectivity for
CO,/N,, CO,/CH, and CH,4/N,. The good performance of the
adsorbent was mainly due to the combination of the high
content of pyridinic-N, large specific surface area and lots of tiny
holes. In addition to its excellent performance in the adsorption
and separation of CO,, algae-derived nitrogen-doped porous
carbon materials were also used in the selective separation of
light hydrocarbons. Zhang et al.*** obtained nitrogen-doped
porous carbon adsorbents by pyrolyzing mixtures of algae,
K,C,0, and melamine. The adsorbent had excellent adsorption
capacities of 11.5, 11.3, 6.84, and 5.71 mmol g~ * for C;Hg, C;Hs,
C,H¢, and C,H,, respectively. The adsorbent possessed
outstanding separation selectivity for C3/C1 (189), C2/C1 (15.3),
and C3/C2 (9.81) at 298 K and 1.0 bar. For gas adsorption,
microporous structures general show better performance, and
hierarchical structures with micropore, mesopore and macro-
pore coexistence can significantly improve the mass transfer
during the separation process, thus improving the dynamic
separation ability and further optimizing adsorption perfor-
mance. In addition, doping of heteroatoms improves the
intrinsic polarity of carbon-based skeletons and constructs
more active adsorption sites, which is an effective means to
significantly change and enhance the adsorption activity of
BPGCs.

4.2 Catalyst for persulfate (PS) activation

In recent years, advanced treatment of water pollution based on
oxidative degradation of organic pollutants by persulfate (PS)
activation has attracted much attention.?””*** The construction
of a highly efficient catalytic system is the main research
direction of PS oxidation technology, the core of which is the
design of a high-performance catalyst.>***** However, metal ions
will inevitably spill during the use of traditional metal-based
catalysts, which lead to secondary pollution of water and
threaten the water ecological environment, drinking water
safety and human health.?”**** Therefore, the development of
safe, efficient and economical non-metallic carbon-based cata-
lysts is the key to the construction of green PS oxidation
systems. At present, carbon nanomaterials (e.g. carbon nano-
tubes, graphene and nanodiamonds) are showing more and

J. Mater. Chem. A
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more attractive prospects as a promising class of non-metallic
active catalysts in environmental pollution control.?**>%
However, the preparation of carbon nanomaterials is complex
and costly, which hinders their practical application.” Using
biomass wastes to prepare functional carbon materials can not
only provide cheap materials for environmental restoration, but
also solve the problem of waste disposal at the same time. It is
avery ideal strategy of “treating wastes with wastes”. As far as we
know, BPGCs have begun to emerge as catalysts for persulfate
(PS) activation.3*57:240-245

Due to the superior porous and graphitic structure of BPGCs,
the BPGCs/PS system has a dual effect of adsorption and
oxidative degradation of organic contaminants. The porous
structure of BPGCs realizes the pre-adsorption of pollutants,
which is an important step for the subsequent catalytic degra-
dation of pollutants, and it can also promote the electron
transfer of the PS activation process. The good conductive
surface created by the graphitic structure of BPGCs can be used
as a good medium to achieve simple and efficient transfer of
electrons, which is often found in a non-radical pathway that
activates PS. Yu et al.* obtained an excellent catalyst with a high
graphitization level and hierarchical pore structure by one-step
direct pyrolysis of shrimp shells for activating peroxydisulfate
(PDS) to degrade 2,4-dichlorophenol (2,4-DCP). The hierarchical
porous structure and graphitic carbon had proved to be two
important positive factors that affect the activation process of
PDS. The prepared catalyst promoted rapid electron transfer
from pollutants to PDS by its strong adsorption on PDS and 2,4-
DCP and as a key electron transfer medium. Fu et al.>** prepared
porous graphitic biochar via modifying Myriophyllum aquaticum
with K,FeO,, whose graphitic structure acted as a bridge for
electron transfer from p-hydroxybenzoic acid (HBA) to perox-
ymonosulfate (PMS) in the secondary non-radical pathway of
oxidative degradation of pollutants. The degree of graphitiza-
tion and porous structure were closely related to the rate and
efficiency of electron transfer. Another study conducted by Fu
et al>' successfully loaded MnFe,O, nanoclusters onto
graphitic hierarchical porous carbon through hydrothermal
synthesis to activate PMS to degrade organic pollutants (such as
livestock and poultry farming antibiotics) in water. The
synthesized catalyst from corn stalks showed the best catalytic
performance, which was mainly attributed to the optimum
balance between the degree of graphitization and the pore
volume of micropores, and the uniform distribution of
MnFe,0, nanoclusters. This study proposed the mechanism of
degradation of organic pollutants: a radical pathway based on
"SO,” and "OH, a non-radical pathway based on *O,, and a non-
radical pathway based on electron transfer (Fig. 17a).

Furthermore, some studies have begun to focus on BPGCs
with nitrogen doping, which can effectively improve the catalytic
activity of BPGCs.****” Ho et al>* utilized C-phycocyanin
extracted (C-CP) Spirulina residue (SDBC) to produce N-doped
porous graphitic carbon via thermal pyrolysis for perox-
ydisulfate (PDS) activation. The SDBC had excellent oxidation
efficiencies for various aqueous microcontaminants. Nitrogen
doping can introduce different N configurations (graphitic N,
pyridinic N and pyrrolic N). The amount of nitrogen doping and

This journal is © The Royal Society of Chemistry 2020
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Fig. 17 (a) The proposed mechanism for organic oxidation. Reprinted with permission from ref. 241. Copyright 2019 Elsevier B. V. (b) Schematic
of the synthesis process of Fe—C@N from Enteromorpha biomass. (c) Schematic Mechanism of PCM removal in the Fe—N@C/PMS system.

Reprinted with permission from ref. 57. Copyright 2019 Elsevier B. V.

the composition of nitrogen configuration in BPGCs will affect
their catalytic activity. Chen et al.”” prepared a green and highly
efficient Fe-N co-doped Enteromorpha-based carbon material
(Fe-N@C) to activate peroxymonosulfate (PMS) for the degrada-
tion of paracetamol (PCM) based on the characteristics of
Enteromorpha with high contents of N and Fe, and successfully
built a new catalytic oxidation system (Fe-N@C/PMS) using the
Enteromorpha-based carbon material as the PMS catalyst
(Fig. 17b). There was a high linear positive correlation between
the content of graphitic N in the catalyst and the removal rate
constant of organic pollutants. The presence of graphitic N
promoted the adsorption of PMS on the Fe-N@C material,

This journal is © The Royal Society of Chemistry 2020

thereby enhancing the activation of PMS. In the Fe-N@C/PMS
system, both the radical pathway and non-radical pathway were
responsible for PCM removal (Fig. 17¢). Oh et al.**® revealed that
coffee ground with urea as a nitrogen dopant pyrolyzed at 1000 °C
had the best catalytic performance to activate PMS to remove
bisphenol A, which could be attributed to the combination of its
high graphitization properties, the best N bonding configuration
ratio and the large surface area. It was found that the conversion
of graphitic N to pyridinic N could be closely related to the acti-
vation of PMS. The durability of catalyst surface activity could be
enhanced by increasing the content of graphitic N (obtained
from the reduction of pyridinic N) via heating treatment.
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4.3 Support for photocatalytic materials

BPGCs have been developed as good functional materials for
photocatalyst modification due to their abundant pore struc-
ture, remarkable electrical conductivity and light absorption.

(a)
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The combination of the photocatalyst and BPGCs can not only
improve the stability of the photocatalyst, but also reduce the
reaction distance between pollutants and the photocatalyst,
thus increasing the efficiency of photocatalytic degradation.
Therefore, BPGCs combine with the high-efficiency
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photocatalysts to exhibit a “synergistic benefit” of adsorption
and photocatalytic degradation. BPGCs have high electronic
conductivity, and the photogenerated electrons generated by
the excitation of the photocatalyst can be rapidly transferred
through graphitic carbon, inhibiting the recombination of
photogenerated electrons and holes and effectively improving
the photocatalytic activity. For example, Li et al.**® successfully
combined melamine with biomass-derived porous carbon
microspheres (BPCMSs) to obtain BPCMS-coupled graphitic
carbon nitride nanosheets (BPCMSs/g-C;N,; NSs), in which
BPCMSs were fabricated by hydrothermal carbonization and
KOH activation of Camellia oleifera shells (Fig. 18a). Thanks to
the synergistic effect of adsorption and photocatalytic reduc-
tion, BPCMSs/g-C;N, NSs could substantially remove Cr(vi) or
total chromium from an aqueous solution. The photogenerated
electrons produced by graphitic carbon nitride nanosheets were
mediated to the surface of BPCMSs by the excellent graphitic
structure of BPCMSs, so as to reduce the Cr(vi) adsorbed on the
surface of BPCMSs. The generated Cr(imn) was fixed and recycled
through subsequent treatment. The electron conduction ability
that resulted from the graphitic structure of BPCMSs reduced
the probability of electron-hole recombination.

Ye et al.*° presented a study on the production of BPGCs
from straw through a synchronous carbonization and graphi-
tization process, in which potassium ferrate (K,FeO,) were
employed as the catalyst. Furthermore, a new structure of g-
MoS,/BPGCs was constructed by adding g-MoS, into BPGCs, in
which BPGCs played the role of supporting and charging media.
This facile assembled biomass-based nanocomposite g-MoS,/
BPGCs exhibited considerable removal efficiency towards
tetracycline hydrochloride (TC) by a combination of adsorption
and photocatalysis under visible light.*?* The porous graphitic
carbon as a load was considered to be the charge transporter
with good conductivity, which promoted the flow transfer of
photogenerated charge carriers and hindered the recombina-
tion of electron-hole pairs (Fig. 18b). However, there is still a lot
of room to study the combined use of BPGCs and photocatalysts
to eliminate pollutants, and the binding mechanism and the
optimization of composite properties need to be further
studied.

5 Conclusions and prospects

As is known to all, renewable biomass resources with a rich
carbon content provide a sufficient raw material basis for the
future development and application of carbon materials.
Porous graphitic carbon materials derived from biomass have
become increasingly attractive materials for addressing severe
environmental issues and energy crises. Valuable studies have
been conducted to illustrate the synthesis mechanisms and the
application of electrochemical energy storage and environ-
mental protection of BPGCs, which are elaborated in this
review.

However, it is important to be aware of some of the obstacles
to improve BPGC applications, as follows:

(1) Although BPGCs are continuously prepared, their high
preparation cost is still an important obstacle hindering their

This journal is © The Royal Society of Chemistry 2020
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application. Among them, high temperature pyrolysis is an
indispensable step, and the dependence on energy is quite
high. How to develop a low-energy production process route and
reduce costs is an important topic of current research. For
example, solar energy can be used to improve high temperature
pyrolysis and new high-efficiency activators and self-activation
systems can be sought.

(2) Feedstocks with different natural characteristics,
production conditions and synthetic parameters can signifi-
cantly affect the properties of the obtained BPGCs. Therefore,
the selection of suitable biomass sources and process methods
enables efficient preparation of BPGCs. Screening out suitable
biomass sources and corresponding preparation methods to
form a complete and systematic method is needed in further
research. Future research will require the selection of raw
materials with the right ingredients and optimization of
production conditions and synthetic parameters to accurately
design BPGCs that are tailored to a specific application.

(3) Graphitization of porous carbon materials with other
kinds of catalysts or mixed catalysts is also a hot research
direction at present. Various methods and processes for
preparing BPGCs can be further explored and the effects of
different catalysts on the properties of BPGCs can be discussed.
For example, for lignocellulosic biomass, BPGCs can be ob-
tained by separation and different treatment of easily graphi-
tizable or highly porous components.

(4) The applications of BPGCs are mainly focused on elec-
trochemical energy storage, and it is necessary to strengthen the
application of environmental protection. In addition, many
potential applications of BPGCs should be explored in the
future. For instance, they may be used as an adsorbent for
greenhouse gases, catalysts for the hydrogen evolution reaction
(HER) and efficient (photo)catalysts.

(5) In terms of energy applications, the main advantages of
BPGCs over porous graphitic carbon materials synthesized from
other fine precursors (such as graphene, carbon nanotubes, and
ethanol) are their wide availability, low cost, ease of synthesis,
and environmental friendliness. When BPGCs were used as
electrode materials for supercapacitors, lithium-ion batteries,
and fuel cells, their performance is still a bit behind that of
porous graphitic carbon materials synthesized from other
precursors. It is urgent to improve their performance and to
carry out in-depth research on the factors restricting their
performance improvement and related mechanisms.

(6) To date, BPGCs have been widely used for supercapacitors
and LIBs; however, a few studies were reported for their appli-
cation in lithium-sulfur batteries and sodium ion batteries.
Moreover, some new types of energy storage and conversion
systems such as Mg (Al, Mn)-ion batteries have been rarely
explored. Considering that BPGCs are mechanically robust with
adjustable structures and surface/interface chemistry, they can
be readily used as a green material solution for newly emerging
energy storage and conversion systems through customized
control of their structure and characteristics.

(7) Notwithstanding that biomass raw materials rarely
contain heavy metals or other toxic and harmful substances that
cause environmental hazards, organic or inorganic pollutants
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that may occur in the preparation of BPGCs from biomass and
their environmental risks cannot be ignored. In particular,
heavy metals contained in biomass raw materials may be
concentrated in BPGCs and thus have an impact on their
subsequent utilization. To our knowledge, the impact of heavy
metal contaminants in BPGCs on their utilization as electrode
materials and environmental remediation materials has not
been reported, which needs to be emphasized and explored. For
heavy metals in BPGCs that may have negative effects, it is
necessary to remove them by leaching them with strong acid
solution or other agents so as to achieve the desorption and
recovery of heavy metals. In addition, it is also a worthwhile
method to recover heavy metals by rapid pyrolysis of biomass
raw materials.

(8) BPGCs after utilization will inevitably remain in the
environment. Because most BPGCs are biocompatible and
environmentally friendly, if they can be recycled and reused
efficiently, they will undoubtedly form a good green cycle path.
Magnetizing BPGCs is one way to achieve recovery, especially in
the field of environmental protection. In addition, how to
improve the reuse efficiency of BPGCs as electrode materials
and environmental restoration materials is also a problem that
needs to be paid attention to. It is worth exploring that the reuse
of BPGCs can be achieved through simple treatment (such as
pyrolysis).

(9) Biomass often has “specificity”, and even the same type of
biomass may have different properties due to various other
factors. How to realize the large-scale replication of BPGCs is
still rarely studied. This is also related to the industrial
production and large-scale practical application of BPGCs. This
requires us to select the biomass raw materials with strong
reproducibility and achieve good scalability for their applica-
tions through the mature template method.

Hence, exploring an eco-friendly and efficient approach with
simplified operation to build high-performance BPGCs mate-
rials on a large scale is the ultimate goal in the future.
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